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ANALYSES OF ROCK SURFACE COLOUR CHANGES DUE TO WEATHERING

IMehmet Kemal GOKAY

ISelcuk University, Mining Engineering Department, Campus, Selcuklu, Konya, TURKEY
Imgokay@selcuk.edu.tr

(Gelis/Received: 16.03.2017; Kabul/Accepted in Revised Form: 21.07.2017)

ABSTRACT: Description parameters of rock masses and minerals include their colours as well. Colours
appear in daylight for surfaced rock masses are changing slightly due to weathering layers which have
been covering its surface gradually. Healthy human eyes can manage to differentiate visible light
spectrum to identify colours of substances including rock masses. Then visible blackish colours of
magnetite minerals, reddish colours of Terra- Rosa soils, greenish colours of weathered copper ore, pure
white of salt minerals and many others are differentiable by naked eyes. Different colours and
homogeneity of colour distribution for natural rocks are also main grading parameters of natural rock
surfaces. In addition, colour can also be parameter to identify weathered rock surfaces. Outcrop rock
mass surfaces or rock discontinuity surfaces which could be influenced by weathering factors, have their
altered surface colours in general that, those colours can be different from the original rock colours. In
this study, colour changes were determined in digital manner by obtaining rock surfaces’” Red, Green,
Blue digital colour (RGB) values. Digital colour differences have been then analyzed more specifically to
evaluate rock weathering and colour changes.

Key Words: Color analyses, Colour change, Decolourisation, Rock weathering,
Kaya Yiizey Renklerinde Bozusma Sonucu Olusan Degisimin Incelenmesi

0z: Kayagclar1 ve onlar1 olusturan mineralleri tanimlama isleminde, gozlenen kayag¢ ve mineral yiizey
renklerinin farkliligi, onlar1 tamimlama isleminde ©Onemli bir yer tutmaktadir. Kaya kiitleleri
bulunduklar: lokasyonlarda, derinliklerde veya yeryiiziinde, farkli etkilerden dolayr zaman iginde
alterasyona ugrayarak bozusurlar. Bu kayag kiitlelerinin sediman haline gelirken gecirdikleri kaginilmaz
kayag dongiisiiniin 6nemli bir pargasidir. Kayaglardaki bozusma ¢ogu durumda kayag renginde 6nemli
degisikliklere neden olur. Bu degisim saglikli insan gozleri tarafindan algilanabilecek seviyede veya
daha diisiik seviyelerde gerceklesebilir. Insanlar cevrelerindeki kayaglar1 ve mineralleri onlarin
renginden tanimlayabilirler. Manyetit mineralinin siyahligi, terra-rosa topraginin kirmizi rengi,
bozusmus bakir cevherinin yesilligi, tuz mineralinin beyazlig1 ve daha bircok mineral ve kaya¢ rengi
bunlar1 tanimlamak i¢in kullanilmaktadir. Kayag yiizeylerindeki renkler, bunlarin dagilimi ve renklerin
homojenligi, kayaglarda gergeklesen bozusmanin derecelendirilmesinde kullanilan parametrelerdendir.
Kayag yiizey renkleri, bu yiizeylerde bozusma olup olmadigini anlamada karar verici 6zellik tagirlar.
Kayaglarin giin yiiziine ¢ikmis yiizeyleri ve kayag icindeki siireksizlik yiizeyleri, bu yiizeyleri etkisi
altina alan bozusma, baskalasim, faktorleri nedeniyle renk degistirmeye agiktir. Bu arastirma
kapsaminda, kayag yiizeylerindeki bozusmaya bagli renk degisimleri sayisallastirilarak analiz edilmistir.
Incelemeye alinan lokasyonlarda, yeni kirilmis-bozusmamis kayag yiizeyleri ve bozusmaya ugramig
kayag yiizey renkleri Kirmiz1 (R), Yesil (G), Mavi (B) renk kodlamasina sahip, RGB renk sistemine gore
sayisallastirilarak ayri ayri incelenmistir. Farkli kayaglardan elde edilen kayag yiizey renkleri, RGB
kodlamalari, bu ¢alisma kapsaminda kendi aralarinda degerlendirmeye alinarak, renklerdeki degisimler
incelenmistir.

Anahtar Kelimeler: Renk analizi, Renk degisimi, Renksizlesme, Kaya¢ bozusmasi,
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INTRODUCTION

Rock masses were early solid materials in the earth. After their first solidification, earth crust has
been repeated its rock mass regeneration from mantle together with its demolishing process. Crustal
movements, climate, sun radiation, chemical reactions, magmatic inner crust and volcanic activities have
been main factors influencing these progressions. It is obvious that each volcanic discharge from magma
has its own mineral mixture which turns out different coloured rock masses according to solidification
processes. Magmatic, metamorphic and sedimentary rocks with various chemical compositions can be
explored around us together with their original rock colours and weathered surface parts” colours. When
rock mass related engineering activities have more been concentrated on rock weathering, engineers
have studied more closely on rock surface colours. Because rock surface colours are first distinguishing
factors to visualize rock weathering influences on the selected rock surfaces. While weathering has been
slowly advanced in/on the rock masses, related rock surfaces have gradually altered their colours.
Weathering of rocks covers progressive complex reactions which have been taken place under particular
environments (deep or shallow locations in the earth crust; sometimes at the earth surface) influenced by
gravity, pressure, bioactivity, radioactivity, heat, chemical reactions, climate etc. In rock mechanics
concerns, most of the weathering activities have generally influenced rock mass mechanical properties. It
is negative effect in general. Therefore any excavation works in or on rock masses which includes
stability analyses, should cover detail rock mechanic tests for original and weathered parts of projected
rock masses.

In nature, it is difficult to find massive rock masses, Rock masses in general have discontinuities and
defect zones. Most of the discontinuities in rock masses are also passage ways of groundwater which has
slurry type composition. Groundwater circulating in rock masses includes chemically dissolve materials
and it may show basic or acidic activities in different strength. When the rock masses have contacted
with groundwater slurry at their discontinuities, colours of contacted rock mass surfaces have gradually
differentiated. Therefore, rock mass outcrops and rock discontinuity surfaces are main weathering
locations in the rock masses. Clayton et al. (1982) mentioned that chemical rock weathering processes
fully depend on the presence of water in or around the rock masses and this type of weathering result in
the alteration or dissolution of the component minerals grains. They said that “the chemical
decomposition of the rock material starts at discontinuity walls and works inwards towards the centre of
the intact blocks”. Rock weathering can be recognized by rock surface discolouration. Original rock
surface colours may start to change gradually as weathering activities progressed. Therefore each
engineering project located in/on rock masses should cover also rock mass discontinuity analyses.
Aperture, spacing, orientation, fillings, undulation, roughness, moisture, groundwater seepage level,
unconfined compressive strength of discontinuity surfaces, colours and textures observed on original
and weathered rock surfaces are the other parameters which project engineers have to be informed.
Colours of rocks and colours of discontinuity surfaces have long been used in quick, practical and
descriptive identification of rock masses and rock surface weathering.

Rock colours and rock forming mineral colours have possibly been coded by using Munsell colour
charts (Munsell, 1905; Cleland, 1921; Munsell Colours, 2017). Usage of this charts have brought
widespread applications during identification and naming of rocks and minerals. This is one of earliest
method to describe the same rock colours with the same digital codes which eliminates complexity in
colour identification. Rock outcrops around us have their own surface appearances and colours, which
might be a little different than the original colours of that particular rock mass. Rock surface colours
have been affected by several natural influences like; climate effects, micro-organism attacks, chemical
weathering, radioactive decaying etc. When the rock masses are forced to be broken down from their
corners, its original colours can be seen in deep parts of the rock fragments where there is no weathering
effect at all. This is one of the means how engineers can recognize the colour differences of weathered
and original rock surfaces. If there are colour changes on these surfaces and if these can be recognized by
naked eyes, these differences can also be codified by using Munsell charts or similar colour systems. In
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order to eliminate irregularities occurred in colour tones identification due to human eyes capacities,
colour digitizing method have recently been employed for engineering applications. This method
produces standard colour reading outputs by using high definition colour photographs. There are
several systems describing colours like; CAM, CIE, RGB, YUV and others (CMYK, Colouroid, HSV, HSI,
HCI etc.). Rock surface colours obtained from weathered or original rock surface in this study were
analyzed in RGB colour system. Rock surfaces were photographed in daylight and filed in computers
according to their locations and rock mass types. Digitizing these images and obtaining RGB colour
codes were the second steps in this work. During this study, high quality photographic images taken
from six different locations including open pit mines, quarries, hydraulic dam construction sites, village
road cuts were used to analyze colour differences between original and weathered rock surfaces. The
aim was selected here to present these colour differentiation for the selected rock masses.

COLOUR ANALYSES APPLIED FOR ROCK MATERIALS

Colour changes of rock surfaces happened during natural weathering progress have not searched in
detail. On the other hand weathering of rock masses have been recognized as one of the main strength
decreasing factors for rock masses. When underground openings, open pit slopes, civil purposed tunnels
are planned in/on the weathered rock masses, engineers test these rock masses by using test samples
taken from fresh and weathered parts of them. Similarly, dimensional building stones used for houses,
pavements, parks, etc have also been tested for their strength. Building stones should not be cut from
weak weathered rock masses. Moreover, these kinds of rock usages should be tested for their
weathering strength according to their position of usage in construction industry. Hence identification
of weathered parts of rock masses has always been an important. Clayton, et al. (1982) stated that
weathering of rock may be detected by controlling their weathered parts’ strength and colours. They
wrote that “In many cases the most noticeable effect of weathering at the rock material scale will be
discolouration and/or weakening adjacent to discontinuities”. This statement stresses on the importance
of original rock masses colours and their discolouration due to weathering. Clayton et al. (1982)
especially mentioned the rock colour chart produced by Geological Society of America (1963). They
wrote that, since the original colours of rock masses fully depend on associated mineral composition of
the constituent particles or the cementing material (in the case of sedimentary rocks), these colours
should be identified accurately without causing any further misleading. According to them researchers
had earlier been worked on rock weathering to provide classification scheme. One of them for example
concentrated on chemical weathering of granitic rocks (Anon, 1970). In later years, Geological Society of
London (1977) organized a “Working Party of Engineering Group” to define effects of rock weathering.
They described weathering for rock material (micro) and rock mass (macro) scales. As the engineering
projects had been commissioned to construct in/on rock masses in modern world, intact and weathered
rock differences and their identification have became important. As Clayton et al. (1982) reported that
British Standard (BS 5930:1981) in this respect, offered to use following terms for weathered rock
materials; decomposed, disintegrated, fresh and discoloured to order engineering usage of weathering terms.
Importantly, “no guidance for determining and describing the degree of weathering” was also reported
for this BS standard by these researchers. However, it demonstrated that rock decolourisation in nature
is important stage in rock weathering activities.

Eggleton et al. (1987) were also studied rock weathering by concentrating on basalts. They stated
that main weathering action they had been revealed was dissolution process. According to them
plagioclases are weathered initially along fractures and cleavage planes. This weathering activities cause
decolourisation (yellowing) of the related rock surfaces. They reported that “the colour change is largely
caused by a change in the colour of the palagonite from yellow to orange-red and by the complete
replacement of olivine and pyroxene by a dark-red, isotropic alteration product, predominantly
goethite”. Some other rock types have also been analysed for their weathering characteristics. Andesite
located near Ankara (Turkey) for example evaluated by Karpuz and Pasamehmetoglu (1997) for their
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weathering properties as well. They suggested idealized weathering profile and the scale of rock mass
weathering grades. They described andesite rock masses in special terms, each shows andesite
weathering levels; These terms are; colour, grain size, structure-texture, block size-shape, discontinuity
spacing, weathering stage (hydrothermal alteration etc.), minor lithological characterization (layering,
fracture, strength) and other additional characteristics (such as; discontinuity conditions, fillings,
dominant joint sets, existence of hydrothermal alteration, etc.). Time effect on rock weathering is
important. How long the fresh rock surfaces have been stayed under the weathering actions is other
consideration parameters. Figure 1 shows here two graphical results given by Yokoyama and
Nakashima (2005). These two researchers analysed colours of four rhyolites which have different
volcanic eruption times (1100, 1800, 26000 and 52000 years ago) in Kozushima Island in Japan. They
determined that these eruptions have similar chemical compositions at the time of eruption. This means
common colours around the volcano was whitish lava colours just after each eruption. As it was stated
in Yokoyama and Nakashima paper, the surface colours of these rhyolites were different in 2005 due to
weathering effects in time. Since these rhyolites had been formed in different volcanic eruptions, oldest
rhyolites have more yellow-brownish weathered rock surface colours. According to the researchers,
colour changes which have gradually been arisen at rhyolite rock masses indicate the formation of iron
(hydr) oxides on their surfaces.

3 l 5 —
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(%] 2 S =
g 5 - R =059 £ ; R =0.58
o ©
e >
% 1
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Figure 1. Rock powder colours (a* and b* colour values of L.a.b. colour system) determined from
rhyolites samples were plotted here against total weathering time (ka= (x1000) years), (Yokoyama and
Nakashima, 2005).

Chemical composition changes on the surfaces of rock masses where the weathering actions are more
predominant differentiate rock surface colours. However there are other factors forcing the rock surface
colour changes. For example Annerel and Taerwe (2011) examined colour changes of concrete structures
exposed to fire. They applied HSI and CIE Lab colour space to obtain these changes in digital manner.
They reported an elliptically shaped colour path changes. In some cases, weathering of rock materials
have been analysed by using “ageing tests” like Heidari et al. (2017). They compared different ageing
effects by using fuzzy inference system to estimate weathering degrees on monument stones of three
historical sites in Iran. Ageing tests they performed on fresh rock materials were a) freeze-thaw, b)
thermal shock, c) salt crystallization, d) dissolution and e) wetting-drying. These are the climatic
influences on building stones which may cause severe weathering. Grossi et al. (2015) studied
weathering degree of Itaquera Granite used for historical the Ramos de Azevedo monument in Sao
Paulo, Brazil. They had monitored colour variation of granite on this monument to compare rock surface
colours obtained from fresh granite surfaces which were mined from the same historical granite quarry.
Colour values had been determined in this study for a while to understand effects of time and
pathologies. Weathering effects (yellowing) on the monument’s granite surfaces were determined as;
oxidation of iron-rich minerals, pollution influences, biological colonization, leaching of bronze statue
over the granite base, and the dissolution-precipitation of monument mortars.
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Weathering effects and colour changes on building stones are become common research activities
after general acceptance of historical sites and their cultural values. Vazquez, et al. (2016) researched on
six natural building stone types to understand weathering effects on them. They performed aging tests
on these rock samples. Samples were exposed to four strong acidic atmospheres consist of the following
acids: H2503, HNO3, and two mixed solution with different proportions of H2SO3 and HNO3. They
recorded; weight, colour, roughness and microscopic feature changes on the tested rock surfaces. They
reported sample surface colour changes in L.a.b. colour system. In this colour analyses; “L” is lightness,
“a” and “b” are colour channels where; “a” scales green-red colour values; “b” scales yellow-blue colour
values (Hunter, 1948; Hunter-Labs, 1996). The graphs in Fig. 2 illustrate colour variation occurred during
their ageing processes. This graphs show also that, even rock weathering factors are under control, the
resultant colour changes happened on rock surfaces can be different. This shows also that rock types and
properties are also main governing factors in weathering processes.

[ HNO,>H,S0, W HNO;<H,S0;, W H,S0;] [ HNO,>H,S0, M HNO;<H,S0;, W H,SO;]
30 ;

L e el Ll

-20 -10.0

AT-B AT-P BD-B BD-P FL-B FL-P SPL-BSPL-P US-B US-P VS-B VS-P AT-B AT-P BD-B BD-P FL-B FL-P SPL-BSPL-P US-B US-P VS-B VSP

Figure 2. Variations in colour parameters “a” and “b” (in L.a.b. colour space) after each ageing test for
the “bush hammered finish, (B)” and the “polished finish, (P)” natural stones. (Test samples were codified as;
AT: Albox travertine, BD: Bofiar dolostone, FL: Fraga limestone, SPL: Santa Pudia limestone, US: Uncastillo
sandstone, VS: Villaviciosa sandstone), (Vazquez, et al., 2016).

Borrelli et al. (2007) analysed the relationship between rock mass weathering grades and slope
instabilities. To reach this aim they prepared weathered rock maps for their project, study, areas. One of
the factors they controlled in their field works was discolouration of the rock surfaces. They recorded
discolouration of rock mass as; completely, partially, along discontinuity or none. After that, they
combined all rock mass related data to decide on rock masses” weathering grades. In computer colour
analyses, colour systems have recently been used to digitize natural and industrial material’s colours. As
Patel and Chatterjee (2016) stated that the study of computer vision-based rock-type classification is
limited. Thus, they developed a computer vision-based rock-type classification algorithm to achieve
consistent raw material classification for cement industry. In this work, Patel and Chatterjee utilized
computer based RGB colour recognition systems and colour image histogram-based features to
recognise rock types inputting to cement factory as a raw materials.

DEGREE OF ROCK SURFACE WEATHERING

Differences in colours of rock masses illustrate certain property differences and this can be used by
engineers in mining and civil engineering fields. Rock weathering and appeared colour intensity on rock
mass surfaces have long been used to classify them in visual bases. Colour changes due to rock
weathering on the other hand analysed digitally here in this study to evaluate if there is any colour
related features. In order to realize any common attributes, fresh rock surfaces and weathered rock
surfaces of the same rock types have been tested for their colour changes. Since limestone layers can
easily be reached around Konya (Turkey), first colour analyses were performed for limestone
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formations. Most of the outcropped limestone layers here have white, white to light gray, white to beige
and gray in colours. These limestone layers are fractured and most of the open fractures near the surface
had been filled by overburden materials. These materials are generally soils, decomposed rocks or their
influents which are facilitated chemical weathering process in these discontinuities.

A research area in this study was decided then to explore digital RGB colour codes of fresh and
weathered rock mass surfaces. The question here is; “if there is any pattern or relation in rock decolourisation
during weathering procedures”. Weathered rock surfaces may get their colour in randomly progressed
chemical reactions on those surfaces. In order to explicate colour change patterns at rock surfaces due to
weathering, observations obtained from the rock masses outcropped around Konya regions were used.
These tested rock masses were limestone, serpentine, andesite, travertine and tuff rocks.

In order to digitize weathered rock surface colours, first test site was selected at hard crystalline
dolomitic limestone outcrop. It is Silurian-Devonian era rock mass (Eren, 1993) and it has dark gray in
colour. This rock outcrop is located at 30 km away from Konya city centre. It was embodied at the North
side of Konya-Yukselen village road. Since this limestone has high strength, hydraulic hammers were
used to obtain enough space to construct village road. Due to these rock fragmentation techniques, road
cut slopes at test location have fresh rock surfaces similar to the ones illustrated in Fig. 3a. Weathered
rock surfaces in this location were generally discontinuity surfaces where some of them were day lighted
due to road cut rock fragmentation. As it is seen at Fig. 3b, weathered dolomitic limestone surfaces here
have light brown to light reddish or brownish in colours. Differences in weathered dolomitic limestone
colours are mostly related with degree of decomposition and weathering levels.

Fresh Weathered
limestone discontinuity
surfaces surfaces

Fresh

AR . Weathered

b)
Figure 3. Fresh and weathered limestone surfaces at Konya-Yukselen road cut.

Colours at weathered rock surfaces in these images were determined and they were differentiating from
light brown (light beige) to dark brown. Defining these colours and their tones differences in “words”
bring always complexity in engineering communications. Referring common pre-defined charts like
Munsell colour charts and tables in colour description have been one solution to this complexity. These
types of colour identification methodologies can be called “colour comparison-colour matching”
methods. They require obviously fine printed colour charts or booklets and healthy eyes. It should be
mentioned here that the capacity of human eyes to differentiate colours and their tones are different
among human beings. Because of these irregularities, colour analyses in industry have gradually been
facilitated by finer equipments and machines. Colour sensors, cameras and computers are used today to
define colours and their tones. In this research, images of rock surfaces were photographed by camera
lens which have 20 megapixels in monochrome and 12 megapixels in RGB format capacity.
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Table 1. Digitized RGB colours of dolomitic limestone rock mass located at Konya-Yukselen road cut,
(Total data contains 93 lines of RGB readings but, this table presents only 5 lines of them as an example).

Fresh limestone surfaces Weathered limestone surfaces
Red (R) Green (G) Blue (B) Red (R) Green (G) Blue (B)
134 129 122 59 33 17
166 155 144 127 82 48
119 110 98 141 93 54
128 127 127 99 67 38
180 176 170 126 93 67

After saving original pictures in JPEG file format into computers, selected parts of the images are
analysed for their colour identifications (Table 1) by using MRA colour analyses program. This software
was especially developed to define rock surface colours and their colour distribution homogeneities,
(Gokay and Gundogdu, 2008). The RGB data, (obtained from 93 micro pixel-based areas), were then
used to analyze colour changes by 2D and 3D graphics. These graphics were drawn by using Excel
together with Xlstat-3D module (2017). Colour coding in RGB format defines totally (t=255x255x255)
16,581,375 tones of colour values. This number of tones is seemed to be higher than the human eyes can
handle in repetitive manner. In RGB codification, maximum and minimum limit values and their
representing colours are as follows; RGB value of (0,0,0) represents total blackness, (255,255,255) value
represents total whiteness in colour. Figure 4 shows that there are obvious graphical differences between
fresh and weathered dolomitic limestone surfaces analysed here. Actually, original, fresh, colours of this
rock mass at the selected slope of Konya-Yukselen road cut (Fig. 3a) are dark greyish in colour.
Therefore colour data obtained from these fresh dolomitic limestone rock surfaces have graph points
(square shaped data points) at graphics shown in Fig. 4 which can clearly detachable from the plot
points representing weathered surfaces’ colours (rectangular shaped data points). RGB data obtained
from weathered dolomitic limestone surfaces produced scattered graph points as seen in Fig. 4.
However when these graphs analysed in detail, (in other words when the weathered rock surface
colours and observed weathering degrees were compared), it could be concluded that more weathered
surfaces in this road cut location provide graphs’ points closer to graphs’ origin, (near to (0,0) values).
Similarly when the plotted colour data points are observed closer to (255, 255) colour values in Fig. 4, the
colours of dolomitic limestone weathered surfaces were observed for them as light-brownish (light-
beige) which also means less degree of weathering.

At the earlier work performed at the same dolomitic limestone slopes, Gokay (2003) pointed out that
fresh and weathered rock surfaces provided different chemical compositions. Samples obtained from
fresh, (Fr), and weathered, (wth), surfaces were tested for their chemical compositions in that study and
selected dominant chemical compounds were reported with the following composition values. These
results (in percentage) are presented here for fresh rock (Fr) surfaces, weathered rock (wth) surfaces and
discontinuity filling material (fill) as follows; CaO (Fr: 55.74 - wth: 49.78 - fill: 17.98), Al2Os (Fr: 0.17 - wth:
2.44 - fill: 8.44), Fex0s (Fr: 0.24 - wth: 1.09 - fill: 6.07), MgO (Fr: 0.46 - wth: 5.23 - fill: 11.42) and SiO2 (Fr:
0.89 - wth: 4.66 - fill: 33.45). That means; weathered rock surfaces shown in Fig. 4 have higher
concentration of the following compounds (multiplication values=wth/Fr); Al2Os (14.35), Fe20s (4.54), MgO
(11.36) and SiO2 (5.23). CaO concentration on the other hand was found lower for weathered rock
surfaces, CaO (0.89). Combination effects of these chemical compound differences on dolomitic
limestone rock surfaces should be the main reason of the colour changes due to weathering.

In order to understand the differences in weathered rock surface colours, originally whitish coloured
(white, light gray, light beige) limestone outcrops in North-West side of the Konya city was also taken
into evaluation. This limestone formation has Late Myosin-Early Pliocene aged (Eren, 1993) and it has
gray-beige fresh surfaces. It contains very small amount of clay minerals in its composition as well. As it
is seen in Fig. 5, rock weathering has been occurred here at the surface of discontinuities. Terra-rosa
soiling activity and seepage of their influent into this limestone layers (Fig. 5) have been main
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Figure 4. Selected colour-band graphics for digitized RGB data obtained from fresh and weathered
dolomitic limestone surfaces (tested at Konya-Yukselen road cut).

weathering factors. Main differences between these two sets of data which were obtained from dolomitic
limestone (1%t case) and beige coloured limestone (2«4 case) rock masses were their colours and
compositions. Main chemical compound was CaO but there are many others which influence on their
naming and weathering progress. In first case, the rock mass is dolomitic limestone therefore fresh rock
surfaces are blackish, dark gray, with crystalline characters. In second case the rock mass is lake
deposited limestone, its fresh rock surfaces are light gray, beige, and beige to gray in colour. Due to
different sedimentation and tectonic conditions, (which they have been passed through in geological
eras), their fresh rock colours gradually changed in some parts of them due to weathering actions. When
the images given in Fig. 3a and Fig. 5a were analyzed, it can be seen that weathered parts of the rock
masses have different colours with respect to fresh rock surfaces. Weathered rock colours are usually
identified at these rocks’ discontinuity surfaces and their day lighted surfaces. Total colour data obtained
from lake deposited, beige coloured, limestone rock mass contain 87 points’ RGB values. Each colour
datum contains R, G, and B colour values separately. Selected colour band graphics supplied for beige
coloured limestone, demonstrate weathering decolourisation (Fig.6) as well. That is as weathering effects
were observed intensive, the colour codes obtained from weathered beige coloured limestone were
plotted gradually towards the dark colour zones, (near to origin of graphs), of RGB colour graphics.
However dolomitic limestone and beige coloured limestone have different graph point locations for
their fresh surface colours (Fig. 4 and Fig. 6). Unlike the colour of beige limestone, (Lst-2, fresh surface
colours were plotted near whiteness corners, 255,255,255), crystalline dark gray, dolomitic limestone,
(Lst-1) produced fresh surface colours which have plot points near the blackness corner, (0,0,0).
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Figure 5. Fresh and weathered limestone surfaces and their colour differences at North-West side of
Konya city centre.
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Figure 6. Selected colour-band graphics for digitized RGB data obtained from fresh and weathered beige

limestone surfaces. This rock mass is located at North-West side of Konya.
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Graphics presented in Fig. 4 and 6 exhibit colour value plots which seem to have distribution relations.
These two figures show that fresh and weathered rock surface colours of certain rock masses can be
identified as colour groups named as; fresh, lightly-weathered, weathered, and heavily-weathered.

COLOUR CHANGES AT ROCK MASS SURFACES IN GENERAL

Colour determination research study was performed here for limestone rock masses include fresh
and weathered rock surfaces’ colours. This study was then decided to extend other rock mass types
outcropped around Konya region. In order to analyse the colours of fresh and weathered surfaces of
these rock masses, required high quality photographs were obtained from them and evaluated
accordingly. Colour changes due to weathering actions were researched for the following rock masses as
well; a) Limestone formations, Lst-3, (Konya cement factory-Limestone quarry, Konya), b) Limestone
formations, Lst-4, (aggregate quarry North site of Konya), c) Limestone rock clift, Lst-5, (landslide area,
Taskent, Konya), d) Limestone formations, Lst-6, (hydraulic dam construction site, Ermenek, Karaman),
e) Andesite formations, And-1, (dimensional stone quarry, Sandikli, Afyon), f) Tuff formations, Tuff,
(Evliyatepe, Konya), g) Travertine formations, Trav-1, (abandoned open mine, Ardicli-Konya), h)
Travertine formation, Trav-2, (abandoned open cuts, Esentepe-Konya) i) Serpentine formation, Serp,
(Dere village connection road cut, Meram-Konya).
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Figure 7. Selected 2D colour-band graphics for digitized RGB data obtained for fresh and weathered

rock masses around Konya region; [Limestone formations (Lst-1: Konya-Yukselen road cut, Lst-2: North-west side,
Konya, Lst-3: Cement factory quarry, Konya, Lst-4: Limestone aggregate quarry, Konya, Lst-5: Landslide area, Taskent-
Konya, Lst-6: Hydraulic dam construction area, Ermenek-Karaman, Serp: Serpentine rock mass outcrops, Dere village,
Meram-Konya, Trav-1: Travertine mine, Ardicli-Konya, Trav-2: Abandoned travertine mine, Esentepe-Konya, And-1:
Andesite dimensional stone quarry, Sandikli-Afyon, Tuff: Crystalline tuff mine, Evliyatepe, Konya)].
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Figure 8. Colour data collected from the rock masses around Konya region were used to obtain these 3D
graphs. Fresh and weathered rock masses’ (limestone, serpentine, andesite, travertine and tuff
formations) colours were all handled (totally 1009 colour data) here to obtain these plotting.

When the digital RGB colour determination of fresh and weathered rock surfaces were realised, their
selected band colour graphics were plotted (Fig.7). In order to capture rock surface colours, certain
surface area were selected from rock surface images in micro-pixel, scale. Average RGB colour codes
were then calculated and recorded for those micro areas. Total number of micro-pixel areas was 1009 for
the tested 11 different rock mass locations. Selected colour band graphics of whole test data for RGB
colour codes were then plotted to verify general colour distribution in 2-dimension. These graphics have
axis of Red-Blue, Red-Green and Blue-Green (Fig. 7). In order to understand 3-dimensional RGB colour
changes due to rock mass weathering, whole colour data were used to achieve 3-D graphs as illustrated
in Fig. 8. Graphics in Fig. 7 and Fig. 8 show clearly that, colour differentiation due to rock weathering in
these 11 rock mass locations has elliptical volumetric shape. Colour distributions in Fig. 8 are not seemed
to be randomly distributed. It is obvious that; absolute black colour value has coordinate RGB values as
0,0,0 and absolute white colour value has coordinate RGB values as 255,255, 255, these two minimum
and maximum colour coordinate values should definitely be the pointed limits of formed volumetric
shapes. That is, volumetric shape covers all the plotted points appeared on 3-D colour graphs for rock
colours should obviously have these two pointed ends at minimum and maximum values. When Fig. 8
was evaluated with this concept, two flattened, half-parabolic cone shapes which are pointed opposite
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Ellipsoid Volume=4/3.(rt.a.b.c)

Figure 9. Triaxial-ellipsoid volume (Wikipedia, 2012), and its coverage in the selected RGB colour space.

coordinate end points (0,0,0 and 25,255,255). These 3D plotted colour points can also be encapsulated
with a volumetric shape looks like triaxial-ellipsoid (Fig. 9) as well. This encapsulated volume shapes
and their extension limits are further steps to be researched. Since, extension of colour data obtained
from fresh and weathered rock surfaces might bring more accurate 3D volumetric explanations in this
research.

CONCLUSION

Mining and civil engineering applications cover engineering projects located in/on rock masses.
Exploration works on these project sites include rock identifications, rock mechanical tests, discontinuity
research etc. Engineers in these fields have their projects on; mining galleries, tunnels, metro stations,
open pit slopes, road cut slopes, cliff stability, foundation stability of all engineered constructions,
underground openings, big scale underground excavations, cave stability, highways and railways etc.
Thus they have well experienced about fresh and weathered rock mass property differentiations.
Weathered rock zone usually means weak stability and decoloured rock surface sectors in rock masses.
In this study, fresh and weathered rock mass surface colours were analysed to define their colour
differences. It is obvious that, fresh rock surface colours are discoloured while different types of
weathering activity (in/on earth crust) have been progressed. Colour tests had been performed on eleven
rock mass locations in this research. Fresh and weathered surfaces of rock masses located there were
digitized for their colour analyses. It was evaluated that rock surface colours obtained during this study
produced 3D graph points which can be encapsulated by means of triaxial-ellipsoid volume. That
means, these colour data demonstrated certain distribution patterns (limitations) in RGB colour
graphics. Actually, this statement needs further colour tests on other types of rock masses as well.
However, major rock masses observed near Konya city provided the presented graphical results as
illustrated in Fig. 7 and 8. Determination of triaxial-ellipsoid dimensions and influences of weathering
types on these dimensions can be further studies realized.

REFERENCES

Annerel, E., Taerwe, L., 2011, “Methods to Quantify the Colour Development of Concrete Exposed to
Fire”, Construction and Building Materials, Vol. 25(10), pp. 3989-3997.

Anon, 1970, “Using a Remotely Controlled Borehole Camera”, Ground Engineering, Vol. 3(5), pp. 20-21.

Borrelli, L., Greco, R., Gulla, G., 2007, “Weathering Grade of Rock Masses as A Predisposing Factor to
Slope Instabilities: Reconnaissance and Control Procedures”, Geomorphology, Vol. 87, pp.158—
175.

Clayton, C.R.I, Matthews, M.C., Simons, N.E., 1982, Site Investigation, Second Edition, Department of
Civil Engineering, University of Surrey, Halsted Press, p466.

Cleland, T.M., 1921, “A Practical Description of the Munsell Colour System, with Suggestions for Its
Use”, Munsell Colour Company, Boston, USA.



Analyses Of Rock Surface Colour Changes Due To Weathering 13

Eggleton, R.A., Foudoulis, C.,, Varkevisser, D., 1987, “Weathering of Basalt: Changes in Rock Chemistry
and Mineralogy”, Clays and Clay Minerals, Vol. 35(3), pp. 161-169.

Eren, Y., 1993, Eldes-Derbent-Tepekoy-Sogutozu (Konya) Regions’ Geolgy, PhD Thesis, Selcuk University,
Department of Geological Engineering, Konya, Turkey.

Geological Society of America, 1963, “Rock Colour Chart”, Geological Society of America,
www.geosociety.org, Boulder, CO, USA.

Geological Society of London, 1977, “The Description of Rock Masses for Engineering Purposes”,
Engineering Group Working Party Report, Q. ]. Eng. Geology, Vol. 10( 4), pp. 355-388.

Gokay, M.K., 2003, “Effects of Natural Weathering of Rock Masses on Their Colour Appearances”,
Madencilik Journal, Turkish Chambers of Mining Engineers, Mining Journal, (technical note), Vol.42,
1, pp. 35-42, Ankara, Turkey. (in Turkish).

Gokay, M.K,, Gundogdu, 1.B., 2008, “Colour Identification of Some Turkish Marbles”, Construction and
Building Material, Vol. 22(7), July 2008, pp. 1342-1349.

Grossi, D., Del Lama, E.A., Garcia-Talegon, J., Inigo, A.C., Vicente-Tavera, S., 2015, “Evaluation of
Colourimetric Changes in the Itequera Granite of Ramos De Azevedo Monument, Sao Paulo,
Brazil”, International Journal of Conservation Science, Vol. 6 (3), pp. 313-322, ISSN: 2067-533X

Heidari, M., Chastre, C., Torabi-Kaveh, M., Ludovico-Marques, M., Mohseni, H., 2017, “Application of
Fuzzy Inference System for Determining Weathering Degree of Some Monument Stones in
Iran”, Journal of Cultural Heritage, available online 25 January 2017.

Hunter, R.S., 1948, “Photoelectric Colour-Difference Meter”, Proceedings of the Winter Meeting of the
Optical Society of America, JOSA, Vol. 38,7, 661.

Hunter, Labs., 1996, “Hunter Lab Colour Scale, Insight on Colour”, (August 1-15, 1996), Hunter
Associates Laboratories, Reston, VA, USA.

Karpuz, C., Pasamehmetoglu, A.G., 1997, “Field Characterisation of Weathered Ankara Andesites”,
Engineering Geology, Vol. 46, pp. 1-17.

Munsell, A.H., 1905, A Colour Notation, G.H. Ellis Company, Boston, USA.

Munsell Colours, 2017, Official Site of Munsell Colour © ”, X-Rite incorporated web-page,
www.Munsell.com.

Patel, A K., Chatterjee, S., 2016, “Computer Vision-Based Limestone Rock-Type Classification Using
Probabilistic Neural Network”, Geoscience Frontiers, Vol. 7(1), Special Issue: Progress of Machine
Learning in Geosciences, January 2016, pp. 53-60.

Xlstat, 2017, Data Analysis and Statistical Solution for MS-Excel, Addinsoft, Paris, France.

Vazquez, P., Carrizo, L., Thomachot-Schneider, C., Gibeaux, S., Alonso, F.J., 2016, “Influence of Surface
Finish and Composition on The Deterioration of Building Stones Exposed to Acid
Atmospheres”, Construction and Building Materials, Vol. 106, pp. 392—403.

Wikipedia, 2012, Wikipedia web-page, https://commons.wikimedia.org/wiki/File:Triaxial_Ellipsoid.jpg

Yokoyama, T., Nakashima, T.S., 2005, “Colour Development of Iron Oxides During Rhyolite Weathering
Over 52,000 Years”, Chemical Geology, Vol. 219, pp. 309-320.




\ S.U. Miih. Bilim ve Tekn. Derg., c.6,s.1, ss. 14-27, 2018

Selcuk Univ. J. Eng. Sci. Tech., v.6, n.1, pp. 14-27, 2018

_ SELCUK ISSN: 2147-9364 (Electronic)

UNIVERSITESI DOI: 10.15317/Scitech.2018.112
MUHENDISLIK FAKULTESI

DUSEY MADEN KUYULARINDA BETON TAHKIMAT KALINLIKLARININ BELIRLENMESINE
YONELIK BiR TASARIM YAKLASIMI

1Said Shahzada HUSSAINI, 2ihsan OZKAN

12Selcuk Universitesi, Miihendislik Fakiiltesi, Maden Miihendisligi Boliimii, Kampiis, Konya
Iseh.afg20@gmail.com, 20zkani@selcuk.edu.tr

(Gelis/Received: 03.07.2017; Kabul/Accepted in Revised Form: 17.07.2017)

OZ: Yeralt: maden ocaklarinda kuyu durayliligi ok énemlidir. Kuyu cidarinda yapilacak olan tahkimat
bunu saglayabilmektedir. Bu ¢alismada, 9m ¢apli ve 900m derinlige ulasan diisey bir kuyunun beton
tahkimat kalinliklari, iki boyutlu sayisal analizler ile belirlenmistir. Sayisal analizlerde farkli derinlik
(Z), tek eksenli basma dayanimi (O«), kaya kiitle siniflama sistemi (M-RMR), kuyu kazisinda patlatmaya
dayali ¢evre kayacin orselenme durumu (D) parametreleri kullanilmistir. 9 m ¢apli kuyunun sirasiyla
100, 300, 500, 700 ve 900 metrelerinin her birinde M-RMR degerinin 10, 20, 30, 40, 50, 60, 70, 80, 90, 100
oldugu durumlarda ve tek eksenli basma dayaniminin 50MPa kosulu altinda ve ayrica patlatmaya
dayali kuyu cevre kayaglarinda olusan orselenme (D=0 ve D=0.5) durumuna baglh sayisal analizler
Phase2 yazilimi ile yapilmistir. Sonug olarak parametrik bu ¢alismada, toplam 100 senaryo analiz
edilmigtir. Her bir senaryo ic¢in C20 simnifi beton ile optimum beton tahkimat kalinliklar (t.)

belirlenmistir. Phase2 yazilimindan sirasiyla, en biiyiik asal gerilme (O1), toplam yerdegistirme (U),
kuyu cevre kayacinda olusan yenilen element sayisi, dayanim faktorii (SF) ve yenilme bolgesi kalinlig:
(he) belirlenmistir. Olusturulan veri tabani yardimiyla beton tahkimat tasarimu igin biitiinleyici 10 abak
hazirlanmistir. Kaya kiitle smniflama degerinin (M-RMR) bilinmesi durumunda; gelistirilen ilgili abak
kullarularak kuyu cevre kayacinda yenilme bolgesi kalinlig1 (h:), beton tahkimat kalinligr (tc) ve bu
beton tahkimatin uygulanmas: sonucunda kuyu cidarinda olusacak yerdegistirme miktar1 (U)
belirlenebilmektedir.

Anahtar Kelimeler: Beton tahkimat, Maden kuyusu,Sayisal ¢oziimlemeler

A Design Approach for Determination of Concrete Support Thickness in Vertical Mine Shafts

ABSTRACT: Stability in underground shafts is very important. Shaft lining can supply it. In this study,
the concrete support thicknesses of a vertical shaft of 9 m diameter and reaching a depth of 900 m were
determined by 2D numerical analysis. In numerical analysis different depths (Z), uniaxial compressive
strength (o), rock mass classification system (M-RMR) and also the surrounding rocks situation based
on blasting (D) parameters were used. In each of the nine-meter-diameter shafts has 100, 300, 500, 700
and 900 meters where the M-RMR value is 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 and the uniaxial
compressive strength 50MPa and also situation formed in shafts surrounding rocks based on blasting (D
=0 and D = 0.5) the numerical analysis were made by Phase2 software. As a result, in this parametric
study, a total of 100 scenarios were analysis. The optimum thickness (tc) of concrete support with C20
class concrete have been identified for each scenario. The maximum principal stresses (o1), total
displacement (U), the number of yielded elements formed in the surrounding rocks, strength factor (SF)
and thickness of yielded region (h:) respectively were determined. Using Phase2 software 10 integrated
charts were prepared. By data base to determine of concrete support thickness If the rock mass
classification value (M-RMR) is known the thickness of yielded surrounding rocks (ht), concrete support
thickness (tc) the total of displacement (U) to be formed in the shaft can be determined.

Key Words: Concrete support, Mine shaft, Numerical analysis
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GIRIS INTRODUCTION)

Yeralti madencilik ¢alismalarinda diisey kuyularin ana gorevleri; yeralti ¢alismalar1 icin gerekli
temiz havanin, tahkimat malzemelerinin, basinghi havanin, haberlesme ve aydinlatma amagclh iletim
hatlarinin yeraltina iletilmesinde ve ayrica yeraltindan iiretilen cevherin yeryiiziine nakliyesinde bir yol
gorevi gormektir. Kuyu agma, biiyiik hazirliklarin 6nemli bir kismini olusturmaktadir. Kuyu, istenilen
derinlige ulastiktan sonra kuyudan itibaren diger hazirliklara baslanir. Kuyunun agildigi kayag saglam
ve az su gelirine sahipse normal kuyu agma yontemleri uygulanir. Buna karsi kayag¢ saglam degil ve
fazla su gelirine sahipse veya bu iki husus birlikte etki ediyorsa 6zel kuyu a¢ma yontemlerinin
uygulanisi zorunlu hale gelmektedir (Saltoglu, 1976). Kuyu kesitleri kare, dikdortgen, daire ve elips
olarak siralanabilir. Kuyunun birinci islevi olan nakliye ele alinirsa en uygun kesit kare ve dikdortgen
kesit olmaktadir. Ancak duraylilik agisindan bakilirsa yeralti arazi gerilmelerinin en uygun dagilim
gosterdigi kesitin daire kesit oldugu bilinmektedir. Bu nedenle s1§ derinliklerde kare ve dikdortgen kesit
tercih edilirken derinligin arttifi madenlerde genelde daire kesit tercih edilmektedir. Maden kuyu
kazisinda tahkimat tasarim galismalarinda kaya kiitle 6zellikleri, derinlige bagl arazi gerilmeleri ve
beton tahkimat 6zellikleri oncelikle 6nem kazanmaktadir.

KAYA KUTLE SINIFLAMA SISTEMLERI (ROCK MASS CLASSIFICATION SYSTEMS)

Kaya miihendislik yapilarinin tahkimat tasarim calismalarinda ihtiya¢ duyulan girdi
parametrelerinin belirlenmesinde kaya kiitle siniflama galismalar1 siklikla kullanilmaktadir. Tasarim
calismalarinda genel olarak RMR (Bieniawski, 1973; Bieniawski, 1989) ve Q (Barton ve dig., 1974)
smiflama sistemleri yaygin olarak kullanilmaktadir. Giintimiizde 30’a yakin gelistirilmis olan siriflama
sistemi mevcuttur. Bunlarin biiyiik bir ¢ogunlugu RMR (Rock Mass Rating - Jeomekanik Siniflama
Sistemi) ve Q (Rock Mass Quality - Kaya Kalite Indeksi) simiflama sistemlerinin 6zel kaya yapilar1 igin
yeniden diizenlenmesi ile ortaya gikmistir. Ozellikle zayif-tabakali-kil igerikli anizotropik ve kirikli kaya
kiitlelerinde, RMR ve Q smiflama sistemlerine ait bazi kiitle parametrelerinin belirlenmesinde yetersiz
kaldigin1 belirleyen Unal ve Ozkan (1990), M-RMR (Modified Rock Mass Rating-Yeniden Diizenlenen
Kaya Kiitle indeksi) siniflama sistemini gelistirmislerdir.

Siniflama sisteminin uygulanmasi icin oncelikle, kaya kiitlesi belirli 6zellikleri agisindan benzerlik
tasiyan yapisal bolgelere ayrilir. Pek ¢ok durumda yapisal bolgelerin sinirlari; fay ve dayk gibi ana
stireksizliklerle cakismaktadir. Yapisal bolgeler belirlendikten sonra, kaz1 aynalar1 boyunca veya sondaj
karotlar: iizerinde simiflandirmanin gerektirdigi parametreler tayin edilir. RMR ile ilgili parametreler
kullamilarak “Temel, Diizeltilmis ve Tasarim RMR indeks degerleri” belirlenebilmektedir. RMR
siniflama indeks degeri 0-100 arasinda degismektedir (Bieniawski, 1989).

Unal ve Ozkan (2012), 1989-2005 yillar1 arasinda iilkemizde ETIBANK-Bigadi¢-Simav kolemanit,
TKI-OAL-Cayirhan komiir, Cayeli Bakir Isletmesi-CBI bakir ve ETIBANK-Beypazari-Trona maden
ocaklarinda karsilasilagilan kaya kiitlesinin RMR (Bieniawski, 1973; Bieniawski, 1989) ve Q (Barton ve
dig.,, 1974) smiflandirma indeks degerlerini belirlenmeye c¢alismislardir. Bu c¢alismalarinda
arastirmacilar, Ozellikle zayif, anizotropik, tabakali, kil icerikli ve catlakli kaya bolgelerinde kiitle
parametrelerinin belirlenmesinde RMR ve Q sistemlerinin yetersiz kaldigini tespit etmislerdir. Zayif,
anizotropik, tabakal, kil igerikli, catlakli kaya yapilari icin gelistirilen M-RMR sistemine (Unal ve Ozkan,
1990) ait degerlendirmeler arastirmacilar tarafindan gesitli yurt i¢i ve yurt dist yayimnlarda (Unal ve
Ozkan, 1988; Ozkan, 1989; Unal ve Ozkan, 1990; Ulusay ve dig., 1992; Unal ve dig., 1992; Ozkan, 1995;
Ozkan ve Unal, 1996; Unal, 1996; Ozkan ve Unal, 2012) ayrintilari ile sunulmustur. Bu ¢alismada dikkate
alinan M-RMR siniflama sistemi i¢in Unal ve Ozkan (1990) tarafindan onerilen esitlik aslinda tig
parcadan olusmaktadir. Bunlar sirasiyla Temel M-RMR, Diizeltilmis M-RMR ve Tasarim M-RMR olarak
adlandirilabilir (Unal ve Ozkan, 1990). Bahsedilen esitlikler asagida sunulmustur.
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Temel M-RMR = Fc {[Ircr]+[Irap]+[Tic]}+[Ds]+[Iow] 1)
Diizeltilmis M-RMR = [Temel M-RMR] + [Ioi] (2)
Tasarim M-RMR= [Diizeltilmis M-RMR]* [Aw*Ab] 3)

Esitlik 1-3'de gecen parametreler sirasiyla;

Ioc : Tek eksenli basing dayanimina bagli indeks degeri (0-15)

Ipet : Nokta yiikleme dayanimina bagli indeks degeri (0-15)

Irep  :RQD (Rock Quality Designation- Kaya Kalite Degeri) degerine bagl indeks degeri (0-20)

Iis : Stireksizlikler aras1 mesafeye bagli indeks degeri (0-20)

Iic : Stireksizlikler arast durum indeks degeri (0-30)

Iew : Yeralt1 su durumuna bagli indeks degeri (0-15)

Tor : Eklem takim konumuna bagli indeks degeri (maden galeri ve tiineller igin : 0-(-12))

Fe : Suda dagilma dayanimina bagl bir katsay1 (0.7-1.15)

Aw : Biiyiik siireksizlik diizlemi ve zayiflik diizlemlerine dayal:1 diizeltme katsayzs1 (0.70-1.0)
Ao : Patlatmaya dayal1 diizeltme katsayzs1 (0.80-1.0)

MADEN KUYULARI iCIN BETON TAHKIMAT TASARIM YAKLASIMLARI (CONCRETE SUPPORT
DESIGN APPROACHES FOR MINE SHAFTS)

Dairesel maden kuyularinin tahkimat calismalarinda tahkimat elemani olarak beton tahkimat

siklikla kullanilmaktadir. Elastik teoriye gore gelistirilen beton tahkimat yonelik esitlikler asagida
sunulmustur (Carranza-Torres ve Fairhurst, 2000).

N2
P“‘a"=%[—(r 2 ] @

s 2 72
2Pmax
te=rl1— [1-22 ()
O-CC
_ E r2—(r—t.)?
B A—-v)r (A —-2v)r2 + (r —t,)>?

K (6)

Burada:
P"@* : Beton tahkimatin yenilmeden Once tasiyabilecegi en yiiksek basing gerilmesi(MPa)

Occ  :Beton malzemesinin tek eksenli basma dayanimi (MPa)
r : Diisey kuyu yarigap (m)

te : Beton tahkimat kalinlig1 (m)

E. : Beton malzemesinin Elastik Modiili (MPa)

Ve : Poisson orani

Ks : Beton malzemesinin elastik katilig1 (MPa/m)

SAYISAL ANALIiZLER iCIN GIRDi PARAMETRELERI (INPUT PARAMETERS FOR NUMERICAL
ANALYSIS)

Bu calismada dairesel kesitli maden kuyusunun kumtas: igerisinde agildigr kabul edilmistir. Kuyu
capt (2r) 9 m ve derinligi (Z) 900 m secilmistir. Bu gercevede RocLab (Rocscience, 2002) programi
kullarularak kumtasi kaya birimi icin asagida siralanan iki temel parametre tespit edilmistir.

1. Genellestirilmis Hoek-Brown gorgiil yenilme 6lciitiinde (Hoek ve ark., 1995) kullanilan saglam kaya
sabiti (mi) degerinin kumtasi kaya birimi i¢in 10 oldugu tespit edilmistir.
2. Kumtas1 kaya birimine ait modiil oran1 (MR) degerinin 200 oldugu tespit edilmistir.
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Sayisal ¢oziimlemelerde kullanilacak girdi parametrelerinin hazirlanmasinda temel olarak derinlik
(Z, m), kaya malzemesinin tek eksenli basma dayanimi (0«4, MPa), kaya kiitle siniflama sistemi (M-RMR)
ve kuyu agilirken 6rselenme durumunu gosteren sabit (D) dikkate alinmistir. Bu degerlere ait araliklar
asagida verilmistir.

1. Derinlik (Z) parametresi 100m, 300m, 500m, 700m ve 900m olarak dikkate alinmistir.

2. Kaya malzemesinin tek eksenli basma dayanimi (0«4, MPa) parametresi 50 MPa olarak her derinlik
(Z) icin ayr1 ayr1 dikkate alinmistir.

3. Kaya kiitle simniflama sistemi (M-RMR) parametresi 10, 20, 30, 40, 50, 60, 70, 80, 90 ve 100 degerleri
her derinlik (Z) i¢in ayr1 ayr1 dikkate alinmistir.

4. Kuyu acilirken 6rselenme durumunu gosteren sabit (D) icin 6rselenmemis kosuluna ait D=0 degeri
dikkate alinirken 6rselenmis durum igin D=0.5 hesaplamalara dahil edilmistir.

Yukarida Ozetlenen ana parametrelere ait girdi verilerinin tespiti i¢in RocLab (Rocscience, 2002)
programi kullanilarak elde edilen sonuglar sirasiyla asagida verilmistir (Cizelge 1).

Iki boyutlu diizlemde sayisal analiz yapabilen Phase2 (Rocscience, 2002) yazilimi igin hazirlanan
modelde kullanmak amaciyla segilen beton tahkimata ait mekanik Ozellikler topluca Cizelge 2’de
sunulmustur. Bu calismada C20 beton smnifi (0« = 20 MPa) icin baslangicta rastgele segilen beton
kalinlig1 her bir analiz kosulunda sistematik olarak degistirilmis ve optimum beton kalinliklari (tc) tespit
edilmis ve boylelikle tahkimata etkiyen Po (MPa) basing degerleri Phase2 yardimiyla belirlenmistir.
Sayisal analizlerde kullanilan kaya kiitle malzemesi ve beton tahkimat plastik ortam kabul edilmis ve
genellestirilmis Hoek-Brown yenilme 6l¢iitii kullanilmistir.

Cizelge 1. Patlatma ile kazi ¢alismalarinda Orselenmemis (D=0) ve orselenmis (D=0.5) kosulu altinda

kuyu ¢evre kayacina ait girdi parametre aralig1
Table 1. Input parameter ranges for undisturbed (D=0) and disturbed (D=0.5) shaft environment rock in excavation

. q. o« =50 MPa g«q=50 MPa
Girdi parametreler D =0 (drselenmemis durum) D = 0.5 (6rselenmis durum)
M-RMR 10-100 10-100
Derinlik (m) 100-900 100 -900
MR 200 200
mi 10 10
mb 0.402-10 0.138 -10
S 0.0000454-1 0.0000614 -1
A 0.5-0.585 0.5-0.585
¢ (MPa) 0.48 - 5.042 0.48-5
@ (°) 17.98 - 42.95 11.1-42.95
ot (MPa) (-0.003) - (-2.5) (-0.002) - (-5)
Om (MPa)* 0.072-25 0.045 - 50
Ocm (MPa)** 1.321 - 23.163 1.409 - 46.325
En (MPa) 152.52 - 4971.64 240.05 - 7328.58
Ei (MPa) 10000 10000
03 max 12.5 12.5

*Roclab ¢iktisinda Genellestirilmis Hoek-Brown yenilme 6lgiitinde tek eksenli basma dayanimi **Roclab ¢iktisinda Mohr-Coulomb yenilme
oOlgiitiinden tek eksenli basma dayanimi

SAYISAL ANALIZ SONUCLARI (RESULTS OF NUMERICAL ANALYSIS)

Bu boliimde sunulan diisey dairesel kesitli maden kuyularinin beton tahkimat kalinliklarinin
belirlenmesine yonelik parametrik sayisal ¢oziimlemelerde, Phase2 yazilimi kullanilmigtir. Phase2
programi sonlu elemanlar yontemine dayali zemin veya kaya ortaminda yapilan yeralt1 ve yeriistii
yapilari i¢in diizlem birim sekil degistirme durumunda iki boyutlu ve eksenel simetri durumunda
kismen {i¢ boyutlu gerilme ¢oziimlemeleri yapabilmektedir. Yeralti agikliklar: i¢in beton, piiskiirtme
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beton, kaya saplamasi, ¢elik tahkimat ve bunlarin kombinasyonlarindan olusan tahkimatlar i¢in gerilme
¢ozlimlemeleri yapilmaktadir. Bu yazilim igin bir model hazirlanmistir. Bu modelde dairesel kesitli
kuyu ¢apinin (2r) 9 m oldugu kabul edilmistir. Modeli ¢evreleyen dis simir yatay ve diisey yonde
yerdegistirmelere izin vermeyecek sekilde sabit mesnetlenmistir. Kazi etki alaninin modelin dis
sinirindan etkilenmemesi i¢in modelin dis sinirinin agikliga olan uzakligl kuyu ¢apinin yaklasik 10 kati
olacak sekilde olusturulmustur. Bir baska ifade ile kuyu kesitinden etkilenecek bolgenin kuyu
cevresinden itibaren 90 metrelik bolge oldugu ve bu bolgenin de Sekil 1'de goriildiigii {izere kuyu
cevresine paralel oldugu var sayilmistir.

Cizelge 2. Model i¢in Phase2 yaziliminda kullanilan beton 6zellikleri

Table 2. Characteristics of concrete used for the model in Phase2 software

Elastik 6zellikler Young Modiilii (MPa) 28000
Poisson Orani 0.2
Basma Dayanimi - o« (En biiyiik) (MPa) 20
Dayanim parametreleri | Basma Dayanimi (Kalict) (MPa) 5
Cekme Dayanimu (En biiyiik) (MPa) 1.6
Cekme Dayanimu (Kalic1) (MPa) 0
Dogrusal tiir Beam Timoshanko
Geometri Kalinlik 0.152

(a) Modelin sematik 6lgeksiz
gorimili (A typical model-not
to scaled)

(b) Modelin Phase? yazilimindaki goriiniimii (Model presented in
2D Phase2)

Sekil 1. Tki boyutlu sayisal analizde kullamilan model
Figure 1. Model used in 2D numerical analysis

Hazirlanan modelde sonlu elemanlar ag1 (mesh) tipi radial ve element tipi 4 noded quadrilaterals
secilmistir. Birincil gerilmelerin tiim bilesenlerinin esit oldugu (Po=Pv=Pm=Pr2) yani hidrostatik birincil
gerilme alan1 varsayilmigtir. Bu ¢alismada derinlik (Z) 100m, 300m, 500m, 700m ve 900 m alindig: icin
sabit arazi gerilmeleri sirasiyla 2.5 MPa, 7.5 MPa, 12.5 MPa, 17.5 MPa ve 22.5 MPa oldugu asagida
verilen temel esitlikten hesaplanmuistir.

Po=Zy @)
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Burada Po, diisey birincil gerilme (MPa); Z, derinlik (m); vy, birim hacim agirligi (MN/m3) dir.
Tahkimath ve tahkimatsiz kosullarda yapilan sayisal analizlerde tahkimatsiz durum ig¢in 2 asama
(stage), tahkimatli durum i¢in 3 asama (stage) planlanmistir. Tahkimatsiz durumda birinci asama kaz1
Oncesi olurken ikinci asama kazi1 sonrasi ancak tahkimat yapilmamis durumu yansitmaktadir.
Tahkimathi durumda birinci asama kazi 6ncesi, ikinci asama kazi sonrasi (tahkimatsiz) iken tictincii
asamada tahkimatin yapildig1 var sayilmistir. Bu duruma gore beklenen yerdegistirmenin (U), kazi
oncesinde %0 olacag1 (Stage-1), kazi yapildiktan sonra (tahkimat oncesinde) %70 olacagi (Stage-2),
tahkimat sonrasinda ise %30 (Stage-3) olacag1 kabul edilmistir (Genis ve Acun, 2015; Genis ve Derin,
2016).

Yukarida belirtilen parametrelere gore sadece derinlik 100 m i¢in tek eksenli basma dayanimina (o)
ait 50MPa icin toplam 20 adet sayisal analize konu olan senaryo olusmaktadir. Analiz edilen diger
derinliklerde dikkate alinirsa (Z = 300m, 500m, 700m ve 900 m) ayr1 ayr1 analize tabi tutulan toplamda
100 adet senaryo ortaya ¢ikmaktadir. Ancak her bir senaryo icin optimum beton tahkimat kalmnligini
belirleyebilmek amaciyla yaklasik 10 kez sayisal analiz yapilmistir. Her bir analizde beton tahkimat
kalinligi Phase2 (Rocscience, 2002) yazilimina girilmis bu tahkimatin yenilip yenilmedigi kontrol
edilmistir. Eger beton tahkimat yenilmis ise bir sonraki analizde beton tahkimat kalinlig1 artirilmistir.
Sonug olarak 100 adet senaryo i¢in optimum beton kalinligini bulmak amaciyla toplamda yaklasik 1000
adet sayisal analiz gerceklestirilmistir. Ayrica bu 100 adet senaryo igin tahkimatsiz kosulu altinda
analizler de yapilmistir.

Takip eden béliimde tahkimatli kosul altinda belirlenen 100 adet senaryodan sadece bir tanesi
asagida tipik bir 6rnek olarak hazirlanmistir. Bu 6rnek ¢oziimde kuyu cidarindaki 6rselenme durumu,
sirasiyla (D) 0 ve 0.5 olarak alinmistr.

Bu makale de sunmak amaciyla hazirlanan iki 6rnek Sekil 2, 3, 4 ve 5’te sunulmustur. ilk rnek kuyu
kazisinda patlatmadan kaynaklanan orselenme hasarinin D=0 olmasi1 durumunda yapilan analizlerde
derinlik (Z) 100m, tek eksenli basma dayanimi (o) 50 MPa, Yeniden Diizenlenen Kaya Kiitle indeksi (M-
RMR) 40 alinmistir. Bu kosul altinda ilk 6nce beton tahkimat kalinlig (tc) rastgele 0.01m alinmistir. Bu
durum i¢in yapilan sayisal analiz sonuglar1 en biiyiik asal gerilme (01) ve toplam yerdegistirme (U) icin
sirastyla Sekil 2 ve 3’de sunulmustur. Bu tasarim ¢iktilarina gore kuyu cidarinda 90° ara ile tanimlanan
A, B, C ve D noktalarinda olusan en biiyiik asal gerilme (01), toplam yerdegistirme (U), yenilme bolgesi
(%) ve dayanim faktorii (SF) Cizelge 3'de goriilmektedir. Bu kosul altinda beton tahkimatta yenilme
goriilmemistir.

fkinci 6rnek kuyu kazisinda patlatmadan kaynaklanan orselenme hasarmin D=0.5 olmasi
durumunda yapilan analizlerde derinlik (Z) 100m, tek eksenli basma dayanimi (o«) 50 MPa, Yeniden
Diizenlenen Kaya Kiitle Indeksi (M-RMR) 40 kosulu altinda beton tahkimat kalinlig1 (tc) rastgele 0.074m
alimmistir. Bu durum igin yapilan sayisal analiz sonuglar1 sirasiyla Sekil 4 ve 5’de sunulmustur. Bu

tasarim ¢iktilarina gore kuyu cidarinda olusan en biiyiik asal gerilme (01), toplam yerdegistirme (U),
yenilme bolgesi (%) ve dayanim faktorii (SF) Cizelge 4'de verilmistir. Bu kosulu altinda beton tahkimatta
her hangi bir yenilmenin olmadig; tespit edilmistir.

BETON TAHKIMAT KALINLIKLARININ BELIRLENMESI iICiN BIiR YAKLASIMIN

GELISTIRILMESI (DEVELOPMENT OF AN APPROACH FOR DETERMINING OF CONCRETE SUPPORT
THICKNESS)

Phase2 yazilimi1 yardimiyla yapilan analizlere bagl ilk degerlendirme 1siginda Sekil 6 ve 7
hazirlanmistir. Phase2 programi kullanilarak yapilan sayisal analizlere gore M-RMR degeri arttikca
beton tahkimat kalinliklariin azaldig, ayrica derinlik arttik¢a beton tahkimat kalinliklarinin buna karst
arttig1 gozlenmistir (Sekil 6 ve 7).
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Sekil 2. Z=100m, 0«i=50 MPa, M-RMR = 40 ve D = 0 kosulunda t=0.01m i¢in en biiyiik asal gerilme

(01,MPa)’ye gore Phase2 analiz ¢iktist
Figure 2. According to 01(MPa), to Phase 2 analysis output for tc = 0.01m under condition Z=100m, oci=50MPa, M-RMR =40 and D = 0
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Sekil 3. Z=100m, o.i=50 MPa, M-RMR =40 ve D = 0 kosulunda t=0.01m i¢in yerdegistirme (U, mm)'ye
gore Phase2 analiz ¢iktisi
Figure 3. According to U (mm), Phase2 analysis output for tc = 0.01 under condition Z=100m, oi=50MPa, M-RMR =40 and D =0

Cizelge 3. Z=100m, oci=50 MPa, M-RMR =40 ve D =0 kosulunda t.= 0.01m i¢in sayisal analiz sonuglar1
Table 3. The numerical analysis results for tc = 0.01m under condition Z=100m, oci=50MPa, M-RMR =40 and D = 0

Asama Kuyu o1 U Dayanim  Kaya Kiitlesinde = Beton Tahkimatta
(Stage) Cidarindaki Faktorii ~ Yenilme Bolgesi Yenilme Boélgesi
Analiz Noktas1  (MPa)  (cm) (SF) Kalinlig1 (m) Kalinlig1 (m)
A 2.10 0.945 1.04
Tahkimatsiz B 210 0945  1.04 0457
Asama-2 C 210 0.945 1.04 (YES=320) i
D 2.10 0.945 1.04
A 2.29 0.630 1.04
Tahkimatl B 2.29 0.630 1.04 0.271
Asama-2 C 229 0.630 1.04 (YES=160) i
D 2.29 0.630 1.04
A 3.15 0.920 1.04
Tahkimatl: B 315 0920  1.04 0457 0
Asama-3 C 315 0920  1.04 (YES=320) (YES=0)
D 3.15 0.920 1.04

YES: Yenilen Element Sayist
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Sekil 4. Z=100m, oi=50 MPa, M-RMR =40 ve D = 0.5 kosulunda t=0.074m i¢in en biiyiik asal gerilme (o1, MPa)’ye
gore Phase2 analiz giktist
Figure 4. According to o1(MPa), to Phase 2 analysis output for tc = 0.074m under condition Z=100m, oci=50MPa,
M-RMR =40 and D= 0.5
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Sekil 5. Z=100m, oci=50 MPa, M-RMR = 40 ve D = 0.5 kosulunda t=0.074m igin yerdegistirme (U, mm)’ye gore
Phase2 analiz ¢iktis

Figure 5. According to U (mm), Phase2 analysis output for te= 0.074 under condition Z=100m, o.i=50MPa,
M-RMR =40and D=0.5

Cizelge 4. Z=100m, oci=50 MPa, M-RMR = 40 ve D = 0.5 kosulunda t.= 0.074m i¢in sayisal analiz sonuglar1
Table 4. The numerical analysis results for tc = 0.074m under condition Z=100m, oci=50 MPa, M-RMR =40 and D= 0.5

Asama Kuyu o1 U Dayanim Kaya Kiitlesinde Beton Tahkimatta
(Stage) Cidarindaki Faktorii Yenilme Bolgesi Yenilme Bolgesi
Analiz Noktas1 (MPa) (cm) (SF) Kalinlig: (m) Kalinlig (m)
A 1.05 2.40 1.04
Tahkimatsz B 105 240 1.04 1.286
Asama-2 C 105 240 1.04 (YES=960) -
D 1.05 2.40 1.04
A 1 1.56 1.04
Tahkimath B 1 156 1.04 0.858
Asama-2 C 1 1.56 1.04 (YES=640) -
D 1 1.56 1.04
A 221 1.84 1.30 0.854 0
Tahkimatli B 221 1.84 1.30 }
Asama-3 C 221 184 1.30 (YES=620) (YES=0)
D 221 1.84 1.30

YES: Yenilen Element Sayisi
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Iki boyutlu sayisal ¢dziimleme yapabilen Phase2 yazilimi ile kurgulanan modelde dairesel kuyu
kesiti cidarinda sirasiyla belirlenen yenilme bolgesi kalinlig1 (h) ve yerdegistirme (U) degerleri her bir
kosul i¢in (farkli M-RMR degerlerinde) kritik beton tahkimat kalinliginda belirlenmistir. Hazirlanan veri
taban1 kullanilarak bir seri grafikler hazirlanmistir.

Makineler ile yapilan kaziya dayali hasarsiz (D=0) ve patlatmaya dayal1 hasarli kaziya (D=0.5) bagh
olarak diisey kuyu etrafinda olusan yenilme bdlgesi, bu ¢alismada h: olarak tanimlanmistir (Sekil 8).
Kaya kiitlesine, derinlige ve beton tahkimat kalinligina bagh olarak h: kalinlig1 (Sekil 8) azalmakta yada
artmaktadir.Bu calisma igin tipik 6rnek olarak hazirlanan Z=100m ve D=0 kosulu altinda belirlenen
davraniglar Sekil 9°da sunulmustur. Hazirlanan grafiklerden goriildiigii {izere (Sekil 9a) M-RMR
degerleri kiigiildiikge yenilme bolgesi kalinlig1 (he) artmaktadir. M-RMR’ye bagli olusan yenilme bolgesi
kalinliklarinin (he) artmasi durumunda (Sekil 9b) gerekli olan beton kalinliklari artmaktadir. M-RMR
degerleri arttikca belirlenen optimum beton kalinliklarinda kuyu cidarinda beklenen yerdegistirmenin
azaldig1 belirlenmistir (Sekil 9c). Belirlenen bu beton kalinliklarinda ise azalan M-RMR degerlerine bagl
olarak tahkimatin miisaade ettigi yerdegistirme degerlerinin biiylidiigli anlasilmaktadir (Sekil 9d).
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Sekil 6. D=0 ve 0i=50MPa kosulu altinda M-RMR’ye bagl farkli derinlikte beton kalinlik degisimi
Figure 6. The concrete thickness behavior based on M-RMR to different depths under condition D=0 o = 50 MPa
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Sekil 7. D=0.5 ve 0a=50MPa kosulu altinda M-RMR’ye bagli farkli derinlikte beton kalinlik degisimi
Figure 7. The concrete thickness behavior based on M-RMR to different depths under condition D=0.5 oci =50 MPa
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Z=100m, 0a=50 MPa, M-RMR = 40 ve D = 0.5 kosulunda
t=0.074m icin yenilme bolgesi kalinligini (ht) gosteren Phase2
analiz ¢iktis
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Sekil 8. Yenilme bolgesi kalinligini (ht) gosteren tipik bir sekil
Figure 8. A typical figure for thickness of yielded region
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Sekil 9. Z=100m ve D=0 kosulunda kuyu etrafinda olusan h, t., ve U davranisi
Figure 9. hi, t,, U behavior formed around the shaft under conditions Z=100 and D=0

Yukarida sunulan tipik grafikler (Sekil 9) incelenerek biitiinleyici bir yaklasim gelistirilmeye
calistimistir. Bu yaklasimin 4 asamadan olusmasi planlanmistir. Bu yaklasimda bir miihendisin abak
tizerinden kolayca tasarim sonuglarina ulasmasi hedeflenmistir. Bu asamalar asagida sirasiyla
sunulmustur.
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i. Asama 1: M-RMR degerinin bilinmesi durumunda kuyu etrafinda olusan yenilme bolgesi
kalinliginin (he) belirlenmesi,

ii. Asama 2: Belirlenen yenilme bolge kalinligina (h:) bagh olarak gerekli olan beton tahkimat
kalinliginin (tc) belirlenmesi,

iii. Asama 3: Tesbit edilen beton kalinligina (t) bagh olarak miisaade edilmesi beklenen
yerdegistirme (U) miktarinin belirlenmesi,

iv. Asama 4: M-RMR degerine bagli olarak belirlenen yerdegistirme (U) degerinin Asama 3’den
bulunan yerdegistirme degeriyle ¢akistirilmasi.

Yukarida ifade edilen algoritmay1 gosteren tipik bir abak, Z=500m, D=0 ve kaya dayanimi (o«)
50MPa kosulu ic¢in hazirlanan biitiinleyici yaklasim S$ekil 10’da verilmistir. Bu sekilde grafigi
hazirlayabilmek i¢in tc ve U degerleri negatif (-) alinmistir. Gergekte bu degerler pozitif deger
tasimaktadir.

Sekil 10’da sunulan abakta oklarla saatin ters yoniinde hareket edilerek M-RMR degeri 20 iken
tasarim miihendisi bu abaktan kolaylikla kuyu etrafindaki yenilme bélgesi kalinliginin (ht) 400.6cm,
bunu tahkim etmek icin gerekli beton tahkimat kalmhiginin (t) 79.9cm, bu tahkimatin uygulamas:
neticesinde olusacak yerdegistirme (U) miktarinin ise 285mm olacagini belirleyebilecektir.

Sekil 10’da sunulan abaktan farklt M-RMR degerler icin h, tc ve U degerleri belirlenerek asagidaki
Cizelge 5 hazirlanmistir. Farkli derinliklerde (Z=100m, 300m, 500m, 700m, 900m) elde edilen sayisal
¢ozlimleme sonuglarina bagli olarak Sekil 10’daki gibi toplam 10 adet abak gelistirilmistir. Makalede yer
sorunu oldugu i¢in ayri ayr1 10 abak verilmesi yerine her bir abaktan bulunan sonuglar Cizelge 5 deki
gibi sirasiyla Cizelge 6, 7, 8 ve 9’da sunulmustur.

Z=500m, D=0, oci=50MPa icin beton kalinhgini belirleme abagi (ABAK-3)

708
. 600 |7 <
| Asama-2 so0 13\ Asama-1
" —— ——————————— 400 -
Im'b___ am
| -.x-.x-.ul_ - 200
|II ~—— | 1ho \‘H
| —— . _ ¥
te [em) | : g DI “““JE_FMR

-1p0 -30 -80 -70 -60 -50 -40 -30 -20 A4 I‘L 10 20 30 40 50 &0 70 B0 90 .I.I‘LO

| f

¥ =200 Vi
v | | [T 1T Ly
300 [/
-400
-500 =
Asama-3 —sbo E Asama-4
708

Sekil 10. Z=500m, D=0 ve kaya dayanimi (o) 50MPa kosulu altinda biitiinleyici yaklasim
Figure 10. The integrated approach under condition Z=500m, D=0 and (o) 50MPa
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Cizelge 5. Z=500m, D=0, D=0.5 ve kaya dayanimi (o«) 50MPa kosulu altinda hazirlanan Sekil 10’dan

elde edilen veriler (
Table 5. The obtained data by Figure 10 under conditions Z=500m, D=0, D=0.5 and (o) 50MPa

M-RMR D=0 (ABAK-3) D=0.5 (ABAK-4)
ht (cm) tc (cm) U (mm) ht (cm) tc (cm) U (mm)
10 582.1 82.4 550.0 2054.4 83.4 3300.0
20 400.6 79.9 285.0 1127.2 82.5 1200.0
30 279.6 75.4 127.0 664.3 80.6 440.0
40 199.4 65.2 52.5 401.0 7.6 165.0
50 129.1 46.5 25.5 251.7 6.67 63.0
60 86.1 19.9 14.4 151.8 5.11 28.5
70 64.9 54 9.9 85.2 3.01 154
80 26.9 0 8.05 26.8 1.4 11.5
90 0 0 7.35 0 0 99
100 0 0 6.9 0 0 9.6

ht : Yenilme bolgesi kalinligy, tc: Beton tahkimat kalinligi, U : Beton tahkimatin miisaade edecegi yerdegistirme

Cizelge 6. Z=100m, D=0, D=0.5 ve kaya dayanimi (o) 50MPa kosulu altinda hazirlanan veriler
Table 6. The obtained data under conditions Z=100m, D=0, D=0.5 and (o) 50MPa

D=0 (ABAK-1) D=0.5 (ABAK-2)

M-RMR ht (cm) tc (cm) U (mm) ht (cm) tc (cm) U (mm)
10 151.0 13.2 50.0 337.8 14.2 99.0
20 85.4 11.3 30.0 225.7 13.3 63.0
30 65.6 6.8 16.1 151.6 11.5 34.5
40 45.5 0.2 9.2 85.4 7.4 18.4
50 27.6 0 4.6 46.2 0.8 9.9
60 0 0 2.7 27.2 0 5.25
70 0 0 1.84 0 0 3.15
80 0 0 1.54 0 0 24
90 0 0 1.43 0 0 2.04

100 0 0 1.38 0 0 1.92

ht: Yenilme bolgesi kalinligy, tc: Beton tahkimat kalinligi, U : Beton tahkimatin miisaade edecegi yerdegistirme

Cizelge 7. Z=300m, D=0, D=0.5 ve kaya dayanimi (o) 50MPa kosulu altinda hazirlanan veriler
Table 7. The obtained data under conditions Z=300m, D=0, D=0.5 and (o) 50MPa

D=0 (ABAK-5) D=0.5 (ABAK-6)

M-RMR ht (cm) tc (cm) U (mm) ht (cm) tc (cm) U (mm)
10 368.4 47.6 230.0 1067.8 48.7 840.0
20 253.7 454 127.0 621.9 47.9 380.0
30 174.0 41.0 60.0 401.8 45.7 172.0
40 128.3 31.0 28.5 251.7 414 735
50 85.7 12.6 144 151.6 32.6 31.5
60 65.9 0 8.8 85.2 17.0 154
70 27.1 0 5.75 459 2.9 9.9
80 0 0 4.8 0 0 6.9
90 0 0 4.2 0 0 6.0

100 0 0 4.2 0 0 5.75

ht : Yenilme bolgesi kalinligy, tc: Beton tahkimat kalinligi, U : Beton tahkimatin miisaade edecegi yerdegistirme
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Cizelge 8. Z=700m, D=0, D=0.5 ve kaya dayanimi (0«) 50MPa kosulu altinda hazirlanan veriler
Table 8. The obtained data under conditions Z=700m, D=0, D=0.5 and (o) 50MPa

M-RMR D=0 (ABAK-7) D=0.5 (ABAK-8)
ht (cm) tc (cm) U (mm) ht (cm) tc (cm) U (mm)
10 850.4 116.9 1150.0 3091.9 119.8 7700.0
20 543.3 115.3 500.0 1695.5 117.4 2700.0
30 401.3 109.2 230.0 952.9 115.1 920.0
40 274.9 99.2 92.0 542.3 111.7 300.0
50 199.4 80.9 40.0 337.8 101.4 105.0
60 129.1 53.9 20.7 225.1 84.8 46.0
70 65.6 27.2 13.8 106.4 64.2 23.0
80 46.2 16.5 11.0 46.1 45.2 154
90 27.2 1.3 9.9 0 33.1 13.2
100 0 0 9.9 0 27.1 12.1

ht : Yenilme bolgesi kalinlig, tc: Beton tahkimat kalinligi, U: Beton tahkimatin miisaade edecegi yerdegistirme

Cizelge 9. Z=900m, D=0, D=0.5 ve kaya dayanimi (0«) 50MPa kosulu altinda hazirlanan veriler
Table 9. The obtained data under conditions Z=900m, D=0, D=0.5 and (o) 50MPa

D=0 (ABAK-9) D=0.5 (ABAK-10)

M-RMR ht (cm) tc (cm) U (mm) ht (cm) tc (cm) U (mm)
10 1126.1 151.3 2070.0 3853.8 158.8 12700.0
20 752.2 149.3 880.0 2265.0 153.5 5250.0
30 504.1 145.2 330.0 1257.2 150.1 1540.0
40 367.5 133.5 132.0 709.6 145.9 500.0
50 251.1 114.7 55.0 435.1 135.8 161.0
60 175.3 87.5 28.5 279.1 119.6 63.0
70 106.3 61.3 17.6 150.7 98.2 315
80 65.1 42,5 154 85.4 79.0 20.4
90 26.9 343 12.1 28.3 66.9 16.1

100 0 28.3 12.0 0 60.8 15.0

ht : Yenilme bolgesi kalinligy, tc: Beton tahkimat kalinligi, U : Beton tahkimatin miisaade edecegi yerdegistirme

SONUCLAR (CONCLUSIONS)

Yeralti maden kuyular1 yeralt1 maden ocaklari icin vazgegilmez bir unsurdur. Maden kuyularinin ilk
yatirimlar1 ve isletme maliyetleri oldukga yiiksektir. Bu maliyet igerisinde en biiyiik pay:1 ise kuyu
durayliligini saglayacak tahkimat almaktadir. Bu ¢alismada, 9m ¢apli ve 900m derinlige ulasan diisey bir
kuyunun beton tahkimat kalinliklari, iki boyutlu sayisal analizler ile belirlenmistir. Parametrik olarak
dikkate alinan veriler; farkli derinlik (Z: 100-900m), tek eksenli basma dayanimi (0« = 50 MPa), kaya
kiitle siniflama sistemi (M-RMR: 10-100), kuyu kazisinda patlatmaya dayali ¢evre kayacin 6rselenme
durumu (D: 0-0.5) dur. Parametrik bu c¢alismada, toplam 100 senaryo model hazirlanmis ve analiz
edilmistir. Biitiin senaryolar igin C20 beton kalitesinde (0. = 20 MPa) optimum beton tahkimat
kalinliklar1 Phase? yazilimi ile belirlenmistir. Sayisal ¢oziimlemeler yardimiyla sirasiyla, en biiyiik asal

gerilme (01), toplam yerdegistirme (U), kuyu cevre kayacinda olusan yenilen element sayisi, dayanim
faktorii (SF) ve yenilme bolge kalinlig1 (h) davranislar: belirlenmistir. Dikkate alinan veri tabani ile M-
RMR smniflama sistemine bagli beton tahkimat kalinlik degisimleri grafiksel formatta sunulmustur.
Ayrica 9 m capl diisey kuyular icin gerekli beton tahkimat tasariminda kullanilabilecek dort farkl
grafikten olusan bir biitiinleyici abak tasarlanmistir. Sonug olarak bu ¢alismada dikkate alinan 100 farkl
senaryo i¢in 10 abak hazirlanmigtir ancak bu makalede hepsi verilmemistir. M-RMR kaya kiitle
smiflama degerinin bilinmesi durumunda; gelistirilen ilgili abaktan kuyu g¢evre kayacinda olusan
yenilme bolge kalinligi (h:), beton tahkimat kalinlig1 (t) ve kuyu cidarinda olusacak yerdegistirme
miktar1 (U) belirlenebilmektedir. Bu ¢alisma ile Onerilen beton tahkimat kalinliklari (t) optimum
degerler olup uygulayan miihendisler, onerilen tahkimat beton kalinliklarina esit yada daha biiyiik



Diisey Maden Kuyularinda Beton Tahkimat Kalinliklarinin Belirlenmesine Yo6nelik Bir Tasarim Yaklagimi 27

degerler se¢melidirler. Son olarak, bu calismadan elde edilen sonuglarin tasarim girdi parametrelerinde
ve ¢Oziimlemelerde yapilan bazi ideallestirmelerin goz oniinde bulunduruldugu kosullarda gecerli
olacag1 da g6z ardi edilmemelidir.
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ABSTRACT: For using graphene in practical applications, it is crucial to transform the unique and
individual properties of graphene flakes into ordered macroscopic materials. The physical and chemical
properties of macroscale graphene structures are closely related to the size of graphene flakes as building
blocks. However, the chemical methods adopted to synthesize graphene oxide (GO) flakes offer no tight
control on the dimensionality of the ensuring flakes sizes. The goal of this study is to investigate
morphological evaluation of graphene based fibers fabricated using building blocks with different average
size.. A facile and effective centrifugation method was carried out for size sorting of graphene oxide flakes.
Macroscopic graphene oxide fibers were continuously spun from graphene oxide/water suspensions
followed by chemical and thermal reductions to obtain reduced graphene oxide fibers. All wet spinning
parameters such as suspension concentration, injection rate and nozzle diameter were fixed to investigate
the effect of average building block size on the structural morphology of the fibers. Microscopic
investigations revealed that the flake size have an enormous impact on the morphology of graphene oxide
fibers. The increased average flake size results in the fibers with rectangular-like cross-section and increased
amount of voids within the graphene oxide fiber.

Key Words: Centrifugation, Colloid, Dimensional control, Graphene oxide, Image processing

Grafen Oksit Kabuklarin Boyutlarina Gore Siniflandirilmasi: Deneysel Calisma

OZ: Pratik uygulamalarda grafen kullanmak icin grafen kabuklarin egsiz ve miinferit Gzelliklerinin
makroskopik, diizenli malzemelere doniistiiriilmesi ¢ok Onemlidir. Makro boyuttaki grafen yapilarin
fiziksel ve kimyasal Ozellikleri, bu yapilar1 olusturan yapitaslari olan grafen kabuklarin boyutlar ile
yakindan ilgilidir. Bununla birlikte, kimyasal yontemler kullanilarak iiretilen grafen oksit (GO) kabuklarinin
boyutlar1 istenilen araliklarda kontrol edilememektedir. Bu ¢alismanin amaci, farkli ortalama boyutlara
sahip grafen kabuklar kullanularak f{iretilen grafen esash fiberlerin morfolojik degerlendirmesini
arastirmaktir. Grafen oksit kabuklarin boyut siralanmasi i¢in basit ve efektif bir santrifiij yontemi
uygulanmistir. Makroskopik grafen oksit fiberleri, grafen oksit/su siispansiyonlarinin siirekli olarak
egrilmesi ile {iretilmis bunu takiben indirgenmis grafen oksit elyafi elde etmek icin kimyasal ve termal
indirgeme iglemleri yapilmistir. Siispansiyon konsantrasyonu, enjeksiyon hizi ve orifis ¢ap1 gibi tiim 1slak
egirme parametreleri sabit tutularak, yanlizca grafen kabuk boyutunun fiberlerin yapisal morfolojisine etkisi
arastirilmistir. Mikroskopik incelemeler kabuk boyutunun, grafen oksit fiberlerin morfolojisi tizerinde ¢ok
biiyiik bir etkisi oldugunu ortaya koymustur. Artan ortalama kabuk boyutu, grafen oksit fiberlerin kesitinin
dikdortgen geometrisine benzemesine ve fiber icerisindeki bosluklarin artmasina neden olmustur.

Anahtar Kelimeler: Santrifiij, Kolloid, Boyut kontrolii, Grafen oksit, Goriintii isleme
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INTRODUCTION

Graphene is a planar monolayer of carbon atoms that arranged into a two-dimensional honeycomb
lattice with sp? hybridized bonds (Esmaeili and Entezari, 2014). The unique m-conjugation in graphene
endows extraordinary mechanical, thermal and electrical properties which attract great scientific attention
of many theoretical and experimental studies during recent years in various fields such as energy storage
(Tong et al.,, 2011), electronic devices (Li et al., 2013) and nanocomposites (Zhuo et al.,, 2013). As a
consequence, various graphene based structures in nano-, micro- and macro-scale have been synthesized
and characterized, including 2D graphene papers (Chen et al., 2008) and 1D graphene fibers (Xu and Gao,
2011; Cheng et al., 2013).

The size of the building blocks fundamentally governs physical performances of the macro-scale
graphene based structures since larger building blocks usually yields better mechanical and electrical
properties up to three-fold increase (Chae and Kumar, 2008; Xiang et al., 2013). However, the difficulty of
producing high quality graphene flakes with controlled size and chemical composition still remain as a
challenge especially in scalable industrial processes. Chemical exfoliation of graphite with strong acid
treatment, a method introduced by Hummers and Brodie, one of the most preferred production method to
generate graphene oxide (GO) flakes (Allen et al., 2010). GO flakes exhibit good dispersion in water and
other commonly used solvents to form liquid crystal phases due to existence of epoxy and hydroxyl groups
formed in the basal plane and carbonyl and carboxylic acid groups in the edge sites (Aboutalebi et al.,
2011). However, the oxidation and exfoliation processes of the graphite results diverse sizes of GO flakes.
Therefore, the separation of the graphene based flakes with well-defined size is of importance for the
accurate control of the macro-scale mechanical and electrical properties of the graphene based structures
(Pan and Aksay, 2011).

Controlling the size of particles is a key parameter to tailor the physical and chemical properties. For
example, the chemical and physical properties of nanoscale particles are significantly influenced by their
size. Centrifugal separation process is a simple physical method used for size sorting of nano-scale materials
distributed in liquid medium. The main outcome of the centrifugal separation is that no additional chemical
is added into the solution for size sorting, and thus the physical and chemical properties of the particles in
the solution are preserved. Although centrifugal dimensional sorting process is defined for spherical
particles according to the Stoke law, it can also be utilized to particles with anisotropic morphology such as
carbon nanotubes (CNTs), and DNA (Tirado et al., 1984; Arnold et al., 2008; Batista et al., 2014). Recently,
centrifugation process has been utilized generally as a post-synthesis size sorting approach including GO
flakes (Khan et al., 2012; Bonaccorso et al., 2013; Han et al., 2013). Since centrifugation time and rotational
speed are the correlated parameters to control particle size during sedimentation, it must be adressed their
relationship specifically to sort GO flakes with specific size ranges. Khan et al. (Khan et al., 2012) described a
centrifugal separation method to separate an existing dispersion of small graphene flakes in N-methyl
pyrrolidone solvent with mean flake length of ~1 um into fractions and low concentrations. They fixed the
centrifugation time as 45 min while altering the rotational speeds from 4000 to 500 rpm. However, it is need
to be adressed quantatively those of parameters for larger flake sizes distributed in aqueous medium. With
this motivation, our group recently demostrated the viability of centrifugation process for size selection of
GO flakes of diameters up to 40 um using distilled aqueous medium without the need to use of chemical
additives or other solutes (Ozcakir et al., 2016; Ozcakir and Eskizeybek, 2016).

The development of high-performance graphene based fibers (GBFs) could inspire more engineering
applications of graphene. GBFs possess lots of advantages over traditional carbon fibers and newly
developed carbon-nanotube (CNT) fibers, especially in terms of their simple processing conditions and cost
effective production. GBFs can play an important role in the production of textiles, especially wearable
energy storage, or other two- or three-dimensional macroscopic structures (Xu and Gao, 2011; Cong et al,,
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2012; Dong et al., 2012). However, the nature and importance of the fiber building blocks have not been fully
described, and the relationship between the building blocks and fiber properties also needs to be further
clarified. The most effective and scalable process to produce graphene fiber from graphene oxide flakes is
wet spinning. In this process, graphene oxide particles are dispersed in distilled water and this spinning
dope is injected into a rotating coagulation bath. The most important parameters of wet spinning process are
concentration of spinning dope, viscosity of coagulation bath, needle size, and injection rate (Xu and Gao,
2014).

In this study, the effect of building block size on the morphology of wet spun graphene based fibers was
reported. For this purpose, a centrifugal sedimentation process was utilized to sort graphene oxide flakes
with controllable average sizes. The centrifugation times for the specific size ranges were calculated based
on Stokes’ law to separate GO flakes from homogenously distributed aqueous medium. Then, the sorted
graphene flakes were used as spinning dopes to prepare wet-spun graphene fibers. The morphologies of the
macroscopic fibers were examined using scanning electron microscopy. A possible fiber formation
mechanism was introduced depending on the different spinning dopes with different average flake sizes.

MATERIAL AND METHOD
Separation of GO Flakes with Centrifugation Process

Our initial experiments relied on simple sedimentation centrifugation. An empirical model
developed by Walter et al. (Walter et al., 2015) was utilized to sort GO flakes in specific size ranges. The
developed model is expressed in the following formula:

ft
2 18nl(%7) 33\ 3
RCF =%T_—__ "o (3%
g gtlpco—pPc) (ZQZ)
1)

In Eq (1) relative centrifugal force (RCF) is a function of the rotational speed and the sample position
in the rotor normalized by the gravitational field of the earth which is typically utilized to compare
centrifugal forces created by centrifuges with different geometry, w is angular velocity (rad/s), r is the
radial position from the axes of rotation within the centrifuge (m), / is the single layer GO flake height
(m), g is the gravitational acceleration, [ is the length of the centrifuge tube; t is the experimental time, g
is the aspect ratio which is the height /1 (1.5 nm for graphene oxide layer) divided by the hydrodynamic
diameter d of GO flakes, 1) is the viscosity of solution (Pa.sn), oco is the density of GO flakes (kg/m?), and
oc is the density of solution (kg/m?). In addition, f;/f, is the translational friction coefficient of disk like
particles which is calculated as follows;

% = 1.0408 + 0.0197k + 0.07255k? + 0.00303k> + 0.00123k* + 8.22E 5k° + 6.44E~°k®

0

(2)
In Eq. (2) k is defined as k= In(g). Other terms used to calculate centrifugation times are given in Table 1.
The centrifugation times according to Eq. (1) for fixed GO flake size ranges and rotational speeds were

calculated and represented in Figure 1. The GO flakes were assumed as single layer with the height of 1.3
nm and the hydrodynamic diameters were selected between 5 to 15 um.
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Table 1. Typical terms used to calculate centrifugation times for specific GO flake

Symbol Definition Value
l Length of the centrifuge tube (m) 0.08
n Viscosity of water (20 °C)( Pa.s) 1.002x10-3
d Hydrodynamic diameter of GO flakes 5x10-6-10x10-6-15x10-6-20x10-6-25x10-6-30x10-6-35x10-¢
(m)
Pco Density of GO flakes (g/cm?) 1.8 (20°C)
Pc Density of water (g/cm®) 1.0 (20°C)
R Radius of rotation (m) 0.086
w Angular velocity (rad.s™) 6000 RPM (628.319 rad.s?)
5000 RPM (523.599 rad.s1)
4000 RPM (418.879 rad.s1)
3000 RPM (314.159 rad.s)
2000 RPM (209.440 rad.s1)

GO flakes were purchased from Graphene Supermarket, USA (single layer flake content >97%) with
flake sizes up to 40 um. The centrifugation process was described in our previous works in detail (Ozgakir et
al., 2016; Ozgakir and Eskizeybek, 2016). Briefly, 1 mg mL-! of aqueous GO solution was prepared effectively
by aid of sonication and magnetic stirring, respectively. Following, centrifugation process was utilized to
separate GO flakes with specific sizes. Hettich EBA 20 centrifuge with a rotor radius 86 mm and a maximum
rotational speed of 6000 rpm was used during centrifugation process. Note that, it takes approximately 30 s
to accelerate centrifuge rotor and slow down and this time is not included into the calculated separation
times. After separation, the supernatant solution was dried in a silicon mold at 60°C for 4 h under vacuum
conditions for further use. The typical separation process of GO flakes with specific size ranges is
schematically illustrated in Figure 1. The separation process was utilized successively to sort GO flakes with
different average diameters by changing centrifugation speed and time. The resulting size sorted GO flakes
were grouped into four groups including sediment as the remaining GO flakes after centrifugal sorting
process.

The particle size distributions of the GO flakes were revealed by measuring the surface area of more
than 3000 flakes by means of electron microscopy. Following, the measured surface area was transformed
into hydrodynamic diameter using image processing with Image J®.
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Figure 1. Schematic representation of the centrifugation process utilized to separate GO flakes with
specific sizes
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Wet Spinning of Graphene Oxide Fibers

Size sorted GO flakes with different average flake sizes were well dispersed in DI water. The computer
controlled wet spinning unit was utilized to spun graphene fibers. The GO colloids (12 mg mL') were
injected through a blunt-tipped needle with 210 um inner diameter at the rate of 0.5 mL/min into a rotating
(15 rpm) aqueous chitosan (Mw=600.000-800.000, Acros Organics) coagulation bath (1 wt%). The GO gel-state
fiber formed immediately when met with the bath. The GO preparation steps were schematically illustrated
in Figure 2. Note that no tension was applied during forming of the macroscopic fibers. After been soaked
for 20 min in the coagulation bath, the GO fibers (GOFs) was extracted, rinsed with de-ionized water, and
dried on a water absorbing paper overnight. The centrifugal seperated GO flakes with different avarage
sizes were used as spinning dopes to prepare GOFs, therefore three types of GOFs were fabricated.

I I
. b II A

— |

h cid
graphene oxide

fiber

spinning dope = rotating bath

Figure 2. Schematic representation of wet-spinning process
Characterization

The resulting graphene flakes and GOFs were monitored using scanning electron microscopy (JEOL
SEM-7100-EDX). At least ten SEM images were recorded from different areas of the deposited graphene
flake samples on Si wafer, and image processing was applied to measure their areas. Assuming GO
flakes are disclike, the GO flake effective diameters were calculated from at least 3000 GO flakes.

RESULTS AND DISCUSSIONS

The rational speed and the centrifugation time are crucial parameters for size sorting of GO flakes.
In particular, by increasing the rational speed and reducing the centrifugation time, the amount of
sediment increases: by centrifugation either at 6000 rpm for 47 min, at 5000 rpm for 34 min, and at 4000
rpm for 36 min, it is obtained 6.15, 8.74 and 11.97 um of the average GO flake sizes as shown in Figure
3a, respectively. Note that GO flakes smaller than 5 pm were observed in all SEM images taken after
second and third step of centrifugation process (Figure 3b-d). This is attributed to brake of large GO
flakes during preparing GO sediments for next separation process. It is known that bath-sonication
mixing of GO flakes results decreasing sizes and consequently decreases the average flake size of the
sediment. Therefore, we applied bath-sonication to disperse GO sediment in water for 5 min to
minimize damage and following mixed with vortex shaker for 2 min. The average size of GO flake
sediment at the bottom of the tube is measured as 17 pm. This proves the effectiveness of selective
centrifugation for GO flake size sorting, while requiring low centrifugal fields, achievable with ordinary
benchtop centrifuges. The size sorted GO flakes with different average effective diameters were used as
spinning dopes to fabricate three types of GOFs. The fabricated GOFs were named as SGOFs, LGOFs
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and HGOFs based on the used spinning dopes 6.15, 11.97 and sediment with the efficient diameter 17 um,
respectively.
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Figure 3. a) The average flake size distribution of separated GO supernatants and corresponding SEM

images selected from image processing of the flakes (scale bars 10 pum), b) 6000 rpm 47 min, c) 5000 rpm 34
min, d) 4000 rpm 36 min, e) the sediment of graphene oxide flakes

The morphologies of GOFs could likely have an enormous impact on their physical features such as
mechanical properties. The corrugated surface and cross sections of the fabricated GOFs were examined in
detail by SEM analysis as shown in Figure 4. In general, all types of GOFs represent non-uniform axial
morphology with wrinkles along the fiber axis. The surfaces of the fibers are rough and no droplets are
observed in the fibers. In addition, the cross-sections of the fibers are not regular. The SGOFs were produced
using the smallest GO flakes in average effective diameters. It is apparent that the SGOFs have lowest
average diameters and the smallest cross-sectional areas with respect to LGOFs and HGOFs. Further,
diameters of the fibers were also measured along the axis from different areas; thereby average diameters of
the fibers were calculated. Based on our measurements, the average diameters of SGOFs are measured as
65+25 pm (Figure 4a). The cross sections of the SGOFs exhibit the closest morphology to the circular section
while the section is composed of tightly packed GO layers, and rare voids are observed in the fiber
(Figure 4d). LGOFs were prepared using GO flakes with an average effective diameter of ~12 um. The
surfaces of LGOFs represent increased roughness with respect to SGOFs and no droplet formation is
observed in the fibers. The mean diameter of LGOFs is measured as 84+30 um and average cross-sectional
areas of LGOFs are evaluated to be larger than the SGOFs (Figure 4b). The cross-sections of LGOFs have a
star-like morphology with more indentations and protrusions than SGOFs. Further, it has been determined
that the cross-section is composed of the tightly packed GO layers, and the amount of voids between the GO
layers is increased with respect to SGOFs (Figure 4e). The HGOFs were produced using GO flakes of
sediment with an average effective diameter ~17 um. The fibers have the highest surface roughness and
without any droplet formation. The cross-sections of the HGOFs have mostly rectangular-like morphologies,
but with more indentations and protrusions. The mean diameters HGOFs are measured as 105+20 um and
their average cross-sectional areas are evaluated to be larger than the LGOFs (Figure 4c). However, it is
observed that the amount of voids between the GO layers is at the highest level with respect to SGOFs and
LGOFs (Figure 4f).

The enormous morphological differences are clearly originated from the contribution of average flake
size as building blocks within the fiber and rapid liquid changes during gelation stage of the fiber since the
GO colloid enters the coagulation bath. In the case of using larger GO flakes to prepare GO/water
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dispersions, the amount of trapped water between the flakes increases. Thereby, larger GOFs with
irregular cross-sections are formed. During the drying process namely densification or dehydration, the
resulting fibers shrink more and try to fill the gaps due to the evaporation of the solvent trapped in
between ordered GO flakes (Xu et al., 2013). As a result, the surface of fiber becomes wrinkled aligned
with the fiber axis and the cross section also approaches a rectangle rather than a circular one with
increasing GO flake sizes. Xiang et al. (Xiang et al., 2013) noted that the non-uniform morphology of
fibers varies with the GO dimension and the fiber sections were obtained more circular when the
dimensions of the GO flakes were lowered to 100 nm. This means that the small size GO flakes can
easily fill the voids formed during dehydration and the cross section looks more uniformly circular.

#7d=m SGOF (d) /'&,

K*m

100 um
- SGOF

LGOF (e)

-

HGOF (f)

Figure 4. Typical SEM images of (a-c) the surface and (d-f) the cross-section of GOF produced by
wet bending method. (a, d) SGOF (b, e) LGOFs (c, e ) HGOFs
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The relationship between the production of GOF in different surface and cross-sectional morphologies
and the relationship of the GO sheet size is schematically illustrated in Figure 5. The voids in the fiber are
due to the high mass transfer rate difference between the pure water in the colloid and the chitosan.
However, these voids were reduced by washing with ethanol and drying processes due to the re-orientation
of GO flakes and stacking closer to each other. It is confidentially believed that the small size GO flakes slip
efficiently into these voids during fiber shrinkage in radial direction, therefore the average diameters of the
SGOFs are smaller compared to LGOFs and HGOFs. Thus, the resulting SGOFs are produced with higher
stacking density and flake orientation along the fiber axis. In the case of using GO flakes with larger average
sizes, the slipping is limited within the fiber due to the friction between the flakes, so that the GO flakes are
wrinkled and bent. Furthermore, since lager GO flakes cannot sufficiently slip into the voids, they cannot fill
the voids which are clearly visible in the SEM images. The voids in GOFs can be thought of as nanoscale
defects in the layers or microscopic voids. It is well known that these defects lead the fibers to break at lower
tensile strengths and thus worsen their mechanical properties. On the other hand, the sheet boundaries
decrease with the increasing average size of the GO flakes, and, as a result, the fibers withstand higher loads
due to the improvement in the transfer of forces between the flakes. In addition, due to the increased contact
between the bending of large-sized flakes, mechanical interlocking increase and larger forces are required to
move the flakes over each other.

Drying

I | Coagulation

10mg/mL GO bath

Cross-sections of the GOFs

Figure 5. Schematic representation of the effect of GO flake size on fiber morphology in GOFs
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CONCLUSION

Graphene flakes with different average flake sizes were spun to fabricate macroscopic fibers with
controllable physical properties. A facile and effective gradient centrifugation process was utilized for
size sorting of graphene oxide flakes. Macroscopic graphene oxide fibers were continuously spun from
graphene oxide/water suspensions. The surface morphology of the GO fibers was not smooth;
moreover, the surface roughness increases with increasing flake sizes. The voids with the fiber were
formed during drying process and the average flake size governs the amount of voids as larger flakes
increase voids within the GOFs.
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O2Z: Sol ventrikiiler destek cihazlar1 kalp yetmezligine sahip hastalarda kullamilmaktadir. Rotodinamik
kan pompalarinin santrifiij, eksenel ve karisik akisli olmak tizere {i¢ tipi vardir. Eksenel akish kan
pompalar yiiksek hizli fakat kiigiik capli pompalardir.

Bu calismada, tasarlanan karisik akish (yari eksenel) bir kan pompasinin Hesaplamali Akiskanlar
Dinamigi (HAD) yazilimiyla pompa karakteristiklerinin belirlenmesi ve bu karakteristiklerin deneysel
olarak dogrulamasi yapildi. Pompanin tasarim noktasi i¢in 10000 dev/dak dénme hizi, 5 L/dak debi ve
100 mm-Hg basing fark: degerleri segildi. Pompa carki ve difiizoriiniin tasariminda pompa tasarim ve
kat1 modelleme programlar1 kullanildi. Belirtilen tasarim verilerine gore kati modeli olusturulan
pompanin ANSYS Fluent programu ile simiilasyonu yapildi ve ilk tasarim degerlerinin saglamasi
yapildi. Debiye bagl olarak basing farki, tork, cidar kayma gerilmesi ve hidrolik verim HAD yoluyla
hesaplandi. Ayrica bu ¢alismada pompa carkini tahrik eden milin, emme hattinda ve basma hattinda
oldugu durumlar igin ayr1 ayr1t HAD yazilimi ile pompa performansi belirlendi. HAD ile optimizasyon
calismalarindan sonra ¢arkin ve difiizoriin nihai katt modelleri olusturuldu. Bu iki elemanin prototipi,
lazer sinterleme teknolojisi ile iiretildi. Pompa govdesi aliiminyum malzemeden CNC dik islem
merkezinde imal edildi. Prototip pompanin deneysel performansi, tasarim ve tasarim basing farkini
saglayan donme hizinda, su ve hacimce %40 gliserin- %60 su kullanilarak belirlendi. Su i¢cin HAD ve
deney sonuglar1 kullanilarak debi-basing farki egrileri olusturuldu ve tasarim noktasinda baslangic
tasarim degerinden 8 torr eksik basing verdigi belirlendi. HAD sonuglarina gére; pompa ¢arkini tahrik
eden milin emme hattinda veya basma hattinda olmasinin basing farkina ve akis ¢izgilerine etkisi
olmadig goriildii.

Anahtar Kelimeler: HAD, Kalp pompasi, Karisik akisli pompa, Sol ventrikiiler destek cihazi

Numerical and Experimantal Analysis of A New High-Speed Heart Assist Pump

ABSTRACT: Left Ventricular assist devices are used in patients with heart failure. There are three types
of rotodynamic blood pumps: centrifugal, axial and mixed flow. Axial flow blood pumps have high
speed but they have small diameter pumps.

In this study, Pump characteristics were determined with the Computational Fluid Dynamics (CFD)
software of a designed mixed-flow (semi-axial) blood pump and pump characteristics were
experimentally verified. For the design point of the pump, 10000 rpm rotation speed, 5 L/min flow rate
and 100 mm-Hg pressure difference values were selected. Pump design and solid modeling programs
were used in the design of the pump impeller and diffuser. The pump having a solid model according to
design data specified was analyzed with the ANSYS Fluent and verification of the initial design values
was made. Depending on the flow rate, the pressure difference, torque, wall shear stress and yield were
calculated by CFD. In addition, the pump performance was determined by CFD software separately for
the case where the pump is driven by the shaft, the suction line and the discharge line. After
optimization study with CFD, the final solid models of the impeller and the diffuser were generated. The
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prototypes of these two elements were produced by laser sintering technology. The pump casing was
made from aluminum material at the CNC vertical machining center. The experimental performance of
the prototype pump was determined by water and volume of 40% glycerin-60% water at the rotational
speed providing design and design pressure difference. Flow-pressure difference curves were
constituted using CFD and experimental outputs for water. It has been determined that the initial design
value of the design point is less than 8 torr. According to CFD outputs; the presence of the shaft that
drives the pump impeller on the suction line or the discharge line has no effect on the pressure
difference and the flow line.

Key Words: CFD, Heart pump, Mixed flow pumps, Left ventricular assist device (LVAD)

GIRIS NTRODUCTION)

Kalp rahatsizliklar1 icinde kalp yetmezligi 6nemli bir yer tutar. Kalp yetmezliginde, kalp bir¢cok
sebepten kaynaklanabilecek bozukluklardan dolayr pompalamasi gereken miktarda kami viicuda
pompalayamaz ve hastalik genellikle 6liimle sonuglanir. Kalp yetmezliginde en etkili tedavi yontemi
kalp transplantasyonudur (TX). Ancak uygun vericinin bulunamamasi, bekleme siiresinin uzun olmasi
gibi sebeplerden dolay1r TX her zaman miimkiin olamamaktadir. Boyle durumlarda mekanik destek
cihazlar1 hayatidir. Mekanik destek cihazlarmin amaci hastayr TX’e kadar yasatmak ya da TX'in
miimkiin olmadig: hastalarda kalic1 tedavi saglamaktir (Egrican ve dig., 2010). Tiirkiye’de 2014 yilina
kadar kalp nakli bekleyen hasta sayis1 498’dir ve 2014 yilina kadar kalp nakli yapilan hasta sayisi
259’dur (Taneri, 2014). Bu sebeplerden dolay:r mekanik destek cihazlari {izerine ¢alismalar insan hayati
agisindan oldukca Onemlidir. Genel olarak yapay kalp pompalar1 iki ana oOzelligine gore
smiflandirilabilir. Akis tipine gore; pulslu pompalar, donel (rotodinamik) pompalar, hacimsel
(volumetrik) pompalar olarak siniflandirilabilir (Kim ve dig., 2012). Pompanin amacina gore; tamamen
yapay kalp (TAH) veya bir ventrikiiler sisteme yardimci (VAS) olarak siniflandirilabilir (Kim ve dig.,
2012). Donel stirekli akish kan pompalari; eksenel, santrifiij ve karisik akisli olmak {iizere iice ayrilir.
Donel pompalarda bulunan ¢ark mekanik enerjiyi akiskana aktarir. Dénel pompalarin smiflandirilmasi
debi, déonme hizi ve basing kullanilarak hesaplanan 6zgiil hiza goére yapilir. Genellikle, santrifiij kan
pompalarinin dénme hizi 2000-4000 dev/dak’dir. Eksenel kan pompalarinin hizi1 6000-12000 dev/dak’dar.

Gliniimiize kadar ¢esitli donel kan pompalar gelistirilmis ve klinik olarak kullanilmistir (Burke ve
dig., 2001; Wood ve dig., 2005). Bu cihazlar tamamen kalbin yerini almaz, sol ya da sag karincik ile
paralel olarak calisir(Chua ve Su, 2011). Mekanik destek cihazlar1 uzun siireli kullanim i¢in kompakt
boyut, biyo-uyumlu ve dayanikli olmalidir (Kim ve dig., 2012). Bunun yaninda hemoliz ya da trombis
gibi kan hasar1 olusturmamalidirlar. Kalp pompasi tasariminda karsilagilan en biiyiik sorunlardan biri
yiiksek kayma gerilmeleri sonucu kan hiicrelerinin deformasyona ugramasi ve bunun sonucunda
hemoliz meydana gelmesidir (Reul ve Akdis, 2000). Hemoliz olusumunu &nlemek icin kalp pompast
tasariminda pompa icindeki olusan kayma gerilmelerinin en diisiik seviyede kalmasma dikkat
edilmelidir. Kan hiicrelerinin dayanabilecegi maksimum kayma gerilmesi i¢in genel olarak 400 Pa
seviyesindeki gerilmeler sinir olarak kabul edilmektedir (Lu ve dig., 2001). Kan hiicrelerinin hasari
acisindan kayma gerilmesinin gsiddetinin yaninda maruz kalma siireside ¢ok onemlidir (Yen ve dig.,
2014). Donel kan pompalar: iginde eksenel pompalar kiiciik boyut ve boru tipinde olmasindan dolay1
biiyiik ilgi uyandirmistir. Ancak eksenel kan pompalarinin yiiksek donme hizindan dolay1 kirmizi kan
hiicrelerine hasar verme riski yiiksektir. Santrifiij pompalar kan hiicrelerine daha az hasar vericidir ve
daha giivenlidir (Leme ve dig., 2013).

Bu ¢alismada tasarlanan karisik akish kalp pompasinin baslangi¢ tasarim degerleri 10000 dev/dak
donme hizi, 5 L/dak debi ve 100 mm-Hg basing farkidir. Yetiskin bir insan icin istirahat halindeki
nominal aortik basing 100 mm-Hg pompa yiikii ve nominal kan ihtiyac1 5 L/dak debidir (Behbahani ve
dig., 2009). Bu calismanin ana amaci, hazir pompa tasarim programlar: ile tasarlanan kalp destek
pompasi performansini sayisal ve deneysel olarak belirlemek ve sonuglar1 karsilastirmaktir. Calismanin
bir diger amaci da milin ¢arki emme tarafindan ya da basma tarafindan tahrik etme durumunun
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pompanin basma yiiksekligine ve akis ¢izgilerine etkisinin olup olmadiginin incelenmesidir. Kalp
pompalarinin  tasarimlart asamasinda hesaplamali akiskanlar dinamigi metotlar1 sayesinde
karsilagilabilecek olumsuzluklara karst onlemler almip iyilestirmeler yapilabilmektedir. HAD, bize
iiretim 6ncesi pompanin hem hidrolik 6zelliklerini inceleme firsat1 hem de kan hasar1 olup olmadigim
inceleme firsati sunmaktadir. HAD c¢alismalar1 ile pompanin akis ¢izgileri incelenmis ve geri akis olup
olmadig1 gozlenmistir. HAD verileri kullanilarak pompa hidrolik verimi hesaplanmis ve pompa
performans egrisi olusturulmustur.

MATERYAL VE METOD (MATERIAL and METHOD)

Geometrik Model (Geometric Model)

Bu calismada geometrik tasarim igin ANSYS BladeGen, ANSYS Vista CPD ve Solidworks
programlar1 kullanildi. Bir pompanin tasariminin yapilabilmesi icin debi, devir ve manometrik basma
yiiksekliginin bilinmesi yeterlidir. ANSYS programina baslangig tasarim degerleri girilerek herhangi bir
turbo makine tasarlanabilir. ANSYS programi kanat sayisi, kanat acisi, Ortii tipi gibi carkin tim
ozelliklerinde degisiklik yapma olanagini bize sunar. ANSYS programi kalp pompalari gibi mini pompa
elemanlarimin olusturulmasina olanak saglamamaktadir bu sebeple bu calismada kullanilan cark ve
difiizor oldugundan ¢ok biiyiik olarak olusturuldu ve daha sonra Sl¢eklendirme (benzerlik kurallari) ile
uygun boyutlara indirgendi. ANSYS programu ile olusturulan cark ve difiizor Sekil 1'de goriilmektedir.
Carkin geometrik diizenlemeleri, degisiklikleri ve montaji icin Solidworks programi kullanildi.
Geometrik tasarim HAD calismalar: ile eszamanli olarak yiiriitiildii ve toplam 15 denemeden sonra
uygun cark ve difiizor tasarimi tamamland.

016,8 mm

Bowl (Difiizér)

Sekil 1. Tamamlanan ¢ark ve difiiz0r tasarimi
Figure 1. Completed design of impeller and diffuser

Pompa carki 11 mm emme (giris) capina ve 16 mm cark c¢apina sahiptir. Kanat sayis1 6 ve kanat
profili 3 boyutludur. Carkin ortii kalinlig1 0,6 mm’dir. Kanat kalinlig1 0,6 mm’dir. Kanat ¢ikis agist 89
derecedir. Carkin gobegine akisin carka diizgiin bir sekilde (girdapsiz) girmesi i¢in Sekil 1'de
goriildiigli gibi kiigiik bir kubbe verilmistir. Pompa carkina ait kanadin, gdbek ve Ortii arasindaki
acilarimin degisimi Sekil 2’de verilmistir. Cark kanadina ait hiz tiggenleri tasarim icin kullanilan
programdan alinarak, Sekil 3’de verilmistir.



Yeni Bir Yiiksek Hizli Kalp Destek Pompasinin Sayisal ve Deneysel Analizi 41

p1- pa-
1{Gobek)| 53 85
2 a6 86
3(Orta) 39 87
4 32 88
5{Orti) 25 89

Sekil 2. Cark kanat agilarinin ortii ile gobek arasindaki degisimi
Figure 2. The change of the impeller blade angle between the shroud and the hub

Cark tasarimi tamamlandiktan sonra bu ¢arka uygun difiizor tasarimi yapildi. Difizor tasarimi igin
yine ANSYS ve Solidworks programlar1 kullanildi. Pompa tasarimindaki ana amagclardan birisi de
pompa boyutlarinin kompakt ve boru tipinde olmas: idi. Bu amaci karsilamak igin Sekil 1’de goriilen
bowl (¢canak tipi) difiizor tasarlandi. Bowl genellikle dikey tiirbin su pompalarinda kullanilir.

U(ms)  ——Ggbek — Ortii —I¢ Kanat Pasaju

: 3
9] \
\

b \
2] \.

i

On Kenar Arka Kenar
1 2 3 4 H 6 7
i T T

Sekil 3. Cark kanadina ait hiz tiggenleri
Figure 3. Speed triangles of the impeller blade

_Cm (m/S

Literatiirde ki benzer radyal ¢arka sahip kan pompalarinda, akiskan carka eksenel yonde girip,
radyal yonde (carka gore) yada radyal-eksenel karisimi olacak sekilde g¢ikmaktadir. Bu galismada
tasarlanan pompada, akiskan carka eksenel yonde girip bowl tipi difiizor sayesinde yine eksenel yonde
cikmaktadir. Bu ozelligi ile tasarlanan pompa yeni bir tipte kan pompasidir. Bowl'un amaci ¢arktan
ayrilan akiskanin yoniinii degistirmek ve donme ekseni boyunca akmasini saglamaktir. Bowl, siirtiinme
kayiplarini arttirmamak igin ¢ok uzun olmamalidir. Ancak akisin g¢evresel-eksenel yoniinii sadece
eksenel yone doniistiirebilmesi i¢in yeterli uzunlukta olmalidir. Bowl tasarimi yapilirken bowl igindeki
kayiplar en az sevide tutularak $Sekil 1'de goriildiigii gibi tasarim tamamlandi.

Carkin ve difiizoriin icinde calisabilecegi govde Solidworks programinda tasarlandi. Govde ile
birlikte diger tiim elemanlar Sekil 4’de goriilmektedir. Bu gévde kalip seklinde alt ve {ist olmak tizere iki
parcadan olusturuldu. Gévdenin alt ve tist kism1 M8 civatalarla birbirine baglandi. Deney sirasinda
sizdirmazlig1 saglamak igin alt gbvde iizerine O-ring kanali acildi. Mil boyunca sizdirmazlig: saglamak
i¢in yayl kege kullanild.
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Basma Hatti

Sikistrma Civata
Deligi

Sekil 4. Cark, difiizor ve diger elemanlarin montaj hali
Figure 4. Assembly of impeller, diffuser and other elements

Bu calismanin amaglarindan biri de pompa carkini giris kismindan ya da ¢ikis kismindan tahrik
etmenin pompa performansina ve akis ¢izgisine etkisini incelemektir. Bu sebeple Sekil 5de goriildiigii
gibi iki farkli tasarim yapildi ve HAD ile analiz edilerek hidrolik ozelliklerin debiye gore degisimi
gozlendi.

Sekil 5. Basma kismindan tahrikli tasarim ve emme kismindan tahrikli tasarim
Figure 5. Two different designs according to drive location

HAD Simiilasyonu (CFD Simulation)

Bu calismada HAD analizi, pompanin hidrolik performansim iyilestirmek, akis yolu geometrisini
iyilestirmek ve kayma gerilmesini azaltmak igin etkili bir sekilde kullanildi. HAD analizleri ticari paket
programi ANSYS Fluent ile yiiriitiildii. HAD analizleri giristen tahrikli ve c¢ikistan tahrikli iki sistem
iginde ayni sartlar altinda yapildi. Her iki tasarim igin tiim sonuglar benzerlik gosterdi. Sonuglar
arasindaki farkin az olmasi ve tasarim kolaylig1 agisindan prototip iiretimi i¢in ¢ikistan tahrikli tasarim
secildi. Secilen tasarima ait HAD ’den elde edilen akis cizgileri Sekil 6’da goriilmektedir. HAD sonuglari
incelendiginde tasarimda geri akis goriilmedi. HAD analizlerin de akiskan olarak su kullanildi. Daha
sonra Fluent programi icinde suyun ozellikleri; yogunluk 1050 kg/m3, viskozite 0,0035 Pa.s olacak
sekilde degistirilerek HAD analizleri tekrarlandi. Suyun yogunlugu ve viskozitesi bu sekilde
degistirilerek kana daha ¢ok benzetildi (Untaroiu ve dig., 2005; Gardiner ve dig., 2007; Zhang ve dig.,
2007; Chua ve Su, 2011; Leme ve dig., 2013). HAD ¢alismalar1 sirasinda Skewness ve Orthogonal Quality
degerlerinin Fluent programinin sundugu aralikta kalmasina dikkat edildi.
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Sekil 6. HAD "den elde edilen akis cizgileri
Figure 6. Flow lines obtained by CFD
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HAD analizleri i¢in pompa carki ve difiizoriin i¢inde ¢alisacagi bir gévde modeli hazirlandi.
Hazirlanan model igin Fine 94 derecesinde ¢6ziim ag1 olusturuldu. HAD ¢alismalarindaki sonuglarin
¢ozliim ag1 hiicre sayisina bagliligini tespit etmek igin ¢oziim ag1 bagimsizlik testi yapildi. Bu testin
sonugclar1 Sekil 7 ve Sekil 8'de verilmistir. Bu testin sonucunda yaklasik 1 milyon ¢6ziim ag1 hiicre
sayisindan sonra basing farki ve tork degisiminin %1’in altina indigi goriildii ve diger analizlerin
1090588 hiicre sayisinda yapilmasina karar verildi.

1,400,000
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Sekil 7. Hiicre sayis1 ve basing fark: arasindaki iligki
Figure 7. Relationship between cell number and pressure difference
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Sekil 8. Hiicre sayis1 ve tork arasindaki iligki
Figure 8. Relationship between cell number and torque
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Akisin Reynolds sayisinin tasarim noktasinda 4000'den biiyiik oldugu ve tasarim noktasinin
altindaki debilerde 2300-4000 gecis bolgesinde kaldig1 gozledi. ANSYS Fluent'te ¢oziim modeli olarak
Transition k-kl-omega (3 eqn.) ve Transition SST (4 eqn.) modellerinin kullamilabilecegi ongoriildii
(Fluent, 2009; Chua ve Su, 2011). Ancak yine de k-omega(2 Eqn), Transition k-kl-omega (3 Eqn) ve
Transition SST(4 Eqn) olmak tizere {i¢ model igin ¢esitli debilerde simiilasyonlar yapildi. Her ii¢ model
iginde sonuglarda kararsizlik olmad1 ve yaklasik ayni sonugclar elde edildi. Transition k-kl-omega modeli
ile yapilan ¢oziimler daha hizli sonug verdi ve daha iyi yakinsadi. Ayrica tasarim noktasinin tistiindeki
debilerde, bu modelin sonuglarinin deneysel sonuglara daha yakin oldugu goriildii. Bu sebeplerden
dolay1 diger tiim analizlerde Transition k-kl-omega (3 eqn.) modeli kullaruldi. Tiirbiilans model
seciminin sonuglara etkisi Sekil 9'da verilmistir.

200 T T

Model secimin basing farkina etkisi ~ ~* Transition k-kl-omega (3 Eqn)
g AP-Deney

150 —— I Transition SST (4 Eqn)

g K-0mega (2 Eqn)

S—

100

50

Toplam Basing Farki, AP(Torr)

0

3.0 4.0 5.0 6.0

Debi (L/dak)

Sekil 9. Tiirbiilans model se¢iminin toplam basing farki sonucuna etkisi
Figure 9. Effect of turbulence model selection on total pressure difference

Transition k-kl-omega modeli kullanilarak sabit 10000 dev/dak. dénme hizinda 1-7 litre/dak.
arasinda 8 farkli noktada ¢oziimler yapildi. Coziicii tipi basing temelli ve daimi olarak ayarlandi. Fluent
¢Oziiciisiinde giris sartlar1 olarak 1-7 litre/dak. arasindaki debiler ve 10,5 mm hidrolik ¢ap kullanild1.
Cikis sart1 olarak 100 torr basing ve 10,5 mm hidrolik gap girildi. Yakinsama, 0,001 seviyelerine
geldiginde sonuglarda kararlilik oldugu gozlendi. Coziim yakinsama kriteri olarak daha giivenilir bir
sonug elde etmek amaciyla Fluent ¢dziimlerinde; continuity, x-velocity, y-velocity, z-velocity, k, omega,
intermit, retheta degerlerinin hepsi icin 0,0001 derecesinde yakinsama kriteri kullanildi. HAD
sonuglarini degerlendirmek igin asagidaki denklemler kullanildz.

Pompaya giris ve cikista tiirbiilans siddetini tanimlamak igin;
TI = 0,16 * Re™'/8 1)

bagintis1 kullarulda.

Pompa performans egrisi olusturulmak igin kullanilan parametrelerden:
Toplam basing farks;
AP = P, — Py )

Buradaki toplam basing;
2

Pompa ¢arkinin giictii;
Ne=Tx*w 4)
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Alkiskana aktarilan giic;
N, = AP, *Q @)

Pompanin mil giicii;

Nm = Nmot,yiikte - Nmot,bosta (6)

Pompa hidrolik verimi;
_APQ _ Na )

Nh
NC NC

Pompa verimi;
_ Na
=,

(8)

Formiilleriyle hesaplandi.

Deneysel Yontem (Experimental Method)

Deneyin ilk asamasinda akigkan olarak su kullanildi. Sabit 10000 dev/dak dénme hizinda 2-6,5
L/dak debi araliginda basing vanasi kisilarak 15 farkli noktada debi Olciimleri yapildi. Deneyin ikinci
asamasinda akiskan olarak kana daha ¢ok benzetilmesi amaciyla hacimce %40 gliserin-%60 su ¢ozeltisi
(Untaroiu ve dig., 2005) kullanildi. Bu ¢ozelti icin de 2-5,5 L/dak debi araliginda 12 noktada ol¢iimler
yapildi.

Pompa tasarim programi ile kat1 modeli olusturulan pompa carki ve difiizor, lazer sinterleme
teknolojisi ile Pa2200 (%100 naylon) malzemeden iiretildi. Uretilen cark ve difiizoriin fotografi Sekil
10’da goriilmektedir. Pompa carki ve difiizériin iginde ¢alisacagli pompa govdesi aliiminyum
malzemeden CNC dik islem merkeziyle iiretildi. Pompa govdesi kalip mantigiyla iki farkli parca
seklinde imal edildi. Govdenin iki kismu arasindaki sizdirmazligi saglamak amaciyla govdenin bir
yarisina O-ring kanal1 agildi. Pompa mili paslanmaz gelik malzemeden CNC torna tezgahinda iiretildi.
Mil boyunda sizdirmazlig: saglamak i¢in 6X16X7 mm boyutunda yayli doner mil kegesi kullanildi. Milin
yataklanmasi icin kapakli 625 rulmani kullanildi. Kurulan deney diizeneginin sematik gosterimi Sekil
11’de verilmistir.

Yaklasik 12 litre hacme sahip ve atmosfere agik bir kap akiskan deposu olarak kullanildi. Depodan
pompa govdesine giris ve ¢ikislar i¢in 10,5 mm ¢apinda seffaf ve esnek bir boru kullanildi. Bosaltma
hattinin sonuna dogru debi ayar1 yapmak igin bir vana konuldu. Deneyde akiskanin debisini 6l¢mek icin
20 ml hassasiyetli dereceli kap kullanildi. Debi Sl¢iimii sirasinda akigkanin yonii degistirilerek akiskan
dereceli kaba yonlendirildi. Bir kronometre ile suyun alinma zamani ve dereceli kapta biriken hacmi
oOlctilerek debi hesaplandi.

Motor dénme hizinin 6l¢iimii motor ile pompa milinin baglantisi iizerine takilan endiiktif proximity
sensoriiyle yapildi. Motor devir sayaci olarak Sick IME1603 endiiktif proximity sensor kullamildi. Bu
sensoriin dogrulamasi %0,05 6lgme hassasiyetine sahip Lutron DT2236 dijittal foto takometre ile yapilda.
Deneyde gii¢ 6l¢limii dijital gostergeli wattmetre ile yapildi. Basing 6l¢limlerini yapabilmek i¢in emme
ve basma hattina {izerlerinde 2 mm ¢apinda delikler bulunan aliiminyum bloklar imal edilip takildi. Bu
bloklara 2 mm ¢apinda seffaf ve esnek borular takilarak akiskan basing sensdriine iletildi. Basing 6l¢iimii
icin %0,25 olglim hassasiyetine sahip Valcom 27D sensorii kullanildi. Basing ayarlanmasi emme ve
basma hattina takilan iki adet manometre ile yapildi. Deney setinin fotografi Sekil 12’de goriilmektedir.
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Sekil 10. Lazer sinterleme teknolojisi ile {iretilen ¢ark ve difiizoriin fotografi
Figure 10. Photo of the impeller and diffuser produced by laser sintering technology
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Sekil 11. Kurulan deney diizeneginin sematik gosterimi
Figure 11. Schematic representation of the experimental setup
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Sekil 12. Kurulan deney diizeneginin fotografi
Figure 12. Photo of the experimental setup

SAYISAL-DENEYSEL SONUCLAR ve TARTISMA (NUMERICAL-EXPERIMENTAL RESULTS and
DISCUSSION)

Akigkanin su oldugu durumdaki HAD ve deney basing farklarinin karsilastirilmas: Sekil 13’de
verilmistir. Bu sonuglardan goriildiigii tizere, tasarim debisi 5 L/dak ’da ve tasarim donme hizi 10000
deney sonuglar1 arasinda iyi bir uyum oldugu gozlenmistir. Tasarim baslangi¢ degeri olan 100 torr
basing farkina hem HAD hem de deney icin %8 sapma ile yani 92 torr basing ile yaklasilmistir. Sekil
13’de goriildiigii tizere tasarim debisinden uzaklastikca HAD ve deney arasindaki fark artmaktadir.
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Sekil 13. Su icin 10000 dev/dak donme hizinda HAD ve deney basing farklar: karsilastirilmasi
Figure 13. Comparison of CFD and test pressure differences for water at 10000 rpm rotation speed

Su igin 10200 dev/dak donme hizinda 5 L/dak’lik tasarim debisinde 100 torr'luk tasarim
basincina ulasilmistir. 10200 devir/dakika donme hizinda HAD ve deney basing farklarinin
karsilastirmasi Sekil 14’de goriilmektedir.
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Sekil 14. Su i¢in 10200 dev/dak dénme hizinda HAD ve deney basing farklar: karsilagtirmasi
Figure 1 4. Comparing CFD and experimental pressure differences for water at a rotation speed of 10200rpm

10200 dev/dak donme hizinda tasarim noktasindan uzaklastikca HAD ve deney sonuglarinin
birbirinden uzaklastig1 goriilmektedir.

10000 dev/dak ve 10200 dev/dak dénme hizlarinda su-gliserin ¢ozeltisi i¢cin HAD ve deney basing
farklar1 karsilagtirmalar1 Sekil 15 ve Sekil 16’da verilmistir. HAD “de 10000 devir/dakika dénme hizinda
ve 5 L/dak debide ¢ozelti i¢in 80 torr basing farki elde edilmistir. Deney "de 10000 devir/dakika donme
hizinda ve 5 L/dakika debide ¢6zelti i¢in 60 torr basing fark: elde edilmisgtir. HAD “de 10200 devir/dakika
donme hizinda ve 5 L/dakika debide ¢ozelti icin 89 torr basing farki elde edilmistir. Deney "de 10200
devir/dakika dénme hizinda ve 5 L/dakika debide ¢6zelti i¢in 75 torr basing farki elde edilmistir.
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Sekil 15. Cozelti igin 10000 dev/dak donme hizinda HAD ve deney basing farki karsilastirmasi
Figure 15. Comparison of CED and experimental pressure difference at 10000 rpm for solution
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Sekil 16. Cozelti igin 10200 dev/dak donme hizinda HAD ve deney basing farki karsilastirmasi
Figure 16. Comparison of CFD and experimental pressure difference at 10200 rpm for solution

Su-gliserin ¢Ozeltisi deneyinde, 5 L/dak tasarim debisinde 100 torr’luk tasarim basincina 10600
dev/dak donme hizinda ulagilmistir.

Bu calismada tasarim noktasinin iistiindeki debilerde deneysel sonuglar HAD sonuglarindan yiiksek
¢ikmistir. HAD sonuglarinin deneysel sonuglardan yiiksek ¢ikmasi beklenebilir ancak bu her zaman
boyle olmak zorunda degildir. Literatiirde; Demir ve dig. (2011), Hsu ve dig. (2014), Chopski ve dig.
(2016) yapmus oldugu calismalarda da benzer durum ile karsilasilmistir.

Tasarlanan pompanin tasarim noktasinda su igin HAD ve deney sonugclar1 birebir uyusmustur.
Ancak tasarim noktasindan uzaklastikca HAD ile deney sonuglar1 arasindaki fark artmistir. Su igin
tasarim donme hizinda HAD ile deney sonuglar1 arasindaki maksimum sapma %13 olmustur. Su-
gliserin ¢Ozeltisi igin tasarim donme hizinda ve tasarim debisinde HAD ile deney sonuglari arasinda %25
sapma olmustur ve maksimum sapma degeri %27 olmustur. Sapma hesabi, sabit debide HAD ve deney
sonuglar1 arasindaki farkin mutlak degeri alinip, ylizde ye donustiiriilerek yapilmistir. Akiskanin su-
gliserin oldugu durumda sapma miktarinin yiiksek ¢ikmasinin, pompanin tasariminin ve hesaplarinin
suya gore yapilmis olmasindan kaynaklandig diisiiniilmektedir. Bu ¢alismada; deney sonuglar: ile HAD
sonuglar1 arasindaki fark su pompalar igin yiiksektir. Ancak literatiirdeki kalp pompalar ile ilgili
calismalar ile kiyaslandigi zaman makul degerler iginde kalmaktadir. Demir ve dig. (2011) yapmis
oldugu calismada, tasarim donme hizinda tasarim noktasinda deney ve simiilasyon arasinda %9 sapma
olmustur ve maksimum sapma degeri %17 olmustur(Akiskan olarak su kullanilmistir). Aka ve dig.
(2014) yapmis oldugu calismada, tasarim noktasinda ve tasarim déonme hizinda HAD ile deney sonuglari
arasinda yaklasik %14,5 sapma ve maksimum %18 sapma oldugu goriilmiistiir. Untaroiu ve dig. (2005)
yapmis oldugu kalp pompasi tasariminda; 6000 dev/dak doénme hizinda 5 L/dak debide deney ve
simiilasyon arasinda yaklasik %8,2 sapma olmustur. Arvand ve dig. (2004) yaptig1 calismada; cark
ozelliklerine gore 3 farkli tasarim yapmislardir(A,B ve C olmak {izere) . Bu tasarimlardan A tasarimi igin
5 L/dak ve 6000 dev/dak donme hizinda HAD ve deney arasindaki sapma % 15’dir. Ayni tasarim igin 5
L/dak ve 7000 dev/dak dénme hizinda deney ve HAD arasindaki sapma % 10,4 ‘diir. B tasariminda 5
L/dak debi i¢in 6000 dev/dak donme hizinda %9, 7000 dev/dak donme hizinda %6 ve 8000 dev/dak
donme hizinda %3 sapma olmustur. C tasariminda 5 L/dak debi i¢in 7000 dev/dak dénme hizinda %5 ve
6000 dev/dak dénme hizinda %1 sapma olmustur. Masuzawa ve dig. (2009) yaptig1 calismada 5 L/dak
debi ve 1400 dev/dak donme hizinda HAD ve deney arasindaki sapma yaklasik %14’d{ir.

10000 ve 10200 dev/dak "da HAD simiilasyonu ve deneysel olarak belirlenen verimler, su igin Sekil
17 ve su-gliserin ¢ozeltisi i¢in Sekil 18’de hacim debisine bagli olarak gosterilmistir. Deneysel sonuglara
gore ifade edilen pompa verimi (np); pompanin hidrolik, volumetrik ve mekanik verimlerini
icermektedir. HAD simiilasyonu sonuglarina gore verilen (nh); pompanin sadece hidrolik verimini
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dikkate almaktadir. Bu yiizden verimler arasindaki fark ¢ok biiyiiktiir. HAD simiilasyonu sonucuna
gore her iki akiskan i¢in de 4 L/dak debide hidrolik verim maksimum olmaktadir ve degeri % 19 ila 24
arasindadir. Bu verim biiytik 6lgekli pompalara gore ¢ok kiigiiktiir; ama bu tiir mini pompalar igin
normal bir degerdir. Arvand ve dig. (2004) tasarlamis olduklar1 3 farkl1 A,B,C isimli ¢arklar icin HAD
yardimiyla sirasiyla %24, %31 ve %34 hidrolik verim elde etmislerdir. Gardiner ve dig. (2007) yapmis
oldugu calismada HAD yoluyla hesaplanan pompa hidrolik verimleri cesitli debiler icin %10 ile %16
arasinda degismistir. Gaddum ve dig.(2012) farkli donme hizlarina gore gesitli tasarimlar yapmislardir
ve bu tasarimlarin deneysel verimleri %5 ile %40 arasinda degismistir. Hsu ve dig.(2014) yapmis oldugu
calismada ise pompanin hem HAD yoluyla hesaplanan hidrolik verimi hem de deneysel yolla
hesaplanan genel verimi % 1 ile %10 arasinda degismistir. Literatiirdeki kalp pompasi ile ilgili
calismalarin hidrolik verimi genelde %15-%40 arasindadir. Baz1 ¢alismalarda bu degerin %15’in altina
indigi de goriilmiistiir.
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Sekil 17. Su i¢in HAD ve deney verimlerinin karsilastirilmasi
Figure 17. Comparison of CFD and experimental efficiencies of water

Cok biiyiik 06lcekli rotodinamik (¢arkli) pompalarda verim % 85in {izerinde olabilmektedir. Burada
tasarim debisinde pompanin genel verimi su igin %9-10 ve su-gliserin ¢6zeltisi icin yaklasik %5 gibi cok
kiigiik degerlere sahiptir. Bu verimler simiilasyondaki verimlerle kiyaslandiginda goriilen biiyiik farklar,
tasarlanan prototip yar1 eksenel pompanin mekanik ve volumetrik verimlerinin iyilegtirilmesi
gerektigine isaret etmektedir.
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Sekil 18. Cozelti icin HAD ve deney verimlerinin karsilastirilmast
Figure 18. Comparison of CFD and experimental efficiency for solution
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Akiskan olarak su kullanildig1 zaman pompa i¢inde meydana gelen kayma gerilmelerinin 6nemli
oldugu bolgeler Sekil 19'da gosterilmistir. Akigkan su oldugu zaman pompa iginde olusacak en yiiksek
kayma gerilmesinin goriildiigii bolge olarak ¢ark kanadinin giris kismi ve difiizér kanadinin giris kismi
olarak belirlendi. Bu bolgelerde ki goriilen en yiiksek kayma gerilmesi degeri 1051 Pa’dir. Cark tabaru ile
difiizor arasindaki bosluk 0,4 mm yapilarak bu bolgede olusabilecek yiiksek kayma gerilmesinin 6niine
gecildi. Bu boslugun 0,3 mm’nin altinda oldugu zaman kayma gerilmesinin 460 Pa’in tizerinde oldugu

goriildii.

Su-gliserin ¢ozeltisi i¢in HAD simiilasyonu ile belirlenen kayma gerilmeleri Sekil 20’de
goriilmektedir. Bu sonuglara gore kayma gerilmesinin en biiyiik degeri 2159 Pa’dir. Bu degerin
goriildiigi bolge yine cark giris ucu ve difiizor giris kismidir. Pompa iginde olusan kayma
gerilmelerinin kan hiicrelerine zarar verip vermeyecegini soylemek icin tek basina kayma gerilmesi
degerinin siddeti yeterli degildir ayn1 zamanda akiskanin kayma gerilmesine maruz kalma siiresinin de
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Sekil 19. Su i¢in HAD simiilasyonuyla bulunan kayma gerilmeleri
Figure 19. Shear stresses found by CFD simulation for water

hesap ve analiz edilmesi gereklidir (Yen ve dig., 2014).
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Sekil 20. Su-Gliserin ¢ozeltisi i¢in HAD simiilasyonuyla bulunan kayma gerilmeleri

Figure 20. Shear stresses of water-glycerin solution found by CFD simulation
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ARASTIRMA SONUCLARI (RESEARCH RESULTS)

Bu ¢alismada 6zgiin tasarima sahip olan yeni bir tipte yar1 eksenel kalp destek pompasi tasarlanmus,
HAD simiilasyonu ile performansi belirlenmis, goriilen eksiklere gore kati modeli modifiye edilerek
onun prototipi {iretilmistir. Uretilen bu mini pompanin, daha énce kurulan kalp destek pompas test
iinitesinde deneysel performansi belirlenmistir. Baslangi¢ tasarim degerlerine gore tasarimi yapilan ve
prototipi iiretilen pompadan ilk olarak beklenen 6zellik, HAD ve deney calismalari ile baslangic tasarim
degerlerinin dogrulamasinin yapilabilmesiydi. Su i¢in yapilan HAD ve deneysel calismalarin ikisinde de
tasarim noktasinda 92 torr basing farki (tasarim basincindan 8 torr eksik) elde edildigi gortilmiistiir.
Tasarim basma olan 100 torr’a 10200 dev/dak da ulasilabilmistir. Su i¢in tasarim noktasinda HAD ve
deney sonuglar1 birebir uyusmustur ancak tasarim noktasindan uzaklastikca HAD ve deney sonuglari
arasindaki fark artmistir. Su-gliserin ¢ozeltisi i¢cin HAD ile deneysel sonuglar arasindaki fark suya gore
daha yiiksektir. Bu farkin sebebinin pompa tasarimimnin suya gore yapilmis olmasindan kaynaklandig:
diisiintilmektedir.

Pompa igindeki kayma gerilmelerinin dagilimima baktigimiz zaman; cark kanadmnin giris kismu,
difiizor kanadinin giris kismi gibi baz1 bolgelerde ¢ok yiiksek degerlere ciktigi, diger bolgelerde ise
bunlara gore cok daha diisitk seviyelerde oldugu goriilmektedir. Pompa icinde olusan kayma
gerilmelerinin kan hiicrelerine zarar verip vermeyecegini tek basina kayma gerilmelerinin biiyiikliigiine
bakilarak soylenemez. Pompa icindeki kanin hemolize ugrayip ugramayacag konusunda akiskanin
kayma gerilmesine maruz kalma siireside ¢ok 6nemlidir. Akiskanin kayma gerilmesine maruz kalma
siiresisin hesab1 ve analizi bu ¢alismanin konusu degildir. Kayma gerilmelerini azaltma ve akiskanin
maruz kalma siiresiyle birlikte degerlendirilmesi basli basina farkli bir konudur. Bu ¢alismada, bir 6n
fikir olusturmasi bakimindan HAD den elde edilen kayma gerilme sonuglar1 verilmistir. Bu konu
tizerine iyilestirmeler gelecek calismalarin konusu olarak planlanmaktadir.

Bu calismada tasarlanan pompanin HAD yoluyla hesaplanan hidrolik verimi literatiirdeki pompalar
ile kiyaslandiginda makul degerler icindedir ancak hidrolik verim ile genel pompa verimi arasindaki
fark biiytiktiir. Bu farkin deney setindeki mekanik siirtiinmeler ve kiiclik sizinti kagaklarinin ve
prototiplerin yiizey piiriizliiliigliniin sebep oldugu diisiintilmektedir. Ayni tasarim {izerinden verim
arttirmak icin calismalar devam etmektedir. Normal su pompalarina gore kalp pompalarinin verimi ¢ok
diisiiktiir. Kalp pompalarinin verimden ziyade istenen basinci ve debiyi saglamas1 daha 6nceliklidir.

Bundan sonraki ¢alismalarda ayni tasarim {izerinden ¢alismalara devam ederek; monoblok tasarim,
manyetik yataklama, kayma gerilmelerinin diisiiriilmesi ve akiskanin bu gerilmelere maruz kalma
siiresinin hesabi, pompa performans iyilestirmeleri gibi konular {izerine olacaktir.
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SEMBOLLER (NOTATION)

Na: Giig¢ (Akigkan)

Nm: Gli¢ (Mil)

Ne¢ Gilig (Cark)

Nmoty: Yiikteki motor giicii
Nmotb: Bogtaki motor giicii

n: Devir (dev/dak)

n: Verim

P: Basing (Torr)

AP: Toplam basing fark: (Torr)
Re: Reynolds say1s1
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T: Tork (Nm)

TI: Turbilans siddeti

Q: Debi (L/dak)

w: Agisal hiz

U:Cevresel Hiz (m/s)
Cm:Meridyenel Hiz (m/s)
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ABSTRACT: This study evaluates the effect of employment of vacuum application on the mechanical
and tribological properties of porcelain waste added epoxy matrix composites. Tribological
characterization was determined by friction, wear rate and mechanisms using ball-on-disk test by
tungsten carbide counter-part without lubrication at room temperature. It is investigated the role of
vacuum application on the wear mechanisms, tribo-chemical layer formation on the wear surfaces,
frictional property and tribological performance. The microstructure, mechanical and physical
properties and wear behavior correlation were discussed comprehensively. Vacuum application
provided fully embedded and well wetted particles, and strong bonding strength between matrix and
filler. It is demonstrated that well bonded particle reinforced composites have higher wear resistance, by
resulting lower friction coefficient, and more smoother tribochemical layer than compared with the
unvacuumed composites.

Key Words: Epoxy matrix composite, Friction, Porcelain waste, Wear, Wear mechanisms

Porselen Atik Takviyeli Epoksi Kompozitlerinin Tribolojik Ozelliklerine Vakum Uygulamasinin
Etkisi

OZ: Bu calisma, vakum uygulamasinin atik porselen katkili epoksi matrisli kompozit malzemelerin
mekanik ve tribolojik 6zelliklerine etkisini degerlendirmektedir. Tribolojik karakterizasyon; tungsten
karbiir asindirici bilye kullanilarak oda sicakliginda yaglayici olmadan bilye-disk (ball-on-disk)
konfigiirasyonunda triboloji testleri gerceklestirilerek siirtiinme, asinma oranlar: ve asinma davranislari
belirlenmistir. Vakum uygulamasinin; asinma mekanizmalari, asinma yiizeylerinde tribo-kimyasal
tabaka olusumu, siirtiinme Ozellikleri ve tribolojik performans {izerindeki rolii arastirilmistir.
Mikroyapi, mekanik ve fiziksel 6zellikler ile asinma davranisi iliskisi ayrintili incelenmistir. Vakum
uygulamas1 partikiillerin daha iyi 1slatilmasina, matris ve partikiil arasinda daha kuvvetli bag
mukavemeti olugsmasina sebebiyet vermistir. Vakum uygulamasiyla {iiretilmis kompozitler, vakumsuz
iiretilmis kompozitlere gore daha diisiik siirtiinme katsayisi ve daha diizgiin tribokimyasal tabakanin
olusmasina sebebiyet vererek daha iyi asinma dayanimi sergilemislerdir.

Anahtar Kelimeler: Epoksi matrisli kompozit, Asinma, Porselen atigi, Siirtiinme, Asinma mekanizmalar:
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INTRODUCTION

Neat epoxies have excellent chemical resistance and adhesion, light weight, low shrinkage, low
friction coefficient and self-lubrication capacity which properties demand in tribological applications
(Kumar et al., 2015; Gill and Sidhu, 2016). On the other hand, they have generally low strength and
stiffness and high wear loss in comparison with ceramics and metal counterparts. The most important
limitation of their usage in demanding tribological applications is their tendency to degrade under
different contact conditions, especially corresponding to sliding abrasion and impact erosion (Bobby and
Samad, 2016). Various researchers have been studied improvement of tribological properties of the neat
epoxies by adding one or more fillers (Srinivasa and Bhagyashekar, 2014; Baptista et. al, 2016; Qi et. al,
2016; Alajmi and Shalwan, 2015; Raju et. al, 2013; Basavarajappa et. al, 2009). Therefore in order to
balance between good mechanical properties, low friction and low wear loses there is a need for using
polymer matrix composites. For decade’s different kinds of waste materials such as metallurgical slag,
waste glass, waste rubber, ceramic wastes, gypsium-fiber like that has been successfully used as filler in
polymer matrix composites (Acikbas et. al, 2017; Calis Acikbas and Acikbas, 2017; Acikbas et. al, 2014a;
Acikbas et. al, 2014b; Katz and Mileski, 1987; Koleva et al.,, 2011; Alok and Amar, 2008; Pervaiz et. al,
2010; Acikbas and Go¢mez, 2015; Acikbas and Go¢mez, 2016a; Acikbas and Go¢gmez, 2016b; Acikbas and
Gogmez, 2016c; Katz and Mileski, 1987). The usage of waste material both lessen production cost and
eliminate environmental pollution and turn waste materials to value added product.

Tribology basically branch of science and technology investigating friction, wear and lubrication
issues. These phenomena result in energy losses and machine break downs, and are of significant
economic importance (Bhushan, 2000). It is estimated that approximately one third of the world’s
energy resources in present use are consumed in overcoming different kinds of friction and wear.
Tribology is extrinsic material property which depends on many systems parameters. But some material
properties such as microstructure, toughness, hardness, strength, thermal conductivity, chemical
resistance, etc., effect the tribological behavior of materials (Myshkin et. al, 2005; Shi et al., 2004; Suresha
et. al, 2006; Vasconcelos et. al, 2006; Yaman and Mandal, 2014; Mallik et. al, 2011; Kumar et. al, 2009;
Kumar Mallik et. al, 2012).

Epoxy matrix composites have advantageous over metal counter parts in respect of lower density,
less need for maintenance and also lower cost. Even though, higher mechanical strength can be obtained
by addition of fillers in epoxy composite, there is also importance of cost reduction in manufacturing of
these composites in terms of expensive ceramic and metal fillers. It is well-known that the recycling of
industrial waste materials is in great interest for sustainable manufacture regarding economical and
effective usage with the ecological environment. Recycling or reuse of waste materials provides
preserving the natural resources, saving energy and reduction in material and production costs, etc.
From this perspective, waste management strategies, selection of suitable waste filler amongst large
amounts of alternative materials, and determination of the proper ratio of suitable filler addition become
important issues in the fabrication of waste reinforced composites, recently (Cubeta, 2013).

The size of the world ceramic tableware and ornaments sector is approximately 15 billion $ (Seramik
Calisma Raporu, 2015). During porcelain production the defective products sour to the range of 3 to 10
%. This waste quantity is quite high and it should be reevaluated. Usage of these kinds of waste
materials in composite production provides enhanced tribological properties and allows recycling of
wastes. The major advantageous of porcelain waste as a reinforcement phase are hardness and strength.
Even though porcelain reinforced epoxy composites compared to metals and ceramics have many
advantages such as cost-efficiency, easy preparation, self lubrication and so on, there is still insufficient
knowledge on the tribology of porcelain added epoxy matrix composite materials.

In addition, porcelain added epoxy based materials becomes a promising alternative material for
metallic and ceramics used in biomedicine. The bionic research related to tribology of polymer based
composites used in biomedicine has been started and it will need a long time to realize considerable
progress (E, 2015). The epoxy requirement for the biomedical applications varies markedly according to
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the application being considered (Garcia et al., 2009). Epoxy composite materials can be applied in direct
or indirect clinical restorations and used to fabricate dental core and post systems and dental brackets
(Tai et al., 2015). It is well-known that wear and hardness are important factors in materials used in
dentistry and the wear mechanism is affected by different filler loads and resin matrix (Sagsoz et al.,
2014). Hence, it is important to develop good biocompatibility, low cost, low friction and wear, and low
creep deformation epoxy based composites to adapt the increasing demand of biomedicine.

The objective of this study, production of high performance composites with addition of porcelain
wastes as filler as well as reduces its cost; diminish environmental pollution and enhancing mechanical
and tribological properties. Therefore in order to provide a good balance among mechanical properties
and cost, 50 and 60 wt%. filler content were studied. And also process ability of resin-filler mixture as
taken in consideration for selecting these filler ratios. The microstructure, mechanical, physical
properties and tribological behavior relationship was discussed of developed epoxy matrix composites.

MATERIAL AND METHOD

Polymer epoxy resin (EpoxAcast690) and hardener was provided from Smoth-on Limited, Canada.
EpoxAcast® 690 is a UV resistant clear casting epoxy which can be used applications requiring a rigid,
clear finished product. Castings cure with negligible shrinkage and are very hard and strong. Epoxy
resin and hardener ratio was 73:27 by weight. Porcelain wastes are an industrial ceramic waste, taken
from Porland Porcelain Company, Bilecik, Turkey. Porcelain wastes were ground and then was dry
sieved to attain in a particle size between 90 to 150 pum. The porcelain waste preparation procedure and
characterization is similar with our previous study (Calis Acikbas and G. Acikbas, 2017). The theoretical
density of waste was found as a 2,45 g/cm?® (Micromeritics Accupyc II 1340 model He-gas pycnometer).
The phase characterization was carried out by X-ray diffraction analyses (XRD-Panalytical, Empyrean
with Cu-Ka radiation). XRD pattern of porcelain waste material was given in Figure 1. The graph
revealed that quartz and the mullite are main phases of porcelain waste..

1.2 (M) Mullite: 3A1,0,.2Si0,

Relative Intensity

25 30 35 40 45 50 55
2 theta

Figure 1. XRD spectra of porcelain wastes (M: mullite; Q: Quartz phases)

Figure 2 represents the secondary electron scanning electron microscopy (Zeiss Supra 40 VP FEG-
SEM) images of ground porcelain waste particles. It was shown that waste particles are of irregular
shape and sharp edge. Particle size is changing between 75 to 150 microns. The particle shape and size
influences physico-mechanical properties and the process ability of composite.



58 N. C. ACIKBAS, B. YAMAN, G. ACIKBAS

(a) (b)
Figure 2. Representative FEG-SEM images of porcelain waste particles (a) 200x, (b) 500x magnifications

The objectives of this study, production of composites with good mechanical properties by adding
filler and reduces its cost. Therefore in maintaining a good balance among mechanical properties and
cost, 50 and 60 wt% filler content were studied as taken reference in our former study (Table 1) (Acikbas
et. al. 2014). And also process ability of resin-filler mixture as taken in consideration. Because addition of
more than 60 wt.% filler would not be workable mix when it is prepared. On the other hand waste
particle size kept as constant as between 90 to 150 microns. In order to observe the effect of vacuum,
composites were produced with and without vacuum application. Vacuum was applied for 5 minutes, in
order to remove bubbles in mixture. The coding is as follows: the first two figures represent the epoxy
content. E5 means 50wt.% epoxy content. The two figures following 4 and 5, represent the waste content
and the last figure represent the process condition. V means composites were produced under vacuum.

Table 1. Specifications of prepared composite materials

E E5P5 E5P5V E4P6 E4P6V
Epoxy (wt%) 100 50 50 40 40
Porcelain Waste (wt%) 0 50 50 60 60
Process Without Without With Without With
Condition Vacuum Vacuum Vacuum Vacuum Vacuum

Polymer matrix composites were produced with the casting method. Detailed description of
composites production stages were given in our previous study (Calis Acikbas and G. Acikbas, 2017).
After production of composite materials some mechanical tests, analysis and characterization techniques
were applied in order to determine properties. The theoretical densities of the waste and epoxy resin
were used to calculate the theoretical density of the composites by using law of mixture as following
equation (Harris, 1999).

oc=om.Vm+or.Vr 1)
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where oc, theoretical density of composite, om, theoretical density of matrix, or, theoretical density of
reinforcement, Vm, volume fraction of matrix, Vr, volume fraction of reinforcement.

In order to measure the density and porosity of the samples the Archimedes principle was used.
Bulk density, %theoretical density, and %total porosity were determined using the following equations.

Bulk Density = W,

X
\N3 _W2 Puwater (2)
B.D
%T.D.= ——x100 3
T.D ®)
% Total Porosity = 100 - %T.D. 4)

where W1 is dry weight, W2 is wet weight suspended in water, Ws is wet weight, B.D. is Bulk
Density, T.D. is Theoretical Density of samples.

Hardness values of composites were determined by Shore-D hardness measurement method. 3
point- flexural strength tests of samples was carried out according to TS 985 EN ISO 178 standard. At
least five samples were used for mechanical tests. The flexural strength, elongation, flexural modulus
were determined after 3 point- flexural strength test. The flexural modulus of composites was calculated
using the following equation.

E

=——0>=Xm )
AWD

where E is the flexural modulus, L is the distance between the span, m is slope, D is thickness and W is

the width of the tested samples.

Wear characterization of the samples was determined with regards to friction, wear rates and
mechanisms by carrying out ball-on-disk test. Tribometer designed according to DIN 50 324 and ASTM
G 99-95a in a ball-on-disk configuration. Tungsten carbide ball is used as counter-part. 3N load was
applied and tests were maintained to 400m. Wear track radius was selected as 5mm with the linear
speed of 30cm/s. Surface profilometer (Mitutoyo SJ-401) was used in an attempt to calculate wear areas.
Calculated surface areas integrated all over the circle of tracks and then the volumes were computed.
Wear volume (V) divided by load (N) and wear distance (L) and the wear rates (W) were computed, as
given in Eq. 6;

W= (6)

The microstructural analysis of the worn surfaces of neat epoxy and composites was carried out
scanning electron microscope (SEM-Zeiss Supra 40VP) after tribological tests.

RESULT AND DISCUSSION

As it is seen from the graphics, coefficient of friction (CoF) of developed epoxy and epoxy matrix
composites are changing between in 0.3 to 0.37 (Fig.3). Even the coefficient of friction is increased with
the addition of hard ceramic fillers as expected, it can be considered that the friction behavior of epoxy is
not affected majorly, according to these obtained close coefficient of friction values. The effect of
production process on the friction behavior can be seen obviously in Fig 4, in comparison of porcelain
added composite in same reinforcement content. It is achieved very close value of coefficient of friction
in 50wt.% porcelain added composites (0.32) fabricated under vacuum compared to neat epoxy
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coefficient of friction (0.30), whilst coefficient of friction of same composition fabricated without vacuum
was obtained as high value as 0.36.
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Figure 3. The friction coefficient graphs of (a) neat epoxy, (b) ESP5 and (c) E4P6 composites
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Figure 4. The effect of vacuum application on coefficient of friction (a) E5P5, (b) ESP5V composites

Table 2 shows some mechanical and physical properties of composites and its correlation with
tribological behavior. The neat epoxy sample has the highest %T.D. value. The addition of fillers into
epoxy provides more porous structure due to the formation of hard mixable mixture with increased
viscosity. Vacuum application has positive effect on porosity elimination and hence higher %T.D. values
were obtained. The flexural strength of neat epoxy is the highest one due to plastic behavior. With the
addition of hard ceramic fillers into epoxy resin results in decreasing flexural strength values due to
more brittleness structure. Since the vacuum application provides better interface bonding, flexural
strength values showed a slight increase. Neat epoxy has the lowest flexural modulus and hardness as
expected. The addition of hard particles enhances the flexural modulus as well as hardness. The addition
of ceramic particles decreases the impact resistance. Vacuum applied and 60wt.% ceramic containing
epoxy samples has the lowest wear rate and show high wear resistance. Hard ceramic particles has
positive effect on wear rate since they carry load and provides in strengthening the surface which will
result in improving the wear resistance of the polymer. As a result from the table, addition of filler and
vacuum application enhances some mechanical properties. According to the literature, in order to
develop or enhance the tribological properties of neat epoxies; the most common used reinforcements
can be summarized as graphite; which helps in formation of lubricant film (Pan et.al., 2010), carbon nano
tubes (CNT); that leads to improved tensile and flexural strength (Zhou et.al, 2008), graphene; which has
high mechanical strength and fracture toughness (Khun et.al., 2015), titanium dioxide (TiOz); which
helps to improve wear and impact resistance (Zhang et al., 2004), boron nitride (BN); which shows good
mechanical properties (Gu et al.,, 2011), alumina (Al20s); which improves the compressive strength,
mechanical properties and also the wear resistance (Mohanty and Srivastava, 2012), nano clay
(montmorillonit); that imparts a high wear resistance (Esteves et.al,, 2013), polytetrafluoroethylene
(PTFE) which acts as a lubricant (McCook et.al., 2006), etc. Zhang et al. (2004) studied wear properties of
15 vol% graphite, 5 vol% nano-TiO2 and 15 vol% carbon fiber added epoxy composites against carbon
steel ring (100Cr6) using a block-on-ring apparatus under dry conditions at the rotational speed of 1 m/s,
under 1 MPa load. They reported a specific wear rate of composites of 3,2 x 107 mm?3/Nm, which is about
100 times lower when compared to neat epoxy. Luo et al.(2010), used a chemical grafting method to
modify nano-SisN4, in order to improve the dispersion of nano-particles in the epoxy matrix and
investigated the tribological behavior by pin-on-ring test configuration under the pressure of 3MPa. In
comparison to the composites filled with untreated nano-SisNu particles, the composites with the grafted
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nano-SisNa exhibit improved sliding wear resistance and reduced friction coefficient owing to the good
chemical bonding at the filler/matrix interface. Khun et al.(2015), used graphene as a filler and tribology
tests were carried out using a 100 Cr 6 steel ball on disk tribometer under a constant load of 1N over a
sliding distance of 300 m. Increasing the graphene content resulted in reduced coefficient of friction and
wear rate which explained by the formation of a tribochemical film owing to the presence of graphene
sheets act as a solid lubricant in the interface. Consequently, it can be concluded that there are extensive
studies in the literature related of tribological behavior of epoxy composites, on the other hand, the
tribological behavior of porcelain added epoxy composites have not yet been explored comprehensively.
In addition, it is well known that the variation of friction and wear rate depends on interfacial conditions
such as normal load, geometry, relative surface motion, sliding speed, surface roughness of the rubbing
surfaces, and type of material, system rigidity, temperature, stick slip, relative humidity, lubrication and
vibration. Moreover; amongst them sliding speed and normal load are the two dominant factors in the
variation of friction and wear rate (Chowdhury et al., 2011). Hence, in order to support these present
experimental results, the findings were compared with the wear properties of neat epoxy in the
literature. Vasconcelos et al. (2006), investigated the wear properties of epoxy resin based composites
containing aluminum and milled carbon or glass fibers against steel (105Cr6) in dry conditions by
reciprocating test at room temperature using 25N load and linear velocity of 0.13 m/s. Initially, at room
temperature the neat epoxy exhibit a constant friction coefficient of 0.16 and after about 30m of sliding
distance, u began to increase to 0.40 probably due to the thermal softening of the resin, as a result of the
pressure and heat generated on the interface contact. Specific wear rate of neat epoxy obtained as
1.82x10-5 mm?3/Nm. Sirinas and Bhagyashekar (2014), studied tribological behaviour of epoxy composites
containing three different particulate fillers; Gr, SiC and Gr-SiC. Tribological tests conducted on a Pin on
Disc type wear tester under dry sliding conditions under applied loads of 10-30N with the sliding
velocity of 5.23m/s and obtained 0.76 of friction coefficient and wear rate of 9.92x10-> mm3/Nm. The
present study’s test results are in good agreement with results in the literature. Although friction
behavior is related to normal load, the differences in friction coefficient can be explained by there is no
proportionality between these friction and load parameters and polymers behaves differently according
to the various types of surface interactions and various test methods.

Table 2. Physical, mechanical and tribological properties of neat epoxy and composites
u %T.D. Flexural Flexural ShoreD Impact Wear Rate
Strength Modulus Hardness Resistance (mm3Nm)
(MPa) (GPa) (kj/mm?)

E 0.298 98.9 106+1.3 3.2+0.3 81+0.4 12.9+1.1 6.7008E-05

E5P5 0.366 96.3 74.6+1.0 7.2+0.2 90+0.5 7.50+1.3 7.0762E-05
E5P5V | 0.322 97.9 78.2£1.5 8.8+0.5 92+0.2 5.90+1.4 6.1551E-05

E4P6 0.373 95.4 72.1£1.2 8.3+0.2 91+0.6 7.10£1.0 8.5763E-05

E6P6V | 0.370 97.2 75.3+1.1 9.6+0.2 93+0.3 5.60+1.4 6.0708E-05

Besides the determination of coefficient of friction and calculation of wear rates, microstructural
characterization were carried out in order to explain wear mechanisms occurred at the interface. SEM-SE
and EDX images of neat epoxy sample’s worn surfaces were given in Fig.5. In the case of neat epoxy,
wear debris and abrasive wear tracks and tribolayer formation are seen. Generally, it is known that
tribological properties of polymer-based composites are improved according to the formation of transfer
film and the enhancement of mechanical and thermal properties. Wear scars on the worn surface
indicate the abrasion of the epoxy matrix by the asperities of the counter face. According to EDX
analysis, C and O are main elements of tribolayer. The presence of little amount of W and Co elements,
sign that abrasion wear since these elements come from ball.
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Figure 5. SEM-SE and SEM-EDX analysis of worn neat epoxy surfaces

From the EDX analysis of ESP5/E5P5V samples (Fig. 6 and 8), addition of filler provides thicker
tribofilm formation compared to neat epoxy. The formation of thicker tribofilm than the neat epoxy can
be explained by the difficulty of formation tribofilm since ceramic phases provides high degree of
brittleness, high wear rate and coefficient of friction. The matrix-filler interface bonding is weak of ESP5
sample (see Fig.7). Increased interfacial strength between the matrix and fillers with application of
vacuum results in less wear and changes were observed in tribolayer characteristics (Fig. 8 and 9). The
enhancement of interface bonding strength between epoxy and porcelain particles lead to changes in
tribolayer feature that shifts from fragile to more continuous. This affects the friction coefficient and
wear rate. Due to weak interface bonding, more grain pullout was observed and hence rougher worn
surface was obtained with ESP5 sample compared to E5P5V sample. Also EDX analysis results confirm
this phenomenon (Fig. 6 and 8). With vacuum application Si, Al and O peaks intensity is getting lower
values, which indicates less abrasive wear in load-carrier porcelain particles.
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Figure 6. SEM-EDX analysis of worn E5P5 sample surface
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Figure 7. (a) Wear scar of E5P5 sample , (b) FEG-SEM image of matrix-filler interface of ESP5 sample
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Figure 9. (a) Wear scar of E5P5V sample, (b) FEG-SEM image of matrix-filler interface of ESP5V sample
(better interface connectivity between matrix and filler with vacuum application)

From the EDX analysis of E4P6V samples worn surfaces, Si, Al, O and C peaks are obtained as main
elements (Figure 10). This shows that tribofilm containing of porcelain particles and polymer. Because of
the high elastic modulus and abrasion resistance of the porcelain particles, they carry most loads during
the friction process and so decrease significantly the wear of the matrix. The addition of the fillers assists
in strengthening the surface which will result in improving the wear resistance of the epoxy. With
vacuum application, good interface bonding strength decrease the particle pull-out amount and cause
less wear losses. The uniformity and thickness of this layer is increased with increasing filler content.
The addition of more rigid particles into epoxy resin enhances the mechanical properties such as
hardness and flexural modulus. This can lead to higher abrasion resistance of composites than the epoxy
matrix.
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Figure 10. (a) SEM-EDX analysis of worn E4P6V surface and (b) FEG-SEM image of wear scar of E4P6V
CONCLUSION

Based on experimental studies, the following results can be drawn. With the addition of filler; CoF,
%T.D., flexural modulus, hardness increased, flexural strength, impact resistance and wear rate
decreased. With increasing filler content; CoF, flexural modulus, hardness, wear rate enhanced, %T.D.,
flexural strength, and impact resistance reduced. Vacuum application leads to improvement in %T.D.,
flexural strength, flexural modulus, hardness and decrease in CoF, impact resistance and wear rate.
Vacuum application provides fully embedded and well wetted particles, and strong bonding strength
between matrix and filler and hence better tribological behavior was obtained. Wear mechanisms can be
summarized as tribolayer formation, adhesive wear and abrasive wear.
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ABSTRACT: In this study, hydroxy (HHO) dry cell with different plate combination performances in
terms of current, temperature and flow rate were experimentally investigated and modeled with Rule-
Based Mamdani-Type Fuzzy (RBMTF) modeling technique. Input parameters plate number and time;
output parameters current, temperature and flow rate were described by RBMTF if-the rules. The
dimensions of the plates were 10x10 cm? and 11x11 cm?. Current and temperature were measured for the
different plate combination. This paper presents a fuzzy logic based study for estimating the uncertainty
of the HHO drycell parameters. The 80 values between 90th and 270th seconds, which are not obtained
from experimental work for 10x10 cm? and 11x11 cm? current, temperature and flow rate are predicted
by fuzzy logic method. One of the results is; the current value predicted by RBMTF for the 11-2 plate
combination and t=90 s is less than the current value from the results of the experimental work for the
11-2 plate combination and t=60 s, but higher than the current value from the results of the experimental
work for 11-2 plate combination and t=120s.The comparison between experimental data and RBMTF is
done by using three different statistical method. These are, root mean square error (RMSE), mean
absolute error (MAE) and the coefficient of multiple determination (R?). For 10x10 cm? dimension plate,
RMSE, MAE and R? for the current is 0.13, 0.111 and 96.44% respectively. For 11x11 cm? dimension plate,
RMSE, MAE and R? for the current is 0.07926, 0.06466 and 98.44% respectively. coefficient of multiple
determinations (R?). As a result, RBMTF model has shown satisfying relation with experimental results,
which suggests an alternative approach to estimation of performance HHO dry cell with different plate
combination.

Key Words: Fuzzy logic, HHO dry cell, Plate combination

Farkli Plaka Kombinasyonlarinda HHO Hiicresinin Performansinin Tahmin Edilmesinde Bulanik
Mantik Yaklagimi

OZ: Bu calismada, hidroksi (HHO) hiicresi farkli plaka kombinasyonlarinda akim, sicaklik ve debi
yoniinden deneysel olarak incelenmis ve kural tabanli Mamdani tipi bulanik mantik teknigi ile
modellenmigtir. Bulanik mantik modelinde, giris parametreleri plaka sayisi ve zaman; c¢ikig
parametreleri akim, sicaklik ve debi olarak tanimlanmistir. Plaka boyutlar: 10x10 cm? ve 11x11 cm? dir.
Farkl1 plaka kombinasyonlarinda akim, sicaklik ve debi Olciilmiistiir. Bu ¢alismada, deneysel ¢alismada
yapilmayan degerlerin bulanik mantik ile tahmin edilmesi islenmistir. 10x10 cm? ile 11x11 cm? plaka
boyutlarinda deneysel olarak yapilmayan 90. ile 270. saniye arasinda olan 80 deger, bulanik mantik ile
tahmin ettirilmistir. 11-2 plaka kombinasyonu ve t=90s i¢in bulanik mantik modeli ile tahmin edilen
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akim degeri, deneysel ¢calismada 11-2 plaka kombinasyonu ve t=60s i¢in belirlenen akim degerinden az;
deneysel calismada 11-2 plaka kombinasyonu ve t=120s igin belirlenen akim degerinden fazladir.
Deneysel calisma ve bulanik mantik ile elde edilen degerler ii¢ farkl istatistik yontemi kullanilarak
karsilagtirilmistir. Bu yontemler; ortalama karesel hatanin karekokii (RMSE), ortalama mutlak hata
(MAE) ve determinasyon katsayis1 (R?)’dir. 10x10 cm? plaka boyutu i¢in, RMSE, MAE ve R? degerleri
sirastyla 0.13, 0.111 ve %96.44 olarak belirlenmistir. 11x11 cm? plaka boyutu icin, RMSE, MAE ve R2
degerleri sirasiyla 0.07926, 0.06466 ve %98.44 olarak belirlenmistir. Sonug olarak, bulanuk mantik ile elde
edilen degerler, deneysel ¢alismada tespit edilen degerler ile uyum gostermistir. Bu ¢alismada, farkh
plaka boyutlarinda HHO hiicresinin performansimin tahmin edilmesinde, bulanik mantik modelleme
tekniginin kullanilmas: 6nerilmektedir.

Anahtar Kelimeler: Bulanik mantik (BM), Hidroksi (HHO) hiicresi, Plaka Kombinasyonu

INTRODUCTION

Fossil fuels currently constitute 82% of the global total primary energy sources and oil makes 31.5 %
of this. Of the global oil production, 62.2% is consumed by the transport sector. Thus, the automotive
industry is the largest consumer of fossil oil. Studies have also shown that the demand for oil and gas is
rising exponentially and indications are that fossil fuels will not outlast the century if current habits are
not curtailed. Hence, in response to the growing fuel prices and the increasing pressures for a cleaner
"greener" society, the automotive industry has made efforts to reduce emissions and increase fuel
efficiency. These efforts have primarily focussed on emissions reductions using catalytic converters,
reducing vehicle weight, using alternative structural materials, improving engine management and fuel
supply systems, incorporating the stop - start technology and introducing alternative sources of energy
such as hydrogen fuel cells, biofuels and others. Governments and municipalities have also made efforts
through the development and implementation of legislation. As regulations become more restrictive and
global fossil fuel prices increase, the search for more sustainable sources of transportation fuels becomes
more urgent. The current research into alternative energy sources for motor vehicles is mainly
concentrated around electric/battery powered cars, hydrogen fuel cells, solar and hydrogen powered
cars. These technologies, as promising as they may be, will not completely replace the fossil fuelled
internal combustion engine within the next few decades. One of the major hindrances will be the lack of
supporting infrastructure such as fuel supply and distribution centres. There is therefore potential for a
bridging or interim technology that can be incorporated into existing technology using the existing
infrastructure, which can lead to greener use of available fossil resources. One such option is the
introduction of hydrogen gas into the combustion process of an internal combustion engine (Madyira
and Harding, 2014).

Hydrogen has a strong chance to take the place of conventional fossil fuils in traditional internal
combustion engines. However, one of the main drawbacks hindering this chance is storage issues of
hydrogen due to its extremely low density (about 14 times lower than water in storage conditions).
There is also another issue of keeping hydrogen in storage place, due to its extremely high diffusivity.
This issue requires higher insulation during carriage to prevent hydrogen diffuse through walls.
Liquified hydrogen, despite having higher specific energy than petrol, is disadvantaged in terms of
volumetric energetic storage about five times. Yet again its energy density is considerably higher than
that of electric batteries, it is still a good candidate for fossil fuel replacement. Enhancing intake air of
combustion process with hydrogen can improve flame speed, lean burn ability and flame quenching
distance. However, production cost, along with the storage issues makes it a non-feasibile approach.
Some of the pottential difficulties can be eliminated by usage of Brown’s Gas or HHO (produced by
electrolysis of water). What is more, usage of HHO surpasses reactivity of the natural hydrogen,
improving engine emmissions, performance and fuel efficiency at expense of power in automotive
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electrical system or from generator designed for this purpose in automobile engine (Leelakrishnan et al.,
2013).

HHO combustion in engine provides powerful and quick reaction and after release of energy HHO
turns into a water vapor as emission. This results in higher torque in engine and easier cooling when
compared to other fuels about 10 to 20 times. Considering a conventional combustion engine,
temperature after combustion is about 250 F is inferior to the one enhanced with HHO, which reaches
150 F to 200 F dueto vapor formation. By attaining lower temeperatures, engines can get a longer
lifespan by lower temperature change during cycle and lower rate of oil degradation which is also
improving oil changing period. This leads to another opportunity of cost saving in maintenance cost and
longer service intervals (Chakrapani and Neelamegam, 2011).

HHO gas has an auto ignition temperature about 570°C (1065°F) and has a heating value of 241.8 k]
for a stoichiometric mixture at normal atmospheric pressure. HHO gas can ignite and convert to water
vapor, releasing energy at concentration level of 4 to 94 % hydrogen per volume. Flame temperature can
vary despite heating value remains same. Flame temperature of 2800°C 1is attained when combustion
occurs under stoichiometric ratio conditions, about 700°C hotter than a hydrogen flame in air (Sakthivel,
2014). This Energy’s performance must be increased which is predicted to be more important in the
future. One of the methods to determine the effects of the parameters on performance is fuzzy logic
method.

In this study, two different plate combinations compared in terms of HHO dry cell performance and
fuzzy logic modeling used to estimate of performance HHO dry cell at intermediate values.
Unperformed experiments are predicted with RBMTF for current, temperature and flow rate values for
every plate’s 80 output between 90th and 270th seconds. Performance parameters are plate combination,
time, current, temperature and flow rate. Study includes fuzzification of input variables, representation
of fuzzy set with 9 linguistic variables, formation of rule basis and a comparison between output values
obtained by experiments and by calculation based on generated rules and RBMTF technique. The
comparison between experimental data and RBMTF is done by using three different statistical methods.
These are, root mean square error (RMSE), mean absolute error (MAE) and the coefficient of multiple
determination (R?). Main objective of the study is to present that it is possible to estimate performance of
HHO dry cell with a fuzzy logic approach.

LITERATURE REVIEW

In the existing literature, there have been many investigations on application of fuzzy logic. Some of
briefly mentioned below. Keshwani et al. (Keshwani et al., 2008) carried out rule-based Mamdani-type
fuzzy modeling of skin permeability. They proposed that potential uses of the presented models include
rapid assessment of skin permeability of compounds to identify candidates for transdermal drug
delivery and estimate toxicity risks. Shakhawat et al. (Shakhawat et al., 2006) studied fuzzy rule-based
modelling for human health risk from naturally occurring radioactive materials in produced water. They
concluded that a dual-barrier approach for human health risk assessment from naturally occurring
radioactive materials in produced water. Yildiz et al. (Yildiz and Kisoglu, 2011) examined with the size
tables and body size numbers taken from ready-wear enterprises carrying out activities in the women’s
outside wear field, modelling a common body numbering system was aimed through the fuzzy logic
system. They proposed that this modeling will reduce the problems related to consumer products by
contributing in a positive sense to the marketing problems and to the competition in the garment
industry. Ozek et al. (Sinecen and Sinecen, 2004) studied modelling of air conditioning system by fuzzy
logic approach, because one of the main problems in control systems is the difficulty to form the
mathematical model associated with the control mechanism. They realized that the fuzzy logic without
using mathematical model of control system can create control mechanism only with the help of
linguistic variables. Tiryaki et al. (Tiryaki and Kazan, 2007) studied about dishwasher which is
frequently used in daily life is modelled and simulated by using fuzzy logic. They concluded that if an
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appropriate hardware support and appropriate sensors are provided for the dishwasher, with the aim of
the fuzzy logic model the washing process may be done without human intervention according to the
inputs such as quantity of the dishes, type of the dishes by the machine. Isiktas et al. (Isiktas et al., 2016)
studied about fuzzy logic modelling of performance HHO dry cell with different type membership
functions. They noted that RBMTF which has a triangular membership function has a more better
performance than other membership functions for determine performance of HHO dry cell. Ata and
Dincer (Ata and Dincer, 2015; Ata and Dincer, 2015; Ata, 2015; Ata and Dincer, 2016 ) studied about rule-
based Mamdani-type fuzzy (RBMTF) modeling of performance proton exchange membrane fuel cell
with carbon nanotube. They noted that RBMTF can be successfully used for the specification PEM
performances with coating carbon nanotube. Kim et al. (Kim and Kim, 1999) examined an electrical
modelling of the fuel cell generation system. They used fuzzy logic controller to overcome inherent
disadvantages such as uncontrollable large overshoot and large current ripple. They noted that fuzzy
controller is very effective in output control and desired operating point operation, which in turn offers
high system stability and performance. Tong et al. (Tong et al., 2013) studied about 1 kW PEM fuel cell
unit and developed the models of stack voltage, cathode flow, anode flow. They proposed that the
power demand of the external load can be provided by the fuel cell stack under the control of a real-time
simplified variable universe fuzzy controller.

MATERIALS AND METHODS
Experimental Study

Figure 1 shows experimental system for this study. Water tank is used to store water the cells
required. Thus the material of the tank needs to have the protection against corrosion. There are three
outlets on the water tank. These are the gas inlet that the gas gets back to the tank, the gas outlet that the
gas were taken, water outlet that water flows to the cell. Safety tank is an important element and is used
to protect the main tank. This element contains water and prevent the flame to reach the main tank.
Power supply is an element used to obtain HHO gas. Power supply needs to generate electricity.
Stainless steel was chosen as the plate material and the thickness of the plate was Imm. The dimensions
of the plates were 10x10 cm?. The plates has 10 cm length and 10 cm width. A piece that have the length
of 2 cm was cut off from the corners of the plates. Thus, the power requirement reduced. End plates are
selected from mica material. It is chosen to be observed during system operation. Gas inlet was drilled
on top of the plates as water inlet was drilled on the bottom of the plates. The diameter of each hole is 8
mm. Seals are selected from plastic. Each gasket has the diameter of 10 cm and the thickness of 2 mm.
The gaskets contact with the last plates are 4 mm thick. This is because the water inlet and the gas outlet
is to ensure more comfortable and regular gas flow. Current, voltage and temperature were measured
for the different plate combination. Tap water was used in the experiments and the system was set to 10
minutes. For each combinations, new cells were prepared. According to experimental work result,
current values were increased with decreasing the number of plate. However, the current value did not
exceed the highest value of 5.3 A. The reason of that, relation between the active surface area of the
plates and the current drawn. It was observed that the highest ratio of the current value of the plate
active surface area was 0.1 A/cm?. The working temperature is an important parameter in this system
and it varies according to the number of plates and current. The temperature was observed to be
increased as the current drawn went up. The highest temperature value recorded during the
experiments was 38 °C. This value occured when the highest current value was 5.3 A. The result of
experimental work showed the voltage dropped as the number of plates reduced (Dincer et al., 2013).
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Figure 1. Experimental system

Fuzzy Logic Modeling

Mamdani-type fuzzy logic model is used to evaluate performance of HHO dry cell by this study.
Mamdani’s method is providing a relatively simple structure for ‘min-max’ operations, hence it is one of
the most commonly used applications in numerous fields requiring specialized knowledge. Mamdani’s
method is a fuzzy logic method and can be applied in any kind of problem that has an input and output
interconnected to each other. Method proposed by Ebrahim Mamdani in 1975 during an attempt to
control a steam engine and boiler combination. Method foresees a synthesis of a set of linguistic control
rules obtained from experienced human operators. Fuzzy Logic Toolbox explains Mamdani type
inference as expectation of output membership functions as fuzzy sets. Mamdani-type fuzzy model is
created in the following five steps:

a) Fuzzification of inputs in antecedent to a degree of membership between 0 and 1

b) Determining the weights of rules using fuzzy logic.

¢) Application of AND and OR operations

d) Combining consequences to get an output distribution

e) Defuzzifying the output distribution (this step is used only if a crisp output is needed)

Advantages of the Mamdani Method as a summary; method is intuitive, well suited for usage of
human input, has widespread acceptance (Bolgen, 2010).
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RESULTS AND DISCUSSIONS

HHO gas has substantial advantages when compared to the gasoline due to its high diffusivity. First
two of these advantages is rate of formation of homogenous mixture is greater since HHO diffuses faster
in mixture. Secondly, HHO can dilute quite fast under circumstances of leakage. Several researches
show that 1866 litres of HHO gas is obtained from 1 liter of water, after ignition, the HHO gas returns to
original volume after combustion (Sakthivel, 2014).

The aim of this study with the aid of experimental data, HHO dry cell performances in terms of
current and temperature were modeled with fuzzy logic modeling technique. In the developed RBMTF
system, output parameters A and T were determined using inlet parameters plate number and t.

The following steps to design an fuzzy logic (FL) system:

1. Definition of the control objectives and criteria: What am I trying to control? What do I have to do
to control the system? What kind of response do I need? What are the possible (probable) system
failure modes?

2. Determination of the input and output relationships. One should choose a minimum number of
variables for input to the FL engine (typically error and rate-of-change-of-error).

3. Break the control problem down into FL rules. The problem should be split into a series of IF X
AND Y THEN Z rules that define the desired system output response for given system input
conditions.

4. Creation of FL membership functions. The memberships defines the meaning (values) of
Input/Output terms used in the rules.

5. System test: evaluate the results, tune the rules and membership functions, and retest until
satisfactory results are obtained (Esteves, 2009).

In this study, hydroxy cell performances were modeled with a RBMTF modeling technique. Input
parameters plate number and time; output parameters current, temperature and flow rate were
described by RBMTF if-the rules (Fig. 2). Numerical parameters of input and output variables were
fuzzificated as linguistic variables: Very Very Low (L1), Very Low (L2), Low (Ls), Negative Medium (L4),
Medium (Ls), Positive Medium (Ls), High (L7), Very High (Ls) and Very Very High (L) linguistic classes
(Tables 1 and 2). The 80 values between 90th and 270th seconds, which are not obtained from
experimental work for 10x10 cm? and 11x11 cm? current, temperature and flow rate are predicted by
fuzzy logic method. Fig. 3 and Fig. 4 shows respectively, the comparison of experimental data for 10x10
cm? and 11x11 cm? plate dimensions with fuzzy prediction for the variation of time with plate
combination of current, temperature and flow rate values. From a comparison of the experimental
results with the results of the fuzzy logic study, one can see that the results are quite compatible.

Plate Number (C)

XX~
-

Time (s) NMamdani

XX

Figure 2. Designed fuzzy modeling structure the performance of hydroxy cell performances

(gh)

Flow Rate Temperature ~Current
(0)
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Table 1. Fuzzy sets of input variables : Plate Number (C) and Time (5)

h. very . . t. Very
Membership very verylow  low nega.tlve medium p051'1ve high v-ery very
name medium medium high )

low high
L: L2 Ls L4 Ls Le L7 Ls Lo
Plate Number Ci Ca GCs Ca Cs Cs C7 Cs Co
Time (s) t1 t ts ta ts te t7 ts to
Table 2. Fuzzy sets of output variables: (a) Current (A), (b) Temperature (°C), (c) Flow Rate (g/h)
a
. very . . very
t t
Membership very very low nega. ve dium p051.1ve high erry very
name low medium medium high .
low high
L: L2 Ls La Ls L Ly Ls Lo
Current (A) A1 Ao As As As As Az As Ao
b
. very : s very
Membership very very low nega.tlve medium pOSlFlVE high v.ery very
name low medium medium high )
low high
L: L2 Ls | Ls L L7 Ls Lo
Temperature (°C) T: T2 Ts T Ts Te T7 Ts To
C
. very . . very
t t
Membership very very low nega. ive dium p051.1ve high Vf:ry very
name low medium medium high .
low high
L: L2 Ls L4 Ls L L7 Ls Lo
Flow Rate (g/h) FR1 FR2 FRs FR4 FRs FRs FR7 FRs FRo

The most important factor that affects the performance of the fuzzy logic system is the number of the
rules and their accuracy. In this study, there are 2 inputs and 81 rules for the every output of 9x9 matrix
and totally 81x3=243 rules are generated. Rules of RBMTF for FR, A, T was given in Tables 3-5,

respectively.
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Table 3. Rules of RBMTF for current (A)

mlfrl:lllfer C t A nll:;ter C t A

1 If CisCi and tisti then AisAy 42 If CisCs and tiste then  Ais Ao
2 If CisCi and tistt then AisAy 43 If CisCs and tistr  then  Ais Ao
3 If CisCi and tists then AisAy 44 If CisCs and tists then  Ais Ao
4 If CisCi and tists then AisAg 45 If CisGC and tisto then  Ais Ao
5 If CisCi and tists then AisAy 46 If CisCs and tistt  then AisAs
6 If CisCi and tiste then AisAg 47 If CisGCs and tistz  then AisAs
7 If CisCi and tistz then AisAy 48 If CisCs and tists then  AisAs
8 If CisCi and tists then AisAy 49 If CisCs and tista then  AisAs
9 If CisCi and tiste then AisAy 50 If CisCs and tists then  AisAs
10 If CisC: and tisti then AisAy 51 If CisCs and tiste then AisAs
11 If CisCz and tistz then AisAg 52 If CisGCs and tistz  then AisAs
12 If CisC: and tists then AisAy 53 If CisCs and tists then AisAs
13 If CisC: and tists then AisAy 54 If CisCs and tisto then AisAs
14 If CisC: and tists then AisAy 55 If CisCr and tistt  then AisAi
15 If CisC: and tiste then AisAo 56 If CisCr and tistz  then AisAi
16 If CisCz and tistr then AisAg 57 If CisCr and tists then  AisAi
17 If CisCz and tists then AisAg 58 If CisCr and tists then AisA:
18 If CisC: and tiste then AisAy 59 If CisC and tists  then AisA:
19 If CisG and tisti then AisAy 60 If CisCr and tiste then AisA2
20 If CisCG and tistt then AisAy 61 If CisCr and tistr  then AisA2
21 If CisC and tists then AisAy 62 If CisCr and tists then AisA2
22 If CisCs and tists then AisAo 63 If CisCr and tists then AisA:2
23 If CisCs and tists then AisAg 64 If CisCs and tist then AisA:
24 If CisCs and tiste then AisAg 65 If CisCs and tistz  then  AisA1
25 If CisC and tistr then AisAg 66 If CisCs and tists then AisAi
26 If CisCs and tists then AisAg 67 If CisCs and tist4  then  AisAi
27 If CisC and tiste then AisAg 68 If CisCs and tists  then AisAi
28 If CisCs and tisti  then AisAs 69 If CisCs and tiste then  Ais A1
29 If CisCs and tistz then AisAg 70 If CisCs and tistz then  Ais A1
30 If CisCs and tists then AisAg 71 If CisCs and tists then AisA:2
31 If CisCs and tists+ then AisAg 72 If CisCs and tisto then AisA:2
32 If CisCs and tists then AisAg 73 If CisCo and tisti then AisA:
33 If CisCs and tiste then AisAg 74 If CisCo and tistz  then AisAi
34 If CisCs and tistz then AisAo 75 If CisCo and tists then  Ais A1
35 If CisCs and tists then AisAy 76 If CisCo and tistsa then AisAi
36 If CisCs and tiste then AisAy 77 If CisCo and tists then AisAi
37 If CisC and tisti then AisAs 78 If CisCo and tiste then  AisAi1
38 If CisC and tistz then AisAs 79 If CisCo and tistz then  AisAi1
39 If CisC and tists then AisAs 80 If CisCo and tists then  AisAi
40 If CisC and tists then AisAs 81 If CisCo and tisto then AisAi
41 If CisC and tists then AisAy
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Table 4. Rules of RBMTF for temperature (°C)

Rule Rule
number ¢ t T number C t T

1 If CisCi  and tist then Tis T2 42 If CisCs and tists then TisTr
2 If CisCi  and tist then TisTs 43 If CisCs and tistr then TisTs
3 If CisC1 and tists then TisTs 44 If CisCs and tists then TisTo
4 If CisC1 and tists then TisTs 45 If CisCs and tists then TisTo
5 If CisCi  and tists then TisTs 46 If CisCs and tistt then TisTz
6 If CisCi  and tists then TisTs 47 If CisCs and tistt then TisTs
7 If CisC1 and tistr then TisTs 48 If CisCs and tists then TisTs
8 If CisCi  and tists then TisTs 49 If CisCs and tists+ then TisTs
9 If CisCi  and tisty then TisTa 50 If CisCs and tists then TisTs
10 If CisC2 and tisti then Tis T2 51 If CisCs and tists then TisTs
11 If CisC2 and tist2 then TisTs 52 If CisCsé and tistz then TisTr
12 If CisC2 and tists then TisTs 53 If CisCs and tists then TisTs
13 If CisC2 and tists then Tis T 54 If CisCs and tisty then TisTo
14 If CisC2 and tists then TisTa 55 If CisCr and tisti then TisT:
15 If CisC2 and tists then TisTa 56 If CisCr and tistt then TisTz
16 If CisC2 and tistr then TisTs 57 If CisCr and tists then TisTz
17 If CisC2 and tists then TisTs 58 If CisCr and tists then TisTs
18 If CisC2 and tiste then TisTe 59 If CisCr and tists then TisTs
19 If CisCs and tist then TisTs 60 If CisCr and tists then TisTs
20 If CisCs and tist then Tis T 61 If CisCr and tistz then TisTs
21 If CisCs and tists then Tis T 62 If CisCr and tists then TisTs
22 If CisCs and tists then TisTa 63 If CisCr and tistvy then TisTs
23 If CisCs and tists then TisTs 64 If CisCs and tistt then TisT:
24 If CisCs and tists then TisTs 65 If CisCs and tistt then TisT:
25 If CisCs and tistr then TisTe 66 If CisCs and tists then TisT:
26 If CisCs and tists then TisTe 67 If CisCs and tists then TisTh
27 If CisCs and tisty then TisT7 68 If CisCs and tists then TisT:
28 If CisCs and tisti then TisTs 69 If CisCs and tists then TisT2
29 If CisCs and tiste then TisTs 70 If CisCs and tistr then TisT:
30 If CisCs and tists then TisTs 71 If CisCs and tists then TisT:
31 If CisCs and tists then TisTs 72 If CisCs and tisty then TisT:
32 If CisCs and tists then TisTs 73 If CisCo and tisti then TisT:
33 If CisCs and tiste then TisTe 74 If CisCo and tistz then TisT:
34 If CisCs and tistr then TisT7 75 If CisCo and tists then TisT:
35 If CisCs and tists then TisTs 76 If CisCo and tists then TisTs
36 If CisCs and tiste then Tis Ty 77 If CisCo and tists then TisTs
37 If CisCs  and tisti then TisTs 78 If CisCo and tists then TisTs
38 If CisCs  and tist then TisTs 79 If CisCo and tistz then TisTs
39 If CisCs  and tists then TisTs 80 If CisCo and tists then TisTs
40 If CisCs  and tists then TisTs 81 If CisCo and tists then TisTs
41 If CisCs and tists then TisTe
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Table 5. Rules of RBMTF for Flow Rate (g/h)

79

Rule

Rule

C t FR If C and t then FR
number number

1 If CisC: and tist1 then FRisFR1 42 If CisCs and tists then FRisFRs
2 If CisCi and tistz then FRisFR1 43 If CisCs and tistr then FRisFRs
3 If CisCi and tists then FRisFR1 44 If CisCs and tists then FRisFRs
4 If CisCi and tists+ then FRisFR1 45 If CisCs and tiste then FRisFRs
5 If CisCi and tists then FRisFR1 46 If CisCe and tisti then FRis FRe
6 If CisCi and tiste then FRisFR1 47 If CisCsé and tistz then FRisFRs
7 If CisC: and tistr then FRisFR1 48 If CisCs and tists then FRisFRe
8 If CisC: and tists then FRisFR1 49 If CisCs and tists then FRisFRe
9 If CisCi and tistse then FRisFR1 50 If CisCe and tists then FRisFRe
10 If CisC2 and tist1 then FRisFR 51 If CisCs and tists then FRisFRe
11 If CisC2 and tistz then FRisFR 52 If CisCs and tistr then FRisFRe
12 If CisCz and tists then FRisFRz 53 If CisCs and tists then FRisFRs
13 If CisCz and tists then FRisFR2 54 If CisCs and tiste then FRis FRe
14 If CisC2 and tists then FRisFRz 55 If CisCs and tist1 then FRisFR~
15 If CisC2 and tists then FRisFRz 56 If CisCr and tistz then FRisFR~
16 If CisCz and tistr then FRisFR2 57 If CisCz and tists then FRisFR~
17 If CisC2 and tists then FRisFRz 58 If CisCs and tists then FRisFR~
18 If CisC: and tiste then FRisFRz 59 If CisCr and tists then FRisFR~
19 If CisCs and tisti  then FRisFRs 60 If CisCr and tists then FRisFR7
20 If CisCs and tistz then FRisFRs 61 If CisCr and tistr then FRisFR7
21 If CisC: and tists then FRisFRs 62 If CisCr and tists then FRisFR~
22 If CisCs and tists then FRisFRs 63 If CisCz and tists then FRisFR7
23 If CisCs and tists then FRisFRs 64 If CisCs and tist1 then FRisFR7
24 If CisC: and tists then FRisFRs 65 If CisCs and tistz then FRisFR~
25 If CisC: and tistz then FRisFRs 66 If CisCs and tists then FRisFR~
26 If CisCs and tists then FRisFRs 67 If CisCs and tists then FRisFR7
27 If CisCs and tiste then FRisFRs 68 If CisCs and tists then FRisFR7
28 If CisCs and tisti then FRis FRs 69 If CisCs and tists then FRisFR~
29 If CisCs and tist2 then FRisFRs 70 If CisCs and tistr then FRisFR7
30 If CisCs and tists then FRisFRs 71 If CisCs and tists then FRisFR7
31 If CisCs and tists then FRisFRs 72 If CisCs and tists then FRisFR~
32 If CisCs and tists then FRisFRs 73 If CisCo and tisti then FRisFR~
33 If CisCs and tiste then FRisFRs 74 If CisCo and tistz then FRisFR7
34 If CisCs and tistzr then FRisFRs 75 If CisCo and tists then FRisFR~
35 If CisCs and tists then FRisFRs 76 If CisCo and tists then FRisFR~
36 If CisCs and tiste then FRisFRs 77 If CisCo and tists then FRisFR7
37 If CisCs and tisti then FRisFRs 78 If CisCo and tiste then FRisFR7
38 If CisCs and tist2 then FRisFRs 79 If CisCo and tistr then FRisFR~
39 If CisCs and tists then FRisFRs 80 If CisCo and tists then FRisFR7
40 If CisCs and tists then FRisFRs 81 If CisCo and tists then FRisFR7
41 If CisCs and tists then FRisFRs
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Figure 3. Comparison of experimental data of 10x10 cm? plate dimension with fuzzy predict for the
variation of time with plate combination of output values (a) Current, (b) Temperature, (c) Flow Rate

These figures present that;

The current value predicted by RBMTF for the 11-2 plate combination and t=90 s is less than the
current value from the results of the experimental work for the 11-2 plate combination and t=60
s, but higher than the current value from the results of the experimental work for 11-2 plate
combination and t=120s (Fig.3a).

The temperature value predicted by RBMTF for the 11-5 plate combination and t=210 s is higher
than the temperature value from the results of the experimental work for the 11-5 plate
combination and t=180 s, but less than the temperature value from the results of the
experimental work for 11-5 plate combination and t=240s (Fig. 3b).

The flow rate value predicted by RBMTF for the 11-8 plate combination and t=270 s is higher
than the flow rate value from the results of the experimental work for the 11-8 plate combination
and t=240 s, but less than the flow rate value from the results of the experimental work for 11-8
plate combination and t=300s (Fig. 3c).
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Figure 4. Comparison of experimental data of 11x11 cm? plate dimension with fuzzy predict for the
variation of time with plate combination of output values (a) Current, (b) Temperature, (c) Flow Rate

Fig. 4 shows respectively, the comparison of experimental data for 11x11 cm? plate dimensions with
fuzzy prediction for the variation of time with plate combination of current, temperature and flow rate
values. From a comparison of the experimental results with the results of the fuzzy logic study, one can
see that the results are quite compatible.

The current value predicted by RBMTF for the 11-9 plate combination and t=150 s is less than the
current value from the results of the experimental work for the 11-9 plate combination and t=120
s, but higher than the current value from the results of the experimental work for 11-9 plate
combination and t=180s (Fig. 4a).

The temperature value predicted by RBMTF for the 11-6 plate combination and t=210 s is higher
than the temperature value from the results of the experimental work for the 11-6 plate
combination and t=180 s, but less than the temperature value from the results of the
experimental work for 11-6 plate combination and t=240s (Fig. 4b).

The flow rate value predicted by RBMTF for the 11-3 plate combination and t=270 s is higher
than the flow rate value from the results of the experimental work for the 11-3 plate combination
and t=240 s, but less than the flow rate value from the results of the experimental work for 11-3
plate combination and t=300s (Fig. 4c).

The comparison between experimental data and fuzzy logic is done using statistical methods. This
methods include; root mean square error (RMSE), mean absolute error (MAE) and the coefficient of
multiple determination (R?). Measures of average error or model performance then are based on
statistical summaries of ti (target value) and oi (output value). When Figs. 5-7 and Table 6 are observed, it
is found that actual values and the values from fuzzy technique are very close to each other.
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Fig. 4a and b shows comparison of the actual and RBMTF results for 10x10 cm? and 11x11 cm? dimension
plate current value. For 10x10 cm? dimension plate, RMSE, MAE and R? for the current is 0.13, 0.111 and
96.44% respectively. For 11x11 cm? dimension plate, RMSE, MAE and R? for the current is 0.07926,
0.06466 and 98.44% respectively.
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Figure 5. Comparison of the actual and RBMTF results for current with three different statistical method
(a) 10x10 cm? plate dimension, (b) 11x11 cm? plate dimension

Fig. 6a and b shows comparison of the actual and RBMTF results for 10x10 cm? and 11x11 cm? dimension
plate temperature value. For 10x10 cm? dimension plate, RMSE, MAE and R? for the temperature is
0.74406, 0.71092 and 98.97% respectively. For 11x11 cm? dimension plate, RMSE, MAE and R? for the
temperature is 0.5082, 0.40754 and 97.56% respectively.
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Figure 6. Comparison of the actual and RBMTF results for temperature with three different statistical
method (a) 10x10 cm? plate dimension, (b) 11x11 cm? plate dimension
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Fig. 7a and b shows comparison of the actual and RBMTF results for 10x10 cm? and 11x11 cm? dimension
plate flow rate value. For 10x10 cm? dimension plate, RMSE, MAE and R? for the flow rate is 0.74406,
0.71092 and 98.97% respectively. For 11x11 cm? dimension plate, RMSE, MAE and R? for the flow rate is
0.5082, 0.40754 and 97.56% respectively.
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Figure 7. Comparison of the actual and RBMTF results for current with three different statistical method
(a) 10x10 cm? plate dimension, (b) 11x11 cm? plate dimension

Table 6. The statistical error values for current (A), temperature (°C), flow rate (g/h)

Parameters ) Plate. RMSE MAE R2
Dimension
Current (A) 10x10 cm? 0.13 0.111 96.44%
11x11 cm? 0.07926 0.07926 98.44%
10x10 cm? 0.74406 0.71092 98.97%
Temperature (°C)
11x11 cm? 0.5082 0.40754 97.56%
10x10 cm? 0.0044 0.0035 97.32%
Flow Rate (g/h)
11x11 cm? 0.006 0.0046 97.66%

CONCLUSIONS

Artificial intelligence (Al= fuzzy logic, genetic algorithm, neural network etc.) systems are widely
accepted as a technology offering an alternative way to tackle complex and ill-defined problems. They
can learn from examples, are fault tolerant in the sense that they are able to handle noisy and incomplete
data, they are able to deal with nonlinear problems, and, once trained, they can perform prediction and
generalization at high speed. They have been used in diverse applications in control, robotics, pattern
recognition, forecasting, medicine, power systems, manufacturing, optimization, signal processing, and
social=psychological sciences. They are particularly useful in system modeling, such as in implementing
complex mappings and system identification. Al systems comprise areas such as expert systems,
artificial neural networks, genetic algorithms, fuzzy logic, and various hybrid systems, which combine
two or more techniques (Kalogirou, 2003; Dincer et al., 2008). The aim of this article has been to show the
possibility of the use of fuzzy logic for the calculation of performance HHO dry cell with different plate
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combination. Namely,in this study, the method proposed is an alternative to the methods available for
HHO dry cell experimental studies.

In the experimental study, tap water was used and the system was set to 5 minutes. For each
combination, new cells were prepared. Current, temperature and flow rate values are determined for
every 300 values which are obtained on every plate from 60 th second to 600 th second by 60 second
intermittently for 10x10 cm? and 11x11 cm? plate. HHO dry cell performances in terms of current,
temperature and flow rate for 90th-270th seconds by 60 second intermittently can be predicted by using
RBMTF model without attempting any experiments. The temperature value predicted by RBMTF for the
11-6 plate combination and t=210s is 26.6 °C. This fuzzy predict value higher than the temperature value
from the results of the experimental work for the 11-6 plate combination and t=180 s is 25.5 °C. The
estimated value of fuzzy is less than the temperature value from the results of the experimental work for
11-6 plate combination and t=240s is 26.8 °C. The comparison between experimental data and fuzzy logic
is done using statistical methods. This methods include; root mean square error (RMSE), mean absolute
error (MAE) and the coefficient of multiple determination (R2). Their results show very acceptable
relations between the results of the developed fuzzy model and the experimental results for HHO dry
cell performance.
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ABSTRACT: GeoPortal Systems are being considered one of the most important object in
interoperability concept for Spatial data Management. With the developing technology of the
information age, the need for accessing to spatial data is caused to effort for establishing national,
regional and local information systems by institutes and organizations. Sharing and accessing of spatial
datasets between institutes and organizations are being more important within interoperability concept.
In this study, Open Access GeoPortal System is designed and applied to establish a common platform
for institutes/organizations to analyze, interact, view, query and share spatial data. Open Access
GeoPortal System, which is aimed to develop effective solutions in the field of using and sharing spatial
data and establish interoperability concept, intends to provide an infrastructure for users to realize
functions related with spatial data on web without installing any software. Open Access GeoPortal
System is providing standardization stage acceleration, interoperability concept establishment and
solutions to problems of spatial data thanks to the developed functions and processes which are working
on international standardization organizations as like INSPIRE, ISO, W3C and OGC.

Key Words: GeoPortal, Interoperability, Open Source Software Development, Web GIS, Web Services.

Acik GeoPortal Sistemi Tasarim1 ve Uygulamasi

OZ: GeoPortal sistemleri, Konumsal Veri Altyapilar igin birlikte ¢alisabilirlik kavramini saglayan en
onemli yapilardan birisidir. Teknolojik gelismeler, kurumlarin ve organizasyonlarin bilgiye erisme
ihtiyaci, yerel, bolgesel ve ulusal 6lgekte bilgi sistemlerinin olusturulmasina neden olmaktadir. Birlikte
calisilabilirlik kavrami igerisinde kurumlar ve organizasyonlar arasindaki bilgi paylasimi daha da
onemli hale gelmistir.

Bu ¢alismada, kurumlar/organizasyonlar arasinda konumsal verinin paylasimi, analizi, gériintiilenmesi
ve depolanmasi igin A¢ik GeoPortal sisteminin tesis edilmesi ve gelistirilmesi gerceklestirilmistir. Agik
GeoPortal Sistemi, herhangi bir yazilim kurmadan konumsal verinin paylasimina ve erisimine etkin
¢Ozlim getirmek amaci ile birlikte calisabilirlik kavrami kurmak igin olusturulmustur. Agik GeoPortal
Sistemi, standartlasma ¢alismalarinin hizlanmasina, konumsal verinin paylasiminda yasanan sorunlara
¢ozlin getirmek amaci ile INSPIRE, ISO, W3C ve OGC organizasyonlarinin standartlar1 kullanilarak
olusturulmustur.

Anahtar Kelimeler: GeoPortal, Birlikte calisiabilirlik, A¢ik kaynak kodlu yaizlim gelistirme, Web CBS,
Web servisleri,

INTRODUCTION

Access to spatial data, observations, and analytical results from diverse sources facilitates
interdisciplinary and exploratory research, analysis, and decision-making, particularly in the case of
geospatial information (Evans and Bambacus, 2005). Since the late 1990s, the geographic industry has
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seen increasing interest and activity in the deployment of web sites that provide access to geographic
content (Tait, 2005). This is achieved with the development of World Wide Web (WWW) and
Geographical Information Systems (GIS) corporation. Geographic portals represent an applied response
to this need to disseminate geographic data and leverage the GIS community’s substantial investment in
GIS capabilities and content (NRC, 1999).

Access, distribution and share of geographic information are the core object of each Spatial Data
Infrastructure (SDI) project (Tang and Selwood, 2005). Spatial Data Infrastructure (SDI) are
interoperability component for spatial data management and SDI’'s are the main object to establish
interoperability at national, regional and local scales (Comert, 2004). In (GSDI, 1999) definition, it is
clearly defined that one of the main aim of SDI is to “provide instant access to geographic information.
The United States National Research Council’s Mapping Sciences Committee that first coined the term
“spatial data infrastructure” in 1993, defined SDI as “the means to assemble geographic information that
describes the arrangement and attributes of features and phenomena on the earth. In more explanatory
definition, SDI is a combination of attribute and spatial data, which are coming from distributed
databases and data sources, together with technologies, tools and technical structure to provide access to
spatial data by users (Masser, 2005). The mentioned tools and technical structures are being GeoPortal
systems.

There are many different GeoPortal definitions are available in literature and highlights “accessing
spatial data via web” expression. (BEA, 2008) is defined GeoPortal as “a web site which is only one way
to access spatial data and its applications”. Java Portlet is defined GeoPortal as “personal or common
web applications which are combining spatial data from different sources or data providers” (Abdelnur
and Hepper, 2003). According to the (ESRI, 2013), GeoPortal is “a system to access spatial data without
depending to location, format and data types”. Open Geospatial Consortium (OGC) defines GeoPortal
as a “human interface to collect online spatial data sources, spatial datasets and services together” (OGC,
2004). (Tang and Selwood, 2005) are defined GeoPortal as a gateway to the SDI systems. Thanks to the
developments of web services, SDI implementation is being successful for accessing and sharing data.
Because of GeoPortal systems constitute a connection bridge between data producers and users via web
services, developing intelligent GeoPortal systems will be visible interface of SDI systems and it is being
possible to accomplish the requirements of SDI systems (Iwaniak et al., 2011). Web services are
providing advanced information technologies for comprehensive GIS functions to establish
interoperability (You et al, 2012). Web services are developing a standardized internet based
communication bridge between different institutes and information systems (Alonso et al., 2004), (Zhang
and Li, 2005). Thanks to increasing importance and developments of SDI’s, accessing to spatial data with
web services is raised in last decade (Florczyk et al., 2012).

GeoPortals act as information aggregators providing a single access point to a variety of information
sources. Therefore, they have an important role to play as entry points for the discovery, visualization
and retrieval of data and services that constitute the geospatial web. This can be called as distributed
computing and GeoPortals are the main structure of this concept. Distributed computing has provided
the foundational standards and technology on which the Internet and distributed GIS are built. The core
object of the distributed GIS and interoperability structures are the internet technology. The internet
consists of technology standards, such as, Transmission Control Protocol/Internet Protocol (TCP/IP) and
Hyper Text Transport Protocol (HTTP). The internet protocols specify the data transfer between server
and client computers as well as software and network infrastructure. Because of GeoPortal systems are
providing interoperability, some standards and definitions must be considered for GeoPortal
development. U.S. Federal Geographic Data Committee (FGDC), The Open Geospatial Consortium, The
International Organization for Standardization (ISO) / Technical Committee 211 (TC211), Open
Geospatial Consortium (OGC) and INSPIRE committees are developing standards to establish
interoperability platform within GeoPortal concept (Yang et al., 2006; Rautenbach et al., 2013).

In GeoPortal literature, existing GeoPortal systems and their infrastructure are being presented in
most of the studies. Earth Science Gateway (ESG) GeoPortal (Bambacus et al., 2007), Knowledge
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Annotation Initiative of the Knowledge Acquisition Community (KA2) GeoPortal (Benjamins et al.,
1999), Germany Subsurface GeoPortal (DINO) (Lance et al., 2011), The developed GeoPortals around
United Kingdom (Beaumont et al., 2005), Multi Agency Geographic Information for the Countryside,
(MAGIC) GeoPortal (Askew et al., 2005), Disaster Risk Management Portal (NDRMP) GeoPortal,
(Samadzadegan et al., 2008), Europan GeoPortal and Europan Spatial Data Infrastructure (ESDI)
(Bernard et al., 2005) and INSPIRE GeoPortal (Crompvoets et al., 2004) are examined. Another important
field of GeoPortal systems literature are SDI systems. An intelligent GeoPortal system design to provide
spatial data to planners is developed by (Iwaniak et al., 2011), the reasons to develop GeoPortals and the
importance for SDI projects are presented by (Maguire and Longley, 2005), the benefits of well-designed
GeoPortals and the gaining in SDI Systems are detailed by (Tang and Selwood, 2005) and technologies,
infrastructures and development stages for SDI Based GeoPortals are detailed by (Yang et al., 2006).
Common GeoPortal development systems, technologies and system designs are also being presented in
literature. The benefits of Web 2.0 technologies in GeoPortal systems (Bertrand, 2010), The Geospatial
Portal Reference Architecture (Liu et al., 2008), A semantic spatial data search tool for E-Government
GeoPortal (Wiegand, 2007), GeoPortal development technologies (Tait, 2005), The thematic map
production via web services and (Rautenbach et al., 2013), Spatial data integration to GeoPortal (Yang et
al., 2007), Resource Description Framework (RDF) tool to search spatial data in GeoPortal (Athanasis et
al,, 2009) and existing GeoPortals and developing their search and mapping technologies (Frehner and
Brandli, 2006).

OPEN ACCESS GEOPORTAL DESIGN

The main aim of the Open Access Geoportal (OAG) is to establish a platform which is providing
tools to access, distribute, share and represent of spatial data through web based GeoPortal interfaces
without using any GIS software with developed additional services and interfaces. Within OAG,
additional spatial data functions, existing GeoPortal technologies, international standard specifications,
developable function for existing GeoPortal interfaces are examined to improve the capability of OAG
according to the requirements for spatial data users-providers and additional services are developed.

If have a look to the existing GeoPortals as like Group on Earth Observations (GEO), Ontario
Council of University Scholars GeoPortal, National Oceanic and Atmospheric Administration (NOAA),
National Geophysical Data Center (NGDC), United Nations World Food Programme SDI-T (WFP),
United Nations Environment Programme (UNEP) GeoPortal, Spain IDECLM and HlanData GeoPortals,
it seems that, commonly GeoPortal systems are providing view service of spatial data. Although
GeoPortal systems are providing legend information of spatial data, styling spatial data or generating
symbology with Styled Layer Descriptor (SLD) is being impossible due to the lack of symbology tools.

OAG is developed based on five main services addition to Heron-MC GeoPortal interface. Heron-
MC JavaScript Library provides a user interface for the GeoPortal and WebGlIS applications. Heron-MC
supports a flexible and open source development environment for users and developers. Adding new
functions and integrate new services into the client is possible and easy with its flexible structure with
JavaScript and HTML programming languages. Additionally, Php programming language can be used
for server-side operations scripting. Heron-MC interface is suitable for use as a GeoPortal interface due
to the functions of view, query, display attribute data and other tools. The OAG structure is shown in
Figure 1.
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Figure 1. OAG structure

The OAG is being a technical platform between institutes and organizations which are using or
producing spatial data together with the implementation of international standards as like OGC,
INSPIRE, W3C and ISO. Within OAG, OGC standards are used to develop web services and related
functions for spatial data with WMS, WES and WCS. INSPIRE data specifications are used to define
spatial data catalogues and their specifications with Annex-I and Annex-II-III catalogues. W3C
standards are used to implement web interfaces and internet protocols for OAG. ISO standards are used
to develop metadata service (ISO 19115) within 19100 Geographic Information Standard series. The
OAG components, standards, organizations and programming languages according to the developed
services are given in Table 1.

Table 1. OAG developing programming languages and open standards

Service Standard Organization Programming Language
View Service CSS -
(Heron MC) HTML W3C JavaScript
Metadata 19115 Metadata 1SO Php, JavaScript
Service XML wW3C
WMS
WFS
OGC
Download WCS .
Service OGC Requests Html, JavaScript, Php
XML W3C
OGC Requests
WMS
WFS oG
WCS
OGC Request )
Builder Service 19136 GML 1SO Html, JavaScript, Php
SVG W3C
SLD 0OGC
L rnar Html, JavaScript, Php
Service
XML W3C

View Service
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One of the main object of GeoPortal system is the view service. View service is providing to display
the web services on a map object. Therefore, instead of searching spatial data through a keyword as like
in catalogue GeoPortals, it is being more useful to display web services and interact with them. View
service is being GeoPortal interface which include tools and functions to interact with web services. The
best way to interact with web services and use all the functions is to utilize the Heron Mapping Client
(MC) JavaScript library. The OAG web interface home page and related function replacements are given
in Figure 2.
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Figure 2. OAG home page
OGC Request Builder Service

OGC Request Builder Service is developed to provide a user-interface to constitute request for
retrieving data according to the user-defined parameters. Commonly in GeoPortal systems, web services
are integrated with the default configuration in the fields of symbology, coordinate system and data
format which is specified by spatial data authorities. OGC Request Builder Service is developed to
provide download option of spatial data according to the user defined parameters within OAG. OGC
Request Builder Service web forms for each request are given in Figure 3.
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Figure 3. OGC Request Builder Service web forms

OGC Request Builder Service is based on PHP codes which are generating URL for requests
according to the user defined parameters via web forms (Figure 3). The parameters are specifying the
variables of request and defined in web forms according to the mandatory and optional parameters
which is specified in OGC catalogues. The flowchart of the OGC Request Builder Service is given in

Figure 4.
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Figure 4. OGC Request Builder Service flowchart
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Download Service is developed to enable download operation spatial data through web services.
Spatial data users are usually needs to get data from GeoPortal systems. Because of there are a large
amount of spatial data format, software and spatial analysis functions are being used, spatial data
should be download It is based on GetMap requests and including WMS, WES and WCS supported
output file formats. The structure is similar with the OGC Request Builder Service in the field of web
service URL generating. The only difference is in Download Service, users are not specifying any
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parameters to download data. Instead of this, by clicking to the desired file format, download option

will be started. Download service interface is developed with Php codes including web service and data
format selection. The Download Service web interface is given in Figure 5.
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Figure 5. Download Service web interface

When users select data format, GetMap request is constituted with PHP codes and send to server for
retrieve data in specified format. The Geographical data server will be processed the request and

prepare the file format according to the GetMap request parameters. Download Service structure is
given in Figure 6.
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A 4
[ GetMap Request } Hn

Figure 6. Download Service structure
Metadata Service
Metadata service is developed to provide view of metadata for web services via web interface.

Because of metadata is including the descriptive information about web services, developed GeoPortal
systems should include metadata services to increase the usability of web services in the terms of
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interoperability. Metadata service is consisted from a MySQL database to store metadata files and
HTML page to display related metadata. The metadata service is based on Php codes which are connect
and retrieve metadata information from MySQL database and display on web pages. Metadata Service
structure is given in Figure 7.
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Figure 7. Metadata Service structure

The web page of the metadata service is given in Figure 8 for INSPIRE Administrative Unit thematic
scheme.

[*} GeoPortal % V[ TreeView Demo: Javascric X L} SR
€ - C | [} 193.255.248.21/METADATA/demoFuncs.ntml &%l =
'E Layers

Mekansal Kapsam/ Cografi Sinirlar

=3 AdministrativeUnits
23 AdministrativeUnit
B C]

. [@ Pprovinces

- “[8] Municipalities
{1 AdministrativeBound
{1 Adresses

#{1 CadastralParcels

Online Kaynak

#{1 Hydrography
{1 TransportNetwork

B
&
#{1 GeographicalNames
&
&

Mekansal Sunum Bilgisi

Referans Sistem Bilgisi

Metaveri

i

Metaveri Yazari

Figure 8. Metadata Service web page
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SLD Creator Service

Web service symbology and related SLD files usually are being specified by spatial data authorities,
thus, it is being impossible to define or create SLD files within GeoPortal systems On the other hand,
existing GeoPortal Systems are not including SLD creating function and users are unable to view, edit or
change the SLD file within GeoPortal interfaces. Therefore, SLD files which are created by desktop GIS
systems are couldn’t be used in GeoPortal systems. SLD Creator Service is consist from user forms to
select variables for each parameter of SLD files which are given in Figure 9.
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Figure 9. SLD Service Web forms a) Line SLD b)Point SLD c) Polygon SLD d) Raster SLD

SLD is XML based files and define the variables between tags and can define point, polyline,
polygon, raster files and their label options. Symbol styles, colors, sizes, placements, label fields, label
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styles and related parameters can be defined with SLD files according to the point, polyline, polygon
and raster data types. When users specified the parameters, PHP codes are generated the SLD files with
inserting each variable into related tags. SLD Creator Service structure is given in Figure 10.
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Figure 10. SLD Service structure
RESULT AND DISCUSSION

OAG presenting a gateway to the distributed GIS due to the interoperability components and
representing a reference GeoPortal application. One of the main obstacles of establishing GeoPortal is
the status of spatial data. The solution of spatial data quality depends to INSPIRE and ISO standards to
be understood by data providers. Before constituting GeoPortal systems, INSPIRE and ISO standards
must be applied to spatial datasets. Addition to this, generating incomplete attribute data and metadata
is required together with spatial data. This situation is also provide accurate and up-to-dated spatial
data infrastructure and will contribute to OAG establishing concept. Reliable and up-to-dated spatial
data will increase decision-making quality and decision support system applications. Standardization
policies and applications should be started in every institute and then at national scales, spatial data
should be integrated into NSDL

Discussion

OAG implementation can be useful in environmental monitoring such as meteorological

monitoring, air quality, geological changes, agriculture management, water resources and urban
settlements. OAG can be modified according to the requirements and aims of the projects. Thus, it is
being possible to interact with spatial data and increase the usability of spatial data.
One of the main obstacles of establishing GeoPortal in Turkey is the status of spatial data. The solution
of spatial data quality depends to INSPIRE and ISO standards to be understood by data providers.
Before constituting GeoPortal systems, INSPIRE and ISO standards must be applied to spatial datasets.
Addition to this, generating incomplete attribute data and metadata is required together with spatial
data. This situation is also provide accurate and up-to-dated NSDI spatial data infrastructure and will
contribute to Turkey National GIS (TNGIS) establishing concept. Reliable and up-to-dated spatial data
will increase decision-making quality and decision support system applications. Standardization policies
and applications should be started in every institute and then at national scales, spatial data should be
integrated into NSDI.
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Because of GeoPortal systems are the main component of interoperability concept, as mentioned in
TNGIS policies, Turkey should establish national GeoPortal system to provide accessibility of spatial
data for every institute and data users. GeoPortal systems will contribute to interoperability concept in
Turkey both accessibility to spatial data and the quality requirements of each spatial datasets all around
Turkey.
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ABSTRACT: Determination of zeros of Bessel functions and their derivatives are essential in the TE and
TM modes supported by the circular waveguides. However, since these functions are conventionally
defined as infinite series, fast calculation of their numerical values and zeros with reliable accuracy
requires improved numerical techniques or approximations. Moreover, modes are usually sorted by
human inspection and instant retrieval of correctly ordered modes becomes essential especially for
higher mode-index values. Here, a fast-computational algorithm design based on the numerical
Bisection method to determine the sorted TE and TM mode solutions of the circular waveguides is
presented. Our suggestion involves: i) determination of the critical points close to the zeros of Bessel
functions and their derivatives within the user selected sampling width (typically =0.01), ii) application
of the numerical Bisection method to these functions one after another to scan up to the user selected
maximum index number by using these critical points up to maintain the user selected sensitivity
values, iii) Bubble sorting of the unified roots matrix, iv) scan the bubble sorted roots matrix to decide
the mode type. As a result, our design finds the related TE and TM modes along with the cut-off and
propagating wave frequencies in the correct order with a very fast calculation by the user controlled
Computable Document File (CDF) environment.

Key Words: Bessel functions, Circular waveguides, Computable document file (CDF), Cylindrical waveguides,
Real time computation, TE modes, TM modes,

Dairesel Dalga Kilavuzlarinin Modlarini Belirlemede ikiye Bolme Temelli Hizl1 Bir Analizér
Tasarimi

OZ: Dairesel dalga kilavuzlarinin destekledigi TE ve TM modlarinin belirlenmesinde, Bessel
fonksiyonlarimin ve tiirevlerinin sifirlarinin bulunmasi elzemdir. Ancak, bu fonksiyonlar konvansiyonel
olarak sonsuz seri seklinde tamimlandigindan, sayisal degerlerinin ve sifirlarinin hizli ve makul
giivenirlikte hesaplanmasi, gelistirilmis sayisal teknikleri ya da yaklasim yapmay1 gerektirir. Ayrica,
modlar genellikle insan tarafindan kontrol edilerek siralandirilir ve 6zellikle yiiksek mod endekslerinde,
dogru olarak siralanmis modlara aninda erisim Onemlidir. Burada, siralanmis modlar1 hizli olarak
hesaplayan, sayisal yontemlerden ikiye bolme (Bisection) temeline dayanan bir algoritma tasarim
sunulmaktadir. Onerimiz su hususlari icermektedir: i) Bessel fonksiyonlarinin ve tiirevlerinin sifirlarina
yakin kritik noktalarin, kullanici tarafindan secgilen Ornekleme genisligine gore (tipik olarak=0.01)
belirlenmesi, ii) Kullanic1 tarafindan segilen hassasiyet degeri elde edilinceye kadar, bu kritik noktalar
kullanarak, kullanic1 tarafindan secilen maksimum indeks degerine kadar taranan bu fonksiyonlara
ardisik olarak sayisal ikiye bolme yonteminin uygulanmasi, iii) Birlestirilmis kokler matrisinin kopiik
siralamast (bubble sorting), iv) kopiik siralamasi yapilmis kokler matrisinin taranarak mod tipinin
belirlenmesi. Neticede, tasarimimiz hizli bir hesaplamayla, ilgili modlari, kesim frekanslar: ve ilerleyen
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dalga frekanslar1 ile birlikte dogru siralanmis olarak, kullamici kontrollii hesaplanabilir dokiiman
dosyasi (CDF) ortaminda bulmaktadir.

Anahtar Kelimeler: Bessel fonksiyonlari, Dairesel dalga kilavuzlari, Hesaplanabilir dokiiman formati, Lindirik
Dalga kilavuzlari, Gergek zamanl hesaplama , TE modlari, TM modlar1.

INTRODUCTION

The circular waveguide, occasionally used as an alternative to the rectangular waveguide, is
constructed from a single, enclosed conductor and supports transverse electric (TE) and transverse
magnetic (TM) modes (Balanis, 1989; Beattie, 1958; Cheng, 1989; Kushwaha et al, 2014; Sekeljic, 2010;
Deniz, 2016; Deniz, 2017). Each mode has a characteristic cut-off frequency, below which
electromagnetic energy is severely attenuated as typical to the other waveguides. Circular waveguide’s
round cross section makes it easy to machine and it is often used to feed conical horns. Moreover, very
low attenuation of their TE,, modes also makes it popular in engineering applications (Balanis, 1989;
Cheng, 1989). These modes are conventionally given by the x;,, values for the TE,, mode and x,,
values for the TM,,,, mode where the first one is the nth zero of derivative of the first kind of Bessel
functions with index m, namely J;,(x), and the second one is the nth zero of the first kind of Bessel
functions with index m, namely J,, (x), respectively (Balanis, 1989; Beattie, 1958; Cheng, 1989; Kushwaha
et al, 2014; Sekeljic, 2010; Deniz, 2016; Deniz, 2017). Bessel functions have infinite zeros in the entire
domain or finite zeros in a given subdomain; like trigonometric functions, Airy functions, etc., and
finding their zeros as accurate and as fast as possible is essential here for the circular waveguides. Since
analytical solutions in finding roots of such functions is always not possible, various numerical and
approximation techniques are being improved (Abuelma’atti, 1999; Blachman and Mousavinezhad,
1986; Deniz, 2016; Deniz, 2017; Harrison, 2009; Luke, 1975; Millane and Eads, 2003; Newman, 1984;
Waldron, 1981). For the Bessel functions of the first kind and their derivatives, we have the following
conventional analytic expressions in the form of infinite series (Abramowitz and Steugun, 1965; Arfken
and Weber, 2005; Bell, 1968; Boas, 2006; Korenev, 2002; Watson, 1995):

_ = (_1)" Xy 2k+m . (1a)
]m(x)_;)kll‘(k+m+1) (5) ymeR
d m m—1 —Jm+1
iy = ) I @ ZInanl) 1y (1b)

where J,,(x)&];,(x) are the Bessel functions of first kind and their derivatives with index m and T is the
gamma function. Their values for negative index values are also defined as well as their integral forms
and approximate forms under special cases (such as asymptotic, large Bessel indices, etc.) (Abramowitz
and Steugun, 1965; Arfken and Weber, 2005; Bell, 1968; Boas, 2006; Korenev, 2002; Watson, 1995). We can
also see that their exact analytical calculations as well as finding their zeros are impractical but can be
calculated by some approximations such as asymptotic approximations, approximations for large Bessel
indices, etc. Todays advanced computation software, such as Mathematica, Mapple, Matlab, etc., can
find their numerical values and zeros by some approximations within the desired sensitivity (Richards,
2002; Wolfram, 2003; Wolfram, 2017a). Besides the determination of these zeros, their sorting, fast and
accurate ordering is also important for designing and analyzing the circular waveguides.

Here we suggest a very fast and accurate algorithm design based on the conventional Bisection
method to find and sort the zeros of Bessel functions of first kind and their derivatives to represent the
solutions of the circular waveguides. For the root finding part, our suggestion employs the conventional
numerical Bisection technique given in the fundamental textbooks regarding numerical methods such as
in (Chapra and Canale, 2014; Hamming, 1987; Hoffman, 2001). It is also applicable to the other similar
functions involving oscillatory zeros obeying the Intermediate Value Theorem (IVT) in a given domain.
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General view of our design while operating is given in Figure 1. It runs under the Mathematica CDF
(Computable Document Format) player, which is a free-software downloadable from the Wolfram’s web
page given in (Wolfram, 2017b). General properties of the CDF are given in (Guillermo and Ledn, 2017;
Hastings et al., 2016; Hong, 2016; Wellin, 2016; Wolfram, 2017b; Wolfram, 2017c; Wolfram Research,
2017) and some of the sample applications are available in (Al-Shamali, 2015; Beaulieu, 2012; Deshmukh,
2012; Hollingsworth and Narayanan, 2016; Jones, 2014; Kahle, 2014; Russel, 2013; Selinger, 2016; Tasgal
and Band, 2015). To summarize, it can be coded to have a user console enabling real time computations.
Moreover, once it is coded on Mathematica software, it can be easily converted to a CDF file which runs
under the free CDF player without requiring any other software purchasing (Guillermo and Ledn, 2017;
Hastings et al., 2016; Hong, 2016; Wellin, 2016; Wolfram, 2017a; Wolfram, 2017b; Wolfram, 2017c;
Wolfram Research, 2017).

Our Bisection-based algorithm involves two main stages. In the first stage, we use iterations by the
desired scanning step (typically=0.01) to scan the related Bessel functions of first kind first and then its
derivative to determine the critical points near the zeros for both roughly. These critical points are then
instantaneously being processed by the conventional Bisection technique given in (Chapra and Canale,
2014; Hamming, 1987; Hoffman, 2001) to determine the related zeros in the second stage. In effect, we
have very fast and accurate results since the iteration number for the desired accuracy level is very low
(typically=5 iterations for the sensitivity set value=0.0001). Once these roots are found, they are unified
and the conventional Bubble Sorting, which is normally known to be not much fast and practical (Arora
et al, 2012; Astrachan, 2003; Cormen et al, 2009; Khairullah, 2013; Rohil and Manisha, 2014) is applied.
Though, we have very fast and accurate modes in the correct order. Sorted and unified roots matrix is
then re-scanned to determine the related mode type to be assigned for each. In effect, we have very fast
and correctly ordered modes with the related cut-off and propagating wave frequency values. As seen in
Figure 1, user console involves guide radius, operation frequency, relative permittivity and permeability
values of the medium, maximum Bessel index value, Bisection precision value, count step value and an
update button. When the update button is pushed, user selected values are entered.

Bizection Based Modes Finder and Sorter for the Circular Waveguides in a Madium

guide radius R (in cmy: 9.761 freq. f (in GHz): 0.001
5.761| =k i+ Rz 0.001 ot LA G NS A s
medium  (in £ x10-12); 8.85419
m medium g in 21077 4x
8.85419 =k ||| m
mmax: | 10 d Bisection precision: | 0.0001 d count step (&) 0.0001 0.001 - ol 1 update

[[i=1:TM9, TEx,, (m=1,n=1) :1.84125, (£=0.001, £.-=0.900035, £.=0.)GHz},
[i=2:TMxp, (m=0,n=1) :2.405, (£=0.001, £.=1.17561, £,=0.)GHz,TE>{},
[i=3TM, TESx,, (m=2,n=1) :3.05438, (£=0.001, £.-1.49303, £,-0.)CHz},
[i=43TMxp, (m=1,n=1):3.83188, (£=0.001, £.-1.87309, £,-0.)GHz,TE-+x, (m=0,n=1):3.83188, (£=0.001, £.-1.87309, f£,-0.)CHz
}, [1=5:TM>®, TEx., (m=3,n=1) :4.20125, (£=0.001, £,=2.05364, £,=0.)GHz},
[1=6:TMxp, (M=2,n=1):5.13562, (£=0.001, £.-2.51038, £,-0.)GHz, TE->}},
[1=7 M, TE>x,, (M=4,n=1) :5.3175, (£=0.001, £.-2.59929, £,=0.)GHz},
[1=8:TM@, TE-x,, (m=1,n=2) :5.33125, (£=0.001, £.-2.60601, £,=0.)GHz},
[1=9:TM3xn, (m=0,n=2) :5.52031, (£=0.001, £.-2.69842, £,=0.)GHz,TE>}},
[1=104TM>¥ay (M=3,n=1) :6.38031, (£=0.001, £,=3.11B81, £,=0.)GHz,TE>@},
{i=11:TM>@, TESx,, (M=5,n=1) :6.415, (£=0.001, £.=3.13576, £,=0.)GHz},
[1=122TMSG, TE>¥o, (M=2,n=2) :6.70625, (£=0.001, £.=3.27813, £,=0.)GHz},
[1=138TM0y, (m=1,n=2):7.01563, (f=0.001, £.-3.420936, f,=0.)CHz,TE-x,, (m=0,n=2):7.01563, (£=0.001, £.-3.42036, f,=0.)CHz
b, [i=14:TM@, TE>x,, (m=6,n=1):7.50125, (£=0.001, £.=3.66674, £,=0.)GHz},
[1=152TM %oy (M=4,n=1) :7.58813, (£=0.001, £,=3.70921, £,=0.)GHz,TE>@},
[1=162TM>@, TE>¥,y, (m=3,n=2) :8.015, (£=0.001, £,=3.91787, £,=0.)GHz}],
[1=17$TM 3oy (M=2,n=2) :8.4175, (£=0.001, £.-4.11462, £,=0.)GHz,TE>}},
[1=182TMG, TE>¥o, (m=1,n=3) :8.53625, (£=0.001, £.-4.17267, £,=0.)GHz},
[1=192TM>@, TE>¥oy, (m=7,n=1) :8.5775, (£=0.001, £.-4.19283, £,=0.)GHz},
[1=202TM %oy (M=0,n=3) :8.65375, (£=0.001, £.-4.2301, £,=0.)GHz,TE>p},
[1=212TM %oy (M=5,n=1) :8.77125, (£=0.001, £,-4.28754, £,=0.)GHz,TE>@},
[1=222TM>@, TE¥,, (m=4,n=2) :9.2825, (£=0.001, £.-4.53745, £,=0.)GHz},
{1=23:TM-®, TE-),, (M=8,n=1) :9.6475, (£=0.001, f.=4.71586, £,=0.)cHz}}

Figure 1. General appearance of our analyzer while running
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Applications of the Bessel functions and their zeros to determine the modes of circular waveguides
is being summarized in Chapter 2. Bisection method and our suggested algorithm regarding the
numerical root finding based on the conventional Bisection method is being presented in Chapter 3 and

their application to specific circular waveguide is being presented and discussed in Chapter 4.

CIRCULAR WAVEGUIDES

General properties of the 74 and 74/ modes given in (Balanis, 1989; Cheng, 1989; Deniz, 2017;
Kushwaha et al, 2014) can be summarized as follows:

TE Modes

The Transverse Electric to z, (TE?) modes, can be derived by letting the vector potential A and F be
equal to the followings:

A=0 (2a)
F = a,F,(p,0,2) (2b)

from which we have
V2E,(p.8,2) + B*F,(p,8,2) = 0 (3a)
whose solution gives:

E(p,®,2) = [AJm(Bop) + B1Ym(B,p)] X [C; cos(m®) + D, sin(m@)]

. . 3b
X [Aze~IPZ + ByelFz7) (35)

where
B3 + BZ = B? (4)

and J,&Y,, are the Bessel functions of first and second kind respectively. Constants:
{A1, B1, C;, Dy, A3, B3, m, B, B,} can be calculated by using the following boundary conditions:

EQ)(p =aq, (Z),Z) =0 (5&1)
E,(p=0a0,2z)=0 (5b)

from which we get
F,(p,9,2) = ApnJm(Bop) X [C; cos(m®) + D, sin(m@)] x Aze~/Fz* (6)
Then, the electric field component Eg can be calculated from

19F (p.9,
E§(p,8,2) = 75000 (72)

and by applying the boundary condition for Eg in (5a), we get:

Eg(p:a’m’z)=0:]’m(ﬁp)=03ﬁp:x’ﬂ (7b)

a
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where y',,, represents the nth zero (n = 1,2, 3, ...) of the derivative of the Bessel function J,, (x) of the first
kind of order m (m = 0,1, 2, 3, ...). The smallest value of y',,,, corresponds to X'11=18412(m=1,n=1).
Using (4) and (7b), B, of the mn mode can be written as follows:

(ﬂz)mn = X mn (83)

, Xr
_] .Bp BZ_] ﬁzﬁ<ﬁp =2
where Cut-off is defined when (s, = 0, namely:
Be = ONEE = () = 7202 (8b)

2ma\ue

where (f:)mn is the cut-off frequency above which the related TE mode propogates with the guide
wavelength:

21
= 8c
/19 (Bz)mn (8c)

TM Modes

Similarly, the Transverse Magnetic to z, (TM#) modes, can be derived by letting the vector potential
A and F be equal to the followings:

F=0 (9a)
A=a,A,(p 0 2) (9b)

from which we have
V2A,(p,8,2) + p?A,(p,8,2) =0 (10a)
whose solution gives:

A (p,®,2) = [A]_]m(.gpp) + Blym(,gpp)] X [C; cos(m®@) + D, sin(m@)]

. , 10b
X [Aze~IPZ + BelFe7) (10)

where
B; + B2 =pB* (11)

and J,,&Y;, are the Bessel functions of first and second kind respectively. Constants: {4, By, C;, D,, A3, B3,
m, B, B,} can be calculated by using the following boundary conditions:

Es(p=0a,0,2)=0 (12a)
E,(p=0a,0,2z)=0 (12b)
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from which we get
A3 (p,0,2) = BuuJim(B,p) X [C, cos(m®) + D, sin(m®)] x Aze~/Pz? (13a)

Then, the electric field component E; can be calculated from

Ef (p,0,2) = —j = (25 + §?) 41 (0, 8, 2) (13b)

wpe \dp?
and by applying the boundary condition in (12b) to (13b), we get

E,(p=0a0,2)=0=],(8,)=0=p, =42 (13c)

a

where y,,,, represents the nth zero (n = 1,2, 3, ...) of the Bessel function J,,(x) of the first kind of order m
(m=0,1,2,3,..). The smallest value of y,,, corresponds to y,; =2.4049 (m = 0,n = 1).
Using (13c) and (11), B, of the mn mode can be written as follows:

[T = o= () > g, =
B = 0, B=B.=p=""2 (14)

3B =P =) (2) - g p <, =

a

where Cut-off is defined when ;) = 0, namely:

B = 0AHE = (fdmn = 200 (15)

where (f.)mn is the cut-off frequency above which the related TM mode propogates with the guide
wavelength given in equation (8c). Since the cut-off frequencies of the TE,, and TM;, modes are
identical (Yo, = X1n), they are referred to also as degenerate modes.

DETERMINATION OF THE MODES
The Bisection method

The conventional Bisection technique, based on the Intermediate Value Theorem, is also called as
Binary-search method and it is applicable if f(p) is a continuous function defined on the interval [a, b],
with f(a) and f(b) of opposite sign as follows (Chapra and Canale, 2014; Hamming, 1987; Hoffman,
2001):

Theorem 1 (IVT): Assume f: IR — IR is a continuous function and there are two real numbers a and b
such that f(a) X f(b) < 0. Then f(p) has at least one zero between a and b.

The Intermediate Value Theorem implies that a number c exists in (a,b) with f(c) = 0. Although
the procedure will work in most of the cases when there is more than one root in the interval (a, b), we
assume for simplicity that the root in this interval is unique for now. The method calls for a repeated
halving (or bisecting) of sub-intervals of [a, b] and, at each step, locating the half containing ¢ until the
desired precision (=prec) is attained. To begin, set a; = a and b; = b, and let p; be the midpoint of [a, b];
that is,

bi—a; _ a;+by (16)

GG=a +——=
1 1 2 2
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Then the calculation involves the following procedures:

i) If |f(c1)| < prec, then ¢ = ¢;, and we are done, root=c.

ii) If f(p;) # 0, then f(p;) has the same sign as either f(a,) or f(b,).

iii) If f(p1) and f(a;) have the same sign, p(p;, b;). Set a, = c¢; and b, = b,.

iv) If f(p1) and f(a;) have opposite signs, p(a;,p;). Set a, = a; and b, = ¢;.

v) Continue the same process to interval [a,, b,] and reapply with r iterations until |f (¢ « ¢,)| <
prec, root=c.

Flowchart of the Bisection algorithm used here is given in Figure 2. The dashed rectangle is our
addition here to reject the roots found but out of the guide radius R. This modified Bisection module is
used in our suggested algorithm whose flowchart is given in Figure 3 to find the root (which is
guaranteed to exist by the IVT given above) in the determined [a, b] interval instantaneously.

Start Bisection module
(to find the root in [a, b))

l

[ get iteration #: r =0 \

(End ( Bisection m:}dulnD

Figure 2. Flowchart of the Bisection algorithm to calculate the root of f(x) between a&b by r iterations.
Our Suggestion

The flowchart of our suggestion is given in figure 3. User enters the following parameters: Guide
radius (R), frequency (freq), medium permittivity and permeability (e, u), Bisection precision (prec)
and, count step (Ap). Bisection method discussed above operates in the determination of one zero
between the end points [a, b] where f(a)&f(b) are in opposite signs satisfying the IVT as discussed.
Since we study the functions with more than one zero, we suggest first to determine such critical points
[a,, b,] as follows:

lan, by] = [k, a, + Am] (17a)

where Ap is the count step selected by the user (default value is set to 0.01) and k scans the domain
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of the guide radius [0, R] in Ap steps. Here we determine the critical point pairs {a,, b,} obeying the IVT
as follows:
Signlf (an)] x Sign[f (bp)] < 0 (17b)

By this suggestion, the application of the Bisection method can be started within very close critical
point pairs {a,, b,}. So, less iteration steps are needed in the application of the Bisection method. Since
the nth zeros of J;, (x)&/,,(x) are searched to determine the modes ¥, &¥mn, in each application of the
Bisection method, the user initially enters the maximum value of m (=m;,,,), hence we have: m =
0,1,2, ..., Mpq,. Once all the parameters are been entered and activated by the update button by the user,
Xm 5 matrix for the roots of J;,,(p) and similarly, x,,,,, matrix for the roots of J,,(p) are defined in order
that final results for the roots can be assigned to these matrices. So, starting from k =0 and f(p) =
Jm=0(p), all the roots are found and assigned to the related elements of matrix y;,,.,- When k reaches R, it
is complete and it repeats for f(p) = J;u=o(p) from k =0 up to k = R and all the roots are found and
assigned to the related elements of matrix y,,, ,. Then the same procedure continues for the next m value
with m = 1 and repeats up to m = m;,,4, to find and assign all the roots to the related matrices in the
following order:

’ 1 ’ ’ ’ T m = 0,1,2, ., m
{X‘m = (Xml Xm2 - Xmn - Xmmaxl) » Xm = (Xml Xm2 - Xmn ---Xmmaxl)T}: n=123 .. Tlnax (18)

Note that [ is a relatively big number (typically 50 or more) regarding the maximum root number in
0 < p <R and 0 £ m < my,,,, which is not known at the beginning and the blocks marked by (*) are not
necessary if any matrix predefinition is not required by the programming language in use or by the
preference of the programmer. Deletion of the non-assigned elements to reduce the matrices at the end
of this module is also optional. The outputs at the end of this module for a relatively small guide radius
(R =7 cm,my,,, = 10) is given as an example as follows:

( m=0=x;=(383188),x, = (2405 5.52031)"
[m=1= y =(1.84125 5.33125)7, x, = (3.83188)
m=2=y, = (3.05438 6.70625)7, y, = (5.13562)
m =3 = y; = (420125), x5 = (6.38031)
l m=4= y,=(53175),x, = ¢
m=>5= y; =(6415),x, = ¢

R=7cmmpy,, =10= ! (19)

Note that for 5 < m < my,q, = 10, x,, OF ¥y, exceeds R = 7 cm.
Sorting Module

Flow chart algorithm for our sorting module is given in figure 4. We prefer the conventional Bubble
sorting given in (Arora et al, 2012; Astrachan, 2003; Cormen et al, 2009; Khairullah, 2013; Rohil and
Manisha, 2014). For small guide radius value given above we have the following operations:

X =UnZ8* Um VU Xm) (20a)
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3.83188 1.84125
2.405 2.405
5.52031 3.05438
1.84125 3.83188
5.33125 4.20125
ReTomma, =107 = | G || 15
5.13562 5.33125
4.20125 5.52031
6.38031 6.38031
5.3175 6.415
6.415 6.70625

Bamlmdm: |'|':.,.,,.,,f 3
Bisection precision: f
Prmmm:mﬂp f

["];l}:ﬁneixlmn-

trices for roots of Y o
"rl.'i‘frn-fﬂu.n.&“rﬂ"-'rﬂ'i-.u: m =0 ]_[j{ﬂ‘} _ -Fn{ﬂ‘,.']—

{xem i1 B[ om 11 ]

I

[rt_ﬂ.i.'_—ﬂ.p}

of the root matrices

o n=mn+l;

=Fa a=kb=a+Ap Run sorting module
- | (to sort the modes

o+ in cormect order)
- Run Bisection

L module {to Snd

= the root in |a, bj) m

|

| S

nth zero of Ju:
Xmn 4+ €

C. DENiz

(20b)

Figure 3. Flowchart of the suggested algorithm to calculate and sort the zeros of J;,(p) and ], (p) in the

given interval: pyin < p < Pax, (*): optional.
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Unsorted roots (both for y;, and x,,) are assigned to column matrix ¥ and they are sorted in the
column matrix M. Indice i scans from 0 up to dim(M) and each time indice m scans from 0 up to m;,,y
and M; € x;, is checked. If it is true, row number of element M; in y;, is assigned as indice n of the yy,,.
If it is false, M; € x,, is checked and if it is true, row number of element M; in x,, is assigned as indice n
of the x,,,. Note that o, = x11 = 3.83188 in our simplified illustration. It is due to the fact that (Balanis,
1989; Beattie, 1958; Cheng, 1989; Deniz, 2016; Deniz, 2017; Kushwaha et al, 2014; Sekeljic, 2010):

X(,Jn = Xin (21)

where the related TM and TE modes are common. Such common modes are also detected by the
sequential checking in our design.

(Sta.rt (Sorting moduleD

Treat matrices as sets Run bubble sorting,

and umey them all: —| sorted modc-matrix;
M « ¥ =" (3 U Xm) M+ sorting result

End (sorting mndu]cD

/ ”IM 1{rn 3} h‘}?ﬂ?m i , j = i
.ff M e . usilhg iﬂ’, Pos(xm, M)

Evaluate f

H‘s k = / 'TE :", (m,k),
Mt €Xm > Pos(x! , M) u:,{nsgf‘rf" P "M, f,m }e —

no

.!'l .'chn .;
A

Figure 4. Flowchart of the sorting module
RESULTS AND CONCLUSION

Results for relatively large parameters are given in Table 1. They are in agreement with the results
given in (Balanis, 1989; Beattie, 1958; Cheng, 1989; Deniz, 2016; Deniz, 2017; Kushwaha et al, 2014;
Sekeljic, 2010) and in the correct order as in (Beattie, 1958), where the first 700 zeros are listed in the
correct order as a reference table. Note that results in (Beattie, 1958) with as much as first 700 modes are
sorted by the inspection of the author, obviously requiring a great effort without using any sorting
algorithm for quick access for practical applications. Although we use here a slow and impractical
Bubble sorting as discussed in (Arora et al, 2012; Astrachan, 2003; Cormen et al, 2009; Khairullah, 2013;
Rohil and Manisha, 2014), we have very fast and accurate results in the correct mode orders as aimed
here. It is enabled by the use of the suggested algorithm running under the free Mathematica CDF player
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which offers a real time computation with the user console. Our simplified illustration for selected
parameters R = 7 cm, My, = 10 given in Section 3.3 can be followed and verified from Table 1 between
the index numbers i = 1 and i = 12.

It is obvious that as the selected parameter m,,,, increases, the maximum m value of ¥, and ¥, to
be found and sorted increases and similarly, as the parameter R increases maximum n value of y,,, and
Xmn to be found and sorted increases, too. However, as seen in our algorithm in Figure 3, both
parameters are checked and Bisection method is applied provided that k < R and m < my;,,, holds. All
the first n’ - nth roots of J;,,(p) are first determined until k = R is reached then k — 0 and all the first nth
roots of J,,(p) are then obtained until k = R is reached again by the Bisection method. When both are
completed, m is increased by one and it repeats again. Then it sequentially continues until m = m,,,, is
reached (m = My, is included). So, our design finds the roots in the following orders:

m = 0: Xo1, Xo2> X03» ---X(’]n':)(01r)(02:)(03: - Xons
m = 1: X11, X12) X13» = Xin» X110 X120 X130 - X1n
m = 2: X31, X22, X23» ---X;n':)(21»)(22:)(23' - Xan (22)

— ! ’ 1 ’
m = Mpmax' Xmpaxl) Xmmax2r Xmmax3’ "'Xmmaxn" Xmimax1? Xmmax2r Xmmax3r = Xmpmaxn

Each root is assigned to the related matrix as given in (18). Note that maximum root number of J;,(p)
is denoted by n’ but maximum root number of J,,,(p) by n here since they may not be equal, though both
are counted by the same dummy index n and when k = R is reached for either one (for J,,,(p) or J,,(p) in
the related loop), corresponding n value for that loop determines the maximum root numbers (say,
n - n' for J;,(p) and n for J,,(p)). Also note that predefined dimensions of matrices (x;, and x,,) are
large when compared to n and n’ values, namely: n < land n' < [.

As the radius (R) increases, zeros of Bessel functions and their derivatives get closer so, choosing
small count step values (Ap) prohibits a missing root. On the other hand, too small count step values
cause great iteration numbers to scan, which means a decrease in the calculation speed, for small R
values. For this reason, parameter: “count step values (Ap)” is introduced in the user console as seen in
Figure 1. For large R values, greater Ap parameter to scan can be chosen to avoid a missing root by the
user. Similarly, the “Bisection precision” parameter is essential as seen in Figure 1 and in Figure 2.
Bisection method sequentially repeats until prec < f(c) and this means that smaller prec parameters
cause greater iteration numbers and hence a reduction in speed. Note that, in order to detect and find a
root (whatever the precision parameter is), Ap parameter should not cause a missing root by the IVT
given in Theorem 1 above. Moreover, as the radius increases, choosing lower precision values are
advantageous since then the higher order roots get closer. Optimum values of Ap and prec values for
user selections are introduced in the user console.

Our sorting module whose flowchart is given in Figure 4 also increases the calculation speed since
the unified sorted matrix M is used to compare with the related x;, and x,, matrices to determine their
positions (and hence their correct orders). Even though a relatively impractical and slow sorting method
(the Bubble sorting) is used here, in effect, related modes and propagating wave frequencies are found
accurately and in the correct order with a very fast and instantaneous calculation.
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Table 1. Results for the parameters: R=20cm, m,,,, = 20, prec = 0.0001, Ap = 0.01

i ™ (X pn) TE (Xun) i ™ (Xmn) TE (Xinn)

1 (1,1): 1.84125 51 | (4,3):14.3725

2 52 | (10,1): 14.475

3 (2,1): 3.05438 53

4 | (1,1):3.83188 (0,1): 3.83188 54 | (2,4):14.7963

5 (3,1): 4.20125 55 | (7,2):14.8213

6 56 (1,5): 14.8638

7 (4,1):5.3175 57 (13,1): 14.9275

8 (1,2): 533125 58

9 | (0,2):552031 59 (6,3): 15.2681

10 | (3,1):6.38031 60 (9,2): 15.2863

11 (5,1): 6.415 61 | (11,1):15.5894

12 (2,2): 6.70625 62 | (53):15.7006

13 | (1,2):7.01563 (0,2): 7.01563 63 (4,4): 15.9638

14 (6,1): 7.50125 64 (14,1): 15.975

15 65 | (82):16.0375

16 66 | (34):16.2238

17 67 - (2,5): 16.3475

18 (1,3): 8.53625 68 (10,2): 16.4475

19 (7,1): 8.5775 69 | (1,5):16.4706 (0,5): 16.4706

20 | (0,3):8.65375 70 (7,3): 16.5294

21 | (5,1):8.77125 71 | (12,1):16.6988

22 (4,2):9.2825 72 | (6,3):17.0038

23 (8,1):9.6475 73

24 | (32):9.76125 74

25 | (6,1):9.93625 75 (5,4): 17.3125

26 (2,3): 9.96938 76 (11,2): 17.6006

27 | (1,3):10.1738 (0,3):10.1738 77

28 (5,2): 10.5194 78 (8,3): 17.7738

29 (9,1):10.7125 79 (3,5): 17.7888

30 80 | (13,1):17.8013

31 | (7,1):11.0863 81 (2,5): 17.95%

32 82 (1,6): 18.015

33 83 (16,1): 18.065

34 (1,4): 11.7063 84 (0,6): 18.0713

35 (6,2):11.735 85 | (7,3):18.2875

36 (10,1): 11.7712 86 (10,2): 18.4338

37 | (04):11.7913 87 (6,4): 18.6375

38 | (81):12.225 88 (12,2): 18.745

39 | (52):12.3388 89 | (14,1): 18.8994

40 (4,3): 12.6819 90 | (54): 18.9806

41 (11,1): 12.8275 91 (9,3): 19.005

42 (7,2): 12.9325 92 (17,1):19.105

43 | (33):13.015 93 (4,5): 19.1963

4 | - (2,4): 13.1706 94

45 | (1,4):13.3238 (0,4): 13.3238 95

46 | (9,1):13.3544 9% | (83):19.555

(6,2): 13.5894 97 | (1,6):19.6163 (0,6): 19.6163

(12,1):13.8775 98 (13,2): 19.8825
(5,3): 13.9875 99 (7,4): 19.9413
(8,2): 14.115 100 | (15,1):19.995
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ABSTRACT: Due to the large size of shape databases, importance of effective and robust method in
shape retrieval has been increased. Researchers mainly focus on finding descriptors which is suitable for
rigid models. Retrieval of non-rigid models is a still challenging field which needs to be studied more.
For non-rigid models, descriptors that are designed should be insensitive to different poses. For non-
rigid model retrieval, we propose a new method which first divides a model into clusters using geodesic
distance metric and then computes its descriptor using the area of these clusters. A skeleton-based K-
means clustering method is utilized for dividing the model into clusters. Each cluster is represented by
an area based descriptor which is invariant to scale and orientation. Articulated objects from human to
animals are employed in this study’s experiments for the validation of the proposed retrieval algorithm.

Key Words: Geodesic distance, K-means clustering, Mesh skeleton, Shape retrieval,

Uc Boyutlu Coziim Aglar i¢cin K-Means Kiimeleme Tabanh Sekil Aramasi

OZ: Sirketlerin veri tabanlarinda cok fazla sekil bulunmaktadir. Istenilen sekillerin bu veri tabanindan
bulunup getirilmesi igin etkili ve giiglii sekil arama metodlarinin kullanilmasi gerekmektedir.
Arastirmacilar genelde rijit (esnemeyen) modellere uygun geometrik tamimlayicilar iizerine
odaklanmislardir. Rijit olmayan modellerin bulunmasi daha zor olmakta ve bu konuda daha ¢ok
calisiilmas: gerekmektedir. Rijit olmayan modeller igin tasarlanan geometrik tanimlayicilar degisik
model pozlarinda (insan modeli icin yiiriime, oturma gibi pozlar) ¢alisabilmesi gerekmektedir. Rijit
olmayan model aramasi i¢in, 6ncelikle model jeodezik metrik kullanarak parcalara boliiniir. Sonra her
bir parcanin alam toplam alana béliinerek geometrik tamimlayici hesaplar. Iskelet-bazli K-means metodu
kullanarak model parcalara ayrilmistir. Her parca alan-bazli tanimlayicilar kullanilarak tanimlanmuistir.
Bu tanumlayicilarin 6lgek ve oryantasyon degisikliklerine hassasiyeti yoktur. Calismanin testlerinde
insandan hayvanlara eklemli canlilar kullanilmis, onerilen model arama metodunun performansi
dogrulanmustir.

Anahtar Kelimeler: Jeodezik uzaklik, K-means kiimeleri, Coziim a1 iskeletleri, Model bulma,

INTRODUCTION

With the increase in the number of 3-D models in the internet or company databases, accessing
desired models from databases in a shorter time becomes an open issue for research. In the last years,
some 3D model search engines have been designed for accessing 3D models in databases consisting of
huge data sets. Some famous search engines are Princeton University search Engine (Min et al., 2003),
Taiwan National University shape retrieval engine (Shen et al., 2003) and FOX-Mier shape retrieval
engine (Ansary et al., 2007). In shape retrieval, model features should be found which describe the model
well which are called shape descriptors. Some of the descriptors proposed in literature are accurate, but
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utilizing them in real time is time consuming. On the other side, there are some descriptors which are
fast, but not robust. Researchers try to design a descriptor and balance the speed and robustness at the
same time.

In a shape retrieval engine, an input model, called guery, is selected and similar models to the query
are listed among the models in model database. Utilizing directly the retrieval algorithm on 3D models
in database is time consuming, therefore we first have a preprocessing step called off-line step in which
descriptors for the query and datasets are calculated. Comparison between the query descriptor and the
descriptors for models of datasets are then made in an on-line step. Search engine retrieves all similar
models to the query via using pre-computed descriptors. The descriptor suggested in this paper is
insensitive to different model poses and is invariant when the model is rotated, translated or scaled.

The proposed algorithm consists of three main steps. First, a 3D mesh model is partitioned into
clusters via a K-means clustering technique. Geodesic distance is utilized during the clustering step. As
K-means algorithm is sensitive to the initial seeds given, K-Furthest seeds are computed by means of the
mesh skeleton. Model descriptor is defined based on surface area of the clusters which is not sensitive to
different model poses. Models are finally retrieved using their descriptors. We form a model database
for the validation of the proposed algorithm which consists of the models especially from Princeton
University Benchmark.

RELATED WORKS

3D shape retrieval methods can be divided into three main categories: Feature-based techniques,
graph-based techniques and view-based techniques. Here, we outline some of the proposed techniques
in these categories. Paquet et al. (2000) used cord histograms. Cords were defined as the connecting
center of the model to the center of each triangle faces. Zhang and Chen (2001) used surface properties
like area, volume and istatistical moment to create global feature descriptors. Convex-hull based
descriptors were introduced by Corney et al. (2002). Hull crumbliness, hull packing and hull
compactness were defined as descriptors in their paper. Extended Gaussian Image (EGI) method was
defined for the first time by Horn (1984). In this histogram-based method, normal vector of each triangle
was mapped on the Gaussian sphere. Complex extended Gaussian image (CEGI) was then generalized
by Kang and Ikeuchi (1991) which took the distance of faces to the origin also into consideration.
Kazhdan et al. (2004) used a mirroring descriptor in their work. They calculated global descriptor by
measuring the reflective symmetry of each plane of 3-D model according to the position of model’s
center. Osada et al.(2002) brought distribution concept to global dissimilarity descriptors. They first
extracted descriptor based on area, volume or distance. Difference of distributions then showed the
amount of dissimilarity between 3D models. Ohbuchi et al. (2002) created shape histograms along with
the principal axis of 3D model. They used properties such as the moment of inertia, average distance
from surface to the principal axis and distance variation to the principal axis for creating histograms. Ip
et al. (2002) applied the shape distribution approach for the CAD models by reforming Osada’s D2
function. This method was only useful for volume models and not for soup models. Sector and shells
based disstribution histograms were used by Ankerst et al. (1999). 3D models were divided into different
spatial parts by using singly concentric shells and sectors. These sector and shell unites were
corresponding with each bin in the shape histogram. Vranic et al. (2001) presented a ray-based
descriptor which first found the spherical extent function of the model and then created descriptor by
calculating spherical harmonics of that function. The method was not rotation invariation and needs
pose normalization. Kazhdan et al. (2003) described a rotation invariant method for representing 3D
models. In this method, by means of concentric spheres, spherical harmonic was constructed.

For graph-based techniques, reeb graphs and skeleton-based methods are the most popular.
Mathematically, reeb graphs are a kind of skeleton which descripe a 3D model topologically by using a
scalar function. In reeb graphs, quotient function, f, play an important role for creating graphs. Biasotti et
al. (2003) showed that applying various quotient function leaded to different reeb graphs and choosing
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suitable quotient function has crucial effect in matching result. Hilaga et al. (2001) used integral geodesic
distance as a quotient function. Bespalov et al. (2003) implemented Hilaga’'s procedure on solid models.
They concluded that reeb graph matching method was sensitive to topology of 3D models and more
work should be done to inhance the method. For skeleton-based techniques, Sundar et al. (2003) used
models skeleton for retrieving the models. They first voxelized 3D shape object and they then used
Gagvani’s Volume Thinning algorithm (Gagvani and Silver, 1999). Sundar et al. (2003) tried to find
similarity of two 3D shapes by comparing their skeletal graph by detecting the maximum cardinality,
minimum weight matching between two corresponding graph. Funkhouser et al. (2003) used a view
based technique for shape retrieval. They applied a two dimentional sketch as a query. Chen et al. (2003)
and Shen et al. (2003) utilized a view-based technique for retrieving 3D objects by noticing the fact that
3D models are similar if they look same from all points of view.

Our technique takes different approach than the shape retrieval techniques in the literature which
utilize a single cluster (i.e., whole model). However, we generate different clusters and the descriptor is
defined on these clusters. We believe that it is advantageous because main focus of researchers in
previous works was to finding descriptors which represent 3-D model globally. One of the weak point is
that some of the retrieved models for the input model (query) are completely different, but they are
globally similar to the query according to the descriptor used. To avoid this problem, we proposed a
new method which divides models into clusters first and computes then descriptors on these clusters.
Furthermore, using geodesic metric for K-means clustering rather than Euclidean metric makes our
method insensitive to different poses.

PROPOSED METHOD
Overview

In this section, we describe the flow of the proposed method. Figure 1 illustrates the main steps of
the proposed algorithm. The skeleton of a given 3D mesh model is first computed. Two furthest points
on the skeleton are then found. Two corresponding points on the mesh for these two points is calculated
which are assigned as the first two seed points that will be used in the K-means clustering algorithm.
Other k-2 seed points are then found. In the next step, K-means algorithm is utilized to partition the mesh
into vertex clusters by using k seed points. K is a user-defined integer input. The mesh model is
simplified using an area based shape descriptor which is a fingerprint of the model. The descriptor
carries the important information of the model which is used to compare it with other shapes. Therefore,
similarity rate between models is computed based on this shape descriptor.

Finding K farthest
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Figure 1. Flow of the proposed technique
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K-means Clustering

A mesh, M, is partitioned into k sub-meshes or clusters, {M;, M5, ..., M}.}. A cluster, M;, consists of a
set of vertices and a cluster center (or centroid), i;, where i is integer between 1 and k. Furthermore, any
two cluster, M,, and M,, do not share the same vertex (i.e., M, N M, = 0). To find clusters, objective

function in Formula 1 is utilized which aims to minimize the total sum of the squared distance for all
vertices in each cluster with its centroid center.

. 2
min Yi_y Yeen,llx — il (1)

Exact solution for this problem is NP hard. Lloyd’s clustering technique (Lloyd, 1982) is used
extensively by many scientists and researchers in different fields (Herwig et al., 1999; Agarwal and
Nabil, 2004; Gibou and Fedkiw, 2005) which our technique utilize as well. Partitioning and cluster center
update phases are iterated until the cluster centers do not move anymore or if their move is negligible.
Pseudo-code for the Lloyd’s K-means clustering technique is as follows:

1. Select k vertices randomly in the mesh as initial centroids or seeds

2. Assign each mesh vertex to the closest centroid.

3. Compute mean of each cluster and select the vertex in the cluster that is closest to the mean
as new centroid.

4. TIterate line 2 and 3.

5. If the centroid positions do not change anymore, algorithm stops.

6. Knumber of clusters are obtained.

K-means clustering has a rather high speed, however this algorithm is sensitive to initial seed points
(i.e., centroids) or initial centers. We tried to solve this problem by making use of mesh skeleton which
will be described in the next section. Another important issue is to use of an appropriate distance metric.
Geodesic distance is utilized to compute distance between two points which is the shortest path between
the points on the surface model. Figure 2 shows Geodesic and Euclidean distance on a 3D mesh model.

Euclidean distance
between two points

Geodesic distance
between two points

Figure 2. Geodesic and Euclidean distance on the 3D model

Skeleton-based K-means Partitioning

Weak point of K-means clustering is its sensitivity to the selected initial seed points. Shape retrieval
method that will be detailed in Section 3.4 closely depends on the quality of generated clusters. Our aim
is to cluster models in the way that clusters are similar in similar models. To achieve this, initial seed
points should be approximately at the same position for similar models. One way is to select k furthest
points on the mesh. This has, however, high computational cost for a model with a large number of
vertices if Geodesic distance computation is utilized. Suppose we have a 3D model with n mesh vertices.
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nx(n—1)

For finding two furthest vertices in the mesh, Geodesic distance between vertex pairs should be

checked. The 3D models used in our work have mostly more than 5000 points and finding two furthest
vertex for a model can take even a few days. To overcome this problem, we first create the skeleton of 3D
model and then compute two furthest points in the skeleton which can help in finding two furthest
points in the mesh. The problem of finding two furthest points can be solved just in a few seconds even
for models with 10000 points.

There are several techniques (Au et al., 2008, Dey and Sun, 2006; Gagvani and Silver, 1999; Sundar et
al. 2003; Tagliasacchi et al., 2012) existing in literature to compute the skeleton of a given shape
represented using 3D mesh. The technique (Tagliasacchi et al., 2012) of Andrea Tagliasacchi et al.. is
utilized to compute the skeleton for a shape represented using 3D mesh because of its high
computational speed and the ability to produce good results. The method creates skeleton curve by
using Mean Curvature Flow (MCF), which is negative gradient flow of the area. Area of the mesh becomes
smaller by iteratively contracting mesh vertices towards the positions where curvature is maximum.
Another advantage of the MCF-based methods is that it can automatically compute skeleton by just
adjusting a few number of user-defined parameters (Au et al., 2008; Tagliasacchi et al., 2012).

The computed skeleton is represented using an undirected graph with positive weights. A graph G
= (V, E) consists of a set of vertices V and a set of edges E € V x V which are unordered pair of V. In
undirected graphs all the edges are bidirectional. Figure 3 illustrates a undirected graph.
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Figure 3. An undirected graph with 15 vertices and 15 edges.

The problem to find two furthest points in an undirected graph can be formulated as a single-source
shortest path problem which can be solved by the Dijkstra’s algorithm (Dijkstra, 1959). Let s and ¢ be the
source and target vertex, respectively. All possible shortest paths in the graph are computed first. A path
connecting two vertices (s and t) with maximum weight (sum of all the edges of shortest path) will then
be selected. These two vertices are the two furthest vertices in the skeleton. A pseudo-code for finding
the shortest path from a source vertex, s€V, to another vertices, v€V, is given in below:
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end for

set dist[source] to 0
Q : the set of all vertices of Graph
while Q is not empty // so long as queue is not empty
set u to the vertex in Q with smallest distance in dist[u]
remove u from Q
if dist[u] is infinity
break
end if
for each neighbor v of u:
W= dist[u] + dist_between(u, v) ;
if W< dist[v]
dist[v] = W;
previous[v] :==u ;
decrease-key vin Q // reorder v in the queue
end if
end for
end while
return dist
End of function

function Dijkstra(Graph, source):

for each vertex v in Graph: // setting all vertex except source vertex to infinity
set dist[v] to infinity
set previous[v] undefined

// distance from source vertex to itself is zero

// all remaining vertices are inaccessible from source
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Next, other k-2 seeds will be found to complete the seed set S = {s1, s2, s3, ..., sk} which will be used to
start K-means clustering algorithm. s1 and sz denote the first two seed points that are computed with the
help of the model skeleton in the previous step. Our objective is to find these points which are well
distributed on the model. In other words, the seeds should be evenly spaced which we call space-filling
seeds. Therefore, minimum pairwise distance between seeds is maximized. A greedy approach is chosen
to find other seeds. To find the i*" seed where 2 < i < k and i is integer, the vertex v € V in the mesh

should maximize the following equation: min {Dist (v, s1), Dist (v,s2),...Dist(v,si1)} and is selected as the
i*" seed si. The seed selections will be performed until finding k seeds on the 3D mesh model. Effect of

initializing K-means clustering with Skeleton-based k seeds and randomly selected seeds are given in
Figure 4. Former one can generate similar clusters for the models in same groups. However, the latter
one does not achieve similar clusters.

Randomly
seeding

Skeleton-based k
Furthest point

Randomly
seeding

Skeleton-based k
Furthest point

Figure 4. Clusters in the left image are obtained starting with random seeds. Clusters in the right image
are obtained using the seeds generated by our method.
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Model Retrieval

In shape recognition, features in a 3D model are found that describe the model well. Shape descriptors
are used for this which describes the model in a mathematical way. In this work, area of each cluster is
computed and divided to the whole area of the model. We then normalize the area by sorting the area
values from the smallest to largest. Let A denote the whole area of a given mesh M and 4; is the area of

the cluster M; (recall M = {M,M,, ..., My} and i is integer). N = {N;,N,, N5, ... N}, } is a descriptor in the
vector form which denotes the sorted normalized area for clusters where Ni= %, N+ N, +--+ N, =1

and 0 < N; € 1. Similarity rate between two models are computed based on Euclidean distance

between two descriptors and the distance value is divided by v/2 which is the maximum possible
distance between clusters. Suppose P = {P;,P,, P3, ... P }and Q = {Q4, @2, @3, ... Q% } be the descriptors
of the model M and model N, respectively. The similarity is rate Rp, between these models are

calculated by the following equation:

Rpq = 100 — (J(P1—01)2+(P2—QZ)Z:;E(PS—Qg)Z+---(Pk—Qk)2 % 100) )

RESULT AND DESCUSSION

A testing model set is formed which consists of 56 3D mesh models from Princeton shape
benchmark (Shilane ef al., 2004) and SHREC'11 benchmark (Lian et al., 2011). Figure 5 shows our model
database that is used to validate the proposed model retrieval approach. Retrieving is, in fact, the
process of finding similar models to a given input model. We first calculate the descriptor of the input
model. Descriptors of the test models are then computed. Using Equation 2 the similarity rate between
the input model and the test models are found. We then sort models according to their similarity rate
from most to least similarity rate. Five different input models are used for different number of clusters
(K). Table 1 shows model retrieval results for different queries. For an eyeglass model, the most similar
models are eyeglass models whose similarity rate is 99%, 91% and 91%. For a human model with
different poses, the most two similar models are human models too. However, it has been observed a
cup model and an octopus model are retrieved with the 95% similarity rates. It can be said that the
algorithm somewhat fails in this case. For a hand model, the most two similar models are also hand
models. For the simplified bird model, the most two similar models are simplified bird models too. The
most four similar models to the octopus model are also octopus models. According to these experiments,
it can be said that the algorithm generated successful results in most cases.
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Figure 5. Testing data set for retrieving.
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Table 1. Retrieving results of different queries for the most similar models
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Table 2 shows the most dissimilar models to the query. For the eyeglass model, all of the most
dissimilar models are octopuses with 57.8%, 59.5%, 60% and 62.4% dissimilarity rates. For the woman
model, cylindrical model and panda are the most dissimilar retrieved models with 81% of similarity

rates. For the hand model, the camel is the most dissimilar model, and most of the octopus models are
the last 10 dissimilar models to the input hand model. According to the results in Table 2, by increasing
the number of clusters, dissimilarity rate difference between most similar and the least similar model to
the query decreases. For example; for the eyeglass model with the K=3 setting, similarity rate difference
between the most similar (99%) and the most dissimilar model (57.8%) is 42.2%. However, this
difference decreases to 18% for the hand model with the K=6 setting and to 16% for the octopus model
with the K=9 setting.
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Table 2. Retrieving results of different queries for the least similar models
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Input Number
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Parameter tuning: Here, we will show the effect of choosing different number of clusters (K) on the same
group of models (eyeglasses). Experiments are done for the K values of 3, 5, 7 and 9. The retrieval results
are arranged in Table 3. Average similarity rate for different number of clusters are approximately same
in most of the cases. It seems that the K=3 setting gives satisfactory results for the eyeglass model and it
is not required to increase the number of clusters. Note that if the number of clusters increase, more
computation time is needed.
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Table 3. Effect of selecting different number of clusters on the similarity rate for the eyeglass model

87.8%

Input model Number of | Similarity rate
clusters
k . 1% e Q/
91% 99% 91%
K=4 -
82% 95% 88.4%
90% 96% 90%
; , k=6 N/ o < E
93.9% 96.9% 90.6%
K=
G‘li/ W L'“/\ a
96.8% 91.6%

The woman model is used to test the effect of selecting different number of clusters, K, on the
similarity rate. Table 4 summarizes these results. According to Table 4, results with the K=6 setting
seems better than the K=3 setting, but more computation time is required for this setting. Finding
optimum number of clusters will be our future goal, but we recommend to select a fewer number of
clusters as much as possible.
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Table 4. Effect of selecting different number of clusters on the similarity rate for the woman model

Input model Number of | Similarity rate
clusters
_ﬁu- ¥ ﬂ)
K= j@‘ 1)
bl
99% 94% 96.7%
o ) 3
99% 88% 98.5%

K=

94.5% 91% 91%
¥ /ﬁ\
=6
97.6% 96.1% 97%
¥ {ﬂ\ ”
K=9 \
e
95% 93% 96.5%

Computational time: Time required for clustering and descriptor computation is shown in Table 5. With
the increase in the number of clusters (K), computational time for both of these steps increase. Ratio of
clustering time to descriptor time decreases when K increases. For example, the ratio for K=3 is 0.75,
whereas it increases to 1.18 for K=9. The reason behind this is that finding K furthest points on the mesh
is computed based on the Geodesic distance which takes higher time. For a human model, clustering
time is from 11.4 minutes to 52.9 minutes. Time taken for computing descriptor is from 15.2 to 44.6
minutes.

The woman and octopus model contains approximately 5600 and 6000 mesh vertices, respectively.
Computational time for both clustering and descriptor again increases. It can be observed that
computation time for models with approximately same number of points are approximately same. For
octopus model, clustering time changes from 12.8 to 57.1 minutes. Ratio of clustering time to descriptor
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time for the octopus model with the K=3 setting is 0.86, whereas it increases to 1.21 for the K=9 setting
which is closed to those of the woman model, 0.75 and 1.18, respectively. The chair model consists of
8600 mesh vertices, and therefore computational time increases significantly. Clustering time for the K=3
setting increases from 12.8 minutes to 24.5 when compared to the octopus model. For the descriptor
calculation stage, it increases from 14.8 to 34.4 minutes. Ratio of the clustering time to the descriptor time
for the K=3 setting is 0.71, whereas it increases to 1.17 for the K=9 setting. When compared to the
previous models, they are approximately same. According to the results, it can be concluded that the
ratio of clustering time to the descriptor time for different models with same number of clusters is
approximately same also for the models consisting of different number of mesh vertices. Finally, the
online step, finding the most similar models based on the precomputed descriptors, for the model
retrieval takes less than a minute for the test cases in this work.

Table 5. Computational time for the proposed technique

Time for descriptor
computation
(in minutes )

Clustering time
(in minutes )

Model Number of clusters

K=3 11.4 15.2

K=5 21.8 24

K=7 35.7 33.7

K=9 52.9 44.6

K= 12.8 14.8

b
% K= 24.1 26.8

N
=7 384 37.4
K= 24.5 34.4
K= 48.8 53.2
K=7 77 79

K=9 117 100

=9 57.1 46.9

CONCLUSION AND FUTURE WORKS

In this paper, we present a new method for retrieving 3D models represented using meshes. The
models are divided into clusters by applying skeleton-based K-means partitioning method. In an off-line
step, model descriptors are computed which are based on the cluster areas. In an online step, similarity
rate between the query and other models in database is computed and similar models to the query are
retrieved from the database. Performance of the proposed retrieval technique is shown via several
experiments where rigid and non-rigid models are utilized. According to the results, the proposed
method is successful in terms of its retrieving performance. Furthermore, it has been shown that the
method is invariant to different model poses, and therefore can be used for non-rigid models.
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As a future work, the proposed clustering method will be improved in order to achieve a less
computation time in off-line step. One way for this can be to find an optimum number of clusters
required for the K-means clustering method. The proposed algorithm fails in some cases even though it
works well in most cases according to experiments. Using different geometric descriptors jointly instead
of just one simple descriptor can lead to better retrieving performance. Additionally, it will be
interesting to study on the automatic setting for the k value that is used in the clustering algorithm.
Finally, we would like to extend our model retrieval technique for quadrilateral meshes (generated
using mixed-integer quadrangulation (Bommes et al..,2009) which are segmented into quad partitions
using motorcycle graph ( Eppstein et al., 2008; Bommes ef al., 2009; Gunpinar et al., 2013; Gunpinar ef al.,
2014a; Gunpinar et al., 2014b.).
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ABSTRACT: This paper reveals that having limited facilities is just an excuse not to do any experimental
research in most of the universities and institutions all over the world. This may sound impractical for
developed countries; however, it is one of the most fundamental problems for underdeveloped and even
for some of the developing countries. In this paper, a study of building a laboratory mostly using
homemade devices from junks is explained. This paper might be a good and encouraging reference
especially for low-income countries, some universities/institutions with very limited budget around the
world as well as some students/researchers who want to have their own tools to conduct a research.
After a brief explanation to build some of the tools using junks, the production of dye-sensitized solar
cells using homemade equipments with up to 5.25% power conversion efficiency (PCE) will be
demonstrated under AM1.5 simulated light emission. Structural, electrical and photovoltaic properties of
the fabricated devices will also be investigated using scanning electron microscopy (SEM), X-ray
diffraction spectroscopy (XRD), and current-voltage (IV) characterization tools in this paper.

Key Words: Dye-sensitized solar cells, Homemade, Optical tachometer, Oven, Photovoltaics (PV), , Spin coater /
centrifuge.

Hurda Pazarindan %5.25 Verimli Boya Duyarli Giines Hiicrelerinin Uretimine Uzanan Bir Calisma

OZ: Bu calisma birgok {iniversite ve kurumda siirli donamima sahip olmanin herhangi bir deneysel
arastirma yapilmamasi i¢in sadece bir bahane oldugunu ortaya koymaktadir. Bu, gelismis tilkeler icin
garip gelebilir; ancak, az gelismis ve baz1 gelismekte olan {iilkeler i¢in bile en temel sorunlarindan biridir.
Bu yazida, ¢cogunlukla atik/hurda ev cihazlar1 kullanarak bir laboratuvar olusturma calismasi ve bu
laboratuvardaki cihazlari kullanarak boya duyarli giines hiicrelerinin {iretimi anlatilmaktadir. Bu
calismanin Ozellikle diisiik gelirli tilkeler, ¢ok sinurli bir biitceye sahip iiniversiteler ve arastirma yapmak
isteyen 0grenciler ve arastirmacilar icin tetikleyici ve cesaret verici bir referans olacag diistiniilmektedir.
Hurda malzemeler kullanilarak tasarlanan bazi cihazlarin kisaca aciklanmasindan sonra, AM1.5
benzetimi altinda %5.25 gii¢ doniisiim verimliligine (PCE) sahip boya duyarli giines hiicrelerinin {iretimi
ev yapimi ekipmanlar kullarilarak gosterilecektir. Uretilen cihazlarin yapisal, elektriksel ve fotovoltaik
Ozellikleri taramali elektron mikroskopu (SEM), X-isinlari difraksiyonu (XRD), akim-gerilim (IV)
karakterizasyon araglar1 kullanilarak bu ¢alismada arastirilmistir.

Anahtar Kelimeler: Boya Duyarli Giines Hiicreleri, Ev Yapum, Optik Takometre, Etiiv, Fotovoltaik, Spin
Kaplayici / Santrifiij.
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INTRODUCTION

Studying/working in highly prestigious universities/institutions is the most valuable asset in
people’s life as they provide all the necessary facilities and opportunities to conduct world-class
research. However the situation in other universities/institutions in a developing stage is not the same
because there is no enough budget to purchase all necessary tools to conduct all kinds of research on
faculty members’ or students’ demands. As an author of this paper after the utilization of the world’s
most advanced laboratories and developing the first semiconductor based monolithic multicolor lasers
(Fan et al., 2013; Turkdogan, 2012; Fan et al., 2015; Turkdogan, 2015;) and LEDs (Turkdogan, 2016) in
those labs, the limited budget related difficulties were met in a very young university and the story of
building the cost effective equipments/tools using junks and their use to build practical devices were
essentially drove us to conduct this research.

In this paper, a few homemade devices along with few commercial ones were employed. Centrifuge,
magnetic stirrer and spin coater were designed using high rpm brushless HDD motor with the control
circuits and the optical tachometer was designed using Arduino Nano Board. In addition to those a
homemade furnace was also designed by transforming a regular residential-type salvage oven into a
precisely temperature controllable scientific grade furnace via PID temperature controller (REX-C100),
solid-state relay (FOTEK SSR-40A) and K-type thermocouple. Although all these devices are enough to
conduct a research on an emerging technology of dye-sensitized solar cells and some others, we are also
developing new equipments such as DC magnetron sputter coater, PID controlled split hinge tube
furnace and pyranometer from junks. Our aim by designing such low cost tools is to bring the science
and research for everyone at anywhere. After building all these tools, we are going to employ them to
create new projects in the field of photonics/optoelectronics and those are going to bring high value-
added devices. In the literature there are similar works explaining the production of scientific grade
equipments from junks (Bianchi et al., 2006; El-Agez and Taya, 2014) but this paper is going to be its first
kind explaining the production of more than one equipment as well as their use to fabricate/construct a
practical device.

In addition to explaining the development of the equipments from junks, the secondary aim of this
research is to build dye-sensitized solar cells with relatively high power conversion efficiency (PCE). The
increasing demand for energy forces us to seek new energy sources and those should come from clean
energy sources for a sustainable world. Sun is the main source of all renewable energies (wind, tides,
biomass, hydro and solar) with the exception of geothermal and among all these options solar energy is
the most dependable and able to cover the world energy demand (Ellabban et al.,, 2014; Gevorkian,
2007). The energy emitted by sun in just one hour is able to meet the world’s annual energy demand.
Since it has that huge potential, a great number of people are working on the improvement of
photovoltaic cells, which directly transform sun light into electricity. In order to bring the cost of
electricity produced by PV cells down new materials and device architectures should be used or the
efficiency of current commercial cells should be increased by some techniques because the cost of energy
produced by PV cells is still high compared to the energy produced from conventional sources (IEA,
2014; Feldman, 2014; Shankleman and Martin, 2017). PV cells are grouped as 1st generation (sc-Si, poly-
Si, a-Si), 2nd generation (Thin films - CdTE, CIGS) and 3rd generation (Nanostructure based, Organic,
Perovskite, Dye-sensitized, CZTS solar cells) and each cell technology has its own advantages and
disadvantages compared to each other (Parida et al., 2011). Since the fabrication process of the DSSCs are
relatively easy (Gratzel, 2003) compared to the widely used 1st and 2nd generation solar cells such as sc-
Si, poly-Si, CdTe thin film, a dye-sensitized solar cell is going to be built using the aforementioned
equipments as a proof of concept. Although DSSCs are not comparable with the current commercial PV
cells at the current stage they show a great promise as they are less sensitive to impurities, temperature
and angle of incident light, they have relatively high PCE and they can be fabricated with low cost on
either flexible or rigid substrates (Jose et al., 2009).
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MATERIALS AND METHOD

The details of designing homemade equipments from junks and fabrication of dye-sensitized solar
cells with the characterization methods will be given in the subsections below.

Building a Homemade PID Controlled Laboratory Oven

A must have laboratory ovens provide uniform temperature throughput and can be used for various
applications such as drying, curing, annealing, and so on with the temperature range over 350°C. In
order to build an oven which is needed for synthesizing the materials and annealing the samples in our
case a salvage residential type oven was purchased from a junk market for $4. The analog thermometer
of the oven was broken, but the heating elements were in a working condition. That was what we
actually needed because temperature could be controlled via PID controller (REX-C100) and a K-type
thermocouple more precisely. In order to do that K-type thermocouple ($4) was inserted into center of
the oven from the top side (see Fig. 1a-b) and the temperature value was read by a PID controller ($14 w/
SSR). PID controller keeps the set value inside the oven by switching on and off the solid state relay
which supplies energy to the heating elements. Bottom and top resistances of the oven are connected in
series to lower the flowing current through the heating elements and therefore this slow down the
heating up rate compared to only one-resistance or parallel resistances in use (1000W vs. 2000W &
4000W). The control circuit is suitable to control the temperature between 25-1000°C, but due to the type
of heating elements used in the oven our controllable temperature range is limited between 25-350°C.
Instead of buying an oven for $1000 we paid only $22 in total and designed a precisely temperature
controllable oven which can be comparable to the commercial ones.

Building a Homemade Spin Coater

Spin coater is a widely used tool especially in semiconductor processing and it is used to deposit
uniform thin films to a flat substrate through the centrifugal force. When the substrate is rotated at high
rpms, the substance (coating material) is spread over by centrifugal force and the thickness of the
uniform coating becomes inversely proportional to the square root of the spinning speed (Scriven, 1988).
The thickness also depends on the viscosity of the coating materials. Commercial spin coaters usually
cost thousands of dollars. In order to design a homemade spin coater with very low cost a 3-phase
9600rpm brushless DC motor recovered from a junk HDD was used as a main part. Motor was
controlled using an Electronic Speed Controller (ESC) (XXD HW30A) which is widely used among
hobbyists. In order to control ESC we employed an inexpensive servo motor tester (HJ Digital Servo
Tester/ESC), which has a reading on it depending on the pulse-duty ratio of the signal sent to servos or
ESCs. By connecting all these together as illustrated in the bottom of Fig. 1c and placing all the
electronics inside a plastic box and high rpm motor on top of the box with a CD case with holes on it to
introduce the coating material, a spin coater was built with extremely low cost. (HDD: 1$, ESC: 6$, Servo
Tester: 63, Plastic Box: 2§, CD case: 0.5$, power switch: 0.5, 12V power supply: 2$ and 18% in total
compared to thousands of dollars) With our spin coater, double-sided tape should be used to fix the
substrate to the rotor, but a chuck with a groove to secure the substrate is another option for a vacuum
free spin coater.

Building Homemade Centrifuge and Magnetic Stirrer

Centrifuge machine is another tool widely used in laboratories. It puts an object in rotation around a
fixed axis. Sedimentation principle is the main working principle in which the centripetal acceleration
causes denser substances and particles to move outward in the radial direction while the less dense
objects are displaced and move to the center. In our case a laboratory centrifuge is used to sediment the



132 S. TURKDOGAN

synthesized powder which will be dissolved in another solvent and used to be coated on the substrate.
In order to design a centrifugal machine the spin coater was utilized because the idea is the same but the
only difference is the purpose. Instead of putting substrates onto a spinning plane we need to put vials
in an angle and pointing outward direction to utilize the centrifugal force. Since a spin coater was
already designed, we used the same device, but converted it to a centrifuge by placing the neck of a
plastic bottle with some holes on it to hold the vials as seen in Fig. 1c-d. In order to keep the balance and
eliminate any vibration we need to put the same amount of sample to the opposite slots. Since 51t plastic
water bottle is free of charge cost of the centrifuge also came out free. In addition to all those, a strong
magnet recovered from a junk HDD was attached to the rotor and with the help of a stage (CD case) to
hold the beakers over the magnet spin coater was utilized as a magnetic stirrer. In another words the
cost of spin coater, centrifuge and magnetic stirrer all able to spin up to 9600rpm is 18$ in total.

Main Power
'y,

a-) K-Type Thermocouple

Figure 1. Schematic illustrations and real color images of homemade laboratory oven (a-b), spin coater
and centrifuge (c-d). Bottom part of (c) shows the electronic control diagram of spin coater, centrifuge
and magnetic stirrer.

Designing an Optical Tachometer using a Microprocessor

In order to measure the rotation speed of the spin coater and centrifuge an optical tachometer was
designed utilizing Arduino microcontroller with two resistors and IR LED-photodiode pair taken from a
salvage computer mouse. As mentioned in the previous paragraphs 3 phase brushless DC motor
recovered from a junk HDD is controlled using an ESC which is widely used among hobbyists. In order
to control ESC we employed an inexpensive servo motor tester, which has a reading on it depending on
the pulse-duty ratio of the signal sent to servos or ESCs. For the sake of easiness, this value was aimed to
be taken as a reference to give speed information. In order to do the transformation an optical
tachometer was needed. Figure 2 shows the circuit diagram of the optical tachometer designed and it
basically measures how many transition from high to low occurs in a second and then transforms this
value by multiplying by 60 to get rpm value by considering the number of triggering black tapes
adhered on the spinning plane. This value was reflected on either LCD display or PC serial monitor.
Since a black sticky tape was placed on the rotating reflective plane and so that for each rotation we get a
trigger from high to low and by utilizing Arduino’s interrupt function rpm value was figured out. The
photodiode in the circuit was used in photoconductive mode and therefore it was reverse biased and the
current flowing from the PD due to incident IR light is transformed into processable voltage signal via



A Study from Junk Market to the Production of 5.25% Efficient Dye-Sensitized Solar Cells 133

resistors connected in series to PD. Besides fixed resistor a trimpot was also used to adjust the detection
sensitivity of the transition from reflective to dark surface(s). The codes used with Arduino are given in
Appendix 1 and by using those codes and given circuit diagram everyone can build their own optical
tachometer for various purposes.

Figure 2b shows the captured oscilloscope screens of Pin D2 (Interrupt 0) when the spin coater was
spinning at 3600 and 9600 rpms, respectively. As seen from the curves when the reflective surface faces
the PD, signal at “pin D2” becomes logic “HIGH” and when it faces dark sticky tape the same pin
changes the logic status and becomes “LOW”. As shown in Fig. 2b as the spinning speed increases the
number of transition in a given time increases and this is reflected in terms of RPMs on the serial
monitor (Figure 2b insets). By utilizing the designed optical tachometer a number of values read in the
servo tester were tested and their real rpm values saved. By plotting rotation speed vs. Servo tester
reading in Fig. 2c we figured out their dependence and any rotation speed required by user can be found
in terms of servo tester reading value using the extrapolated formula and adjusted accordingly.

a_) Reflective Surface Dark Surface
Pin D2: HIGH Pin D2: LOW
PC / Serial Monitor IRLED, P IR Photodiode
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Figure 2. (a) Schematic of the optical tachometer with the illustration of photodetectors’s signal as
PD facing the reflective and dark surfaces on the spinning plane. (b) Pin D2’s signal input taken from the
Oscilloscope screen when the spin coater rotates at 3600rpms and 9600rpms, respectively. Insets with
white background show the serial monitor output. (c) Rotation speed of the spin coater as a function of
servo tester’s set value.
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The way we followed in this research is somewhat indirect, but we areplanning to design a motor
driver circuit, which is going to give an option of putting the required rotation speed directly.

Fabrication of Dye-Sensitized Solar Cells

In order to fabricate a dye-synthesized solar cell within the scope of this paper TiO2 and ZnO
tandem layers as photoanode and conventional Pt counter electrodes were employed. ZnO
nanostructures were hydrothermally synthesized and Titanium(IV) Oxide nanoparticles purchased from
Sigma Aldrich was used as is. Zinc Nitrate hexahydrate was used as a source material for ZnO and 60mg
of Zn(NO3)2 .6H20 was dissolved in 40ml deionized water under magnetic stirring. A few drops of
Ammonia were added into the solution to adjust the pH level to 10 and then the whole solution was
poured into a Teflon lined stainless steel autoclave (Kilic et al., 2012; Kilic and Celik, 2015). ZnO
nanoparticles were synthesized at 200°C for the course of 8 hours. Precipitated products after the
growth of ZnO were centrifuged at 5400rpm for 10min to obtain ZnO powder. The collected powder at
the bottom of the vials was dried at 100°C for an hour in the oven and then both TiO2 nanoparticles and
ZnO powder were dissolved by Nitric Acid in the milk consistency to be coated on the ITO layer. Since
the work function of TiO2 is smaller than that of ZnO (Ji et al., 2012), TiO2 layer was first coated via spin
coater rotating at 4000rpm for 2 min and then annealed at 300°C for half an hour. After that ZnO was
spin coated over ITO/TiO2 at 5000rpm for about 2min and followed by annealing at 300°C for an hour.
N719 dye molecules were adsorbed by the photoanode and KI/I3 electrolyte was used as redox couples.
To construct the cell ITO/TiO2/ZnO/N719) / (Pt/ITO) layers were sandwiched by binder clips (see Fig.
4b) and electrolyte was introduced between counter electrode and sensitized photoanode by capillary
force and cell became ready for the IV measurements.

Characterization Methods

The structural properties of the samples were carried out using scanning electron microscope (SEM-
FEI QUANTA FRG 450) at 15kV and chemical compositions of the constituent materials were figured
out using energy dispersive spectroscopy (EDS) detector embedded in the SEM microscope.
Crystallographic properties, phases and structural quality were investigated by x-ray diffraction (XRD-
Panalytical Empyrean diffractometer) studies using CuKeeradiation (e= 1.5406 A). Measurements to
figure out the electrical and photovoltaic properties were performed using Keithley 2400 SourceMeter
under dark and AM 1.5 simulated light emission.

RESULTS AND DISCUSSION

SEM images in Fig.3a-b show the typical morphologies of TiO2 nanoparticles and synthesized ZnO
nanostructures. As seen in Fig. 3a the coated spherical particles are 20-30nm in diameter and 3D ZnO
nanostructures seen in Fig. 3b have 3D flower-like morphology and the size ranges from 500nm to 2em.
By changing the pH value of the solution before hydrothermal growth morphology of the structures can
be tuned. EDS analysis result in Fig.3d  proved that the prepared hybrid photoanode has the
composition of Zn, O and Ti; however, since the penetration depth of electrons is around lum in the
EDS analysis we see only a tiny bit amount of Ti which comes from the bottom layer of TiO2. If we
exclude the Ti peak we can say that the products are perfectly stoichiometric and have no significant
defects. XRD spectra in Fig. 3c show that photoanode constituent materials, TiO2 and ZnO, exhibit sharp
peaks therefore very high crystalline quality and the characteristic peaks of TiO2 and ZnO films are
centered at 25.17, 37.7, 47.81 degrees and 31.59, 34.19, 36.05 degrees, respectively. Those peaks are well
matched with the diffraction lines of the materials seen in the literature (Downs and Hall-Wallace, 2003)
and correspond respectively to (210), (102), and (321) for TiO2 and to (100), (002) and (101) for ZnO.
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Figure 3. Top view SEM images of (a) TiO2 and (b) ZnO nanostructures. (c) XRD spectra of
TiO2/ZnO hybrid structures in the photoanode region where we see the characteristic peaks of both
TiO2 and ZnO. (d) EDS spectra of TiO2/ZnO hybrid structures with the quantification results that prove
the formation of ZnO on top of TiO2.

Photovoltaic properties of DSSC constructed with ITO/TiO2/ZnO/N719 photoanode and Pt/ITO CE
were investigated under solar simulator with AM1.5G simulated solar radiation. The layers and band
alignment (Ji et al., 2012) with the movement of electrons as a result of photon absorption is shown in
Fig. 4a and constructed solar cell’s real color image is seen in Fig. 4b. Photovoltaic properties of the cell
are very promising and it exhibits 5.25% power conversion efficiency. Although it is not the upper limit
of DSSC technology (the highest efficiency is 11.9% (Green et al., 2017)) it is relatively high considering
that the cells were fabricated with very low cost and using homemade laboratory equipments. IV
measurements of the cells with 0.25 cm2 active surface area (mask with 0.25 cm?2 holes was used) were
performed and all the photovoltaic properties is given in Table 1. It is worth to note that the role of ZnO
on top of TiO2 is to increase the conductivity and charge collection efficiency through the interface
engineering and it is believed to be the reason of getting relatively high efficiency from such cells. On the
other hand 3D ZnO structures with many branches provide a large surface area for the adsorption of dye
molecules and therefore increased number of photon absorber molecules with a better band alignment
cause to increase the short circuit current of the cells. In Fig. 4c Rseries resistance was indicated and that
would be fixed using some intermediate materials such as graphene and carbon nanotube in both
photoanode and CE region to decrease the transition resistance and increase the conductivity.
Researchers around the world utilized those and the results show a great improvement on the PCE of
the solar cells (Sun et al., 2010; Yang et al., 2010; Yang et al., 2013; Kilic et al., 2016).
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Figure 4. (a) Schematic illustration of TiO2/ZnO hybrid structure based DSSC w/ Pt counter
electrode (b) Real color image of the constructed cell. (c) JV and PV curves of the corresponding solar cell
with the indication of some important parameters.

Table 1. Photovoltaic properties of DSSCs based on TiO2/ZnO photoanode w/ Pt counter electrode
under AM 1.5G simulated light emission (100mW/cm?2).

Voc Jsc Vmax Jmax FF Efficiency
(V) | (mA/em?) | (V) | (mA/cm?) | (%) (%)
0.77 12.1392 0.51 10.3046 |56.22 5.25

CONCLUSION

We highly believe that this work is going to encourage a great number of people and stimulate them
to initiate a research in different fields in which case they do not have enough facility. It is believed to be
a valuable guiding reference for diverse communities. This work is of great interest for the development
of new equipments, tools as well as functional devices in many areas. Although we utilized the
homemade equipments for dye-sensitized solar cells, they are of more great interest for the production
of other emerging solar cell technologies such as perovskites and organics. We brought the cost of the
aforementioned devices down to tens of dollars compared to thousands of dollars. This study not only
bring the price of laboratory equipments down to several dollars but also become an encouraging and
explanatory guide for a wide community. In addition to encouraging the people to be more creative and
producing inexpensive convenient devices this paper reveals important results for the clean and green
energy future. DSSCs with TiO2/ZnO tandem construction was demonstrated with 5.25% PCE and they
show a great promise to replace the conventional energy sources; however, the drawbacks of DSSCs in
general should be addressed before commercialization and we need to work further to optimize our cells
to increase the conversion efficiency.
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APPENDICES

Appendix 1. Arduino codes for the optical tachometer

#define irLED 4 // The Infrared LED is connected to pin#4

volatile byte intNum; // "volatile" should be used with interrupts

unsigned int rpm; //rpm might be either negative or positive

int mtime=1000; //Measurement time in which number of interrupts were detected. Min detectable rpm
becomes 60*1000/mtime.

int ntape=1; //Number of tape on a rotating plane

void int_count() // Counting the number of interrupts

{

intNum++; //each interrupt increases the intNum by 1

}

void setup()

{

Serial.begin(9600);

attachInterrupt(0, int_count, FALLING); //IR dedector is connected to pin 2 which is interrupt 0. Triggers
when it goes from HIGH to LOW and calls int_count.

pinMode(irLED, OUTPUT); // Make irLED pin output

digitalWrite(irLED, HIGH); // Turn on IR LED

intNum = 0;

rpm = 0;

}

void loop()

{

delay(mtime); // Update RPM every defined millisecond (mtime)

detachInterrupt(0); // During the calculations we do not process interrupts
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rpm = (60 * 1000 * intNum / mtime / ntape); // Calculates the rotation per minute depending on the
measure time and # of triggering tapes on the spinning plane.
Serial.print("Rotation Speed: ");
Serial.print(rpm);
Serial.printIn(" RPMs");
Serial.printIn();
intNum = 0;
attachInterrupt(0, int_count, FALLING); //Restart the interrupt processing
}
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OZ: Filtrasyon, iyon degisimi, kimyasal ¢oktiirme ve membran sistemleri gibi fizikokimyasal prosesler agir
metaller iceren atik sularin saflastirilmasinda kullanilmaktadir. Adsorpsiyon metodu daha ekonomiktir ve
diger proseslere gore bazi iistiinliiklere sahiptir. Son yillarda arastirmacilar diisiik maliyetli ve kolayca elde
edilebilen adsorbanlarin elde edilmesi yoniinde ¢alismalar yapmaktadirlar. Bu ¢alismada, sulu ¢ozeltilerden
Cr(VI) iyonlarimin giderilmesinde diisiik maliyetli adsorban olarak hazirlanulan kitosan kapli kaolin
kompozit boncuklarin kullanimi arastirilmistir. Kitosan kapli kaolin kiirecikleri kullanarak sulu ¢ozeltiden
Cr(VI) adsorpsiyonu iizerine pH, sorbent dozu, baslangi¢c metal konsantrasyonu ve temas siiresinin etkileri
sistematik olarak incelendi. Cozeltinin pH's1 2-6 araliginda degistirilmis ve kitosan kapl kaolin boncuklar:
ile Cr(VI) adsorpsiyonunun pH’ya bagli oldugu tespit edilmistir. Denge verilerini tanimlamak igin
Langmuir ve Freundlich adsorpsiyon izoterm modelleri uygulanmistir. Verilerin Langmuir modele uygun
oldugu goriilmiis ve 120 dk. temas siiresince kitosan kapli kaolin boncuklarin Cr(VI) i¢in maksimum
adsorpsiyon kapasitesi 31,98 mg/g olarak bulunmustur.

Anahtar Kelimeler: Adsorpsiyon, Kaolin, Kitosan, Krom, [zoterm.

Removal Of Chromium (VI) From Aqueous Solutions Using Chitosan Coated Kaoline Beads As
Adsorbent

ABSTRACT: Various physicochemical process such as filtration, ion exchange, chemical precipitation, and
membran systems are used in treatment of waste waters including heavy metals. Among these processes,
adsorption technique is more economical process and has some advantages over the other techniques.
Recently, researchers have many studies on the low cost and easily obtainable adsorbents. In this study, the
usege of chitosan coated kaoline composite beads as low-cost adsorbent to removal of Cr(VI) ions from the
aqueous solutions has been investigated. The effects of pH, sorbent dosage, initial metal concentration and
contact time on the adsorption of Cr(VI) from aqueous soluiton using the chitosan coated kaoline beads
were studied systemically. The pH of the solution was varied over a range of 2-6 and the adsorption of
Cr(VI) ions on chitosan coated kaoline beads was determined to be pH-dependent. The Freundlich and
Langmuir adsorption isotherm models were applied to describe equilibrium data. The data fitted well with
Langmuir model and maximum adsorption capacity of chitosan-coated kaoline beads was determined to be
31,98 mg/g for Cr(VI) at 120 sec. of contact time.

Keywords: Adsorption, Kaoline, Chitosan, Chromium, Isotherm.
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GIRIS INTRODUCTION)

Krom, bakir, kursun gibi agir metal kirliligi; membran, ¢oktiirme, ters osmoz, indirgeme, filtrasyon,
¢oziicii ekstraksiyonu gibi cesitli yontemlerle giderilebilir (Rengaraj ve dig., 2001; Yurlova ve dig., 2002; Tao
ve dig., 2014; Benito ve Ruiz, 2002; Ramos ve dig., 1994). Bu proseslerin maliyetinin yiiksek olmasi, ikincil
kirlilige sebep olmasi, diisiik metal konsantrasyonlar: icin etkili olmamalar1 gibi dezavantajlar1 vardir.
Adsorpsiyon bu metotlarla karsilastirildig1 zaman, agir metallerin atik sulardan uzaklastirilmasinda daha
etkili ve ekonomik oldugu goriilmektedir (Altun ve dig., 2016). Bu sebeple son yillarda diisiik maliyetli
adsorbanlarin arastirilmas: yoniinde c¢alismalar artmistir. Agir metal gideriminde hindistancevizi kabugu,
tizlim atig1, badem kabuklari, dogal killer, kaktiis yapraklari, camlarin yapraklari, misir kogan, kiil-komiir
karisimi, silikajeller vb. gibi malzemeler adsorban olarak kullanilabilir. Bu diisitk maliyetli adsorban
maddeler arasinda killer, dogada bol miktarda bulunmaktadir. Ayrica iyon degisim potansiyeli yiiksek
oldugu igin iyi adsorplama ozelligine sahiptir. Killerin adsorpsiyon yetenegi minerallerinin yapisinda sahip
olduklar1 yiiklerden kaynaklanmaktadir. Bunun yaninda yapilariin gozenekli olmasi ve yiizey alanlarinin
biiyiik olusundan kaynaklanmaktadir. Bu sebeplerden dolay:1 killer, sulu ¢ozeltilerinden agir metallerin
gideriminde yaygin olarak kullanilmaktadir. Killerle yapilan adsorpsiyon islemleri yaygin olarak
kullanilmakta olan aktif karbona kiyasla ¢ok daha ekonomiktir. Kaolin, kil mineralleri siniflandirmasi i¢inde
bir grup kil mineralidir (Bailey, 1980). Kaolin, granit kayaglardan elde edilen bir kil tiiriidiir.
Al203.25102.2H20 molekiil formiiliine sahip olup tabakali yapisi birbirini takip eden [Si205] > ve [Al2(OH)4] 2
tabakalarinin istiflenmesiyle olusur. Kaolinin kristal yapis1 bir sekizyiizlii ve bir de dortylizliiden olusan
birbirine bagli iki tabakadan meydana gelmektedir (Sekil 1.).

o Oksijen
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& Aliminyum
@ silisyum

Sekil 1. Kaolinin kristal yapisi (Cheng ve ark., 2012)
Figure 1. The crystal structure of kaolin (Cheng et al., 2012)

Son yillarda biyobozunur polimer-kil karigtmlar1 hazirlanarak bu polimerlerin  6zellikleri
iyilestirilmektedir. Bu amagla bentonit, montmorillonit, sepiolit gibi killer daha ¢ok tercih edilmektedir. Bu
konularda yapilan ¢alismalar giiniimiizde 6nemli Olglide artmistir. Biyobozunur polimer olarak kitosan,
bilimsel ¢alismalarda biiyiik ilgi cekmektedir. Kitosan kimyasal yapisi seliiloza benzeyen dogada seliillozdan
sonra en ¢ok bulunan, N-asetil-D-glukopiranoz olup kitinin deasetillenmis {iriiniidiir (Demir ve Seventekin,
2009) (Sekil 2). Kitin mikroorganizmalar ve fungi hiicre duvarinda, boceklerde, yengeg ve karides kabuklu
hayvanlarin dis iskeletlerinde bol miktarda bulunabilen dogal bir polimerdir. Kitosan, biyolojik olarak
parcalanabilirligi, toksik olmamasi, biyouyumlulugu, dogal olarak elde edilebilmesi, bol bulunmasi, diisiik
maliyetli olmasi, kimyasal ve fiziksel 6zellikleri bakimindan tistiin 6zelliklere sahip olmasindan dolay1 tip,


http://www.scielo.cl/scielo.php?pid=S0717-34582005000100008&script=sci_arttext&tlng=pt#38
http://www.scielo.cl/scielo.php?pid=S0717-34582005000100008&script=sci_arttext&tlng=pt#51
http://www.scielo.cl/scielo.php?pid=S0717-34582005000100008&script=sci_arttext&tlng=pt#5
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ziraat, kozmetik, kagit ve tekstil basta olmak {izere daha bir ¢ok ¢esitli endiistriyel sektorde ve akademik
arastirmalarda yaygin olarak kullanilmaktadir.

HaC HaC

OH HN\FO OH HN>=0
m'm&;% W\OH NH ° ¢ ©
o= HO o= HO
CH3 CH3

Kitin

OH HoN OH HoN
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Sekil 2. Kitin ve kitosanin kimyasal yapist (Sajomsang, 2010)
Figure 2. Chemical structures of chitin and chitosan(Sajomsang, 2010)

Son yillarda yapilan calismalarda killer, metal adsorplama kapasitelerini arttirmak icin cesitli
modifikatorlerle modifiye edilmektedir. Diger taraftan kitosan her tekrarlayan birimlerinde reaktif gruplara
sahip olmasindan dolayr kolayca modifikasyona ugrayabilmektedir. Bu g¢alismada kil olarak kaolin,
biyobozunur polimer olarak kitosan kullanilmistir. Adsorbent olarak hazirlanilan bu yeni polimer kil
kompoziti ile sulu ortamdan Cr(VI) iyonlarinin adsorpsiyonu incelenmistir.

MATERYAL ve YONTEM (MATERIALS and METHOD)
Materyal (Material)

Bu calismada, Merck firmasindan temin edilen kaolin ile Sigma Aldrich firmasindan temin edilen
kitosan adsorban madde hazirlanmasinda kullanilmistir. Calismada kullanilan kimyasal maddeler analitik
saflikta olup, Merck firmasindan satin alinmistir. Deneylerde NaOH, HCl, H2SOs, H3POs, K2Cr20y, 1,5-
difenilkarbazit, oksalik asit ve aseton kimyasallar1 kullamilmistir. Cr(VI) stok c¢ozeltisi K2Cr207'dan
hazirlanmugtir.

Kitosan Kapli Kaolin Boncuklar1 Hazirlanmasi (Preparation of Chitosan Coated Kaoline Beads)

Kitosan kapli kaolin boncuklar1 (Kts/Kao) hazirlanmasinda kaolin 0,2 M oksalik asitte 12 saat 250
rpm’de calkalanmistir. Asitle muamele edilmis kaolin mavi bant siizge¢ kagidinda siiziilmiis, saf su ile
birkag kez yikanmis ve etiivde 70 °C’de kurutulmustur. Diger taraftan kitosan 0,2 M oksalik asitte 5 saat
manyetik karistiricr ile karigtirilmigtir. Hazirlarilan kitosan jele, 1:1 g kitosan/g kaolin oraninda olacak
sekilde asitle muamele edilmis kaolin yavas yavas eklenmis ve 5 saat boyunca manyetik karistiricida
karistirilmigtir.  Elde edilen karigim 0,7 M NaOH banyosuna peristaltik pompa ile damlalar halinde 5 cm
yiikseklikten damlatilmis ve bir gece NaOH banyosunda bekletilerek (Kts/Kao) boncuklari elde edilmistir
(Sekil 3.). Olusan (Kts/Kao) boncuklari siiziilmiis, saf su ile pH nétr olana kadar yikanmis ve etiivde 70 °C’de
sabit tartima gelinceye kadar kurutulmustur.
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Sekil 3. (Kts/Kao) boncuklar: fotografi a) (Kts/Kao) karisimi b) NaOH banyosu c) yas hali d) kuru hali
Figure 3. Photograph of (Cts/Kao) beads a) (Cts/Kao) mixture b) NaOH bath c) wet d) dry

Kesikli Kap Adsorpsiyon Calismasi (Batch Adsorption Studies)

Konsantrasyon degisiminin adsorpsiyona etkisini arastirma igin stok Cr(VI) c¢ozeltisinden farkl
konsantrasyonlarda hazirlanarak 0,1’er gram (Kts/Kao) boncuklari {izerine eklenmistir. Calkalayicida oda
sicakliginda 2 saat boyunca tutulmustur. Dengeye gelen Cr(VI)-(Kts/Kao) karisim siiziilerek adsorban ve
¢ozelti ayrilmustir. Cozelti fazinda dengedeki Cr(VI) iyon konsantrasyonu UV-Visible spektrofotometre
(Shimadzu UV-1700) ile tayin edilmistir. 0,5 gr 1,5-difenil karbazit 100 ml asetonda ¢6ziilmiistiir. 1 ml Cr(VI)
¢ozeltisi 1 ml 0,2 N'lik H2504 ilave edilmis tizerine 1 ml 1,5-difenil karbazit ¢6zeltisi eklendikten sonra saf su
ile 50 ml’ye seyreltilerek 540 nm dalga boyunda okuma islemi yapilmistir (Gilcreas ve dig., 1965; Snell ve
Snell, 1959). Adsorban fazinda tutulan Cr(VI) konsantrasyonlar1 Esitlik 1. ile hesaplanmistir:

Vv
g =V—V(Co -C,) (1)

Bu denklemde Co. sulu fazdaki baglangic metal konsantrasyonunu, Ce denge amindaki metal
konsantrasyonunu, V sulu fazin hacmini, W ise kuru adsorbanin kiitlesini gostermektedir. Metal
adsorpsiyon miktarlari Freundlich ve Langmuir izotermlerinden (Esitlik 2, 3) faydalanilarak hesaplanmuistir.

logq, =logk +%IogCe ()
C. C, 1
=4+

@ A KA

)
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Freundlich izotermindeki n sabit bir degeri, k adsorpsiyon kapasitesini, Langmuir izotermindeki As
adsorpsiyon kapasitesini, Ks ise adsorpsiyon enerjisiyle ilgili bir sabiti gostermektedir. Izoterm sabitleri,
grafiklerin dogru denklemleri ve egimlerinden hesaplanarak, dengede; (Kts/Kao) boncuklarin Cr(VI)
adsorpsiyon kapasitesi sonuglar ve tartisma boliimiinde verilmistir.

SONUCLAR ve TARTISMA (RESULTS and DISCUSSIONS)
(Kts/Kao) Karakterizasyonu ((Cts/Kao) Characterization)

Kitosan, kaolin ve Kts/Kao boncuklar1 FT-IR (Bruker VERTEX 70) spektrumu Sekil 4.’de verilmistir.
Kitosan FTIR spektrumunda; 3378 cm?de genis bandin yiizeydeki hidsoksil (-OH) gruplarindan
kaynaklanmaktadir (Tiwaril ve Shukla, 2009). 1658 cm™ de -NH bandindan ve 1562 cm* de —-NH: egilme
bandlarindan kaynaklanmaktadir (Ngah ve Fatinathan, 2008). Kitosan yapisindaki alkol gruplarinin COH
titresimlerini 1378 cm deki band gostermektedir. Diger taraftan kaolinin FTIR spektrumunda; 3685, 3620 ve
3484 cm'deki bandlar kaolinin Si-O-Al yiizeyine zayif olarak hidrojen bagi ile bagli su molekiillerindeki -
OH gruplarimin gerilme titresimlerinden kaynaklanmaktadir. 1022 cm? de gozlenen siddetli bandlar
tetrahedral tabakadaki Si-O-Si gruplarmin Si-O gerilim titresiminden kaynaklanmaktadir. 789 cm?'de
gozlenen band Si-O-Al (oktahedral) biikiilme titresiminin, 533 ve 462 cm™’de gozlenen bandlar ise Si-O-Si
biikiilme titresimlerine aittir (Sari ve Tuzen, 2014). Kts/Kao boncuklar: FTIR spektrumunda ise; 3675 cm™’de
genis band ylizeydeki hidroksil —OH gruplarindan kaynaklanmaktadir. 3477 cm?’ deki pik amin
fonksiyonel gruplarindaki —-N-Ha gerilim titresimini gostermektedir. 1655 cm® deki bantlar amid
grubundaki -N-H: gerilim titresiminden kaynaklanmaktadir (Ngah ve Fatinathan, 2008; Zhou ve dig.,
2014). 1031 cm™ civarindaki bant kitosan yapisindaki C-N gerilme titresiminden ve 908 ve 831 cm'deki
bantlar, kaolin yapisindaki —Si-OH ve —Al (OH)s gerilme titresimlerine, 539cm’'de gozlenen bandlar ise Si—
O-Si biikiilme titregimlerine aittir (Sari ve Tuzen, 2014).

Kaolin
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Sekil 4. Kaolin, Kitosan ve (Kts/Kao) FTIR spektrumu
Figure 4. FTIR Spectra of chitosan, kaolin and (Cts/Kao)
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Caligmada kullanilan (Kts/Kao) kompozitinin yiizey yapisi taramali elektron mikroskopu (SEM) (ZEISS
LS-10) ile incelenmis ve Sekil 5’de goriintiileri verilmistir. (Kts/Kao) yiizeyindeki porlu gozenek
mikrografikte agik¢a goriinmektedir. Kompozitin i¢ ylizeyi ve dis ylizeyi benzer yapidadir ve yiizey
morfolojisi birbirine benzemektedir. Sekil 5'de kitosanin yiizeyinin girinti ¢ikint1 ve oyuklarin az oldugu
goriilmektedir. Kompozit olusturulduktan sonraki SEM goriintiisiinde ise hazirlamilan kompozitin
yapisindaki kitosanin lifli yapisiyla kaolinin girinti ¢ikintili yapasi ile yeni tabakali girinti ¢ikintili bir yap1
olusturularak kitosana kiyasla yiizey alaninin arttig1 goriilmektedir.

EHT = 20,00 kv 1pm
Signal A= SE1 EHT=2000kV o= 3000kx | P™ o @ ) WD=80mm Mag = 10.00 KX
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Sekil 5. SEM goriintiileri
Figure 5. SEM images

Cozelti pH'1nin Etkisi (Effect of solution pH)

Kesikli kap c¢alismalarin baslangic kisminda (Kts/Kao) boncuklari ile sulu ¢ozeltilerden Cr(VI)
uzaklastirilmasinda ¢ozelti pH'min etkisi incelenmistir. Hazirlanan bu ¢6zeltilerin pH’'lar1 0,1 M’lik HCI ve
0,1 M’'lik NaOH c¢ozeltileri ile 2,0-6,0 arasinda ayarlanmistir. Adsorbanin Cr(VI) adsorplama miktari
¢ozeltinin pH’sindan ¢ok etkilendigi goriilmiistiir.
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Sekil 6. (Kts/Kao) boncuklariyla Cr(VI) adsorpsiyonuna pH'in etkisi (Adsorpsiyon sartlari: Cr(VI)

konsantrasyonu, 10-3 mol/L; adsorbent dozu, 2g/L; temas siiresi, 2 saat; sicaklik, 25 + 1 °C).
Figure 6. Effect of pH on the adsorption of Cr(VI) by (Cht/Kao) beads. (Adsorption conditions: concentration of Cr(VI), 10~ mol/L; adsorbent
dosage, 2g/L; contact time, 2 h; temperature, 25 + 1 °C).

Cr(V]) iyonlarinin adsorpsiyonu iizerine ¢ozelti pH’sinin etkisi, Sekil 6’de verilmistir. Sekilden de
goriilecegi gibi maksimim Cr(VI) adsorpsiyonu pH 2,0 civarinda gerceklesmistir. pH < 2 degerinde dahi
Cr(VI) tutunmasi yiiksek olup pH > 3 da metal tutunmasi %75 den %50 civarina hizla diismiistiir. Kompozit
adsorban biinyesinde bulunan amino ve hidroksil gruplari, metal iyonlarinin adsorpsiyonunda etkilidir
(Teng ve dig., 2001). Cr(VI) adsorpsiyonunda yiizey adsorpsiyonu, iyon degistirme, kimyasal adsorpsiyon
ve kompleks olusum gibi mekanizmalar da olmaktadir. Cr(VI) asidik ortamda Cr(Ill)’e dontiserek
adsorbanda bulunan fonksiyonel gruplarindaki protonlari sokerek adsorban yiizeyine katilmaktadir. Yang
ve dig. (2016) hazirladiklar1 manyetik kitosan adsorbani ile Cr(VI) uzaklastirma pH ¢alismasinda, ortam
pH'1nu 3-5 arasinda degistirmisler ve bizim ¢alismamiza benzer sonuglar bulmuslardir.

Adsorpsiyon izotermi (Adsorption Isotherm)

Cr(V]) gideriminde KoCr207den hazirlanilan farkli konsantrayonlardaki ¢ozeltiler (Kts/Kao) boncuklari
ile muamele edilerek, adsorpsiyon ¢alismalar1 gerceklestirilmis ve ¢ozeltide kalan Cr(VI) miktarlar1 UV-Vis.
spektrofotometresi ile tayin edilmistir. Cr(VI) iyonlarmin (Kts/Kao) boncuklar1 {izerindeki adsorpsiyonu;
Sekil 7.’de kompozit adsorban iizerindeki adsorpsiyon izotermlerini gostermektedir. Adsorpsiyon
izotermleri gram (Kts/Kao) miktarinin adsorplayabildigi Cr(VI) miktarinin ¢ozelti ortaminda kalan Cr(VI)
miktarina kars: grafik cizilerek elde edilmistir.
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Sekil 7. (Kts/Kao) adsorpsiyon izotermi (Adsorpsiyon sartlari: adsorban dozu, 2g/L; pH 2; temas

suresi, 2 saat; sicaklik, 25 + 1 °C).
Figure 7. Adsorption isotherm for (Cts/Kao) (Adsorption conditions: adsorbent dosage , 2g/L; pH 2; contact time, 2
h; temperature, 25 + 1 °C).

Cr(VI) iyonlarimin (Kts/Kao) ile adsorpsiyonu sonucu hesaplanan izoterm parametreleri Tablo 1 de
verilmistir. Freundlich izotermi i¢in, Esitlik 2 kullanilarak k ve n parametreleri hesaplanmistir. Freundlich
izotermindeki k adsorpsiyon kapasitesini gosterirken, n sabit bir degerdir. 1/n degerinin 0.1-1.0 arasinda
olmasi adsorpsiyonun elverisli oldugu anlamina gelmektedir. (Erdem ve dig., 2004). 1/n degeri 0,60’d1r ve
(Kts/Kao)'nin Cr(VI) adsorplamaya elverisli oldugunu gostermektedir. Langmuir izotermleri i¢in ise Esitlik
3 kullanilarak As ve Ko parametreleri hesaplanmistir. Langmuir izotermindeki As adsorpsiyon kapasitesi, Ko
sabiti adsorpsiyon enerjisiyle ilgili bir sabittir. Sonuglardan proses i¢in Langmuir adsorpsiyon izoterminin
daha uygun oldugu goriilmektedir. Langmuir adsorpsiyon izotermine gore (Kts/Kao) boncuklarinin
maksimum Cr(VI) adsorpsiyon kapasitesi 31,98 mg/g olarak bulunmustur. Sonug olarak; Kts/Kao
boncuklarmin literatiirdeki ¢ogu adsorbana gore daha yiiksek adsorplama kapasitesine sahip oldugu igin
Cr(VI) gideriminde uygun adsorban olabilecegi diisiiniilebilir.

Tablo 1. (Kts/Kao) boncuklarinin Cr(VI) iyonlar: adsorpsiyonunda Langmuir ve Freundlich izoterm

parametreleri
Table 1. Parameters of Langmuir and Freundlich isotherms for adsorption of Cr(VI) on (Cht/Kao) beads

Langmuir Freundlich
A, Ky R? k n R?
0.62 2.64 0.982 5.98 1.66 0.953

Adsroban Miktarinin Etkisi (Effect of Adsorbent Amount)

Hazirlanan Cr(VI) ¢ozeltileri farkli miktarlarda (0,025-0,4g) tartilan (Kts/Kao) boncuklari ile ayr1 ayri
muamele edilmistir. Sekil 8'da adsorban miktarina karsi Cr(VI) iyonlarinin adsorpsiyonu goriilmektedir.
Grafikten goriildiigii gibi adsorban miktar1 artarken Cr(VI) iyonlari adsorpsiyonu artmakta, belirli bir
degerden sonra bir plato degerine ulagsmaktadir. Bu plato degerinden sonra adsorban miktarinin artmasi
adsorpsiyonu 6nemli derecede etkilememektedir.
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Sekil 8. (Kts/Kao) boncuklariyla Cr(VI) adsorpsiyonunda adsorban miktarinin etkisi
(Adsorpsiyon sartlar1: Cr(VI) konsantrasyonu, 102 mol/L; pH 2; temas siiresi, 2 saat; sicaklik,
25+1°C).

Figure 8. Effect of adsorbent amount on the adsorption of Cr(V1) by (Cht/Kao) beads. (Adsorption
conditions: concentration of Cr(VI), 103 mol/L; pH 2; contact time, 2 h; temperature, 25+ 1 °C).

Mekonnen ve dig. (2015) ve Al-Afy ve dig. (2014) ise farkl1 adsorban miktarina kars1 Cr(VI) uzaklastirma
calismalarinda adsorpsiyonun 6nce hizli arttigini belirli bir degerden sonra bir plato degerinden sonra sabit
kaldig1 goriilmiistiir. Sekil 8.’de goriildiigii gibi Cr(VI) iyonlarimin (Kts/Kao) ile adsorpsiyonu 0,1 grama
kadar artmistir. (Kts/Kao) i¢in Cr(VI) adsorban miktarinin arttirilmasi ile % 50-82 adsorpsiyon goriilmiistiir.
Yapilan ¢alisma sonucu optimum adsorban miktar1 0,1 gram olarak belirlenmistir. Adsorpsiyon bir ylizey
olayidir ve verim yiizey alaniyla dogru orantihdir. Cr(VI) giderimindeki artis, adsorban miktarinin
arttirilmasi ile daha fazla ytiizey alani olusacagindan adsorplanan Cr(VI) miktarinin artisina dayandirilabilir
(Ozer ve dig., 1997; Hamadi ve dig., 2004). Elde edilen sonuglar literatiirde farkli adsorbanlarla yapilan
calismalarla uyum igerisinde oldugu goriilmistiir (Guo ve dig., 2002).

Temas Siiresinin Etkisi (Effect of contact time)

Cr(VI) ¢ozeltisi tizerine (Kts/Kao) ilave edilerek 5, 15, 30, 60, 120, 240, 480, 720, 1080 ve 1440 dk. temas
stireleri boyunca metal tutma miktarlar1 incelenmistir. Calismanin temas siiresine kars: ytlizde adsorpsiyon
grafigi Sekil 9'de goriilmektedir. Zamanla adsorpsiyonun belli bir siire arttig1, sonra bir plato degerine
ulastig1 ve plato degerinden sonra adsorpisyonun sabit kaldig1 goriilmiistiir.
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Sekil 9. (Kts/Kao) boncuklariyla Cr(VI) adsorpsiyonunda temas siiresinin etkisi (Adsorpsiyon sartlar:

Cr(VI) konsantrasyonu, 10 mol/L; pH 2; adsorban dozu, 2g/L; sicaklik, 25 + 1 °C).
Figure 9. Effect of contact time on adsorption of Cr(VI) by (Cht/Kao) beads. (Adsorption conditions: concentration of Cr(VI),
1073 mol/L; pH 2; adsorbent dosage, 2g/L; temperature, 25 + 1 °C).

Sekil 9'da goriildiigii gibi Cr(VI) iyonlarimin (Kts/Kao) boncuklar ile tutulmasinda dengeye 120
dakikada erisilmistir. Reaksiyonun 5-30 dakika arasinda Cr(VI) adsorplanmas: hizla artmis, 30-120 dakika
arasinda artis yavaslamis ve 120 dakikada dengeye ulasilmistir. Basta adsorpsiyonun hizli olmasi, ilk
asamada Cr(VI) iyonlarinin tutulmasi i¢in kompozit ylizeyindeki adsorpsiyon merkezlerinin serbest olmasi
sebebiyle Cr(VI) iyonlarmin bu merkezlerle kolayca etkilesebilmesinden kaynaklanmaktadir. {lk asamadan
sonra adsorpsiyonun daha yavas gerceklesmesi ise ylizeydeki merkezlerin isgal edildik¢e Cr(VI) iyonlarinin
i¢ ylizeye daha yavas diflizyonu sebebiyle olabilir (Ghaedi ve dig., 2012). Belirli bir siireden sonra
adsorbanin maksimum adsorplama kapasitesine ulasildig1 icin temas siiresinin artmasiyla verimde herhangi
bir degisikligin olmamasi dengenin kuruldugu gosterir. 120 dakikadan sonra temas siiresinin arttirilmas ile
adsorpsiyonda fazla bir degisiklik gozlemlenmemistir. Bundan dolay1 (Kts/Kao) boncuklari adsorban olarak
kullaruldiginda Cr(VI) iyonlarinin adsorpsiyonunda optimum temas siiresi 120 dk. olarak belirlenmistir. Bu
durum temas siiresinin adsorpsiyon prosesini belli bir degere kadar etkiledigini gostermektedir (Akgiil ve
dig., 2006). Popuri ve dig. (2009) temas siiresine karisi agir metal uzaklastirma calismalarin yaparken
adsorpsiyonun once hizli arttigim1 ve yaklasik 180 dakika civarinda bir plato degerine ulastig:
belirlemiglerdir.

SONUCLAR (CONCLUSIONS)

Bu calismada, (Kts/Kao) kompoziti hazirlanmis ve Cr(VI)nin adsorpsiyonunda adsorban olarak
kullanim1 incelenmistir. Zaman calismalari incelendiginde 120 dakika sonra adsorplanacak Cr(VI)
miktarinin yaklasik yarisi ilk 5-30 dakikada adsorplandigi goriilmiistiir. Baska bir deyisle adsorplanma
baslangigta ¢ok hizlidir. 120 dakikadan sonra ise denge derisiminde 6nemli bir degisiklik olmadig: icin
dengeye gelme siiresi 120 dakika olarak belirlenmistir. (Kts/Kao)'un Cr(VI) adsorpsiyonunun asidik
sartlarda ¢ok daha fazla oldugu rapor edilmistir. Optimum adsorban miktari 0,1 gram olarak belirlenmistir.
Kts/Kao tizerinde Cr(VI) adsorpsiyon verileri Freundlich ve Langmuir denklemlerinde degerlendirilmis bu
izoterm modellerinin adsorpsiyon sabitleri Tablo 1.de verilmistir. Iki model icin bulunan R? degerleri
incelendiginde Kts/Kao tizerinde Cr(VI) nin adsorpisyon izotermi Langmuir modeline uydugu
goriilmiistiir. Langmuir izoterm modeli genellikle belirli sayida benzer yerler igeren yiizeyler {izerinde tek
tabaka adsorpsiyonu i¢in gecerlidir (Jain, 2001). Maksimum Cr(VI) adsorpsiyon kapasitesi 31.98 mg/g olarak
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bulunmustur. Sonuglardan, hazirlanilan gevre dostu (Kts/Kao) kompoziti ile sulu ortamlardan yiiksek
verimlilikle Cr(VI) iyonlarinin giderilebilecegi goriilmektedir.
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ABSTRACT: Magnesium alloys which are lightweight and high strength materials have some
limitations due to their insufficient corrosion resistance and low surface quality. To overcome these
limitations, especially improving surface properties ball burnishing process was applied to magnesium
alloy with different parameters like force, number of passes, feed rate and speed. For reducing number
of experiments Taguchi method was used and optimum burnishing condition was determined
according to S/N ratios. The results of surface roughness and hardness tests show that feed rate and
force was found significant parameters for improving surface quality. When lower feed rate and higher
force parameters was choosen best surface roughness value was obtained.

Key Words: Ball Burnishing, Magnesium alloy, Surface roughness, Taguchi.

AZ31B Magnezyum Alasiminin Bilyali Parlatma Yontemi ile Mikrosertlik ve Yiizey Piiriizliiliigiiniin
Arastirilmasi

OZ: Hafif ve yiiksek dayanimli malzemelerden olan magnezyum alagimlari,  yetersiz korozyon direnci
ve diisiik ylizey kalitesi nedeniyle bazi sinirlamalara sahiptir. Bu sinirlamalarin iistesinden gelmek,
ozellikle yiizey ozelliklerini iyilestirmek igin, ilerleme hizi, devir, kuvvet ve paso sayis1 gibi farkhi
parametrelerle bilyali parlatma islemi uygulanmistir. Deney sayisini azaltmak icin Taguchi yontemi
kullanulmis ve S/N oranlarina gore en iyi parlatma kosullar belirlenmistir. Yiizey piirtizliliigii ve sertlik
testlerinin sonucunda ilerleme hizi ve kuvvetin yiizey kalitesini iyilestirmede onemli parametreler
oldugu bulunmustur. Diisiik ilerleme hiz1 ve yiiksek kuvvet parametreleri secildiginde en iyi yiizey
piirtizliiliigii degeri elde edilmistir.

Anahtar Kelimeler: Bilyal: Parlatma, Magnezyum alasimi, Yiizey piiriizliiliigii, Taguchi

INTRODUCTION

Magnesium is of interest as a construction material because of its very low density and good
strength. Magnesium alloys are very attractive materials for engineering applications, such as
biomaterial, automobile and aero industries due to their advantages like lightweight, high strength and
high specific stiffness. Thus, they have recently been increasing the interest as base materials in many
applications, in particular, they are considered to be replacing aluminum alloys in the automotive
industries (Cui et al., 2015; Fouad, 2011). The attractive mechanical properties of Mg and its alloys
increase their use in industry but, their applications are often limited because of their unsatisfactory
corrosion performance and poor surface properties. To overcome the limitation of these deficiencies, the
surface properties of Mg alloys, therefore need to be improved. Surface modification is a common way
to improve the surface properties. Surface properties have, importance for better product life of several
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machines and structural parts that are used for engineering applications (Fouad and El Batanouny, 2011;
Puet al., 2012)

Nowadays manufacturing industry is showing more interest in dimensional precision and surface
treatments. Schematic representation of the formation of surface roughness was shown in figure 1. To
improve product quality, traditional surface treatments like honing, grinding and lapping are used. But
these chip removal processes depend on skill and experience of the operator. To overcome these
problems, ball burnishing process is used for better surface roughness which is chip-less, simple and
short processing times application. Ball burnishing is a cold working process that obtains better surface
roughness using plastic deformation without material loss (Aldas et al., 2014; Kulekci ef al. ,2014; John et
al., 2016; Sagbas, 2011).

Burnishing is a surface finish treatment to cause residual stresses on material surfaces and to
improve surface qualities. The enhancement in surface values include increase in surface hardness,
reduction in surface roughness, the production of compressive residual stresses which are favorable for
cold work hardening of the surface, improves tensile strength and corrosion resistance, also maintains
dimensional stability fatigue life as result of the produced compressive residual stress (Hassan et al.,
1996; Revankar et al., 2014).
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Figure 1. Schematic representation of the formation of surface roughness (Hiegemann et al., 2016)

Hassan et al. were used ball-burnishing process in order to improve the surface hardness and
roughness of brass alloys. They were investigated the effect of different forces and a number of tool
passes. The results obtained from the wear tests show that the burnishing process was improved the
wear resistance of the brass alloys (Hassan and Al-Dhifi, 1999). El-Axira et al. were studied four ball
burnishing parameters for aluminum alloy 2014 which is the depth of penetration, feed rate, a number of
passes and burnishing speed. A remarkable increasing surface microhardness in specimens was
obtained (El Axir et al., 2008). Hassan et al. were examined the surface roughness, proof stress, hardness,
fatigue strength and ultimate tensile before and after burnishing properties of non-ferrous metals. The
results were showed some recuperation on these properties due to the burnishing process (Hassan and
Al-Bsharat, 1996). Shiou et al. were investigated the optimal surface parameters for the NAK80 mold tool
steel via using the Taguchi’s L18 orthogonal table. The burnished surface roughness of the samples were
enhanced from about Ra 0.06 um to 0.016 um in average using the determined optimal parameters
(Shiou and Cheng, 2008). Hassan et al. were studied the effects of the force and the number of passes on
the surface hardness and roughness of aluminum and brass. They were obtained that improvements in
the surface roughness and increases in the surface hardness values (Hasan, 1997). Rodriguez et al. was
used a finite element model of ball-burnishing to find out and estimate residual stress values. They were
found that burnishing is an economical and possible process for the quality improvement of materials,
not only in surface roughness but in compressive residual stresses as well (Rodriguez et al., 2012).

The scope of this investigation optimum burnishing parameters of AZ31B mg alloys were
determined. The effects of different passes, forces, feed rate, and speed were examined using Taguchi
method.


http://tureng.com/tr/ingilizce-esanlam/enhancement

154 B. B. BULDUM

MATERIAL AND METHOD

In this study, AZ31B Mg alloys were used as a workpiece material. The chemical composition of this
alloy is as shown in Table 1. AZ31B was choosen because of magnesium alloys are very attractive
materials for engineering applications, such as biomaterial, automobile and aero industries due to their
advantages like lightweight, high strength and high specific stiffness.

Design of the Taguchi’s Orthogonal Array

The traditional experiments process are too complicated and not easy to use. And also machining
process period is important for manufacturer. When the number of parameters is more a large number
of experiments have to be realized. Because of this problems Taguchi leads the use of orthogonal arrays
to research all parameters with a small number of experiments. Taguchi proposed signal to noise (S/N)
ratio for defining optimum parameters of experiments. Experiments design problems can be divided
into the smaller the better type, the larger the better type and the nominal the-best type. The signal to
noise (5/N) ratio was used for optimizing a treatment for product design.

Table 1. Chemical composition of AZ31B Mg alloy
Component Al Zn Mn Fe Si Cu Ni
% 8.73 0.56 0.23 0.0026 0.021 0.0018 0.0009

The surface roughness value of the burnished surface throughout the optimum parameters
should be smaller than nonburnished surface and the hardness value should be bigger than
nonburnished surface. Consequently, for surface roughness smaller the better type (equation 1), for
surface hardness larger the better type (equation 2) is available. The S/N ratio, 1, is defined by the
following equations:

N
n = —10logy, ;2 v

= (1)
n 1
1
w2

n = —10logye y
E 4

B

= @)
where # is the number of the experiment and yi is the results of the experiments under different
parameters (El Axir and Ibrahim, 2005; Shiou and Hsu, 2008; Ibrahim et al., 2009; Gomez-Gras et al.,
2015).

The effects of some parameters can be determined efficiently using Taguchi design. The essential
burnishing parameters having important effects on surface roughness are speed, feed rate, forces and a
number of passes. Consequently, speed, feed rate, a number of passes and force, were selected as four
experimental parameters (Table 2). Two levels for a number of passes and three level of other
parameters (feed rate, speed, force) were selected. The Lis orthogonal array (Table 3) was choosen for
one two level and three three-level factors of the ball burnishing process.

Sample and Analyses

AZ31B Mg alloys (Yuanhong Alloy Materials Co.,Ltd, China), were used in the experiments, which
was commercially bought as 50 mm diameter and approximate length of 300 mm bars to using a test
specimen. Samples were cut from these bars, then each sample was machined to a diameter of 25 mm
and divided into nine regions. The burnishing tool was attached to a Liouy Hsing GNC-450L CNC lathe
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(figure 2), which the operation is performed. Four parameters were adjusted for experiments. Then
burnishing process are carried out on the turned surface by varying the force (50, 150, 250 N), feed rate
(0.1, 0.25, 0.5 mm/dk), speed (200, 400, 600 rpm), a number of passes.

Table 2. The value of using parameters for ball burnishing process

P F (N) V (rpm) f (mm/min)
1 50 200 0.1

2 150 400 0.25

- 250 600 0.5

Therefore, nine burnishing operations were developed for each of the two specimens. The surface
roughness of all the burnished work pieces was determined using surface roughness tester (Mitutoyo,
Surftest SJ 201). To determining surface roughness quality, three mesurements were taken at different
points of the specimen in Ra (um) values and their averages were calculated. The hardness of each
sample was determined using vickers test machine (Tronic, Digital Microhardness Tester DHV-1000).
Testing load of 1 kg load was applied.

Figure 2. The photograph of the AZ31B Mg alloy ball burnishing process
The solid model of the ball burnishing tool is shown in figure 3a. The schematic view of work piece
material shown in figure 3b.Figure. 4a and Figure 4b show the photographs of the surface roughness

tester and vickers hardness machine used in the present work.

Table 3. Taguchi design of experiments

P F (N) V (rpm) f (mm/dk)
1 1 1 1 1
2 1 1 2 2
3 1 1 3 3
4 1 2 1 1
5 1 2 2 2
6 1 2 3 3
7 1 3 1 2
8 1 3 2 3
9 1 3 3 1
10 2 1 1 3
11 2 1 2 1
12 2 1 3 2
13 2 2 1 2
14 2 2 2 3
15 2 2 3 1
16 2 3 1 3
17 2 3 2 1
18 2 3 3 2
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Figure 3. a) Solid model of ball burnishing tool b) Schematic view of the specimens

L
Figure 4. a) The photograph of the surface roughness measuring test b) The photograph of the Vickers
microhardness test

RESULT AND DISCUSSION

In the present study the effect of the different parameters (force, speed, feed rate and number of
passes) on surface roughness and vickers hardness of AZ31B Mg alloys were performed. For
investigating feed rate, speed and force three different level were applied. For number of passes 1 and 2
passes were studied. Researching all this parameters 54 experiments were required. But using Taguchi
experimental design the study was made efficient. 3 factor 3 level and 1 factor 2 level Taguchi mixed
design were selected. By this way number of experiment were reduced from 54 to 18 using Lis
orthogonal array.

S/N values were calculated for defining optimum parameters of burnishing process. Smaller is the
better type were used for surface roughness and larger is the better type were used for vickers hardness.
Taguchi Lis orthogonal array design, surface roughness and hardness values also S/N ratios are seen in
Table 4.
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Table 4. Taguchi Lis orthogonal array, measured values and S/N ratios

Num. Force Speed Feed rate Surface Hardness S/N ratio S/N ratio
Of Passes of surface of
(N) (rpm)  (mm/dk) rough. (HV)
exp. rough. hardness
1 1 50 200 0.1 0.483 81.273 6.31B2 47.763
2 1 50 400 0.25 0.551 79.097 5.155 47.520
3 1 50 600 0.5 0.677 82.953 3.390 47.921
4 1 150 200 0.1 0.355 79.810 8.990 47.602
5 1 150 400 0.25 0.475 82.870 6.466 47.920
6 1 150 600 0.5 0.639 81.360 3.882 47.765
7 1 250 200 0.25 0.382 81.347 8.31B9 47.757
8 1 250 400 0.5 0.539 84.290 5.356 48.062
9 1 250 600 0.1 0.31B6 86.473 10.009 48.288
10 2 50 200 0.5 0.550 77.343 5.183 47.329
11 2 50 400 0.1 0.419 79.156 7.540 47.521
12 2 50 600 0.25 0.508 79.026 5.885 47.503
13 2 150 200 0.25 0.399 80.206 7.982 47.656
14 2 150 400 0.5 0.539 80.306 5.352 47.644
15 2 150 600 0.1 0.344 82.420 9.226 47.864
16 2 250 200 0.5 0.485 78.566 6.264 47.450
17 2 250 400 0.1 0.333 83.753 9.541 48.009
18 2 250 600 0.25 0.390 82.486 8.142 47.872

Calculated S/N values for each factor effecting of surface roughness are shown in Table 5. Highest
values were choosen for defining minimum surface roughness. Therefore A2, B3, Cl, D1 were
determined optimum choice for the best surface roughness (Table 5). S/N ratios data for surface
roughness were seen on the graph in figure 5. According to Figure 5 when applying force (250 N) and
number of passes (2) level be maximum also speed (200 rpm) and feed rate (0.1 mm/min) level be
minimum the best surface roughness value was obtained. Calculated S/N values for each factor effecting
of vickers hardness are shown in Table 6. Highest values were choosen for defining maximum hardness.
Therefore A1, B3, C3, D1 were determined optimum choice for the best hardness (Table 6).

Table 5. Optimum S/N ratios for surface roughness

factor/level 1 2 3
Passes (A) 6.431B  7.235

Force (B) 5.578 6.983 7.938
Speed (C) 7.175 6.568 6.755
Feed rate (D) | 8.603 6.991 4.905

S/N ratios data for vickers hardness were seen on the graph in figure 6. According to Figure 6 when
applying force (250 N) and speed (600 rpm) level be maximum also number of passes (1) and feed rate
(0.1 mm/min) level be minimum the best vickers hardness value was obtained. But all of factors and
levels, there is no significant changing on hardness values.

Table 6. Optimum S/N ratios for hardness

Factor/level 1 2 3
Passes (A) 47.844 47.650
Force (B) 47592 47.742 47.907

Speed (C) 47.593 47.779 47.869
Feed rate (D) | 47.841 47.707 47.695
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As is seen from Fig 7a when applying force increasing and feed rate decreasing surface roughness
was improved. A few changing was obtained on surface roughness using different forces. But especially
feed rate was defined impressive factor for surface roughness.

As shown in fig 7b when using speed are raising surface roughness was reached slightly better
value. But decreasing feed rate significant changing on surface roughness was observed. The increasing
number of passes 1 to 2 the surface roughness was decreased. This is similarly the results of experiments
by Revankar et al (Revankar et al., 2014). But differently further increasing number of passes they were
found decreasing on surface roughness values (Fouad, 2011). When the force increasing from 50 N to 250
N the burnishing process resulting in an enhanced surface roughness. The reason for this decreasing on
surface roughness with increasing force due to increased pressure between specimen and ball. Therefore
the plastic deformation region broadens and raising metal diffusion was filled emptiness on specimen
(Nemat and Lyons, 2000; De Lacalle et al., 2007; Klocke et al., 2009; Tadic et al., 2013). The raise on the
speed level surface roughness decreasing with an effect of temperature and vibration the increasing of
speed beyond a certain limit may influence of metal flow on specimen leading to raising surface
roughness (El-Taweel and El-Axir, 2009).

Force Passes
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Figure 5. Plots of S/N ratios for surface roughness
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Figure 7 a) Effect of burnishing force and burnishing feed rate on surface roughness b) Effect of
burnishing speed and burnishing feed rate on surface roughness

Surface roughness improve the increasing feed rate was caused gradually decreasing on surface
roughness this is because deformation of the specimen is bigger and metal flow is equal at lower feed
(El-Axir, 2000). For evaluating effect of number of passes on hardness value 2 level was selected. From 1
to 2 passes hardness value decreasing because of much more stiffening and as a result of flaking of the
surface due to more repeated ball contact on the same sample surface (EI-Axir et al., 2008). An increase in
force from 50 N to 250 N the hardness gradually increases. Because of the rise in metal flow that cause to
an improve deformation and fill the cavity on workpiece (Nemat and Lyons, 2000). When applying
speed increases the hardness value is increases from 200 rpm to 600 rpm. This results of experiments
similarly results of experiments performed by Nemat. Also Nemat was found further increase of speed
will caused decreasing surface hardness due to vibration and short contact time between ball and
workpiece at higher speeds (Nemat and Lyons, 2000). According to our results, feed rate increases from
0,1 mm/min to 0,5 mm/min the hardness decreases because of the low deformation and irregular metal
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flow (El-Axir et al., 2008). The optimal results of each factor, both surface roughness and hardness was
shown in table 7.

Table 7. Optimal values of parameters

fact Num. of

actor/ um- 0 Force Speed Feed rate
level passes

Surface 5 3 1 1
roughness

Hardness 1 3 3 1

CONCLUSION

In this study, effecting of burnishing parameter like feed rate, force, speed and number of passes on
surface roughness and hardness of AZ31B Mg alloys was investigated. The results show that applying
force and feed rate was determined significant factor on surface roughness. Increasing number of passes
was improved surface roughness but it was caused deteriorate on hardness. The raise in force was
enhanced both surface roughness and hardness. The lower level of feed rate was reached better surface
roughness and hardness values. The increasing on speed was promoted surface hardness however this
increasing was resulted decreasing on surface roughness. In our experiments, optimum results for
surface roughness was defined as the burnishing force of 250 N, the burnishing feed rate of 0,1 mm/min,
the burnishing speed of 200 rpm and burnishing passes of 2. For surface hardness, the burnishing force
of 250 N, burnishing feed rate of 0,1 mm/min, burnishing speed of 600 rpm and burnishing passes of 1
was obtained best results.
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0OZ: Bu calismada, 500 °C sicaklik, 15 °C/dk 1sitma hiz1 ve 0,5 1t/dk azot akis hizi piroliz parametrelerinde
lastik atiginin pirolizi sonucu elde edilen ve %10" luk H2504 ¢ozeltisi ile iki defa ekstraksiyon islemi
uygulanarak kiikiirt miktar1 diisiiriilen pirolitik sivi, MgO-C refrakter tuglada baglayici olarak
kullanilmigtir. Uretilen refrakter malzemelerin, agik gézenek (%), yogunluk ve soguk basma mukavemet
(SBM) degerleri, ii¢ noktal: egme mukavemet degerleri ve elastik modiilii belirlendikten sonra iiretilen
refrakter malzeme, refrakter sektoriinde kullanilan ve fenolik regine ile iiretilen MgO-C refrakter
tuglalarin ozellikleri ile kiyaslanmistir. Ayrica, taramali elektron mikroskobu (SEM) ile mikroyap:
goriintiileri incelenerek, goriintiiler mekanik ozellikleri ile iliskilendirilmis,
X-1s1nlar floresans (XRF) spektroskopisi ile elementel analizleri ve X-1s11 kirinim yontemi (XRD) ile de
faz analizleri gerceklestirilmistir.

Anahtar Kelimeler: Gaz kromatografisi-Kiitle spektroskopisi (GC-MS), Mekanik, MgO-C, Piroliz, Refrakter, Yogunluk,

Investigation of The Mechnical Properties of MgO-C Refractory Bricks by Incorporation of Pyrolytic
Liquid as Binder

ABSTRACT: In this study, pyrolytic liquid obtained at 500 °C temperature, 15 °C /min. heating rate and
0,5 It/min. nitrogen flow rate pyrolysis parameters and then 2 times extraction with 10% H250a solution
to decrease sulfur content was used as a binder in MgO-C refractory brick. Open porosity (%), density,
cold compressive strength (CCS) and three point bending strength and elastic modulus values of the
produced refractory materials were determined, and were compared with the properties of MgO-C
refractory bricks produced by incorporation of phenolic resin in the refractory sector. In addition,
microstructure images by scanning electron microscopy (SEM) were investigated and correlated with the
mechanical properties of those refractories. Elemental analysis by X-ray fluorescence (XRF) spectroscopy
and phase analysis by X-ray diffraction (XRD) were performed.

Key Words: Gas chromatography-Mass spectroscopy (GC-MS), Mechanics, MgO-C, Pyrolysis, Refractor, Density.
GIRIS NTRODUCTION)
Manyezit karbon tuglalar, genel olarak iceri§inde manyezit ve %5-20 arasinda karbon iceren sekilli

refrakter iirtinlerdir. Bazik oksijen firinlariy, celik dokiim potalari ve elektrik ark ocaklari, manyezit
karbon tuglalarin baslica kullanim alanlaridir. Yiiksek refrakterlikleri, ciiruf atagina ve termal soklara
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kars1 direngleri ile diger alternatiflerinden daha {istiin 6zelliklere sahip olan Mg-C tuglalar, 1970'li
yillarin sonunda bulunmus olup gelisimi giiniimiizde hala devam etmektedir (Timugin ve dig., 2014).

Grafit, magnezya refrakterlere asagidaki iki Onemli Ozellige sahip olmasi nedeniyle ilave

edilmektedir:
a) Ciruf tarafindan islatilamamast
b) Yiiksek termal sok mukavemetine sahip olmasi

Grafit, ylizey enerjisinin diisiik olmas1 nedeniyle eriyikler tarafindan i1slanmazlik 6zelligine sahiptir.
Islanmazlik 6zelligi, grafitin eriyikle temas ettiginde ortaya ¢ikan temas agisinin 6>90° olmasindan
kaynaklanmaktadir. Bu 6zelligi nedeniyle grafit ciiruftan etkilenmez ve tugladaki magnezya fazmni ciiruf
korozyonundan korur. Tuglada bulunan magnezya fazi refraktere yiiksek mukavemet sagladigindan,
cok farkli iki malzeme (grafit ve magnezya) birbirini tamamlayic1 6zellik gostermis olur (Ozgen, 1988).
Ayrica, grafitin yiiksek bir 1s1l iletkenlige sahip olmasi, magnezya-grafit kompozit refrakterlerin termal
soklara yiiksek diren¢ gostermesini saglamaktadir (Yazla, 1984).

Lastikler; agirlikca %60-65 oraninda kauguk, %25-35 karbon siyahu, geri kalani hizlandiric1 ve dolgu
maddelerinden olusan termoset polimerlerdir (Leung ve Wang, 1998). Hizlandiricilar organik kiikiirt
bilesigidir ve lastigin kiikiirt icerigi hizlandiricilardan kaynaklanmaktadir. Vulkanizasyon reaksiyonu
sirasinda, elastomer molekiiler zincirleri arasinda apraz baglanmalar meydana gelir ve bunun
sonucunda {i¢ boyutlu bir kimyasal ag yapis1 olusur. Olusan {i¢ boyutlu ag yapis1 icerisinde birlesmis
olan elastomerlerden; kati, ¢dziinmeyen ve erimeyen termoset polimer iiretilmektedir (Isayev, 2005).

Uretimi pek ¢ok reaksiyon ile gergeklestirilen lastiklerin kullanim sonrasinda degerlendirilmesi

konusunda bir¢ok uygulama mevcuttur. Atik lastiklerin geri kazamm yontemlerinden baslicalari; enerji
iiretimi amaciyla gli¢ santrallerinde (termik degerlendirme) kullanim, lastik iiretim siirecinde kullanim,
¢imento firinlarinda kullamim ve hammaddesel kullanimdir (Goniillii, 2004). Atik lastiklerin hammadde
olarak degerlendirilmesi i¢in kullarilan, termal distilasyon olarak da adlandirilan piroliz yontemi, atik
lastiklerden yakit ve petrokimyasal maddeler {iretimine olanak taniyan, oksijensiz bir atmosferde 1s1
etkisiyle kimyasal baglarin kirilmas: islemidir (Wampler, 2007).
Piroliz ile biyokiitle ya da polimer gibi maddeler oksijensiz ortamda genellikle 300-650 °C araliginda
belirli bekleme siirelerinde termokimyasal olarak bozundurulmaktadir. Bu siire¢ sirasinda biiyiik
karmasik hidrokarbon zincirleri kismen kiigiik ve basit yapilara kirilarak gaz, sivi ve char (katr) olmak
ilizere {i¢ temel {iriine doniigiir. Agir hidrokarbonlar igeren sivi {irin genelde pirolitik yag olarak
adlandirilmaktadir. Lastik iiretiminde ilave edilen organik kiikiirt, piroliz sonrasi siv1 iirlin igerisinde
yer almaktadir. Pirolitik yag icerisindeki kiikiirtiin giderilmesine yonelik olarak gesitli asitlerle kimyasal
ekstraksiyon yoluyla kiikiirt giderimi bir¢ok calismada ele alinmistir (Aydin ve Ilkilig, 2012; Ahmad ve
Ahmad, 2013; Unapumnuk ve dig., 2008). Literatiirdeki ¢alismalara gore siilfirik asit, asetik asit, formik
asit, hidrojen peroksit asitlerinin tek basina veya karisimlarinin belli oranlarinin, sivi tirtintin kiik{irt
gideriminde etkili oldugu goriilmektedir.

Bu calismada atik lastiklerin hammadde olarak degerlendirilmesi amaciyla, lastiklere %10’luk
siilfiirik asit ile 2 kere ekstraksiyon islemi uygulanmistir. Islemler sonucunda kiikiirt giderimi yapilan
pirolitik sivi MgO-C refrakter tuglada baglayici olarak kullanilmis, {iretilen {iriinlerin % agik gozenek,
yogunluk, SBM, ii¢ noktali egme mukavemet degerleri belirlenmis, SEM ile mikroyapailar1 karakterize
edilmistir.

MALZEME VE METOD (MATERIAL AND METHODS)
Refrakter Malzemelerin Uretimi ve Sekillendirme (Refractory Material Production and Shaping)

Deneysel calismalarda kullanilan fenolik regine Cukurova Kimya Sanayi A.S. tarafindan temin
edilmistir. Baglayic1 olarak kullanilan pirolitik sivi ise, lastik atigimn 500 °C sicaklik, 15 °C/dk. 1sitma

hizi ve 0,5 lt/dk. azot akis hizi piroliz parametrelerinde elde edilmis, kiikiirt miktarini diistirmek
amaciyla 2 defa %10' luk H2504 ¢ozeltisi ile ekstraksiyon islemi uygulanmistir.
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Piroliz sonrasi elde edilen siv1 iirtine piknometre ile yogunluk tayini, pH tayini ve viskozite tayini
Afyon Kocatepe Universitesi Kimya Miihendisligi Boliimii laboratuvarinda gerceklestirilmistir.
Viskozite tayini i¢in Fungilab marka, Smart series model dénel viskozimetre kullanilmistir. Sivi {irtiniin
kiikiirt miktar;, Afyon Kocatepe Universitesi Teknoloji Uygulama ve Arastirma Merkezi (TUAM)
biinyesinde yer alan Met marka Multilab model cihazda IR adsorpsiyon prensibi kullanilarak
gerceklestirilmigtir. Stv1 {irtiniin icerdigi kimyasal bilesikler Anadolu Universitesi Bitki flag ve Bilimsel
Aragtirmalar Merkezi (BIBAM) biinyesindeki gaz kromatografisi-kiitle spektroskopisi (GC/MS) cihazi
kullanilarak (Agilent HP-5MS) belirlenmistir. GC/MS analizinde, sivi {iriin aseton ile ¢oziiliip 0,20
um’lik filtreden stiziildiikten sonra GC/MS sistemi ile asagidaki sartlarda analiz edilmistir. Cizelge 1'de
yer alan analiz kosullar1 uygulanmistir.

Cizelge 1. GC/MS kosullari
Table 1. GC/MS conditions

Kolon Agilent HP-5MS (30 m uzunluk, 0,32 mm i¢ ¢ap, 0,25 um film kalinl1g1)
GC/MS kosullar

Enjeksiyon sicakligi: 250°C | MSD sicakligi: 280°C

Iyonizasyon modu: EI Elektron enerjisi: 70 ev

Kiitle aralig1: 35- 675 m/z Firin sicaklik programi: 45°C' de tutulma siiresi 4 dk.; 3°C/dk. 1sitma
hiziyla 280 °C' ye 1sitma, 280 °C' de 30 dk. tutulma.

Tasiyici gaz: Helyum

MgO, karbon kaynagi olarak pul grafit, baglayici olarak recine ve/veya pirolitik sivi kullanilarak
Cizelge 2’de belirtilen kompozisyonlar regetelerine uygun sekilde tartilarak hazirlanmaistir.

Cizelge 2. Kompozisyon regetesi
Table 2. Composition prescription
1-4 mm 0-1mm Toz Siv1

MgO MgO MgO Pul Grafit  Regine Atik Novalak Hegzamin  Antioksidan
RS1 | %50 %30 %10 %10 %2 %0 %2 90,02 %1
RS2 | %50 %30 %10 %10 %0 %2 %2 90,02 %1
RS3 | %50 %30 %10 %10 %1,33 %0,66 %2 90,02 %1

Cizelge 2’'de belirtilen kompozisyonlar 100 tonluk (241 bar) preste:

i) 5 adet 50 mm X 50 mm X 50 mm ebatinda kare prizma seklinde refrakter malzemeler 100
MPa (62 bar) basing uygulanarak, ve

ii) Ayni kompozisyona sahip refrakter malzemeler 25 mm X 25 mm X 150 mm ebatlarinda
cubuk olacak sekilde 100 MPa (92 bar) basing uygulanarak sekillendirilmistir. Sekillendirme sonucunda
her bir numune numaralandirilip temperlemeye hazir hale getirilmistir.

Temperleme (Tempering)

Sekillendirilen numuneler Necmettin Erbakan Universitesi Kimya Boliimii laboratuvarinda
Nabertherm N11/R model kiil firmm1 igerisinde 250 °C’de 3 saat bekletilerek temperlenmistir.
Temperlemede 5°C/dk.’lik 1sitma hizi kullamilmistir. Temperlenmis numunelerden her bir kompozisyon
icin Liya marka halkali degirmende 6giitme yapilmis ve Fore marka elek cihazinda 63 mikron altina
elenmistir. Elenen 63 mikron alt1 tozlar faz analizleri (XRD) ve kimyasal analizleri (XRF) Kiitahya
Dumlupmar Universitesi biinyesindeki Ileri Teknoloji Tasarim Ar. Ge. ve Uy. Merkezi'nde (ILTEM)
gerceklestirilmistir.
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% Agik Gozenek ve Yogunluk Olgﬁmﬁ (% Open Porosity and Density Measurement)

Cizelge 2'de belirtilen kompozisyonlardan 3’er parca kesilmistir. Atik malzemelerin kaynama ile
kayiba ugramasini ve dagilmasini engellemek i¢in kaynatmak yerine 24 saat boyunca oda sicakligindaki
suda bekletilerek porlarin su ile dolmasi saglanmistir. Daha sonra Archimedes diizeneginde, suda
bekletilen numunelerin su igerisindeki agirliklar1 belirlenmistir (Wb). Sudan c¢ikarilan numunelerin
ylizeyi kagit mendil ile silinerek yiizeylerindeki suyu almip, yas agirliklar1 hassas terazi yardimiyla
tespit edilmistir (Wc). Son asama olarak parcalar etiivde kurutulduktan sonra, kuru agirliklar: hassas
terazide tartilarak belirlenmistir (Wa). % goriinen porozite ve bulk yogunluk asagidaki esitlikler
kullanilarak hesaplanmistir (British Standard Testing of Engineering Ceramics, 1989):

% Gorlinen Porozite = [( Wc-Wa )/ (Wc-Wb )] * 100 (1)
Yiginsal (Bulk) Yogunluk =[ Wa /(Wc-Wb) ] (2)

Mekanik Ozelliklerin Belirlenmesi (Determination of Mechanical Properties)

¢ Soguk Basma Mukavemeti (Cold compressive strength): Her bir kompozisyona ait 50 mm x 50
mm X 50 mm (en X boy X yiikseklik) ebatinda sekillendirilen 5’er adet kare prizma numuneye Liya
marka basma test cihazinda soguk basma testi yapilmustir.

e 3 Nokta Egme Testi (3 Point Bending Test): 25mm X 25mm X 150mm (genislik x kalinlik x
uzunluk) ¢ubuk seklinde tiiretilen malzemelerden her kompozisyon igin 5er adet numuneye, ASTM
C1161-90’a uygun olarak Shimadzu AGS-X marka cihazda {i¢ nokta egme deneyi uygulanmis ve
sonuglarmn ortalamasi alinmistir. Orneklere destekler aras1 uzaklik L=125 mm ve numunenin ortasindan
yiikleme hizi 0,15 MPa/sn. olacak sekilde yiikleme yapilmistir. 3-nokta egme testi ile mukavemet ve
elastik modiil sira ile asagidaki esitlikler kullanilarak belirlenmektedir (Koksal, 2009):

3 PxL
Mukavemet: o= E XW 3)
X
L3
Elastik modiil: £ =—————xm )
4xW x D

P : Kirilma yiikii (N)

L : Destekler aras1 mesafe (m)

W : Numunenin genisligi (m)

D : Numunenin kalinlig1 (m)

m : Gerilme-deformasyon (o — E) egrisinin egrisi egimi (N/m)

SONUCLAR ve TARTISMALAR (RESULTS and DISCUSSIONS)

Recine ve Pirolitik Sivi Uriinlerinin Yogunluk, Viskozite, pH, GC-MS Sonuglar1 (Density, Viscosity, pH,
GC-MS Results of Resin and Pyrolitic Liquid Products)

Cukurova Kimya Sanayi A.S. tarafindan temin edilen fenolik reginenin yogunlugu 1,22 g/ml, 28
°C'de viskozitesi 2200 cST, ph degeri ise 8,31 olarak Ol¢iilmiistiir. Fenolik regetenin bilesik igerigi GC-MS
analizi sonucunda Cizelge 3’te belirtilmistir. Bu bilesigin en yiiksek piki CisHi2 2-(4-Hidroksibenzil)fenol
(% 32,7) olarak belirlenmistir.
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Cizelge 3. Fenolik regineye ait GC-MS sonucu

Table 3. GC-MS result of Phenolic resin

finam d(;;&)hkonma 2111; n% Bilesik Kapal1 Formiil
5,94 1,29 3-Etiltoluen CoH12
6,248 25,73 1,2,4-Trimetilbenzen CoH12
6,711 1,58 Dietilenglikol CsH100
6,814 1,48 2-Etiltoluen CoH12
11,556 0,63 m-Propiltoluen C1oHis
12,068 0,57 2-Metil-p-etiltoluen CioH14
13,74 0,59 o-Simen CioH14
25,506 5,1 Dodekametilsiklohekzasiloksan C12H36
31,434 3,81 1,1,3,3,5,5,7,7,9,9,11,11-Dodekametilhekzasiloksan C12H3s
36,505 0,79 Bis[1,4]benzodithiino[2,3-b:2',3'-e]piridin C17Ho
39,714 7,8 (3,5-Dimetillfenoksi)(dimetil)fenisilan CisHzo
45,033 7,59 2,2'-Metilendifenol CisHn2
45,74 32,7 2-(4-Hidroksibenzil)fenol CisHn2
47,283 10,32 Fenol, 4,4'-metilen bis- CisHn2

Cizelge 4. Bir kere ekstraksiyon sonras: pirolitik sivi tirtiniin GC-MS analizi

Table 4. GC-MS results of pyrolytic liquid after once extraction

RT (Alikonma | Pik Bilesik Kapali
zamani dk) Alan % Formiil
6,129 0,41 Stiren CsHs
9,005 1,04 dl-Limonen C1o0His
9,315 1,13 Benzen, 1-etil-3-metil- CoHai2
10,057 0,53 1,3-Siklopentadien CsHs
15,362 1,54 Terpilonen C1o0His
16,349 0,39 Benzen, 1-metil-4-(1-metilpropil) C1iHais
20,083 0,15 2,2-Dimetilinden, 2,3-dihidro- CuHua
20,58 0,37 1H-Inden, 2,3-dihidro-1,2-dimetil- CuHua
21,899 1,01 1,3-Benzotiazol C7HsNS
23,247 1,21 1H-Inden, 1,3-dimetil- CuHzn
31,169 1,69 a-Selinen CisH
34,059 0,73 Naftalen, 1,2-dihidro-2,5,8-trimetil- CisHis
34,434 0,73 Pentadekan CisHa
38,131 0,72 1H-Tieno[3,4-d]imidazol-4-propanoik asit, hekzahidro-2-okzo- CsHi2N2
42,261 0,67 n-Heptadekan Ci7Has
42,665 1,17 Naftalen, 1,2,3,4-tetrametil- C14His
49 1,73 Sikloheptan C7Hua
49,498 0,82 Hekzadekannitril CisHa1N
56,136 0,66 Heptadekannitril Ci7HsN
61,261 1,24 Benzenamin CsH/N
63,373 0,36 1,4-Benzendiamine CsHsN2
67,332 0,32 Pentakosan CasHs
69,932 0,28 Hekzakosan CasHss
70,811 0,13 1H-Imidazol-4-metanol CsHsN2
77,212 0,85 Stigmast-5-en-3-ol, (3.beta.)- C29Hs00
80,455 0,59 4.alfa.-Metilkoleston-7-en-3-on CasHasO
81,5 0,61 Ergosta-4,6,22-trien-3.beta.-ol C2sHuO
83,864 0,23 Tetratriakontan Cs4Hro
103,678 0,36 Heptan, 1,7-dibromo- C7HusBr

500 °C sicaklik, 15 °C/dk. 1sitma hizi ve 0,5 l/dk. azot akis hiz1 parametrelerinde elde edilen siv1
driintin yogunlugu 0,79, viskozitesi 274 c¢ST, ph degeri 6,1 ve kiikiirt miktar1 % 1,56 olarak olciilm{istiir.

Bir kere %10' luk H2SO4 ¢Ozeltisi ile ekstraksiyon islemi ile kiikiirt miktar1 diisiiriilmiis olan sivinin
yogunlugu 0,95 g/ml, viskozitesi 45,2 c¢ST, ph degeri ise 6,7 olarak Ol¢iilmiistiir. Viskozite degerine
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bakilacak olursa, piroliz sonrasi siviya gore daha yogun fakat fenolik recineden daha akigkan bir sivi
elde edildigi goriilmektedir. Kiikiirt analizi sonucu kiikiirt miktar1 % 1,18 olarak belirlenen siviya ait
GC-MS sonucu da Cizelge 4'te belirtilmistir.

Ikinci kez %10' luk H2SO: ¢dzeltisi ile ekstraksiyon iglemi uygulanarak kiikiirt giderimi yapilan
pirolitik sivinin yogunlugu 0,98 g/ml, viskozitesi 351,4 cST, ph degeri ise 5,8 olarak Ol¢iilmiistiir. Bu
stviya ait kiikiirt analiz sonucu % 1,08 dir ve GC-MS sonucu Cizelge 5'te verilmistir.

Cizelge 5. Tkinci kez ekstraksiyon sonrasi pirolitik siv1 iiriiniin GC-MS analizi
Table 5. GC-MS results of pyrolytic liquid after second extraction

RT (Alikonma | 4y o) Bilesik Kapah Formiil
zamani dk)

6,366 0,43 Stiren CsHs
9,033 16,87 dl-Limonen C1oHas
9,343 1,16 Benzen, 1-etil-3-metil- CoH12
10,237 1,18 1,3-Siklohekzadien CsHs
15,397 0,93 Terpinolen Ci10Hie
20,119 0,48 1H-Inden, 2,3-dihidro-1,2-dimetil- CuHua
20,616 0,35 2,2-Dimetilinden, 2,3-dihidro- CunHu
23,283 1,58 1H-Inden, 1,3-dimetil- CuHu
31,197 1,58 a-Selinen Ci1sHzs
34,102 0,66 Naftalen, 1,2-dihidro-2,5,8-trimetil- C1sHis
34,462 0,72 Pentadekan CisHa2
42,297 0,65 n-Heptadekan C17Hss
42,7 1,08 Naftalen, 1,2,3,4-tetrametil- C14Hie
47,976 0,5 Pentakloroanilin CsH2Cls
48,596 1,78 Sikloheptan C7Hua
49,533 0,7 Hekzadekannitril CisHaiN
55,177 0,22 Dietil 2,2'-(metilendistilfonedil)diasetat CoH160452
56,179 0,68 Heptadekannitril C1vHasN
61,75 0,26 Bisnorbiotin CsHi12N20sS
67,387 0,27 Pentakosan CaxsHs2
69,974 0,36 Hekzakosan CasHsas
70,7 0,34 Pentakloroaminobenzen CesH2Cls5
70,86 0,14 1H-Imidazol-4-metanol CsHsN2
71,43 1,39 Stigmast-5-en-3-ol, (3.beta.)- C20H500
78,89 0,29 2,3,4,5,6-Pentaklorobenzenamin CesH2ClsN
80,534 0,55 4.alfaa.-Metilkoleston-7-en-3-on C2sH4sO
81,01 0,73 Benzenamin, 2,3,4,5,6-pentakloro- CeH2ClsN
81,56 0,56 Ergosta-4,6,22-trien-3.beta.-ol C28HuO
83,94 0,44 Tetratriakontan CssHro

GC-MS sonuglar degerlendirildiginde, siilfirik asit ile ekstraksiyon islemi sivi tiriine 1 defa ve 2 defa
uygulandiginda kiikiirt igerikli bilesenlerin tiirtinde farkliliklar oldugu goriilmiistiir. 1 yikama
uygulanan siv1 tiriinde 1 tiir kiikiirt igerikli bilesik varken (1,3-Benzotiazol; alikonma zamani 21,899.
dk); 2 yikama uygulanan tirtinde 2 farkl bilesik tespit edilmistir (Dietil 2,2'-(metilendistiilfonedil)diasetat
ve Bisnorbiotin; alikonma zamanlari sirasiyla 55,177. dk ve 61,75.dk) (Cizelge 4, 5). Ancak, 1 yikama
olan {iirtindeki bilesiklerin miktarlariyla ilgili bilgi veren pik alan 2 yikama uygulanan sividaki iki
bilesigin pik alanlar1 toplamindan daha yiiksektir. 1 yitkama yapilan sivi1 tirtindeki kiikiirt igerikli bilesik
1,3-Benzotiazol icin pik alan %1,01 iken; 2 yikama yapilan {irtindeki kiikiirt icerikli bilesikler olan Dietil
2,2'-(metilendistiilfonedil)diasetat (% pik alani 0,22) ve Bisnorbiotin (% pik alan1 0,26) igin pik alanlar
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toplam1 %0,48' dir (Cizelge 4, 5). Bu durum, kiikiirt 6l¢iim sonuglarini dogrular niteliktedir. 2 yikama
uygulanmasi kiikiirt miktarim 1 yikamaya gore diisiirmektedir.

GC-MS sonuglarinda goriilen bir diger farklilik ise 1 ve 2 yikama uygulanan sivilarin biiyiik molekiil
icerigindeki farkliliklardir. Her iki sivinin Ca0-Css4 arasinda biiyiik molekiiller icerdigi goriilmektedir.
Ancak, bu araliktaki biiyiik molekiillerin pik alanlar1 toplami karsilastirildiginda 2 yikama sonrasi sivida
pik alan degerinin (%3,57) 1 yikamaya gore (%2,88) yiiksek oldugu goriilmektedir. Buna gore, stiilfirik
asit ile ekstraksiyon isleminin biiyitk molekiillerin olusumunu sagladigi sOylenebilir. =~ GC-MS
sonuglarindan goriilen karbon zincirlerindeki uzama, sivilarin fiziksel 6zelliklerine de yansimaktadir.
Siilfirik asit ile ekstraksiyon sonrasi uzun molekiillii zincirlerin artmasi nedeniyle siv1 viskozitelerinde
ylikselme goriilmektedir. Soyle ki, iki yikama sonrasi kinematik viskozite 398 ¢ST degerine kadar
¢ikmugtir.

Kompozisyonlarin % Ac¢ik Gozenek ve Yogunluk Tayini (% Open Porosity and Density Values of
Compositions)

MgO ile belirli oranlarda karistirilan grafit, pirolitik sivi ve fenolik regine ilaveleriyle hazirlanan
kompozisyonlara ait % acik gozenek ve yogunluk grafikleri Sekil 1’de verilmistir.

Kompozisyonlarin yogunluk degerleri, agik gozenek miktar1 azaldik¢a artmaktadir. En yiiksek
yogunluk degeri grafit ve recine ile elde edilen RS1 numunesidir. Grafit ve regine iceren
kompozisyonlarin da genel olarak yogunluk degerleri daha yiiksektir. Pirolitik sivi girdisi arttik¢a
iiretilen kompozisyonlarin yogunluk degeri de azalmaya baslamistir. En diisiik yogunluk ve en yiiksek
% acik gozenek miktarina RS2 kompozisyonunda ulagilmisgtir.

:

AgIk Gozenek (%]
'y
Yogunluik {gicm?)

3 L= L= RS1 =51 RE3

Kalzeme Mot Lz

(a) (b)

Sekil 1. Kompozisyonlarin a) % agik gozenek ve b) yogunluk grafikleri
Figure 1. a) % open porosity and b) density graphs of compositions

XRD ve XRF Analiz Sonuglar1 (Results of XRD and XRF Analysis)

Temperlenmis numunelerin kimyasal analizleri (XRF) Cizelge 6’da verilmistir. XRF analizi ile C
tespit edilemediginden dolayi, geriye kalan elementlerin toplami % 100 olacak sekilde hesaplanmuistir.
Tiim malzemelerin en yiiksek oranda kimyasal bileseni MgO’dir. Genel olarak sivi atik girdisi olan
malzemelerde daha yiiksek oranda AlOs SiO: ve SOs’e rastlanmistir, diger oksitlerin/elementlerin
ylizdeleri grafit ve recine kullanilan malzemeler ile yaklasik degerlerdedir. RS2'nin SiO:2 miktari,
RS1’den %0,5 daha diisiiktiir.
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Cizelge 6. Kompozisyonlarin XRF analizleri

Table 6. XRF analysis of compositions

Oksit/Element Ad: Oksit/Element Miktar1 (%)

RS1 RS2 RS3
MgO 86,52 88,32 83,56
AlLOs 5,64 6,33 7,62
Si02 2,91 2,41 3,15
CaO 2,50 1,37 2,75
Fe20s3 1,60 0,72 1,87
SO:s 0,30 0,37 0,48
Na:0 0,19 0,23 0,17
P20s 0,11 0,07 0,14
MnO 0,09 0,04 0,08
Cl 0,06 0,01 0,08
K20 0,05 0,04 0,06
CuO - 0,08 -
TiO: 0,03 0,01 0,04

169

Temperlenmis kompozisyonlarin faz analizleri (XRD) Cizelge 7'de ve Sekil 2’de belirtilmistir. XRD
sonuglar1 incelendiginde, tiim kompozisyonlar i¢in ana fazlarin Periklas (MgO) ve Karbon oldugu
gbzlenmistir. Ozellikle pirolitik siv1 iiriiniin kullanildig1 malzemelerde Cizelge 6'da goriildiigii iizere

yiiksek oranlarda Al ve Si elementlerinin fazlarina rastlanmigtir.

Cizelge 7. Kompozisyonlarin XRD analiz sonuglari

Table 7. XRD analysis of compositions

Mineral Ad:

Mineral miktar1 (%)

Periklas (MgO)
Grafit (C)

Grafit 2H (C)
Troilit (FeS)
Aliiminyum (Al)

Viistit (FeO)

Aliiminyum Silisyum (3,85/0,15)

RS1
65,6
32,8
1,5
0,1

RS2
47,5
52,4
0,1
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Sekil 2. Uretilen kompozisyonlarin XRD analizi grafikleri a) RS1, b) RS2 ve c) RS3 (G: Grafit,
P: Periklas, T: Troilit, Al: Aliiminyum, AlSi: Aliiminyum silisyum (3,85/0,15), M: Moissanit, V: Viistit)
Figure 2. XRD graphs of produced compositions a) RS1, b) RS2 and c) RS3) (G: Graphite, P:Periclase, T: Troilite, Al: Aluminum, AlSi:
Aluminum silicon (3.85/0.15), M: Moissanite V: Wustite
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Kompozisyonlarin Soguk Basma Mukavemeti Sonuglari (Cold Compressive Strength Results of Compositions)

50 mm x 50 mm X 50 mm (en X boy X yiikseklik) ebatinda sekillendirilen kompozisyonlara ait
soguk basma mukavemeti (SBM) grafigi Sekil 3'te verilmistir.
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Sekil 3. Kompozisyonlarin soguk basma mukavemeti grafikleri
Figure 3. Cold compressive strength graphs of compositions

Grafik incelendiginde en yiiksek mukavemet degerinin grafit ve regine ile {iretilen RS1
kompozisyonuna ait oldugu goriilmiistiir. Soguk basma mukavemetlerini kiyaslayacak olursak
RS1(Grafit+Recine) > RS3(Grafit+ Recinet+Sivi) > RS2(Grafit+Sivi). Baglayici olarak fenolik recine ve
pirolitik s1v1 kullanilan kompozisyonlarin SBM degerlerini kiyaslar isek siv1 girdisi artmaya basladik¢a
SBM degeri diismektedir. Baska bir ifade ile, regine ve grafit girdileri ile iiretilen kompozisyonlarin
soguk basma mukavemet degerleri yiiksek iken pirolitik siv1 girdileri ile azalmaktadur.

Tiim kompozisyonlar i¢in yogunluk degeri arttikca ve % agik gozenek degeri azaldikca (Sekil 1)
SBM degerinin de arttig1 (Sekil 3) ve dolayisi ile gozenegin SBM {izerine olumsuz etki ettigi gdzlenmistir.

Cizelge 8. Kompozisyonlarin % agik gozenek, yogunluk, S.B.M. sonuglari

Table 8. % open porosity, density and ccs results of compositions

Acik Gozenek Arsimet Soguk Basma Mukavemeti
(%) Yogunlugu (MPa)
(g/cm?)
RS1 1,37 2,89 102,50
RS2 5,37 2,64 31,49
RS3 3,47 2,79 47,97

3 Nokta Egme Testi Sonuglar1 (3 Point Bending Test Results)

25mm X 25mm X 150mm (genislik X kalinlik X uzunluk) ¢ubuk seklinde iiretilen ve temperlenen
her bir kompozisyon icin egme mukavemeti degerlerini gosteren grafik Sekil 4'te verilmistir. Soguk
basma mukavemeti ile benzer sonuglar gozlenmistir. Regine ve grafit girdileri ile {iretilen RS1
kompozisyonunun egme mukavemeti de soguk basma mukavemet degerine benzer sekilde en yiiksek
iken pirolitik sivi girdileri ile egme mukavemet degerleri SBM degerlerinde oldugu gibi azalmaya
baslamaktadir. Regine ve grafit kullanilan malzemelerin elastik modiilii degerleri yiiksek iken, lastik
atiginin  pirolizi sonucu elde edilen sivi diriintin  kullamlmas: ile tretilen MgO-C refrakter
kompozisyonlarinin elastik modiilii degerleri daha diisiiktiir. En yiiksek elastik modiilii degerine RS1
kompozisyonunda, en diisiik elastik modiilii degerlerine ise RS2 malzemelerinde ulasilmistir.
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Sekil 4. Kompozisyonlarin 3 nokta egme testi grafigi
Figure 4. 3 Point bending test graphs of compositions

Kompozisyonlarin 3 noktali egme testi ile belirlenen elastik modiilii degerleri Sekil 5'te belirtilmistir.

o
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Sekil 5. Kompozisyonlarin elastik modiilii grafikleri
Figure 5. Elastic modulus graphs of compositions

Taramal1 Elektron Mikroskobu (SEM) ile Karakterizasyon Sonugclari (Results of Characterization by
Scanning Electron Microscopy-SEM)

Laboratuvar ortaminda tiretilen RS1, RS2 ve RS3 numunelerinin taramali elektron mikroskobu
(SEM) goriintiileri Sekil 6’da verilmistir. Goriintiilerde recine ve grafit ile iiretilen RS1 referans
numunesinin, minimum gozenege sahip olduguy, iri ve ince MgO taneleri ve pul grafit tanelerinin regine
ile birlikte yogun bir malzeme olusturdugu goriilmektedir. Acik gri ile goriilen taneler MgO tanelerini,
koyu gri ile gozlenen taneler ise pul grafit tanelerini gostermektedir. Agik renkli bolgeler ise MgO
icerisinden gelen kalsiyum silikat esash fazlardir.

RS2 numunesinde kullanilan sivi ati§in, recine kadar baglayica bir ozellige sahip olmadigi
goriintiide bulunan gozeneklerden ve dagilimdan da goriilmektedir. Kullanilan sivi atigin malzeme
tizerinde 1slatma etkisi oldugu manyezit tiizerinde biraktig1 kirliliklerde goriilmektedir. Fakat
baglayicilik olarak istenilen etkiyi gostermemektedir.

RS3 numunesinde sivi atik ile reginenin birlikte kullanimi, sadece sivi atik kullanilan RS2
numunesine gore daha yogun ve daha gozeneksiz bir yap1 olusturmustur. Goriintiilerden de
anlasilacag1 tizere recinenin kullanildigi RS1 ve RS3 numuneleri, sivi atigin kullanildigi RS2
numunesinden daha yogundur ve grafit taneler ile MgO taneleri arasinda RS2 numunesine gore daha iyi
baglanma gozlenmektedir.
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(c)
Sekil 6. SEM ile elde edilen geri yansiyan elektron goriintiileri a) RS1, b) RS2 ve c) RS3
Figure 6. The back scattered electron images obtained by SEM a) RS1, b)RS2, ¢)RS3 Obtained by SEM
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GENEL SONUCLAR (CONCLUSIONS)

Kompozisyonlarin yogunluk degerleri, acgik gozenek miktar1 azaldik¢a artmaktadir. Tim
kompozisyonlar i¢in yogunluk degeri arttika ve % agik gozenek degeri azaldikca SBM ve egme
mukavemeti degerlerinin de arttig1 ve dolayis: ile gozenegin mekanik 6zellikler iizerine olumsuz etki
ettigi gozlenmistir. En yiiksek yogunluk, SBM, egme mukavemeti, elastik modiilii degerlerine grafit ve
recine ile elde edilen RS1 numunesinde ulagilmigtir.

Pirolitik siv1 girdisi arttikga tiretilen kompozisyonlarin yogunluk, SBM, egme mukavemeti, elastik
modiilii degerleri azalmaya baslamistir. RS2 kompozisyonu en diisiik yogunluk ve en diisitk mekanik
ozelliklere (SBM, egme mukavemeti ve elastic modyiilii) sahiptir.

Genel olarak siv1 atik girdisi olan RS2 ve RS3 malzemelerde daha yiiksek oranda Al:0s ve SOs’e
rastlanmistir. Bu malzemelerin mekanik 6zellikleri RS1 malzemesinden daha kotlidiir. S miktarinin
refrakter malzemelerde yiiksek olmasinin mekanik 6zelliklere olumsuz etki ettigi sonucuna ulagilmistir.

TESEKKUR

Bu calisma Tiibitak 115M371 numarali proje tarafindan desteklenmistir. Verdigi teknik calisma
destegi igin Nesibe Sevde Ulvan’a tesekkiir ederiz.
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