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Degerli Meslektaslar ve Okurlar,

Oniimiizdeki Nisan ayinda 62. Yasina giren dergimizin 206. sayisi ile birlikte icerigi bilimsel
makalelerden olusan dergimizin bu sayisinda; GMO'nun Aralik 2016'da Gemi Mihendisligi Haftasi
kutlama etkinlikleri kapsaminda diizenlemis oldugu Yesil Teknolojiler ana konulu 1. Uluslararasi
Gemi insaati ve Deniz Teknolojisi Kongresinde (GMO SHIPMAR 2016) sunulan pek cok degerli
bildirilerarasindan, dergimiz Editorler Kurulu tarafindan secilmis makaleler yayinlanmistir. Secilmis
makaleler Gemi insaati, Gemi Hidromekanigi, Gemi Makineleri ve Termodinamik alanlarindadr.

Dergimize uluslararasi gticli katkilar saglayabilmek adina dergi Editorler Kurulu genisletilmistir.
Bu firsat ile dergimize yapacaklari katkilar icin simdiden tiim kurul tyelerimize tesekkirlerimizi
sunariz.

Saygilarimizla.

Prof. Dr. Ahmet Dursun ALKAN
Bas Editor

Distinguished Colleagues and Readers,

With the current issue of our journal entering its 62nd year in April 2017, attained a fully scientific
journal status with Issue 206, we present some selected papers scored by the members of the
Editorial Board from those presented at the 1st International Congress on Ship and Marine
Technology (08-09.12.2016, PRU, Tuzla, Istanbul) organized by Turkish Chamber of Naval
Architects and Marine Engineers with special focus on “Green Technologies”. The selected papers
among a number of invaluable ones cover fields of shipbuilding, marine hydrodynamics, marine
engines and thermodynamics.

TheEditorial Board of the journal has been expanded to provide strong international contributions.
This is the nice opportunity to present our thanks to all our board members in advance for their
contributions to our journal.

Best regards,

Prof. Ahmet Dursun Alkan PhD
Editor-in-Chief
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GEMI ve DENIZ TEKNOLOJISI, TMMOB Gemi Miihendisleri
Odasi'nin 3 ayda bir yayinlanan, Uyelerinin meslekle ilgili
bilgilerini gelistirmeyi, ulusal ve askeri deniz teknolojisine
katkida bulunmay, 6zellikle sektoriin Ulke gikarlari yoninde
gelismesini  ve teknolojik yeniliklerin ~ duyurulmasini
amaclayan uluslararasi hakemli bir bilimsel dergidir. Basin
Ahlak Yasasi'na ve Basin Konseyi ilkelerine kendiliginden
uyar. GEMIi ve DENIZ TEKNOLOJiSi'nde yayinlanan yazilardaki
goris ve dislinceler bunlara iliskin yasal sorumluluk yazara
aittir. Bu konuda GEMIi ve DENIZ TEKNOLOJISI herhangi bir
sorumluluk tistlenmez. Yayinlanmak tizere génderilen yazilar
ve fotograflar, yayinlansin ya da yayinlanmasin iade edilmez.
GEMi ve DENIiZ TEKNOLOJiSI'nde yayinlanan yazilardan
kaynak belirtmek kosulu ile tam ya da 6zet alinti yapilabilir.

GMO Journal of Ship and Marine Tecnology is an open
access journal. The readers have the right to read, download
and print the articles free of charge. While using any part of
this journal partially or fully, proper citation of the work is
expected.
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Prof. Dr. Teoman OZALP
(14.4.1925 - 19.01.2017)

Prof. Dr. Teoman Ozalp 14 Nisan 1925 yilinda Ankara’da dogdu. Kurtulus Savas’nin énde gelen
isimlerinden, Atatiirk’iin silah arkadasi, eski TBMM Baskani Kazim Ozalp’in ogludur. ilk ve orta
dgrenimini Ankara’da tamamlayan Prof. Ozalp 1948 yilinda iITU Makine Fakiiltesi’nden mezun oldu.
Ayni Universitede asistan olarak basladigi akademik hayatinda 1954 yilinda dogent, 1962 yilinda
profesor oldu. Almanya’da gemi model deneyleri konusunda arastirmalar ve bazi dnemli tersanelerde
miihendis olarak gérevler yapti. 1962 yilinda kurulan Tiirk Loydu Vakfi’na kurucu Daimi Komite Uyeligine
Teknik Komite Baskani olarak secilmis ve 1962-1964 déneminde iTU Makine Fakiiltesi'nde Dekanlik
yapt. Denizcilik Bankasi’'nda hiikiimeti temsilen 6 yil yonetim kurulu Gyeligi yapti. 1971’de kurucusu
oldugu iTU Gemi insaati ve Deniz Bilimleri Fakiiltesi’nde 10 yil kadar Dekanlik gérevinde bulunmus ve
Fakulteyi kapsamli bir Model Deney Laboratuvarina kavusturmustur. Gemi Mihendisleri Odasi’nin 25
sicil numarali Uyesi idi. 1966-1973 yillari arasi GMO Baskanhgi gorevini ifa etti. GMO Gemi Mecmuasi
dergisinin 1. sayisindan 71. sayisina kadar yayin kurulu ve dergi sahibi olarak gorevler yapti. 1962 yilinda
kurucu heyetinde oldugu Tirk Loydu’nun 1978 yilindan itibaren 17 yil yonetim kurulu baskanhgini yapti.
12 Eyltl 1980’den sonra kurulan Danisma Meclisi’'nde 2 yil Giyelik yapti. Sonradan IMAM’a dondstirilen
IMAEM'’in (International Maritime Association of East Mediterranean) kuruculugunu yapti ve bu
akademik teskilatin 1987 yilina kadar 2. Baskanligini yapti. Universiteye ve iilkeye yapmis oldugu seckin
katkilari ve hizmetleri onurlandirmak icin kendisine 2000 yilinda iTU Senatosu’nca Fahri Doktor tinvani
ve 2003 yilinda TUBITAK hizmet 6diilii tevdi edilmis bulunmaktadir. Prof. Dr. Teoman Ozalp’in ¢ok sayida
vayinlanmis makale, kitap, tez calismalari, raporlari ve dizaynlari bulunmaktadir.

Hizmet ve katkilari hicbir zaman unutulmayacak Prof. Teoman Ozalp, 19 Ocak 2017 Persembe giinii
aramizdan ayrilmistir. Denizcilik ve akademik camianin basi sagolsun.
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Prof. Dr. Teoman Ozalp was born on April 14, 1925 in Ankara. He was the son of Kazim Ozalp, who was
one of the leading names of the War of Independence, Atatiirk’s closer friend, and a former Head of
Turkish Parliament. Prof. Ozalp graduated from Istanbul Technical University, Faculty of Mechanical
Engineering in 1948 after completing his primary and secondary education in Ankara. He started his
career as an assistant at the same university and became associate professor in 1954 and professor
in 1962. He has done research on ship model experiments in Germany and worked as an engineer in
some well-known shipyards. He was elected as the Technical Committee Chairman of the Founding
Standing Committee of the Turkish Lloyd (Tiirk Loydu), which was established in 1962, and was the
Dean of ITU Mechanical Engineering Faculty between 1962 and 1964. He served as a member of
executive board for 6 years on behalf of the government in Denizcilik Bank. He was the founder of
the iTU Naval Architecture and Ocean Engineering Faculty in 1971, worked as a Dean for about 10
years, and established a comprehensive Model Test Laboratory in the Faculty. He was a member of
the Chamber of Turkish Naval Architects and Marine Engineers (GMO) with registration number of 25.
Between 1966 and 1973 he served as the GMO President. He worked as a publishing board member
and editor of GMQ’s Journal of Naval Architecture from its first issue, to issue 71. He served as the
chairman of the board of Tiirk Loydu for 17 years starting from 1978. He was a member of the Founding
Council established after 12.09.1980 for 2 years. He later became the founder of IMAEM (International
Maritime Association of East Mediterranean), which was then transformed into IMAM, and was the co-
president of this academic organization until 1987. To honour outstanding contributions and services
he has made to university and country, he has been awarded the honorary doctorate of ITU Senate
in 2000 and TUBITAK service award in 2003. Prof. Dr. Teoman Ozalp has numerous published articles,
books, thesis studies, reports and designs.

His service and contributions will never be forgotten. Prof. Teoman Ozalp left us on Thursday, January
19, 2017. Our condolences to the maritime and academic community.
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Abstract

The effect of single-pass friction stir processing (FSP) on the room temperature impact toughness of a
low carbon steel was investigated via Charpy impact test. A fine-grained (FG) microstructure was
achieved into the processed zone by large deformation and simultaneous dynamic recrystallization
during FSP. The average grain size decreased from 25 um down to 3.0 um after FSP. Grain refinement
by FSP increased the impact energies as a result of refined grains separated mostly by high-angle of
misorientation. Toughness of steel before FSP was about 8.7 J, and it increased up to 11.2 J after
processing depending on the notch positions of the samples. The peak impact toughness value of 11.2
J was achieved with the notch position located at top of the surface of processed steel plate.

Keywords: Impact toughness, low carbon steel, friction stir processing.

1. Introduction

Low carbon steels are well-known ones among the traditionally employed construction materials.
General requirements imposed on such steels are high strength, good corrosion resistance, satisfactory
weldability and low susceptibility to cold embrittlement. Grain refinement is known to suppress
material susceptibility to cold embrittlement. Grain refinement by severe plastic deformation (SPD)
techniques are the promising ones considering their applications and refinement capacity. Among
them, friction stir processing (FSP) is one of the best severe plastic deformation (SPD) techniques as
considering the processing of large scale plate or sheet type materials (Aktarer et al., 2015). Thisis a
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novel microstructural modification method based on the basic principles of friction stir welding (FSW)
(Mishra and Ma, 2005) & (Ma, 2008). In many cases, FSP leads to the transformation of the coarse-
grained (CG) initial microstructure into equiaxed fine grained (FG) or even ultrafine-grained (UFG)
structures consisting mostly of high angle grain boundaries (HAGBs) (Mishra and Ma, 2005) &
(Su et al., 2005) & (Ma et al., 2008).

It is, on the other hand, well known that the mechanical properties are more-or-less depending on the
orientation or position of the sample inside the FSPed zone. This effect would be more pronounced
considering the notched impact behavior of steels (Ray et al., 1995) & (Joo et al., 2013). Till now, no
considerable study has been performed on the impact toughness of FSPed low carbon steels. Also no
investigation has been undertaken on the effect of notch position on the impact toughness of FSPed
steels. Thus, the main purpose of this study is to investigate the effect of FSP on the room temperature
impact toughness of a low carbon steel. Also, the effect of the notch position through the processed
zone on the impact toughness of the processed sample was studied.

2. Experimental procedure

A well-known carbon steel sheets initially hot-rolled (0.16 wt % C, 0.18 wt % Si, 0.7 wt % Mn, 0.11 wt
%S, 0.18 wt % P, 0.09 wt % Cr, 0.14 wt % Mo, 0.04 wt % Cu, 0.04 wt % V and balance Fe) was used in
this study. Samples with the dimensions of 200 mm x 40 mm x 6 mm were cut from the steel plates for
performing FSP. FSP was performed with a processing tool having a convex shoulder with the diameter
of 18 mm and a cylindrical pin with the diameter and length of 8 mm and 3 mm, respectively. FSP was
conducted with a tool rotation of 635 rpm and a traverse speed of 45 mm/min. The shoulder tilt angle
was set at 3% and the tool plunger downforce was kept constant at 11 kN during process.

Optical microscope (OM) and transmission electron microscope (TEM) were used to observe the
microstructure of the samples before and after FSP. The specimens for OM were cross-sectioned on
the processed sample perpendicular to the processing direction, polished with standard techniques
and then etched with a %3 Nital (3ml. HNO3 + 97 ml. C;HgO) for 15 s. The TEM was performed using
an FEl Tecnai F20 microscope, operated at a nominal voltage of 200 kV.

The impact toughness of the specimen was evaluated at room temperature by measuring the total
absorbed energy using Charpy impact test before and after FSP. The samples with the dimensions of
3 mm x4 mm x 27 mm with a V-notch depth of 1 mm and a radius of 0.1 mm were cut from the FSPed
plate with different notch position (NP) according to DIN50115 (Fig. 1). The fracture surfaces of the
fractured specimens were observed using a JEOL 6400 scanning electron microscope (SEM) operated
at 15 keV in the secondary electron image mode.



GMO-SHIPMAR / Number: 207 March 2017 E@A
// /

Shoulder
WC Tool
Pin

NP1

Figure 1. Schematic illustrations showing the FSPed samples and the geometry and position of the
impact test specimens inside the processed sample.

3. Results and discussion
3.1. Microstructure

The initial microstructure of base steel plate before FSP is well-known and consists mainly of coarse-
grained (CG) ferrite with an average grain size of 25 um and smaller grains of fine pearlite (Fig. 2(b)).
FSP resulted in a considerable refinement in the microstructure of steel inside the processed zone (NZ)
(Fig. 2(c)-(f)). A fine-grained (FG) microstructure formed after FSP with decreasing the grain size from
25 um down to about 3.0 um in that zone. The coarse ferrite and perlite grains in CG sample were
fragmented and refined by the effect of both severe plastic deformation and dynamic recrystallization
during FSP (Xue et al., 2013). The microstructure of the stir zone was characterized by the presence of
ferrite with aligned and nonaligned second phase of perlite, grain boundary ferrite, and a
ferrite/carbide aggregate that appears to be fine pearlite (Lienert et al., 2003). As shown in Fig. 2(e),
the top most surface layer just beneath the shoulder has relatively coarser grain size. This may be due
to the early recrystallization and grain coarsening effect due to the high pressing effect of shoulder
(Prangnell and Heason, 2005). Finer microstructure formed around the pin due to pin’s behaves like a
forging affect as well as rotation (Fig. 2(f)). From the TEM micrograph (Fig. 2(c)), refined grains are
separated mostly by high-angle grain boundaries. TEM micrographs also show that the FG
microstructure includes dislocations. However, the dislocations in the microstructures are unevenly
distributed in such a way that some grains in their central parts are rather free of dislocations, and
most of the dislocations are accumulated and tangled with others around grain boundaries (Fig. 2(e)).

Such distribution of the dislocations is normal, because dynamic recovery and partly recrystallization
occurs during deformation, which spreads the trapped lattice dislocations into grain boundaries.
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Figure 2. (a) Schematic illustrations of the FSPed plate. (b) Optical micrographs showing the
microstructures of un-processed coarse grained steel plate. (c) TEM micrographs showing the
microstructures of FG FSPed low carbon steel. (d)-(f) Optical micrographs showing the microstructures
of FG FSPed low carbon steel in detail.

3.2. Impact toughness

Room temperature impact toughness values of all specimens before and after FSP are given in Fig. 3.
Toughness of the CG steel before FSP is about 8.7 J, and it increased up to 11.2 J after grain refinement
by FSP depending on the notch position inside the FSPed sample. The increase in toughness at low
temperatures was attributed mainly to the substantial microstructural refinement with grains
separated mostly by high angle of misorientation (Saray et al., 2012). The grain refinement from 25
pm down to 3 um by FSP significantly increased the amount of grain boundaries and brought about an
improvement in impact toughness. More grain boundaries mean more barriers in front of the crack
propagation. As the cleavage crack propagates along several grains, both the crack tip dislocations and
the formation of cleavage facets are interrupted by these boundaries (Song et al., 2005). The peak

-10-
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impact toughness value of 11.2 J was achieved with the notch position located at top of the surface of
processed steel plate (Fig. 3). The other notch positions of NP1 and NP2 (the notch located along the
processed directions) gave more or less the same toughness values (10.4 J), while the NP3 (the notch
located backside of the processed plate) resulted in a slightly higher value (10.8 J) compared to NP1
and NP2 (Fig. 3). In literature, three basic factors were underlined for clarifying the reasons of
toughness anisotropy: non—uniform distribution in the size and shape of inclusions, microstructural
anisotropy due to chemical segregation with banding or elongated grain structure and crystallographic
texture (Ray et al., 1995) & (Joo et al., 2013). Top-most surface and around of the pin have finer grains
compared to other processed regions. This is coming from the effectiveness of the pin and shoulder in
that region where both rotation and forging effects are working together leading to more refined
microstructure in that zone compared to others. Thus, the specimen with the notch position in NP4
showed the highest toughness among the others. The other specimens followed the same behavior
with the change in grain size.

12 1 . 11.20.1
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Figure 3. (a) The impact toughness values of both CG and FG specimens. The impact toughness of FG
specimens were given depending on notch position inside the friction stir zone.

Morphological features of the fractured surface were also investigated, and representative ones for
the specimens before and after FSP were shown in Fig. 4((a)-(b)). In general, a shear-type future
morphology without fine dimples is more pronounced in the CG specimens before FSP (Fig. 4(a)). Also,
large size voids or fractured valleys is coming from the coarse grained microstructure of initial steel.

FSP changed considerably the fracture surface morphology of the specimen (Fig. 4(b)). As clearly seen,
mostly fine dimple-like fracture surface becomes effective due to the more refined microstructure,
which also validates relatively high toughness value after FSP.

-11 -
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Figure 4. SEM micrographs showing the impacted fracture surfaces of: (a) CG base and (b) FG FSPed
steel plates.

4. Conclusions

Room temperature impact toughness of a low carbon steel processed by single-pass FSP was
investigated considering the effect of notch position of the samples inside the processed zone. The
main results and conclusions of this study can be summarized as follows:

1. Afine-grained (FG) microstructure with an average grain size of about 3 um was obtained from
a coarse grained (25 pm) microstructure of low carbon steel by a single-pass FSP.

2. The microstructural modification by FSP increased room temperature impact toughness of the
steel plate at all notch positions. Toughness of CG steel was about 8.7 J before FSP, and it
increased up to 11.2 J depending on the notch position. The peak impact toughness was
achieved with the notch position located at top of the surface of processed steel plate because
of the finest grain size compared to other positions.

3. Ductile fracture mode becomes more effective under impact loading after grain refinement by
FSP with decreasing dimple size and increasing amount of the dimples on the fracture surface.
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Abstract

The aim of the present study is to develop a computer code for determining complete cycle,
performance parameters and exhaust emissions of diesel engines. For this purpose, a computer program
has been used and improved with new assumptions. To compute diesel engine cycle, zero-dimensional
intake and exhaust model given by Durgun, zero-dimensional compression, combustion and expansion
model given by Ferguson have been used and improved with new assumptions. Using the developed
computer program, complete engine cycle, performance parameters and exhaust emissions can be
determined easily. The values of the cylinder pressure and engine performance parameters predicted by
the presented model matched closely with the other theoretical models and experimental data. Also,
this program can be adapted and used practically for various parametric, alternative fuel and water
addition studies in diesel engines.

Keywords: Diesel engine cycle, Engine performance characteristics, Simulation Models, Computer Code

1. Introduction

Modern diesel engine cycles can be predicted by applying a variety of simulation models. These models
are used for optimization of engine parameters, investigation of control strategies or evaluation
phenomena that are difficult to measure. In practice, using engine cycle simulation methods, the number
of expensive experiments studies could be reduced and very useful results could be obtained for
prediction of engine design parameters in a short time. Thus, these simulation models reduce the cost
and time necessitate for engine development. New simulation models are constantly in development
and the capabilities of currently available tools are being extended and continually improved. Also, these
models are found to be prominent tools for arriving at the optimum designs (Pasternak and Mauss,
2009) & (Shrivastava et al., 2002) & (Bedford et al., 2000).

In the relevant literature, a number of modeling approaches (Pasternak and Mauss, 2009), (Ferguson,
1986) have been proposed and tested with various degrees of success. These models have been
classified as phenomenological models and multi-dimensional models or fluid mechanics models (Sahin
and Durgun, 2008).Phenomenological models are based on empirical relations to describe or quantify
the individual processes that occur in an engine, such as: intake and exhaust, fuel-air mixing, ignition
delay, combustion, heat transfer. Furthermore, phenomenological models can be further classified as;
single zone, two zone, three zone, and multizone models (Pasternak and Mauss, 2009) , (Sahin and
Durgun, 2008). Multidimensional models are based on numerical solution of the fundamental differential
equations which govern the fluid motion and the combustion process (Bedford et al., 2000) & (Sindhu et
al.,, 2014). The governing equations are developed and solved for the combustion chamber which is
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divided into a fine geometric mesh. Although these models are capable of providing detailed information
about both spatial and temporal resolution of the quantities of interest, they require large amounts of
computer time and storage capacity (Bedford et al., 2000) & (Sindhu et al., 2014). Thus, if it is desired to
examine the effects of all parameters on combustion and pollutant emissions more practical methods
such as phenomenological models must be used (Sahin and Durgun, 2008) , (Kokkalink et al., 2013).
Many phenomenological (Sahin and Durgun, 2008), (Kokkilink et al., 2013), (Qi et al., 2011) and
multidimensional model (Tutak and Jamrozik, 2016), (Savioli, 2015) studies on diesel combustion, engine
performance parameters and exhaust emission can be found in the literature. Tutak et al. (2016)
developed a computational fluid dynamics (CFD) model of a turbocharged diesel engine (1CT107)
powered by diesel fuel. In the simulation tests, they analyzed the effects of the ignition timing on the
thermodynamic parameters and emissions of toxic components. They verified the model of the test
engine and it was then used to optimize the thermodynamics cycle for the test engine. They found that
the engine model was at acceptable accuracy and it was suitable for emissions modeling. Savioli (2015)
developed a methodology to perform reliable CFD analysis for a 2-Stroke engine, with the support of a
conventional steady flow test bench. This methodology is applied to a 2-Stroke engine prototype, for
which a comprehensive set of experimental data is available. The achieved good agreement between
simulation and experimental data shows the success of the proposed approach. Sahin and Durgun
improved a multi-zone combustion model (phenomenological model) to predict the parameters of diesel
engine cycles and performance. The values of the cylinder pressure and engine performance parameters
predicted by this model matched closely with the other theoretical models and experimental data. Also,
this program was adapted and used practically for various parametric and alternative fuel studies (Sahin
and Durgun, 2008), (Sahin and Durgun, 2007a), (Sahin and Durgun, 2007b). Qi et al. (2011) proposed a
quasi-dimensional combustion model of diesel engine which is based on a new simplified phase-divided
spray mixing model. The comparisons with the other methods show that the relative error of effective
power and break specific fuel consumption (BSFC) is less than 2.8 % and the relative error of nitric oxide
and soot emissions is less than 9.1 % (Qi et al.,, 2011). Kokkllink et al. (2013) investigated a
thermodynamic simulation model for a steam injected diesel engine for determining of engine
characteristics and NO emissions by using zero-dimensional single-zone combustion approximation. By
comparing thermodynamic simulation model with experimental data, it can be seen that engine
characteristics and NO emissions are closed to actual values at the levels of 1.5 % maximum error
(Kokkilink et al. 2013). Phenomenological and multidimensional modelings are often used to determine
the complete engine cycle, engine performance characteristics and exhaust emissions for various
engines as well as diesel engines. By this way, very useful results have been obtained for developing
diesel engines. For this reason, these models have constantly been developed.

It can be seen from the above summarized relevant publications that many phenomenological and
multidimensional model for diesel engines have been developed in the literature. However, further
improvements of the complete cycle models for diesel engines is very important. For this purpose, in the
present study, a computer code has been used and developed with new assumptions to assess complete
cycle, performance parameters and exhaust emissions of diesel engines.

2. Description of the model
2.1. Thermodynamic simulation correlations

2.1.1. Calculation of compression, combustion and expansion strokes

In the present study, a computer program has been used for the prediction of diesel engine cycle and
engine performance parameters. For calculation of DI diesel engine cycles, zero dimensional single-zone
thermodynamic combustion model developed by Ferguson (1986) has been used and modified with new

-15-



E@A GMO-SHIPMAR / Number: 207 March 2017
// /

assumptions. Here, a brief information about this model has been presented. In a diesel engine, the
masses of burned fuel and air has been determined by using the following relations.

dm, B —ml/co
do 1+ q)FS
(1)
dmf :l _ml¢Fs (2)
do ® 1+¢FS
dm _ my (3)
de ®

where o is the angular speed, ¢ is the equivalence ratio, Fsis the stoichiometric fuel-air ratio. Eq. (1, 2)
and the following energy equation (4) have been applied to the cylinder contents.

dU Q] PdV myhy . myhg

do o) do ® ® (4)

In eq. 4, the left hand side terms show heat transfer, work, blowby energy and energy provided by
injected fuel, respectively. Some terms in this equation have been expressed as follows.

2

. b2 4v

Q1=h(”7+7) (T-Ty) (5)

i 0.0, )" [(0-05)

mi_ _® -Os YU

mg; edr(n)[edJ ex‘{ 0g ] (6)

= EM _ C (Mg +mf) (7)
() (o)

where b is the cylinder bore, Ty, is the cylinder wall temperature, 6, 6s and 64 are the crank angle, the

start of the injection, the injection duration respectively, m. is the total mass of fuel to be injected per
cycle, i is the mass of injected fuel, c is the blowby coefficient, h is the heat transfer coefficient, V is

the volume of cylinder and I' is the gamma function and it has been determined approximately from the
related asymototic formula.

I 1 I I 1 1
InI"(n) :(nl —jln(nl)—n1 +—ln(2n)+ - 3" s (8)
2 2 128, 360n > 12600 1680n ’

where n; is the injection parametre and it could be selected as 1<n;<2 for open combustion chamber;
3<n;<5 divided combustion chamber. This value is highly dependent upon the design parameters and
the fuel properties. In the present study, n; is selected as 1.3 for common-rail direct injection diesel
engine. By solving these ordinary differential equations (1), (2) and (4) simultaneously during compression,

-16 -



GMO-SHIPMAR / Number: 207 March 2017

<

combustion and expansion processes by using Runge-Kutta 5 method, V, m, ms and U can be calculated.
Thus, by using these obtained U, V values and U = mu(T,P,¢), V = mv(T,P,0), cylinder temperature and
pressure have been calculated by using Newton-Raphson iteration. For determination of mean gas
temperature and pressure values the following relations have been used.

T, =T +AT (9)
i =P +Ap (10)
du
10 —
do dv | dlnv  Olnv
b Olnv do /\ oInT  Olnp
Olnp
AT = 5 (11)
\Y 10¢, T N Olnv Olnv N Olnv | Olnv . Olnv
T pV oInT Olnp ) OInT\ éInT  Olnp
10 du Olnv
_PVFOCPT - ahw}dv _d0 onT
T V  OInT |d6
Ap = P P (12)

Vz|:[_ 1OCpT N Olnv j(_ 8lm)j N Olnv Lﬁlm) N 6lm)j:|

T pV OInT Olnp OInT \ JInT  Olnp

In relations (11) and (12), thermodynamic properties such as c,, h etc. have been calculated step by step by
using determined pressure and temperature. To compute these properties, combustion products have
been determined by Olikara and Borman’s method. Here, thermodynamic properties at low and high
temperatures have been computed by using FARG and ECP subroutine, which is developed by Ferguson.
After determination of combustion products, various thermodynamic properties have been determined. In
order to solve the differential equations (1, 2 and 4) given above, the RATES subroutines developed by

Ferguson (1986) have been modified and used. To solve temperature and pressure for U, V and f, STATE
subroutines developed by Ferguson (1986).

2.1.2. Calculation of intake and exhaust strokes

Intake and exhaust processes are computed by using Durgun’s (1991) method in which temperature and
pressure at the end of the intake process have been calculated from properties of gas mixtures and
Bernoulli equation, respectively, as follows:

— (TO +AT+’YrTr )

T, | (natural aspirated diesel engine) (13a)
+Y,
T +AT+H. T
Ta=(°+1—+Y”) (turbocharged diesel engine) (13b)
+Y,
P.=P,-Ap, (natural aspirated diesel engine) (14a)
P,=p.-Ap, (turbocharged diesel engine) (14b)

e )
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where ([32+§) is the total loss coefficient in the intake system, n and ny are the actual engine speed and

nominal engine speed, respectively, Vm is the maximum flow speed in the intake system, p, is the density

of air, y: is the coefficient of the residual gas, To, T. and T, are the surrounding air, the compressor

C

outlet air and residual gas temperatures respectively, and AT is the temperature variation of the intake
charge flowing through intake channel, p_ is the compressor outlet air pressure. In the presented study,

residual gases which exist in the cylinder have been taken into account by using coefficient of residual
gases in the intake process calculations because these gases have an important effect on the intake gas
properties. In the presented study, exhaust temperature has been chosen approximately at the
beginning of cycle calculations. Then, after cycle calculations are completed, chosen and calculated the
exhaust temperatures compared. If the difference ratio between these values is higher than 3%, the final
value has been taken as T; and the cycle calculation is performed again. This calculation procedure has
been repeated iteratively until the difference ratio between these values becomes smaller than 3%.
Thus, complete cycle control have been performed. Exhaust temperature calculation and this
comparison procedure is done by using the following relations:

T,

T, = (15)
[P
pr
T -T
<39 (16)
Tr

where T,, pr are the calculated exhaust temperature and pressure values, respectively, T is the selected
exhaust gas temperature at the beginning of intake process, Ty, p» are temperature and pressure values,
respectively, at the end of the expansion stroke.

2.1.3 Calculation of engine performance parameters

In the present study, correction factor of indicator diagram ¢ has been used to take into account the valve
timing, injection advance and ignition delay effects. Thus, indicated work and indicated efficiency obtained
from gross cycle simulation have been corrected as follows.

_ wi(d+E¢)

W EeanLHy * (17)

where n; is indicated efficiency, w; is indicated work per unit mass, f is residual mass fraction, LHV is
lower heating value of the fuel.

After determining the complete diesel engine cycle, engine performance parameters such as effective
power, effective efficiency, and specific fuel consumption are calculated from the relationships given by
Heywood (1989) and Durgun (1991). In the presented study, effective engine characteristics have been
computed by using the following mean effective pressure relationships given by Durgun (1991), while
generally indicated engine performance have been given in the literature.

o = 10(a+bvp,m)p—’° (turbocharged diesel engine) (18)

mi
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pm,e = pm,i - pm,m (19)

For Renault K9K 700 type diesel engine, a and b values are selected as 0.089 and 0.0118, respectively.
Eqg.(18), Vp,mis the mean piston speed and pm, is the mean indicated pressure.

2.1.4. Calcutation of ignition delay

Ignition delay has been calculated by using Hardenberg and Hase (Sahin et al., 2014) correlation:

0.63
1 1 212
G.d(CA) = (0.36 + 0.22me) exp| E, - (20)
! RuT 17190 ) (p-124)

where Vym (m/sec) is mean piston speed, Ru (kJ/kmole/K) is universal gas constant, p (bar) is cylinder
pressure, T (K) is cylinder temperature, E, (kJkmole) is activation energy. The activation energy E, is given
by E. = 618,840/(CN-25) where CN is the cetane number of the fuel. The average cetane number for the
diesel fuel used for model engine tests is specified to be 45.

3. Accuracy control of the present model with applications for ndf

In the present study, the accuracy of the newly developed model has been controlled comparing with
the experimental and theoretical data given in the relevant literature (Kokkallnk et al., 2013), (Qi et al.,
2011), (Ottikkutti et al, 1991), (Kiziltan, 1988), (Sahin and Aksu, 2015). For this purpose, numerical results
obtained from the presented model are compared with the experimental and the theoretical data of
which are accepted to be at sufficient accuracy in the literature. In the comparisons with the
experimental ones, Tuti’s (2012), Kiziltan’s (1988), Kokkuliink’s (Kékkilink et al., 2013) and Kunpeng’s
(Qi et al., 2011) experiments have been employed. Also, in the comparison with the relevant theoretical
study, the results of Ottikkuti’s model (Ottikkutti et al, 1991) has been used. The obtained computational
results and comparisons have been presented as various tables and figures.

Here, firtsly the accuracy of the newly developed model has been controlled comparing with our
experimental studies. These experiments were done in Mechanical Engineering Department KTU. In the
experimental study, a turbocharged common-rail DI automotive diesel engine, Renault K9K 700 type,
was used. The specifications of the test engine have been given in Table 1. Cylinder gas pressure was
measured by using of an AVL GH12P type quartz pressure sensor without cooling (Sahin et al., 2014),
(Tuti, 2012). Detailed information about pressure measurment can be found in refs. (Sahin et al., 2014),
(Sahin and Aksu, 2015). The cylinder pressure values obtained from the present model have been
compared to cylinder pressure values obtained from the experiments in Figs.1. As can be seen in Figs.1.,
the agreement between the predicted pressure values and the experimental results are generally good.

As shown in Fig.1.(a); the peak pressure for experiment at 2000 rpm is 156.34 bar and it occurs at 10° CA.
On the other hand, the peak pressure value obtained from the present model is 157.23 bar and it occurs
at 6° CA. It can be seen that the difference between these peak pressure values is 0.57%. The same
results have been obtained for the other selected engine speeds. However, the maximum cylinder
pressure values obtained from this model was found closely to the experimental results in the range of
(0.57-4.5) % error rate at the selected engine speeds. It can be seen in Fig.1.(a) that the peak pressure
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angles for predicted model is earlier than that of experiment at 2000 rpm. Possible reasons for this
differences can be explained given as follows.

Some working parameters of engine such as ignition advanced (lA), etc. are not known. Actually, this
engine has an electronic control unit (ECU). So, there is not constant IA for various engine speeds and
diesel fuel injection has been controlled by for considering optimum operating conditions. In the pesent
study, IA has been calculated aproximately by using determined experimentally heat release rate
diagram (HRR) and relation (20). By using HRR, the crank angle at the the beginning of the combustion
(Bcomb) has been determined. By taking into account starting point of combustion and relation (20), IA has
approximately been computed (Binj = Bcomb - Bid).

Renault K9K700 type turbocharged diesel engine has common rail injection system and injectors of this
system has five hole. In the present model, this feature of the injection system has not been considered.
In the modeling study, it is assumed that the nozzle of the injector has one hole (that is, total injected
diesel fuel has been used as input data for develop programme). It is well known that numbers and
diameter of the holes of the nozzle are very important to form homogeneous air-fuel mixtures. This
effect has not been taken into account in the present model. Also, pilot injection has been applied in the
used engine. Here, this effect has not also be taken into account.

180 180

160 4 | = Experimental 160
== Presented model |
140 | 140 4
2000 rpm I

1 | == Experimental o
== Presented model |

3000 rpm
120 A 120 4

100 A 100

Pressure, p (Bar)
Pressure, p (Bar)

<200 150  -100 -50 0 50 100 150 200 2200 <150  -100 -50 0 50 100 150 200

CA, 0 (Deg) (a) CA,0(Deg) (b)

180

160 4 | = Experimental
== Presented Model

140 4

120 4000 rpm

100 4

80

Pressure, p (Bar)

60 4

40 4

<200 -150  -100 -50 0 50 100 150 200
CA, 0(Deg) (c)

Figure 1. (a), (b) and (c) comparisons of cylinder pressure values obtained from the presented model
with the experimental cylinder pressure data for 2000, 3000 and 4000 rpms.

In the present study, effective power and BSFC obtained from the present model have been compared
with experimental results at (2000-4000) rpms in Figs.2. Effective power values obtained from the
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present model and experiment are 29.13 kW and 31.96 kW respectively at the 2000 rpm. Hence, the
difference between the effective powers is 8.8%. BSFC values obtained from present model and
experiment are 0.2004 kg/kWh and 0.2205 kg/kWh, respectively at the 2000 rpm. Hence, the difference
between these BSFC values is 9.1% at this engine speed. The differences between the present model and
experimental data in terms of effective power and BSFC have shown the same variations for the other
selected engine speeds. The effective power and BSFC obtained from modelling have approached to
experimental data at the range of (0.3-8.8) % and (1.7-9.1) % error rate, respectively at the seleced
engine speeds. The reasons for these differences have been given above paragraph. Besides these, the

mechanical efficieny of the test engine is also unknown and this has been computed by using the relation
(18).

Table 1. Main specifications of the engines used for comparisons of theoretical results
with experimental data (n, is nozzle holes number) [6, 7, 16, 19, 20]

€ D(mm) | Himm) | pp(bar) 0s(°) | dn(mm)| Z Nn

Renault K9K | 18.25 76 80.5 |upto 2000 | change | 0.12 4 5
Kiziltan 18-24| 90 120 90-250 -22 0.36 1 1
Kokkulink 17 108 100 175 - - 1 -
Kunpeng 17 135 150 110 -10 0.36 1 4
Ottikkutti 16.8 | 106.5 127 120-490 -15 0.3 4 4

0,28
s [ e o) | o B

Effective power, N [kW]
BSFC, b, [kg/kWh]

1500 2000 2500 3000 3500 4000 4500 1500 2000 2500 3000 3500 4000 4500

Enginc speed, n (rpm) (a) Engine speed, n (rpm) (b)

Figure 2. (a) and (b) Comparisons of effective power and BSFC values obtained from the presented
model with experimental data

The other comparison has been performed by using Kiziltan’s [19] experimental data. In Kiziltan’s tests, a
single cylinder, four-stroke, water cooled, variable compression ratio experimental engine manufactured
by Tecquipment has been used. Main specifications of this test engine are given in Table 1. Comparisons
of effective power and BSFC obtained from the presented model and Kiziltan’s [19] experimental data
have been shown in Figs.3 (a) and (b). As can be seen from these figures, the predicted results agree
reasonably with the measured values. At 1300 rpm, the effective power computed by using the
developed model for Kiziltan’s engine has been obtained as 6.12 kW and the effective power given by
Kiziltan was 5.615 kW. Thus, it can be seen that the difference between effective powers is 8.9 % at 1300
rpm. Also, BSFC values obtained from present model and experiment are 0.2647 kg/kWh and 0.281
kg/kWh respectively at the 1300 rpm. Hence, the difference between these BSFC values is 5.77%. For
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different speeds, the maximum error rate between effective power and BSFC was found to be
approximately 11%. This could be attributed to not knowning some parameters of the engine and
selecting these parameters approximately and using an insufficient relation of mechanical losses and
mechanical efficieny originally given for multi cylinder vehicle engine. This relation may not be suitable
for the used engine. Similar error rates were observed in Sahin’s multi-zone thermodynamic model for
Kiziltan’s experimental results (Sahin and Durgun, 2008).

In another comparison, experimental results given by Kokkilink et al. have been used. Kokkillnk et al.
were used a single cylinder, four-stroke, DI diesel engine in their experimental study (Kokkulink et al.,
2013). Table 1. shows the specifications of this engine. Fig.4 shows the comparison of cylinder pressure
values obtained from the presented model with that of Kokkiliink’s experimental data at 2200 rpm. As
shown in Fig.4, the peak pressure for Kokkullink’s experiment at 2200 rpm is 68.13 bar and it occurs at 4°
CA. On the other hand, the peak pressure value obtained from the present model is 67.74 bar and it
occurs at 6° CA. It can be seen that the difference between these peak pressure values is 0.57 at this
engine speed. Thus, a satisfactory conformity can be observed in Fig.4.

7.0 0,30

~ =k = Presented model

— - —  Presented model
esented model ~—g—Kiziltan (Experimental)

6.5 { | —¢— Kizltan (Experimental) 029

&=21

o
™
2

BSFC, b, [kg/kWh]
o
3

Effective power, N_[kW]
. 7
»

o
<
>

40 , : : , : : :
- 024 : : : : :
1056 HO0: 10 200 Ay 000 30 1800 H0 1050 1100 1150 1200 1250 1300 1350 1400 1450

Engine speed, n (pm) (a) Engine speed, n (rpm) (b)
Figure 3. (a) and (b) Comparison of effective power and BSFC values obtained from the presented model
and Kiziltan’s experimental data
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Figure 4. Comparisons of cylinder pressure values obtained from the presented model with the
Kokkilank’s experimental data as a function of crank angle

Furthermore, effective power and BSFC obtained from the present model have been compared with
Kokkaliink’s data at (1700-2300) rpms in Figs.5. Effective power values obtained from the present model
and experiment are 11.57 kW and 12.13 kW respectively at the 2000 rpm. Hence, the difference between
these effective power values is 4.64%. The difference between the present model results and the
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experimental data in terms of effective power shows the same variation for all selected engine speeds.
BSFC values obtained from present model and experiment are 0.2672 kg/kWh and 0.2827 kg/kwWh
respectively at the 2000 rpm. Hence, the difference between these BSFC values is 5.48%. The difference
ratios of BSFC according to the engine speeds obtained from the presented model were at levels of (3-11)
% error. It can be seen In Fig. 5(a) that, difference between BSFC values obtained from the presented
model and Kokkillink’s experimental data increase while engine speeds are increasing. This can be
attributed to being used an empirical mean pressure of the mechanical losses relation originally developed
for vehicle diesel engines as stated above. This equation may not be suitable for the used Kokkiliink’s test
engine.

0,36 16

=8 =— Presented Model —<6= Presented model
—4— Experimental 14 —4— Experimental

o
®

= =Y
3 B

. [ke/kWh]

e
=
=

BSFC, b,
o
K

Effective power, N_[kW]

020 T T T T T T - 6 T T T T T - ;
1600 1700 1800 1900 2000 2100 2200 2300 2400 1600 1700 1800 1900 2000 2100 2200 2300 2400

Engine speed, n (rpm) (a) Engine speed, n (rpm) (b)

Figure 5. (a) and (b)Comparison of BSFC and effective power values obtained from the presented model
and Kokkalink’s experimental data

Also, accuracy control of the present model have been performed by using Kunpeng’s experimental data
(Qi et al., 2011). In the Kunpeng’s experimental study, a single cylinder, four-stroke, and water cooled,
1135 naturally aspirated diesel engine were used. Main specifications of this test engine are given in
Table 1. In Fig.6 cylinder pressure values obtained from present model have been compared with
Kunpeng’s experimental data for 1500 rpm. As shown in Fig.6, at 1500 rpm, the peak pressure of
Kunpeng’s is 69.6 bar and it occurs at 13°CA, while in the presented model peak pressure is 70.8 bar and
it occurs at 6°CA. Also, at 1500 rpm, the effective power and BSFC computed from the presented model
are 13.496 kW and 256 g/kWh respectively. The effective power and BSFC values given by Kunpeng’s
experimental results are 14.7 kW and 245 g/kWh respectively. Thus, it can be seen that the difference
effective power and BSFC values are 8.2 % and 4.5 % respectively. This could be attributed to not
knowning some parameters of Kunpeng’s test engine and selecting approximately these parameters.
Injection pressure and IA have also been selected approximately and these parameters affects cylinder
presure values. Also, injection strategy of the Kunpeng’s test engine is not completely comply with
gamma function used in present model ore injection parameter n; of this function may not be chosen
well.

In the comparison with the relevant theoretical study, the results of Ottikkuti’s model has also been used
(Ottikkutti et al., 1991). The numerical results obtained from the presented model are compared with
the theoretical results of Ottikkuti. In this theoretical study, Ottikkuti was used a 4 cylinder, four-stroke
and turbocharged diesel engine. Main specifications of this test engine are given in Table 1. Effective
power, the mean indicated pressure (pm,) and indicated thermal efficiency (n;) values obtained from the
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present model are compared with that of Ottikkutti’s model. Effective power values obtained from the
present model and Ottikkutti’s model are 56.6 kW and 54.24 kW respectively at the 1500 rpm. Hence,
the difference between these effective power values is 4.16 %. pm,; values obtained from the present
model and Ottikkutti’s model are 10.46 bar and 11.22 bar respectively at the 1500 rpm. Hence, the
difference between these pm, values is 7.27 %. n; values attained from the present model and Ottikkutti’s
model are 0.459 and 0.497 respectively at this engine speed. These parameters show similar differences
for 2100 rpm. Generally, effective power, pm; and n; values obtained from the present model showed
maximum differences at the level of 9 % with Ottikkutti’s model.

120

Experimental
== == == Presented Model

100 -

1500 rpm
80 A

60 -

Pressure, p (Bar)

40 A

340 360 380 400 420
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Figure 6. Comparisons of cylinder pressure values obtained from the presented model with Kunpeng’s
experimental cylinder pressure data as a function of crank angle

4. Conclusions

Results obtained from the development and verification studies and various applications of the
presented diesel engine cycle model can be briefly summarized as follows:

1. The present model is able to predict the diesel engine cycles for neat diesel fuel. The model can
predict the cylinder pressure and engine characteristics in good agreement with experimental and
theoretical results and it can be applied easily and the run time is sufficiently low. Thus, it can be used
effectively in various engine development and parametric studies.

2. Engine performance parameters and cylinder pressure values for only neat diesel fuel has been
examined using present model. Actually, in the next studies we aimed to investigate the effect of
addition of water to the intake air manifold in diesel engines by using this cycle model. Thus, this
model will be adapted to addition of water to the intake air manifold of diesel engine in the near
future. The theoretical studies on water addition have been started.
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Abstract

Cavitating marine propeller is one of the most dominant noise sources in marine vessels. The aim of
this study is to examine the cavitating propeller noise induced by tip vortices for twin screw passenger
vessels. To determine the noise level inboard, tip vortex index (TVI) technique has been used. This
technique is an approximate method based on numerical and experimental data. In this study, it is
aimed to predict the underwater noise of a marine propeller by applying TVI technique for two bladed
and three bladed propellers. The hydrodynamic performance of cavitating propeller has been calculated
by a potential flow code based on lifting surface method. The effect of cavitation number and propeller
rotation speed on sound pressure level has been discussed.

Keywords: Acoustic, Lifting Surface Method, Underwater Noise, Tip Vortex Index

Nomenclature

Symbol Description

Dr velocity vector by unit strength vortex element
DQ velocity vector by unit strength source element
Qs line source for blade thickness source strength
Qc line source for cavity source strength

n, unit vector normal

r circulation

Kbl thrust coefficient per blade

Ktip tip loading factor

Z number of blades

o] cavitation number

Patm atmospheric pressure

h operating depth of the propeller
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o fluid density

g gravitational acceleration
Py saturation pressure

n propeller rotation speed
D propeller diameter

dB decibel

J advance ratio

1. Introduction

Underwater noise has become a growing concern in view of its significant effect on marine environment
although underwater radiated noise is a main interest for submarines, naval vessels, fishing vessels and
research vessels traditionally. Underwater radiated noise is mostly caused by shipping activities which
masks the natural background noise and communication network between marine animals. International
Maritime Organization (IMO) recently has investigated to reduce underwater noise from shipping
activities.

Underwater radiated noise sources on marine vessels are mainly divided into three different categories:
engine noise, flow noise and propeller noise (Carlton, 1994). To reduce the engine noise, isolation
equipment can be applied and also engine foundation has to be resiliently mounted instead of rigidly
mounted (Wittekind, 2014). Ship hull design should also be proper to decrease the hydrodynamic noise
which is caused by the flow. Marine propellers on the other hand, are one of the most important noise
sources on marine vessels. Reducing the propeller noise is especially important for detection of vessel
position and velocity. Due to this reason, not only hydrodynamic properties but also acoustic performance
should also be taken into consideration for propeller design. Therefore, accurate calculation of the marine
propeller noise is considerable subject in maritime industry.

Propeller noise can be mainly divided to two sub-categories: cavitation noise and non-cavitation noise.
The cavitation is one of the main sources of underwater radiated noise. Cavitation noise is especially
inevitable for high speed vessels. Because of sudden changes of cavitation phenomenon on propeller
blades, cavitation noise prediction is a difficult task. Empirical calculations based on full or model-scale
measurements and theoretical estimations can be applied. To predict the propeller cavitation noise,
acoustic analogy methods are also used. As the first step of the analogy, the strength of noise source can
be solved by numerical methods such as CFD (Computational Fluid Dynamics), LSM (Lifting Surface
Method) and so on. The sound field is then calculated by the helping of Ffowcs-Williams Hawkings (FW-H)
equation (Zhang and Xiong, 2011).

In the past, Seol and Lee (Seol and Lee, 2002) have investigated non-cavitation and cavitation noise of
propeller numerically. The non-cavitation noise has been predicted using time-domain acoustic analogy
and boundary element method. Additionally, they have developed computational methods for the analysis
of the propeller surface cavitation noise. The flow field has been analyzed with potential based panel
method and then the time-dependent pressure datum has been used as the input for Ffowcs-Williams
Hawkings formulation to estimate far field acoustics. Ekinci et al. (2010) have investigated hydrodynamic
features of model propeller and noise prediction has been made by empirical formulations which are
improved for low frequency. Hydrodynamic characteristics of DTMB 4119 propeller and Seiun-Maru HSP
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propeller have been compared with both potential based LSM (Lifting Surface Method) and CFD code.
Noise based on propeller blade sheet cavitation has been investigated with empirical formulations. In
addition, this method has been applied under uniform and non-uniform flow conditions. Lidtke et al.
(2016) have investigated propeller noise which belongs to commercial vessel and cavitation has been
modeled with Schnerr-Sauer model. For cavitation condition, time-dependent change in URANS model
could not have been predicted totally and cavitation at the tip vortex area could not have been observed
as well. Therefore, it has been stated that LES method is more suitable for observing cavitation. Salvatore
and lanniello (2003) have studied on theoretical prediction of the acoustic pressure field induced by
marine propellers with a coupled hydrodynamics and hydroacoustic analysis based on boundary element
method. The hydroacoustic FW-H model has been coupled with an inviscid-flow unsteady cavitation
hydrodynamics calculation based on boundary element method. Numerical predictions of the propeller
noise by using FW-H equation have been compared by a classical Bernoulli equation. Propeller noise has
been predicted for non-uniform inflow conditions under non-cavitating and cavitating flows. Kim et al.
(2016) have developed a numerical method to predict propeller tonal noise whereas contributor of the
broadband noise has been investigated experimentally. Propeller tonal noise has been calculated by taking
into account of cavitation volume variation on propeller blades. Broadband noise calculations have been
done in water tunnel and onboard measurements in the real ship. Tonal noise acoustic results have been
validated in water tunnel experiments. The semi-empirical formula based on experimental results for tip
vortex cavitation noise has been developed. Lafeber et al. (2015) have investigated propeller cavitation
noise via both computational and experimental methods. Three different propellers have been used for
acoustic calculations. The unsteady flow around the propeller has been calculated by PROCAL method.
ETV noise model based on TVI technique has been used for prediction of cavitating vortex noise. Matusiak
and Brown’s model has been calculated in terms of the sheet cavitation noise. Szantyr et al. (2012) have
studied on tip vortex cavitation. The main aim of the study is to develop a reliable method for numerical
prediction of tip vortex cavitation. The calculations were based on both experiments and numerical
calculations. The experimental study on tip vortex cavitation behind the hydrofoil has been done in a
cavitation tunnel and flow around the hydrofoil has been calculated by particle image velocimetry (PIV)
method. For numerical calculations, Fluent and CFX commercial CFD codes have been used. It was shown
that experimental and numerical results have been in a good agreement with each other. Jeung-Hoon et
al. (2013) have studied on detecting the inception of tip vortex cavitation. Short-Time Fourier Transform
(STFT) analysis and Envelope Modulation On Noise (DEMON) spectrum analysis have been applied to
determine the tip vortex cavitation noise. The scope of the study was to compare the applicability to the
detection of cavitation inception. Wijgaarden et al. (2005) have studied the broadband inboard noise and
vibration on passenger vessels between 20-70 Hz frequency ranges. Especially, hydroacoustic calculations
involving tip vortex cavitation has been investigated both by sea trials and model experiments. Sezen et
al. (2016b) have applied TVI technique for prediction of inboard noise level of a three bladed DTMB 4119
model propeller without taking the thickness effect into account.

In this paper, it is aimed to carry out some calculations using an empirical method considering that the
propeller noise is caused by the tip vortices of the propeller blades. An acoustic study has been performed
for a twin screw passenger vessel. The propeller has been considered as the noise source and acoustic
results have been carried out at three decks above propeller and aft perpendicular. DTMB 4119 propeller
has been investigated by means of hydrodynamic performance via lifting surface method under cavitating
condition considering that the blade number is 2 and 3, respectively. The results have been discussed
depending on advance ratio and cavitation number using tip vortex index (TVI) technique. This paper is
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the extended version of the study (Sezen et al., 2016b) presented in the symposium organized by Turkish
Chamber of Naval Architects.

2. Mathematical model
2.1. Lifting surface method

A lifting surface method was applied to calculate the propulsive performance and induced velocities due
to the propeller, similar to the one given (Bal, 2011b) & (Bal, 2011a) & (Kerwin, 2001) & (Bal and Gliner,
2009). The lifting surface method (propeller analysis code) models the 3-dimensional unsteady cavitating
flow around a propeller by representing the blade and wake as a discrete set of vortices and sources, which
are conveniently located on the blade mean camber surface and wake surface. In particular, the 3
components of the discretization are as follows:

i) A vortex lattice on the blade mean camber surface and wake surface to represent the blade loading and
trailing vorticity in the wake.

ii) A source lattice on the blade mean camber surface to represent blade thickness.

iii) A source lattice throughout the cavity extent to represent cavity thickness.

The sources representing blade thickness are line sources along the spanwise direction. The strengths of
the line sources are given in terms of derivatives of the thickness in the chordwise direction and are
independent of time. The unknown bound vortices on the blade and the unknown cavity sources are
determined by applying the kinematic boundary condition and the dynamic boundary condition.

In this method, a discretized version of the kinematic boundary condition can be employed as:

Z I[v..n, =-v, .0 -Z QpV,-1,, -Z QcV,1,, (1)
I Qp Qc

where Dr the velocity vector is induced by each unit strength vortex element, O

o S the velocity vector

induced by each unit strength source element, and 71, is the unit vector normal to the mean camber line

or trailing wake surface. Qg and Q¢ represent the magnitude of the line sources that model the blade
thickness and cavity source strengths, respectively. The kinematic boundary condition must be satisfied at
certain control points located on the blade mean camber surface. The kinematic boundary condition
requires that the sum of the influences for all of the vortices’ sources and the inflow normal to a particular
control point on the blade is equal to zero. Another way to explain this is that the kinematic boundary
condition requires the flow to be tangential to the surface. Other assumptions employed throughout the
method include:

i) The cavity thickness varies linearly across panels in the chordwise direction and is piecewise constant
across panels in the spanwise direction.

ii) There are no spanwise flow effects in the cavity closure condition.

iii) Viscous force is calculated by applying a uniform frictional drag coefficient, C¢, on the wetted regions
of the blade.

The details of the method can be found in (Bal, 2011b) & (Bal, 2011a) & (Bal and Gtiner, 2009).
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2.2. TVl technique

Tip vortex index (TVI) technique has been developed by Det Norske Veritas (DNV GL) in order to estimate
inboard noise caused by marine propeller. The technique consists of several empirical formulations based
on experimental studies. Experimental studies have been conducted for 15 ships including cruise liners
and ferries. In this method, the propeller itself is considered as the source of transmitting the noise to the
ship hull while the hull is the receiver of the pressure fluctuations (Raestad, 1996).

TVI has been used to predict the inboard noise level in a location at three decks above the propeller and
aft perpendicular. It is the non-dimensional factor expressing the pressure field from the tip vortices.

TVI=(k, k,, ) Z/o 2)

This technique considers that the noise is caused by the tip vortices of the propeller blades in a cavitating
condition. kip is for the relative tip loading factor. This factor is nearly constant for a wide range of speed
in fixed pitch propellers while it is dependent on the pitch settings for controllable pitch propeller.

Here, Z is the blade number and o is the cavitation number.

atm

O.Sp(nD)2

_P,,+pgh-P,

(3)

Cavitation number is calculated by considering the operating depth of the propeller (h) is 5 meters while
the saturation pressure (P,) is taken as 2000.7 Pa. The propeller rotating speed (n) is derived from the non-
dimensional cavitation number.

k= (Ftip/ktbl )/(Ftip/klbl )ref (4)

The circulation distribution on the propeller blades is significant in calculating the tip vortex index. Thrust
force per blade is represented by ki while Tp is the circulation at the propeller blade. The optimum
circulation distribution can be observed by taking k:p as 1.

dB,;=20log(TVLn’D? )+80 (5)

It is assumed that the noise level is directly related to the sound pressure level at any selected position.
Detailed information about TVI technique can be found in (Raestad, 1996).

3. Results and discussions

DTMB 4119 model propeller has been chosen for the investigation of flow and prediction of acoustical
performance. Geometrical properties of the model propellers have been presented in Table 1. 3-D view of
the DTMB 4119 model propellers have been shown Fig. 1.
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Table 1. DTMB 4119 main particulars

DTMB 4119 Model Propeller
D (m) 0.3048
z 2-3
Skew (°) 0
Rake (°) 0
Blade section NACA66 a=0.8
Rotation .
direction Right

Figure 1. 3-D models of DTMB 4119

The flow around the model propeller has been solved by lifting surface method. The code has been applied
in order to predict the hydrodynamic performance of the propeller by means of circulation distribution

per blade. Hydrodynamic results have been derived for different cavitation numbers and advance ratios.
In Fig. 2, the elements used are shown with wakes.
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Figure 2. Perspective view of DTMB 4119 propeller blades and wakes
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In Fig. 3, the cavity pattern on the blades is shown at critical cavitation numbers for both two and three
bladed propellers. One can see from fig. 3 that the cavity patterns are quite similar for both model

propellers.
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Figure 3. Comparison of cavity pattern of DTMB 4119 propeller

The circulation distribution on the propeller blades have been given in Fig. 4 for different advance ratios
by means of blade numbers. As expected, the blade loading is decreasing with the increasing advance

ratio. In addition, it has been observed that the blade loading is decreasing while the blade number is
increasing.
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Figure 4. Circulation distribution on the blades for different blade numbers

Fig. 5 gives the performance characteristics of the model propeller DTMB 4119 at critical cavitation
numbers of two and three bladed model propellers. The propeller performance has been observed in an
operating range with high propulsive efficiency both in hydrodynamic and hydroacoustic manner. As can

be seen from the figs. 4-5, higher circulation distribution has been obtained from two-bladed propeller
which provides higher efficiency.
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Figure 5. Hydrodynamic performance characteristics of DTMB 4119 at a constant cavitation number for
different blade numbers

Tip vortex has a significant effect on underwater propeller noise. The vorticity on the propeller blade tips
trigger the noise level even inboard the ship (Sezen, 2016), (Sezen et al., 2016a). The tip loading factor is
crucial in the calculation of TVI. This factor has been calculated by using the circulation on the tip and the
maximum circulation of the blade as reference value. TVI has been used for the estimation of sound
pressure level at the reference location inboard the ship.

For observing the effect of cavitation phenomenon on the propeller noise, TVI method has been used for

different cavitation numbers at a constant advance ratio. The results have been presented in Fig. 6. It

is obvious that the sound pressure level decreases while the cavitation number increases for both blade
numbers. This is because the cavitation risk also decreases with an increase in the cavitation number. It is
observed that sound pressure level for two bladed propeller is more than that of for three bladed
propeller. In accordance with the cavity patterns given in fig. 6, it is obvious that the cavitation
phenomenon is more dominant than the blade number by means of sound pressure level.
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Figure 6. Sound pressure level distribution for different cavitation numbers at a constant advance ratio

T T T T T T T T T T T T T

]

for different blade numbers

-34-



GMO-SHIPMAR / Number: 207 March 2017 E@A
77/4

Fig. 7 shows the relation between the propeller rotation speed and the sound pressure level for both blade
numbers. The noise level has an increasing trend with the propeller rotation speed. This can be explained
that the higher propeller rotation speed increases the cavitation risk so the noise level. The main highlight
of Fig. 7 is that the sound pressure level increases with the decreasing cavitation number. Note that the
critical cavitation numbers are 0=12.2 and 0=10.2 for two and three bladed propellers, respectively. One
can observe that the sound pressure level decreases with the decreasing blade number.
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Figure 7. Sound pressure level distribution for different propeller rotation speeds and blade numbers

Fig. 8 is given for the observation of effect of advance ratio on sound pressure level at the critical cavitation
number. As can be seen in Fig. 8, sound pressure level shows a decreasing behavior with the increase in
advance ratio, as expected. This is because that the cavitation occurs only at J=0.23 for the critical
cavitation number while there is no cavitation behavior in the other advance ratios for three bladed
propeller.
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Figure 8. Sound pressure level distribution for different advance ratios at a constant cavitation number
for three bladed propeller

Tip loading factor has been chosen as another parameter affecting the hydroacoustic performance
empirically. As seen Table 2, three different cavitation numbers have been investigated via two different
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tip loading factors for three-bladed propeller at a constant advance ratio. k=1 is the case which the
propeller has the optimum circulation distribution. Table 2 also shows the cavitation effect on propeller
noise clearly.

Table 2. Sound pressure level results at different tip loading factors for three bladed propeller

o} J ktip dB
10.2| 0.53| 0.082 | 8.13
10.2| 0.53| 1.000 |51.46

42| 0.53] 0.082 |23.54

42| 0.53] 1.000 |66.87

2.2 0.53| 0.082 |34.84

2.2 0.53| 1.000 | 78.17

4. Conclusions

Two main arguments have been obtained in this study:

e Effect of tip loading factor has shown that hydrodynamically optimum propeller design does not
have the optimum hydroacoustic performance.

e Under critical cavitation number, the cavitation phenomenon triggers the underwater noise. This
means that the cavitation affects not only the hydrodynamic performance but also hydroacoustic
performance.

Some future works have been planned:

e Tipvortex index (TVI) method will be applied to a four bladed DTMB 4119 model propeller in order
to predict the noise level.
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Abstract

Containership operators are confronted with a multitude of proposals for fuel saving measures
and even more promises. Actual savings are generally much lower than quoted numbers in
advertisement material and even scientific publications. Reasons for discrepancies are discussed
and some guidelines for selecting suitable measures are given. There are options with significant
fuel savings false promises that result in zero savings or even losses.

Keywords: Energy Efficiency, Fuel Saving, CO2, Container Ships

1. Introduction

Increasing fuel prices and legislation concerning CO2 emissions (respectively energy efficiency)
have made fuel efficiency a key topic in our industry. While new designs offer much larger
potential gains in energy efficiency, refit and operational measures may in- crease fuel efficiency
for the fleet in service, and some of these measures offer attractively short payback times.
Bulhaug et al. (2009), OCIMF (2011) and Bertram (2011) give over- views of such measures.

The relative importance of these measures depends on many factors, including ship type. For
example, trim optimization is more attractive than hull maintenance for container ships, Fig. 1,
Kopke & Sames (2011a). But for large tankers, OCIMF (2011) rates the fuel saving potential of hull
maintenance (listed as CBM = condition-based maintenance) higher than trim optimization (listed
as trim assistant), namely 2.0% versus 0.3%.

Sometimes the saving potential of an option depends on individual ship hull and propeller
characteristics, giving large scatter in reported savings even for same ship type. Modern computer
simulations offer substantial progress in assessing saving potential of many de- vices, allowing
case-by-case assessment. For example, CFD (computational fluid dynamics) allows quantifying the
effect of a propulsion improving device and gives insight ex- plaining why devices are effective in
one case and counterproductive in another.
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Figure 1. Marginal abatement cost curve for container ship fleet

Many publications give unrealistically optimistic potential for fuel savings. There are various
reasons for this:
e The published savings are often for the best case. Quoted savings may be valid for

initially bad designs, whereas hydrodynamically optimized designs would never reach these
savings. This is best illustrated in a concrete example: DNV GL Mari- time Advisory Services looked
at its hull optimization projects in early 2012. The achieved improvements for all projects until
that date were collected in a histogram, Fig. 2.

The statistical distribution may be described in various ways:
- Hull optimization may improve the fuel efficiency of a ship by up to 20%.
- Hull optimization improves the fuel efficiency of a ship by 7% on average.

- Hull optimization improves the fuel efficiency of a ship in most projects by 4-6%.

Frequent value

SN RN e

0-2 2-4 4-6 6-8 810 1012 12-14 1416 16-18 18-20
Saving [%]

Figure 2. The potential of hull optimization varies. Gains in actual projects show a wide spectrum
with 4-6% improvement as most frequent value until end of 2011

All statements are correct. However, “up to X%” is often quoted as “X%” as saving potential in
subsequent reports or surveys. Generally, companies do not publish statistical distributions of
savings achieved by their products. Instead, marketing strategies promote “up to” numbers which
invariably lead to unrealistic expectations and subsequent disillusion.

-30-



E@A GMO-SHIPMAR / Number: 207 March 2017
// /

e Numbers valid for one ship type (say bulk carriers) are taken for other ships (say
containerships), where they do notapply.

¢ Numbers are taken for design speed and draft. Frequently encountered off-design conditions
are ignored. Utilization of a fuel saving device is often incorrectly assumed to be 100% of the
time at sea for a ship and 100% over fleets for global estimates.

e Saving potential may be measured for calm-water resistance, but real fuel savings apply to
total fuel consumption (including added resistance in service and on-board energy
consumption). Relating saving to smaller reference numbers gives higher percentage figures.
Ideally all savings should be related to (an estimated) total yearly fuel consumption.

e For propulsion improving devices, published savings are based on a comparison of power
requirement measured before and after conversion. Sometimes, measurements are not
corrected for hull and propeller roughness, while ship and propeller were cleaned during the
refit, sea state and loading condition. If measured values are corrected for a “neutral
condition”, the correction procedure in itself may still have an uncertainty of 2-3%.

e Saving potential is quoted based on model tests and questionable extrapolation to full scale.
Model tests violate Reynolds similarity; hence boundary layers and flows at appendages in the
boundary layer are not similar. Most quoted figures are based on publications (and model
tests) of the 1970s and 1980s. Usually, there is no documentation on how figures were
derived. In our experience, re-analyses and detailed full-scale measurements with today’s
technology showed always substantially lower figures.

2. Some options to improve fuel efficiency of containerships

DNV GL looked into fuel saving options for containerships, with particular focus on fleet in service.
The most attractive options are identified in Sames and Kopke (2010), Képke and Sames (201143,
b). These are discussed in the following in the order of expected payback, see Fig. 1:

a. Propellercleaning

Propeller roughness increases in time due to cavitation, impingement and fouling. Propeller
cleaning intervals should be based on performance monitoring.

b. Trim (optimization)

The wave resistance reacts very sensitively to local changes in the hull geometry. Trim
optimization software, e.g. Hochkirch and Mallol (2013), can lead to significant improvement for
most ship types, but particularly for container ships. Trim software based on “numerical sea trials”
(viscous CFD simulation of ship with propeller at full-scale Reynolds numbers) is our
recommended approach, Bertram (2014).

c. Hullopenings
Bow thrusters and inlets (e.g. sea chests) may be designed better, again by using CFD. Knowledge

about achievable savings is at best anecdotal. The ond IMO Green- house Gas study, Buhaug et al.
(2009), gives 0.9-4.2% without differentiation for ship type and based on vendor information. The
actual saving potential may be lower than 0.9% for many container ships. Large scatter in saving
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potential is expected, as losses (and thus improvement potential) will depend on local flow details.
CFD analyses are recommended for assessment and guidance in re-design.

d. Hull coating and maintenance

The frictional resistance depends on the area and roughness of the wetted surface. The surface
roughness is influenced by the choice of coating and appropriate hull management over the life-
time of the ship. Some coatings perform very well initially and then degrade rapidly. Hull
performance monitoring has evolved dynamically over the past few years, e.g. Bertram and
Lampropoulos (2014). The evolving ISO 19030 (Measurement of changes in hull and propeller
performance) is expected to contribute to wider use of hull (and propeller) performance
monitoring and management. Hull performance monitoring requires assorted corrections (a.k.a.
normalization). Corrections for actual draft and trim are very important for containerships. Simple
interpolations between model test predictions give unacceptably high errors for containerships
(around 10%), Krapp and Bertram (2015). Instead, extensive CFD simulations are required to give
dense interpolation matrices covering the complete operation spectrum for speeds, drafts and
trims. Here synergies with trim optimization software should be used.

e. Propulsion improvement devices (PIDs)

Opinions on PIDs scatter widely, from negative effects (increasing fuel consumption) to more than
10% improvements. Indeed, the effectiveness depends on local flow details (such as the strength
and position of the bilge vortex in the propeller plane). The effectiveness of PIDs should be
assessed on an individual case base, using full-scale CFD simulations, Hochkirch and Mallol (2013).
Wake-equalizing ducts are generally not suitable for containerships, as these have already more
homogeneous wakes than bulker and tankers. Pre-swirl devices can give improvements typically
in the range of 1-4% based on our CFD studies.

f. Speed control of pumps andfans

Speed-controlled (a.k.a. frequency-controlled) of pumps instead of fixed rpm pumps (for cooling
water and other systems with high utilization rate) decrease energy consumption for the pumps
typically by 25%. The measure has attractive payback periods, but the overall saving potential is
relatively small, estimated 0.1 -0.6%.

g. (Engine) Performance monitoring

Engine performance monitoring based on simulation models has developed very dynamically over
the past 5 years, e.g. Freund (2012), Lampe et al. (2015). This threshold technology is expected to
gain in importance and acceptance in the industry. One of the expected effects is increased
awareness leading to more fuel efficient operation by the crew.

h. Weatherrouting

Realistic estimates for the saving potential of weather routing range from 0.1% to 1.5%, falling
significantly short of vendors’ claims. The added resistance in waves can be predicted only with
uncertainties, which are much larger than the claimed savings due to route optimization, Bertram
and Couser (2014). This renders weather routing as a most questionable option for fuel savings.
Solid arguments for weather routing are rather safety of cargo and crew.
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i. Airlubrication

Air lubrication has attracted considerable media and industry attention. The basic idea is that a
layer of air (on part of the hull) reduces the frictional resistance. There is no consensus on the
saving potential and, at present, we have no reliable third- party evaluation. Venture capital and
entrepreneurial spirit are required to invest into air lubrication.

j.  Bowoptimization

Hull optimization has progressed over the decades from research applications to state of the art
in modern ship design, Hochkirch and Bertram (2012). Modern optimization projects employ
numerical sea trials (as for trim optimization), Hochkirch and Mallol (2013), looking at 10-20
thousands of variants. It is becoming common to look at spectra of operational conditions (draft-
speed combinations) in the optimization. More recently, bulbous bow refit has been adopted as
an attractive option to re- duce fuel consumption, Hochkirch and Bertram (2009, 2013), Hahn and
Bertram (2014). It is recommended to explore fuel savings for different operational spectra before
deciding on the new bow design.

k. Speed reduction (slowsteaming)

Speed reduction is a very effective way to improve fuel efficiency. A 10% lower de- sign speed
saves an estimated 23-25% fuel for constant delivery capacity (i.e. increased size of ship or fleet
to transport the same amount of cargo per year). Slow steaming is less effective than designing
for lower speed as hull, propeller and engine operate in off-design conditions and thus at lower
efficiencies. Often refit measures for hull (bow refit), propeller and machinery (e.g. de-rating) are
then advisable.

|.  Waste heatrecovery

The amount of energy that may be recovered from exhaust gas losses depends on the engines
used, the exhaust gas temperature and the sulphur content in the fuel. In an expert survey, the
saving potential in using heat recovery was estimated to be 2 -7% for ships without power take-
in. Many ships already employ this option. Lower installed power and slow steaming reduce the
potential for waste heat recovery. Refit- ting waste heat recovery is problematic due to the
additional space requirements for the equipment and the already cramped conditions in most
engine rooms.

3. Case studies

In following, three case studies will highlight applications of fuel saving measures in practice. The

III

selected case studies from our project experience are “typical”, representative for several projects

with savings obtained ranging in the most common group
rather than the “up to” extremes.

3.1 Case study 1: Hull optimization

Ship operator Hamburg-Sid wanted the lines of a new 9600 TEU containership design optimized
for fuel consumption, Hochkirch et al. (2013). Hamburg-Sid supplied records of actual operational
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data for a fleet of similar-sized containerships for a whole year. This database of speeds and drafts
was condensed to four representative clusters of speed-draft combinations with associated
weights ranging between 20 and 30%. The objective was then to reduce the combine fuel
consumptions for these four operational states, considering their time share in yearly operation.
A global hull optimization was performed using a fast, simplified hydrodynamic assessment of the
generated hull variants. In a refinement of the hull optimization, the hydrodynamic assessment
used a high-fidelity CFD code, solving the Reynolds-averaged Navier-Stokes equations (RANSE),
thus capturing viscous effects directly in the simulation.

Fig. 3 compares for one operational condition the computed wave patterns of the baseline design
and our optimized design. The relatively small differences in wave patterns translate into
significant fuel savings. For this particular operational condition, the required power for the
optimized hull was 6.5% lower than for the baseline. For final validation, model tests were
conducted at Hamburg Ship Model Basin (HSVA). The baseline design and DNV GL’s optimized
design were tested under same conditions and full-scale predictions followed the general
guidelines. The model tests confirmed that DNV GL’s optimized de- sign outperformed the
baseline design on all conditions of the operational profile, with expected yearly fuel savings just
short of 4%.

Wave Height (m)
0.03

0.02

-0.03

Figure 3. Wave patterns for one operational condition; baseline (top) and optimized design
(bottom)

3.2 Case study 2: Bulbous row refit

While obtainable fuel savings are significantly larger for complete hull optimizations, optimization
of the bulbous bow region alone offers still potentially very attractive fuel efficiency gains,
especially for high powered large containerships which now operate in off- design conditions
(slow steaming and partially loaded). State-of-the-art optimization for a realistic operational
profile rather than a single design point opens the door to significant further fuel savings, also for
refits. This was demonstrated by Hochkirch and Bertram (2013).

The ship owner realized the opportunities of a bulbous bow refit for his fleet of 13000 TEU ships.
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The task was now to find the best solution. Qualitatively, the larger the cut-out is chosen, the
higher are the cost for the refit, but also the potential gains. In this particular case, there were
two general options for such a refit:

e Option 1: Larger cut-out covering the ship below the waterline and before the collision
bulkhead
e Option 2: Smaller cut-out below the waterline and before the forward perpendicular

The ship owner supplied records of actual operational data for the ship for a whole year. This
database of speeds and drafts was condensed to eight representative clusters of speed- draft
combinations with associated weights ranging between 10 and 25%. The objective was then to
reduce the combined fuel consumptions for these eight operational states, considering their time
share in yearlyoperation.

b

Figure 4. Original hull (port) and re-design alternative (starboard)

A parametric model was set up for the bow section, employing 26 free parameters. The high
number of parameters ensured that a vast number of possible bow shapes could be created. In
any case, a harmonious fit with the rest of the hull was ensured by suitable constraints on the
hull-bow intersection. Roughly 20000 bow variants were investigated. Two final hull shapes were
identified featuring optimal performance measures across the operational profile. As expected,
the larger flexibility of Option 1 resulted also in larger possible fuel savings. Option 1 had expected
gains in off-design conditions of up to 11%, yielding expected yearly fuel savings of ~3.5% for the
actual operational profile. Option 2 had expected gains in off-design conditions of up to 6%,
yielding expected yearly fuel savings of ~1.8% for the actual operational profile. Results were
validated by “numerical sea trials” (high-fidelity CFD simulations for full-scale ship) and model
tests.

Depending on size of fleet, employed repair yard and assumed fuel oil price, there are variations
in payback times, but all realistic scenarios show payback times between 2 and 8 months, making
this refit a good business decision by anybody’s standards.
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The biggest issue in many of these projects remains the definition of the operational profile. AIS
analyses for own or competitor’s fleets can only reflect the past. But frequently questions concern
the future and changing market conditions: What if | operate at other conditions some day? Can
we change the operational profile once more?

DNV GL has developed a new tool to support better decisions in this situation. First, 5000 - 10000
vessel-specific bow designs are created and assessed for all operational conditions using CFD
(“numerical towing tank”). An interactive excel-based tool allows then easy and immediate
exploration of “what-if” scenarios for changing operational profiles.

Figure 5. Off-design condition: original hull (top) and optimized Option 1 (bottom)

The input consists of the design operational profile (expressed by a matrix of 4 speeds and 3
drafts with associated relative time spent on each speed-draft combination) for which the bulbous
bow shall be optimized, optional performance constraints (e.g. must reach design speed at 85%
engine power), and an alternative profile (again 4 x 3 matrix of speed and draft). The tool then
immediately displays estimated savings (in USD/year and % power) and payback time for the best
bulbous bow for the design operational profile and the corresponding values for the alternative
profile. The payback time calculation takes aspects like fleet size, conversion costs and fuel price
into account. When changing input data, savings are re-computedinstantaneously.

The tool allows insight into available savings for each operational condition, Fig. 6, and
implications of constraints. A relaxation of required by power at design speed by 1 percent point
often results in higher overall savings. It is only after seeing the achievable effect that ship
operators start thinking about margins which are often unnecessarily high. Of course, the tool
cannot change the volatility of the market, but it can quantify performance for a bandwidth of
scenarios from worst-case to best-case scenarios, supporting more informed business decisions.
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Figure 6. Relative power savings compared to reference design

3.3 Case study 3: Trimoptimization

There is no single trim for a vessel that is optimum for all speeds, displacements and water depths,
leave alone an optimum single-value for all ships. Finding the optimum trim for a ship is a non-
trivial task. There are several commercial trim optimization tools on the market to help with this
task. These vary in price, user-friendliness, fundamental approach and performance.

Compared to sensor-based trim assistance tools, CFD-based trim advisory systems do not require
interfacing with on-board systems and sensors to monitor operational parameters. DNV GL's ECO-
Assistant, Hansen and Hochkirch (2013), can be installed on any computer on the vessel, which
makes the installation much more cost effective than sensor-based trim optimization tools. The
hydrodynamic database for trim optimization is based solely on CFD simulations. The CFD
simulations cover a dense matrix of speed, trim and draft values. The discrete simulation data sets
are connected by a multidimensional response sur-face, i.e. a sophisticated interpolation scheme.
This allows consistent interpolation for arbitrary input values within the simulated range.

The GUI (graphical user interface) is kept simple with a minimum of input: speed, (zero- speed)
drafts aft and fore, and optional extra ballast. The tool then displays optimum trim, regions of
good trim (in green), regions of satisfactory trim (in yellow) and regions of poor trim (in red), Fig.
7. In addition, the savings (as compared to even trim) in required power and tons of fuel and CO;
per day are displayed. Practical constraints such as bending moment and stability are checked by
other software tools. To support efficient cross-referencing, the ECO-Assistant can be integrated
into a vessel’s loading computer and cargo planning system.

Fin St by

— MV ECO MPV 30,000DWT, IMO #0000000

Fom e |t e | apers

Figure 7. The easy-to-use interface has become a trademark of ECO-Assistant. Speed,
displacement (or current drafts) and optional extra ballast is all that is needed to get the best
trim displayed.
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The effectiveness of trim optimization systems is best assessed sea trials. Trim trials are variations
of classical sea trials. Typically, two conditions are tested: One trim with relatively high fuel
consumption and another trim with lower fuel consumption. Sea trials on opposite course and for
different main engine rpm yield speed-power curves for both trim conditions. By comparison, the
fuel savings due to trim are identified. Such trials were completed successfully by China Shipping
for a 14000 TEU containership. For a trim change of 1.8 m, fuel savings of more than 10% were
found in line with ECO-Assistant’s prediction. Such large trim adjustments are not always possible
in actual operation. However, China Ship- ping reported in long-term performance monitoring fuel
savings up to 8%; typically 3-4% savings were reported.

4. Conclusions

Our experience shows that potential for fuel savings is often over-estimated, but sometimes also
underestimated. Frequently, modern simulation technology can guide us:

a. Virtual try-outs are highly recommended before committing to any large investment in
propulsion improving devices. CFD simulations give a solid ground for assessing the fuel saving
potential of a device and hence the basis for an investment decision.

b. Optimization is a mature and powerful tool in fuel efficient designs and operation. It is mainly
up to the ship operators to employ this tool to achieve major savings at relatively little expense.

c. Refitting optimized bows on containerships operating now with much lower speeds than their
original design speeds is an attractive option.

d. Trim optimization is attractive for most ship types, especially large container ships. The
recommended approach is using CFD for full-scale conditions to create the required
hydrodynamic knowledge base.

e. CFD-based knowledge bases for trim optimization should be reused for hull performance
management.

References

Bertram, V. (2011). Practical ship hydrodynamics. 2nd Ed. Oxford: Butterworth and Heinemann.

Bertram, V. (2013). Trim optimization meets hull performance monitoring. Lloyd’s Maritime
Academy Seminar “Hull Management and Performance”, London.

Bertram, V. (2014). Trim optimization — Don’t blind me with science. The Naval Architect,
September, pp.66-68.

Bertram, V. and Couser, P. (2014). Computational methods for seakeeping and added resistance

in waves. 13th conf. Computer and IT Applications in the Maritime Industries (COMPIT),
Redworth, pp.8-18.

Bertram, V. and Lampropoulos, V. (2014). A model for hull performance monitoring in ship
operation, European Conf. Production Technologies in Shipbuilding (ECPTS), Hamburg.

Buhaug, @., Corbett, J.J., Endresen, @., Eyring, V., Faber, J.,, Hanayama, S., Lee, D.S,, Lee, D.,
Lindstad, H., Markowska, A.Z., Mjelde, A., Nelissen, D., Nilsen, J., Palsson, C., Winebrake, J.J., Wu,

-47 -



E@A GMO-SHIPMAR / Number: 207 March 2017
// /

W.Q., Yoshida, K. (2009). Second IMO GHG study 2009. International Maritime Organization
(IMO), London.

Freund, M. (2012). Holistic analysis of on-board consumption and efficiency of the energy systems
of ships. PhD Thesis, Univ. Federal Armed Forces, Hamburg.

Hahn, C. and Bertram, V. (2014). Bulbous bow refits — The industry catches on. The Naval
Architect, June.

Hansen, H. and Hochkirch, K. (2013). Lean ECO-Assistant production for trim optimization. 12th

Conf. Computer and IT Applications in the Maritime Industries (COMPIT), Cortona, pp.76-84.
Hochkirch, K. and Bertram, V. (2009). Slow steaming bulbous bow optimization for a large
containership. 10th Conf. Computer and IT Applications in the Maritime Indus- tries (COMPIT),
Budapest, pp.390-398.

Hochkirch, K. and Bertram, V. (2012). Hull optimization for fuel efficiency — Past, present and
future. 11th Conf. Computer and IT Applications in the Maritime Industries (COMPIT), Liege,
pp.39-49.

Hochkirch, K. and Bertram, V. (2013). Bulbous bow refits — A little-known goldmine. Hansa
150/11, pp.27-29.

Hochkirch, K., Heimann, J., Bertram, V. (2013). Hull optimization for operational pro- file — The
next game level. Sth Int. Conf. on Computational Methods in Marine Engineering (MARINE),
Hamburg.

Hochkirch, K. and Mallol, B. (2013). On the importance of full-scale CFD simulations for ships,
12th Conf. Computer and IT Applications in the Maritime Industries (COM- PIT), Cortona, pp.85-
95.

Kopke, M. and Sames, P. (2011a). Outlook on CO2 emissions of the container world fleet and

gth

possible reduction targets. Annual Green Ship Conf., Copenhagen.

Kopke, M. and Sames, P. (2011b). Outlook on CO2 emissions of the worldwide containership fleet
and possible reduction targets. Nonsto 2/2011, Germanischer Lloyd.

Krapp, A. and Bertram, V. (2015). Hull performance monitoring — Combining big data and

simulation. 14th conf. Computer and IT Applications in the Maritime Industries (COMPIT),
Ulrichshusen, pp.57-63.

Lampe, J., Magdanz, A., Ginnetti, A. (2015). Energy simulation for waste heat recovery systems.

17th Int. Conf. Computer Applications in Shipbuilding (ICCAS), Bremen.

OCIMF (2011). GHG emission-mitigating measures for oil tankers — Part A: Review of reduction
potential. Oil Companies International Marine Forum, London.

nd
Sames, P. and Kopke, M. (2010). Future required energy efficiency of container vessels. 32
Motorship Propulsion & Emissions Conf., Hamburg.

-48 -



GMO-SHIPMAR / Number: 207 March 2017 E@A
77/4

An Alternative Superior Combustion Mechanism that can Convert
Domestic Production Marine Diesel Engines to 100% Natural Gas Fuels

Rafig Mehdiyev', Ahmet Dursun Alkan?", Mustafa Unar?, Omiir Karatas*
alkanad@yildiz.edu.tr

1 Department of Mechanical Engineering , Gebze Technical University, Kocaeli, Turkey
2Department of Naval Architecture and Marine Engineering, Naval Architecture and Maritime Faculty,
Yildiz Technical University, Istanbul, Turkey
3Nurdeniz Denizcilik San. Ltd. Sti., Istanbul, Turkey
4ORTECH Marine A.S., Istanbul, Turkey

Abstract

In this article some industrial application results of a novel combustion mechanism so-called
MR-Process developed by R. Mehdiyev have been reported. The MR-Process combustion mechanism
realised in a twin turbulence swirl combustion environment gives the opportunity to combine advantages
of both Diesel and Otto cycles in a single structure. In addition, the current status of the heavy duty diesel
engine TLM16V185, a product of TULOMSAS A.S., in terms of efficiency and emission, the advantages of
MR-Process combustion mechanism allowing to use CNG and LNG fuels as being primary fuel of the near
future. A brief information on the development of innovative and competitive domestic brand engines
with 6-8-12-16 cylinders ranging from 500 to 2800 kW for various possible applications from civil to
defence ships, locomotives, work machines, generators and power plants being adoptable for local and
global market.

Keywords: Heavy duty engine, "MR-Process" combustion mechanism, Diesel and Otto, NOx
Emission, CNG / LNG fuel.
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Yerli Uretim Gemi Dizel Motorlarinin %100 Dogal Gaz Yakitina
Doniisiimiinii Gergeklestirebilen Alternatif Ustiin Bir Yanma
Mekanizmasi

Rafig Mehdiyev!, Ahmet Dursun Alkan?’, Mustafa Unar?, Omer Karatas*
alkanad@yildiz.edu.tr

1 Department of Mechanical Engineering , Gebze Technical University, Kocaeli, Turkey
2Department of Naval Architecture and Marine Engineering, Naval Architecture and Maritime
Faculty, Yildiz Technical University, Istanbul, Turkey
3Nurdeniz Denizcilik San. Ltd. Sti., Istanbul, Turkey
4ORTECH Marine A.S., Istanbul, Turkey

Ozet

Makalede R. Mehdiyev tarafindan gelistirilmis ve Turkiye yerli motor Uretici firmalarla yapilan ortak Ar-Ge
projeleri ile kanitlanmis Cift Tirbilansh Dongli ortaminda gergeklestirilen yeni MR-Process yanma
mekanizmasinin o6zellikleri, ayni konstriiksiyon yapida Dizel ve Otto cevrimlerinin gerceklestirilmesine
imkan veren yeni tasarim MR-2 yanma odasi hakkinda bilgiler sunulmaktadir. Ayrica, TULOMSAS A.S.
Uretimi TLM16V185 tipi agir dizel motorunun verim ve emisyon agisindan mevcut durumu, giinimiiz en
etkin alternatif teknoloji olarak daha verimli ve diisiik emisyonlu, yakin gelecegin ana yakiti olarak CNG ve
LNG dogal gazlarla ¢alisma imkani veren “MR-Process” yanma mekanizmasi kullanilarak, bu motor bazinda
Ulkemizde ve dlinyada kabul edilebilir, Sivil ve Askeri amagli gemiler, lokomotifler, is makineleri, jeneratorler
ve enerji santralleriicin glict 500 - 2800 kW arasinda degisen, 6-8-12-16 silindirli Yenilikci ve Rekabetci Yerli
Marka motorlarin gelistiriimesi hakkinda 6zetle bilgiler de sunulmaktadir.

Anahtar kelimeler: Agir Dizel motorlari, “MR-Process” Yanma Mekanizmasi, Dizel ve Otto ¢evrimleri, NOx
Emisyonu, CNG/LNG yakitlari.

1. Giris
Diinya ticaret tasimaciliginin yaklasik % 70'ni gergeklestiren Gemilerde Urettigi glic basina daha az ve nispeten
ucuz yakit kullanildigi icin esasen Dizel motor kullanilmaktadir. Denizler tlkesi ve denizci tlke Turkiye’nin gemi
sanayi sektori, katma degeri ve istihdam saglama acisindan éncii konumdadir. Onciligii daha da ileri
gotirmek icin yurtdisina bagimhlik oranini diisirmeye ihtiyag vardir. Bilim, Sanayi ve Teknoloji Bakanhgimiz,
Tlrkiye’nin yillik 3 milyar dolar dis ticaret agigina sebep olan Agir Dizel Motorlarinaihtiyacinin ve yerli Gretimle
onun karsilanmasinin 6nemli oldugunu agiklamistir (Diinya gazetesi, 11.03.2015). Bu bakimdan Eskisehir’deki
TULOMSAS Lokomotif ve Motor A.S.’de yerli marka olarak iretilmekte olan TLM16V185 tipi agir dizel
motorlarin performans ve verim agisindan, 6zel olarak ise kirletici egzoz gaz emisyonlari agisindan uluslararasi
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gliniimiiz taleplerine uygun hale getirilerek Giincel ipek Yolu’nun kara ve deniz giizergahlarinda kullaniimasi
Onem arz etmektedir.

Son yillarda igten Yanmal Motorlar (IiYM) (izerinde yapilan g¢alismalarin biiyiik bir kismi, mevcut motorlari
emisyon standartlarina uyacak sekilde elden gecirme ve yenilerini bu standartlar saglayacak sekilde tiretme
Uzerinedir. Standartlar daha da sikilastikca Partikiil Filtreler ve AdBlue, ya da SCR gibi yeni teknolojiler
motorlara eklenmeye baslanmistir. Biitlin bu teknolojik gelismeler emisyon hedeflerini karsilasa da, motor
yapimini karmasiklastirmis, Enerji Verimini kdtllestirmis ve gerek ilk yatirim, gerekse de isletme maliyetlerini
fark edilecek derecede artirmistir. Bu durum, dizel motorlari ile donatilmis sehir i¢i ulasim araclari gibi,
Lokomotif, Gemi ve Jeneratdr motorlarin da g¢evreci ve ucuz olan CNG ve LNG gibi %100 Dogal Gaz (NG)
yakitlarina donustirilmesini giindeme getirmistir. IMO MEPC’nin son glinlerde aldigi karara gére 2020 yilina
dek Gemi motorlarin egzoz gazlariyla silfir - SO, salimi da %0.5’i agmamalidir. Bunun Uglin ise en etkin yol
olarak Gemi motorlarin %100 NG yakitina donisiimi 6ngorilmektedir.

Halihazirda bu amagla yaygin olarak motorun Dizel ¢evriminden Otto ¢evrimine donustirdlme (buji ile
tutusma) yontemi kullanilmaktadir. Lakin ylksek sikistirma oranina sahip olan (>14:1) mevcut dizel motorun
%100 NG yakitina dontstirildigiinde vuruntu olayl meydana ¢cikmasin diye, motorun pistonu tizerindeki agik
yanma odasi hacmini artirarak sikistirma oranini 10,5:1 ve 11:1 seviyelerine dek duslirmek zorunlulugunu
meydana getirmistir. Silindirik geometriye sahip olan bu tip yanma odal pistonlarin (Sekil 1.) sifirdan
Uretilmesini gerektirmektedir. Bu ise mevcut dizellerin NG vyakitlarina doénustirilme islemlerini
zorlastirmakta, maliyetini ise 6nemli dl¢iide artirmaktadir. Diger taraftan, sikistirma oraninin disiiriilmesi bu
motorlarin orijinal halindekine nispeten daha disilik performans ve verimlilikle calismasina neden olmaktadir.
Bu ylizden motorun performansini fazla dislirmemek ve buji ile tutusmanin istikrarl bir sekilde
gerceklesmesini saglamak icin hava fazlalik katsayisini A=0,90-1,05 degerlerinde tutmayi gerektirmektedir. Bu
durumda, Dizel Cevriminde oldugu gibi, NOx emisyonunun artisi kacinilmaz olmustur. Bu ise EGR ve AdBlue
gibi ek emisyon dislriict sistemler kullanmagi mecburi hale getirmistir’(Vesttergard, 2014). Bundan baska,
%100 NG yakitina donlstirilen motorun dizel ¢evrimi ile mukayesede daha zengin karisimlarla galistiriima
geregi (1>1.5"e karsin 1=0.90-1.05), Kiiresel isinma probleminin ¢éziimiine ters olarak, sera etkili karbon
dioksit - CO, emisyonun da ek olarak %8-%10 civarinda artisina sebep olmustur (Dinc ve digerleri, 2009).

Sekil 1. Glinlim{iz dizel motorlarin Otto ¢evrimi ile %100 NG yakitina
donistirmek icin kullanilan konvansiyonel yanma odasi.

Makalede Dizel ve Otto ¢evrimlerini ayni konstriiksiyon yapida gerceklestirebilmesini saglayan, bununla da
yapisal degisikler yapilmadan, dizelin mevcut sikistirma orani ve yanma odasini koruyarak %100 NG yakitina
donlisimine imkan veren MR-Process Yeni Yanma Mekanizmasi ve bu mekanizmanin farkli motorlar
tizerinde uygulama calismalari hakkinda bilgiler sunulmaktadir. Ayrica, TULOMSAS A.S. iiretimi TLM16V185
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tipi agir dizel motorunun verim ve emisyon agisindan mevcut durumu, glinimiz en etkin alternatif teknoloji
olarak daha verimli ve disiik emisyonlu, yakin gelecegin ana yakiti olarak NG yakitla ¢alisma imkani veren MR-
Process yanma mekanizmasi kullanilarak, bu motor bazinda tlkemizde ve diinyada kabul edilebilir, Sivil ve
Askeri amach gemiler, lokomoatifler, is makineleri, jeneratorler ve enerji santralleri icin glicii 500 - 2800 kW
arasinda degisen, 6-8-12-16 silindirli Yenilik¢i ve Rekabet¢i Yerli Marka motorlarin gelistiriimesi hakkinda
Ozetle bilgiler de sunulmaktadir.

2. MR-Process yanma mekanizmasinin 6zellikleri

Azerbaycan Teknik Universitesinde (AzTU, Azerbaycan) Rusya Bilimsel Akademisinin N. Semyonov adina
Kimyasal Fizik Enstitiisi (IXF, Moskova) ve Varsova Teknik Universitesi (WP, Polonya) ile isbirligi
kapsaminda kademeli dolgulu motorlarda yanma siirecinin 6zellikleri cesitli fiziksel modeller (“bomba”),
hassas basing kaptorleri ve osiloskop, alev cephesini gorintiileyen Sileren hizli fotograf cihazi vb.
kullanilarak detayl bir sekilde incelenmistir (Mehdiyev ve digerleri, 1978) & (Mehdiyev, 1983) &
(Mehdiyev ve Wolanski, 2000). Bu calismalarla zengin karisimin YO'da kapsadigl hacim oraninin, baska bir
deyisle karisimin kademelenme derecesinin yanma hizi ve basing artisina, kirletici emisyonlarin miktarina
etkisini belirleyebilecek bir dizi deneyler yapilmistir. Bir 6rnek olarak Sekil 2'de kademelenme derecesinin
yanma hizi ve basing artisina etkisini aciklayan
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Sekil 2. CsHg/hava karisimin kademelenme derecesinin
yanma siiresi ve basing artisina etkisi.

grafikler gosterilmistir. Bu deneylerde karisimin gesitli kademelenme derecesi YO'nin fiziksel modeline
onceden doldurulmus hava icerisine zengin bilesimli (A1=0,6) propan (CsHs) + hava karisimini piskirttikten
sonra bujiden atesleme (kivilcimin verilme) zamanini degistirmekle elde edilmistir. Sekildeki yanma basincinin
artis grafikleri tg=5, 50, 500 ms ve 3 min (dak) ile gosterilmis atesleme zamanlariyla dort kademelenme
derecesine sahip genel bilesimi A=1 olan karisimin yakilmasiyla elde edilmistir. Atesleme geciktirildikce (tig
arttikca) zengin karisimin hava ile karisma zamani arttigindan dolayi karisimin kademelenme derecesi azalarak
homojen yapiya sahip olmaktadir. Sekilde tig=5 ms oldugunda en yiiksek derecede kademelenmis karisimin
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yanmasi, tig=3 min oldugunda ise kademelenmesi sona ermis homojen karisimin yanmasi ile elde olunan
basing artis grafikleri gosterilmistir. tig'nin ara degerlerinde basincin degisme grafikleri kademelenme
derecesinin de ara degerlerinde elde edilmistir. Sekilden gorildigu gibi, karisimin kademelenme derecesi
arttikca (tig kiiclildiikge) yanma, hiz kazanarak basincin maksimum degerini artirmaktadir. Ornegin, homojen
karisim (tig=3 min) yandiginda basing, maksimum degerine (710 kPa) 1=55 ms gectikten sonra ulasmasina
ragmen, en ylksek derecede kademelenmis karisim (tig=5 ms) yandiginda yanma siiresi =14 ms olmakta (yani
yanma hizi 3,9 kat artmakta), yanma basinci ise 800 kPa degerine ulasmaktadir (%12 artmaktadir).

Fiziksel modelde elde edilmis pozitif sonuglarin sebebini agiklamak igin 6zel matematik modeller kullanilarak
incelemeler esasinda tespit edilmistir ki (Mehdiyev, 1983) & (Mehdiyev ve Wolanski, 2000), birinci asamada
zengin karisimin (A1=0,6-0,8) yanmaslyla olusan eksik yanma (riinleri olan karbon monoksit (CO) ve serbest
hidrojen (H,), ikinci asamada hava ile karisarak yanma islemini hizla sona erdirmektedirler. Birinci asamada
hava yetersizligi yliziinden olusabilen 2C+0,=2CO stokiyometrik reaksiyonunda C'nin CO'ya dek oksitlesmesi
icin bir mol O, tiketilirken, iki mol CO olusturulmaktadir. Boylece bu reaksiyonla karbon, icerdigi isi enerjisini
tam olarak agiga ¢ikaramamis olsa bile, sabit hacimde CO'nun mol sayisinin ayni karbon ( C) ile elde
edilebilecek CO, mol sayisina kiyasla iki kat artmasi yanma basincini ylkseltmektedir. Hy'nin etkisiyle asiri hizla
gerceklesen yanma isleminin ikinci asamasi su buharinin (H>0) katkisi ile CO'nun da hizla yanip bitmesine,
boylece C'nin geriye kalmis enerjisinin de tam olarak aciga ¢cikmasina sebep olmaktadir. Bununla da ayni genel
yakit/hava oraninda kademelenmis karisimin iki asamali yanma mekanizmasi ile yakilmasinin yanma hizi ve
basincin yikseltiimesi bakimindan daha avantajli oldugu goézlenmistir. Ayrica, bu durumda NOy emisyonu
artmamakta, tam aksine, olusan NOx miktari, ayni bilesimli homojen karisimin yanmasiyla olusan NOy
miktarina gore iki-tU¢ kat dismektedir. Bunun sebebi, yanma slirecinin birinci asamasinda NOx olusumu igin
HC’larin yanma reaksiyonlari bittikten sonra geriye oksijenin kalmamasi, ikinci asamasinda ise yanma hizinin
ylksek olmasindan dolayr NOx olusumu icin yeterli zamanin olmamasidir. Bu calismalarla kademelenmis
karisim kullanildiginda CO ve HC emisyonlarinin da biiylk bir miktarda dismesi gozlenmistir (Mehdiyev ve
Wolanski, 2000).

Fiziksel modeller ve farkli boyutlu motorlar tizerinde yapilan bir dizi deneysel calismalarin sonuglarina
dayanarak Prof. R. Mehdiyev tarafindan, sembolik olarak “MR-Process” adlandirdigi iki Asamali Yanma
Mekanizmasini Cift Tarbllansh Dongli ortaminda gercgeklestirebilen MR-2 Yanma Odasi geometrisi teklif
edilmistir. Ayrintil bilgiler (Mehdiyev, 1983) & (Mehdiyev ve Wolanski, 2000)’de verilmis bu Yanma Odasinin
semasi ve yanma siirecinin fiziksel modelde gercgeklestirilen anlk fotograflari Sekil 3’te gosterilmistir. Sekilde
goraldugi gibi, Yanma Odasinin 6zelligi, geometrisinin “8”e benzeyen iki esit bolgeye ayrilmasidir. Emme ve
sikistirma siireclerinde yanma odasinin bu bélgelerinde farkli yontemlerle birbirinin tersine ayni hizda dénen
iki turbulansli dongl hareketi olusturulur. Yanma Odasinin buji yerlesen bélgesinde bilesimi 4=0,6...0,9
arasinda degisen zengin karisim, diger bolgesinde ise sadece hava yer almaktadir. Her iki dongi ayni hiz ve
momentuma sahip oldugundan dolayi, iki bolgedeki dolgu atesleme anina dek birbirleriyle karisamamakta ve
boylece motorun tim calisma rejimlerinde yakit-hava karisimi kademelenmis seklini korumaktadir. Dongtler
emme zamanindan itibaren gerceklestirildigi icin yakit-hava karisimini da bu sirecte silindirin disinda
(manifoltta) olusturmak ve glinimizde seri (iretimi yayginlasmis elektronik sivi ve gaz yakitlari plskirtme
sisteminden (hatta karbliratér veya gaz karistiricisindan) yararlanmak mimkdnddr.
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Sekil 3. Cift dongili MR-2 Yanma Odasinin semasi
ve fiziksel modelde yanma siirecinin anlik fotograflari (Mehdiyev, 1983).

MR-2 YO’sinin diger bir avantaiji, sikistirma oranini vuruntu olusturmadan optimum seviyelerine dek (& =14-
17) yikseltme imkaninin olmasidir. Odanin bir bolgesinde zengin karisimin (A=0,6-0,9) yakilmasi ile olusan
eksik yanma Urunlerin (CO ve H.), ikinci bolgesinde ise hizla donen tiirbiilansh ortamda yanabilmesi nedeniyle
vuruntu olayi dnlenmektedir. YO'nin diger bir avantaji, konvansiyonel YO’larinda soguk cidarlarda kaginilmaz
olan alev cephesinin sonme olayinin dnlene bilinmesidir. Bunun sebebi, Sekil 3'ten de gorildigi gibi, yanma
slrecinin birbirinin tersine donen tirbiilansh ortamda gergeklestiriimesiyle alev cephesi YO’'nin sag ve sol
cidarlarindan yanmamis karisimi siyirip odanin merkezine — en sicak bolgesine siriikleyerek oksitlenme
reaksiyonlarin alev sénmesi olmadan devam edebilmesidir. Béylece, s6z konusu YO bir taraftan motorun tiim
yuk rejimlerinde genel bilesimi fakir olan (A=1,3...2,0) en yiiksek derecede kademelenmis yakit-hava karisimin
iki Asamada Yanma Mekanizmasi ile yakilmasi, diger taraftan yiiksek sikistirma oraninin (e=14...17) kullanila
bilinmesi ve alev cephesinin sdnme olayinin énlenmesi gibi temel sartlarin saglana bilinmesi sayesinde, farkli
boyutlu motorlar (izerinde yapilan testlerle de kanitlanmis, verimli ve diisiik emisyonlu motor gelistirmeyin
mimkdin oldugunu gostermektedir (Dinc ve digerleri, 2009) & (Mehdiyev ve Wolanski, 2000) & (Mehdiyev ve
digerleri, 2009).

3. MR-Process yanma mekanizmasi ile ¢alisan dizel motoru

Cift Turbilansli Dongl ortaminda gerceklesen MR-Process Yanma Mekanizmasi, sikistirma oranini
ylkseltmek imkani verdigi icin Kendinden Tutusma Prensibi ile, baska bir degisle, Dizel Prensibi ile
calisabilen motorun gelistirilmesine de vesile olmustur. Dizel Cevrimi ile ¢calistiriimasi 6ngériilen motorun
Cift Dongllii MR-2 yanma odali pistonu ve yanma siirecinin simtlasyon resmi Sekil 4’de gdsterilmistir.
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Gorindigi gibi, MR-2 YO piston Gzerinde sekize benzer sekilde tasarlanmistir. YO oyugunda yanma
isleminden 6nce birbiriyle ayni hizda ve ters yonde doénen ¢ift hava dongileri olusturulmaktadir. Yakit, iki
delikli enjektoriin yardimiyla distik basingta (<350 bar) ¢ift hava donglleri yoninde teget olarak
puskdrtllerek, yaklasik %95’e varan miktari duvara sivanmakta ve mikro kalinlikta bir tabaka (film)
olusturmaktadir. Yakit tabakasinin duvarla dogrudan temasta olmasi isi transfer katsayisinin kat kat artisina
sebep olmakta ve sikistirilmis hava sicakligina nispeten duvarin yaklasik 2 kat distk sicaklikta olmasina
ragmen (< 400 °C), yakitin yeterince ¢cabuk buharlasmasi gerceklesmektedir.

Buharlasma dusuk sicaklik ortaminda gergeklestigi icin yakit, tutusmadan 6nce dogal hidrokarbon yapisini
korumakta ve klasik homojen karistirma yénteminden farkli olarak, piroliz prosesine (CH’nin C ve H’ya
pargalanmasina) maruz kalmamaktadir. Sonugta, eksik yanma Uriinleri olan C veya PM- partikiil madde
emisyonu epey azalmaktadir. Yanma sirecinin ters yonli tlrbilansh hava doéngileri ortaminda
gerceklesmesi ise, alev cephesinin nispeten soguk cidarlarda sdnmesini engelleyerek, CO ve HC'in de
azalmasina, boylece yanma veriminin yikselmesine sebep olmaktadir. Ayrica, yanma siireci yakitin
buharlagma stirecini takip ettigi icin yanma sirasindaki basing artis hizi azalmaktadir. Bu durumda “Mach
etkisi” ile yanmis Grlnlerin sicakliginin ilaveten artirilmasi 6nlenerek, NOx ve Guriltli emisyonlari da
azaltilmakta ve boylece optimum hizla gerceklesen yanma stireci elde edilmektedir.

Sekil 4. Cift Donglili MR-2 yanma odasinda “MR-Process” Yanma Mekanizmasinin Dizel Prensibi ile
gerceklestirilme semasi.

Teorik olarak &ngériilen bu beklentileri deneysel olarak kanitlamak igin istanbul Teknik Universitesi
Motorlar ve Tagsitlar Laboratuvarinda 6zel olarak tasarlanan tek silindirli bir model dizel motor (S/D=95/85
mm) bazinda deney diizenegi yapilandiriimistir. Sekil 5’de dért supaplh model motorun giftlestirilmis emme
ve egzoz portlari ve yakit paskirtme enjektori ile bir arada li¢ boyutlu montaj resmi gosterilmistir. Piston
Uzerindeki 8’e benzer yanma odasinda emme sirecinden baslayarak olusturulan ¢ift hava dongileri,
birbirinin tersine helisel ¢ikislari olan ciftlestirilmis emme portunun (2) arachgi ile elde edilmektedir.

Farkh yik ve hiz rejimlerinde deney motorun ayarlama, performans ve emisyon testleri esnasinda indikator
diyagramlari ¢ikarilmis ve yanma analizi yapilmistir. Sekil 6’da motorun farkli yanma odalari ile ¢alistiginda
yakit piskiirtme avansinin (8 ) optimum degerlerinde ¢ikariimis indikator diyagramlar karsilastiriimistir.
Buradan gorildiigi gibi, her iki halde yakit piiskiirtme basincinin maksimum degeri yaklasik ayni - p,= 220-
230 bar seviyesinde, yanma basinglarin maksimum degeri (p;) ve olusma zamanlari ise birbirinden farkhdir.
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Konvansiyonel yanma odasi kullanildiginda optimum yakit piskiirtme avansi @ = 15° CA oldugu icin
tutusma, UON (TDC)’den 5° 6nce — ¢ = 355”de gergeklesmistir. Bu anda silindir icinde basing p.=45

3

Sekil 5. Tek silindirli model deney motorunun (S/D=95/85 mm) yakit piskiirtme enjektori (1),
ciftlestirilmis emme (2) ve egzoz (3) portlari ile bir arada li¢ boyutlu montaj resmi.

bar degerinde olmustur. Yanma siireci, ¢ = 12° KMA’a esit zaman icinde (¢ =367-355=12°) gercekleserek,
yanma basincini maksimum degerine (p,=80 bar) TDC'den ¢ =7° gectikten sonra ulastirmistir. Bu durumda
ortalama basing artis orani Ap/A¢@ =(80-45)/12=2,91 bar/1° ¢ degerinde olmakla, en yiiksek performans ve
verim elde edilmis, lakin NO emisyonu da maksimum — NO=1100 ppm seviyesine ulasmistir.

Py» bar p., bar

0
o1y P

TDC
a) b)
a) Konvansiyonel YO: 6=15° CA, pme=0,653 MPa, b.=204 g/BGh, k=2,52 1/m, NO=1100 ppm
b) MR-2 YO: 8=7,3° CA, pme= 0,662 MPa, b.=197 g/BGh, k =2,53 1/m, NO = 302 ppm
Sekil 6. Tek Silindirli model deney motorunun farkli yanma odalari ile ¢alistiginda

cikarilan indikator diyagramlari.

Motor, MR-2 YO ile calistiginda yakit puskiirtme avansi diisiik oldugu icin (€ =15°karsin 7,3° CA) yanma
siireci TDC'den sonra, @=362° anindan itibaren gerceklesmis ve @ =10° siireci icinde (¢ =372-362=10°)
yanma basincini p.=45 bar degerinden maksimum degerine - p,=57 bara dek ylikseltmistir. Bu durumda
ortalama basing artis orani Ap/A@ =(57-45)/12=1,0 bar/1° ¢ olarak konvansiyonel YO ile mukayesede ~3
kat dustik seviye (Ap/Ap =2,91’e karsin 1,0 bar/1° @) sergilemistir. Bu ise “Mach etkisi ile yanmig Grtinlerin
sicakhginin ilaveten yikselmesini 6nleyerek, NO emisyonunun 1100/302=3,6 kat dismesine sebep
olmustur.
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MR-2 YO’da yanma basincinin konvansiyonel YO ile mukayesede %30 civarinda diismesine ragmen (p.,=
80’ye karsin 57 bar), motorun performans verileri kotiilesmemis, tam tersine, ortalama efektif basing
(pme=0,653"e karsin 0,662 MPa) ve duman koyulugu (k=2,52’ye karsin 2,53 1/m) yaklasik ayni seviyede
kalmis, yakit tiiketimi ise %3,7 civarinda azalmistir (b. =204 karsin 197 g/BGh). Bunun esas sebebi, MR-2
yanma odasinda nispeten disiik hizda gerceklesen yanma islemi, maksimum basincin TDC'nin ¢ =10-12°
sonrasina sarkarak, piston-biyel mekanizmasinda maksimum momentin olusmasi icin en uygun zamana
denk gelmesidir. Ayrica, bu zaman iginde piston-biyel mekanizmasi dikey basing kuvvetinin disik
degerlerine maruz kaldigi icin motorun Guriltli emisyonu ve Mekanik kayiplari da azalmaktadir. Mekanik
kayiplarin azalmasi ise motor 6mriiniin uzanmasi ile sonuglanacagi siphesizdir.

4. MR-Process Yanma Mekanizmasi ile galisan Dizel Motorunun Yapisal Degisiklikler Yapilmadan
%100 Dogal Gaz Yakitina doniistiiriilmesi

Paragraf 2’de anilan dort supapli model deney motoru, yliksek Dizel sikistirma oranini koruyarak, %100 gaz
yakitlarina donistiirmek icin de kullaniimistir. Dizel yakitinin kendinden tutusmasi igin yeterli olan yliksek
sikistirma orani (¢ =17,5), gaz yakitlarinin (LPG ve CNG) kendinden tutusmasi icin yeterli olmadigi i¢in Buji
Atesleme sistemini kullanmak ve motoru Otto Cevrimi talepleri ortaminda calistirmak lizumu ortaya
cikmistir.

Sekil 7’de model motorun Otto Cevrimi kullanilmakla gaz yakitlari ile (veya benzinle) calistirmak icin adapte
edilen silindir kafasinin 3 boyutlu resmi gosterilmistir. Buradan goruldigu gibi, enjektor, ciftlestirilmis
emme portunun sadece bir tarafina, buji ise merkezde yer alan dizel enjektori yerine baglaniimistir.
Bunula da ayni konstriiksiyon yapida motoru hem Dizel, hem de Otto ¢evrimleri ile calistirmak imkani elde
edilmistir.

Sekil 7. Tek silindirli model dizel motorun Otto Cevrimi kullanmakla gaz yakitlariyla ¢calistirmak i¢in adapte
edilen silindir kafasinin 3 boyutlu resmi
(1- Gazveya benzin puskiirtmek icin enjektor, 2- Buiji).

Cift Donglili MR-2 YO tek silindirli deney motorunun Dizel Cevrimi ile galismasi durumunda yapilan deney
sonugclari Paragraf 2'de sunulmustur. Bu Paragrafta ise Otto Cevrimine dondstiiriilen ayni motorun Gaz
yakiti kullanilmakla elde edilen bazi deney sonuglarina yer verilmistir.

Sekil 8’ de motorun konvansiyonel YO ile Dizel Cevrimi ve MR-2 CC ile Otto Cevrimi kullanildiginda ¢ikarilmis
indikatér diyagramlar karsilastiriimistir. Deneylerde motorun calisma rejimi olarak n=3000 min?,
sikigtirma orani € =17,5, HFK A =1,42 ve volumetrik verimi 1, = 0,9 degerlerinde sabit tutulmustur. Yakit
olarak Dizel versiyonunda EuroDiesel, Otto versiyonunda ise Oktan sayisi 120 civarinda olan CNG
kullanilmistir.
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Sekilden gorildigi gibi motor, Dizel Cevrimi ile ¢alistiginda yanma basinci p,=7,7 MPa esit olan maksimum
degerine TCD’den 5° ca gectikten sonra ulasmistir. CNG ile ¢alistiginda ise alevin yayilmasi bir kadar disiik
hizla gerceklestigi icin p,=6,5 MPa esit olan maksimum degerine TCD’den 11°ca gectikten sonra ulasarak,
basincin %15 civarinda diismesine sebep olmustur. Sikistirma oraninin ylksek olmasina (¢ =17,5) ragmen,
CNG ile gerceklesen yanma sireci, hicbir vuruntu olayr olusturmamistir. Sekil 8’den de goziktigu gibi,
motor, MR-2 YO ile ¢alistigl zaman gikarilan indikator diyagramda vuruntu olusumunun gostergesi olan
¢alkalanmalar gériinmemektedir. Bellidir ki, bu galkalanmalar, vuruntunun sert girilti kopartmasina
sebep olur. Deney zamani bdyle bir glriltiinin fark edilmemesi, motorun vuruntu yapmadan g¢alistigini bir
daha kanitlamistir. Yanma basincinin %15 civarinda azalmasi, motorun verilerini kotiilestirmemis, tam
tersine, yanma basincin maksimum degerinin TCD’den 11° ca gectikten sonra olusmasi sayesinde biyelin
krank miline maksimum teget kuvvetle etkisinin en uygun zamana denk gelmesi ile performans ve emisyon
verilerini iyilestirmistir.

=0
d ca

7.7 MPa

Pz max=

/ }’Zm.\x=651\li:)ﬂ .
.‘.\\_ \—//
N « 11°ca L"

B

TDC

Sekil 8. Tek silindirli model deney motorunun (S/D=95/85) konvansiyonel YO (A) ve
MR-2 YO (B) ile calistiginda cikarilan indikator diyagramlarin karsilastiriimasi.

Tablo 1'de model deney motorun konvansiyonel Dizel YO ve MR-2 YO Otto Cevrimi ile ¢alistiginda elde
edilen test sonuglari karsilastirilmistir. Tablodan goziktigi gibi, ¢alisma rejimi parametrelerinin ayni
olmasi durumunda (n=3000 min™, £ =17,5, A = 1,42, n, =0,9), CNG ile calisan motorda yanma basincinin
%15 civarinda azalmasina (p,=7,7 karsin 6,5 MPa) ragmen, konvansiyonel dizelle mukayesede motorun
ortalama efektif basinci veya giici %10 artmis (pme = 0,653 karisin 0,72 MPa), efektif verimi ise %8,4
civarinda yukselmistir ( nN.=0,306 karisin 0,332). Bunun yani sira, Duman koyulugu k=0 olmus, kirletici NO
emisyonu ise 403 ppm seviyesini asmayarak, dizelle mukayesede yaklasik 2,75 kat daha disik seviye
sergilemistir (NO=1100 karisin 403 ppm).

MR-Process Yanma Mekanizmasi kullanilarak, emisyon limit degerleri Stage IlIA Standardina cevap veren
4 silindirli bir traktor dizel motoru (S/D=110/104) Otto Cevrimi ile, dinyada bir ilk olarak, %100 LPG yakitina
donustiridlmis ve 6nemli sonuglara varilmistir (Mehdiyev ve digerleri, 2009) & (Mehdiyev ve digerleri,
2011). Sekil 9°da bu motorun maksimum tork Urettigi hiz rejiminde (n=1500 d/dak) ortalama efektif
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basinca (pme) bagli olarak motor parametre ve emisyonlarinin degisme grafikleri gdsterilmistir. Buradan
gorildigi gibi, motor LPG yakitiyla calistiginda ortalama efektif

Tablo 1. Deney motorun farkli yanma odalari ile ¢alistiginda elde edilen test sonuglarin
karsilastirilmasi (n=3000 min™, £ =17,5, A =1,42, n, =0,9).

Yanma Oda ve | Kullanilan P, MPa Pme, MPa Ne k, 1/m NO, ppm
Cevrim tipleri Yakit
Konvansiyonel YO, EuroDiesel 7,7 0,653 0,306 2,52 1100

Dizel Cevrimi

MR-2 YO, Otto CNG 6,5 0,72 0,332 0 403 (-2,75
Cevrimi (+%10) (+%30) kat)

basincin (torkun) maksimum degeri pme=0,85 MPa, dizel motorunki ise pme=0,676 MPa olmustur, yani
motorun torku veya glicl LPG ile calistiginda %25 civarinda daha fazladir. Fakat pme=0,85 MPa degeri hava
fazlalik katsayisinin B=1,1 degerinde elde edildigi icin (dizel versiyonunda @'nin bu degerinde asiri duman
olusturuldugundan dolayi kullaniilmaz) NOx

LOAE 4]

n= 1500 rpm a0

08 14 a0

B0 240

700 510

n= 1500 rpm

L0

500

A- B CA
CO, ppm

300 390

NOx, ppm - HC , ppm

200

100 230

i 0 ]

25 0,35 0.45% 0,55 (G5 075 085 (.05

Pme, MPa Fme, MPa

Sekil 9. Motor parametreleri ve Egzoz gaz emisyon degerlerinin karsilastiriimasi
(MR-2 YO - LPG, Konvansiyonel Dizel YO) (Mehdiyev ve digerleri, 2011).

emisyonu kabul edilemez seviyeye dek artmis olur. Bu yilizden gaz-hava karisiminin maksimum
zenginlestirilme orani A =1,36 degeri ile sinirlanmasi gerekmektedir. Bu halde ortalama efektif basincin
maksimum degeri pme=0,735 MPa seviyesine diisse bile, yine de dizele gore gli¢ %9 civarinda daha yiksek
kalmaktadir. Bu durumda tim yiik rejimlerinde Otto Cevrimi ile ¢alisan LPG’li motor, dizele gore daha
verimli galisarak (ne yiiksektir), ok daha az kirletici maddeler (NO,, HC ve CO) lretmektedir.

Sekil 9'dan gorildugi gibi, Stage IlIA (Tier 3) Standardina cevap veren dizelle mukayesede LPG'li motorun
emisyon degerleri, duman emisyonunun da sifir oldugunu géz 6niine aldigimizda (Tablo 1’e bak.), Stage
IIIB (Tier 4- Interim), hatta Stage IV (Tier 4— Final) standardina uyacagi siiphe dogurmamaktadir.
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Boylece, MR-Process yanma mekanizmasinin uygulanmasi ile dizel motorunun %100 CNG veya LPG
yakitiyla yiksek performansl ve verimli ¢alistirilmasinin yani sira, highir ek emisyon diisiiriicu sistemleri
kullanmaksizin, glincel emisyon standartlarina cevap vermek miimkiin olacaktir.

5. TULOMSAS motorlarin “MR-Process” yanma mekanizmasi kullanilarak modernizasyon ve dogal
gaz yakitina doniistiirme ¢alismalari

Bilindigi tizere 1968 yildan itibaren Eskisehir TULOMSAS fabrikasinda Fransa S.E.M.T. (Socie’te’ d’ Etudes
de Machines Terminus) Pielstick Firmasinin artik siresi bitmis lisansi ile yerli Lokomotifler icin dizel
motorlari Uretilmekte, eski motorlarin ise revizyonu yapilmaktadir. Tirk LOYDU No:TO.DEB, 12-0132/12-
2466, 10.04.2013 Sertifikasi ile Marine tipi olarak 16 silindirli TLM16V185 motorlari Van Go6la ulasiminda
da kullanilmaya baslanmistir. Sertifika bilgilerine gére bu motorlarin giicii katalog degerinden %5,3 daha
az (2400 karsihk 2271 BG), yakit tiketimi ise yaklasik % 9 kadar fazladir. Bunun esas sebebi, motorun
performans ve verimliligini, egzoz gaz ve guriltii emisyonlarini belirleyen yanma mekanizmasi 1940-50’li
yillarinda gelistirilen On Yanma Oda ydntemiyle gerceklestirilmesidir (Sekil 10, A). Bundan dolayi revizyona
alinan motorlarin glict daha dusiik, 6zgul yakit tiiketimi be > 210 g/BGh civarinda, egzoz gaz emisyon
degerleri ise Faz | (Tier 1) Standardi seviyesindedir. Halbuki Avrupa Birliginin (AB) yayinladigi direktiflerle
onumuzdeki yillarda Faz Il A ve Faz lll B standardina uymayan gemi motorlarin kullanimi engellenecektir.

Bellidir ki, halihazirda ileri teknoloji gibi degerlendirilen yiiksek basingh Common Rail yakit besleme
sistemini kullanmakta olan bildigimiz lider konumdaki Otomobil ve Agir Dizel Ureten Firmalar (Volkswagen,
Wartsila, MAN vb.) motorun optimum rejim kontroll acgisindan avantaj kazanmis olsalar bile, Azot Oksit
(NOx) Emisyonunun limit degerlerini asiri derecede asma sorunu ile karsi karsiya kalmis, diger taraftan
ekonomik ve pratiklik (servis, onarim, tamir) agisindan higcbir avantaja sahip olamamislardir. Zaten bu
sebepten de iinlii Japon Firmasi JFE PRIME MOVERS, 1964 yilindan bu yana TULOMSAS motoruile ayni olan
S.E.M.T-Pielstick motorlarinda klasik - disiik basingh hidrolik pompa — enjektor kullanarak, higbir kokli
degisiklik yapmaksizin, Japon ve Asya bélgelerinin gemi ve jenerator pazarinda 6nemli bir konum edinmistir.
Halihazirda TULOMSAS motorunun yurtdisi “kardesleri” olarak ABD, ingiltere, G.Kore, Hindistan, isvec, Cin
ve Finlandiya’da da S.E.M.T. - Pielstick lisansi ile yerli markaya donustiirtilmis askeri ve sivil gemi, lokomotif
ve jeneratdr uygulamalari icin Gretim yapilmakta ve Dlinya pazarina sunulmaktadir.

Bu ornekler onu gosterir ki, Yakin ve Orta Dogu’nun genis cografyasinda tek Tiirkiye’nin sahip oldugu
TULOMSAS Lokomotif ve Motor Fabrikasinin irettigi agir dizel motorlarini da, daha fazla zaman kaybi
yasamadan, modernize ederek yenilik¢i ve rekabetci Milli Markaya donlstirmemiz, tilkenin ekonomisi ve
prestiji acisindan énem arz etmektedir. Bu amacgla TULOMSAS motorunun “MR-Process” yanma
mekanizmasi kullanilarak Modernizasyonu ve Dogal Gaz Yakitina Déniistiiriilmesi konusunda asagidaki Ug
Donemli proje ¢alismalarinin yiritiilmesi 6ngorilmektedir:

I. D6nem Modernizasyon calismalari olarak TLM16V185 Dizel Motorunun sadece Pistonu (izerinde Cift

Donglili MR-2 Yanma Odali yeni imalat pistonlari uygulayarak gli¢ ve yakit tiiketiminin %10-15 civarinda
iyilestirilmesi ve Egzoz Gaz Emisyonlarinin Faz IlIA Standardi seviyesine diisirilmesi amaglanmaktadir.
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Sekil 10. TULOMSAS Motorunun mevcut (A) ve MR-2 (B) yanma odali pistonlari.

Sekil 10’"da TULOMSAS motorunun mevcut (A) ve 8’e benzer MR-2 yanma odalarina sahip pistonlari
gosterilmistir. “MR-Process” Yanma Mekanizmasi ile calismasi 6ngorilen motorda esas degisiklik sadece
pistonu tzerinde Cift Déngiili MR-2 Yanma Odasinin dizaynidir. On YO mevcut seklinde kalmaktadir.
Burada degisiklik, onun sadece lllesinde (nozulunda) yapilmistir; mevcut 4 delikli lile bazinda, iki delikli
olarak tasarlanmis ve sikistirma siirecinde olusan Cift Hava Donglilerine teget olarak yonlendirilmistir. Bu
durumda 6n YO’da tutusan yakit, basinci artirarak yanmis Griinleri, yanmamis yakiti ve olusmus is
emisyonunu alev kiimesi ile birlikte liilenin deliklerinden hava déngillerine teget olarak puskiirtiip yanma
surecini tirbilansh dongl ortaminda gergeklestirmektedir. Yanma slrecinin birbirinin tersine dénen
turbilansli ortamda gerceklestirilmesiyle alev cephesi YO'nin sag ve sol cidarlarindan yanmamis karisimi,
6n YO'da olusan isi siyirip odanin merkezine - en sicak bolgesine siiriikleyerek yanma reaksiyonlarinin alev
sénmesi olmadan devam edebilmesini saglamaktadir.

Sadece piston Gzerinde ana yanma odasi olarak yer alan MR-2 YO kullanildiginda elde edilecek sonuglarin
ilkin degerlendirilmesi igin teorik arastirmalar yapilmistir. Teorik arastirmalar, dizel motorun gergek
cevriminin tarafimizdan gelistirilmis matematik modeli kullanilarak yapilmistir. Ayrintilari (Mehdiyev ve
digerleri, 2009)’da verilmis bu modelle yanma siirecini hesaplamak icin “yanma kanununu” belirleyen Vibe
denklemi kullanilmaktadir;

x=1-exp|-6.908(ar/a. )" |

Burada, m - yanma suresi icin Us, a; - krank mili agisi (KMA) olarak yanma stresidir.

Modeldeki Vibe denklemi parametrelerini (m, ;) mimkiin olan degerler arasinda degistirerek motorda
istenilen yanma kanununu teorik olarak elde etmek mimkiindir. Bu ise yanma siireci ile ilgili deneysel
olarak yapilmasi zor olan optimizasyon ¢alismalarini bilgisayar kullanimi ile 5nemli derecede kolaylastirarak,
TULOMSAS motorlarinin  tasarim oncesi gerekli parametre degerlerinin elde edilmesine imkan
saglamaktadir.

Tablo 2’de s6z konusu motorun mevcut (konvansiyonel) YO ve MR-2 YO ile calisma rejimi parametrelerinin
ayni olmasi durumunda (n=1500 min™, £ =13,5, A =1,45, 1], =0,9) elde edilen hesap sonuglari, Sekil 11’de
ise teorik indikator diyagramlar karsilastirilmistir. Buradan gorildigi gibi, mevcut YO kullanildiginda
motorun gli¢ ve 6zgll yakit tiketiminin hesap degerleri katalog degerleri ile 6rtlismektedir; Ne =2400'e
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karsin 2350 BG, be=170’e karsin 173 g/BGh, yani kullandigimiz hesap yontemi gercekligi dogru
yansitmaktadir. indikatér diyagramlarin karsilastirimasindan anlasildigi gibi, sé6z konusu motor, mevcut YO
ile calistiginda yanma basinci UON’den 70 gectikten sonra pmax=15 MPa’ ya esit olan maksimum degerine,
MR-2 YO ile calistiginda ise 130 gectikten sonra pmax=10,7 MPa degerine (%27

Tablo 2. TLM16V185 motorun farkli yanma odalari ile calistiginda elde edilen termodinamik hesap
sonuglarin karsilastiriimasi (n=1500 min, £ =13,5, A =1,45, n,=0,9).

YO Pmax, Ne Ne, M., be, NO, Giirtilti,
tipi MPa BG Nm g/BGh ppm dB(A)
Mevcut YO 15 0,367 2350 11007 173 875 93,5
MR-2 YO 10,7 0,415 2423 11348 150 441 90,3
(-%29) | (+%13) | (+%3) | (+%3) | (20g/BGh) | (-2kat) | (-3,2dB)

Siiadht i haues p, MP
E N %

Siinei i) banngp, MPa
s o m

8 H H
a
- ky —
o - j—— —
180 P10 4O 2P0 300 a2 450 510 540

Wormrk Fall agi o, AL

Krnnk el agei o, ML

Sekil 11. Motorun mevcut YO (solda) ve MR-2 YO ile ¢alistiginda teorik indikator diyagramlari.

daha dislik degere) ulasmistir, yani yanma siireci genisleme siirecine kayarak, Cift Tirbilansh Dongi
ortaminda optimum yanma stirecinin gergeklesmesi mimkiin olmustur. Sonugta, Tablo 2’den gorindigi
gibi, motorun performans ve emisyon verileri iyilesmistir; glic %3 ve efektif verim %13 civarinda ylikselmis
(Ne =2350’e karsin 2423 BG, 1, =0,367 karsin 0,415), 6zgil yakit tiiketimi 20 g/BGh azalmis (b.=170"e karsin

150 g/BGh), NOx emisyonu 2 kat kadar (NOx= 875 karsin 441 ppm), girilti ise 3,2 dB (93,5’ karsin 90,3
dB(A) dismustar.

Bu karsilastirmadan anlasildigi gibi, torik olarak elde edilen bu bilgiler, Paragraf 2 ve 3’te sunulan tek
silindirli model deney diizenegi lizerinde yapilan test sonuglari ile yiiksek seviyede ortlismektedir. Bu ise
MR-Process yanma mekanizmasinin uygulanmasi ile fazla zaman ve yatirm harcamadan TLM16V185
motorunu en glincel seviyede modernizasyonunun miimkin oldugunu kanitlamaktadir.

Il. Donem galismalari ile modernizasyonu yapiimis TLM16V185 motorun Cift Yakit (Duel Fuel) Sistemi ile
kismen CNG yakitina (%80 CNG ve %20 motorin) donlstiirilmesi 6ngorilmektedir.

Klasik Lokomotif, Gemi ve Jeneratér motorlari Cift Yakit (“Dual Fuel”) Sistemi adlandirilan yéntemle kismen
CNG vyakitina donisimi coktan beri gerceklestiriimektedir. Bu yontemle motoru CNG yakitina

donustirmek basit konstriiksiyon degisiklikler icerdigi icin daha az zaman ve maliyetle uygulanabilir. Gaz
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yakiti silindirlere mevcut emme manifoldun vasitasiyla paylasildigi icin ufak degisikliler, sadece bu manifold
Uzerine gaz yakit ekipmanlarini (gaz karistirici veya enjektérleri) monte etmek igin gergeklestiriimektedir.

Bellidir ki, Cift Yakit Sisteminin klasik yanma odasina sahip dizel motorlarinda kullanimi vuruntu olayi,
kontrol, bakim ve onarim bakimindan birgok zorluluklar olusturmaktadir. Ayrica, glinimizde limit
degerleri diisiik olan Egzoz Gaz Emisyon Standartlarinin devreye girmesi, bu Sistemle CNG’in kullanim
miktarinin motorin yakita oranla %30-35’i asmamasini talep etmektedir. Aksi halde vuruntu olayini
onlemek, NOx ve HC emisyonlarini dlisiirmek gibi zorluluklar meydana ¢ikmaktadir. Bahsedilen az miktarda
CNG’in kullanimi ise ekonomik agidan kazanimlarin yetersiz oldugunu géstermektedir.

Modernize olunmus TLM16V185 motorunda Cift Donglili MR-2 ana YO kullanildig igin (Sekil 10, B) 6n
YO’dan c¢ikan alev kiimesi ile tutusturulan gaz-hava karisiminin yanma siireci Cift Tlrbllansli Dongl
ortaminda gerceklesmesi saglanmaktadir. Bu durumda, yukarida anlatildig gibi, vuruntu olayi meydana
cikmamakta ve soguk cidarlarda alev sonmesi 6nlendigi icin tam yanma gerceklesmektedir. Bundan dolayi
NOx ve HC emisyonlarini yiikseltmeden silindirlere verilen CNG miktarini %70-80’e kadar artirmak
mimkiindiir. Bu sebepten s6z konusu ydntemle TULOMSAS motorunun kismen Dogal Gaz yakitina
donlstiimi hem ekonomik (CNG’nin sadece fiyat farkindan dolayi %25-%30 az maliyet), hem de kirletici gaz
emisyonlarin (6zel olarak is — Partikiil Madde ve kiikiirtlii gaz - SO, ) disiiriilmesi agisindan faydali olacagi
siphe dogurmamaktadir.

lll. Donem calismalari esnasinda “MR-Process” Yanma Mekanizmasinin Direkt Enjeksiyonlu Dizel
sirimiinin kullanimi ile TLM16V185 motorun karakteristiklerinin bir kadar da iyilestirilmesi ve ayni
konstriiksiyon yapida %100 NG (CNG veya LNG) gaz yakitinin kullanimi ile Otto Cevrimine ddnistirilerek
performans, verim ve emisyon agisindan, hicbir ek emisyon districi sistem ve olanak kullanmaksizin,
gincel Uluslararasi Standartlarin karsilamasi 6ngorilmektedir.

Bellidir ki, s6z konusu motorda 6n YO'nin kullanimi ile diisiik basingh (<250 bar) yakit puskirtme imkani
avantajin olmasinin yani sira, bir taraftan motorun sogutma sisteminde kaybolan isi enerjisinin yiksek
olmasi, diger taraftan hizli gaz akisinin dnce silindirden 6n YO’sina, sonra ise ters yonde gerceklesmesi ile
gaz-dinamik kayiplarin kaginilmaz olmasi motor veriminin en az %5+%8 civarinda dismesine sebep
olmaktadir.

Anilan dezavantajlari g6z 6niinde bulundurarak, motorda mevcut olan 6n YO’sinin kaldirilmasi ile “MR-
Process” Yanma Mekanizmasinin Sekil 4’te gosterilen semaya uygun direkt enjeksiyonlu strimi ile
gerceklestirilmesinin daha avantajli olacagl siphe dogurmamaktadir. Lakin bu sirimde, Sekil 4’de
gosterildigi gibi, iki delikli enjektérden 125 + 200 bar basingla piskirtilen yakit demetinin duvara sivanarak
buharlasabilmesiicin Cift Hava Déngtlerinin agisal hizi w > (5 + 10)+mt+n/30 1/s (n, motorun dakikadaki devir
sayisi) seviyelerinde olmasi gerekmektedir. Gerekli hiz seviyesini elde etmek igin, Sekil 12’de gosterildigi
gibi, silindir kafasinda birbirinin tersi yoninde yerlestirilmis iki helisel emme portu dizayni yapiimalidir.
Paragraf 2’de anlatildigi gibi, bu durumda direkt enjeksiyonlu motorun performans ve verimini %5+10
civarinda iyilestirmenin yani sira, egzoz gaz emisyonlarin limit degerlerini Faz IlIB (Tier 3) Standardi
seviyesine dlsirmek mumkiin olacaktir.
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Sekil 12. Silindir basliginda birbirinin tersine yerlestirilmis iki helisel emme portlarinin yardimiyla
silindirde ¢ift hava dongitilerinin olusturulma semasi.

Paragraf 3’te sunulan 6rnekte oldugu gibi, birbirinin tersi yoniinde Cift Helisel Emme Portlarina ve MR-
2 YO’sina sahip dizel motorunu, hicbir yapisal degisiklikler yapilmaksizin, %100 Dogal Gaz yakitina
donistirilmesi de mimkuindir.

Dogal Gaz yakitina dénisiimiinde, yiksek dizel sikistirma oranini (>13,5:1) korumak sartiyla, sadece
dizel enjektoriniin yerine buji, gaz enjektorini ise Cift Helisel Emme portlarinin herhangi birisine
baglanmasi gerekmektedir. Bu durumda emme siirecinde 8’e benzer MR-2 YO’sinin bir yarisina Gaz
yakitinin %100°0, havanin ise %50’si, diger yarisina ise havanin %50’i dolacaktir. Yukarida anildigi gibi,
emme ve sikistirma stireglerinde YO'nin oyuklarinda olusan tirbilanslhi dongi hareketleri ayni hiz ve
momentuma sahip olduklarindan dolayi birbirine karismayarak buji atesleme anina kadar YO’'nin bir
bolgesinde HFK A =0,6...0,9 arasinda degisen zengin karisim, diger bolgesinde ise sadece hava yer
alacaktir. YO’'nin merkezinde yer alan buji, zengin gaz-hava karisimi déngisiyle hava dénglsinin
birbirine temas ettigi yerde oldugu icin genel HFK’sini genis aralikta degistirerek (A =1,2...2,5) motorun
esas yuk rejimlerini elde etmek mimkiindir. Genel HFK'nin degistirilmesi emilen havayi sabit tutarak,
sadece gonderilen Gaz yakiti miktarini degistirerek gerceklestirilebildigi icin klasik gaz yakitina
doniistirilmis motorlardaki gibi hava miktarini degistiren gaz kelebegine ihtiya¢ kalmamaktadir. Bu
durum %100 Gaz yakitiyla calisan motorun Elektronik Kontrol Unitesinin (EKU) karmasik yazilimla
donatilmasini gerektirmedigi icin EKU’niin kalibrasyonu ile ilgili deneysel calismalari minimuma
indirecektir. Boylece, s6z konusu dizel motorlarin %100 Dogal Gaz yakitina donistiirilmesi ile Yiiksek
Verimli (ne 2 0,46) ve Cevreye Duyarli Yesil Motor teknolojisinin Sanayi Uygulamasi neticesinde
TULOMSAS’a Diinyada bir ilk olarak ulusal ve uluslararasi pazarda rekabetci ve yenilik¢i bir driin
saglanacaktir.

6. SONUCLAR

1. TULOMSAS Motorunun mevcut yanma mekanizmasi 20. Yiizyilin 40-50’li yillarinda gelistirilmis olan
On Yanma Oda ydntemiyle gerceklestirildiginden dolayi giiniimiiz agir dizel motorlarin performans,
verim, egzoz gaz ve guriltli emisyonlari degerleri ile mukayesede ¢ok geride kalmaktadir. Yapilan
bir dizi teorik ve deneysel arastirmalarla tespit edilmistir ki, baslangi¢ I. Donem - fizibilite calismasi
olarak 16 Silindirli TLM16V185 Motorunun sadece pistonu U(izerinde MR-Process yanma
mekanizmasini gergeklestiren Cift Dongiilii MR-2 Yanma Odasini uygulayarak motor gliclinii %5+10
kadar artirmak, egzoz gaz emisyonu limit degerlerini ise Faz 3 A (Tier Ill) Standardi seviyesine
disirmek mimkiindiir. Eger bu teknoloji ile yilda 70 motor revize edilirse toplam yillik tasarruf
25.200 ton dizel yakiti veya yaklasik 60-70 milyon TL seviyesinde olacaktir.
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2. Tasarruf edilen miktarin sadece yarisindan az bir kismini harcayarak Il. ve Ill. Dénem calismalari ile
motorun daha kapsamli modernizasyonunu gergeklestirmek ve higbir yapisal degisiklik yapilmadan,
Dinyada bir ilk olarak motor, %100 Dogal gaz yakitina doénustirilebilecektir. Bununla da
gelistirilmis TULOMSAS motorlari yenilikgiligi ve rekabetciligi ile Pielstick lisansi esasinda halihazirda
Uretilmekte olan yurtdisi “kardeslerinden” Ustln bir farklilik sergilemis olacaktir.

3. TULOMSAS A.S., siiresi bitmis Pielstick lisansi esasinda 6, 8 ve 12 silindirli motor tretim olanaklari
ve kapasiteye de sahiptir. Bu durumda MR-Process yanma mekanizmasi temel alinarak, Sivil ve
Askeri amach gemiler, lokomotifler, is makineleri, jeneratorler ve enerji santralleri igin glici 500 -
2800 kW arasinda degisen, 6-8-12-16 silindirli Yenilik¢ci ve Rekabetci Yerli Marka motorlarin seri
Uretimini gerceklestirerek disa bagimlilik ortadan kaldirilmis olacaktir.
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Abstract

It has been more than a decade since Calisal et al. (2002) proposed the concept of reduction of the
resistance by increasing the beam. Although this is a controversial concept compared to the traditional
approach which adopts that the coefficients of residual resistance vary with the beam to the power of 2.
The authors, during the course of resistance reduction studies, have disclosed that the new present
concept has the ability to reduce the resistance for the Froude number interval of 0.2 — 0.4. Accordingly,
a review of the authors’ previous work is presented here from the resistance point of view as well as
from the seakeeping point of view. Moreover, the production cost due to increasing the beam is also
examined and explained. The studies presented include mathematical, computational and experimental
results.

Keywords: Hull form optimization, beam increment, waterline parabolization, wave resistance, cost
analysis.

1. Introduction

Kent (1919) was the first one who focused on the relationship between the resistance and the beam
together with parallel body length. Weinblum (1950) studied the relationship between wave resistance
and beam and gave an empirical value of 1.6 to the power of the beam as a significant physical
parameter relater with the wave resistance. Wehausen et al. (1961) calculated this power of beam as 1.8
by making use of Taylor Standard Series. It has been then become a general understanding among naval
architects that the coefficients of residual resistance vary with the beam to the power of 2 within
experimental error. But most of these and related studies, on which this understanding/conclusion is
based, are for relatively slow-speed ships with Froude numbers less than 0.21.

In contrast to the common understanding mentioned above, Calisal, Géren and Danisman (2002)

discusses, for the first time, the resistance reduction potential of increasing the beam while smoothing
the shoulders of ships for moderate and relatively higher Froude numbers. The variation of ship

- 66 -



GMO-SHIPMAR / Number: 207 March 2017 E@A
77/4

resistance for Froude numbers less than 0.2 with beam decrements was already confirmed
mathematically by Calisal et al. (2002). Nevertheless, the same study, which bases its mathematical
justification on Michell’s integral, shows that the new concept of parabolization of waterlines by
increasing the beam (which leads to a decrease in parallel middle-body) decreases the wave resistance in
the Froude number region, approximately, 0.2< Fn < 0.4. Here Gotman’s (1998) work, which shows that
ships with a mid-ship bulb have the least wave resistance, can also be cited as a support to the present
concept.

This paper aims to show that the present concept is not a hull form dependent approach and to clearly
identify the techniques and to describe the tools for proper applications of the present concept. A
generalized analytical and numerical justification of the concept of increasing the beam is presented.
One cross-channel passenger ferry, one heavy-lifter container ship and one Ro-Ro ferry are studied
additionally for this purpose, and numerical results and experimental measurements —where available —
are presented. Possible construction cost increase due to the beam increment is also examined and
explained.

2. Theoretical background

During the preliminary steps of developing the present concept, we investigated mathematically the
effect of the beam increment on the wave resistance by means of Michell’s integral. Two numerical
models were considered for this purpose and a simplification was made by adopting a wall-sided model
#1 with a parallel middle-body in the interval —L/4 < x < L/4 with parabolic bow and stern waterlines. On
the other hand, wall-sided model #2 has parabolic waterlines along the complete length of the hull. One
form of Michell’s integral can be given as:

= 109 (™ 2 [P?(2) + Q*(M)]dA w
where
P(A) = ” f.(x,y) exp[g—/z2 yjcos(% xjdxdy (2)
c c
0 OE ” f.(x,y) exp(g—éz yJ sin(‘g—;1 xjdxdy (3)
c c

The details of this formulation can be found in Wehausen and Laitone (1960). Here, c is the ship’s speed,
p is the water density and g is the gravitational acceleration. Since the waterlines are symmetric about
the amidships in our numerical model, studying the effect of Q(A) is adequate. Let Q(A) be expressed as
Qi and Q;for models #1 and #2, respectively. We assumed shallow draft to reduce the effect of the
exponential term in P and Q functions. Q function includes the integrals for the bow and stern regions,
but no contribution from the parallel middle-body of the model #1. Q,, in addition to the integrals of the
bow and stern regions, includes the integration, Qu,, along the parabolized mid-body at about the half-
length for model #2. We then write:

Q. = Q1 + Quz, and thus;
Q2% = Qi +2Q:1Q12 +Q12? (4)

It is clear that, depending on the sign of Q:Qi,, wave resistance may either increase or decrease with the
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addition of parabolic waterlines which in turn increase the beam as compared to model #1 with a
parallel middle-body. For various values of A; Qi; is negative, causing the wave resistance to decrease.
For this simplified numerical model, it was shown (Calisal et al., 2002) that a decrease in wave resistance
was obtained in the Froude number range of 0.2 < Fr < 0.5.

Thereafter, a series of studies were carried out to establish the validity of the present concept for various
displacement type ships. The first attempt to show the effectiveness of the proposed concept was tested
on a coaster tanker which indicates around 10 % of reduction in EHP. As a sequel study, Calisal et al.
(2009) made a systematic investigation of ship resistance reduction by beam increments for a fishing
vessel (UBC Series Hull). In this study, the beam was increased by 10 to 15 % of the beam by the step-by-
step approach using add-on side-bulbs. The approach was controlled and evaluated first by Michell’s
integral and then by systematic experiments in the BC towing tank. The best alternative showed nearly
15 % reduction in total resistance in the targeted speed range of 0.3 < Fr < 0.4. Moreover, the vessel’s
carrying capacity and static stability were also improved. The present parabolization concept was
subsequently extended to a high speed NPL trimaran to determine whether resistance reduction using
parabolic retrofitted side-bulbs could be achieved for a slender multi-hull vessel (Calisal et al., 2009). The
Rankine source-panel method employing Dawson’s (1977) algorithm was used to predict wave-making
characteristics, an integral boundary layer solver and a RANS solver were used to calculate the viscous
drag in the study in which a parametric search varying the size and the location of the bulbs was
performed. Experimental validation of the results followed and 6 % reduction in total resistance is
recorded. To provide a profound basis for the implementation of the present concept, Calisal et al.
(2009) introduced a non-linear optimization technique to find the optimum shape and location of mid-
ship bulbs. A Ro-Ro ferry hull is used as the baseline hull in this study and the optimization process
studied achieved a reduction in total resistance around 10 %, as validated by the experiments. Both the
resistance and seakeeping aspects of the concept were studied by Gould et al. (2010) using the same Ro-
Ro hull form considered in the previous study. Although the advantages of the beam increment
accompanied by the parabolization of waterlines are very obvious in terms of the resistance, it is not
clear enough at this point to set an order of merit depending on seakeeping experiments, because the
differences in seakeeping characteristics of the hulls in consideration remain within experimental error
particularly for added resistance among the waves.

3. Computational study

Beam increasing design study basically requires 3 computational tools: i) a potential flow solver for
calculating wave resistance characteristics, ii) a boundary layer flow solver or a viscous flow solver to
check form factor variation, iii) a mathematical programming routine to determine the optimal position
of the maximum beam increment.

3.1. Potential flow solver for wave resistance

In order to determine the wave resistance characteristics — such as wave resistance itself, wave
elevations, dynamic trim and sinkage, pressure distribution on the wetted hull surface — a flow solver
which is based on Dawson’s (1977) algorithm is used. According to the present code, ITU-Dawson, the
Rankine source distribution is made over the panels which represent the wetted surface area (WSA) of
the ship hull under the loaded waterline (LWL) as well as on a portion of the free surface around the hull.
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Impermeability condition is applied at the WSA of the ship. The free surface condition proposed by
Dawson, quadratic in double-model potential and linear in perturbation potential, is imposed on the
discretized free surface around the ship. The differentiation of the velocities in the free surface condition
along the streamlines is performed by Dawson’s 4-point backward differentiation scheme which
numerically satisfies radiation condition within the free surface area around the ship. Wave resistance is
then calculated by means of pressure integration over the WSA in the present study.

a. Boundary layer flow solver to check form factor variation

It is recommended that it is necessary to examine the viscous resistance of the parent and improved
hulls to determine if there are form drag penalties due to the addition of a mid-ship bulb or due to an
increase in the beam. Integral Boundary Layer (IBL) solvers are available and are more versatile in
obtaining form factors as compared to the viscous (RANS) solvers. A commercially available IBL solver is
used in the present design studies. RANS and IBL solvers predicted lower frictional drag than the ITTC
correlation line and both solvers predicted approximately 1% increase in frictional resistance coefficient
for the parabolized hull, (Calisal et al., 2009). This is an expected result caused by the growth of
boundary layer thickness due to an increase in the fullness of the parabolized hull.

b. Mathematical programming routine

In the present approach, wave resistance is taken as the objective function. An unfavorable increase in
the form drag is treated as a penalty in the optimization procedure. There are many general-purpose,
gradient-based packages available to solve this shape optimization problem for minimum wave
resistance. As for the geometric modeling; a rectangular patch is defined on the wetted surface of the
hull on which the optimal position of the maximum beam increment is searched, (Calisal et al., 2009).
Indeed, geometric modeling requires intricate work and in some cases a systematic search might be
preferred to figure out the favorable position of the amidships bulb or of the position of maximum beam
increment on the hull. Recently, an attempt by Goren et al. was made on determining the optimal shape
of the design waterline by allowing an increase in the beam of ship based on mathematical
programming.

4. Additional work

The present paper aims to show that the present concept is not a hull form-dependent approach. Thus,
one cross-channel passenger ferry, one heavy-lifter container ship and a Ro-Ro ferry hull forms are
additionally studied within the frame of the present concept for this purpose and the results are
presented in the following. The possibility of a beam increase by a retrofit and the cost analysis was also
discussed in the following chapters.

4.1. Passenger ferry (PF)
First, the PF is taken into account (due to a project given by Istanbul Deniz Otobusleri (IDO)), which is a
cross-channel passenger ferry employed in the public marine transportation by IDO in Istanbul, (see Fig.

1 and Table 1 for cross-sections and main particulars, respectively). Despite the fact that the PF hull
form has not a parallel middle-body, a beam increment is studied by the potential flow solver for
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minimum wave resistance by systematic search under the given design constraints. It is understood from
the wave resistance analysis that about 5 % increment made to the beam (see Figure 2) acts like a (mid-
ship) bulb and results in nearly 25 % reduction in wave resistance, Figure 3. This is confirmed by tow-tank
experiments which point out around 12 % effective power reduction at the service speed of 15 kn, Fig. 4.
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Figure 1. PF cross-sections.

Table 1. Main particulars of PF

Length between perp. Lep (M) 52.80
Length on waterline Lwe (m) 55.02
Beam B (m) 10.94
Draught (midship) T (m) 2.35
Draught (AP) Ta (m) 2.60
Draught (FP) Te (m) 2.10
Displacement Volume VvV (md) 603.17
Service Speed V (knot) 15

-70-



GMO-SHIPMAR / Number: 207 March 2017 E@/}A
// /

——— Original
Parabolised

Figure 2. Beam increment at the loaded waterline.
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Figure 3. Computed wave resistances (Rw) for original (IDO-0) and for optimized (IDO-1) hulls.
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4.2.Heavy-Lifter containership (HLC)

The owner and his designer of this HLC is faced with a stability problem due to the heavy gears which
are to be installed on the deck of the ship. Thus, the problem turns out to be an ideal application of the
present concept, since the owner/designer would like to resolve the stability problem by increasing the
beam while not having a penalty from the resistance. Meantime, a new bulbous bow optimization is
performed in addition to the beam increasing study. The potential flow solver for wave resistance and
the boundary layer flow solver to figure out the change in the form factor are employed in the present
hull form improvement study. The improved hull form — with a 6 % increase in the beam and a slight
decrease in parallel midbody which allows the smoothing of the shoulders — as compared to the initial
hull form is given in cross-sections in Fig. 5. The beam increment shows its effect after 13.5 knots (Fn =
0.26) which additionally reduces the wave resistance 12 % (at the design speed of 14.5 kn) as compared
to the hull form with the new bulb design, Fig. 6. The effect of the beam increment accompanied by the
smoothing of the shoulders can also be observed in Fig. 7 by comparing the wave elevations around the
hull. It should be noted here that considerable percentage of the gain in wave resistance due to the
increased beam is lost by a slight increase in wetted surface area and in turn by the frictional resistance
and by a slight increase in the form factor as computational studies point out. But there is still a small
amount of gain around 2 % in total resistance, according to the computational analysis, due to the
increased beam with smoothed shoulders together with other advantages such as considerable gains in
stability and in payload capacity.

Original
Optimal

Figure 5. Cross-sections of the original (blue) and the widened/optimal (red) hulls.

4.3.BC Ro-Ro ferry

The present work on British Columbia’s Ro-Ro hull is a continuation of the previous work of Calisal et al.
(2009). Both the potential flow solver and the viscous flow solver is utilized in connection with the
Sequential Programming algorithm to optimize the position and geometry of the side bulb. The original
form and the improved form obtained by increasing the beam can be compared in Fig. 8. Table 2 gives
the main particulars of both forms for comparison. Note that as a design requirement the displacement
is kept constant for the fixed draft. Comparison of the free surface wave deformations caused by the
parent and by the optimized (with amidships bulb) hulls given in Fig. 9 pinpoints the relative
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Figure 7. Wave elevations around the hull (V = 14.5 kn).

resistance reduction performance of the improved (optimized) hull with a mid-ship bulb. In Fig. 10, one
can observe the wave resistance reduction capacity of the optimized hull (with mid-ship bulb) which is
able to reduce the wave resistance (coefficient) by 18 % according to the computational results and by
20 % according to the experimental results. Computed form factors, (1+k), for the parent hull and for the
optimized hull are found to be 1.305 and 1.290 (at Reynolds number of 5.35x10°), respectively. Form
factors obtained from the experiments are 1.28 and 1.24 for the parent and for the optimized hulls,
respectively. The decrease in the form factor may be attributed to the finer entrance and run of the
optimized hull to keep the displacement constant despite an increase in the beam. Thus the resultant
reduction in total resistance according to the experimental analysis at Fr = 0. 33 is about 11%.

A recent study of Goren et al., which aims to base the present design concept fully on mathematical
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programming, shows computationally and experimentally that the methodology presented is capable of
obtaining very favourable wave resistance characteristics. In this respect, Fig. 11 comperatively pinpoints
the drastic cancellation of the wave system accomplished by the optimal hull which comprises a beam

increment determined by mathematical programming.

Model-A (Parent)

Model-B

Figure 8. The parent form (Model-A) and the improved (widened) form (Model-B).

Table 2. Main particulars of the forms.

Optimized
Form Form
(M318-A) | (M318-B)
Lwe (m) 38.75 38.75
B (m) 10.886 12.116
T (m) 2.6 2.6
WSA (m?) 450.29 437.108
Displacement
(ton) 679 679
Cs 0.602 0.534
Cr 0.659 0.626
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(b)
Figure 11. Wave elevation around the periphery of the original form (a) and of the optimized
form (b) at Fr =0.33 (BC Ferry Hull), Géren et al.

5. Additional construction cost of beam increase by a retrofit

The above given studies and calculations proved that it is possible to reduce the resistance up to 10%
and sometimes more than 10 % by the beam increase. Such a considerable amount of saving may pave
the way to apply beam increase on a working ship hull. Deli et al. (2016) studied a platform support
vessel and obtained around 6 % reduction in the total resistance. They also conduct a cost analysis for a
retrofit application. For PODAC (Product Oriented Design and Construction) cost modelling used in the
preliminary design, the price of the total ship is taken as a function of displacement, speed and a
complexity factor. A complexity factor is necessary to normalize the data and achieve better equations,
because the cost data available to the IPT (Insurance Premium Tax) changes as the ship type changes. For
the complexity factor, the IPT used is derived from a Size Factor and Ship Type Factor (STF) (see; Ennis et
al., 1997).

For the platform supply vessel in consideration, the values of an oceangoing naval tug are taken into
account and accordingly ship type factor is taken as 1.00. Fig. 12 shows the savings data for 60 months of
the time period with different ship type factors.
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Figure 12. The savings data for 60 months of time period with different ship type factors (Deli et al.,
2016).

6. Conclusion and discussion

It has been shown that the systematic application of the waterline parabolization concept, in which the
parallel middle-body of the vessel is expanded outward with locally parabolic waterlines, is able to
reduce the wave resistance of displacement type ships at moderate Froude numbers. The promising
capacity of this concept or of the “increased beam” or the side bulb in reducing effective power
requirements for small craft at moderate and relatively higher speeds was proposed in Calisal et al.
(2009). This paper provides evidence of the existing potential in reducing the fuel consumption of a large
class of ships such as fishing vessels, yachts, ferry boats, container ships, etc. The numerical and
experimental evidence given in this paper suggests that the parabolization concept can be applied
successfully, as a retrofit or in original designs for significant fuel savings for different types of ships.
During the application of the concept, the main focus of attention was the wave resistance first.
Subsequently, attention was also directed to the changes in form factor for viscous resistance, to the
impact of parabolization on seakeeping, added resistance, etc. The attempt in here is to share the design
experience and experimental evidence collected at the Istanbul Technical University and the University
of British Columbia to design more fuel efficient ships and to encourage the application of the concept.

During the course of the studies of the present concept, the authors also took into account the two
issues. One of them is the question of how the beam increments affect the viscous resistance and in
particular form resistance. For the cases reported in this paper or studied by the authors, no major
increase in the viscous resistance was observed.

The second concern was on the possible increase in the construction cost of the ship frames for
parabolized hulls. Of course, with the inclusion of parallel middle body there exists substantial savings in
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the construction cost of the frames and plates. A recent case study by Deli et al. (2016) on a platform
supply vessel showed that the extra investment for an increase in the beam covers itself within shorter
than 9 to 16 months of operation at the given conditions which is very reasonable.

The general hull form optimization methods usually suggested that the beam of the ship was to be kept
constant or less than a maximum value as the expectation was that the ship-wave resistance was to
increase with the square of the beam value. The experience gained and published earlier by the authors
suggest that, in the formulation of the hull form optimization the beam of the ship should be a free
variable within the concept of parabolization as described above. This new formulation is expected to
provide hull forms with less fuel consumption or lower energy efficiency design indices EEDI of IMO.
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