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ABSTRACT

In this study, five periodic InGaN / GaN LED (light emitting diode) structures grown by the Metal Organic Vapor Deposition
(MOCVD) at different active layer growth temperatures were studied. These structures were grown as InGaN / GaN multiple
quantum wells (MQW) between c-oriented sapphire substrate and n-GaN and p-AlGaN + GaN contacts. These constructions were
characterized by the high-resolution X-ray diffraction (HR-XRD) system. HRXRD patterns obtained by X-ray diffraction and
Reciprocal space maps were performed from the same data. One of the most effective ways of studying the crystal lattice is
reciprocal space mapping with HR-XRD technique. This technique does not damage the sample. Information can be obtained from
the internal system of the sample or from the intermediate layer including substrate. Using the FWHM (Bnki) values and the elastic
coefficients of the structures obtained for each of the three samples separately with the inverse mesh technique, D (nm) particle
size, 6 (GPa) uniform stress, ¢ strain, u (kJm) anisotropic energy density parameters were calculated. These calculations were
done in a Scherrer method and Uniform Deformation Model (UDM) which is the Williamson Hall method, modified uniform
Williamson stresses model (USDM) and Uniform Deformation Energy Density Model (UDEDM). The results show that the
stretching in the crystal size is very little. Line expansion in HR-XRD is due to small crystal size and lattice strain. UDEDM, one
of the W-H methods, has emerged as the most suitable model for stretching..

Keywords: : Strain, particle size, Williamson-Hall, reciprocal space mapping.

Ters Orgii Uzayinda Kristal Boyutu ve Stres Hesabi

oz

Bu calismada, farkli aktif tabaka biiyiitme sicakliklarinda MOCVD ydntemi ile bilyiitiilen bes peryotlu InGaN/GaN LED yapilart
caligildi. Bu yapilar c-yonelimli safir alttas tizerine n-GaN ve p-AlGaN+GaN kontak arasinda olacak sekilde, InGaN/GaN ¢oklu
kuantum kuyu (MQW) olarak biiyiitiildii. Bu yapilar, HR-XRD sistemi ile karakterize edildi. X-Isin1 kirinimu ile elde edilen HR-
XRD desenleri ve aym verilerden, Ters Orgii Uzay1 Haritalamas1 yapildi. Kristal drgiisiiniin incelenmesinde en etkili yollardan bir
tanesi Yiiksek ¢oziiniirliiklii XRD (HR-XRD) teknigiyle ters orgii haritalamasidir. Ornege zarar vermez. Ornegin i¢ sistemlerinden
veya alttag dahil arakatman tabakalardan bilgi alinabilir.Ters 6rgii uzay: teknigi ile her {i¢ numune igin ayri ayr1 elde edilen
tabakalara ait FWHM (Bhkl) degerleri ve yapilarin elastik katsayilari kullanilarak; D (nm) parcacik boyutu, ¢ (GPa) uniform stress,
¢ strain, u(kJm3) anisotropic enerji yogunlugu parametreleri hesaplandi. Bu hesaplamalar; Scherrer yontemi ve Williamson Hall
yontemi olan Uniform Deformation Model (UDM), modifiye Williamson Hall yontemleri olan Uniform stress deformation model
(USDM) ve Uniform Deformation Energy Density Model (UDEDM) kullanilarak yapildi. Sonuglar géstermistir ki kristal
boyutunda gerilme ¢ok az etkilidir. HR-XRD’deki ¢izgi genislemesi kiiciik kristal boyutu ve orgii gerilmesi kaynaklidir. W-H
yontemlerinden biri olan UDEDM ’nin gerilme igin en uygun model oldugu ortaya ¢ikmustir.

Anahtar kelimeler: Strain, par¢acik boyutu, Williamson-Hall, ters orgii uzay: haritasa.

1. INTRODUCTION nitride (InGaN) LEDs are made resistant to high
temperature, pressure and frequency conditions. These

Nitrogen containing optoelectronic devices, a member of i o
materials are traditionally grown on a substrate such as

the 111-V group of semiconducting compounds, have a - b - .

profound geffet?t on nanotechnolo%y. Tﬁe direct band  SaPPhire (Al20s) or silicon (Si). This enlargement results

energy ranges of Indium Nitride (InN), gallium nitride in a high _Igvel of non-confor_mlty, .Wh'Ch causes th_e

(GaN) and Aluminum Nitride (AIN) are 0.7 eV, 3.4 eV cracks to disintegrate, and the dislocations caused by this
. y O - R 7 11 -2

and 6.2 eV, respectively. These energy band spacings are ((:isls;:\lrega?fcy ?re m_the rangebOI 10 -1'?h (I:mG [il‘?’/]' GTh’j

very wide ranging from the near infra-red region to the al DUTIer 1ayer Is grown between the fn‘-a a

ultraviolet (UV) region of the electromagnetic spectrum active quantum well layer and the_ A|20.3 Substrate o
[1]. Group Il nitrides, especially GaN-based, are remove the structural defects (one-dimensional and two-

important materials in LED structures. Indium gallium dimensional, linear "fmd volumetrlc_defec'gs) common to

such structures. This reduces lattice mismatch to be
*Sorumlu Yazar (Corresponding Author) transmitted to the InGaN layer, but cannot completely
e-posta : ilknurdurukan@gazi.edu.tr remove the lattice mismatch. Due to the incompatibility
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between the Al,O; and GaN layer, it is inevitable to
transmit disturbing dislocations (TD) of 1x108 to 1x10%?
cm? to the InGaN active layer. Despite all of these
drawbacks, it is seen that the performance of
optoelectronic devices produced from such nitrile-based
semiconductors  is  better  than  conventional
semiconductors [2-5]. The development of the properties
of nitrile-based semiconductors and the work to be done
to increase their performance will further improve the
performance of these devices and the systems that are
integrated with them. The purpose of this study is; In the
MOCVD system, the growth characteristics of the
InkGai1xN /GaN multi-quantum well LED structure are
reproduced by increasing the InGaN, GaN and aluminum
gallium nitride (AlGaN) the result is to investigate the
effect on performance of such devices.

In particular, stress, strain and deformation energy
density parameters were calculated semi-experimentally
using William-Hall technique.

2. EXPERIMENTAL CONDITIONS

InGaN / GaN LED structure were grown by MOCVD on
c-oriented (00.1) Al,O3 substrate and given in the Figure
1. The same LED samples were used for stress
measurements in our study [7], Here, the growth steps
are briefly mentioned. Before the epitaxial growth
process was started, the Al,O3 substrate was heat treated
at 1100 °C for 10 minutes in a nitrogen atmosphere to
remove the oxides from the surface. Following chemical
reactions of Trimethylgallium(TmGa),
Trimethylaluminum (TmAl), TmIn(Trimethylindium)
and NHz(ammonia) compounds, Ga, Al, Inand N sources
were obtained, respectively. On Al203 substrate under
constant pressure at 200 mbar; GaN core layer at 500 °©
C, GaN buffer layer at 1020 ° C grown. Subsequently, n-
type GaN contact layers; 23 sccm TmGa constant current
and at 1030 °C; the first layer was grown for 35 minutes
and the second layer for 20 minutes. Then, at flow rates
of 140 sccm TmGa and Tmln; The InGaN active layer of
samples A, B, and C was formed as five layers at
temperatures of 650 ° C, 667 ° C and 700 ° C for 90
(InGaN layer) and then 390 (GaN layer) seconds,
respectively. The GaN cap layer was grown for 390
seconds at 730 ° C in a current of 140 sccm TmGa on
active layers. Magnesium (Mg) doped p-contact AlGaN
layer using 9 sccm TmGa, 15 sccm TmAl and 90 sccm
Cp2Mg flux ratio; 1085 °C and 50 mbar pressure for 65
seconds. The growth of the p-GaN layer was performed
at a flow rate of 14 sccm TmGa and a flow rate of 100
sccm Cp2Mg; 1010 °C and 200 mbar pressure for 720
seconds. NH3 flux ratio; 1300 sccm for the GaN and
AlGaN layers, and 5200 sccm for the InGaN / GaN active
layer. The grown conditions of the other layers are the
same for all samples.

The characterization of the samples were analyzed by the
HR-XRD technique using a Bruker D8 system,

delivering a CuK,1

p-GaN

p-AlGaN

GaN

GaN

X5

InGaN

n GaN

n GaN

GaN Buffer

GaN Nucleation

Figure 1. General schematic structure of InGaN / GaN
LED structure

3. RESULTS AND DISCUSSION

The Reciprocal space maps obtained by the HR-XRD
technique was used to calculate D (nm) particle size, ¢
(GPa) uniform stress, € strain, u(kJm=) anisotropic
energy density parameters.

The patterns obtained with the mapping of the reciprocal
space provide a more detailed and clearer representation
than the classically obtained HR-XRD peaks [6]. The
presence of the peaks of the GaN, InGaN and AlGaN
layers can be more clearly understood by this mapping.
For comparison, the classical HR-XRD pattern for the
symmetrical plane of sample B (004) is given in Figurel
in our study [7] and the reciprocal space pattern for the
same shot is given in Figure 3-a. In our study, unlike the
other study, the stress study was performed with the
William Hall method. The our study of the mapping of
the reciprocal space of (004) and (106) planes of the
samples is given in detail.
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Figure 2. HR-XRD reciproral space mapping of a) (004)
and b) (106 ) miller reflection plane of sample
A

When examined in detail in Figure 1[7] in our study, the
AlGaN peak, which is not fully separated to the right of
the GaN peak, appears to the right of the GaN peak in
Figure 3-a. The InGaN peak appears clearly visible and
more understandable on the left side of the GaN peak. In
addition, SL satellite peaks could be detected quite
successfully in the reciprocal space pattern. The HR-
XRD reciprocal mesh space pattern of the symmetric
miller reflection plane (004) of sample A is given in
Figure 2-a. As shown in the figure, it is seen that the
Al,O3 peak which is used as a substrate on the far right
and the peaks of InGaN and AlGaN layers are embedded
in the peak of the GaN layer. In Figure 3-b, the reciprocal
space mapping pattern of HR-XRD asymmetric plane
(106) of sample A is seen. When the pattern is examined,
peaks of InGaN partially separated from the GaN peak
and peaks of the AlGaN layer not fully decomposed are

observed. HR-XRD reciprocal space mapping pattern of
the symmetric miller reflection plane (004) of sample B
is given in Figure 3-a.

h[100](x10"3)

15

10

o

h[100](x10%)
o

-10

6.22 6.24 6.26 6.28 6.30 6.32
1[001]

(b)

Figure 3. HR-XRD reciprocal space mapping pattern of

the symmetric miller reflection plane a)(004)

and b)(106) of sample B
SL-2 and SL-1 satellite peaks are seen from the left of the
figure. In addition, the InGaN and AlGaN peaks are
found somewhat more separated than sample A. Here,
symmetric peaks are more intense in the plane of (0004).
The initiatives of incoming reflections of the density of
GaN and InGaN layers constitute satellite peaks. These
satellite peaks are related to crystal quality and surface
roughness between layers. Satellite peaks are used to find
the thickness of multiple quantum wells. From these
satellite peaks, the thickness calculation can be done
simply by using the formula [1].

T =1/(2*A0*Cosh) )
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Here, A is the wavelength of the X-ray source, A9 is the
satellite peak separation, and 0 is the Bragg angle of the
plane. A, B and C samples of quantum well thickness are
13.87 nm, 12.58 nm and 10.39 nm, respectively [7]. The
quantum well thickness relates to the thickness of GaN
and InGaN layers. The two layers have different
thicknesses and for this reason X-rays create interference.
A guantum well thickness calculation is made from the
peak differences of these interference peaks. In other
thicknesses, the thicknesses of these layers cannot be
determined because density difference and critical
thickness are not provided. It was observed that the
quantum well thickness decreased with temperature
increase. Due to the increased stresses in the structure and
the random variation in crystal dimensions, the thickness
is affected. The In contents of samples A, B and C with
different quantum well thickness are 10.87, 9.01, 7.51,
respectively [7]. As the defect density in the structure
increases, it decreases the Indium ratio.

The Reciprocal space mapping pattern of the asymmetric
reflection planes (106) of sample B, are given in Figure
3-b. it is seen that the AlGaN layer is not fully
decomposed while the InGaN layer is distinctly separated
from the GaN layer.

Reciprocal space mapping pattern of symmetrical and
asymmetric planes of sample C are shown in Fig. 4.
When the pattern of symmetric (004) planes is examined,
it is seen that the SL-2 and SL-1 peaks are distinctly
separated from the left, the InGaN layer has less peaks
but the AlGaN layer is more distinct.

h[100]x(103)

e
£
—~
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-

1 L
3.95 4.05

1[001]

(@)

L
3.90

h [100]x(10%)

are distinct but the peaks of the AlGaN layer arenot
distinct. Also, It is seen that the peak formations of the
GaN core layer are partially formed.

Looking again at Figure 2-a, Figure 3-a and Figure 4-a,
The SL peaks are not seen for the A sample, and for the
B and C samples, the SL-1 and SL-2 satellite peaks are
distinguished from each other and more visible. Because
of the increase in roughness between layers, roughness-
induced HR-XRD interferences are deteriorating. The
absence of the SL-2 satellite peak in sample A shows the
roughness between the layers. Therefore, this indicates
low crystal quality. The satellite peaks of B and C are
more clearly distinguished from each other. The finger
peaks between the satellite peaks are weak and it has a
less rough layer surface and therefore higher crystal
quality than sample A. As a result, the grown
temperatures at 667 and 700 °C have allowed better
crystal quality. In addition, in Fig. 2-a for sample A, the
peaks of InGaN to the left of the GaN peak and the
AlGaN layer to the right are not fully separated. For
sample B, the peaks of InGaN to the left of the GaN peak
and the AlGaN layer to the right are is more clearly seen
in Fig. 3-a. The peak of the InGaN layer on the left side
of the GaN peak is partially separated while the peak of
the AlGaN layer on the right side is more distinct and
separated in sample C. The more pronounced
dissociation of the InGaN peak for sample B is due to the
increase of the In ratio in the composition, while the more
pronounced dissociation of the AlGaN peak in sample C
is attributed to the higher Al content in the composition
than the sample B [7]. This is related to microstructural
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Figure 4. HR-XRD reciprocal space mapping pattern of the symmetric miller reflection plane a)(004) and b)(106) of sample

C

When the pattern of symmetrical (004) planes is
examined, it is seen that the SL-2 and SL-1 peaks are
distinctly separated from the left side, the InGaN layer
has less peaks but the AlGaN layer is more distinct. (106)
is asymmetric plane pattern is similar to that of the
symmetric planes, it is seen that the InGaN layer peaks

imperfections in the complete dissociation of these HR-
XRD peaks of the InGaN and AlGaN layers [8-14].

3.1 Crystal Size Account According to Scherrer
Method

In order for the Scherrer method to be applied in a healthy
way, it is very important to calculate the exact value of
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Bhkl accurately [15]. Bragg peak patterns obtained by
HR-XRD analyzes are dependent on both device and
sample effects. The device-corrected enhancement (Bhkl)
corresponding to each diffraction peak of InGaN is
giveby Equation (2) below.

ﬂé = I:(ﬂz)numune - (:Bz)cihaz] (2

The crystal size D, perpendicular to the reflective planes,
can be obtained by Equation 3.

Dzk—i—mos@:k—ﬂ(i) (3)
ﬂhkl COSH D ﬂhkl

Here, k is a coefficient; A, X-ray wavelength; 0 is the
Bragg angle. By fitting the data, the crystal size D is
found from the slope of the fit line. Using the FWHM
results calculated from the Reciprocal space maps
obtained from the HR-XRD patterns, the Scherrer graph
expressing Cos0 versus 1/ Bn is plotted in Figure 5 for
the InGaN, AlGaN and GaN layer. The D crystal size
(nm) was calculated from the slope of the fit. The crystal
sizes of the InGaN, AlGaN and GaN layers were 35.895,
21.773 and 51.326 nm, respectively. The R? compliance
value of the graphs varies between 0.1-0.7.

Cos(t)

Cos(0)

[ AlGaN

o2 Lot e v s b i
80 100 120 140 160 180

Cos(0)

1/f3 (radian)!

Figure 5. Scherrer chart for InGaN,AlGaN and GaN
layer

The Scherrer method is widely used in dust samples. Dust
samples are made up of small particles. The peaks must
be sufficiently intense to be able to perform the Scherrer
analysis. For amorphous materials, there is a limit in the
Scherrer equation. We find the planes of semiconductors,
and in the case of dust we see the corresponding planes
at a certain rate. The W-H equation is a combination of
the Scherrer equation and the strain equation. It is widely
used in semiconductors. Because of the high level of
dislocations in the crystallized layer, mosaic blocks
similar to the shape of large radius grains. In this case the
parameters(strain, young module, elastic constants) are
more stable, it is more accurate to get clear results. Due
to the GaN point defects, the FWHM values of the pixels
are unstable.

3.2 Crystal Size Account According to W-H Method

In reality, not all materials are perfect crystal. There are
absolutely deformations. Strain is a defect that occurs as
a result of the crystal being not perfect or lattice force and
given by e=fs/4tanf. Peak displacement in the diffraction
pattern causes the half-width to change. For the strain
calculation, tanf curves are plotted against Bhkl as a
linear equation as in particle size calculation. The
calculated strain value is not a realistic result as it is in
the calculation of the particle size. However, the W-H
technique is a very useful technique that distinguishes
these two effects from each other. Here, we can talk about
three models as W-H.

W-H analyzes in our studies; Uniform Deformation
Model (UDM), Uniform Stress Deformation Model
(USDM) and Uniform Deformation Energy Density
Model (UDEDM). The W-H model is not dependent on
1 / cosB as in the Scherrer model but varies with tanf.
This main difference distinguishes between the
coexistent microstrain and the reflection expansion [16].
Strain occurs without the crystal being perfect and
without separation, and can be calculated by Equation 4
[15]. € is the square root (RMS) value of the square mean
of the micro strain.

c= B
4tan @

The sum of the strain values of the InGaN and GaN layers
is lower than that of the AlGaN layer. This is why the
InGaN and GaN layers are better optimized when grown.
The AlGaN layer has high dislocation. For this reason,
the strain in the AlGaN layer is larger than the quantum
well layer.

Figure 6 show tan6 graphs for Bhkl of the InGaN, AlGaN
and GaN layers, for all three samples. The R? compliance
value of the graphs varies between 0.1-0.45. The values
appearing in this range are consistent with the article
results. If R? =1, the fit value is perfect compliance value.
The values appearing in this range are consistent with the
article results. Systematic faults resulting from the
system are few, since the angle is calibrated to 0.0005

(4)
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precision. Low level, the flaws in the sample are more
oppressive because they are purely experimental results.

10

\ J

L Fit curve
(ISR IS A S S RS P e L

10(.)002 0.004 0.006 0.008 0.010 0.012 0.014

LI o S L e B

0.002 0.004 0.006 0.008

0.010 0.012 0.014
10 T T T e B

Tan (0)

r®

0.002 0004 0.006 0008 0.010 0
B (radian)

Figure 6. Graphs of Tan(0) versus phkl of the InGaN,
AlGaN and GaN layer

Strain and particle size are not linearly independent of
one another. Thus the peak width of the Bragg reflections
is given by the equations below as the sum of the two
influencing peak widths.

Bua =B+ B, =[KAltcosb,, |+[4etan G, ] (5)
Bua €086, = B+ B, =[KAIt]+[4£Sing,, | (6)

This equation is known as the classical W-H equation or
the uniform deformation model (UDM). In this equation,
the crystal strain is crystallographically the same in all
directions. Therefore, the crystal is considered as
isotropic. When the graph is plotted against 4sin6nw
versus Bhkl cosOhkl using the planes with the permissible
crystal planes, the microstrain is calculated from the
slope [15]. Graphs for all three samples were given in

12

Figures 7. The R? compliance value of the graphs varies
between 0.1-0.23. The values appearing in this range are
consistent with the article results. Similar results were
obtained for the R? values in a study conducted with the
W- H technique [17].

The crystal size is also calculated from the y-axis cutting
point. Calculated values are given in Tables 3.
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Figure 7. Graph of InGaN, AlGaN and GaN layer
according to the UDM model

Due to the high pressure produced in this direction, the
diffraction line widens considerably and shifts to a higher
d range. This shows the pressure on the lattice of InGaN.
The positive value obtained from the graph supports the
presence of pressure. In many cases the acceptance of
homogeneity and isotrobic. Thus, the USDM and
UDEDM methods are more realistic as they account for
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the anisotropic structure of the Young modules of
crystals [18].

According to USDM method, the cause of anisotropic
micro tension (ehkl) is (o) smooth deformation pressure.
Hooke's law expresses the correct proportion (6=¢En«l)
between pressure and strain and adding this approach to
the account, the W-H equation can be written as Equation
7 [15].

B :(k_ﬂ,j_i_ 4osin @ @
hkl D Ehkl

Ehkl shows the Young's modulus perpendicular to the hkl
planes, and if the stress is known from the slope of the
graph of the 4sinf / Enw versus Phkcosd and the Ehkl is
known, the crystal size; can be found from the cut point
of the fit line [15].

Universal elastic parameters of InGaN, InN and GaN are
givenin Table 1

Elastic constants of InGaN are 0.109; 0.090 and 0.080 as
calculated by the law of Vegard for sample A, B and C,
respectively [6,11].

C,(InGaN) = xc,(InN)+(1—-x)c,(GaN)  (8)

Table 1. Universal elastic constants of InN and GaN,

InGaN
InGaN
InN GaN A B C
Cu 190 390 368.26 371.98 374.98
Co 104 145 14054 141.31 141.92
Cus 121 106 107.63 107.35 107.13
Cass 182 398 37452 37854 381.78
Cus 10 105 94.67 96.44 97.87

For a sample in the hexagonal crystal phase, the Young's
modulus is given by Equation 9 [19-21].

Z . 9
g ofpess]

S11, S12, S13, Sa3, Sa4 are the elasticity coefficients of InGaN
and AlGaN and these calculated values are given in Table
2.

Table 2. Calculated elasticity coefficients for the InGaN
and AlGaN layers for all three samples

A B C
(GPa?)

InGaN AlGaN InGaN AlGaN InGaN AlGaN
S 0.0033 0.0030 0.0033 0.0030 0.0032 0.0030
S 0.0011 0.0010 0.0011 0.0010 0.0011 0.0010
S13 0.0006 0.0005 0.0006 0.0005 0.0006 0.0005
Sa3 0.0030 0.0028 0.0030 0.0028 0.0030 0.0028
Sua 0.0106 0.0086 0.0104 0.0087 0.0102 0.0086

Figure 8; The W-H method shows a graph of InGaN,
AlGaN and GaN layers for all three samples according to
the USDM model. The R compliance value of the graphs
varies between 0.1-0.3. The values appearing in this
range are consistent with the article results.

If values are to be fitted in these graphs, the anisotropic
energy density (u) is found from the slope of the fit lines.
The crystal size (D) is also found at the y-axis cutting
point. Deformation stress and deformation energy
density obtained from USDM and UDEDM models can
be related to u=c2/2Enq expression [15]. Both Equation 8
and Equation 9 are different because they assume that the
elasticity constant is anisotropic.
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Figure 8. Graph of InGaN, AlGaN and GaN layer
according to the USDM model
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Because in Equation 8, deformation stress has the same
value in all directions and this makes u anisotropic. In
Equation 9, deformation energy is assumed to be uniform
in all directions. Here, deformation stress ¢ is anisotropic.

Figure 9; The W-H method shows a graph of of InGaN,
AlGaN and GaN layers for all three samples according to
the UDEDM model. The R? compliance value of the
graphs varies between 0.1-0.23. The values appearing in
this range are consistent with the article results.
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Figure 9. Graph of InGaN, AlGaN and GaN layer
according to the UDEDM model

All samples; The results obtained from the Scherrer,
UDM, USDM and UDEDM methods are given in Tables
3 for InGaN, AlGaN and GaN layers.

Table 3. Physical parameters calculated for USD, USDM and
UDEDM models for all three layers of sample A, B

and C
Sample A Sample B Sample C
InGaN | AlGaN | GaN | InGaN | AlGaN | GaN | InGaN | AlGaN | GaN
]::[::;) 36087 | 7366 | 61232 | 48362 6319 | 538651 (43723 | 5468 [ 55718
SCHERRER Dssinl;) 35895 | 21773 | 51326 | 41.134 [ 21.780 | 49270 [ 38965 | 21.899 [ 48.625
Dinm) | 47.542| 14.031 | 57.597 | 48947 15.019 | 56.266 | 51325 | 15414 | 62418

UDM

ex10° | 0250 | 2997 | 0.021 | 0.104 | 2.815 | 0.066 | 0361 | 2723 | 0230

D(um) | 47.542 | 14.031 | 57397 | 48.947 | 15.019 | 56266 [ 51325 | 15.414 | 62.418
© 2 7
UsDM | (gpay | ©066 | 0900 | 0006 | 0028 | 0838 | 0019 | 0097 | 0816 | 0.066
wH 2x10% | 0250 | 2997 | 0.021 | 0.104 | 2.815 | 0.066 | 0361 | 2723 | 0230
D(um) | 47.542 | 14.031 | 57397 | 48.947 | 15.019 | 56266 [ 51325 | 15.414 | 62.418
uflcdm
3 | 0008 | 1348 | 0000 | 0001 | 1.180 | 0.001 | 0.018 | 1.112 | 0.008
x10°
UDEDM | ¢
0.066 | 0900 | 0.006 | 0.028 | 0.838 | 0.019 | 0.097 | 0.816 | 0.066
(GFa)

ex10° | 0250 | 2997 | 0.021 | 0.104 | 2.815 | 0.066 | 0361 | 2723 | 0230

The results show that the strain is very little effect on the
crystal size. The crystal sizes obtained from W-H and
Scherer can be compared. In addition, the W-H methods
UDM, UDEDM and USDM gave very consistent and
similar results. The enlargement of the pikes increases
the strain at the large angles and the crystal size decreases
accordingly. This is caused by an increase in the
reflection angles.

4. CONCLUSION (SONUC)

In this study, three five-period InGaN / GaN LED
structures were grown by MOCVD at 650, 667 and 700
oC active layer growth temperatures. These structures
were characterized by the HR-XRD system. Unlike
classical HR-XRD analysis methods, reciprocal space
mapping was performed. It can be seen that more detailed
and clear results can be obtained with the reciprocal
space mapping. Two different methods were used in
mosaic structure calculations. William Hall method is
common technique for semiconductors and ¢ (GPa)
uniform stress, € strain, u (kJm®) anisotropic energy
density parameters are calculated. It is important to use
XRD by semi-experimental methods instead of
expensive and difficult methods such as TEM to analyze
defects properties.

Uniform stress (o) is; with the stain parameter, exhibited
exactly the same behavior for all three layers. The
anisotropic energy density (u) follows the same regime
as the other parameters, exhibiting a decrease and
increase then with increasing temperature for the InGaN
layer and a continuously decreasing for the AlGaN layer,
as opposed to the AIGaN layer, which exhibited
increased behavior.

In addition, according to the Scherrer method, for the
InGaN layer of sample A, the particle size in the
calculations made according to sinf is 0.5% less than cos
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0, while 15% in case B and 11% in case C are calculated.
Similar behavior to the InGaN layer was observed in the
GaN layer, which was up to three to four times larger for
the AlGaN layer, and this increase was directly
proportional to the growth temperature. The line
expansion in the HR-XRD was attributed to the small
crystal size and lattice strain.

The results showed that; the results obtained with the
calculations made are quite consistent with the literature.
Both the Scherrer and W-H methods are close to each
other, and the W-H methods UDM, USDM and UDEDM
are very consistent with each other. Among these
methods, the UDEDM method is a suitable metric for the
calculation of strain and other parameters..
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Savonius Riizgar Tirbini Cevresindeki Hava Akisiin
Hesaplanabilir Akiskanlar Dinamigi Y ontemi ile
Analizi

Arastirma Makalesi / Research Article
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Teknik Bilimler Meslek Yiiksek Okulu, Makine Boliimii, Gazi Universitesi, Tiirkiye
(Gelis/Received : 09.10.2017 ; Kabul/Accepted : 15.02.2018)

oz
Bu ¢alismada, savonius tipi dikey riizgar tiirbini tasarlanmis ve ¢evresindeki havanin hiz ve basing dagilimi sayisal olarak
incelenmistir. Tiirbinin 0°, 45°, 90° ve 135° olmak tlizere dort farkli agida konumlandirilmistir. Her agisal konum igin 3 m/s, 6 m/s

ve 9 m/s riizgr hiz1 ve basing dagilimi grafikleri elde edilmistir. En biiyiik hava hiz1 9 m/s (0°) i¢in kanat ¢evresinde en fazla hiz
21,33 m/s olarak elde edilmistir. Tiim basing grafikleri i¢in en yiiksek basing 0° ve 45° de 86,36 Pa olarak tespit edilmistir.

Anahtar Kelimeler: Riizgir enerjisi, savonius riizgar tiirbini, hesaplamal akiskanlar dinamigi.

Analysis of The Airflow Around The Savonius Wind
Turbine Using Computable Fluid Dynamics Method

ABSTRACT

In this paper, savonius type vertical wind turbine designed. Velocity and pressure distributions of the surrounding air are
investigated numerically. The turbine is positioned at four different angles: 0°, 45°, 90° and 135°. For each angular position,
velocity and pressure distribution graphs were obtained at wind speeds of 3 m/s, 6 m/s and 9 m/s. The maximum air velocity was
21.33 m/s for 9 m/s (0°). For all pressure plots the maximum pressure was determined to be 86.36 Pa at 0° and 45°.

Keywords: Wind energy, savonius wind turbine, computational fluid dynamics.

1. GiRiS (INTRODUCTION) hizlart ve diisiik riizgar hizina bagl olarak teorik
tahminleri zor olan aerodinamik davraniga sahiptir [5].
Yatay eksenli riizgar tiirbinlerine gére daha yavas galisan
riizgar tlirbinleri degisken riizgar hizina bagli olarak elde
edilen elektrigin dagitim sebekesine aktarilmasi ve diigiik
giic katsayisindan dolayr diisiik performans  gibi
dezavantaja sahiptir [6]. Fakat bu dezavantajlara ragmen
bircok 6nemli iistiinliiklere de sahiptir. {lk olarak basit
makineler olmasindan dolay1 kolay insa edilebilirler.
Ayrica ii¢ ve iki kanath yatay eksenli riizgar tiirbinlerinin
calisamayacagi kadar disiik riizgdr hizlarinda bile
calisabilmektedir [7, 8]. Son olarak da diger riizgar
tiirbinlerine gore diisiik bakim maliyetine sahiptir.

Son yillarda, kiiresel 1sinma ve ¢evre kirliligine sebep

olan yer alt1 kaynaklarinin azalmasi ve sinirliliginin fark
edilmesi ile siirdiiriilebilir ve yenilenebilir enerji
kaynaklarma olan ilgi artmistir. Savonius riizgar
tiirbinleri elektrik tiretimi ve mekanik gii¢ elde etmek igin
riizgarin kinetik enerjisini kullanan makinelerdir [1].
Riizgar tiirbini gurubunda genis kullanim oranina sahip
olan yatay eksenli rilizgar tiirbinleri gittikce
yayginlagsmaktadir. Riizgar tiirbinlerinin ¢ok fazla ¢esidi
bulunmakladir. Rotor eksenlerine goére yapilan
smiflandirmada yatay eksenli riizgar tiirbinleri ve dikey
eksenli riizgar tiirbinleri olarak siniflandirilmigtir [2].
Geleneksel riizgar tiirbinlerinin birgogunun performans ~Kili¢ savonius riizgar tiirbini kanatgigini helezonik
degeri Wilson tarafindan uygulamali olarak ¢alisgitimigtir ~ sekilde iretip deneysel olarak da incelemistir [9, 10].
[3]. Riizgar tiirbinleri hiz katsayisi ve gii¢ katsayisma ~Mahmoud  (2012)  savonius  riizgdr tiirbinlerinin
bagli performans egrisine gore degerlendirilirler. performansi iizerine deneysel ¢alismalar yapmus ve en-
boy orami iizerine de incelemeler yapmustir [11].
Mahmoud yaptigt bu ¢alismada en-boy oraninin
yiikselmesiyle gii¢ katsayisinda bir artis oldugu sonucuna
varmigtir.

Performans tiim makinelerde oldugu gibi riizgar
tiirbinlerinde de en onemli faktdrdiir. Ug kanath yatay
eksenli riizgar tiirbinleri en yiiksek verime sahiptir.
Savonius riizgar tiirbinleri diger tipteki tiirbinlere nazaran
daha  diisiik riizgir hizlarinda da  donmeye Literatiirde savonius riizgar tiirbinlerinin en-boy orani,
baslayabilmektedir [4]. Buna ek olarak diigiikk a1 sal kanat kalinlig1, dénmeye basladigi en diisik rizgar hizi
ve performansi etkileyen faktorlerin tespiti gibi birgok
parametre incelenmis ve iyilestirme yapilmaistir.

*Sorumlu Yazar (Corresponding Author)
e-posta : farukkilic@gazi.edu.tr
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Savonius riizgér tiirbinlerinin etrafindaki akis hakkinda
Mohamed [12] tarafindan yapilan ¢alismada sadece 0° lik
kanat agist i¢in Oniinde engel kullanarak ikili ve Ggli
kanat karsilastirilmistir.

2018 yilinda savonius riizgar tirbini ile ilgili bir
calismada  Realizable k—¢ tiirbiilans  modelini
kullanmuslardir. Yapilan diger bir ¢alismada momentum

iyilestirmesi i¢in yapilan bir ¢caligmada farkli tiirbiilans
modelleri degerlendirilmistir [14].

Yaptigimiz ¢aligmanin amaci az riizgarli kentsel
bolgelerde riizgarin savonius riizgar tiirbini etrafindaki
hiz ve basincint tespit edip daha sonra yapilacak
caligmalarda ve imalati1 diisliniilen savonius kanadinin
tasariminda dikkate alinacak sayisal veri elde etmektir.

Sekil 1. Savonius riizgar tiirbini kanat boyutlari (Savonius wind turbine dimensions)

6D

20D

i 4

@ savonius

20D

r

Sekil 2. Savonius tiirbininin akis alanindaki pozisyonu [15] (The position of the savonius turbine)

denklemleri, x, y, z hiz bilesenleri, tiirbiilansh kinetik
enerji ve tiirbiilansh kinetik enerjinin spesifik dagilim
orani gibi degiskenler, CFD Fluent yazilimi kullanilarak
hesaplanmistir [13]. Savonius tiirbini iizerine performans

Bu sebepten sabit olarak yerlestirilmis savonius riizgar
tiirbini etrafinda farkli hizlarda ki hava akiskaninin hiz ve
basing gibi termofiziksel 6zellikleri tespit edilmistir.
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2. SAYISAL ANALIZ (NUMERICAL ANALYSIS)

Bu c¢aligmada, sabit olarak yerlestirilmis savonius
kanadi etrafindaki akis Hesaplamali Akiskanlar
Dinamigi (HAD) yontemiyle Ansys Fluent (R16.1)
yazilimi kullanilarak hesaplanmistir. Fluent kanat
hacminin etrafindaki basing ve hiz degisimlerini farkli
geometriler icin  sonlu hacimler metodu ile
coziimleyebilen bir yazilimdir. Savonius kanadinin
fiziksel tasarimi Solidworks ¢izim program kullanilarak
tasarlanmistir (Sekil 1).

Kanat gap1 (D) 420 mm olarak belirlendi. Akis ortami
girig-¢ikis agizlart kanat ¢apinin 20 kati, hava girisi ve
kanat arasi1 mesafede kanat ¢apinin alti kati olarak
belirlenmistir (Sekil 2). En uygun mesafe Gad (2014)
tarafindan yapilan ¢aligmada verilen metot ile
belirlenmistir [15].

Akis analizi yapilmadan 6nce akig alaninin goriillmesi
istenilen bolgeler daha kiigiik ¢6ziim ag1 (mesh) yapisti ile
tasarland1 (Cizelge 1). Mesh yapisinda quadrilateral
(dort kenarli) eleman tipi, daha hassas sonu¢ verdigi,
daha kisa stirede yakinsadig1 ve carpiklik 1’e daha yakin
oldugu icin kullantlmistir.

Cizelge 1. Coziim ag1 (mesh) yapisi sayisal degerleri (Mesh
structure numerical values)

Inflation

Maksimum Layer 15
Growth Rate 11
Edge Sizing

Element Size 0,003m
Growth Rate 1,02
Face Size

Element Size 0,008
Min. Size 0,002
Max. Face size 0,4
Max. size 0,5

Hava akis modeli olarak tiirbiilans modeli kullanilmustir.
Smir sartlari, iterasyon sayisi ve yakinsama degeri
tanimlandi. Kiitle ve momentum denklemleri Fluent
programi ile ¢oziildi.

Siireklilik denklemi

Sekil 3. Kanat ¢evresi ¢oziim ag1 (mesh structure around the blade)

Cizelge 2. Farkli noktalardaki basing degerleri (Pa) (Pressure values at different points)

Eleman Sayis1 | Basing¢ noktas1i 1 | Basin¢ noktas1 2 | Basing noktas13 | Basing noktas1 4 | Basing noktasi 5
10060 -331,369 -348,166 -365,106 -382,218 -399,468
15361 -1,05366 -0,985826 -0,917852 -0,835059 -0,75602
70267 -0,227219 -0,187646 -0,143582 -0,0963447 -0,046017

448800 -0,355111 -0,334949 -0,312868 -0,284975 -0,253899
676617 -0,386243 -0,370244 -0,349675 -0,323226 -0,294135

13
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d
ax, (pu)=0 @
Momentum denklemi

0 __ Op
a_Xj(puj_Tij)_a_xj+Si &)
Bu iki esitlikte

Xj = kartezyen kordinat (j=1, 2, 3)

S ( piezometrik basing ) = - pg g Xm

ui = xi yonilindeki mutlak hiz bilesenleri
Ps = statik basing,

P, = referans yogunluk

XM= p,’ nun tanimlandif1 yerdeki koordinat
g = yercekim ivmesi

T;j= gerilme tensdriiniin (stress tensor) bilesenleri

Tirbiilansl akis ¢oziimil i¢in uygulamasi kolay, ¢abuk
yakinsama, bir ¢ok akis tiirli i¢in tahmin kolayligindan
dolay1 standart k-e tiirbiilans modeli  kullanilmistir.
Momentum denklemi, hizin x ve vy bilesenleri,
tiirbiilansin kinetik enerjisi (k) ve tiirbiilans dagilim oram
(¢) fluent tarafindan ¢Ozilmiistir. Coziimlenen
senaryolarin  giivenilirligi ikincil interpolasyon ve
iterasyon metodu kullanilarak yiiksek tutulmustur. Sekil
3 ¢oziim ag1 sikliginin daha iyi anlasilabilmesi icin
verilmigtir.

Sekil 3a da kanat cevresindeki ¢oziim agi sikligi
goriilmektedir. Kanat c¢evresi sikliginin  daha net
goriilmesi i¢in Sekil 3a daki kanat ¢evresi daha
yakinlagtirtlip Sekil 3b verilmistir. Sekil 3b deki kanat
sinir tabakasindaki ¢6ziim ag1 yapisi net goriilemedigi
icin Sekil 3¢ verilmistir.

Sayisal ¢Oziimiin sayisal agdan bagimsiz hale
getirilebilmesi igin eleman sayist 10060, 15361, 70267,

448800 ve 676617 adet olan sayisal aglar ile ¢oziim
yaptlmistir.  Yapilan  ¢oziimlerden sonra  kanat
civarindaki bes farkli noktad an basing degerleri
incelenmistir. Elde edilen basing degerleri Cizelge 2 de
goriilmektedir. 70267 adet elaman bulunan agdan sonra
yapilan siklastirma islemlerinde elde edilen sayisal
¢oziim degerlerinin yaklagik olarak sabit kaldigi
goriilmiistiir. Bu sayede yapilan sayisal ¢oziim sayisal
agdan bagimsiz hale getirilmistir.

Sekil 4°de iterasyonlar arasindaki farkin degisimini
gosteren yakinsama grafigi gosterilmistir. Yakinsamada
kriter, iterasyonlar arasindaki farkin sabitlenmesidir.
Grafikten de 40.-50. iterasyon araliginda iterasyon
degerinin sabitlendigi goriilmektedir.

3. BULGULAR VE TARTISMA (RESULT AND
DISCUSSION)

Bu ¢aligmada dikey eksenli savonius riizgar tiirbini kanat
performansi sayisal olarak incelenmistir. Akis alaninda
i¢ farkli riizgar hizi ve dort farkli kanat agist igin
¢oziimleme yapilmistir. Geleneksel savonius riizgar
tiirbini kanat¢iginin etrafindaki vektorel hiz (Sekil 5) ve
basing (Sekil 6) goriintiileri alinmigtir. Kanat yiizey alani
hava akig yoniine dik alan1 en yiiksek olan 0° de kanat
arkasinda en uzun kuyruk akintist olusmustur. Kanat
acisinin 90° oldugu durum kuyruk akintisinin en kisa
oldugu andir (Sekil 5a). Hava akis yoniinii (Sekil 4a
soldan saga) baz alindiginda kanat ardinda donerek
cevrinti yaptigit nokta goriilmektedir. Ayni kanat
bolgesinin arka ylizeylerinde hava hizinin sifira
yaklastig1 goriilmektedir.

Hava giris hiz1 3 m/s iken kanat ¢evresi ve gerisinde en
fazla riizgar hiz1 5 m/s civarinda oldugu goriilmektedir.
I¢ biikey kanat bolgesinin u¢ kisminda (saat 4 yniinde)
13,8 m/s riizgar hiz1 olugsmustur ve kanat iist bolgesinde
en yiksek riizgar hiz1 11,5 m/s’dir(Sekil 5d). Kanat
gerisinde diisiik hizli riizgar (kuyruk seklinde) olusumu

1e-04

1e-05

20 25 30 35 40 45 50
Iterations

Sekil 4. Yakinsama grafigi (Convergence graphic)
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3m's

6m's

Sekil 5. Kanat etrafindaki hiz dagilimi (Velocity distribution around the blade)

giderek azalmis ve 90° de en kisa hale gelmistir (Sekil
50).

Yapilan literatlir aragtirmalarindan sonra yaptigimiz bu
caligmanin Mohamed tarafindan yapilan ¢aligmaya yakin
oldugu ancak ¢alismamizda dort farkl kanat acis1 ve li¢
farkli riizgar hiz1 incelenerek daha 6nce yapilan bilimsel
calismalara katki saglayacag diistiniilmektedir.

Genel olarak kanat Oniinde arka bolgeye goére daha
yiiksek basing goriilmektedir. Bu basing farklari arttikca
kanada aktarilan enerji artacak ve bu da kanat milinden
alinan torkun bitylikligiini artiracaktir.

Atmosfer basincina ek 28,7 Pa basing olusmus ve kanat
Onii basing artisina ek olarak kanat arkalarinda diisiik
basing noktalar1 olustugu gozlenmistir. Diisiik basing
bolgelerindeki degerlerin atmosfer basincinin yaklasik
140 Pa asagisinda olustugu tespit edilmistir (Sekil 6b-e-
h-K).

Riizgar hiz1 9 m/s oldugunda basing dagilimi atmosfer
basincina (101325 Pa) ek 86,36 Pa basing olusmus ve
kanat Onii basing artisina ek olarak kanat arkalarinda
olusan diisiik basing noktalar1 gézlenmistir (Sekil 6¢-f).

Bu diisiik basing bolgelerindeki degerlerin atmosfer
basmcinin yaklagitk 350 Pa asagisinda olustugu, en

15

yiiksek ve en diigiik basing degerleri arasindaki farkin
436,86 Pa oldugu tespit edilmistir.

4. SONUC (CONCLUSION)

Solidworks yazilimi1 kullanilarak tasarimi  yapilan
savonius tirbin i¢in Ansys programinin Fluent
boliimiinde sonlu elemanlar yontemi kullanilarak

¢oziimlemeler yapilmigtir. Dort farkli agida ve {i¢ farkli
riizgar hiz1 girilerek toplam on iki senaryo igin kanat
etrafindaki hiz ve basing dagilimi elde edilmistir. En
bliyiik hava hiz1 9 m/s ig¢in 21,33 m/s olarak elde
edilmistir. Tiim basing grafikleri igin en yiiksek basing 0°
ve 45° de 86,36 Pa olarak tespit edilmistir.

Bu caligmada tanitilan savonius tipi tiirbinler, Tiirkiye
riizgar haritast baz alinarak 3 m/s, 6 m/s ve 9 m/s diisiik
riizgar hizinin oldugu bolgelerde, evsel riizgar tiirbiniyle
elektrik iiretimi ile ekonomiye katki saglayacaktir.
Yapilan bu ¢alismada kanat 6n ve arka bolgesinde olusan
basing farkindan dolay1 tork iiretecektir.

Bundan sonra yapilacak ¢aligmalar igin asagidaki
oOnerilere dikkat edilmesinde fayda goriilmektedir.

+ Sayisal analizi yapilip yorumlanan savonius riizgar
tiirbini farkli aerodinamik tasarimlarla iyilestirilebilir.
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Sekil 6. Kanat etrafindaki basing dagilimi (Pressure distribution around the blade)

+ Kanat kalinliginin rotor torkuna olan etkisi ¢aligilabilir.

» Uc boyutlu tasarimlar yapilarak 2 boyutlu modelin
dogrulamasi yapilabilir.

+ Kanatlar aras1 boslugun verime etkisi incelenebilir.
+ Helezonik kanat incelenebilir.
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Diisey Yuk Etkisi Altindaki Kazik Gruplarinin
Bozkurt Optimizasyon Algoritmasi ile Optimizasyonu

Arastirma Makalesi / Research Article

Rasim TEMUR”, Cihan OSER
Miihendislik Fakiiltesi, insaat Miih. Boliimii, Istanbul Universitesi, Tiirkiye

(Gelis/Received : 11.10.2017 ; Kabul/Accepted : 06.04.2018)
oz
Yumusak/gevsek zeminler {izerine insa edilecek temeller, geoteknik miihendisligi agisindan biiyiik sorunlara neden olmaktadir.
Temelden aktarilan diisey yiikler, yumusak/gevsek zeminde gdgmeye ve/veya asirt oturmalara neden olabilmektedir. Bu tiir
problemlerin 6nlenebilmesi icin ilave geoteknik tedbirlerin alinmasi zorunlu olmaktadir. Temel alt1 kazik imalati, gliniimiizde
siklikla kullanilan tedbirlerden biridir. Kaziklar, saglam zemin igindeki soket boylarina bagl olarak, ug kazig1 veya siirtiinme kazig1
olarak tanimlanmaktadir. Genellikle, temellerin altinda meydana gelecek farkli oturmalarin ve dis merkezlik etkisinin azaltilmasi
i¢in temel altinda birden fazla kazik imal edilmektedir. Bu kaziklarin birbirleriyle etkilesimi “grup etkisi” olarak tanimlanmaktadir
ve bu etkilesim kaziklarin yiik tagima kapasitelerinde azalmaya neden olmaktadir. Giivenli ve ekonomik bir tasarim i¢in, tek bir
kazigin tagima kapasitesinin hesaplanmasi ve kazik grubundaki optimum kazik sayisinin belirlenmesinde optimizasyon yapilmasi
gerekmektedir. Bu calisma kapsaminda, Bozkurt Optimizasyon algoritmasinin diisey yiik etkisi altindaki kazik gruplarinin
optimizasyon problemleri i¢in gegerliliginin arastirilmasi amacglanmistir. Bu amagcla karsilagtirma yapilabilmesi i¢in Parcacik
Siiriisii Optimizasyon algoritmasi1 ve Gelistirilmis Harmoni Arama algoritmasi1 kullamlmstir. Incelenen yontemlerin, diisey yiik
altindaki kazik gruplan igin hizli, giivenli ve ekonomik tasarimlar yapilmasi konusunda miihendislere yardimci olmasi

amaglanmaktadir. Yumusak/gevsek zeminler iginde imal edilecek fore kaziklarin tagima kapasiteleri ve optimizasyonu ele
alimmugtir.

Anahtar Kelimeler: Grup kaziklar, optimizasyon, metasezgisel algoritmalar, kazik tasarimu.

Optimization of Pile Groups Under Vertical Loads
Using Grey Wolf Optimizer

ABSTRACT

Construction of foundations or embankments on a soft/loose soil deposit causes major problems in terms of geotechnical
engineering. The vertical loads transferred from the foundation can cause failure and/or extreme settlements in the soft/loose soil.
Additional geotechnical precautions must be taken in order to prevent such problems. Construction of piles under foundations is a
widely used method. Piles are defined as point bearing piles or friction piles depending on the embedded length of the pile in the
stiff layer or rock. Generally it is preferred to construct pile groups under the foundations to reduce the effects of differential
settlements and eccentricity. The interaction of a pile with the others in a group is defined as “group efficiency” and this interaction
causes reduction in the load-bearing capacities of the piles. It is necessary to calculate the bearing capacity of a single pile correctly
and estimate the optimum number of piles in the group to make a safe and economical design. In this paper, it is aimed to investigate
the robustness of Grey Wolf optimization algorithm for optimization problems of pile groups under vertical loads. In order to
compare the validity of Grey Wolf Optimization algorithm, Particle Swarm Optimization algorithm and Improved Harmony Search
algorithm are used. The proposed methods are intended to help engineers to make fast, safe and economical designs for pile groups.
In this study, only the bearing capacities and optimization of bored pile groups are discussed.

Keywords: Group piles, optimization, meta-heuristic algorithms, pile design.
1. GIRiS (INTRODUCTION) yiiksek mukavemetli bir malzeme ile degistirilmesi,

Geoteknik miihendisliginde karsilasilan en dnemli prob- m@vcuf .zemi’nin’mukavemet §zelliklerinin 51k1§t1'r11ar2}k
lemlerden birisi, yumusak/gevsek zemin profili iizerine iyilestirilmesi (vibro kompaksiyon, tag kolonlar, dinamik
insa edilen temellerdir. Temel zemininin - kompaksiyon, vb.), zemin i¢inde ¢imento enjeksiyonu ve
yumusak/gevsek olmasi, yiksek sikisabilir dzellikte — D3zl kimyasal. baglaylcll.ar yardimiyla  kolonlar
olmasi ve diisey yiikleri tastyamayacak kadar zayif olusturulmasi (jetgrout, derin karistirma, vb.), ¢akma
olmasi durumunda ilave tedbirlerin almmasi zorunlu Veya fore kaziklarm imal edilmesi en ¢ok kullanilan
olmaktadir. Gerekli tedbirlerin alinmamasi durumunda ~ Zemin iyilestirme yontemleri olarak sayilabilir.

tasima giicli gdgmeleri ve/veya asir1 oturma problemleri  Ust yap1 yiiklerinin giivenli sekilde tasitilabilmesi igin
meydana gelmektedir. Yumusak/gevsek zeminin daha  iilkemizde en sik kullanilan yontemlerden biri temel alt1
kaziklarmin imal edilmesidir. Yumusak/gevsek zemin
tabakasinin  derinliginin  fazla olmasi durumunda

*Sorumlu Yazar (Corresponding Author)
e-posta : temur@istanbul.edu.tr
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kaziklarin saglam zemin tabakasina soketlenmesi
miimkiin olmamaktadir. Bu gibi durumlarda kaziklar
stirtinme kazi81 olarak tasarlanmalidir. Eger kaziklarin
saglam zemin tabakasina yeteri kadar soketlenmesi
miimkiin ise, bu durumda kaziklar u¢ kazig1 olarak
tanimlanmaktadir. Hem wu¢ kaziklarmin, hem de
sirtinme kaziklarmmimn nihai ve emniyetli tasima
kapasitelerinin hesaplanmasi Das [1] ve Bowles [2]un
calismalarinda detayli olarak anlatilmaktadir. Kaziklar,
zeminde neden olacaklar1 deplasman miktarlarina bagl
olarak asagidaki sekilde siniflandirilirlar :

1. Zeminde ¢ok yer degistirmeye neden olan kaziklar
(cakma kaziklar)

2. Zeminde az yer degistirmeye neden olan kaziklar
(H kesitli, ucu agik ¢elik tiip kaziklar)

3. Zeminde yer degistirmeye neden olmayan kaziklar
(fore kaziklar)

Fore kazik uygulamasi, Tiirkiye’de en fazla kullanilan
yontemlerden biri oldugundan bu ¢aligma kapsaminda
fore kaziklarm optimizasyonu tercih edilmistir.

Temellerdeki farkli oturmalarin engellenmesi ve dis
merkezlik etkisinin azaltilmasi i¢in genellikle temellerin
altna birden fazla kazik imal edilir. Siirtiinme
kaziklarindan olusan kazik grubu igindeki tek bir kazigin
davranisi, grup igindeki diger  kaziklardan
etkilenmektedir. Grup i¢indeki kaziklar arasindaki bu
etkilesim “grup etkisi” olarak adlandirilmaktadir.
Kaziklarin birbirlerine ¢ok yakin olmast durumunda
kaziklarda etkili olan gerilmeler kesigir. Bu sebepten
dolay1, kazik grubunun tagiyabilecegi toplam yiik, grup
icindeki her bir kazigin tasiyabilecegi yiiklerin
toplamindan daha az olmaktadir.

Giivenli ve ekonomik bir tasarim yapabilmek ve gruptaki
yeterli ve uygun kazik sayisim dogru sekilde
belirleyebilmek igin optimizasyon yapilmasi 6nem arz
etmektedir. Literatiirde kazik gruplarinin optimizasyonu
konusunda yapilan ¢aligmalar bulunmaktadir. Hurd ve
Truman tarafindan yapilan ¢alismada [3] en iyileme
kriteri yontemi kullanilarak c¢elik kaziklarin boyut
optimizasyonu incelenmistir. Chan vd. tarafindan yapilan
caligmada [4] kazik gruplarinin malzeme hacmi, kazik
capt ve sayist genetik algoritma tabanli bir yontemle
optimize edilmistir. Hwang vd. [5] kazik sayisi belli olan

10 10
"+

a) Yumusak zemin iginde yiizen kaziklar

.Qsiif'/iinm(f T QA dirtiinme

Qu; direnci

kazik gruplarinda kazik ¢ap1 ve boyunun yani sira kazik
baslig1 kalinliginin optimizasyonunu genetik algoritma
tabanli bir yontemle incelemiglerdir. Liu vd. [6] Cin
mevzuatina uygun olarak kazik ¢api, boyu ve sayisin
genetik algoritma tabanli bir yontem kullanarak
incelemislerdir, Bengtlars vd. [7] tarafindan genetik
algoritma ve dogrudan arama yontemleri kullanilarak
kaziklarin koordinatlari, egimi ve sayist optimize
edilmistir. Bu ¢aligmada, tek bir kazigin ve bir kazik
grubunun tagima kapasitesi, geoteknik miihendisliginde
uygulanan geleneksel yontemler kullanilarak
hesaplanmigtir. Literatiirde yapilan kazik gruplarinin
optimizasyonu ¢aligmalarindan farkli olarak bu calisma
kapsaminda; Pargacik Siiriisii  Optimizasyonu [8],
Gelistirilmis Harmoni Arama Algoritmasi [9] ve Bozkurt
Optimizasyon Algoritmasi [10] kullanilmustir.

2. PROBLEM FORMULASYONU (PROBLEM
FORMULATION)

Bir kazik grubunun nihai ve emniyetli tasima
kapasitesinin belirlenebilmesi i¢in gruptaki her bir
kazigin tasima giicliniin dogru sekilde hesaplanmasi
gerekmektedir.

2.1. Diisey Yiikler Altindaki Fore Kaziklarin Tasima
Kapasitesi (Bearing Capacity of Bored Piles under
Vertical Loads)

Bilindigi iizere temel alti kaziklari, iist yap1 yiiklerini
zeminin derin tabakalarina aktarmak igin kullanilan
yapisal elemanlardir. Bu yiik aktarimi, kazik saft1 ylizey
alan1 boyunca olabilecegi gibi direk olarak kazik ucu
tarafindan da olabilmektedir. Baz1 durumlarda saglam
zemin tabakasinin yilizeyden olduk¢a derin olmasi
nedeniyle kazik uclarinin saglam tabakaya soketlenmesi
miimkiin olmamaktadir. Bu gibi durumlarda kaziklarin
tamam1 yumusak/gevsek zemin iginde kalmaktadir. Bu
tiir kaziklar diisey yiik etkisi altinda deplase olurlar ve {ist
yapt yikleri kazik safti boyunca olusan siirtiinme etkisi
ve kazik ucundaki ug direnci tarafindan taginir (Sekil 1a).
Kazik  uglarinin  saglam  zemine  soketlenmesi
durumlarinda ise kaziklardaki deplasman miktar1 ¢ok
diistik olacagindan kazik saft1 boyunca gevre siirtiinmesi
olugmaz ve iist yapi yikleri yalnizca kazik u¢ direnci
tarafindan taginir (Sekil 1b).

1 I
L 1

[ ]

- Yumusak/Gevsek Zemin

fﬁr/ﬁ

Qu; direnci ng direnci

Kaya/Rijit Zemin

b) Kaya/rijit zemin iizerindeki kaziklar

Sekil 1. Rijit zemin tabakasinin derinligine bagl olarak kaziklarin kullanimi (Conditions for use of pile foundations

depending on depth of stiff soil layer)
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Sekil la’da goriildiigii gibi uygun derinlikte kaya veya
rijit zemin tabakanin olmamasi durumunda kaziklar
yumusak/gevsek zemin icinde imal edilirler ve bu tiir
kaziklar “stirtiinme kazig1” olarak tanimlanir. Siirtiinme
kaziklarinin tagima giicii Denklem 1°de goriildiigi
gibidir.

1)
Sekil 1b’deki gibi kazik uclarinin kayaya veya saglam
zemin tabakasima soketlenmesi durumunda bu tiir
kaziklar “u¢ kazig1” olarak tanimlanmaktadir ve ug
kaziklarinin tagima giicii Denklem 2’deki gibidir.

Q = Qsiirtinme + ng direnci

Q = Qu(; direnci (2)
2.1.1. Fore kaziklarin ug¢ tasima kapasitesi (Point
bearing capacity of bored piles)

Geoteknik miihendisliginde kaziklar derin temeller
olarak tanimlanir ve yiizeysel temellere nazaran ¢ok daha
derinde imal edilirler. Kazikli temellerin taban gd¢me
davranisi, ylizeysel temellerin gogme davranisi ile ayn
prensiplere sahiptir. Yiizeysel temellerin tagima
kapasiteleri Denklem 3’teki gibi hesaplanmaktadir.

qp=c'N.+q N, +yD-N/J (3)
Yiizeysel temellerden farkli olarak, derin temellerde
temel genigligi (kazik capi, D) temel derinliginden
oldukea kiiclik olmaktadir ve bu nedenle Denklem 3’teki
7.D.Ny terimi ihmal edilerek kaziklarin nihai ug tagima

giicti (@) Denklem 5’teki gibi hesaplanmaktadir.

Gp =c N +q" Ny’ (4)
Qp = apAp ()
Denklem 3 ve 5’te:

¢ : kazik ucunun i¢inde bulundugu zemin tabakasimin

kohezyonunu
Qp : birim ug direncini (6rn. KN/m?)

g : temel tabani seviyesinde efektif diisey gerilmeyi
(6rn. KN/m?)

N¢*, Ng™, N;° : tastma kapasitesi faktorlerini

Ap : kazik taban alanini

simgelemektedir. Denklem 4’te goriildiigi lizere tasima
giicii hesaplamalar1 hem kohezyon (C) degerine, hem de
kayma mukavemeti agisina (@) bagli olmaktadir. Bu
nedenle kaziklarda ug tagima kapasitesi, kazik ucunun
graniiler veya kohezyonlu zemin icinde bulunmasi
durumlart igin ayr1 ayr1 hesaplanmaktadir.

2.1.1.1. Graniiler zeminlerde kazik u¢ tasima
kapasitesi (Point Bearing Capacity in
Granular Soils)

Graniiler zeminlerdeki kaziklarm ug tagima giiciiniin (Qp)
hesaplanmasinda birkag farkli yontem kullanilmaktadir
[11-13]. Bu caligma kapsaminda, hesaplamalarda en sik

kullanilan Meyerhof Yontemi [11] ele alinmigtir.

Meyerhof’un ¢aligmasinda [11] anlatildig: tizere, kumlu
graniiler zeminlerde bir kazigin ug tasima kapasitesi,
derinlige bagli olarak artmakta ve “kazik soket
boyu/kazik ¢ap1” oranmin (Lo/D) belli bir degere
ulagsmasindan sonra Sekil 2’de goriildiigii gibi sabit

21

kalmaktadir. Zemin tabakalanmasinin Sekil 3a’daki gibi
homojen olmasit durumunda kazik soket boyu, kazik
boyuna esit olmaktadir (L,=L). Ancak kazigin Sekil

3b’de goriildiigii gibi saglam zemin tabakasina
soketlenmesi durumunda kazik soket boyu Ly olmaktadir.
Birim
7 uc direnci,
9

(L,/D)

cr

«— g, —>
P

L/D=L/D
Sekil 2. Homojen kumlarda birim u¢ direncin degisimi

(Variation of unit point resistance in homogenous
sand)

Meyerhof yonteminde, tasima giicii faktorlerinin (N¢* ve
Ng"), Lo/D orani ile arttigi ve 0.5(Lo/D) degerinde
maksimum degere ulasarak sabit kaldig1 belirtilmektedir.

[ 1 [ 1
=L, L
|| ? Rijit Zemin ’
a) Homojen zemin tabakas! icinde tek b) Rijit zemin tabakasina soketlenen
bir kazik tek bir kazik
Sekil 3. Tek bir kazigin soket boyu (Embedment length of a
single pile)

Graniiler zeminlerde kohezyon degerinin sifir olmasi

nedeniyle (c=0) Denklem 4 sadelestirilerek
Denklem 6’ya doniigsmektedir.
qdp = CI’ ’ Nq* (6)

Meyerhof’a gore ug¢ tasima direnci belli bir derinlikten
sonra sabit kalacaktir ve Denklem 7°de hesaplanan deger
limit ug tasima direnci olmaktadir.

Apaimity (kN/m?) = 50 - N," - tan(¢') (7)

Tagima giicii faktorii (Ng*) degerleri Cizelge 1°de
verilmistir [1].
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2.1.1.2. Kohezyonlu zeminlerde kazik u¢ tasima
kapasitesi (Point Bearing Capacity in Cohesive
Soils)

Kohezyonlu zeminlerdeki kaziklarin ug tagima kapasitesi

(Qp), graniiler zeminlerde oldugu gibi birkag farkli

yontem ile hesaplanmaktadir. Bu ¢alisma kapsaminda,

hesaplamalarda en sik kullanilan Meyerhof Yontemi

tercih edilmistir.

Suya doygun kohezyonlu zeminlerde kayma mukavemeti
ac1s1 degeri sifir olmaktadir (¢=0) ve kaziklarin ug tagima
giicii Denklem 8’deki gibi hesaplanmaktadir.
qucu'Nc*zcu'9 (8)
Burada cu, kohezyonlu zeminin drenajsiz kayma
mukavemetini temsil etmektedir.

Cizelge 1. Tagima giicii faktorii (Ng*) degerleri (Interpolated
values of Ng*)

f¢sel fgsel

siirtiinme [\ siirtiinme Ng"

agst, ¢ (°) agist, ¢ (°)
20 124 33 96.0
21 13.8 34 115.0
22 15.5 35 143.0
23 17.9 36 168.0
24 21.4 37 194.0
25 26.0 38 231.0
26 29.5 39 276.0
27 34.0 40 346.0
28 39.7 41 420.0
29 46.5 42 525.0
30 56.7 43 650.0
31 68.2 44 780.0
32 81.0 45 930.0

2.1.2. Fore kaziklarin siirtiinme direnci (Frictional

Resistance of Bored Piles)

Kazik safti boyunca olusan c¢evre sirtiinmesi (Q)
Denklem 9°daki gibi hesaplanmaktadir.

Qr=X(-4L-f) 9)
Denklem 9°da:

f :ilgili zemin tabakasi i¢in birim siirtlinme direncini
AL : ilgili zemin tabakasinin kalinligini

p :kazik saftinin ¢evresini

simgelemektedir. Kazik safti boyunca olusan siirtiinme
direnci, kazik govdesinin i¢inde bulundugu her zemin
tabakast icin zemin tiirline bagl olarak (graniiler,
kohezyonlu) ayr1 ayr1 hesaplanmaktadir.

22

Birim Siirtiinme
Direnci, f

e
‘Tf_ Ko,

Derinlik

Sekil 4. Graniiler zeminlerde kazik safti boyunca olusan birim
stirtinme direnci (Unit frictional resistance along pile
shaft in granular soils)

2.1.2.1. Graniiler zeminlerde siirtiinme direnci

(Frictional Resistance in Granular Soils)

Gtlinlimiize kadar yapilan ¢caligmalara ve gézlemlere gore,
birim siirtinme direncinin derinlikle birlikte arttig1 ve
belirli bir L' derinliginden itibaren sabit kaldig1
bilinmektedir. Kritik L' derinligi, kazik ¢ap1 olan D’nin
15-20 katt kadar olabilmektedir. Birim siirtiinme
direncinin derinlige bagl olarak degisimi Sekil 4’te
goriilmektedir.

Graniiler zeminler i¢in siirtiinme direnci (f), Denklem
10°da goriildiigi gibi elde edilmektedir.

f=K-o, -tan(d)
Denklem 10°da;

K :ilgili zemin tabakasi i¢in efektif yanal toprak basinct
katsay1sini

(10)

o' : ilgili zemin tabakasi i¢in ortalama diisey efektif
gerilmeyi

0 :zemin-kazik arasi siirtiinme agisini
simgelemektedir. Daha once de belirtildigi gibi,
stirtinme direnci belirli bir L' derinliginden itibaren sabit

kalmaktadir. Buna bagh olarak, kritik derinlik olan L' ile
kazik ug noktasi olan L arasindaki boliimde;

f=fe=us (11)
Denklem 10°da verilen toprak basinci katsayisi (K) fore
kazik i¢in 0.7 ve zemin-kazik siirtlinme agis1 (6) beton
icin ¥ ¢ olarak kullanilmaktadir [14].

| Kazik Basligi |
7
=
g
£ L
z 0 )
3
N E
d d

D © G
:é d
£
(2 @ @ @ Gruptaki kazik sayis1 = n; X ny
= a

e @ &

Sekil 5. Kazik gruplart ve zemin gerilmelerinin iist iiste

cakigmasi [1] (Pile groups and overlap of soil pressures)
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2.1.2.2. Kohezyonlu zeminlerde siirtiinme direnci
(Frictional Resistance in Cohesive Soils)
Kohezyonlu zeminlerde stirtiinme direncinin
hesaplanmasinda siklikla kullanilan yontemlerden ikisi:
a yontemi ve A yontemidir. Bu calisma kapsaminda

kohezyonlu zeminlerde stirtiinme direncinin
hesaplanmasinda « yontemi tercih edilmistir.
a yontemine gore birim sirtiinme direnci (f)

Denklem 12’de goriildiigii gibi hesaplanmaktadir.

f=ac (12)
Denklem 12’de ¢, ampirik adezyon katsayisini
simgelemektedir ve drenajsiz kayma mukavemeti (Cy)

degerine bagli olarak Terzaghi [15] tarafindan
yayimlanan tablodan elde edilmektedir.

2.2. Kazik Gruplarinda Grup Etkisi (Group
Efficiency in Pile Groups)

Kazik gruplarmin tagima kapasitesinin hesaplanmasi
karmasik bir konudur. Bir kazik grubunda bir veya daha
fazla kazigin birbirine yakin olarak imal edilmesi
durumunda, c¢evre siirtlinmesi ve/veya ug tagima giicii
nedeniyle olusan zemin gerilmelerinin iist iiste ¢akisacagi
ve kaziklarin toplam tasima giiciinde azalma meydana
gelecegi kabul edilmektedir. Bir kazik grubundaki zemin
gerilmelerinin cakigmasi Sekil 5’teki gibi
gosterilmektedir. Grup i¢indeki kaziklarin yogunlugunun
fazla olmasi ve kaziklarin birbirine fazla yakin olmasi
durumunda kaziklar bir biitiin olarak gd¢meye ugrar
ve/veya asir1 oturmalar meydana gelir.

Cesitli yonetmeliklere gore onerilen kazik merkezleri

arasindaki olmast gereken minimum mesafeler
Cizelge 2’de verilmektedir.

n= 1—”d.:1.n2[n1-(n2— D+ny,-(ny—1)+V2-
n—1)-(n, - 1)] (15)
Seiler-Keeny denklemi:

_ _ 11d C[natne-2 0,3
= (1 [7(d2—1)] [n1+n2—1]) + ny+n, (16)

Denklem 13-16°da;

n : grup etkinlik katsayisi

Querup)  : kazik grubunun nihai yiik tagima kapasitesi
Qukazy  : tek bir kazigin nihai yiik tasima kapasitesi

n : gruptaki kazik sayist

Ny, N2 : kazik grubunun iki yoniindeki kazik sayilari
D : kazik ¢ap1

d : kazik merkezleri arasindaki mesafe

olarak tanimlanmaktadir.

3. OPTIMIiZASYON ALGORITMALARI
(OPTIMIZATION ALGORITHMS)

Bu calismada, diisey ylk altindaki kazik gruplarinin
optimum tasarimimi incelemek amaciyla ii¢ farkhi
optimizasyon algoritmast kullanilmistir. Bu
algoritmalardan ikisi literatiirde ¢ok sayida problemin
¢oziimiinde basar1 ile uygulanan Parcacik Siiriisii
Optimizasyon (PSO) algoritmas: ve Harmoni Arama
algoritmasinin gelistirilmis siirimii olan Gelistirilmis
Harmoni Arama (GHA) algoritmasidir. Ugiincii
algoritma ise Mirjalili vd. [10] tarafindan gelistirilen
Bozkurt Optimizasyon (BO) Algoritmasi’dir. Bu
algoritmalarin ¢alisma prensipleri, takip eden alt
basliklarda agiklanmuistir.

Cizelge 2. Kazik merkezleri arasindaki olmasi gereken minimum mesafeler (Minimum center to center pile spacings)

Yonetmelik

Kazik Tiirii
BOCA [16]

NBC [17] CBC [18]

Siirtinme Kaziklar1

Ug Kaziklar

2D* veya 1.75H** > 760mm 2D veya 1.75H > 760mm 2D veya 2H > 760mm
2D veya 1.75H > 610mm 2D veya 1.75H > 610mm

D* Kazik ¢ap1
H** Dikdortgen kesitli kaziklarin diyagonal uzunlugu

Bir gruptaki kaziklar ve ¢evresindeki zemin arasindaki
etkilesim ¢ok karmasik olup, grubun nihai tasima
kapasitesi siirtiinme kaziklart igin tek bir kazigin nihai
tagima kapasitesi ile kazik sayisinin ¢arpimina esit
olmamaktadir. Kaziklar arasindaki bu etkilesimlerin
tesiri “Grup Etkisi” olarak adlandirilmaktadir. Bir kazik

grubunun yiikk tasima kapasitesi Denklem 13’te
gortildiigii gibi hesaplanmaktadir.
Qu(grup) = Qu(kaztk) ntn (13)

Grup etkinlik katsayisinin hesaplanmasinda Denklem
14-16da verilen formiiller [1] kullanilmaktadir.

Converse-Labarre denklemi:

ctan~1(2
90nyny ] tan (d)

Los Angeles Grup Etkinlik denklemi:

(n1-1)nz+(npz—1)n,

n=1- (14)
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3.1. Parcacik Siiriisii Optimizasyonu (Particle Swarm
Optimization)
Kennedy ve Eberhart [8] tarafindan, kuslarin ve
baliklarin  stiri  davramiglarindan  ilham  alinarak
gelistirilen Pargacik  Siiriisi  Optimizasyon (PSO)
algoritmasi, kullanim alani en genis algoritmalardan
birisidir. PSO algoritmasinda, diger metasezgisel
algoritmalarda oldugu gibi dncelikle, tanimlanmig limit
degerler arasinda yer alan rastgele degerler segilerek bir
baslangi¢ ¢6ziim matrisi olusturulur ve amag fonksiyonu
degerleri hesaplanir. Elde edilen amag¢ fonksiyonu
degerleri kullanilarak yeni bir ¢oziim kiimesi iretilir.
Uretilen yeni ¢dziim kiimesinin eski ¢oziim kiimesinden
daha iyi bir ama¢ fonksiyonu degerine sahip olmasi
durumunda, eski ¢oziim kiimesi matristen c¢ikartilir ve



Rasim TEMUR, Cihan OSER / Politeknik Dergisi,2019;22(1):19-32

yerine yeni ¢0ziim kiimesi eklenir. Bu islem durdurma
kriteri saglanincaya kadar devam eder.

PSO algoritmasinda yeni ¢6ziim kiimesinin elemanlarini
iiretmek i¢in bir hiz vektori iiretilir ve bu hiz degerleri,
eski ¢oziim kiimesi degerlerine eklenir. Bu islemlerin
denklemleri asagidaki gibi yazilir:

VI =V + o' (Mppese — X)) + Co g+t

(ngest - Xlt) (173)
Xt =xt+ytt (17b)
Denklem 17°de ¢t iterasyon numarasini, V*? pargacigin

hizini, V{ pargacigin onceki hizimi, C; ve C, ivme
sabitlerini, rf** ve rf*? [0, 1] arasinda diizgiin dagilimli
rastgele sayilar, Xj,.s¢ parcacigin gecmisteki en iyi
konumunu, Xy en iyi amag fonksiyonu degerine sahip
¢oziim kiimesindeki parcacigin  konumunu, X}*!
pargacigin yeni konumunu ve X/ ise pargacigin dnceki

konumunu simgelemektedir.

Shi ve Eberhart [19], atalet agirlig1 olarak adlandirilan ve
w ile simgelenen bir katsayiy1 hiz denklemine ekleyerek,
algoritmanin basarimini artirmayi amaglamislardir.
Atalet agirliginin eklenmesiyle yeni ¢oziim kiimesi
elemanlarini iiretmek i¢in kullanilan hiz denklemi

Vit+1 =w- Vit + C1 . T'lt+1 . (leest - Xf) + CZ : 7"2t+1 :
(ngest - Xlt) (18)
olarak degistirilmistir. Bu ¢aligmada, literatiirde yaygin

olarak kullanilmasi sebebiyle atalet agirliginin yer aldigi
hiz denklemi tercih edilmisgtir.

3.2. Gelistirilmis Harmoni Arama (Improved
Harmony Search)
Harmoni Arama (HA) Geem vd. [9] tarafindan

gelistirilen bir metasezgisel algoritmadir. HA ¢ adet
algoritmaya 6zgii parametreye ihtiya¢ duymaktadir. Bu
parametreler; harmoni bellegini dikkate alma oram
(HMCR), ton ayarlama oran1 (PAR) ve bant genisligidir
(bw).

HA algoritmasinda, yeni bir ¢6ziim kiimesinin degerleri
Denklem 19 kullanilarak {iretilir:

! 1 2 HMS
X! e xi, € {X}, X2, ..., XIS} olasuik HMCR (192)
X| € x; olasuik (1 — HMCR)
Ton ayarlama ., {Evet olasilik PAR (19b)
karart i Haywr olasilik (1 — PAR)

Bu denklemde; i numarali degiskenin degeri Xj,
popiilasyon sayist HMS, i numarali degiskenin bellekteki
degerleri {X}, X7, ..., X/™5}, i numarali degiskene ait
arama araligi x; ile gosterilmistir. PAR olasiliginin
gerceklesmesi durumunda, X; agagidaki gibi hesaplanir:
X =X{ £ rand() - bw (20)
Bu islemlerin sonucunda iiretilen yeni ¢6ziim kiimesinin
ama¢ fonksiyonu degerinin, bellekteki en kotii degere
sahip olan ¢o6ziim kiimesinden daha iyi olmasi
durumunda, bellekteki en kotii degere sahip olan ¢oziim
kiimesi bellekten silinir ve yeni ¢éziim kiimesi bellege
eklenir. Bu islem, durdurma kriteri saglanincaya kadar
devam eder.
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Mahdavi vd. [20] ”Gelistirilmis Harmoni Arama (GHA)”
adin1 verdikleri yeni bir HA tiirevi yayimlamislardir.
Buna gore, optimizasyon islemi siiresince iterasyon
sayisina bagl olarak PAR degeri dogrusal, bw degeri ise
iistel olarak degismektedir. Bu parametrelerin degisimi
asagidaki denklemlerle hesaplanmaktadir:

(PARmax—PARmin)

PAR(gn) = PAR ;i + = X gn (21a)
n bWmin

bw(gn) = bWygy - exp(c - gn); ¢ = (b;]';”“") (21b)

Bu denklemlerde, PAR(gn) bir iterasyondaki ton

ayarlama oranini, PAR,,;, ve PAR,,, ton ayarlama
oraninin en diisik ve en yiksek degerlerini, NI
optimizasyon isleminde yapilacak maksimum iterasyon
sayisini, gn iterasyon numarasini, bw(gn) bir
iterasyondaki bant genisligi degerini, bw,,,, V& bwp,i,
ise bant genisliginin alabilecegi en biiyiik ve en kiigiik
degerleri temsil etmektedir.

3.3. Bozkurt Optimizasyon Algoritmas1 (Grey Wolf

Optimizer)

Mirjalili vd. [10] tarafindan, bozkurtlarin (ingilizce: Grey
Wolf, Latince: Canis lupus) avlanma davranmislarindan
ilham alinarak gelistirilmistir. Buna gore; baslangig
¢oziim kiimeleri, ama¢ fonksiyonu degerlerine gore
stiralanir ve en iyi degere sahip ilk li¢ ¢dziim kiimesi
sirastyla alfa (o), beta (8) ve delta (§) kiimesi olarak
tanimlanir.  Belirlenen bu  kiimelerdeki degerler
Denklem 22-24’te kullanilarak ii¢ yeni deger tiretilir.

X =Xo — Ay |C - X — X| (22)
X, =Xg— Ay |Cy-Xp — X| (23)
X3 =Xs— A3 |C3- X5 — X| (24)

Bu denklemlerde X, Xz ve X terimleri sirastyla o, 8 ve
6 kiimelerindeki degisken degerlerini, X mevcut ¢6ziim
kiimeleri  ig¢indeki bir degeri simgelemektedir.
Denklemde bulunan A ve C degerleri ise degisken
katsayis1 olup Denklem 25-26 ile hesaplanirlar.

(25)
(26)

Bu denklemlerde r; ve r, [0,1] arasinda diizgiin dagilimh
iki farkli rastgele sayidir. a ise iterasyon sayisina bagl
olarak 2’den 0’a dogru azalan bir katsayidir.

A=2a'ry—a

C=2'T‘2

, B ve § kiimeleri i¢in ayri ayr1 hesaplanan li¢ degerin
aritmetik ortalamasi, yeni ¢0ziim kiimesinin degerini
vermektedir (Denklem 27).

yeni—f

Bu islemler sonucunda firetilen yeni ¢6ziim kiimeleri,
onceki ¢6ziim kiimelerinin yerine geger. Amag
fonksiyonu degerleri alfa (), beta (8) ve delta (&)
kiimelerinin amag¢ fonksiyonu degerlerinden daha iyi
degerlere sahipse, bu kiimeler yeni kiimelerin
degerleriyle giincellenir ve iterasyon islemine durdurma
kriteri saglanincaya kadar devam edilir.

(@7)
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4. AMAC FONKSIYONU (OBJECTIVE FUNCTION)

Bu calismada, kazik ¢aplari, kazik boylart ve araliklari
optimizasyon degiskeni olarak tanimlanmistir. Amag
fonksiyonu ise delgi, donati, beton, nakliye ve iscilik
maliyetlerinin tamamini igeren en diigiik toplam maliyet

olarak  tanimlanmigtir.  Kaziklar  i¢in  maliyet
optimizasyonunun amag fonksiyonu
min f(X) =n; " n, - C, (28)

seklinde yazilabilir. Bu denklemde, n, ve n, iki yondeki
kazik sayilarmi, C, ise kazik birim maliyetini temsil
etmektedir.

5. SAYISAL ORNEKLER (NUMERICAL
EXAMPLES)

Bu c¢aligma kapsaminda ii¢ farkli sayisal ornek ele
almmistir.  Biitlin - 6rnekler i¢in  temel boyutlari
20mx 30 m, toplam siirsarj yiikii 100000 kN, kazik
araliklari icin alt ve iist degerler ise sirastyla 2.5D ve 4D
olarak tamimlanmistir. Kazik ¢api ve birim maliyet
degerleri ise Cizelge 3’te sunulmustur.

Cizelge 3. Kazik ¢aplar1 ve birim maliyetleri (Diameters and
unit costs for pile)

Birim Maliyet (£/m)

Kazik cap1 (m)
Kazik br‘T’]y“ <18 Kazmk boyu> 18 m
0.30 69.50 69.50
0.45 92.74 92.74
0.65 158.20 170.05
0.80 209.85 229.60
1.00 318.85 354.78
1.20 440.81 492.14
1.65 739.79 842.44

Optimizasyon islemi sirasinda tiiretilen farkli kazik
boylarinin u¢ kazik davramigina sebep olmamasi ve
kaziklarin sadece siirtiinmeli kazik olarak davranabilmesi
icin kullanilan 6rneklerdeki en alt zemin tabakasinin
derinligi sonsuz kabul edilmistir. Analizlerde kazik
gruplarinin tagima kapasitesi limit durum (Giivenlik
katsayist = 1) i¢in belirlenmistir.

PSO algoritmasi i¢in Pedersen [21] tarafindan 6nerilen
algoritma parametreleri kullanilmistir. Buna gore ivme
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sabitleri C, =-0.6485, C, =2.6475 ve atalet agirligi
w = -0.6031 olarak kullanilmistir. GHA algoritmasi i¢in
ise Yang [22] tarafindan Onerilen HMCR =0.9,
PAR,,;,, = 0.4, PAR,,,, = 0.9, bw,,;, =0.0001,
bw,,q = 1 parametreleri kullanilmigtir. Durdurma kriteri
olarak belirlenen maksimum iterasyon sayilari, PSO ve
BO i¢in [10 20 30 40 50 60 70 80 90 100], GHA i¢in ise
[500 600 700 800 900 1000 2000 3000 4000 5000] olarak

tamimlanmistir. Popiilasyon sayisinin  optimizasyon
basarimina etkilerini incelemek adina
[5101520253035404550] popiilasyon sayilar

kullanilmustir. Secilen popiilasyon sayilar1 ve maksimum
iterasyon sayilar1 kullanildiginda, her bir algoritma icin
en fazla 5000 amag fonksiyonu degerlendirmesi yapilmis
olacaktir. Orneklerde, her algoritma ve popiilasyon sayis
icin 100’er defa bagimsiz optimizasyon islemi
yapilmistir. 100 bagimsiz optimizasyon sonucunda elde
edilen tasarimlarin kabul edilebilirligi, en diisik ve en
yiiksek toplam maliyetin birbirine esit, bagka bir deyisle
standart sapma degerinin  “0” olmasi olarak
tanimlanmistir.

5.1. Ornek-1 (Example-1)

Ug zemin tabakas1 bulunan bu 6rnekte, farkli 6zelliklere
sahip iki kil tabakasinin arasinda bir kum tabakasi
bulunmaktadir. Yiizeyin hemen altindaki kil tabakasinin
derinligi 4 m, kum tabakasinin derinligi ise 6 m’dir. Yer
alt1 su seviyesi ise ylizeyin 4 m altinda, kil ve kum
tabakasiin birlestigi yilizeydedir. Zemin tabakalarinin
detaylar1 ve zeminlerin teknik oOzellikleri Sekil 6’da
sunulmustur.

c =60 kN/m? a=0.62
¢=0°
7, = 18.0 kN/m’

KIiL-1

4m

i<

Yer alti
su seviyesi

¢ =0 kN/m’
$=30°
¥y = 20.0 kN/m’

6m

KUM

¢ =100 kN/m® a=0.48
¢=0°

KiL-2 %= 20.0 kN/m®

Sekil 6. Ornek-1"e ait zemin tabakalar1 (Soil stratification for
Example-1)

Farkli popiilasyon ve maksimum iterasyon sayilari
kullanilarak yapilan 100’er bagimsiz analiz sonucunda
elde edilen standart sapma degerlerinin dagilimi
Sekil 7°de sunulmustur. Algoritmalarin her popiilasyon
sayist i¢in en diisiikk standart sapma degerini veren
maksimum iterasyon sayisi belirlenmistir. En diisiik
standart sapma degerini veren birden fazla maksimum
iterasyon sayisi olmasi durumunda, en diigiik maksimum
iterasyon sayisi secilmistir. Segilen degerlerle elde edilen
sonuclar Cizelge 4’te sunulmustur.
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Ornek 1 - PSO Ornek 1 - GHA Ornek 1 - BO

Standart Sapma
Standart Sapma

Sekil 7. Ornek-1 igin elde edilen standart sapma degerleri (Standard deviation values for Example-1)

Cizelge 4. Ornek-1 icin elde edilen maliyetler ve karsilastirmalari (The optimum costs and comparison for Example-1)
Maksimum Amag

Popiilasyon iterasyon  Fonksiyonu En diisiik  En yiiksek Ort_alama Standart
Sayisi Sayisi Deg. Sayist maliyet () maliyet () maliyet () Sapma

5 100 500 510812 878467 618451 92770.11

10 90 900 510812 768583 567501 55116.33

15 100 1500 510812 685270 550549 44102.31

20 100 2000 510812 664594 533025 34378.39

o) 25 100 2500 510812 640741 532664 32257.64
2 30 100 3000 510812 624326 528360 30076.34
35 100 3500 510812 644830 524681 25401.68

40 100 4000 510812 620288 521299 19318.40

45 100 4500 510812 584123 518680 15443.18

50 100 5000 510812 567569 515901 10553.10

5 5000 5000 510812 510812 510812 0.00

10 5000 5000 510812 612180 511986 10246.97

15 5000 5000 510812 510812 510812 0.00

20 4000 4000 510812 612180 511826 10136.81

% 25 5000 5000 510812 612180 511826 10136.81
o 30 5000 5000 510812 510812 510812 0.00
35 5000 5000 510812 510812 510812 0.00

40 4000 4000 510812 578698 512813 10069.32

45 5000 5000 510812 612180 511826 10136.81

50 4000 4000 510812 612180 512299 10473.54

5 100 500 510812 612180 511826 10136.81

10 50 500 510812 510812 510812 0.00

15 40 600 510812 510812 510812 0.00

20 40 800 510812 510812 510812 0.00

o 25 30 750 510812 510812 510812 0.00
@ 30 20 600 510812 510812 510812 0.00
35 20 700 510812 510812 510812 0.00

40 20 800 510812 510812 510812 0.00

45 20 900 510812 510812 510812 0.00

50 20 1000 510812 510812 510812 0.00

Her algoritma i¢in bulunan en iyi sonug¢ kalin harflerle gdsterilmistir.
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Cizelge 4’te sunulan optimizasyon sonuglarina goére, bu
Ornekte en diigiik maliyet 510812 ¥ olarak elde edilmistir
ve kullanilan biitlin  algoritmalar, g6z Oniinde
bulundurulan biitiin popiilasyon sayilarinda bu maliyete
ulasabilmislerdir. Ancak, en diisiik ve en yiiksek
maliyetler ile birlikte standart sapma degerleri de
incelendiginde, GHA algoritmas: 5, 30 ve 35, BO
algoritmas1 10 ve iizeri popiilasyon sayilarinda kabul
edilebilir sonuglar verirken PSO algoritmasi g6z oniinde
bulundurulan popiilasyon sayilarimin hi¢ birinde kabul
edilebilir sonuglar elde edememistir. Elde edilen maliyet
istatistikleri Cizelge 4’te yer almaktadir.

100’er bagimsiz analiz sonucunda algoritmalarin nihai
sonuca ulastiklar1 amag¢ fonksiyonu degerlendirme
sayilar1 incelendiginde, GHA algoritmasinin kabul
edilebilir sonuglart elde etmesi igin ihtiya¢ duydugu
amag fonksiyonu degerlendirme sayist 5000 iken, BO
algoritmasinin 500 degerlendirme sonucu en disiik
maliyetli tasarimi elde edebildigi  goriilmiistiir.
Algoritmalarin  Ornek-1 igin yaklasim grafikleri
Sekil 8’de sunulmustur.

Optimizasyon iglemleri sonucunda elde edilen en diisiik
maliyetli tasarimda kaziklarin ¢ap1 0.45 m kaziklarin
boyu 27 m, kazik araliklar1 1.8 m, her iki yondeki kazik
sayilar1 n; ve n, ise 12 ve 17 olarak hesaplanmustir.
Tasarimdaki toplam kazik sayisi ise 204 olmaktadir.
Kaziklarin yerlesim plant Sekil 9°da sunulmustur. Kazik
tasariminda ve donati hesabinda kazik boyu ile kazik ¢ap1
oranina bagli olarak narinlik incelemesinin de yapilmasi
onem arz etmektedir. Ancak bu c¢aligma kapsaminda
narinlik etkisi g6z 6niinde bulundurulmamig ve ihmal
edilmistir.

5
155710

T T T T T T
Pargacik Siriisii Optimizasyon Algoritmasi

=)
.

Toplam Maliyet ()
hed
W

5 10 15 20 25 30 35 40

Amag Fonksiyonu Degerlendirme Sayisi

45

Gelistirilmis Harmoni Arama Algoritmasi

Toplam Maliyet (9)

10 15 20 25 30 35 40
Amac Fonksiyonu Degerlendirme Sayisi

45 50

x10°

27

T T T T T
Bozkurt Optimizasyon Algoritmasi

Toplam Maliyet (£)

30
Amac Fonksiyonu Degerlendirme Sayisi

10 15 20 25 35 40 45 50

10"

Sekil 8. Ornek-1 igin yaklasim grafikleri (Convergence curves
for Example-1)

20m

2

2

30m

Sekil 9. Kazik yerlesim plani (The foundation plan)

5.2. Ornek-2 (Example-2)

¢=60kN/m* a=0.62

5 KiL-1 $=0°

~ 3
=100 KN/’ a=048 Yeraln

5 KiL-2 $=0° su seviyesi
Y,y = 20.0 kN/m’
c=0kN/m’
$=30°

KUM

¥, = 20.0 kN/m’

Sekil 10. Ornek-2"ye ait zemin tabakalar1 (Soil stratification for
Example-2)

Bu oOrnekte kullanilan zemin Ozellikleri, tabaka
kalinliklar1 ve yer alti su seviyesi Ornek-1 ile ayni
degerlere sahiptir. Ilk Ornekten farkli olarak KIL-2
tabakast ile KUM tabakalari yer degistirmistir. Bu
degisiklik sonucunda kaziklarin u¢ direnglerinin kum
tabakasinda olugmasinin maliyete etkisi incelenecektir.
Ornege ait detaylar Sekil 10°da gosterilmistir.

Calisma kapsaminda, kullanilan ii¢ farkli algoritmanin
farkl1 popiilasyon sayilar1 kullanilarak en diigiik maliyet
406758 % olarak elde edilmistir. En diisik maliyetli
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tasarimda kazik ¢ap1 0.45 m, kazik boyu 21.5 m ve kazik
aralig1 1.8 m olarak hesaplanmuistir.

Omek-1’de oldugu gibi 100’er bagimsiz analiz
sonucunda elde edilen standart sapma degerlerinin
dagilimi incelenmis ve Sekil 11°de sunulmustur.
Algoritmalarin her popiilasyon sayist i¢in en diisiik
standart sapma degerini veren maksimum iterasyon
sayist belirlenmistir. Her popiilasyon sayisina karsilik en
diistik standart sapma degerine sahip olan uygun
iterasyon sayisi belirlenmis ve bu degerlerle elde edilen
sonuglar Cizelge 5’te sunulmustur.

Ornek 2 - PSO

Standart Sapma
Standart Sapma

farkli popiilasyon sayilarinin tamaminda en disiik
toplam maliyet degeri elde edilmekle birlikte, standart
sapma degerleri gbz Oniinde bulunduruldugunda hig
birinde kabul edilebilir sonuglar elde edilememistir. BO
algoritmasinda ise biitiin popiilasyon sayilarinda en
diistik maliyetli tasarim elde edilmekle birlikte, 10 ve
lizeri popiilasyon sayilarinda kabul edilebilir sonuglar
bulunmustur.

Optimizasyon islemleri sonucunda, kabul edilebilir nihai

¢oziime ulagmak i¢in, BO algoritmasi i¢in en az 900
amag fonksiyonu degerlendirmesine ihtiyag

Ornek 2 - GHA Ornek 2 - BO

Standart Sapma
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Sekil 12. Ornek-2 igin yaklagim grafikleri (Convergence curves for Example-2)
Cizelge 5°te verilen optimizasyon sonugclari duyulmaktadir.  Algoritmalarin ~ 100’er  bagimsiz

incelendiginde, PSO ve GHA algoritmas: kullanilarak
yapilan 100’er bagimsiz analiz sonucunda, kullanilan
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optimizasyon islemi sonucunda elde edilen yaklasim
grafikleri Sekil 12°de sunulmustur.
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Cizelge 5. Ornek-2 icin elde edilen maliyetler ve karsilastirmalari (The optimum costs and comparison for Example-2)

Popiilasyon I\;Iti Ezlsr;(i?] Forﬁ:;li?/%nu En 'diisiik En yﬁksek Ort'alama Standart
Sayisi Sayisi Deg. Sayisi maliyet () maliyet () maliyet () Sapma
5 80 400 406758 581284 484399 48001.29
10 100 1000 406758 562329 443047 34495.86
15 100 1500 406758 542100 440554 31804.92
20 100 2000 406758 528998 428286 24609.13
o 25 100 2500 406758 481042 424153 20390.63
o 30 100 3000 406758 502138 420487 18303.46
35 100 3500 406758 474365 418629 16643.64
40 100 4000 406758 502138 418599 17073.61
45 100 4500 406758 458052 413867 12558.39
50 100 5000 406758 463515 413814 12833.97
5 5000 5000 406758 440770 411274 11498.13
10 4000 4000 406758 496692 415480 16541.17
15 5000 5000 406758 440770 409819 9782.64
20 5000 5000 406758 496692 411286 13475.95
% 25 4000 4000 406758 448932 414606 14340.73
o 30 4000 4000 406758 457094 413365 13558.02
35 5000 5000 406758 440770 414600 14194.80
40 5000 5000 406758 440770 412976 12791.82
45 5000 5000 406758 463515 414601 14568.47
50 5000 5000 406758 440770 412447 11796.48
5 90 450 406758 562329 415038 21123.35
10 100 1000 406758 406758 406758 0.00
15 70 1050 406758 406758 406758 0.00
20 50 1000 406758 406758 406758 0.00
o 25 50 1250 406758 406758 406758 0.00
@ 30 40 1200 406758 406758 406758 0.00
35 30 1050 406758 406758 406758 0.00
40 30 1200 406758 406758 406758 0.00
45 20 900 406758 406758 406758 0.00
50 30 1500 406758 406758 406758 0.00

Her algoritma igin bulunan en iyi sonug kalin harflerle gosterilmistir.

5.3. Ornek-3 (Example-3)

Bu o6rnekte kullanilan tabakalarin konum ve &zellikleri
ilk 6rnekle ayni olmakla birlikte yer alt1 su seviyesi 3 m
daha derinde, KUM tabakasinin ortasinda yer almaktadir.
Bu sayede KUM tabasinin hem suya doygun hem de kuru
oldugu  durumun aym  Ornekte  incelenmesi
amaglanmigtir. KUM tabakasinin birim hacim agirligi su

seviyesinin altinda y,, = 20.0 kN/m® iken, su seviyesinin

tstiinde y, =19.0 KN/m’*tiir. Tabakalanma ve zemin
ozellikleri Sekil 13’te gosterilmistir.

Farkli popiilasyon ve maksimum iterasyon sayilar
kullanilarak 100’er bagimsiz optimizasyon islemi
sonucunda elde edilen standart sapma degerleri dagilimi
Sekil 14’te sunulmustur. Diger 6rneklerde oldugu gibi
genel egilim ii¢ algoritmada da amag¢ fonksiyonu
degerlendirme sayisi arttikga standart sapma degerinin
azalmasi yoniindedir. Her popiilasyon sayisina karsilik
secilen iterasyon sayilar1 Cizelge 6’da sunulmustur.
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c=60 kN/m* a=0.62
5 KiL-1 $=0°
~ 3
7, = 18.0 kN/m
2
g ¢ =0 kN/m —19.0 kN/m®
5 KUM Cane %, =19.0 kN/m
o O e T
g ¢ =0 kN/m = 3 Yer alti
“ ¢=30° Vo= 20-0 kN/im su seviyesi
¢=100 kN/m° a=0.48
KiL-2 ¢=0°

Vi = 20.0 kN/m’

Sekil 13. Ornek-3’e ait zemin tabakalar1 (Soil stratification for
Example-3)
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Optimizasyon sonuglarina gdre, emniyet sartlarini yerine
getiren tasarimlar igerisinde elde edilen en diigiik maliyet
491893 % olmaktadir. Bu maliyete sahip tasarim iig
algoritma ve biitiin popiilasyon sayilar1 ile elde
edilebilmistir. Cizelge 6’da sunulan ve 100’er bagimsiz
optimizasyona ait maliyetler ve standart sapma degerleri
incelendiginde, PSO algoritmasinda g6z Oniinde
bulundurulan popiilasyon sayilarimin hi¢ biriyle kabul
edilebilir sonuglar elde edilememistir. GHA algoritmasi
5, 10, 25, 30, 35 ve 45 popiilasyon sayilar1 ile kabul
edilebilir sonuglar elde ederken, BO algoritmasi
kullanilan biitiin popiilasyon sayilarinda en diisiik
maliyet ve en diisik standart sapma degerlerini elde
etmistir. Elde edilen en diisiik maliyete sahip tasarimda

Ornek 3 - GHA Ornek 3 - BO

Standart Sapma

Gelistirilmis Harmoni Arama Algoritmasi

10 15 20 25 30 35 40
Amac Fonksiyonu Degerlendirme Sayisi

45
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x10°

Toplam Maliyet (B)

Bozkurt Optimizasyon Algoritmasi

10 15

20
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x10'

Sekil 15. Ornek-3 igin yaklagim grafikleri (Convergence curves for Example-3)
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kaziklarin ¢ap1 0.45 m, boyu 26 m ve araligi ise 1.8 m
olarak hesaplanmustir.

GHA algoritmasinda 4000, BO algoritmasinda ise 450
amag¢ fonksiyonu degerlendirmesi ile kabul edilebilir
sonuclar elde edilebilmistir. Algoritmalarin 100’er
bagimsiz optimizasyon siirecinde elde edilen yaklagim
grafikleri Sekil 15°teki gibidir.

optimizasyonu incelenmistir. Optimizasyon siirecinde,
emniyet sartlarii saglayan muhtemel tasarimlar
icerisindeki, en diisiik maliyetli tasarimin elde edilmesi
amaclanmis ve problemin amag¢ fonksiyonu buna gore
tanimlanmaistir.

orneklerin
algoritma

Caligmada, ¢ farkli 6rnek incelenmis,
¢coziimiinde ise 1iic farkli metasezgisel

Cizelge 6. Ornek-3 icin elde edilen maliyetler ve karsilastirmalar (The optimum costs and comparison for Example-3)

Maksimum Amag

Popiilasyon iterasyon  Fonksiyonu En diisiik  En yiiksek Ort_alama Standart
Sayisi Sayisi Deg. Sayist maliyet () maliyet () maliyet (%) Sapma
5 90 450 491893 1029883 605557 102143.70
10 100 1000 491893 774840 554933 53260.82
15 100 1500 491893 630632 531911 42438.78
20 80 1600 491893 649825 525796 38758.15
o) 25 100 2500 491893 620342 510350 28988.92
& 30 100 3000 491893 624875 508764 28178.78
35 90 3150 491893 605519 511702 26852.89
40 80 3200 491893 620288 507805 23525.25
45 100 4500 491893 605519 501007 19700.28
50 90 4500 491893 590750 499251 14558.51
5 5000 5000 491893 491893 491893 0.00
10 5000 5000 491893 491893 491893 0.00
15 5000 5000 491893 595855 492933 10396.22
20 4000 4000 491893 595855 492933 10396.22
% 25 4000 4000 491893 491893 491893 0.00
o 30 5000 5000 491893 491893 491893 0.00
35 5000 5000 491893 491893 491893 0.00
40 5000 5000 491893 558109 492555 6621.64
45 5000 5000 491893 491893 491893 0.00
50 5000 5000 491893 529731 492366 3890.96
5 90 450 491893 491893 491893 0.00
10 60 600 491893 491893 491893 0.00
15 50 750 491893 491893 491893 0.00
20 30 600 491893 491893 491893 0.00
o 25 30 750 491893 491893 491893 0.00
@ 30 20 600 491893 491893 491893 0.00
35 20 700 491893 491893 491893 0.00
40 20 800 491893 491893 491893 0.00
45 20 900 491893 491893 491893 0.00
50 20 1000 491893 491893 491893 0.00

Her algoritma i¢in bulunan en iyi sonug¢ kalin harflerle gdsterilmistir.

6. TARTISMA VE SONUC (RESULTS and
DISCUSSION)

Bu caligma kapsaminda, diisey yiikler altindaki temel

kazik gruplarinin metasezgisel algoritmalarla
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kullanilmstir. Bu algoritmalar igin on farkli popiilasyon
Sayisinin bagarimi incelenmistir. Her algoritma ve
popiilasyon sayist i¢in 100’er bagimsiz optimizasyon
islemi yapilmistir. Hem algoritma hem de popiilasyon



Rasim TEMUR, Cihan OSER / Politeknik Dergisi,2019;22(1):19-32

sayis1 basariminda kriter olarak bu bagimsiz analizlerin
sonucunda elde edilen en yiiksek ve en diisiik maliyetler
arasindaki farkin, baska bir deyisle standart sapma
degerinin ”0” olmasi1 tanimlanmuistir.

Buna gore; orneklerin tamaminda algoritmalarin farkli
popiilasyon sayilart ile elde ettikleri en diisilk maliyet
degerleri birbirine esittir. Ancak standart sapma degerleri
incelendiginde, bazi popiilasyon sayilarinin tanimlanan
kabul edilebilirlik  kriterlerini  saglayamadiklar
goriilmiistiir. PSO algoritmasi ¢aligmada kullanilan farkls
popiilasyon sayilariin  higbirinde kabul edilebilir
sonuglar iiretemezken, GHA Ornek-1 ve Ornek-3 icin
kabul edilebilir sonuglar iiretmis, Ornek-2 icin yiiksek
standart sapma degerleri elde etmistir. BO
algoritmasinda ise 10 ve {lizeri popiilasyon sayilar
kullanilarak elde edilen sonuglarin, li¢ 6rnek lizerinde de
tanimlanan basart kriterini sagladiklar1 belirlenmistir.
Ayrica GHA algoritmasi kabul edilebilir sonuglar iirettigi
Ornek-1 ve Ornek-3 icin sirastyla 5000 ve 4000 amag
fonksiyonu degerlendirme sayisina gereksinim duyarken,
BO algoritmasinda ii¢ drnek i¢in sirastyla 500, 900 ve
450 degerlendirme sayist yeterli olmaktadir.

Calismada  kullanilan  parametrelerle  incelenen
orneklerin  optimizasyon sonuglarma goére, BO
algoritmast hem biitiin Orneklerde kabul edilebilir
sonuclar elde etmis hem de bu sonuglara calismada
kullanilan diger algoritmalardan daha diisiik islem
hacmiyle ulagsmistir. Bu sebeplerle BO algoritmasinin
disey yik etkisi altindaki kaziklarin maliyet
optimizasyonu konusunda, hem PSO hem de GHA
algoritmasina kiyasla daha basarili oldugu goriilmiistiir.
Farkli parametrelerle gergeklestirilen optimizasyon
islemleri sonucunda elde edilmis standart sapma
degerleri de incelendiginde BO algoritmasinin tutarli
sonuglar trettigi, buna ek olarak diisiik islem hacmine
gereksinim duymasi sebebiyle diisey yiik etkisi altindaki
kaziklarin optimizasyonu konusunda uygun bir yontem
oldugu soylenebilir.
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ABSTRACT

Structural properties of InGaN/GaN solar cells (SCs) grown by metal organic chemical vapor deposition (MOCVD) technique are
investigated by high resolution X-ray diffraction (HR-XRD) method. It is noticed that a- and c- lattice parameters of the structures
showed small differences according to examined (hkl) planes. Fault percentage of the a- and c- lattice parameters are also
calculated. It is seen that fault percentage is smaller than %2 for all samples. Investigations have been made for three different
samples. Differences in crystal quality caused by growth conditions are seen in all three samples. At the same time, properties such
as crystal size, strain and stress are determined. During determination of stress, two different methods including elastic constants,
Young module and Poisson ratio are used. Results gained from these two methods are compared with each other. Thermal
expansion coefficients of InGaN are calculated for (002), (004), (006) and (121) planes for 100 °C temperature difference (300-
400 °C). It is seen that peak positions gained from HR-XRD are nearly the same with the ones in database. All the results obtained
from calculations are given in tables in the following sections of this article. It can be seen that all these results are in accordance
with previous works done by different authors and with the real values.

Keywords: Lattice, crystal, GaN, InGaN, MQW, thermal.

MOCVD ile Biyiitiillen InGaN/GaN Guines Hiicresi
Y apisinin a-,c- Orgii Parametreleri, Zorlama-Gerilme
Analizi ve Termal Genlesme Katsayisi

(0V4

Metal organik kimyasal buhar biriktirme (MOCVD) teknigi ile bityiitiilen InGaN/GaN giines hiicrelerinin (SC) yapisal 6zellikleri
yiiksek ¢oziiniirliikli X-1g1n1 kirinimi (HR-XRD) yontemi ile arastirilmustir. Yapilarin a- ve ¢- 6rgili parametrelerinin incelenen
(hkl) diizlemlere gore kiigiik farkliliklar gosterdikleri dikkat gekmektedir. a- ve c- 6rgii parametrelerinin hata yiizdeleri hesaplandi.
Tiim numuneler igin hata yiizdesinin %2’den kiigiik oldugu goriilmektedir. Ug farkli numune igin aragtirmalar yapilmistir. Her iig
numunede de bilyiime kosullarindan kaynaklanan kristal kalitesinde farkliliklar goriiliir. Ayn1 zamanda Kristal boyutu, zorlama ve
gerilme gibi 6zellikleri de belirlendi. Gerilmenin belirlenmesinde elastik sabitler, Young modiilii ve Poisson orani olmak iizere
farkli yontemler kullanildi. Yontemlerden elde edilen sonuglar birbirleriyle karsilastirilmistir. InGaN’1n termal genlesme katsayilar
100°C sicaklik farki (300-400 °C) igin (002), (004), (006) ve (121) diizlemleri i¢in hesaplandi. HR-XRD’den elde edilen pik
pozisyonlarinin veri tabanlarindaki (database) pik pozisyonlariyla neredeyse ayni1 oldugu goriilmektedir. Hesaplamalardan elde
edilen tiim sonuglar bu ¢alismanin boliimlerinde yer alan tablolarda verilmektedir. Biitiin bu sonuglarin farkli yazarlar tarafindan
yapilmis dnceki eserlere ve gergek degerlere uygun oldugu goriilmektedir.

Anahtar Kelimeler: Kafes, kristal, GaN, InGaN, MQW, termal.

1. INTRODUCTION to ultraviolet region are common materials to be
investigated [2-3]. This direct and wide band gap
spectrum makes the InGaN material system applicable
for photovoltaic device design [4-5]. GalnP-GalnAs-Ge
which has three junctions has a performance of %39, but
structures containing InGaN has better efficiency [6-7].

SC with InGaN active layer is an important nano-
* Sorumlu yazar (Corresponding Author) technology device which takes attention in recent years.
e-posta : sunkurt4@gmail.com Especially sapphire (Al,O3) which is used as wafer and

AIN, GaN, InN and I11-V group nitrite material system
which include their alloys is a wide research area because
of applications such as solar cells (SCs), laser diodes and
photo censors [1]. InN alloy with a band gap of 0.65 eV
and InGaN with a band gap reaching from infrared region
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active layer over it, have a great lattice mismatch. This
situation causes cracks and dislocations at active layer.
GaN nucleation and buffer layers limits the passing of
dislocations to active layers. GaN is a useful buffer
material because of its accepted lattice mismatch and
relaxation values for active layers such as InyGai«N [8].
In this study, lattice parameters a- and c, stress values,
crystal size are investigated with different methods and
compared with each other. Fault percentage in lattice
parameters and precise a- and ¢ values are determined.
Many different studies are made for the structural
properties mentioned above. For example; Birks et al,
investigated crystal size of carbonate and MgO particles
by x-ray line broadening, they noticed that particle size
could not be determined unless the two maxima of the
distribution curve were completely resolved [9]. Delhez
et.al investigated the methods for determining crystallite
size from x-ray diffraction line broadening. They
commented on size broadening and strain broadening
[10].

2. EXPERIMENTAL DETAILS

InGaN1/InGaN2/GaN solar cell structures are deposited
on c-oriented Al,O3 with MOCVD growth technique.
Before growth of epitaxial film, in order to remove
impurities on the surface, samples are cleaned at 1100 °C
temperature in H, atmosphere for 10 minutes. After this
cleaning procedure, firstly GaN nucleation layer is
deposited on Al;O3 at 575 °C. During growth, trimethyl
gallium (TMGa) flux ratio is set as 10 sccm, NH3 flux
ratio is set as 1500 sccm and growth pressure is set as 200
mbar. The thickness of this seed layer is 10 nm. After
growth of this nucleation layer, GaN buffer layer is
deposited on it at 1070 °C. During the growth of this
buffer layer flux ratios of TMGa and NHj5 are set as 15
sccm and 1800 sccm respectively. The growth pressure
of this buffer layer is set as 200 mbar. The thickness of
this buffer layer is 1.6 um. Growth procedure continued
with turning on the SiH4 source. With the help of this
SiH4 source n-type GaN layer is obtained. In MOCVD
operation SiH4 source has dilute property. The flux ratio
of this source is 10 sccm. InyGaixN active layers are
deposited at 745-760 °C temperatures at 75 sccm In flux
ratio. Active layers are deposited between 1.9 um thick
n-type GaN and p-type InGaN layers.

p-type (p*) InGaN layer is deposited with Mg source. The
flux ratio of this source is 35 sccm. During the growth of
this InGaN layer, the sources for other layers are kept at
off position. In order to make more doping the flux ratio
of Mg source is set as 40 sccm in InGaN layers used as
active layers.

3. RESULTS

In this part of the study, with the analysis of the HR-XRD
measurement of InGaN SC structures, lattice parameters,
stress, strain, crystal size and thermal expansion
coefficient of InGaN layer are determined with different
methods and related data are given in tables. Some of the
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results gained from different methods are compared with
each other.

3.1 XRD

Nitrite based alloys and compounds such as GaN and
InGaN has hexagonal structure. Broadening of HR-XRD
rocking scan curves in such layers comes out by variation
of tilt and twist angles and lateral crystal length parallel
to wafer surface. Full width at half maximum (FWHM)
of HR-XRD-omega peaks for GaN and InGaN layers are
given in table 1. These peaks are shown in figure 1. When
the measured values are compared, it can be seen that
FWHM values for GaN layers in all three samples are
approximately the same for (001, | = 1, 2, 4, 6) planes.
This result indicates that growth conditions for all three

samples are similar to each other.
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Figure 1. 6 versus intensity plots of S.A, B and C.

InGaN layer in S.A has lower FWHM values than
samples B and C. This means that InGaN layer in S.A has
a better crystal quality.

Table 1. a) Peak positions of GaN layer for (101), (102), (121)
planes, b) Peak positions of InGaN layer for (002),
(004), (006), (102) planes

a)
S.A S.B S.C
(hkl) Omega(®) Omega(®) Omega(®)
101 18.468 18.259 18.297
102 24.052 24.075 24.095
121 48.904 48.887 48.903
b)
S.A S.B S.C
(hkl) Omega Omega Omega
002 16.92 17.128 17.025
004 35.723 36.013 35.735
006 61.935 61.771 62.576
102 23.854 18.162 23.87

In figure.1 it can be seen that on the left of GaN top peak,
InGaN1 and InGaN2 peaks are not fully distorted. On the
left of these InGaN peaks there can be seen a slight
satellite peak. This satellite peak contains information
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Table 3. Lattice Parameters for GaN

GaN
S.A S.B S.C
(hk1) c(A) a(A) c(A) a(A) c(A) a(A)
(101) 0.517 0.316 0.516 0.320 0.515 0.319
(102) 0.518 0.313 0.510 0.313 0.510 0.313
(121) 0.517 0.316 0.507 0.317 0.507 0.316
Table 4. Lattice Parameters for InGaN
S.A
(hkl)  a(certain)(nm) a(calculated)(nm) %Fault(a) c(certain)(nm) c(calculated)(nm) %Fault(c)
(101) 0.322 0.320 0.60 0.528 0.527 0.19
(102) 0.322 0.318 141 0.528 0.527 0.01
(121) 0.322 0.317 1.72 0.528 0.527 0.09
S.B
(hkl)  a(certain)(nm) a(calculated)(nm) %Fault(a) c(certain)(nm) c(calculated)(nm) %Fault(c)
(101) 0.323 0.324 0.39 0.531 0.529 0.34
(102) 0.323 0.319 1.40 0.531 0.525 1.10
(121) 0.323 0.322 0.50 0.531 0.522 1.63
S.C
(hkl)  a(certain)(nm) a(calculated)(nm) %Fault(a) c(certain)(nm) c(calculated)(hnm) %Fault(c)
(1012) 0.320 0.321 0.24 0.531 0.526 0.97
(102) 0.320 0.315 1.64 0.531 0.522 1.68
(121) 0.320 0.318 0.58 0.531 0.520 2.21
Table 5. Precise a- and ¢ values for GaN and InGaN layers
GaN InGaN
Precise a(nm) Precise c(nm)
S.A 0.316 0.518
SB 0.315 0.504
S.C 0.315 0.504

about quantum well (QW) thickness. The situation is the
same for S.B but on the left of GaN top peak InGaN peaks
are together and there are two satellite peaks. For S.C
InGaN peaks are again on the left of GaN top peak. They
are not clearly distorted. As seen in figure 1 best crystal
quality is in S.A. This may be because of more optimized
growth conditions for S.A.

3.2 Lattice Parameters

In HR-XRD technique in order to separate K, and Kg
rays in parallel beam and to eliminate K2, Ge 022 (+,-,-
,+) monochromator is used together with Goebel mirror.
With symmetric and asymmetric reflections, Bragg angle
0 and lattice slope angle T can be calculated with the
following expressions; 8 = (0++6.)/2 and t= (6+-6.)/2[11].
a- and c- lattice parameters of disordered InGaN
hexagonal unit cell can be calculated by appropriate (hkl)
reflection angles. In table. 2, values of t angles
corresponding some planes can be seen.

Table 2. T angles corresponding to (101), (102), (106), (121)

planes
(hkl) 7(degree)
101 61.9599
102 43.1913
106 17.3763
121 78.6181
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Lattice parameters of InGaN layer can be found by using
Vegard’s law. It is calculated as x times InN lattice
parameter and (1-x) times GaN real lattice parameter.
Here x is the In content in samples calculated again by
Vegard’s law.

Apngan = (X)aInN + (1_X)aGaN (1)

Cigan = (X)CInN + (1_ X)CGaN 2)

If we use values gained from equation (3) and (4) instead
of last terms in equations (1) and (2) we reach to
experimental values. If we use real values in literature we
reach to certain values. We can make fault calculation by
using these two results.

By taking cubic system as reference, in order to gain a-
and c- lattice parameters for GaN layer we used sint and
cost modification integers in equation (3) and (4).

A

C=—""" ()
2sinfcost
_ MJ4/3+vh® +hk +k? 7

2sinfsint

a- and c lattice parameters mentioned above are given in
table. 3, 4 and 5 for GaN and InGaN layers. In addition
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to these we can find precise a- and ¢ values by the help
of cos?0/sin® versus a- and ¢ measured values plot in
figure. 2. Y axis intercept of this plot gives us precise a-
and c values.
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Figure 2. cos?0/sin0 versus lattice parameters plots of S.A, B
and C for GaN layer.

3.3 Strain, Stress and Crystal Size

It is possible to find stress from strain measurements. If
there is a rotationally symmetric strain position, stress
can be found from strain [12]. The relation of biaxial
strain €, with stress is given in equation (5).

_ o*(l-v)

£ Q)

a

Here, €, is strain, o* is stress, v is Poisson’s ratio and E is
Young modulus [13]. Stress by the help of elastic
constants can be found with equation (6).

2

2c
o*=(Ccy+C,——2)¢,[13]
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Figure 3. sinf versus Bcosd plots of S.A, B and C for GaN and
InGaN layers

Strain value in equation (5) (ga) can be found by sinf
versus PcosO plot. Here B is the modified FWHM value.
This plot is shown in figure 3. The slope of this plot gives
us g, value. Y axis intercept of this plot gives us kA/L. In
general k is taken as 1. Here L is the crystal size [14].

Table 7(d). a- and c lattice parameters in A for (121) plane for S.A, B, C at different temperature

S.A S.B S.C
Temperature(°C) a c a c a c
300 3.371 5.275 3.220 5.229 3.187 5.201
350 3.171 5.275 3.219 5.227 3.185 5.198
400 3.173 5.277 3.222 5.232 3.189 5.205
450 3.173 5.278 3.221 5.230 3.190 5.207
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Stress is found from equation (5) and (6). Both resultsare  Table 7(c). c- Lattice parameters in A at different

in accordance with each other. Results are summarized in temperatures for S.C
table 6. In this study Young modulus is taken as 305, hkl 300°C 350°C 400 °C 450 °C
Poisson’s ratio is taken as 0.183 and elastic constants c11,
Ci2, C13, C3s are taken as 390, 145, 106, 398 GPa (002) 5283 5289 52962  5.286
Table 6. Crystal size, strain and stress values for GaN (004) 5.291 5.293 5.2958 5.291
layers.
SA SB sC (006) 5.293 5.295 5.295 5.294
Strain (GPa) -0.0015 -0.0016 -0.0016 Thermal expansion coefficients are calculated by using
Crystal Size (nm) 73.36 70.03 66.98 equations (7) and (8).
StressbyYoung  5o99 5973 05073 dl =l.dT (7)

modulus (GPa)
Stress by elastic
constants (GPa)

here dl is the change in length with temperature
-0.7178 -0.7656 -0.7656  difference, lo is the length before expansion, o is the
thermal expansion coefficient and dT is the temperature
difference causing expansion. If a is let alone in equation

3.4 Thermal Expansion Coefficients (7) formula giving thermal expansion coefficient is

Thermal expansion coefficient of a solid is the variation ~ found. This formula is given in equation (8) [15].

in length with a change of 1 °C in temperature. As known _ lﬂ 8

by thermodynamics every matter expands when heated a= | dT ©)
0

because the energy of atoms increase and they vibrate . . . .
faster. As a result of this they move away from each other 1 nermal expansion coefficients according to different
but in very small scales. The situation is the same for  Planes are given in table 8.

Table 7(a). c- Lattice parameters in A at different temperatures for S.A

hkl 300 °C 350 °C 400 °C 450 °C
(002) 5.305 5.282 5.373 5.267
(004) 5.293 5.283 5.295 5.277
(006) 5.287 5.284 5.288 5.280

Table 7(b). c- Lattice parameters in A at different temperatures for S.B

hkl 300 °C 350°C 400 °C 450 °C
(002) 5.306 5.310 5.327 5.315
(004) 5.313 5.314 5321 5.316
(006) 5.316 5.316 5.318 5.316

solar cell structures. In this work S.A, B and C are also 1S x4 difference in some thermal ~expansion
expanded when we heated them [15]. By the help of  Coefficients are caused by volume defects.

change in lattice parameters, thermal expansion Foramore detalile.d explan_atlo_n ofdlffere.n.ces in ther_mal
coefficients are calculated for symmetric (002), (004), ~ €Xpansion coefficients, shifts in peak positions are given
(006) and (121) asymmetric planes. Lattice parameters 11 figure 4.

according to the temperatures are given in table 7 for S.A,

B and C.

Table 8. Thermal expansion coefficients according to different planes for S.A, B and C

Plane a for S.A(1/°C)(x10°) a for S.B(1/°C)(x10°) a for S.C(1/°C)(x10%)
c-(002) 142 38.7 233
¢-(004) 3.62 15.7 9.04
¢-(006) 112 475 33
c-(121) 3.99 6.08 7.65
a-(121) 6.26 5.44 7.13
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Figure 4. a) Shifts in peak positions of S.A for (002) symmetric
plane b) Shifts in peak positions of S.C for (121)
asymmetric plane

This figure shows the shifts in peak positions with an
increase in temperature. These shifts cause differences in
thermal expansion coefficients because when the lattice
expands a- and c- lattice parameters change. In figure 4
shifts in peak positions are given for only symmetric
(002) and asymmetric (121) planes as examples. In
Figure 4 peaks are more separated from each for (002)
plane if compared with (121) plane. This is the reason
why thermal expansion coefficient is approximately 10
times larger than for (121) plane as can be seen in table
8. During the calculations of lattice parameters peak
positions play an important role according to equations
(3 and 4). Differences in thermal expansion coefficients
for the same plane but for different samples can be used
as the perfectly of the crystal structure forming solar cells
and other devices formed by crystals. Imperfection might
be occurred during growth.
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4. CONCLUSION

In this study, structural properties of InGaN/GaN SCs are
determined by HR-XRD technique. FWHM values of
HR-XRD omega peaks are compared for GaN and InGaN
layers individually. It is seen that FWHM values for GaN
layers are nearly the same with each other for all three
samples. FWHM values for InGaN layer in S.A is lower
than S.B and C. This situation indicates that InGaN layer
in S.A has a high crystal quality. When the plane mirror
reflects the beam in diffraction angle, excellence of the
plane maintains a correct pattern. This situations results
in being high crystallite of the structure. In addition to
this by using HR-XRD measurements, a- and c lattice
parameters, strain and stress and crystal size are
determined. Fault calculation is also made for lattice
parameters. It is seen that fault percentage is not more
than %2. During the calculation of lattice parameters
cubic system is taken as reference for GaN layers and t
angle modification is used. For InGaN layer Vegard’s
law is employed. With the help of sinf versus Bcos6 plot
crystal size and strain are calculated. The strain value g,
obtained from this plot, elastic constants, Young modulus
and Poisson’s ratio are employed to calculate stress with
two different methods and the results are compared
whether they are in accordance or not. Finding different
methods for all three samples is commented as the
calibration shifts during growth of layers. Also, thermal
expansion coefficients are calculated. Shifts in peak
positions caused by increasing temperature are given. It
is seen that thermal expansion coefficients found are in
accordance with literature
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ABSTRACT

The convective heat transfer and entropy generation characteristics of Ag-MgO/water hybrid nanofluid flow through rectangular
minichannel were numerically investigated. The Reynolds number was in the range of 200 to 2000 and different nanoparticle
volume fractions were varied between ¢ = 0.005 and 0.02. In addition, Artificial Neural Network was used to create a model for
estimating of entropy generation of Ag-MgO/water hybrid nanofluid flow. As a result, it was found that the convective heat transfer
coefficient for ¢ = 0.02 Ag-MgO/water hybrid nanofluid is 21.29% higher than that of pure water, at Re=2000. Total entropy
generation of Ag-MgO/water hybrid nanofluid increased with increasing nanoparticle volume fraction. The results obtained by
ANN showed good agreement with the numerical results obtained in this study.

Keywords: Artificial neural network, convective heat transfer, entropy generation, hybrid nanofluid.

Dikdortgen Kesitli Minikanalda Ag-MgO/Su Hibrit
Nanoakiskan Akisinin Entropi Uretiminin Yapay Sinir

Aglar1 Kullanilarak Tahmin Edilmesi

oz
Dikdortgen kesitli minikanalda Ag-MgO/su hibrit nanoakiskan akiginin taginimla 1s1 transferi ve entropi tiretimi karakteristikleri
sayisal olarak incelenmistir. Reynolds sayis1 200 ile 2000 araligimdadir ve nanopartikiil hacimsel orani ise ¢ = 0.005 ve 0.02
araliginda degistirilmistir. {lave olarak, Ag-MgO/su hibrit nanoakiskan akisinin entropi iiretiminin tahmin edilmesi igin Yapay
Sinir Aglar1 kullanilmistir. Sonug olarak, Re =2000’de, ¢ =0.02 sahip Ag-MgO/su hibrit nanoakigkaninin 1s1 taginim katsayisinin
saf suyunkine kiyasla % 21.29 daha fazla oldugu bulunmustur. Ag-MgO/su hibrit nanoakigkaninin toplam entropi iiretimi

nanopartikiil hacimsel oraninin artmasiyla artmaktadir. Yapay sinir aglar1 ile elde edilen sonuglar bu ¢aligmada elde edilen sayisal
analizden elde edilen sonuglar ile iyi bir uyum gostermektedir.

Anahtar Kelimeler: Yapay sinir aglari, tasimimla 1s1 transferi, entropi iiretimi, hibrit nanoakiskanlar.

1. INTRODUCTION In last decade, several studies have been performed on
nanofluid to determine their thermophysical properties
such as viscosity [3-9] and thermal conductivity
coefficient [7-13] and to determine their convective heat
transfer [14-23] and fluid flow characteristics [14, 21-
23]. The idea for obtaining better heat transfer and fluid
flow characteristics compared to individual nanofluids
led to developing of hybrid nanofluids. Hybrid
nanofluids are prepared either by dispersing dissimilar
nanoparticles as individual constituents or by dispersing
nanocomposite particles in the base fluid [24]. The
determination of thermophysical properties and heat
transfer and fluid flow characteristics of hybrid
nanofluids became important due to their better
properties such as thermophysical properties, chemical
stability, physical strength and mechanical resistance

*Sorumlu yazar (Corresponding Author) compared to individual nanofluids.
e-posta : cuneytuysal@karabuk.edu.tr

The idea based on solid particle addition to working
fluids to enhance their thermophysical properties was
firstly proposed by Maxwell in 1881 [1]. However, this
idea has not been put into practice because of that solid
particles having millimeter-sized caused to aggregation,
sedimentation, clogging and abrasion problems in piping
systems. In last decade, rapidly developing in
nanotechnology made solid particles having nanometer-
sized possible. By this means, the “nanofluid” concept
was developed. The nanofluid term was firstly introduced
by Choi and Eastman in 1995 [2] and it was prepared with
metallic or non-metallic nanoparticle addition to
conventional working fluids such as water, ethylene
glycol or lubricants.
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A few study have been performed on determination of
thermophysical properties and heat transfer and fluid
flow characteristics of individual and hybrid nanofluids
by using artificial neural network.

Atashrouz et al. [25] developed a hybrid self-organizing
polynomial neural network to evaluate viscosity values
of nine nanofluids based on water, ethylene glycol and
propylene glycol. Their results showed good agreement
when compared to theoretical and empirical correlations.
High regression coefficient of R=0.9978 was obtained.
Longo et al. [26] predicted the dynamic viscosity of oxide
nanoparticle suspensions based on water and ethylene
glycol with artificial neural network. The model showed
good agreement with the experimental data. The mean
absolute percentage error was obtained to be 4.15%.
Longo et al. [27] used a 3-input and a 4-input artificial
neural network model to predict the thermal conductivity
coefficient of oxide-water nanofluids. They reported that
both models showed good agreement with experimental
data. Esfe et al. [28] used artificial neural network in the
prediction of viscosity and thermal conductivity of
ferromagnetic nanofluids by using input experimental
data, which are temperature, diameter of particles and
nanoparticle volume fraction. They found that the
maximum errors in predicting thermal conductivity and
dynamic viscosity are 2% and 2.5%, respectively. Esfe et
al. [29] investigated the change of thermal conductivity
of Cu/TiO,-water/ethylene glycol hybrid nanofluid with
nanoparticle volume fraction and temperature. They
proposed a correlation via artificial neural network by
using these data based on experimental results. They
reported that proposed correlation showed good
agreement with experimental data.

Santra et al. [30] predicted the laminar natural convection
of Cu/water nanofluid in a differentially heated square
cavity by using Artificial Neural Network. They showed
that ANN gives reliable results within the given range of
training data. Tafarroj et al. [31] predicted the heat
transfer coefficient and Nusselt number of TiOy/water
nanofluid flow through a microchannel heat sink with
artificial neural network. They reported that the average
relative errors in the prediction of Nusselt number and
heat transfer coefficients are 0.3% and 0.2%,
respectively. Ghahdarijani et al. [32] experimentally
investigated the effect of water based Al,Oz; and CuO
nanofluids on the cooling performance and pressure drop
of a jacket reactor. In addition, they used artificial neural
networks based on two optimal models via feed-forward
back-propagation multilayer perceptron. They obtained
good agreement between the results of artificial neural
networks and experiments for convective heat transfer
and pressure drop. Safikhani et al. [33] investigated the
heat transfer coefficient and pressure drop of Al,Os/water
nanofluid flow through flat tubes by using computational
fluid dynamics, artificial neural networks and Non-
dominated Sorting Genetic Algorithms. Tomy et al. [34]
simulated the silver/water nanofluid flow for flat plate
solar collector by using Artificial Neural Networks. They
found that the results obtained by using ANN show good
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agreement with the experimental data with the deviation
less than + 2%.

To the best knowledge of authors, there is only a study,
which is published by Bahiraei and Majd [35], for
estimation of entropy generation of nanofluid flow by
using artificial neural network. Bahiraei and Maid [35]
numerically investigated the entropy generation of
Al,Oz/water  nanofluid flow through triangular
minichannel for some parameters such as Reynolds
number, nanoparticle diameter, nanoparticle volume
fraction etc. In addition, an artificial neural network
model is created to estimate the entropy generation of
Al,Os/water nanofluid flow in their study. They reported
that the ANN model used in the study predicts the
thermal, frictional and total entropy generations rates
with mean absolute error (MAE) of 4.36 x 107, 3.36 x 10°
%, 4.33x 107 and with mean square error (MSE) of 2.43
x 1018, 2.01x 10Y7, 2.37 x 10°%3, respectively.

In this study, convective heat transfer and entropy
generation of Ag-MgO/water hybrid nanofluid through
rectangular minichannel under constant heat flux are
numerically investigated. The effects of Reynolds
number and nanoparticle volume fraction are evaluated.
In addition, an Artificial Neural Network model is
created for the estimation of entropy generation. To the
best knowledge of authors, this is the first survey for
convective heat transfer and entropy generation of Ag-
MgO/water hybrid nanofluid and the one of limited
studies that uses artificial neural network for entropy
generation of nanofluids.

2. MODEL DESCRIPTION and GOVERNING
EQUATIONS

The hydraulic diameter of a channel is calculated by
using Dn = 4A./P formula, where A is cross-section area
and P is perimeter. If hydraulic diameter obtained for a
channel is between 200 zm and 3 mm, the channel is

called as minichannel [36]. The geometry considered in
this study is a rectangular minichannel having width of
3mm, height of 5 mm and length of 1m.

The flow is modeled as single-phase flow. It is due to that
the fluid flow contains infinitesimal solid particles less
than 100 nm [37]. Moreover, the flow is considered under
three-dimensional, steady-state, incompressible flow
conditions. The governing equations can be written with
negligible buoyancy effect, viscous dissipation and
radiation heat transfer as follows:

div(pV)=0 1)
div(pVW)=—grad P+div (ugradV) )
div(pCpVT)= div(k grad T) (3)

where p, Cp, kand g are the density, specific heat,

thermal conductivity coefficient and dynamic viscosity
of fluid, respectively. In addition, T and P represent
temperature and pressure, respectively.
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As can be seen from Eqgs. 1-3, the governing equations
are including thermophysical properties of working fluid.
Therefore, the thermophysical properties should be
defined for Ag-MgO/water hybrid nanofluid

2.1. Thermophysical properties of Ag-MgO/water
hybrid nanofluid

In this study, Ag-MgO/water hybrid nanofluid with

nanoparticle volume fraction ranged between ¢ = 0.005

and 0.02 is used as working fluid. The density and

specific heat of Ag-MgO hybrid nanoparticle can be

calculated by the following equations, respectively.

_ ( pAgWAg )+( ngOWMgO )

Pag oo = (4)
ho~e0 (WAg +WMgO )
CpAgngO _ (CpAgWAg )+(CngOWMgO ) (5)
(WAg +WMgO )
where W is weight. For this study, the volumetric

fractions of Ag and MgO nanoparticles in the content of
Ag-MgO hybrid nanoparticle is assumed to be 50% and
50%, respectively [38]. The weight of each nanoparticle
is calculated by using W = pvg formula (where V is

volume and g is gravitation) for a defined volume value
of nanoparticle.
The density and specific heat of Ag-MgO/water

nanofluid is defined by using the following equations,
respectively.

Pt = ¢pnp + (1_¢)pbf (6)
Cpnf = ¢Cpnp + (1_ ¢)Cpbf (7)

where ¢ is nanoparticle volume fraction and the nf, np

and bf subscripts denote nanofluid, nanoparticle and base
fluid, respectively. The thermal conductivity coefficient
and dynamic viscosity of Ag-MgO/water hybrid
nanofluid is presented by Esfe et al. [38] as an empirical
correlation in the function of nanoparticle volume
concentration. For this study, these empirical correlations
proposed by Esfe et al. [38] are used to calculate thermal
conductivity coefficient and dynamic viscosity of Ag-
MgO/water hybrid nanofluid.

Koy :[

ty =(1+32.7954 ~72144° +714600¢° —0.1941x10° 4" ) 14

0.1747 x10° + ¢
0.1747 x10° —0.1498 x 10° ¢ +0.1117 x 10" ¢* +0.1997 x 10° #*

Jk ®
©

The experiments to obtain empirical correlations
mentioned above are realized for nanoparticle volume
fraction range of 0 < ¢ < 0.02 for Ag-MgO/water hybrid

nanofluid by Esfe et al. [38]. Therefore, these
correlations are valid in the range of 0 < ¢ < 0.02.

2.2. Boundary conditions

At the minichannel inlet, the uniform temperature and
velocity profiles are adopted. The inlet temperature of
Ag-MgO/water hybrid nanofluid is assumed to be 303 K;
whereas, the inlet velocity of Ag-MgO/water hybrid
nanofluid is calculated by using Reynolds number
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formula, which is V =(uRe)/ (pD,), for a defined

Reynolds number. In this study, the Reynolds number is
in the range of 200 < Re < 2000. At the minichannel
outlet, the pressure outlet boundary condition is applied.
At the minichannel walls, no-slip condition is valid.
Constant heat flux of 100 W/m? is applied to bottom wall
of minichannel. The remained walls of minichannel are
assumed to be insulated.

3. ENTROPY GENERATION

Entropy is defined as the measure of molecular disorder
and randomness. Entropy generation analysis informs the
designer about the irreversibility due to flow friction and
heat transfer through a finite temperature difference,
mixing, chemical reactions etc. [39]. For internal flow,
the entropy generation per unit length can be expressed
as follows [39].

S =g

gentotal + S ' (10)

where the first term on right side of Egs. 10 is entropy
generation due to heat transfer per unit length and it is
written as follows:

gen ,heat transfer gen, fluid friction

qIIZ ﬂ_DhZ
KT,”Nu

Slgen,heattransfer - (11)
where g" is heat flux. T, is bulk temperature and it is
defined as T, =(T,, +T,, )/ 2. The Nusselt number (Nu)
is calculated by using following equation.
hD,
K
where h is the convective heat transfer coefficient and it
is given by following equation:
L L
AT, -T,)
where T, and T, are wall temperature and bulk
temperature, respectively.

The second term on right side of Egs. 10 is entropy
generation due to fluid friction per unit length and it is
expressed as follows:

8m® f

en, fluid friction — _2 2 5
g 7 p°T, D

Nu (12)

(13)

s (14)
where m is the mass flow rate and it is defined as
m= pAV . f isthe Darcy friction factor and it can be
calculated with following equation:

f=2D 4P (15)
L pV
where AP is pressure drop.
By this way, Eqgs. 10 is rewritten as follows:
. "2zD?  8m® f
gen total = q . (16)

+ —_—
KT’Nu  z°p?T, DS



Ciineyt UYSAL, Mehmet Erdi KORKMAZ / Politeknik Dergisi,2019;22(1):41-51

The Bejan number can be written in the context of
thermodynamics as follows:
S'-

gen, heat transfer

Be = :
+S'

T (17)
gen, heat transfer gen, fluid friction

The Bejan number is defined as the ratio of heat transfer
irreversibility to total irreversibility due to heat transfer
and fluid friction.

4. NUMERICAL METHOD

The simulations are conducted with Finite Volume
Method (FVM). In the coupling of pressure and velocity
terms, Semi-Implicit Method for Pressure Linked
Equation (SIMPLE) algorithm is applied [40]. To
discretize the convection and diffusion terms, second
order upwind scheme is utilized. The residual
convergence criterion is selected 10 in numerical tests
for governing equations.

Hexagonal meshes are used in the modeling of
minichannel. To obtain detailed and accurate results for
boundary layer, finer meshes are used in the regions close
to minichannel walls and corners. For mesh
independency test, the different mesh numbers are used.
As a consequence of grid independency test, the mesh
structure consisting of 30 nodes on width, 50 nodes on
height and 500 nodes of length is selected as the best
mesh structure.

5. ARTIFICIAL NEURAL NETWORK

Artificial Neural Network consisting of inputs by users
and an output reflecting the information kept in
connections during training is a nonlinear system
involving neurons and weighted connection links. A
multilayer artificial neural network involves at least three
layer, namely, input, hidden and output layers
demonstrated in Fig. 1. The referred learning or training
is reached by decreasing the sum of square error between
the predicted output of ANN and the actual output from
training data, by continuously adjusting and lastly
defining the weights that connects neurons in conjunctive
layers.

Hidden Layer Output Layer

Input Layer

nanoparticle
volume fraction

Reynold
number

Figure 1. Artificial neural network structure
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ANN analyses are performed for S"gemh, s

S"gen,mta, and Be values in 50 numerical results that are

10 results for nanoparticle volume fraction. Reynold
number and nanoparticle volume fraction are entered as

independent parameters (inputs) and S"genym, s

S and  Be values are entered as dependent

parameter (output) in ANN software program. 10
numerical results are chosen for testing (confirmation)
and rest of 40 results are used as training data in
MATLAB software program. The most appropriate
topology is determined as 2-10-4 after many trial-errors
with ANN (Fig.1). It is stated that Levenberg—Marquardt
algorithm is used due to the fastest method and one level
hidden layer with 10 neurons has been chosen. As a
result, N1, N2, N3, N4, N5, N6, N7, N8, N9, N10 and
N11, N12, N13, N14 neurons are determined as hidden
layer and output layer, respectively.

The weights of each neurons have been specified in
training result and average deviation value has been
calculated from ANN output values and experimental

results. Output neurons developed for estimated S

gen,hd ’

gen,hd

gen,th ?

S enna+ S'gnio @D Be have been calculated by using
Fermi transfer function.

1
Bia = ] (18)

l+e
Here, n and w, show the number of neurons used in
hidden layer and weights of neurons, respectively. N; is

the effect on S', . S' S'

neuron used in hidden layer.
parameters in ANN model;

gen,total and Be Of eaCh
According to input

gen,hd ?

E; =4(c,VF +c, Re-0.5) (19)
1

N = 20

'olte 0

are defined. C;j constants show the weight of each neuron
used in hidden layer after the result of data training set in
MATLAB software. While Cj; values have 10 constants
in hidden layer those have been given in Table 1.

Table 1. Weights of each neurons for Slgen,th ) S'Igen‘hd :

S gen,total and Be

i Cui Cai

1 | 3.2023 1.2084

2 |1.6103 3.2745

3 ]0.25359 -2.0317

4 | -4.0298 1.6172

5 | -4.5109 1.215

6 | 1.6045 1.7605

7 | -4.0538 1.7741

8 | -2.9469 -2.4593

9 |4.0887 1.6186

10 | 2.1825 4.3813
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5.1. K-Fold Cross validation

Cross-validation is a measurement of assessing the
performance of a predictive model, and statistical
analysis will generalize to an independent dataset. There
are many types of cross-validation, such as repeated
random sub-sampling validation, K-fold cross validation
(Figure 2), K x 2 cross-validations, leave-one-out cross-
validation and so on (Figure 3).

Cross validation
techniques
L T f 1 ]
Jack Knife Boot Monte Carlo Three Ways Disjaint
Test Strapping Test Split Test Sets Test
Leave one out K-Fold cross
cross validation validation

Figure 2. Diagram of cross validation techniques types [41].

1. Randomly split

Foriin 1K

training instances into
K equal-sized subsets

2. Train a ML

on the
fold 1

fold 2

training subset

- '% \ fold i subset

L , ,

KA ' i fold i

. predictions
i

fold i i 4. Store /

ns in the
A i I
Figure 3. Flowchart of the K-fold cross-validation [41].

training:
all folds
except

fold i 3. Make

ns on

fold i

fold K

v
Target ns array

5. Compare ( to

Target to assess accuracy

In this study, we pick up 5-fold cross-validation for
selecting parameters of model. The K-fold cross-
validation is a technique of dividing the original sample
randomly into K subsamples. Then, a single sub-sample
is regarded as the validation data for testing the model,
and the remaining K-1 sub-samples are used as training
data. These processes are repeated K times and each of
the K sub-samples used exactly one as the validation
data. The K results from the folds can then be averaged
(or otherwise combined) to produce a single estimation.
The ANN model (test results) showed in this study has
the lowest error among 5 subsamples.

5.2. Performance evaluation criteria

In the final stage of this study, reliability of mathematical
model is assessed with various error control methods in
order to demonstrate the suitability of model. Due to fact
that training and testing procedure in ANN is performed
by considering an error value (e), average of the sum of
these error values is needed to be minimized. This
minimized value is the mean squared error (MSE) that is
a criteria determining the ANN performance. Root-
mean-squared (RMS), coefficient of determination (R?),
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mean absolute percentage error (MAPE) has been taken
into consideration as criteria in similarity between
experimental and ANN results.

1

MSE =— 1
p

2
& =

p

(21)

Zi(ti -0 )2

1 2 _ |1 o)
RMS:M:\/EZiei —\/pzi(ti ) (22)

Rz :1_[Zi(ti _Zoi) J (23)
O
MAPE =%Z{M]xmo (24)

In Egs. 21-24, p, t;, 0i and e; show the sample simulation
number, output value from simulations, output value
from ANN and error value, respectively. The
applicability of developed model increases when R?
value approaches to 1.

6. RESULTS and DISCUSSION

The convective heat transfer and entropy generation of
Ag-MgO/water  hybrid nanofluid flow through
rectangular minichannel are numerically investigated for
different Reynolds number and nanoparticle volume
fractions. The flow is considered as laminar flow and the
Reynolds number is in the range of 200 and 2000. The
nanoparticle volume fraction (¢) of Ag-MgO/water

hybrid nanofluid is varied between 0.005 and 0.02.
Constant heat flux of 100 W/m? is applied at the bottom
surface of minichannel.

The variation of convective heat transfer coefficient of
Ag-MgO/water hybrid nanofluid with the Reynolds
number for different nanoparticle volume fractions is
shown in Fig. 4.

As can be seen from Fig. 4., the convective heat transfer
coefficient of Ag-MgO/water hybrid nanofluid flow
increases with increase in both the Reynolds number and
nanoparticle volume fraction. The maximum convective
heat transfer coefficients are obtained for Ag-MgO/water
hybrid nanofluid having nanoparticle volume fraction of
¢ =0.02 at Re=2000. At Re=2000, the convective heat

transfer coefficient obtained for ¢ =0.02 Ag-MgO/water

hybrid nanofluid is 21.29% higher compared to that of
pure water.
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Figure 4. Convective heat transfer coefficient

As can be seen from Fig. 4., the convective heat transfer
coefficient of Ag-MgO/water hybrid nanofluid flow
increases with increase in both the Reynolds number and
nanoparticle volume fraction. The maximum convective
heat transfer coefficients are obtained for Ag-MgO/water
hybrid nanofluid having nanoparticle volume fraction of
¢ =0.02 at Re=2000. At Re=2000, the convective heat

transfer coefficient obtained for ¢ =0.02 Ag-MgO/water

hybrid nanofluid is 21.29% higher compared to that of
pure water.

The change of Nusselt number of Ag-MgO/water hybrid
nanofluid with the Reynolds number for different
nanoparticle volume fractions is illustrated in Fig. 5.

60

—O— pure water
—&— $=0.005 Ag-MgO/water
—0— $=0.010 Ag-MgO/water
—v— $=0.015 Ag-MgO/water
—C— $=0.020 Ag-MgO/water

T T T T T T
1000 1200 1400 1600 1800 2000 2200

Re
Figure 5. The Nusselt number

800

It is clear that the Nusselt number of Ag-MgO/water
hybrid nanofluid flow increases with increasing in both
the Reynolds number and nanoparticle volume fraction.
The Nusselt number values obtained for ¢=0.02 Ag-
MgO/water hybrid nanofluid at Re=200 and at Re=2000
are Nu=2.84 and Nu=5.68, respectively. At Re=2000, the
Nusselt number value for ¢ =0.02 Ag-MgO/water hybrid
nanofluid is 4.76% higher than that of pure water. The
lower enhancement in the Nusselt number compared to
pure water is due to the fact that the nanoparticle addition
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to working fluid simultaneously increases the convective
and conductive heat transfer coefficients. For this study,
higher increment obtained for convective heat transfer
coefficient compared to conductive heat transfer caused
to increment in the Nusselt number.

The variation of Darcy friction factor of Ag-MgO/water
hybrid nanofluid with the Reynolds number for different
nanoparticle volume fractions is illustrated in Fig. 6.

—O— pure water

—A— $=0.005 Ag-MgO'water
—0— $=0.010 Ag-MgO'water
—v— $=0.015 Ag-MgO'water
—— $=0.020 Ag-MgOQ'water

0.10 4

0.05

0.00

T T T T T T
1000 1200 1400 1600 1800 2000 22

Re

T T T T
] 200 400 600 800

Figure 6. The Darcy friction factor

The Darcy friction factor of Ag-MgO/water hybrid
nanofluid decreases with increasing the Reynolds
number. However, it is not affected by nanoparticle
volume fraction. Nanoparticle addition to working fluid
causes to an increment in pressure drop; however, does
not affect dimensionless pressure drop. Therefore, the
Darcy friction factor does not change for different
nanoparticle volume fractions.

The change of entropy generation due to heat transfer per
unit length of Ag-MgO/water hybrid nanofluid with the
Reynolds number for different nanoparticle volume
fractions is illustrated in Fig. 7.

As can be seen from Fig. 7, the entropy generation due to
heat transfer per unit length decreases with decrease in
both the Reynolds number and nanoparticle volume
fraction. At Re=2000, the entropy generation due to heat
transfer per unit length obtained for ¢=0.02 Ag-

MgO/water hybrid nanofluid is 1.18 x 10 W/mK, while
it is 1.44 x 10 W/mK for pure water at same Reynolds
number value. The reason of reduction in entropy
generation due to heat transfer arising from nanoparticle
addition is that convective heat transfer coefficient
increases with increase in nanoparticle volume fraction.
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Figure 7. Entropy generation due to heat transfer per unit length

The variation of entropy generation due to fluid friction
per unit length of Ag-MgO/water hybrid nanofluid with
the Reynolds number for different nanoparticle volume
fractions is shown in Fig. 8.
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Figure 8. Entropy generation due to fluid friction per unit
length

The entropy generation due to fluid friction per unit
length of Ag-MgO/water hybrid nanofluid increases with
increase in both the Reynolds number and nanoparticle
volume fraction. The highest entropy generation values
due to fluid friction per unit length are obtained for ¢

=0.02 Ag-MgO/water hybrid nanofluid. At Re=2000, the
entropy generation value due to fluid friction for pure
water is 3.31x 10° W/mK, while it is 6.73 x 10° W/mK
for ¢=0.02 Ag-MgO/water hybrid nanofluid. For this

study, the analyses are realized for fixed Reynolds
numbers. To obtain the defined Reynolds number, the
velocity value of flow increases with nanoparticle
addition to working fluid. In addition, the density and
bulk temperature of flow increases with increase in
nanoparticle volume fraction of Ag-MgO/water hybrid
nanofluid. These increments in velocity and density and
decrement in bulk temperature of the flow with
nanoparticle addition cause to increase in entropy
generation due to fluid friction of flow.
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The variation of total entropy generation per unit length
of Ag-MgO/water hybrid nanofluid with the Reynolds
number for different nanoparticle volume fractions is
shown in Fig. 9.

8e-S

—O— pure water
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S'gen, total W/MK]
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o
n
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Figure 9. Total entropy generation per unit length

As can be seen from Fig. 9, the total entropy generation
increases with increase in both the Reynolds number and
nanoparticle volume fraction. The results obtained for
total entropy generation and for entropy generation due
to fluid friction are almost same. This situation shows
that the fluid friction is dominant factor for total entropy
generation of flow. This is due to that the minichannel
considered in this study has very small hydraulic
diameter.

The variation of the Bejan number of Ag-MgO/water
hybrid nanofluid with the Reynolds number for different
nanoparticle volume fractions is illustrated in Fig. 10.

As expected, the Bejan number of Ag-MgO/water hybrid
nanofluid flow decreases with increase both in the
Reynolds number and nanoparticle volume fraction.
Bejan number expresses the domination of heat transfer
on the total entropy generation of flow. As mentioned
above, the entropy generation due to fluid friction is
dominant for this study, and it increases with increase in
nanoparticle volume fraction. Therefore, the Bejan
number decreases with increasing nanoparticle volume
fraction. At Re=200, the Bejan number values obtained
for pure water and ¢=0.02 Ag-MgO/water hybrid

nanofluid are 0.9085 and 0.8028, respectively. Whereas,
at Re=2000, pure water and ¢ =0.02 Ag-MgO/water
hybrid nanofluid has a Bejan number of 0.0417 and
0.0174, respectively.
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Figure 10. The Bejan number

In this study, 5-fold cross validation was performed and
the test results having the lowest error were used for this
ANN analysis. Table 2-5 shows that mean absolute

percentage errors for S’ ., S’ s S genow @Nd Be

have been calculated as 0.80013, 4.08908, 2.48949,
4.253272% in training results while it is 1.38476,
7.41604, 2.54823, 8.595395 % in testing results. The
calculation of all R? values above 99% shows the higher

reliability of ANN model for S' S' S’ gen total
S'gen,hd ’ Slgen,total and
Be obtained from experimental and ANN results has
been illustrated in Fig. 11-14. It is clearly seen that the
output values for both experimental and ANN are very
close to each other. In addition, it is confirmed that this
ANN model is high accurate and applicable in future
studies.

gen,th ? gen,hd ?

and Be . The comparison of S.gen,lh )

S

'
gen, th
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244 R=0.9963 -

22 4

ANN Results (x10%)

@& ANN Training
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Numerical Results (x107%)

Figure 11. ANN performance for s

gen,th

Table 2. The statistical error values for S'

gen th
RMS MSE R? MAPE
ANN Training 0,00104
Data 0,03227 0,99967 | 0,80013
ANN Test Data | 0,03289 | 0,00108 | 0,99967 | 1,38476
ANN- Total 0,95763(0,91706 | 0,99967 | 0,91706
Table 3. The statistical error values for Slgen,hd
RMS MSE R? MAPE
ANN Training 0,860404
Data 0,92758 0,99846 | 4,08908
ANN Test Data | 1,44230 | 2,0802 | 0,99670 | 7,41604
ANN- Total 2,18048 | 4,7545 0,99807 | 4,75447
Table 4. The statistical error values for S'gen,total
RMS |MSE |R? MAPE
ANN Training 0,7043
Data 0,83922 0,99886 | 2,48949
ANN Test Data 1,16831 | 1,36495 | 0,99829 | 2,54823
ANN- Total 1,58153 | 2,50124 | 0,99872 | 2,50124
Table 5. The statistical error values for Be
RMS |MSE |R? MAPE
ANN Training 0,000211
Data 0,014537 0,998354 | 4,253272
ANN Test Data | 0,016840 | 0,000284 | 0,997970 | 8,595395
ANN- Total 2,263117 | 5,1217 0,998272 | 5,121697
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7. CONCLUSIONS

In this study, convective heat transfer and entropy
generation of Ag-MgO/water hybrid nanofluid flow
through rectangular minichannel were numerically
investigated. A constant heat flux was applied to the
bottom wall of minichannel and flow was considered
under laminar flow conditions. The Reynolds number
ranged between Re=200 and Re=2000 and nanoparticle
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volume fraction was in the range of ¢ =0.005 and 0.02.

Results showed that the convective heat transfer
enhancement is obtained with Ag-MgO hybrid
nanoparticle addition to pure water. Increase in
nanoparticle volume fraction of Ag-MgO hybrid
nanoparticle caused to decrease in entropy generation
due to heat transfer; however, caused to increase in
entropy generation due to fluid friction. For this study, it
was observed that the fluid friction is dominant parameter
in the total entropy generation. It is due to that the
minichannel considered in this study has a very small
hydraulic diameter. In this study, an ANN model was
created to estimate the entropy generation of Ag-MgO
hybrid nanofluid. The results obtained by ANN model
showed good agreement with the numerical results. It
was confirmed that this ANN model has high accuracy
for estimation of entropy generation and applicable in
future studies.
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ABSTRACT

Two-dimensional laminar forced convection over an inclined flat plate with an unheated starting length was investigated
numerically for both constant surface temperature and constant heat flux boundary conditions. The numerical study was
implemented using the commercial software ANSYS Fluent 15.0. Air is used as working fluid. The influence of Reynolds number,
inclination angle and the length of unheated plate on velocity and temperature distributions, surface temperature, surface heat flux
and local Nusselt number was investigated. The results show that Reynolds number, inclination angle and the length of unheated
region of plate play important role on heat transfer from the plate. It is seen that Nusselt number increases with increasing Reynolds
number and inclination angle of inclined flat plate but decreases with increasing the length of unheated region of plate.

Keywords: Laminar flow, forced convection, inclined flat plate, unheated starting, numerical analysis.

Isitilmamis Baslangi¢c Uzunluguna Sahip Bir Egik Diiz
Plaka Uzerindeki Laminar Zorlanmis Konveksiyon

(074

Isitilmamis baslangic uzunluguna sahip bir egik diiz plaka {izerindeki iki boyutlu laminar zorlanmuis konveksiyon sabit yilizey
sicakligi ve sabit yiizey 1s1 akisi sinir sartlart igin sayisal olarak incelenmistir. Sayisal ¢alisma ANSYS Fluent 15.0 ticari paket
programi kullanilarak gergeklestirilmistir. Calisma akigkani olarak hava kullanilmigtir. Reynolds sayisinin, 1sitilmanus plaka
uzunlugunun ve plaka egim agisinin hiz ve sicaklik dagilimlari, yiizey sicakligi, yiizey 1s1 akisi ve yerel Nusselt sayis1 tizerindeki
etkisi incelenmistir. Sonuglar Reynolds sayisinin, plaka egim agisinin ve diiz plakanin isitilmamis bolge uzunlugunun plakadan
olan 1s1 transferi i¢in onemli oldugunu gostermistir. Nusselt sayisinin artan Reynolds sayis1 ve diiz plaka egim agis1 ile arttigi, fakat
diiz plakanin 1sitilmamis bdlge uzunlugunun artmast ile azaldigr gorilmistiir.

Anahtar Kelimeler: Laminar akis, zorlanms konveksiyon, egik diiz plaka, isititlmamis uzunluk, numerik analiz

1. INTRODUCTION Sarpkaya [2]. Dey and Nath [3] examined the forced
convection heat transfer over a horizontal semi-infinite
flat plate with an unheated starting length. Ma et al. [4]
conducted a study to investigate the two-dimensional
forced convection over a horizontal flat plate with an
unheated starting length using matched asymptotic
expansions. Ameel [5] analytically investigated the
parallel flow heat transfer over a horizontal flat plate with
an unheated starting length for both constant temperature
and constant heat flux boundary conditions and for both

The flow and heat transfer over a flat plate are
encountered in various engineering applications. In some
of these applications, a heat source is placed at a distance
from the leading edge of the plate. In mean time, the plate
can be inclined at relative to the flow direction. Such an
application is commonly seen in cooling of electronic
components. Operating temperatures of electronic
components are significant for their reliability. Thus, low

temperature is necessary for improving the life of . . .
elecE[)ronic components y P g laminar and turbulent flow regimes. Free convection flow
. ' . over an inclined plate was investigated by Chamkha [6].
Convection heat transfer over a flat plate has been studied Vynnycky et al. [7] analytically and experimentally
by a number of investigators. Nagendra [1] investigated  jqyestigated the two-dimensional forced convection flow
the laminar transient forced convection heat transfer over ey 3 horizontal flat plate. Yovanovich and Teertstra [8]

a horizontal_ isothermal_flat plate. Two-_dimensional numerically investigated laminar forced convection over
vortex shedding for transient and asymptotically steady  phorizontal  isothermal rectangular plates. Umur and

separated flow over an inclined plate was investigated by Karagdz [9] carried out a numerical study to investigate
the flow and heat transfer characteristics over a

*Sorumlu Yazar (Corresponding Author) horizontal flat plate with an unheated starting length for
e-posta : oturgut2006@gmail.com
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two-dimensional laminar and turbulent flows under
constant surface temperature boundary condition. The
effect of free stream turbulence on heat transfer
coefficient, velocity profile and temperature profile on
plates has been reviewed by Kondjoyan et al. [10]. Nan
et al. [11] conducted an experimental study to investigate
the turbulent flow over a horizontal flat plate. Kondjoyan
et al. [12] performed an experimental study to see the
effect of free stream turbulence intensity on velocity and
thermal boundary layers for flow over a flat plate with an
unheated section. Rebay et al. [13] numerically
investigated the forced convection over a horizontal
microstructure having an unheated section for constant
heat flux boundary condition. Juncu [14] conducted a
numerical study using finite difference method to
investigate  transient, conjugate laminar forced
convection heat transfer from a finite flat plate. Li and
Nalim [15] numerically investigated the transient thermal
boundary layer response owing to a convected non-
uniform temperature fluid for laminar flow on a semi-
infinite plate. Palani [16] conducted a numerical study to
investigate the free convection over a semi-infinite
inclined plate with variable surface temperature. Kumar
and Mullick [17] experimentally investigated the laminar
convective heat transfer from a square flat plate. Lam and
Wei [18] numerically investigated the vortex shedding
from an inclined flat plate for turbulent flow. Palani and
Kim [19] conducted a numerical study to investigate the
natural convection over a semi-infinite inclined plate
with variable surface temperature. Li et al. [20]
numerically investigated turbulent compressible flow
over a two-dimensional semi-infinite flat plate using two-
layer eddy viscosity model. Malvandi et al. [21]
analytically investigated the entropy generation for the
steady two-dimensional flow over an isothermal flat
plate. Kumar [22] conducted a numerical study to
investigate the heat and mass transfer over an isothermal
inclined plate at constant concentration gradient and with
heat source. Kumar [23] analytically investigated the
steady laminar flow over an inclined plate at a prescribed
heat flux with chemical reaction. Samanta and Guha [24]
carried out a study to investigate the fluid flow and heat
transfer characteristics for the laminar forced convection
over a horizontal plate using similarity analysis. A
numerical study was performed by Islam et al. [25] to
study the mass transfer through porous medium with an
inclined plate. Jana and Das [26] studied the
magnetohydrodynamic (MHD) slip flow and heat
transfer over a flat plate with convective surface heat flux
at the boundary and temperature dependent fluid
properties. Uddin et al. [27] conducted a theoretical and
numerical study of two-dimensional steady laminar flow
over a moving horizontal plate. Magnetohydrodynamic
mixed convective flow and heat transfer over an inclined
plate was investigated by Shanmugapriya [28]. Film flow
over an inclined plate was numerically investigated by
Singh et al. [29] using volume of fluid method.

Literature survey indicates that there is a lack of
information about laminar forced convection heat
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transfer over an inclined flat plate with an unheated
starting length. Literature survey shows that current
studies which are related to the heat transfer over an
inclined plate are about the free convection and film flow.
That is, it is seen that literature survey does not involve
forced convection heat transfer over an inclined flat plate
with an unheated starting length. Thus, the novelty of this
study is the investigation of laminar forced convection
over an inclined flat plate with an unheated starting
length. Therefore, in this study two-dimensional laminar
forced convection over an inclined flat plate with an
unheated starting length has been numerically
investigated for both constant surface temperature and
constant surface heat flux boundary conditions. The
effect of Reynolds number, the length of unheated
starting length and the inclination angle of flat plate on
heat transfer, surface temperature, surface heat flux, and
velocity and temperature profiles over inclined flat plate
has been investigated numerically.

2. PROBLEM DESCRIPTION AND
MATHEMATICAL FORMULATION

The schematic geometry and coordinate system used in
the computational domain are shown in Figure 1.

Uz, I'o

v

Figure 1. The geometry and coordinate system of problem

As seen in this figure, problem consists of an inclined
semi-infinite flat plate and a flow over it. The flow
approaches to the inclined plate horizontally with a
uniform velocity U and temperature T in the direction
of X'. The part of the plate starting from the leading edge,
region AB, is unheated. The length of this unheated
region is denoted by xo. The part of the plate after
distance xo from the leading edge, region BC, is exposed
to a constant temperature or constant heat flux boundary
condition. In other words, laminar velocity boundary
layer development starts at the leading edge (at x=-xo)
while thermal boundary layer development begins at x=0
which is the beginning of the heating section. The length
of the heated surface L is chosen as 50mm, and the ratio
of the unheated starting length to the heated length, xo/L,
is taken as 1 and 10. x/L changes between 0 and 1.0.
shown in Figure 1 is the inclination angle of the flat plate
and measured from horizontal. The value of @is changed
between 0° and 75° to investigate the effect of inclination
angle on the heat transfer over an inclined flat plate with
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an unheated starting length. Fluid flows parallel over the
plate when @is zero.

For steady laminar flow of a constant-property viscous
flow neglecting the buoyancy effects and viscous
dissipation the governing continuity, momentum, and
energy equations can be written as follows:

V-V=0 €y
p(DV/Dt)=-Vp+uv?V @)
pe, (DT/Dt)=kV’T @3)

where V, p, p, u, Cp, kand T designate the velocity vector,
density, pressure, dynamic viscosity, specific heat,
thermal conductivity, and temperature, respectively.

2.1. Boundary Conditions

Computational domain used for numerical solutions is
shown in Figure 2. The computational domain is
indicated by AEDCBA plane.

E T D _
Pressure outlet —Y
10(x, +L)
iVelocity X
mnlet 7

C| ¥
U, To
e
—
—

% :

Figure 2. Schematic view of the computational domain and
boundary conditions

On the left side of the computational domain, i.e. at x=-
Xo (AE surface), fluid enters the domain with uniform
velocity and temperature, i.e.

u=U, v=0, T=T,=293K 4
On the right side of the computational domain, i.e. at x=L
(DC surface), pressure outlet boundary condition is

applied. On this boundary, the gage pressure is fixed to
zero. Therefore, boundary conditions at the outlet are

ou/ox =0, ovlox=0, OT/Iox=0, Pgage=0 (5)

On the top surface, i.e. at y=10(xo+L) from the trailing
edge of the plate (ED surface), pressure outlet boundary
condition is considered and gage pressure is taken as
zero, i.e.

ouldy =0, ovloy=0, OT/oy=0, Pgage =0 (6)
On the unheated surface (AB surface, i.e. -Xg<x<0), no
slip velocity condition is applied, i.e.

u=0, v=0, T=Ts @)
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On the heated surface (BC surface, 0<x<L), no slip
velocity condition is used. For temperature, two different
cases are considered: i) constant temperature (Tw=328K),

ii) constant heat flux (q;v <" 4OOWm'2 ). These can be

expressed as

u=0, v=0, T=Twor (aT/an)W— q;v/k (8)

2.2. Calculation of Reynolds and Nusselt numbers

The Reynolds number based on xo+x on the heated
surface is defined as

Re

Xo +X =U_ (X +Xx)/v

9)
Thus, the maximum Reynolds number at the trailing edge
of the plate Rey+ is about 15.5x10% and 85x103 for
Xo/lL=1 and 10, respectively. Thus, flow is laminar at the
trailing edge of the plate. Local Nusselt number based on
Xo*X is calculated as

NU, 4y = G (o +X)/ (k(TWyX -Tw))

All fluid properties are taken at the free stream
temperature T, [30].

(10)

2.3. Numerical Solution

Numerical solutions were carried out using commercial
software ANSYS Fluent 15.0. The computational
scheme used by ANSY'S Fluent Inc. is based on the finite
volume discretization method. A typical mesh
distribution is shown in Figure 3 for inclination angle of
6=45°,

0.7 "
0.6 P
Ea
0.5 it |
0.4
=
E i i
=
>
03
+H
0.2
0.1
6—450
0\\\'\\\\II\\\I\\I\I\
0 01 02 03 04
X’ (m)

Figure 3. Mesh distribution of the computational domain

Computations were carried out for laminar flow. Steady
pressure-based solver is employed with second order
upwind scheme for convective terms in the mass,
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momentum, and energy equations. SIMPLE-algorithm is
utilized for pressure-velocity coupling. No convergence
problems are observed. To attain converged solution,
each equation is iterated until the residuals fall below
1x10°8,

The grid independence study is performed by changing
the cell size. Surface temperature and local Nusselt
number along the heated plate are plotted for five
different mesh systems in Figure 4(a) and 4(b),
respectively, at Re=77120 for 6=45° and xo/L=10 at
constant surface heat flux boundary condition. Mesh size
is changed between 35197 and 82465 (meshl-mesh5).
No significant change occurs when mesh number
changes from 68651 (mesh4) to 82465 (mesh5). Thus,
mesh4 is considered as the optimum mesh. This mesh is
used for other Reynolds numbers Rey at 6=45° and
Xo/L=10. Mesh independency analysis is also performed
when inclination angle and type of boundary condition of
plate were changed.

@ 304 :
6= 45° R
Xg/L = 10 e
302 1 Rey, = 77120 ’
Q 300 - meshl
= 298 mesh1
———— mesh2
296 1 —-— mesh3 |
------ mesh4
——— mesh5
294 . . : ;
0.0 0.2 0.4 0.6 0.8 1.0
x/L
(b)3500 :
0=45° meshl
Xp/L =10 —— == mesh2
3000 ) Rey, = 77120 —.—-—- mesh3

0.0 0.6 0.8
Figure 4. Surface temperature (a) and (b) local Nusselt number

along the heated plate

3. CODE VALIDATION

Local Nusselt number Nuxo:x for laminar parallel flow
over a horizontal flat plate, i.e. 6=0°, with an unheated
starting length is given for constant surface temperature
and constant heat flux boundary conditions, respectively,
as [30]
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0.332Re, 1, ° PrY3
34 Y3
[1-(x0/(x0 + x)) / }

0.453Re, ,,>° Pr¥?

[1_()(0/()(0 N X))3/4T/3

To assess the accuracy of the present results, the
computed Nuxosx for constant surface temperature and
constant surface heat flux boundary conditions are
plotted along the heated flat plate in Figure 5(a) and 5(b)
for 6=0°, Xo/L=10 and Rex=77120. It is seen that present
results are in good agreement with the literature results.

(11)

Nu

Xo+x,T =

N

uxo+x,H = (12)

a
( )2000 -
6=0°
Xo/L =10
1500 | Rey, = 77120
— ———  present study
< Eq. (11)
x°1000 A
>
b4
500 A
0 ; ; ; ;
0.0 0.2 0.4 0.6 0.8 1.0
x/L
(b)ZOOO -
6=0°
Xg/L = 10
1500 | Rey, = 77120
——— present study
T Eq. (12)
151000 -
x
>
=z
500 -
0

0.6 0.8
x/L

0.0 0.2 0.4 1.0

Figure 5. Nuxo+ along the heated section for (a) constant
temperature and (b) constant heat flux

4. RESULTS AND DISCUSSION

After showing the validation of numerical results, the
effects of Reynolds number, length of the unheated
starting length and inclination angle of flat plate on flow
and temperature fields, surface temperature, surface heat
flux and local Nusselt number were investigated. To
carry out these analysis, simulations were performed for
the Reynolds numbers Rey changing from 7710 to
77120, for the inclination angle of 0°<6<75°, and for the
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ratio of the unheated starting length to the heated length
of xo/L=1 and 10.

Typical dimensionless x-velocity u/U. on the heated
surface at a position of x/L=0.20 is plotted along y-axis in
Figure 6(a) for three different Reynolds numbers Reyo for
Xo/L=10 at #=0°. Dimensionless velocity over flat plate
changes between zero and unity. As seen in Figure 6(a),
velocity boundary layer thickness increases with
decreasing Reynolds number. Velocity boundary layer
thickness is defined as the distance at which 99% of the
free stream velocity magnitude is achieved. Based on this
definition, velocity boundary layer thicknesses for the
Reynolds number Rey of 7710, 46120 and 77120 are
obtained as 18.20mm, 8.14mm and 6.02mm,
respectively. In Figure 6(b), typical dimensionless
temperature (T-Tw)/(T--Tw) on the heated surface at a
given position x/L=0.20 is plotted for three different Reyo.
It is seen that dimensionless temperature on the heated
surface changes from zero to unity in the thermal
boundary layer, and it remains constant outside of the
boundary layer. Thermal boundary layer thickness is
defined as the distance from surface at which (T-Tw)/(T =
Tw)=0.99. Thus, thermal boundary layer thicknesses for
Rex=7710, 46120 and 77120 are 6.31mm, 3.04mm and
1.94mm, respectively. That is, temperature boundary
layer thickness decreases when flow velocity increases.
Thus, the decreasing thermal boundary layer thickness
results in increasing heat transfer.

Dimensionless axial velocity u/U. is plotted in Figure
7(a) on the heated surface at three different positions at
6=0° for Xo/L=10 and Re=46120. It is seen that
dimensionless velocity changes from zero to unity in the
hydrodynamic boundary layer, and it remains constant at
unity out of the boundary layer. Velocity boundary layer
thickness increases along the heated surface. In other
words, velocity boundary layer thicknesses for
Rex=46120 at x/L=0.20, 0.50 and 1 (near the leading
edge, at the middle, and at the trailing edge of the heated
surface) are 8.42mm, 8.79mm and 9.32mm, respectively.
Likewise, typical dimensionless temperature (T-Tw)/(To~
Tw) is shown in Figure 7(b) on the heated surface at three
different positions at 6=0° for xo/L=10 and Rey,=46120.
Dimensionless temperature varies between zero and
unity inside thermal boundary layer, and it takes value of
unity outside the thermal boundary layer. Also, it is seen
that thermal boundary layer thickness increases from
leading edge to the trailing edge over the heated surface.
Thermal boundary layer thicknesses for Rex=46120 at
x/L=0.20, 0.50 and 1.0 are 3.04mm, 3.91mm and
4.82mm, respectively.

The effect of the length of unheated starting length on
surface temperature and thermal boundary layer are
designated in Figure 8. In Figure 8(a), typical surface
temperature is plotted along heated length at constant
heat flux boundary condition for three different free
stream velocities at 6=0° for xo/L=1 and 10. It is seen that
unheated starting length affects the surface temperature
of the heated section. The surface temperature of the
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heated section for short unheated section is smaller than
that of long unheated starting section. That is, more heat
is transferred from the surface for short unheated section.
Dimensionless temperature (T-Tw)/(T~Tw) at x/L=0.20
for 6=0° is plotted in Figure 8(b) to see the effect of the
length of unheated section on thermal boundary layer
thickness for two different free stream velocities.
Thermal boundary layer thicknesses at x/L=0.20 for
Xo/L=1 are 4.23mm and 1.40mm for U.=0.276m-s* and
2.76m-s, respectively. However, thermal boundary
layer thicknesses at x/L=0.20 for Xo/L=10 are 6.31mm and
1.94mm for U.=0.276m-s™ and 2.76m-s?, respectively.
In other words, thermal boundary layer thickness for
Xo/L=10 is greater than that of xo/L=1. Therefore,
increasing thermal boundary layer thickness results in
decreasing heat transfer. It is seen that unheated section
length affects the thermal boundary layer thickness. In
other words, velocity boundary layer affects thermal
boundary layer.
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Figure 6. Variation of (a) u/Ux and (b) (T-Tw)/(T=~Tw) on the
heated surface at x/L=0.20 for 6=0° and xo/L=10
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Typical temperature contours over heated surface are
plotted in Figure 9 for three different Reynolds numbers
at constant heat flux boundary condition for ¢=0° and
xo/L=10. It is seen that thermal boundary layer thickness
decreases while Reynolds number increases, as expected.
Similar result can be seen in Figure 6(a). Thus, heat
transfer increases as Reynolds number increases.

Typical temperature contours are shown in Figure 10
over the heated surface at different inclination angles of
flat plate for Rex=7710 at Xo/L=10. As seen in Figure 10,
inclination angle affects the thermal boundary layer. That
is, thermal boundary layer thickness decreases while
inclination angle increases, and this causes an increase in
heat transfer.

The effects of Reynolds number Rey on surface
temperature and heat flux are shown in Figure 11(a) and
11(b) for constant heat flux and constant surface
temperature boundary conditions, respectively. Figure
11(a) shows the variation of the surface temperature with
Reynolds number along the heated plate for 6=0° and
Xo/L=10 at constant heat flux boundary condition. It is
observed in Figure 11(a) that, at a given location x/L (e.g.
at x/L=0.80), surface temperature increases when
Reynolds number decreases for constant heat flux
boundary condition. As for Figure 11(b), variation of
surface heat flux along the heated plate is given at
different Reynolds numbers for constant surface
temperature boundary condition at 6=0° and xo/L=10. It
is seen that heat flux on the surface decreases along the
duct. It is also seen that surface heat flux at a given
position on the plate increases with increasing Reynolds
number.

The variation of local Nusselt number along the heated
plate for different Reynolds numbers Reyo at xo/L=10 and
6=0° is shown in Figure 12(a) and 12(b) for constant
surface temperature and constant heat flux boundary
conditions, respectively. It is seen that the local Nusselt
number decreases along the heated plate. At a given
position, it is also seen that local Nusselt number
increases with increasing Reynolds number. This result
can also be seen in Figure 6(b) due to the decreasing of
thermal boundary layer thickness.

Reyy = 7710

Rey, = 46120 075 3020 3066 311 3156 3201 3

3163 3196 3263
Y \

Rey, =77120 2063 2997 3030 3063 3096 3130

5 X =% s -

Figure 9. Temperature contours over heated surface for
different Reynolds numbers at constant heat flux
for 6=0°
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Comparison of local Nusselt number for constant surface
heat flux and constant surface temperature boundary
conditions is designated along heated surface in Figure
13 for xo/L=10 and 6=0° at Reyx=77120. It is seen that
local Nusselt number for constant heat flux boundary
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condition is higher than that of constant surface
temperature boundary condition at a given position. In
other words, heat transfer coefficient for constant heat
flux boundary condition is about 20 percent higher than
that of constant surface temperature boundary condition
at the trailing edge of the heated surface.

800 1 .
i ——— const. temperature ~ 9=0"
ll const. heat flux Xg/L=10
600 1t Rey, = 77120 |
x
)
< 400
>
z
200
0 ‘ ‘ ‘ ‘
0.0 0.2 0.4 0.6 0.8 1.0
x/L

Figure 13. Local Nusselt number along heated surface

The effect of @ on surface temperature and heat flux is
given in Figure 14(a) and 14(b) for constant heat flux and
constant surface temperature at Rex=7710 for xo/L=10. It
is seen that surface temperature increases along heated
surface. It is also seen that surface temperature depends
on 4. Surface temperature decreases with increasing & at
a given position for constant surface heat flux. With

regard to Figure 14(b), surface heat flux is plotted along
heated surface at different 6. Heat flux begins with a high
value at the beginning of the heated surface and decreases
along heated surface. At a given position, it is seen that,
e.g. at x/L=0.8, heat flux increases with increasing & at
same constant surface temperature.

The effect of 6 on local Nusselt number is shown in
Figure 15(a) and 15(b) along heated surface for xo/L=10
and Reyx=7710. In Figure 15(a), typical local Nusselt
number for constant surface temperature is plotted along
heated surface for different é. It is seen that local Nusselt
number decreases along the heated surface. Also, it is
seen that local Nusselt number increases with increasing
6 at a constant position. Similar result can be seen in
Figure 10 as well. In other words, maximum Nusselt
number is obtained for 6=75°. In Figure 15(b), local
Nusselt number for constant surface heat flux is shown
along heated surface at different &values for xo/L=10 and
Rex=7710. It is seen that local Nusselt number has
similar behavior as the case of constant surface
temperature. As seen in Figure 15, inclination angle of
flat plate affects the local Nusselt number.

5. CONCLUSION

Two-dimensional laminar flow and forced convection on
an inclined flat plate with an unheated starting length are
numerically investigated under both constant surface
temperature and constant heat flux boundary conditions.
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Figure 15. Local Nusselt number versus x/L for Rexo=7710 at constant temperature (a) and heat flux (b)
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Numerical analysis has been carried out for different

Reynolds

numbers  (7710<Rey<77120), different

inclination angles of flat plate (0°<@<75°), and two
different unheated starting length (xo/L=1 and 10). Air is
used as the working fluid (Pr=0.71). Some conclusions
are as follows:

It is seen that the inclination angle, unheated starting
length of flat plate and Reynolds number affect the
heat transfer.

Heat transfer decreases with increasing unheated
starting length but increases with increasing Reynolds
number and inclination angle of flat plate.

It is seen that velocity boundary layer affects the
thermal boundary layer.

Unheated starting length affects
temperature of the heated section.

Thermal boundary layer thickness for Xo/L=10 is
greater than that of xo/L=1.

Heat transfer increases with increasing inclination
angle of inclined flat plate due to decreasing thermal
boundary layer thickness.

Heat transfer coefficient for constant heat flux
boundary condition is greater than that of constant
temperature boundary condition.

Hydrodynamic and thermal boundary layers decrease
with increasing Reynolds number as expected.

the surface
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ABSTRACT

The study on electrical and dielectric properties of the ZnSe/p-Si diode have been investigated using admittance measurements in
the frequency range of 50 kHz - 1 MHz at room temperature. The experimental values of dielectric constant and dielectric loss are
found in decreasing behavior with increase in frequency due to the characteristics of the interface capacitance in the diode and so
that the similar behavior was observed in loss tangent. With the contribution of the series resistance, the results of the electrical
conductivity analysis indicated direct proportionality to the frequency change. Additionally, electric modulus was discussed to
represent the dielectric relaxation process in the diode structure.

Keywords: E-beam evaporation, dielectric properties, frequency effect.

ZnSe/p-Si Diyotunun Frekans Bagimli Dielektrik
Ozellikleri

0z
ZnSe/p-Si diyot yapisinin elektrik ve dielektrik ozellikleri oda sicakliginda 50 kHz - 1 MHz frekans araliinda yapilan admitans
6lgtimleri kullanilarak incelendi. Deneysel olarak elde edilen dielektrik sabiti ve dielektrik kayb1 degerlerinin, diyot yapisidaki
arayiiz kapasitans karakteristigine bagli olarak frekans artis1 ile azalan bir davranista oldugu goriildii, ve benzer davranis kayip
tanjantinda da gozlemlendi. Elektriksel iletkenlik analizinde, seri direng katkisi ile frekans degisimi ile dogrusal orantili olarak bir
degisim bulundu. Ayrica, diyot yapisindaki dilelektrik relaksasyon davranisi, elektrik modiiliisler kullanilarak tartisildi.

Anahtar Kelimeler: E-demeti buharlastirma, dielektrik ozellikler, frekans etkisi.

1. INTRODUCTION (GIRIS) dependent on especially interfacial layer, interfaces states
With the current interest in the optoelectronic ~andseries resistance. Inaddition to this electrical analysis

applications of heterojunctions, 11-VI compounds have ~Of ZnSe/p-Si  diode, the frequency dependent
been employed with Si based heterojunction as a Capacitance-voltage (C —V) and conductance-voltage
promising materials for photodetector and also (G/w —V) characteristic were investigated under the
photovoltaic diodes [1-4]. This type of diode structure indication of interfacial states. Therefore, the objective of
associates the advantageous properties of the highly  the present work on C —V and G/w — V characteristics

transparent, direct-band gap ZnSe window layer and the ~ as a function of frequency is to obtain information about
high mobility, tractable properties of Si layer [5]. In the  the effects of the interface states and electrical parameters

previous Work7 the authors presented the material under the effect of localized electronic states. From these

properties of the e-beam deposited ZnSe thin film layer ~ analysis, the effects of the frequency and the bias voltage
and the results of the current-voltage measurements on ~ on the dielectric properties were investigated and the
the ZnSe/p-Si diode [6]. From the systematic studies of main dielectric parameters were calculated with the
the ZnSe film, it was found in stoichiometric and  Presence of the interfacial layer.

polycrystalline in structure and homogeneous in surface

morpholo_g_y. With_the high transparency characteristics 5 MATERIAL and METHOD (MATERYAL VE
for the visible region, the fundamental band gap value METOD)

was obtained as about 2.8 eV. The experimental forward

current-voltage (I-V) characteristics of the diode was The polycrystalline ZnSe thin film layer was deposited

i L . on the (111) oriented p-type (B-doped) crystalline Si
modelled by the Gaussian distribution in the barrier \yafer with the resistivity value of 1-10 (Q-cm) by e-beam
height and the current behavior was assumed to be  geposition technique to fabricate the ZnSe/p-Si diode
*Sorumlu Yazar (Corresponding Author) structure [6]. The back metal contact on the Si wafer was
e-posta : desrayildiz@hitit.edu.tr formed by elemental Al evaporation onto the whole back
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surface of the wafer and subsequent annealing treatment
at 450°C under the nitrogen atmosphere to achieve the
ohmic contact behavior. Additionally, top ohmic contact
was deposited by thermal evaporation of In elemental
source through shadow mask in circular dot contact shape
of 2 mm diameter onto ZnSe film surface. The complete
structure was annealed at 100°C under the nitrogen
atmosphere to enhance the ohmicity of the contact. The
C—V and G/w —V characteristics were analyzed by
using Hewlett Packard 4192A LF model impedance
analyzer at room temperature and dark condition.

3. RESULTS AND DISCUSSION (SONUCLAR VE
TARTISMA)

The € —V and G/w —V plots of the ZnSe/p-Si diode
structure for different frequencies at room temperature
were discussed in the previous work [6]. According to
these plots, C —V behavior was found to be in a less
sensitive to the frequency variation and G/w — V plot
showed a characteristic peak profile for each measured
frequency. With increasing applied frequency, both
capacitance (C) and conductance (G /w) values decrease,
and the peak value of the G /w also decreases under the
effect of series resistance of the diode [7]. However,
frequency affects these measured values strongly at low
frequencies and this can be attributed to the presence of
interfacial oxide layer and the particular distribution of
interface states [8-10]. Assuming the total diode
capacitance as a sum of junction and interface state
capacitance, exchanges of the carriers can contribute to
the total diode capacitance by the fact that at relatively
low frequencies the interface states can follow the
applied ac signal [11, 12]. Therefore, C of the interfacial
layer in the ZnSe/p-Si inhomogeneous diode evaluated as
in a series combination of the junction capacitance can be
the reason of this observed frequency dispersion [13].

Based on the impedance/admittance technique, the
conductance losses from the exchange of majority
carriers at the junction interface can be discussed to
determine the dielectric parameters and their frequency
dependencies [14, 15]. Therefore, in this work, the
frequency effects of dielectric constant (&'), dielectric
loss (¢'), loss tangent (tand), ac electrical conductivity
(04c) and electric modulus (M’ and M"") are investigated
from the room temperature measurements under applied
frequency interval of 50kHz-1MHz [16, 17]. Inthis case,
a complex capacitance (C*) can be defined to derive a real
capacitance in the application of ac bias voltage, and it
can be given as C* =Y*/iw which is related to the
complex admittance Y™ at angular value of w [18]. From
this relation, the complex relative permittivity
e* =¢' —ie"” can be used to describe the dielectric
properties of the diode [19, 20]. At various frequencies,
the real part of £* named as dielectric constant (¢'), and
the imaginary part as dielectric loss (¢'') are calculated
using the measured capacitance (C,,) and conductance
(G,n/w) values at the strong accumulation region as [11,
21, 22],
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P Cy
and
" Gmdl Gm (2)

T wepd wCy

where C, is the capacitance of an empty capacitor as
Cy = gyA/d; with diode active area, 4, interfacial layer
thickness, d; and permittivity of free space, g,. The
calculated frequency dependent &’ and & values are
shown in Fig.1 and these values are found in decreasing
behavior with increase in frequency, whereas ¢’ shows a
frequency independent nature of the parameter in the
negative voltage region. Since C and G/w are sensitive
to the interface properties and also parasitic resistances,
this inverse relation can be explained with the change in
the response time of the interfacial dipole orientation to
the applied field [21, 23]. The increase of the capacitance
depends on the ability of the charge carrier concentration
to follow the applied ac signal [11] and so that these
carriers at the localized interface states can hop between
a pair of these centers having different dipole
orientations. However, as decreasing in the polarization
at high frequencies, dipoles could not follow this action
of the ac field without having enough time to relax in
equilibrium and therefore to give a response to the ac
signal [23]. The dispersion behavior shown in Fig.1 can
be due to the inhomogeneity in the diode with the effect
of accumulation of the charges at the boundary of less
conducting regions and interfacial polarization [11, 20,
24]. In addition, the interfacial oxide layer thickness was
calculated from C — V characteristics using the basic
concept of parallel plate capacitor and it was estimated as
about 4 nm [25-27].

In addition to the analysis of real and imaginary
components of &*, the results can also be discussed using
the loss tangent, tand = €' /€', tand = G,,/wC,, which
indicates the amount of energy that is dissipated in the
dielectric when an electric field is applied across it [18,
22]. Fig. 2 shows the characteristics of tand with a peak
behavior at each frequency and this behavior can be
related to the frequency dependence of &’ and &'’ values.
As shown in Fig.1(b) and Fig.2, £'" and tané have peaks
for each frequency and the peak position shifts toward
lower voltages with decreasing frequency. The decrease
in the magnitude of the peaks with increasing frequency
may be due to the presence of interface traps [28, 29].
Furthermore, the interface state density, the series
resistance of the diode, and the thickness of the interfacial
insulator layer can be responsible for this behavior of
tané [9, 21, 23].
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Figure 1. Frequency dependent room-temperature ¢’ (a) and
&'’ (b) of ZnSe/p-Si diode
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Figure 2. Frequency dependent room-temperature tand of
ZnSe/p-Si diode

The ac electrical conductivity (g,.) of the dielectric
material can be expressed as [18, 30],

Oge = WCy, tand (d;/A) = weye"”

®3)

and the observed conductivity behavior of the ZnSe/p-Si
diode is presented in Fig.3 at different voltage and
frequency values. The magnitude of the g, peaks (Fig.3)
increase with increasing frequency and their positions
shift toward the positive bias voltages. The observed
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behavior in g,. values can be accompanied by an
increase of the eddy current and it is also related to the
increase of tand [21, 29]. This behavior can also be
attributed to a gradual decrease in the series resistance
with increasing frequency [6, 21, 23, 31].
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Figure 3. Frequency dependent room-temperature g, of
ZnSe/p-Si diode

The complex impedance Z* and complex dielectric
modulus M* can be used to analyze the relaxation
properties of ZnSe/p-Si diode [21, 23]. In fact, these
analysis of £* within the Z* formalism is commonly used
to separate the bulk and the surface phenomena and to
determine the bulk dc conductivity of the material [32].
Additionally, M* can be used to monitor the electrical
properties of the material and is a useful technique to
investigate the influences of frequency on the relaxation
processes [33]. As a simply geometric inverse of the
admittance, Z* can be written as Z* = 1/i wCye™, and
then as an inverse of &*, M* can be defined as,

M* = iwCyZ* 4)

where real and imaginary part of M* are interrelated with
e as M =¢'/(e” + ") and M" =" /(e"* + %),
respectively [23, 28].

As shown in Fig.4, M' increases with increase in
frequency and decrease in voltage, and an inverse
behavior with frequency is observed in M'. With
changing frequency, the decrease in the height and the
shift in the position of the peaks can be evaluated with
the conductivity relaxation process in the junction and the
effect of the interface state density [29, 34].
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Figure 4. Frequency dependent room-temperature M’ (a) and
M'" (b) of ZnSe/p-Si diode

6. CONCLUSION (SONUC)

In this work, frequency dependent electrical and
dielectric properties were investigated by carrying
out and € —V and G/w — V measurements and the
results were discussed as a continuation of the
published works on I-V measurements. Thus, the
presence of the interface states and their distribution
characteristics were analyzed to explain the possible
frequency dispersion of the capacitance and
conductance. Depending the capacitance and
conductance characteristics, the values of ¢’ and ¢&”
were calculated in the approximation of the presence
of interfacial oxide layer and the particular
distribution of interface states, and they were found
in decreasing behavior with increase in frequency. &’
was seem to be frequency independent in the
negative voltage region whereas characteristic peak
profile for each measured frequency was observed in
e plot. In addition, related to the frequency
dependence of these values, the characteristics of
tand showed a peak at each frequency. The variation
of 0, was explained by increase in the eddy current
and it is also related to the increase of tané. In
addition, considering electric modulus formalism, the
relaxation properties of ZnSe/p-Si diode were
determined.
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oz
Amag; Klavikula, omuz ve kolun hareketlerinde énemli bir géreve sahip olan anatomik bir yapidir. Klavikula kiriklar iskelet
sistemi yaralanmalar1 igerisinde sik karsilasilan bir problemlerdendir. Klavikula kiriklarinda, kirigin tiirline gore cesitli implantlar

kullanarak omuzun agrisiz ve fonksiyonlarini en uygun diizeye getirmek asil amagtir. Bu caligmada klavikula kiriklarinda
kullanilan anatomik plak uygulamasinin biyomekanik agidan incelenmesi amaglanmustir.

Yontem; Bu c¢alismada, DICOM formatinda bilgisayarli tomografi goriintiileri kullanilarak normal anatomiye sahip klavikula
modellenmis ve klavikula tizerinde kirik hatti olusturularak superior ve anteriora plak yerlestirilmistir. Plaklarda meydana gelen
gerilmeler, olusturulan modeller iizerine eksenel kompresyon ve konsol biikkme yiiklemeleri uygulanarak non-lineer sonlu
elemanlar yontemi ile incelenmistir. Analizler, ANSYS (surum 18) sonlu elemanlar programinda yapilmis ve tiim modellerde ayn1
sinir sartlar1 uygulanmistir.

Bulgular; Analizlerde plaklar lizerinde meydana gelen maksimum esdeger gerilmelere (MES) bakilmis ve dzellikle anteriora
yerlestirilen plakta gerilmenin azaldigi tespit edilmistir. Klavikula tizerine yerlestirilen plaklarin konumlarina gére yorulma
davraniglari karsilastirilmgtir.

Sonuglar; Bu ¢aligmada, klavikulanin anterioriine yerlestirilen plaklarda gerilmenin daha az oldugu sonlu elemanlar yontemi ile
gosterilmistir. Ayrica, anterior bolgeye yerlestirilen plaklarin en uzun dmre sahip olmasindan dolay1 kirilma kararligi agisindan
daha giivenli oldugu belirlenmistir.

Anahtar Kelimeler: Omuz, klavikula, plak, Sonlu Elemanlar Analizi .

Investigation of Fatigue Behaviour of Plate
Applications in Clavicle Fractures by Finite Element
Method According to the Plate Replacement Position

ABSTRACT

Background: The clavicle is an anatomical structure which has an important role on the movements of the shoulder and arm.
Clavicular fractures are a common problem in skeletal system injuries. The main purpose is to achieve a painless shoulder joint
and to optimise its function 1in clavicle fractures.n this study, it was aimed to investigate biomechanically the application of
anatomic plaque used in clavicle fractures.Methods: In this study, a normal anatomical clavicle was modeled using computed
tomography images in DICOM format, a fracture line was created on the clavicle and the plate was placed superiorly and
anteriorly.The stresses on the plates under axial compression and console bending were investigated on the formed models by using
finite element method. Analyzes were made non-linear using ANSYS (v.18) and same limit conditions were applied in all models.
Findings: The maximum equivalent stresses (MES) on the plaques were observed in the analyzes and it was found that the tension
on the plaque, especially placed anteriorly, decreased.Fatigue behaviours were compared according to the positions of the plates
placed on the clavicle. Results: In this study, the finite element method was used which showed less tension on the plates placed
on the anterior of the clavicle.lt was also found that the plates placed in the anterior region were safer in terms of fatigue fracture
stability due to longest longevity of the plates.

Keywords: Shoulder, clavicle, plate, finite element analysis.
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1. GIRIiS (INTRODUCTION)

Klavikula; omuz hareketlerine, kolun kuvvet ve
stabilitesine, fonksiyonuna, Onemli
norovaskiiler yapilarin korunmasina yardimci olan,
adalelerin yapistig1, kozmetik dneme sahip bir anatomik
yapidir [1]

solunum

Klavikula kiriklar1 iskelet sistemi yaralanmalarinin
icerisinde en sik karsilagilan problemlerdendir ve tiim
iskelet sistemi kiriklarinin % 2.6-5'ini olusturur [2].
Omuz bolgesi kiriklarmin ise yaklasik %44’tini
olugturmaktadir. [2, 3]. Klavikula kiriklarinin yaklagik%
80'i orta saft bolgesinden kirilmaktadir [1, 4].
Glinlimiizde orta saft klavikula kiriklari ig¢in genelde
cerrahi tedavi ile plak uygulamasi tercih edilmektedir [5].
Plak uygulamasi klavikulanin anterior veya superior
bolgesine uygulanmaktadir. Ancak plagm yerlesiminin
tam olarak nereden uygulanmasi gerektigi konusunda
tam bir fikir birligine varilmamistir[6, 7] Anterior veya
superior plak uygulamalarinin klinikte kendi aralarinda
cesitli avantaj ve dezavantajlari oldugu gosterilmis olup
plagin yerlesimi konusunda bir ortak bir goris
olusturulamamistir [8]. Bunun en 6nemli nedenlerinden
biri omuz bdlgesinin ¢ok fazla kas ve bag dokudan
meydana gelmesinden dolayr ¢ok karmagik bir yapiya
sahip olmasidir [9]. Karmasik bir yapiya sahip olan omuz
bolgesindeki orta saft klavikula kiriklarinda gerekli
biyomekanik deneylerin yapilmasinin zor olmasindan
dolay1 sonlu elemanlar yontemi kullanilmistir.

Bu calismanin amaci orta saft kirikli klavikulada iki
farkli
konumlarinin sonlu elemanlar metodu ile karsilastirarak
en uygun konumu belirlemektir.

pozisyonda yerlestirilen plak uygulamasinin

2. MATERYAL VE METOD (MATERIAL and
METHOD)

Bu c¢aligmada klavikulanin {i¢ boyutlu modelinin

olusturulmas: i¢in 28 yasinda 78kg ve 1,80m boyda

normal anatomisine sahip saglikli bir insanin Sekil 1°de

gorillen bilgisayarli tomografi (BT) goriintiileri
kullanilmigtir. BT taramas: Toshiba Aquilion BT
aygittyla ~Amasya  Universitesi Tip  Fakiiltesi

Hastanesinde yapilmistir. DICOM (Digital Imaging and
Communications in Medicine) formatinda ham veri 120
Kv 'da 0,891 mm piksel biiyiikligiinde 512x512 piksel
¢Ozlinirliigh ile tarama yapilarak elde edilmistir. BT
cekimleri gorsellestirme ve segmentasyon iglemleri i¢in
BT gorintiilerini kullanan interaktif bir yazilim olan
MIMICS® (Materialise's Interactive Medical Image
Control System/ Materialise NV, Belgium) yazilimi ile
islenerek model olusturulmustur [10].
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Sekil 1.BT goriintiilerinde modellerin olusturulmasi (Creation
of models in CT images)

Klavikula modelinde olusan parlama (artifak) ve
istenmeyen geometrileri  diizenlemek ve dogru
geometriyi elde edebilmek i¢in MIMICS yazilimindan
geometriler ~ STL  (stereolithography)  formatina
doniistiiriilerek  tersine miihendislik yazilimi1  olan
GEOMAGIC® Studio programina goénderilmistir. Son
olarak buradan elde edilen model SolidWorks®
(Dassault Systems, USA) programina gonderilerek Imm
bosluga sahip kirik hatt1 olusturulmustur.

Calismada Klavikula kiriklarinda kullanilan plak ve
vidalar katalog degerlerinden bakilarak 3 boyutlu kati
modelle programi olan SolidWorks® (Dassault Systems,
USA) programinda modellenmis ve sekil 2°de gorildigi
gibi orta saft kirigi bulunan klavikulanin superior ve
anteriora bolgelerine yerlestirilmistir.

b)

Sekil 2.Solidworks programinda plaklarin = yerlesimi
Anteriora b) Superior (Placing plates in Solidworks)

a)
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Ag Yapisi ve Malzeme Ozelikleri

ANSYS Workbench (Version 18, Ansys Inc.,USA)
yazilimi kullanilarak Sekil 3’de goriildiigi gibi ag yapisi
olusturulmustur. Ag yapida olusturulan kemiklere
tetrahedral mesh atilmistir. Kemik yapilarda ag yapi
boyutu 2 mm verilmistir. Modeller ortalama olarak
685962 node ve 452828 elemandan olugmaktadir.
Analizler Newton-Raphson metoduna gore non-lineer
olarak yapilmustir.

b)

Sekil 3. Sonlu elemanlar modeli ag yapisi (Finite element
model mesh structure)

Literatiirde yer alan g¢aligmalara gore kortikal kemik,
koncellous kemik, plak ve vidalar i¢in malzeme
Ozelikleri (Ti-6Al-4V) Cizelge 1°de gosterildigi gibi
izotropik malzeme olarak tanimlanmigtir [9].

Cizelge 1. Kemik ve diger malzeme 6zelikleri (Bone and other
material properties)

Young Poisson
Modulus Ratio
(E) (MPa) (v)
Kortikal Kemik 11,000 0.3
Cancellous Kemik 500 0.1
Titanium (Ti-6Al- 110,000 0.33
4V)
Analizlerde kullanilan plak (Ti-6Al-4V)  metal

malzemenin, farkli sabit gerilmeler altinda malzemenin
kag¢ ¢evrim sonunda catlayacagimi veya kirillacagim
gosteren yorulma diyagrami (S-N) Sekil 4° deki gibi
Ansys Workbench malzeme 0&zelikleri tanimlanirken
girilmistir. ~ Static  Structural modiilinde yapilan
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Tool kullanilarak malzemede
meydana gelen yorulma degerleri Goodman ydntemine
gore incelenmistir [10].

analizlerde Fatigue

1200

1000 Ti-BAl-4V
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Sekil 4. Titanyum (Ti6Al4V) malzemesi i¢in S-N diyagrami
(S-N diagram for titanium (Ti6AI4V) material)

Sinir sartlar

Malzeme tanimlanmasindan sonra kirtk hattinda
sirtinmesiz ~ (frictionless)  kontak  tanimlanmasi
yaptlmigtir. Ayrica vidalar ve klavikula arasinda

yapiskan (Bonded) kontak ve plak ile kemik arasinda
yine siirtinmesin dogrusu ne (frictionless) kontak
tanimlanmigtir. Kontaklarda MPC
Augmented Lagrange algoritmasi seg¢ilmistir. Favre ve

algoritmas1 ve
ark. tarafindan iki tip sinir ve yilikleme kogullar1 (eksenel
kompresyon ve asag1 dogru bikkme) kullanilmigtir. [11].
Her iki kosulda Sekil 5' de gosterildigi gibi klavikula
distal kisminda ayri ayri toplam 100 N asagt dogru
biikme ve 100 N eksenel kompresyon kuvveti
uygulanmistir [12, 13]. Klavikiilin sternal ucu biitiin
serbestlik derecelerine sabitlenmistir. Tiim modellerde
ayni sinir sartlari uygulanmistir.

Sekil 5. Sonlu elemanlar yiikleme ve sinir sartlari (Finite
element loading and boundary conditions)

3. BULGULAR (RESULTS)

Yapilan Non-lineer gerilim analizleri ve yorulma
hesaplamalar1 sonucunda en yiiksek von Mises gerilim
degerlerinin superiora yerlestirilen plaklarda meydana
geldigi goriigmiistiir. Analizler sonucunda plak yerlesim
yerlerine gore plakta ve kemikte meydana gelen gerilim
dagilimlan Cizelge 2’de verilmektedir.
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Cizelge 2. Sonlu elemanlar Analiz Sonuglar (Finite Element Analysis Results)

Yiiklenmeler Meydana Gelen Gerilmeler Omiir
Superior Plak Anterior Plak Superior Plak Anterior Plak
C o~
2 ‘éi Eksenel Kompresyon 170,24 70,965 2,11E+09 2,11E+09
c O
% 2 g | Bikme 578,47 432,78 20292 2,11E+09
oo —=
== Tiim Kuvvetler
g 3 Uygulandiginda 681,07 480,46 1503,4 154930
C ~
2 8 | Eksenel Kompresyon 35,822 11,366
g8s
€ g 2 | Bikme 101,6 56,8
(5]
¥ ST Tiim Kuvvetler
% & Uygulandiginda 137,39 62,888

Bu sonuglara gore, tiim kuvvetlerin uygulandigi durumda
anteriora yerlestirilen plak i¢in maksimum von Mises
gerilme 480,46 MPa ve yorulma omrii 154930 c¢evrim
olurken superiora konumlandirilan plak i¢in maksimum
von Mises gerilme 681,07 MPa ve yorulma 6mrii 1503,4
cevrim olarak hesaplanmistir. Sekil 6 da Superiora
plakta meydana gelen maksimum von Mises gerilmesi ve
omriinii, Sekil 7° de anterior yerlestirilen plakta meydana

ve Omri
goriilmektedir. Yine analiz sonuglaria bakildiginda her
iki konumda biikkme kuvvetinde plak ve kemikte daha
fazla gerilmeye maruz kaldig1 goriilmektedir.

gelen maksimum von Mises gerilmesi

Tim kuvvetlerin uygulandigi durumda kemik yapida
meydana gelen maksimum von Mises gerilme degerleri
sekil 8’de goriilmektedir. Anterior’a yerlestirilen plakta

a)

b)

Sekil 6. Superiora yerlestirilen plakta tiim kuvvetler uygulandiginda meydana gelen a) Maksimum von-Misses Gerilme b) Omiir
(a) Maximum von-Misses Stress b) Lifetime that occurs when all forces are applied to the plate placed in the Superior)

a)

221105
154935 Min

b)

Sekil 7. Anterior yerlestirilen plakta tiim kuvvetler uygulandiginda meydana gelen a) Maksimum von-Misses Gerilme b) Omiir ((a)
Maximum von-Misses Stress b) Lifetime that occurs when all forces are applied to the plate placed in the Anterior)
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maksimum von Mises gerilmesi 65,568 MPa olurken
superiora yerlestirilen plakta maksimum von Mises
gerilmesinin 101,6 MPa oldugu goriilmektedir.

tasarimlar1 ~ arasindaki ~ biyomekanik  stabiliteyi
kargilagtirmugtir  [18]. Onlarin  deneysel sonuglart,
anterior kaplama tekniklerine goére iistiin plakalarda

a)

b)

Sekil 8. Analizler sonucunda klavikulada meydana gelen maksimum gerilmeler a) Anterior b) Superiora (Maximum stresses
in the clavicle as a result of analysis)

4. TARTISMA (DISCUSSION)

Ortopedi uzmanlar1 klavikula kiriklarmin - optimal
tedavisi ile ilgili olarak ikiye bdoliinmiistiir, ancak
ortopedik cerrahi alaninda orta saft klavikikula
kiriklarinda kullanilan plagin nasil konumlandirilacag:
giderek daha fazla 6nem kazanmaktadir [6]. Mevcut
calismada, sonlu elemanlar analizi, klavikula kiriklarinda
plagin yerlesim yerinin 6miir tayini ve kararlig1 agisindan
kargilagtirmak amaciyla kullanilmigtir. Yapilan bu
calisma sonuclarinin  klavikula kiriklarinda plagin
yerlesimi konusunda ortopedistlere yol gosterebilecegi
diigiiniilmektedir.

Aragtirmalar ig¢in en uygun yontemi Klinik ve
biyomekanik c¢alismalardir, ancak klinik g¢aligmalarda
¢ok farkli sorunlar meydana geldigi i¢in sonug almak zor,
baz1 zamanlar ise imkansizdir. Bunun yani sira kadavra
caligmalar1 ve diger biyomekanik ¢aligmalar i¢in gerekli
deneysel test cihazlari yapmak hem zor hem de zaman
alict ve maliyetlidir. Sonlu elemanlar analiz teknigi
stirekli gelistirilmekte ve analizler sonucunda bir¢ok veri
elde edilmektedir. Ayrica parametreler cogaltilarak
birgok kombinasyonun simiilasyonu yapilabilir ve
sonuglar karsilagtirilabilir.

Acik rediiksiyon internal fiksasyon teknigi, ameliyat
stiresinin azalmasi, kirik iyilesmesinin etkinligi ve daha
az tibbi masraf gibi klinik bulgularla klavikula kiriginin
tedavisinde kabul edilmistir [14-16]. Birka¢ caligmada
orta saft klavikula kiriginin konservatif tedavisinden
sonra zay1f klinik sonug bildirilmistir. Konservatif tedavi
sonrast (malunion, sendikal olmayan, instabilite vb.)
sozii edilen genel komplikasyonlarin yam sira, Hill ve
ark. tarafindan yapilan klinik ¢aligmada kirik alanindaki
kisalma sorunu hastalarin %31' inde yagsanmigtir [17]. Bu
nedenle, tatminkdr bir klinik sonu¢ elde etmek icin
anatomik  rediiksiyon  ve  klavikula  plakas:
sabitlemesinden sonra yapisal stabilitenin korunmasi
sarttir. Daha 6nce, lannotti ve ark. orta saft klavikula
kirigma {istiin ve anterior fiksasyon i¢in ¢esitli plaka
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eksenel kompresyonda ve eksenel torsiyonda daha fazla
yapisal sertligin goriildiigiinii gostermistir. Farve ve ark.’
nin ¢aligmasinda da sonlu elemanlar analizleri ile benzer
sonuglar bildirilmistir. [11].

Bu ¢alismada bazi sinirlamalar da dikkate alinmalidir.
Sadece homojen, izotropik ve dogrusal elastik malzeme
ozellikleriyle sonlu elemanlar analizleri yapilmistir. Bu
sonuglar, biyomekanik testlerin sonuglarini tahmin
etmede rehberlik saglayabilir. Bununla birlikte, bu
calismada uygulanan modellerin tam olarak gecerliligi
icin pratik bir biyomekanik test sarttir. Ayrica omuz
eklemini  (deltoid, supraspinatus, infraspinatus,
subskapularis, teres major ve minor kaslar vb.) gecen
yumusak dokularin kuvvetleri ve biyomekanik etkileri
g6z ardr edilmistir. Ayrica farkli plak geometrilerinin
etkilerine bakilmamustir. Bununla birlikte, bu ¢alisma,
klavikula biyomekaniginde gelecek ¢alismalar igin
referans olacak bir analiz igermektedir.

5. SONUC (CONCLUSION)

Yapilan sonlu elemanlar analizi sonucunda, klavikulada
meydana gelen orta saft kiriklarinin tedavisinde plagin
yerlesim konumun etkisi incelenmistir. Ozelikle, bu
calismada yapilan sonlu elemanlar analizleri ile elde
edilen veriler dogrultusunda anteriora yerlestirilen plak
modelinde konsol biikiilme ve eksenel kompresyon
altinda en diigik gerilmenin meydana geldigi tespit
edilmistir. Ayrica, anteriora yerlestirilen plakta en uzun
omriin meydana gelmesinden dolayr kirilma kararligi
acisindan daha giivenli oldugu belirlenmistir. Elde edilen
verilerin klinik ¢aligmalar ile benzerlik gosterdigi
belirlenmigtir[19, 20].
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ABSTRACT
A comprehensive study was presented on swarm algorithms used in the inverse kinematic solution which is the basis of robot
control in this paper. Because it is a complex and difficult problem group, the inverse kinematic solution is an important problem
especially in robot arms with a lot of joints. So, swarm optimization techniques which were inspired by the animals in the nature,
are often used by researchers, because these techniques find the best solution in a particular solution space. Artificial bee colony,
firefly algorithm and particle swarm algorithm are the swarm techniques mentioned in this study. Since, these algorithms are
frequently used in inverse kinematic solution in the literature.

Keywords: Robotic, inverse kinematics, swarm algorithms.

0z
Bu calismada, robot kontroliiniin temelinde bulunan ters kinematik ¢6ziimiin bulunmasi i¢in kullanilan siirii algoritmalarinin
kapsaml1 bir arastirmasi sunulmustur. Ters kinematik ¢6ziim karmagik ve zor problem gruplari arasinda oldugundan 6nemli bir
problemdir. Ozellikle bu durum robot kolunun ¢ok fazla sayida eklemi bulundugunda ¢ok daha zorlagsmaktadir. Bu nedenle
dogadaki hayvanlarin davranislarindan esinlenilen siirii optimizasyonu teknikleri arastirmacilar tarafindan sik sik kullanilmaktadir.
Ciinkii bu teknikler parcacik ¢dzlim uzaymndaki en iyi degeri elde etmektedirler. Yapay ar1 kolonisi, ates bdcegi algoritmast ve
pargacik siirii algoritmasi bu ¢aligmada bahsi gegen tekniklerdir ve literatiirde siklikla tercih edilmiglerdir.

Anahtar Kelimeler: Robotik, ters kinematik, siirii algoritmalari.

1. INTRODUCTION [10], commerce and control [11]. These optimization
techniques have been used frequently in the inverse
kinematic solution and effective results have been
obtained. The solution of this problem is the most
fundamental problem in robotics and it can take a long
time especially in complex robots [12]. They obtained the
inverse kinematic solution of a six-jointed puma robot
using the artificial bee colony algorithm. They obtained
the results in terms of position error and solution time,
and compared these results with the PSO algorithm. It has
been seen that the bee algorithm used in the study
provides much better results both in terms of position
error and working time [13]. Pham and his friends have
. ] ) o . altered the food search behavior of the bees in order to
A new industrial revolution which its name is the fourth  gpi3in more effective solutions and have introduced a
industrial revolution is being spoken today. Because the  ne\y approach. They have realized the inverse kinematic
basis of this revolution is industrial robots the most  sqjytion with multi-layer neural network and used the bee
important features of which are accuracy, speed and  cojony algorithm to train the artificial neural network
efficiency, the inverse kinematics that is the  [14] Rokbaniand his friends have computed the inverse
determination of the angle of the joints from the position  yinematic solution of a three-jointed robot arm using a
of the end effector of a robot is important [8]. In addition, relatively recent heuristic approach based on the

Nature has contributed incredibly to the development of
modern technology. Because today, the most advanced
technologies of human beings are based on inspiration
from nature. Swarm algorithms which were inspired by
animals such as birds [1], fish, bees [2], fireflies [3] and
ants [4], are one of the best examples. Despite the fact
that the individuals of the swarms do not have a
complicated structure, swarm intelligence emerges
thanks to this cooperation of the individuals [5]. These
algorithms are widely used to solve the most difficult
problems [6] such as route determination, scheduling and
inverse kinematics in almost all areas [6].

effective control of robots in the industrial revolutionwill 5 mmunication methods of fireflies. The results of the
gain importance. Therefore, the inverse kinematic issue study were obtained in terms of position error and
has become even more important. solution time. [15]. Durmus and his friends have solved

Swarm algorithms have been widely used by researchers  this problem using both particle swarm optimization and
in many areas such as science, engineering [9], robotics  harmony search algorithm algorithms and have compared
their results and they carried out the tests using six jointed
*Sorumlu Yazar (Corresponding Author) puma type robots. The results are discussed as the
e-posta : dereli@sakarya.edu.tr position error and the average solution time of the
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algorithms and ultimately the PSO seems to produce
much better values than the HSA [16]. Ayyildiz and
Cetinkaya have used four heuristic techniques two of
whom are swarm algorithm to obtain inverse kinematic
solutions of a 4-jointed robot which is a self-designed
robot manipulator and they compared the results obtained
with these four algorithms. They observed the results of
the algorithms with two different scenarios. One of these
scenarios is to find a hundred different points randomly
determined in the working space, and the other is to
estimate a predetermined trajectory. They compared the
four optimization techniques in terms of runtime and
position error. [17]. Huang and his friends have
calculated the inverse kinematic solution of a much more
complex seven-jointed robot arm with the PSO
technique. they separately evaluated the position errors
occurring in the x, y and z axes and specifically stated in
the study. They have set a separate performance index as
a fitness function and have preferred to go through it as a
result [18].

2. KINEMATIC ANALYSIS OF A SAMPLE
ROBOT ARM

In this study, different robot arms were used in all the
researches cited. However, in order to demonstrate how
kinematic analyzes are done, the robotic arm shown in
Figure 1. Kinematic analysis calculations are very
important to determine the movements of robots in
working spaces. The robot arm which has seven
articulated and redundant features, to be taken as an
example in this study appears in Figure 1 [19].

The method recommended by Denavit-Hartenberg is
used for position and orientation information of the end
effector of a robot manipulator in the working space. In
this method, the relation between links is expressed by
homogeneous transformation matrices which are
obtained with the aid of DH parameters [20, 21].

Figure 1. The structure of 7-degree of freedom (DOF) robot
arm
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Table 1. DH Parameter of the 7-DOF Robot Arm

i | ai(m) ai(o) | di(m) 6i(0)
1 |0 90 | L1=05 | -180<0©1<180
2 |L2=02 |90 |0 -90<02<30

3 |L3=025 |-90 |0 -90<©3<120
4 [L4=03 |90 |0 -90<04<90

5 |L5=02 |-90 |0 -90<05<90

6 |L6=02 |0 0 -90<06<90

7 |L7=01 |0 D7=0,05 | -30<©7<90

The position equations (Px, Py and Pz) of the robot arm
according to the DH parameters in Table 1 are as follows:

Px =(clc2c3c4-s1s3c4-c1s2s4)(c5¢617¢7-
€5s617s7- s5d7+c516¢c6+15¢5)+(-c1c2s3-s1c3)
(s5c617¢c7s5s617s7+c5d7+s5¢616+15s5)+
(clc2c3s4-s1s3s4+ clcds2)(-s6l7¢c7-c617s7-
16s6) +clc2(c3c4l4+13c3)-s1(s3c4l4+13s3)-
c1s214s4+ clc2l2

@)

Py = (slc2c3c4+cls3c4-s1s2s4)(c5¢617¢7-
€5s617s7-s5d7+c5¢616+15¢5)+(-s1c2s3+c1c3)
(s5¢617c7-s5s617s7+c5d7+55¢616+1555)+
(slc2c3s4+cls3sd+sls2c4)(-s617¢7-c617s7-
16s6)+s1c2(c3c4l4+13c3)+cl(s3c414+13s3)-
s1s2l4s4+s1c2I2

@

Pz = (-s2c3c4-c2s4)(c5¢617¢7-c55617s7-s5d7+
€5¢616+15¢5)+(s253)(s5¢617¢c7-s55617s7+
c5d7+s5¢616+15s5)+(-s2¢c3s4+c2c4)(-s617c7-
c617s7-1656)-s2(c3c4l4+13c3)-c214s54-12s2+I11

©)

3. POSITION ERROR AND FITNESS FUNCTION

Optimization is accomplished by creating a fitness
function in the process of obtaining optimum value by
using swarm algorithms. This function is recalculated at
each iteration and compared to the previous best value.
Thus, optimum value is obtained at the end of the cycle
and optimization is achieved [22].

In inverse kinematics applications, the fitness function is
based on position error. In Figure 2, P1 is the actual
position and P2 is the position calculated by the fitness
function. The position error formula shown in Figure 2



A COMPREHENSIVE RESEARCH ON THE USE OF SWARM ALGORITHMS IN THE INVE... Politeknik Dergisi, 2019; 22 (1) : 75-79

can be obtained as in Eq. 4. The main purpose in the
position error is to get the minimum value. As a result,
using these algorithms, the most optimal seven joint
angles of the robot arm in fig. 1 must be found.

Position Error =/ (x;—x)F + (% =y 2 + (2. —7,)F (4

‘ Distance (Position Error)

P2=(X2,Y2,Z2)

P1=(X1,Y1,Z1)

Target Position

Figure 2. Representing the position error

4. USAGE OF SWARM ALGORITHMS
4.1. Particle Swarm Optimization

This optimization technique which was first used by
Kennedy and Eberhart [1] is based on the movement of
the birds. Its easy applicability and its powerful control
parameters are important advantages of this algorithm
[23]. In this algorithm, the particles travel at a certain
speed (eq. 5) and reach a new position (eg. 6).

Vig = Vig + C1.T1. (Dpest — Xig) + C2-72. (Gpest (5)
= Xiq)
Xig = Xig T Vig (6)

The inverse kinematic solution follows the following
steps:
1. The number of particles (p) and iterations (n) is
determined.

Seven joint angles are determined randomly for
each particle.

The difference between the position obtained by
randomly determined joint angles and the actual
position is calculated according to equation 4. (only
first particle)

The difference obtained according to step 3 is stored
in memory as both local (pbest) and global best
value (gbest).

5. The iteration (n) loop is started.

2.
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5.1 The particle (p) loop is started.

5.1.1. The position error for each particle is
calculated (pbest).

5.1.2. If the computed position error is less than
the local best value (pbest), the new value
is obtained.

5.2 The particle loop ends.

5.3 The local best value (pbest) is compared to the
global value (gbest), and if it is smaller, it
becomes the new global value (gbest).

5.4 The joint angle values of the particles are
updated according to the speed (eq. 5) and
position equation (eq. 6).

6. The iteration loop ends.

7. The global best value (gbest) holds the optimum
position error.

4.2. Artificial Bee Colony

The ABC algorithm which was first used by Karaboga in
2005 [24], was developed by inspiring food search
exploits of honey bees. This swarm algorithm consists of
three types of bees: a worker, onlooker and a scout.
Worker bees store nectar from randomly generated food
sources. Onlooker bees are distributed to the food sources
according to the dances of the workers' bees and they
continue to carry the nectar to the hive. If there is no more
nectar to carry to the hive, the onlooker bees turn into
scout bees and they randomly look for a food source [25].

xi_j = mein + Tand(O,l)(xjmax — xj‘_m-i‘n.) (7)
V=Xt @ (X — Xy j) ©)
9)

N
P = fiti/Zfiti
j=1
The inverse kinematic solution follows the following
steps:
1. The number of bee population (p) and iterations (n)
is determined.
. Seven joint angles are randomly determined for
each member of the population (Eq. 7).
. The population loop is initiated (employed bees).
3.1. The position error of each member in the
population is calculated.
3.2. The lowest value of the position error is stored
in the memory as the global best value.
. The population loop is finished.
. The iteration (n) loop is started.
5.1. The population (p) loop is initiated (onlooker
bees).
1. Neighboring food sources are searched by
onlooker bees (A randomly selected joint
angle is changed according to Eq. 8.).

ol
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2. The position error is calculated according
to the new situation.
3. Ifthe new position error is less than the old

value, it is chosen as the best value.
Otherwise, the possibility of abandonment
of the food source is increased.

5.2. The population loop is finished.

5.3. If the probability of abandonment of the food
source of each member of the population is
exceeded, the scouts are sent to a random food
source.

5.4. The local best value is compared to the global
best value.

6. The iteration loop is finished.
4.3. Firefly Algorithm

This swarm optimization technique is an algorithm that
is based on the natural behavior of fireflies in tropical
climate regions. These fireflies use their lights to give
fear to the enemy and to attract other fireflies [26]. Firefly
whose light is brighter than the others, are the closest to
solving. This algorithm was first used by Yang in 2008
[27].

[=le "’ (10)
ﬁ = ﬁoe_yrz (11)
P (12)
ry = | —x = Z(xi - X))
k=1
X; = x; + ,Boe‘”2 (xj - xi) + ag; (13)

The inverse kinematic solution follows the following
steps:

1. The number of particle (p) and iterations (n) is
determined.

2. Seven random joint angles are created for each
particle.

3. The position error of the particles is calculated and
the local best value (Pbest) is found.

4. The iteration (n) loop is started.
a. The particle (p) loop is started. (first loop-i)
i. The particle (p) loop is started. (second loop-j)
ii. Pbest[j] is less than Pbest[i]?

1. The distances of the joints to each other
are found (Eq. 12)

2. The coefficients in Eq. 10 and Eq. 11 are
calculate

3. The seven joint angles belonging to the i.

particle are approximated to the j. particle
(Eq. 13).
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4. The new position error value of the particle
is calculated.

iii.All Pbest values are compared and the best Pbest
value is found.

b. All Pbest values are sorted from small to large.
5. The smallest value is stored as Gbest.
6. The iteration (n) loop is finished.

5. COMPARISON OF THE OBTAINED RESULTS

The data obtained regarding the studies examined in this
study are presented in Table 2 in detail.

Table 2. Comparison of the techniques studied in the literature

Paper | Robot | Used Comparative
Arm Technique | Technique

Bee PSO

[13] | 6-DOF | 6.31e-13 | 3.32¢-08 Error
0.0286s | 0.0361s Time
10 Firefly | 60 Firefly

[15] | 3-DOF | 1.27e-17 1.78e-18 Error
1.21e-03s | 7.15e-3 s Time
PSO HSA

[16] | 6-DOF | 3.32e-08 2.31e-04 Error
0.0361 s 0.376s Time
PSO GA

[17] | 4-DOF | 7.70e-06 3.96e-04 Error
0.0196 s 0.1753 s Time
PSO -

[18] | 7-DOF
2.24e-2 - Error

The inverse kinematic calculations, researchers focused
on the position error of the end element and obtaining
time of the coordinates of the correct point. PSO
algorithm has been widely used in inverse kinematic
calculations because it has powerful search features and
is an easy to apply technique. Although the PSO
algorithm is widely used, the bee and firefly algorithms
produce much better results than the PSO technique.
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6. CONCLUSION

Swarm algorithms such as particle swarm optimization,
artificial bee colony and firefly algorithm are very
effective in inverse kinematics calculations as well as in
many applications. Researchers which used swarm
algorithms have first turned their problems into a fitness
function. In this study the use of these algorithms is
described in their step-by-step manner. In the narration,
a robot arm that he has seven joint was sampled.
Kinematic analysis of this robot arm was performed and
the fitness function was established by using the
equations which emerged as the result of these analyzes.
Thus, the study carries the characteristics of a horizon for
researchers who will use these algorithms in their studies.
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oz

Bu calismada, basingsiz infiltrasyon yontemiyle iiretilmis olan SiO2 takviyeli AA7075 matrisli kompozitlerin aginma davranislar
incelenmigtir. Caligma kapsaminda 7075 Al alagimu igerisine %10, 20, 30 ve 40 takviye-hacim orani olusturacak sekilde farkli
oranlarda SiOz ilave edilerek infiltrasyon yontemiyle iiretilmistir. Uretilen numunelerin yogunluk dlgiimleri Arsimet prensibine
gore, sertlik dlgiimleri ise mikro sertlik cihazinda 2 N yiik uygulanarak Vickers olarak dlgiilmiistiir. Asinma testleri pin-on-disk tipi
asmma cihazinda 1 ms? kayma hizinda 15 N yiik altinda bes farkli kayma mesafesinde test edilmistir. Yapilan calismalar
sonucunda, takviye elemani olarak AA7075 alasimina ilave edilen SiO2 miktar1 arttikca, kompozitlerin yogunluklart azalirken
sertlikleri artmaktadir. Bununla birlikte, ilave edilen SiO2 miktarindaki artisa bagh olarak aliiminyum kompozitlerin agirhk
kaybinin ve siirtiinme katsayilarmin da azaldigi belirlenmistir.

Anahtar Kelimeler: AA7075, SiOz, infiltrasyon yontemi, asinma davranisi.

Investigation of Wear Behaviors of SiO, Reinforced
Aluminium Composites Produced by Pressureless
Infiltration Method

ABSTRACT

In this study, the wear behaviors of SiO: reinforced AA7075 matrix composites produced by pressureless infiltration method were
investigated in the scope of the work, 10%, 20%, 30%, and 40% SiO2 were added into AA7075 Al alloy and produced by infiltration
method. Produced samples’ density values were measured by Archiment method, hardness values were measured in micro hardness
device under 2 N load. Wear tests were performed using 1 ms™ sliding speed at five difference sliding distance under 15 N load by
pin-on-disc type apparatus. As a result of the study, the density values were decreased by increasing SiO2 amount and hardness
values were increased by increasing SiO2 amount. In addition the weight loss and friction coefficient were decreased depending on
increasing of SiO2 amount.

Keywords: AA7075, SiOz, infiltration method, wear behavior.

1. GiRiS (INTRODUCTION) gibi bazi Onemli dezavantajlarnin  olmast bu

Modern miihendislik alanlarinda kaydedilen yeni malzemelerin kullanimlarini sinirlandirmaktadir [1,2].

gelismeler, geleneksel metal ve alasimlarinin yeni hizmet ~ Ticari aliiminyum ve alagimlarimin  bu  olumsuz
alanlariin  ihtiyaglarmi  karsilayamadigi igin, yeni  Ozelliklerinin giderilmesinde kullamlan en yaygin
malzemelere olan talepleri de arttirmaktadir. Son  yOntemlerden birisi de bu malzemelere sert takviye
yillarda, bu boslugun kapatilmasinda tercih edilen en  elemanlari ilave etmektir [3-10]. Bu sekilde bu
onemli malzeme grubu, metal matrisli kompozit malzemelerin dayanim ve sertlikleri 6nemli derecede
malzemelerdir. Metal matrisli kompozitlerin iiretiminde ~ artirlmaktadir  [11]. Bu malzemeler, yapisal ve
en yogun kullanilan metal alagimlart, diisiik yogunluklars ~ fonksiyonel  kullamm  alanlarinda  mukavemetleri,
ve kolay iretilebilirlikleri nedeniyle aliiminyum iyilestirilmis asinma direngleri, yiiksek sicaklik
alagimlaridir.  Aliminyum  ve alagimlarimin ~ iyi ~ dayanimlari ve avantajh termal-fiziksek ozellikleri ile
ozelliklerinin yani sira asinma dayaniminin diisiik olmas1 ~ cazip durumdadirlar [12,13]. Metal matrisli kompozit
malzemeler yiiksek sicaklikta yiliksek mukavemet,
*Sorumlu Yazar (Corresponding Author) oldukg¢a iyi yapisal ve boyutsal kararlilik, hafiflik ve
e-posta : ijlalispir@karabuk.edu.tr kolay iiretilebilirlik gibi 6zelliklerin énemli oldugu ileri
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teknoloji alanlarinda, bu ozellikleri karsilamaya en
kuvvetli aday malzeme grubu durumundadir.
Aliiminyum matrisli kompozitlerin liretiminde kullanilan
yontemlerden birisi de, infiltrasyon yoOntemidir. Bu

yontemle tretilen parcacik takviyeli kompozit
malzemeler, otomotiv sektoriinde ve Ozellikle motor
pargalarinin  iiretiminde  kullanildiklart  i¢in  bu

malzemelerin aginma davraniglart 6nemlidir. Kayma
hizi, uygulanan yiik, kayma mesafesi, takviye elemani
oram ve takviye elemani boyutu gibi parametreler
kompozit malzemelerin asinma davranig1 {izerinde
etkilidir [14]. Bundan dolay:r aliiminyum kompozit
malzemelerin aginma testleri sirasinda meydana gelen
asinma mekanizmalarinin, siirtinme davraniglarinin ve
meydana gelen asinma miktarlarinin iyi tanimlanmasi
gerekir. Yapilan bu caligmada, basingsiz infiltrasyon
yontemi ile tiretilen ve farkli miktarlarda SiO2 ile takviye
edilen AA7075 alasimlarinin asmma davraniglari
incelenmistir. Uretilen kompozit malzemelerin mikro
yapilari baz alinarak agirlik kaybi1 ve siirtiinme katsayilari
aciklanmaya calisgtlmigtir.  Ayrica asinma  ylizeyi
incelemeleri ile de testler sirasinda meydana gelen
muhtemel aginma mekanizmalari tanimlanmuistir.

2. MATERYAL VE METOD (MATERIAL and
METHOD)

Infiltrasyon yontemi ile SiO; pargacik takviyeli
alliminyum matrisli kompozitlerin iretimi
gerceklestirilmistir. Infiltrasyon isleminde, 30 mm dis
cap ve 1 mm et kalinligina sahip 300 mm boyunda
paslanmaz ¢elik borular kullanilmigtir. Celik borunun alt
kismina, tozlarin dokiilmesini engelleyecek 75 um goz
acikligina sahip paslanmaz celik filtre yerlestirilmistir.
AAT075 ve SiO; tozlar1 %10, 20, 30 ve 40 takviye-hacim
oran1t olusturacak sekilde karistirilarak, c¢elik boru
icerisine 70 mm yiiksekliginde serbest halde
doldurularak iist kismina ayni filtre yerlestirme islemi
uygulanmistir. Bdylece tozlarin vakumlama sirasinda
vakumla yukari ¢ekilmesi onlenmistir. Vakum sonrasi
borular sivi metalden ¢ikarilip normal ortamda
sogutulmustur. Celik borular kesilerek infiltre edilmis
kompozit malzemeler  ¢ikarilmustir. Deneysel
calismalarda kullanilan AA7075 aliminyum alagiminin
kimyasal bilesimi, Cizelge 1’de verilmistir.

Uretilen alagimlarin  yogunluk odlciimleri PRECISA
XB200 marka (maksimum 220 gr 0,01-1/10000 gr
hassasiyetli) yogunluk 6l¢lim kitinde Arsimet prensibine
gore yapilmistir. Yogunluk dlglimleri yapilan alagimlarin
sertlik Ol¢timleri Shimadzu marka mikro sertlik Slgiim

islemler ile hazirlanan numuneler 95 ml saf su, 2,5 ml
HNO3, 1,5 ml HCI, 1 ml HF (Keller's) daglayici ile 15-
20 saniye daglanmistir. Mikro yap1 incelemelerinde Jeol
JSM 6060 model tarama elektron mikroskop (SEM)
kullanilmistir. Asinma testleri laboratuvar ortaminda
kuru sartlar altinda pin-on-disk tipi cihazda ASTM:G99-
05 standardina gére yapilmistir. 10 mm ¢apinda ve 7 mm
yiiksekliginde iiretilen asinma numunelerinin yiizeyleri 1
um elmas pasta ile parlatilip asetonla temizlenmistir.
Testlerde 15 N yiik, bes farkli kayma mesafesi (300-600-
900-1200-1500 m) ve 1 msPlik kayma hiz
kullanilmugtir.  Kargilik  diski  olarak AISI 4140
malzemeden yapilmis ve 9230 mm ¢apinda, 20 mm
kalinliginda ve 60-64 HRC sertliginde celik disk tercih
edilmistir. Her test dncesinde hem numune hem de disk
ylizeyleri aseton ile temizlenmistir. Bdoylece testler
oncesinde her numune i¢in aym yiizey Kkalitesi
saglanmustir. Ayrica aginma testleri yapilan numunelerin,
asinma ylizeyleri SEM ile incelenmistir.

3. SONUCLAR VE TARTISMA (RESULTS AND
DISCUSSION)

Sekil 1’de basingsiz infiltrasyon yontemi ile iiretilen ve

farkli miktarlarda SiO, ile takviye edilen AA7075

alasimlariin mikro yap1 SEM goriintiileri verilmektedir.

Sekil 1. Basingsiz infiltrasyon yontemiyle {iretilmis olan SiO2
seramik partikiil takviyeli aliiminyum kompozit
malzemelerin mikro yapt SEM goriintiileri; %10 (a),
%20 (b), %30 (c) ve %40 (d) (The microstructure
SEM images of Al composites reinforced by SiO2
ceramic paticule produced by pressureless infiltration
method; 10 % (a), 20 % (b), 30 % (c), 40 % (d))

Cizelge 1. AA7075 aliminyum alagiminin kimyasal kompozisyonunun analizi (Chemical composition of AA7075 Al alloy)

Element Zn Mg Cu Fe

Cr Si Mn Ti Al

% Oran1 5,16 2,19 1,30 0,28

0,19 0,17 0,15 0,009 Kalan

cihazinda (HMV 2) yapilmustir. Her bir numuneden 10
noktadan sertlik Olgiilerek ortalamasi hesaplanmustir.
Mikro yapr incelemeleri igin standart metalografik

Sekil 1’de verilen SEM goriintiilerinde, takviye fazinin
matris igerisinde homojen bir dagilim sergiledigi net
olarak goriilememektedir. Buna karsilik, genel olarak
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takviye eleman1 miktarindaki artis, SEM goriintiilerinden
de kolaylikla goriilebilmektedir. Sekil 2’de ise iiretilen
SiO; takviyeli aliminyum kompozitlerin yogunluk ve
sertlik degisimleri verilmektedir.

1809 _a—Sertlik 7290
---- Yogunluk
170 m 285
."“-.
a T~ Ll
S 160 g, J280
= . %
) e z
£1501 . /‘/\ 1275 2
% l""// \"-. lgn
140 - “‘“\\_ 270 >
e
130 T T T T 2,65
10 20 30 40
% Si0, Miktar:

Sekil 2. SiOz miktarma bagl olarak sertlik-yogunluk
degisimleri (Hardness and density changing
depending on SiO2)

Sekil 2°de verilen yogunluk Ol¢glim  sonuglart

incelendiginde, farkli miktarlarda SiO, igeren

aliminyum kompozitlerin yogunluklarinin, SiO> miktari
arttikca azaldigi net olarak goriilebilmektedir. En yiiksek
yogunluk %10 SiO; ilave edilen aliiminyum
kompozitlerde elde edilirken, en diigiik yogunluk %40
SiOy ilave edilen kompozit numunelerde elde edilmistir.
Bunun goriinen en belirgin sebebi  SiO2’nin
yogunlugunun (2,65 gr/cm®), AA7075 alasimindan (2,84
gr/cm®) daha diisiik olmasidir. Yine Sekil 2°de verilen
sertlik degisimleri incelendiginde, AA7075 alasimina
ilave edilen SiO; miktar1 arttik¢a iretilen aliiminyum
kompozitlerin sertlikleri de artmaktadir. Elde edilen
sertlik sonuglarma gore en yiiksek sertlik degeri %40
SiO; igeren kompozitlerde (171 HMV) elde edilirken, en
diisiik sertlik degeri %10 SiO; ilave edilen kompozitlerde
(143 HMV) elde edilmektedir. Daha 6nce yapilan bazi
calismalarda da buna benzer sonuglar elde edilmistir
[15]. Metalik alagimlara ilave edilen takviye fazinin
artmasiyla birlikte sert ve kirilgan pargaciklar yapi
igerisinde homojen dagilarak kompozitlerin sertligi de
artmaktadir. Bunun nedeni ise Orowan mekanizmasi ile
aciklanmaktadir [16]. Sekil 3’de 15 N sabit yiik altinda
agindirilan SiO; takviyeli kompozit malzemelerin agirlik
kaybi, aginma oranlari, hacimsel kayiplar1 ve siirtiinme
katsayilar1 verilmektedir.

Sekil 3.a’da  verilen agirhk kaybt  sonuglari
incelendiginde, basingsiz infiltrasyon yoOntemiyle
retilen ve farkli miktarlarda SiO, ilave edilen

alliminyum kompozitlerde, en yiiksek agirlik kaybi, %10
SiO; takviyeli numunelerde elde edildigi belirgin olarak
goriilmektedir. Bu kompozitleri %20 ve %30 SiO;
takviyeli kompozitler takip etmektedir. En diisiik agirlik
kayb1 ise % 40 SiO takviyeli kompozitlerde elde
edilmistir. SiO; miktarinin artmasi ile malzemenin
sertliginin arttig1, asinma sirasinda aginmaya karsi direng
gostererek agirlik kaybini azalttig1 anlagilmaktadir. Yine
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Sekil 3.b’de verilen siirtiinme katsayilar1 sonuglarina
gore, kayma mesafesi arttikga, siirtiinme katsayisinin da
azaldig1 net olarak goriilebilmektedir. Verilen siirtiinme
katsayis1 grafiginde %40 SiOz takviyeli aliiminyum
kompozitlerin siirtiinme katsayilarinin, %30 ve %20 SiO>
takviyeli kompozitlere goére daha diisik oldugu
goriilebilmektedir. En yiiksek siirtinme katsayilari ise,
%10 SiO, takviyeli kompozitlerde elde edilmistir. Stinek
malzemelerde (Al, Cu gibi) asmnma oranlar1 mesafe
arttikca azalir. Bunun nedeni ise mesafe arttikga
malzemede termomekanik islem ve termal nedenden
dolay1 malzeme yiizeyinde oksit film tabakasi
olugmaktadir. Olusan oksit film tabakasi malzeme
yilizeyinde yaglayict gorevini gérmektedir ve siirtiinme
katsayis1 azalmaktadir [17-19]. Sekil 4’de aginma yiizeyi
SEM goriintiileri verilmektedir.
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Sekil 3. 15 N sabit yiik altinda asindirilan SiO2 takviyeli
kompozit malzemelerin agirlik kaybt ve asimnma
oranlari (a) ve siirtiinme katsayilar1 (b) (The weight
loss and wear rate (a), friction coefficient (b) of
composites materials reinforced SiOz under 15 N
loads)

T T T T
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Sekil 4’de basingsiz infiltrasyon yontemiyle iiretilmis
olan SiO; seramik partikiil takviyeli aliiminyum
kompozit malzemelerin aginma yiizeyi SEM goriintiileri
incelendiginde, %10 ve %20 SiO; takviyeli (Sekil 4(a,b))
numunelerin agmnma ylizeylerinde deformasyon etkileri
net olarak goriilmektedir. Artan SiO, miktari ile birlikte,
%30 ve %40 SiO, takviyeli (Sekil 4(c,d)) numunelerin
asinma ylizeylerinde ise plastik deformasyonun daha az
oldugu anlagilmaktadir. Sekil 2’de wverilen sertlik
sonuclarina bagli olarak sertlik arttikga, asinma
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yizeyinde meydana gelen plastik deformasyon da
azalmaktadir. Bu durum Sekil 3’de verilen agirlik kayb1
sonuglart ile de desteklenmektedir. Ayrica %30 SiO;
takviyeli (Sekil 4.c) numunenin asinma yiizeylerinde,
kismen dokiintiiler de meydana gelmektedir. Bunun
nedeni ise, kayma sirasinda numune yiizeyinde ve/veya
ylizeyin hemen altinda yorulma sonucu ¢atlaklarin
olusmasi ve testin ilerleyen asamalarinda bu ¢atlak
cevresinden kopan parcaciklardir [20]. Genel olarak
aginma yiizeyi SEM goriintiilerinden, abrasif aginma
mekanizmasmin - ve kismen de adhesif aginma
mekanizmasinin baskin oldugu anlasiimaktadir.

Sekil 4. Basingsiz infiltrasyon yontemiyle iiretilmis olan SiO2
seramik partikiil takviyeli aliminyum kompozit
malzemelerin asinma yiizeyi SEM goriintiileri; %10
(@), %20 (b), %30 (c) ve %40 (d) (The worn surface
SEM images of Al composites reinforced by SiO2
ceramic paticule produced by pressureless infiltration
method; 10 % (a), 20 % (b), 30 % (c), 40 % (d))

4. SONUC (CONCLUSION)

Basingsiz infiltrasyon yontemiyle {iretilen SiO; takviyeli
aliminyum kompozitlerin asmma davraniglarinin
incelendigi bu ¢alismadan elde edilen sonuglar asagida
belirtilmistir.

flave edilen SiO, miktar1 arttikga, kompozitlerin
yogunluklar1 azalmaktadir. En yiiksek yogunluk %10
SiO; igeren kompozitlerde (2,83 gr/cm®), en diisiik
yogunluk %40 SiO; iceren kompozitlerde (2,68 gr/cm®)
elde edilmistir.

flave edilen SiO, miktarina gore sertlik degismektedir.
En ytiksek sertlik degeri %40 SiO; igeren kompozitlerde
(171 HMV), en disiik sertlik degeri %10 SiO, ilave
edilen kompozitlerde (143 HMV) elde edilmistir.

flave edilen SiO, miktarindaki artisa bagli olarak

aliminyum kompozitlerin agirhk kaybmin azaldigi
belirlenmistir.

Uretilen aliiminyum kompozitlerin  agirhik  kaybi
azaldikea, siirtiinme katsayilari da azalmaktadir.
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oz
Fiziksel Buhar Biriktirme (FBB) metodu kullanilarak iiretilen koruyucu kaplamalar sayesinde makine parcalarinin ¢aligma émrii
arttirilabilir. Bu ¢aligmada da bu faydanin saglanabilmesi i¢in ~0.25 pum kalinligindaki ZrN kaplamalar Cam Elyaf Takviyeli Epoksi
(CE/EP) ve Karbon Elyaf Takviyeli Epoksi (KE/EP) kompozitlerin {izerine Magnetron Sigratma Y 6ntemi ile kaplanarak erozyon
direncinin arttirilmas1 amaglanmustir. Deneyler, 53 m/s ¢arpma hiz1 ile 30°, 60° ve 90° ¢arpma agilarinda gerceklestirilmistir.
Deneylerde 200 um ortalama gapindaki Al2Os agindirict partikiiller kullanilmustir. Farkli parametrelere bagl olarak deneyler
yapilmasina ragmen tiim numuneler i¢in literatiirde siinek malzemelerde karsilagilan durum gézlemlenmis olup 30° ¢arpma agisinda
maksimum erozyon orani belirlenmistir. Erozyon mekanizmasini karakterize etmek i¢in yiizeylerin optik mikroskop goriintiileri
elde edilmistir. Asinma siirecinin ilerlemesinde matris ve kaplama formunun her ikisinin etkisinin de baskin bir rol oynadig
bulunmustur. Altlik malzeme ile kaplama tabakasina ait ara yiizeydeki degisimi hassas bir sekilde agiklamak i¢in malzeme kaldirma
islemi ile erozyon oraninin degisimindeki uyuma dikkat edilmistir.
Anahtar Kelimeler: Kati partikiil erozyonu, ZrN kaplama, CE/EP, KE/EP, FBB.

The Effects of Solid Particle Erosion of Zrn Coating
Material on Gf/Ep and Cf/Ep Composites by Using
PVD Method

ABSTRACT

Protective coatings produced by using Physical Vapour Deposition (PVVD) method can increase the life time of the components.
Therefore; in this study, ~0.25 um thickness ZrN coatings are applied on Glass Fiber Reinforced Epoxy (GF/EP) and Carbon Fiber
Reinforced Epoxy (CF/EP) composites by magnetron sputtering to gain an improved understanding of the erosion resistance. The
impingement angles used in the tests were 30°, 60° and 90°, while the impact velocity was 53 m/s. Al2O3 abrasive particles with
an average diameter of 200 um was used. All test specimens regardless of their various properties exhibit maximum erosion rates
at 30° impingement angle and thus exhibiting similar behavior as that observed for ductile materials. Optic microscopic views were
performed on the surfaces in order to characterize the erosion mechanism. The erodent particles of the both coating layer and
composite matrix were found of main role in governing the wear progression. The measured erosion rates were sensitively
correlated with the material removal process in order to explain the changes within the coated interfaces.

Keywords: Solid particle erosion, ZrN coating, GF/EP, CF/EP, PVD.

1. INTRODUCTION a certain velocity carried by liquid or gas ambient for

Solid particle erosion impresses many industries such as ~ ComMposite materials.

aerospace, power generation, coal mining, as well as in At the studies in literature the parameters affecting
manufactured goods like pipe line in petroleum refining,  erosion and erosion process are examined under two
helicopter rotor blades, pump impelling blades, rocket  headlines as additive and coated composites. As in other
nozzles in jet engines, which caused great economic tribological systems, erosion is related with operation
losses. The erosion wear system is characterized as parameters (particle velocity and flow rate, impact angle,
material loss at surface caused by continual impact of  temperature) erodent properties (shape, dimension,
particles having various shape, dimension, structure and  hardness, density), target material properties and
environmental test conditions. As it is not possible to
*Sorumlu Yazar (Corresponding Author) express a lot of parameters and their effects to process on
e-posta : mehmetbagci@selcuk.edu.tr a single variable, alternative additives and coating
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materials were derived in researches aiming at a
modeling erosion.

The world of advanced science and technology has
always been in need of materials with excellent
properties for better operational performances. Parallel to
such needs, the importance and industrial utilization of
polymer composites have tremendously increased. The
composites are extensively used as structural materials in
various components and engineering parts in automobile,
space craft industry, marine and energy conversion
systems due to their unique specific properties. The
underlying reason for this is the fact that these composite
materials exhibit high strengths, possess better coating
properties and are economic as well. Meanwhile,
advanced scientific researches on these materials are
progressively carried out.

Many researchers have been interested in the solid
particle erosion behavior of metal, polymer and their
composite materials worn by erodent. While fiber
reinforced polymers take place in most of the studies
conducted on erosion of composites, studies involving
erosion on composites with coating materials can hardly
be encountered. The poor erosion wear resistance of
thermoplastic composites causes severe problems if the
material is subjected to solid particle erosion. To
overcome this problem, erosion wear resistant magnetron
sputtered PVD coatings were deposited on Glass Fiber
Reinforced Epoxy (GF/EP) and Carbon Fiber Reinforced
Epoxy CF/EP substrates. This is due to the fact that it is
not easy to clearly understand wear mechanisms of these
types of composites, properties of their components and
their interface interactions.

In studies made in this field, additive materials were
generally developed for ductile and brittle materials and
in case single abrasive particle or multiple abrasive
particles track the surface.

Srivastava [1] scrutinized the effects of particle,
impingement angle and particle velocity on the erosion
wear behavior of E-glass fiber reinforced epoxy resin
composites. In that study, the erosive wear of wheat flour
powder filled composites is evaluated at different
impingement angles from 30° to 90° and at three different
velocities of 24, 35 and 52 m/s. Pure glass epoxy without
any filler shows the highest erosion rate due to weak
bonding strength. Mohan et al. [2] reviewed the effect of
incorporation of tungsten carbide (WC) powders on
erosive wear behavior in glass fabric-epoxy (G-E)
composites. The effect of different impact velocities (40
and 80 m/s) and impact angles (30° to 90°) on the
performance of the wear resistance of the composites
were measured. The results of erosive wear losses,
impact angle, and impact velocity and erosion rate of
filled and unfilled glass-epoxy composites were analyzed
and discussed. The WC filled G-E composite exhibited a
lower erosion rate as compared to that of unfilled G-E
composites. Yang et al. [3] investigated the erosion
behavior of EB-PVD thermal barrier coatings (TBCs)
with real morphology based on FE simulation. An FE
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modeling method was developed to establish a geometric
numerical model using a scanning electron microscope.
An empirical correlation between the depth of
penetration and some characteristic parameters of the
erodent particle was obtained by means of simulation.
The crack driving force to produce a surface crack was
analyzed. The results indicate that the real morphology
would be more susceptible to erosion failure compared to
the results of previous theoretical or numerical
estimations. Rout and Satapathy [4] described the
development of multiphase hybrid composites consisting
of epoxy reinforced with glass fabric and filled with rice
husk particulates. This study revealed that hardness,
tensile modulus, impact energy and erosion resistance of
these new class hybrid composites improve with filler
addition, while a steady decline in tensile and flexural
properties were observed. Mahapatra and Patnaik [5]
investigated the erosion wear response of multiphase
hybrid composites consisting of polyester reinforced
with E-glass fiber and ceramic particulates and presented
a comparison of the influence of three different
particulate fillers [cement by-pass dust (CBPD), alumina
(Al;03), and silicon carbide (SiC)] on the wear
characteristics of glass—polyester composites.

Studies continued with Bagci’s [6] development of a
multi-component composite system consisting of
thermoplastic epoxy resin reinforced with E—glass fiber
and (Al,03+Si0;) particles, and studies its erosion
behavior under different operating conditions. With this
target in mind, this empirical study investigates the solid
particle erosion wear behavior of a new composite
material made of glass fiber and epoxy as the main
materials and (Al,O3+SiO,) particles added into the
structure at the amount of 30% [15% (Al:03) + 15%
(SiO2)] of the resin used for the composite.

Shin and Hamed [7] presented the results of an
experimental investigation of the effect of topcoat micro-
structure on the erosion resistance of air plasma sprayed
Twt% YSZ thermal barrier coating (TBC) at high
temperature. Two sets of air plasma sprayed YSZ TBCs
of differing micro-structures were tested in a high
temperature erosion tunnel to simulate modern gas
turbine engine's operating conditions. The results
demonstrate reduced erosion resistance associated with
increased porosity in the topcoat layer. Maurer and
Schulz [8] were analysed different 30 um thick metallic
(Ti, Al, Cr) and multilayer (Ti/TiN) coatings in order to
investigate the influence of the coating hardness and
micro structure regarding the erosion performance. The
results indicate that the erosion process of PVD coatings
on CFRP can be divided into coating and substrate driven
erosion mechanisms.

In this experimental study, =0.25 pm thickness ZrN
coatings are applied on GF/EP and CF/EP by magnetron
sputtering to gain an improved understanding of the
erosion resistance. All test specimens regardless of their
various properties exhibit maximum erosion rates at 30°
impingement angle and thus exhibiting similar behavior
as that observed for ductile materials. Firstly, pure
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chrome coating is applied on the GF/EP and CF/EP
composites to increase the adhesion of the zirconium
nitride to the surface. Moreover, the surface topography
of the eroded composites was investigated by an optical
microscope and a non-contact 3D digital mapping
method.

2. MATERIALS AND METHODS

In this experimental study, the unidirectional CF/EP and
multidirectional GF/EP composites were used as
substrate materials. Fibers with diameter of 17 pm,
thickness of 0.20 mm and mass per unit area of 200 g/m?
arranged in a uni/multi directional location provide
homogeneously distributed fibers in the matrix form. All
test specimens were produced as plates by “hand lay-up”
technique (110 Bar pressure, 120 °C temperature and a
time of 3 top of the hour) with a thickness of 3 mm and
dimensions of (1x1 m?). Then, to enable the attachment
of specimens to the holder, a diamond-impregnated
slitting saw was used to cut notches on the samples with
size of 30x30x3 mm? from the manufactured composite
plate for the erosion tests. Substrate materials (GF/EP
and CF/EP test specimen) are given before and after the
coating in Figure 1.

(d)

(c)
Figure 1. Substrate materials (x2); a) GF/EP (before the

coating), b) CF/EP (before the coating), ¢) GF/EP
(after the coating), d) CF/EP (after the coating).

In Table 1, mechanical and physical properties of the test
specimens as per the ASTM standards {ASTM D3039/
D3039M-17 [9] and ASTM D2583-13a [10]} are given
and abbreviations are used, whereas in Figure 2, SEM

view of angular Al,O3; erodent {density (3.94 g/cm?),
hardness (9 Mohs) and melting point (1950 °C)} are
shown. As the test specimens are deformed due to
particle bombardments, the abrasive particles also
undergo some deformations and fractures. In order to
prevent this condition from affecting the tests conducted,
fresh particles were used in each test.

SgraA=VPSEGY MagT 141X
IPrcbe = 92pa

200pm

EMT = 20000V
WO =170mm

P=

Figure 2. SEM view of angular Al203 erodent particles.

In addition to all these details which define the test
specimens, as shown in Figure 3, the X-ray diffraction
patterns were obtained in order to prove the presence of
the glass/carbon fiber and epoxy. A sharp peak at
20=17.6° for glass fiber and at 26=26.9° for carbon fiber
can be distinguished. However; a different diffraction
pattern is observed for epoxy resin in which a broad peak
appears around 26=21.5°. The observed peaks for GF, CF
and EP indicate that all the layers have been sufficiently
disordered.

Counts.

g

o' a2 A A A s 2 A e A e A e ke b
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Figure 3. XRD patterns of test specimens.

The standard test process was performed in accordance
with ASTM G76-95 [11] for each erosion test. Erosion

Table 1. Mechanical and physical properties of test specimens.

Material p (g/cm®) ot (MPa) H (HB) E (MPa)
GF/EP (uncoated, A) 1.683 533 87 144
GF/EP (ZrN coated, B) 1.726 597 106 167
CF/EP (uncoated, C) 1.497 1713 133 869
CF/EP (ZrN coated, D) 1.553 1824 117 921
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wear losses in the test specimen with an electronic
balance on accuracy of 0.1 mg was measured. Then 40
kg of erodent particles (approximately 6 minutes of
experiment time) were spurted on the specimen and then,
the latter was weighed again to determine its weight loss.

At the same time, these measurements as well as
volumetric losses occurring in the test sample for
detecting the digital map method of the surfaces is
simulated using the point cloud and the mesh modeling.
In addition, volumetric losses occurring in the test sample
was determined. Surface mapping of the numerical
method for three-dimensional (3D) scanning has been
used on the Figure 4. Weight loss and volumetric loss
changes of a similar trend has emerged in terms of the
comparison of results.

Imesec

00(00¢ 000¢@

i

(c)

Figure 4. The digital map method of the surfaces; (a) Point
cloud with OPTOCAT, (b) Mesh modeling with
Rapidform XOR/Redesign, (c) Volumetric loss
with CatalystEX.

90

There are many different ways to deposit materials such
as metals, ceramics, plasticsand composites onto
a surface (substrate) and to form a thin film. PVD (also
known as thin film deposition at temperatures between
150 and 500 °C) is an environmentally friendly vacuum
coating process with no hazardous by products resulting
brilliant decorative finishes with excellent wear and
corrosion resistance. Common industrial coatings
applied by PVD are TiN, ZrN, CrN, CrCN, TiAIN etc.
one common way to do this is to use what is known as a
Magnetron Sputtering System. The system has the
addition of a strong magnetic field near the target area.
This field causes travelling electrons to spiral along
magnetic flux lines near the target instead of being
attracted toward the substrate. The end result is the
deposition of a thin, compact coating with the desired
structure and composition (Figure 5).

substrate

Atom sputtered
e Y from target

Thin Film

Magnetic

field

Backing plate

B

Cooling water

Figure 5. Schematic view of the magnetron sputtering system.
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& Pressure
| Regulators
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Flow Control

g Valves

Specimen

Holder Dry Air

Recycling

Figure 6. Detailed view of the test device.
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Zirconium nitride (ZrN) is an inorganic compound used
in a variety of ways due to its properties. ZrN grown by
PVD is a light gold color similar to elemental gold. The
hardness of single-crystal ZrN is 22.7+1.7 GPa, elastic
modulus is 450 GPa and density is 7.09 g/cm?. Zirconium
nitride is a hard ceramic material similar to titanium
nitride and is a cement-like refractory material. Thus it is
used in refractories, cermets and laboratory crucibles.
When applied using the physical vapor deposition
coating process it is commonly used for coating medical
devices, industrial parts, automotive and aerospace
components and other parts subject to high wear and
corrosive environments.

The testing device used in this scientific work are
detailed in Figure 6. The impact velocity of the particles
can be varied by varying the pressure of the compressed
air. In order to determine the velocity of the eroding
particles, the most common method [12] was used
previously. The particles impact velocities used in the
experimental tests (53 m/s) were adjusted by using the
double disc method (Figure 7) in which two discs were
connected to a common shaft from a driving prime
mover.

Nozzle
Upper disc
Lower disc

Drive
motor

(a)

First mark Final mark

Lower
disc

(b)

Figure 7. (a) Phosphorous bronze discs with drive motor used
in the determination of particle velocity in the
double disc method and (b) erosion marks formed
on the discs.

3. RESULTS AND DISCUSSION

To ensure a sufficient lifetime of GF/CF epoxy
components which are exposed to solid particle erosion,
protective coatings are needed. Metallic coatings on
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composites are mainly produced by electro plating,
thermal spraying, or PVD. When deposited on GF/CF,
electro plated coatings require extensive pre-treatment
processes to create conductivity and to ensure adhesion.
Coatings produced by thermal spraying can increase the
surface roughness and an additional post-treatment may
be needed to guarantee adequate flow conditions at the
surface. In contrast, simple processing can be realized by
PVD methods.

The graph in Figure 8 shows variations of erosion rates
with test specimens (ZrN coated and uncoated
composites) at impingement angles of 30°, 60° and 90°
with an impact velocity of 53 m/s where the slightly
rounded and irregular Al,O3 abrasive particles used had
average diameters of 200 pm. When the graph is
examined it is seen that regardless of the fact the graph is
at different materials, the specimens in both sets of
graphs seem to undergo much erosion rates at
impingement angle of 30°. Together with this, it has also
been observed that, parallel to the increase of the
impingement angles (60°-90°), the erosion rates tend to
reduce abruptly. This situation shows that, a similar
erosion trend is observed as that seen in literature for
ductile materials [13-17]. It was determined that beside
the remarkable effects of ZrN coating material also have
considerable effects on solid particle erosion wear. By
studying the graph plotted from the experimental result
data, it is seen that the effects of the GF/EP composites
with ZrN coated on erosion wear are more evident than
those of the CF/EP composites with ZrN coated.

CF/EP (C)
CF/EP (U)

Erosion Rate (mg/kg)

GF/EP (C)

30° GF/EP (U)

60°

90°
Impingement Angle (°)

Figure 8. Variations of impingement angle & erosion rate of
ZrN coated and uncoated test specimens.

When the results and optical microscope views based on
the tests done are studied, it is seen that GF/EP and
CF/EP of the ZrN coating material have had positive and
negative effects respectively on erosion. This condition
though can be perfectly recognized from the results, the
microscope views also indicate extensive surface
resistivity for the specimens with GF/EP. ZrN coating
material adhered to the GF/EP substrate surface and
reacted to the attack of abrasive particles. But CF/EP
composites could not match with ZrN coating materials
and the surface resistance is weakened (Figure 9).
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(a)

(b)

(c)

(d)

Figure 9. Optical microscope view of test specimens (x2); (a)
A, (b) B, (c) C and (d) D.

4. CONCLUSIONS

It was found that material removal from the surfaces of
the test specimens as a result of solid particle erosion
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wear took place at several different stages. First of all,
micro cracking appeared on the surfaces as the particles
stroked the surface and as the particle bombardments
continued, material delamination took place over the
affected areas. The structural bonds got damaged as the
particles kept striking the surfaces. Due to this damage,
the rate of material delamination off the surfaces
increased. Consequently; the cracks and grooves on the
surfaces became more vivid. It has been observed that the
application of coating to the materials caused the
differentiation of these processes.

According to the experimental results,

ZrN coated and uncoated composites exhibit maximum
erosion rates at 30° impingement angle and thus
exhibiting similar behaviour as that observed for ductile
materials. Inclusion of ZrN coating material in GF/EP
composites considerably increases the value of hardness,
tensile strength, modulus of elasticity and density. The
erosion rate of ZrN coated GF/EP gives the lower value
as it restricts surface delamination. GF/EP composites
without any coated show the upper erosion rate due to
weak bonding strength. In CF/EP composites, it
decreased the erosion resistance due to the thermal and
physical effects applied to the surface. The difference in
erosion of GF/EP and CF/EP materials should be even
higher. The difference in fiber orientations has been
influential in this case. Experience shows that every
tribological system can be optimised by selecting the
right coating. As a future study, inclusion of new
composites using different coating material and
consantration combinations can be taken into
consideration and the resulting experimental findings can
be similarly analyzed.
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oz

Cam ve benzeri hassas yiiklerin taginmasina uygun 6zel tip yari rdmorklarda uygulanacak 4,5 ton tagima kapasiteli, boyuna
salincakli bir bagimsiz siispansiyon sisteminin kavramsal tasarim adimlari dzetlenmistir. Caligmanin ilk asamasinda, tekerlegin
toplam ¢aligma stroku dikkate alinarak, siispansiyon sisteminin tasarim hacmi belirlenmistir. Hedeflenen sasi diisey titresim
frekansi ile sasi soniim faktorii degerlerini saglayan hava yay1 ve amortisor katsayilari, kiitle-yay-soniimleyici modeli kullanilarak
hesaplanmistir. Bu veriler kullanilarak, Adams/Car™ ¢oklu cisim dinamigi paket programi yardimiyla, siispansiyonun ¢oklu cisim
(CC) modeli olusturulmugtur. Adams/Insight™ uygulamasi yardimiyla, yaylanma sirasinda en diisiik aks agikligi degisimini
meydana getirecek uygun salincak yatagi konumu bulunmustur. Yatak konumu, sasinin konstriiksiyonu ile yay ve amortisoriin
stroklar1 gibi faktorler 15181inda, siispansiyon salincaginin 6n tasarimi yapilmstir. Bu tasarimin kiitlesi, topoloji optimizasyonu
yardimiyla, yaklasik %37 oraninda azaltilmistir. Farkli siiriis durumlarinda, tekerlek temas noktasina etkimesi 6ngoriilen yiikler
icin ANSYS® Workbench uygulamasi yardimiyla, sistemin sonlu elemanlar (SE) analizleri gergeklestirilmigtir. Tamamlanmig
tasarimin, tasarim yiikiiniin {i¢ kat1 i¢in giivenlik kosulunu sagladigi goriilmiistiir. CATIA® V5R21 DMU Kinematics uygulamasi
yardimiyla gergeklestirilen kinematik incelemede, tam yaylanma durumunda, siispansiyon elemanlar ve sasi arasinda herhangi bir
girisim olusmadig1 belirlenmistir.

Anahtar Kelimeler: Yar1 romork, bagimsiz siispansiyon, ¢oklu cisim sistemleri, sonlu elemanlar analizi, topoloji
optimizasyonu.

Design of an Independent Suspension for a Special
Type Semi-Trailer: Conceptual Design Studies

ABSTRACT

Conceptual design steps of a 4.5 metric tonnes capacity, trailing arm-type independent suspension system, which will be applied
to special type semi-trailers suitable for the transport of glass and other sensitive loads, are summarized. In the first phase of the
work, the design volume of the suspension system is determined, by taking the total working stroke of the wheel into account. The
spring and damping coefficients, which provide the required vertical vibration frequency and the chassis damping factor for the
chassis, are calculated by using the mass-spring-damper model. By using these data, a multi-body (MB) model of the suspension
system was created via Adams/Car ™ multibody dynamics software package. Proper position of the control arm bearing which
satisfies the minimum wheel base alteration during the wheel travel by using the Adams / Insight ™ application. In the light of the
factors such as the bearing position, chassis structure, the strokes of the spring and damper, pre-design of the control arm was
carried out. Mass of this design was decreased about 37% with the help of topology optimization. Finite element (FE) analyses of
the suspension system was also carried out via ANSYS® Workbench application for predicted loads on the wheel contact point
which represent various load conditions. Results showed that the final design satisfies the safety condition for three times the design
load. Kinematic inspection which was carried out by using the CATIA® V5R21 DMU Kinematics application was also showed
that there is no penetration between the suspension components and the chassis for full jounce.

Keywords: Semi-trailer, independent suspension, multibody systems, finite element analysis, topology optimization.

1. GIRiS (INTRODUCTION) montajina imkan vermemektedir. Bu nedenle de s6z
konusu yapiya sahip romorklarda, tekerleklerin (Sekil
2.a’da ¢, d ve e) sasiye, bir bagimsiz siispansiyon
sistemiyle asilmasi, kacimilmaz hale gelmektedir.
gosterilmistir. Bu tip tasitlarda uygulanan bagimsiz
siispansiyon tiplerinden bir tanesi, binek tasitlarda ve
hafif kamyonetlerde de uzun siiredir kullanilmakta olan
boyuna salincakli bagimsiz siispansiyon sistemidir [2].
Ekli agir ticari tasit romorklarinda uygulanmakta olan
*Sorumlu Yazar (Corresponding Author) boyuna salincakli bagimsiz siispansiyona ait prensip
e-posta : murattopac@deu.edutr semast ise Sekil 3.’de verilmektedir.

Sabit akslar (Sekil 1), yiiksek tasima kapasitesi, basit
tasarim ve ucuz liretim gibi olumlu 6zellikleri nedeniyle,
ag1r ticari tasit tekniginde halen yogunlukla tercih edilen
sistemlerdir [1]. Buna Karsin, yiiksek gabarili blok yiik
tagitmak amaciyla tasarlanmis ve Sekil 2.a’da sematik
goriiniimii verilen zel tip yar1 rémorklarda uygulanan
sasi konstriiksiyonu (Sekil 2.b), sabit aks gdvdesinin
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Sekil 2.a. Ekli tasit b. sasinin kesit goriiniimii (a. articulated
vehicle b. cutaway view of the chassis)

Bu sistemde tekerlek, sasiye (6) bir yatak (5) yardimiyla
yataklanmis boyuna salincaga (4) baghdir. Salincak,
tekerlekle (7) birlikte, sasi lizerinde dngoriilen hacimde,
diisey olarak ¢aligmaktadir. Yaylanma (1), soniimleme
(2) ve frenleme (8) fonksiyonlarini saglayan yap1
elemanlar1 da salincak iizerine yataklanmistir.
gosterilmistir.
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Sekil 3.Yar1 romork bagimsiz siispansiyonunun prensip semast
(Schematic of the semi-trailer independent suspension)

Sistemin Onemli bir avantaji, sasinin yaylanmasi
sirasinda aksin iz genigliginde (sn) pratik bir degisimin
meydana gelmemesidir. Buna karsin, salincagin sasiye
yataklandig1r noktanin konumuna bagli olarak, belirli
Olciide bir aks aciklig1 degisimi s6z konusu olmaktadir.
Bu calismada, 6zel tip bir ekli agir ticari tagitin, 30 ton
faydali yiik tasima kapasitesine sahip ve blok yiik
tagimaya uygun yar1 romorkunda kullanilacak 4,5 ton
kapasiteli boyuna salincakli bagimsiz siispansiyon
sisteminin kavramsal tasarim agamalar1 Ozetlenmistir.
Calisma kapsaminda tasarlanan sistemin genel yapisi
Sekil 4°de verilmektedir. Kullanilan yontem ise Sekil
5’de goriilmektedir.

96

Hava yay!
Amortisor
Tagima sacl
Salincak
Salincak yatag
Fren kéragl
Fren braketi

1 Tekerlek gbbegi

—_ O oo U wWwnN -~

11
Sekil 4. Mekanik tasarim (Mechanical design)

Hareket yonu

Calismanin ilk asamasinda, siispansiyon sisteminin
yerlestirilecegi ve iginde c¢alisacagt hacim, rémork
sasisinin yapisal kisitlar1 dikkate alinarak belirlenmistir.
Bu amagla, Adams™/Car paket programi yardimiyla,
siispansiyon sisteminin ¢oklu cisim (CC) modeli
olusturulmustur. Kiitle-yay-soniimleyici modeli
kullanilarak, 6ngoriilen gasi diisey titresim frekansini ve
sasi soniim (Lehr) faktoriini saglayan, tekerlek temas
noktasina indirgenmis hava yay1 ve amortisor katsayilari,
hesaplanmistir. Her iki elemanin salincak iizerine
baglanacaklari noktalar ve baglanti agilari yaklagik
olarak belirlenerek, gevrim oranlari elde edilmistir. Bu
¢evrim oranlar1 yardimiyla, yay ve amortisoriin, monte
edildikleri noktadaki gergek katsayilart ve bu katsayilar
saglayacak eleman boyutlar1 belirlenmistir.
Adams/Insight™ uygulamast yardimiyla, yaylanma
sirasinda en diisiik aks ac¢ikligi degisimini meydana
getirecek salincak yatagi konumu bulunmustur. Yay ve
amortisoriin konumlari, romorkun iz genisligi ve sasi
konstriiksiyonu gibi cesitli faktorler dikkate alinarak,
slispansiyonun ana tagiyici pargast olan salincagin 6n
mekanik tasarimi yapilmistir. CATIA® V5R21 DMU
Kinematics  uygulamast  yardimiyla, tekerlegin
yaylanmasi sirasinda, siispansiyon yapi elemanlart ve
sasi arasinda herhangi bir girisim olup olmadig1 kontrol
edilmistir. Sonraki asamada, literatiirde verilen standart
yiik tipleri kullanilarak, 6n tasarimin sonlu elemanlar
analizleri (SEA) yapilmustir.  Sistemin hafifletilmesi
amactyla ise topoloji optimizasyonu yaklasimi
kullanilarak, salincak tizerindeki fazlalik hacim
belirlenmistir. Bu sekilde elde edilen nihai tasarim,
secilen ¢esitli standart siiriis kosullar1 igin dogrulama
amagcli SE analizlerine tabi tutulmus ve sistemin mekanik
yeterliligi degerlendirilmistir.

Literatiirde, bagimsiz  silispansiyon  sistemlerinin
kinematik optimizasyonu ve bu sistemlerin bazi yapi
elemanlarinin yapisal olarak iyilestirilmesine yonelik ok
gesitli ¢alismalar bulunmaktadir [3-8]. Bu c¢alismalar
genellikle, binek tasit silispansiyonlarin1  konu
edinmektedir.
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Tasarim hacminin ve tasarim
sinirlamalarinin belirlenmesi

i

GCS modelinin olusturulmasi
kinematik optimizasyon (Adams™)

Optimum kinematik
karakteristik

On boyutlandirma, SEA ile
mukavemet kontrolii ve topoloji
optimizasyonu (ANSYS®)

f

Mukavemet
kosullari saglantyor

Sekil 5. Yontem (Methodology)

Bunlarin disinda, 6zellikle agir ticari tasit bagimsiz 6n
siispansiyon sistemlerini konu edinen bazi nadir
calismalar da literatiirde mevcuttur. Yarmohamadi and
Berbyuk tarafindan yayinlanan ve bu sistemlerin
kinematik ve dinamik o6zelliklerinin simiilasyonlar ve
analitik ifadelerle incelenmesini konu alan ¢aligmalar
bunlardan bazilaridir [9, 10]. Anilan tiim bu ¢aligmalar,
biitiinliiklii bir tasarim yontemi ortaya koymaktan ¢ok
sistemi farkli agilardan incelemektedir. Bu ¢alisma ile
ekli agir ticari tagit romorklari igin tasarlanacak bagimsiz
stispansiyon sistemleri icin takip edilebilecek bir yol
sunularak, literatiire katki saglanmasi hedeflenmistir.
Yazarlarin bilgisi dahilindeki agik literatiirde ise, yiiksek

tonajli yar1 romorklar igin bagimsiz siispansiyon
tasarimina yonelik herhangi bir caligma
bulunmamaktadir.

2. COKLU CiSiM MODELI VE KINEMATIK
TASARIM (MULTIBODY MODEL AND
KINEMATIC DESIGN)

Sitispansiyon sisteminde, hava yayr kullanilmasi
ongoriilmektedir. Bilindigi gibi bu tip yaylar, progresif
karakteristige sahiptir [11, 12]. Modelde kullanilan hava
yaymin, belirli bir yaylanma araliginda, Sekil 6.a’da
goriildiigii gibi dogrusal karakteristige (cr= Fo/So= sabit)
sahip oldugu varsayilabilir [13, 14]. Siispansiyon
sistemlerinde kullanilacak yay ve amortisériin sahip
olmas1 gereken katsayilarin (cr ve kp) belirlenmesinde
genellikle, Sekil 6.b’de goriilen iki serbestlik dereceli
kiitle-yay-soniimleyici modelinden yararlanilmaktadir.
Bu modelde ma, tekerlek basina diisen yaylandirilmis
kiitleyi, mr tekerlek ve siispansiyondan olusan toplam
yaylandirilmanmus kiitleyi, cer Ve Kr sirasiyla, tekerlek
temas noktasina indirgenmis yay ve amortisor
katsayilarini simgelemektedir.
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F : Tagima kuvveti
s : Yay deplasmani

a
™ T
1
CFR kr
T =
CR
Q I u
FR$
b

Sekil 6.a. Bir hava yayinin kuvvet-deplasman egrisi [13°e gore]
b. titresim modeli [4] (a. Force-displacement curve of
an air spring [according to 13] b. vibration model [12])

Tekerlek yay katsayisinin cr, tastyict yaya gore ¢cok daha
rijit olmas1 nedeniyle, sistem tek serbestlik dereceli basit
kiitle-yay-soniimleyici modeli gibi degerlendirilecek
olursa, sasi diisey titresim frekansi ve sasi soniim (Lehr)
faktorii, basitlestirilmis sekilde, asagidaki gibi ifade
edilebilir [11]:

f= L[S )
27\ m,
D, =& @

2,/Cer-M,
Bu bagintilar kullanilarak hesaplanan yay ve amortisor
katsayilari (crr Ve Kgr), tekerlek temas noktasina
indirgenmis degerlerdir. Her iki elemanin gergek baglanti
noktasindaki degerlerinin bulunabilmesi i¢in g¢evrim
oranlarindan (i, ip) yararlamilmistir [15]. Cevrim
oranlari, [16]’ya gore hesaplanmistir. Gergek yay ve
amortisor katsayilari (cr ve Kp) ise sirasiyla:

Cp =i2.Crq @)
ky =ik, @

seklinde bulunmustur [11, 15, 16]. Hesaplanan gercek
yay ve amortisdr katsayilari, slispansiyonun kinematik
tasarimi ve optimizasyonu asamalarinda kullanilan ve
Adams/Car™ paket yazilimi yardimiyla olusturulmus
coklu cisim modelinde (Sekil 7) tanmimlanmistir. Bu
model kullanilarak, Deney Tasarimi-Yanit Yiizey (DT-
YY) yontemi yardimiyla, salincagi tasit govdesine
baglayan yatak milinin (E), tam yaylanma (z1) sirasinda,
X-z diizleminde en diisiik aks agiklig1 degisimini (ALmin)
saglayan konumu (Ex ve E; koordinatlari) elde edilmistir.
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Bunun icin ADAMS/Insight™  uygulamasindan
yararlanilmistir.
) Hareket
p ’ yon(
< -

Sekil 7. CC modeli (MB model)

Optimizasyon agamasinda, ikinci derece (quadratic) bir
denklem kullanilmistir. Deney noktalarmin
olusturulmasinda ornekleme metodu olarak,
Adams/Insight™ uygulamasimin tasarim tanimlama
tablosunda segenek olarak sunulan Merkezi Kompozit
Tasarim tipi uygulanmistir. Merkezi Kompozit Tasarim,
secilen faktdor uzayinin tamaminda iyi derecede bir
tahmin elde edilmesine olanak saglamasi nedeniyle,
giiniimiizde en ¢ok kullanilmakta olan ikinci derece
tasarim Ozelligini tasimaktadir [17, 18]. Optimizasyonda
kullanilan iglem siras1, Sekil 8’de verilmektedir [19].

Adams/Car™
Baglangi¢ modelinin analizi ve amag CIKTI =
fonksiyonunun (AL) segimi
Amag fonk.
FSKJE”E” maksimum neceter
xve Ez) mutlak degen !
Adams/Insight™
Tasarim kisitlarinin segimi,
hedeflerin tanimlanmasi,
inceleme stratejisinin segimi
(6rnegin: DT-YY) Hayir Evet
1
Tasarim uzayinin Reqresvon
(6rneklerin) olusturulmasi gresy
1 )
4 . - Tasarim matrisinin
Orneklerin analizi ™
olusturulmasi

Sekil 8.0Optimizasyon adimlar1 (steps of the optimization
process)

Optimizasyon isleminde ilk olarak, E noktas1 i¢in sasinin
tasarim kisitlar1 dikkate alinarak yaklasik bir 6n konum
belirlenmistir. Bu konum kullanilarak CC modeline, sasi
konstriiksiyonunun izin verdigi simir z; degeri igin
Adams/Car™ ortaminda diisey yaylanma simiilasyonu,
uygulanmistir. AL, programa “tasarim amac1” (design
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objective) olarak tamtilmuistir. Ilk tasarim model,
Adams/Insight™ uygulamasina aktarilmistir. Tasarim
faktorlerinin (Ex ve E;) degisim araliklari (Ax ve Az) ve
tasarim hedefi (ALmin) programda tanimlanmistir. Analiz
tipi, DT-YY olarak segilmistir. Olusturulan tasarim
orneklerine (deney noktasi) uygulanan ardisik kinematik
analizlerden saglanan sonuglar kullanilarak, tasarim
matrisi (¢alisma uzayl) meydana getirilmistir. Son
asamada, bu matris kullanilarak olusturulan regresyon
modeli yardimiyla, baglanti noktasinin, segilen tasarim
alan1 (Sekil 9°da J bdlgesi) igerisindeki optimum
koordinatlar1 elde edilmistir. Yapilan bu ¢aligmada,
uyum degeri (R?) 0,999 olarak belirlenmistir. Uyum,
kabul edilebilir diizeydedir.

Hava yay!

Salincak  Tekerlek

J : Tasarim alani

Sekil 9. Optimizasyon igin tasarim alami (desigh area for
optimization process)

Ik tasarim ve optimize edilmis tasarim icin yaylanma
sirasinda ortaya ¢ikan AL karsilastirmast Sekil 10’da
verilmektedir.

250
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100 1

— Baslangig
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Tekerlegin dlisey hareketi, z (mm)

n
S

-100
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Aks agikhidr degisimi, AL (mm)

Sekil 10. Sonuglar (results)

3. MEKANIK TASARIM (MECHANICAL
DESIGN)

Mekanik tasarim asamasinda ilk olarak, sistemin ana
tastyici eleman1 olan salincagin dis sekli belirlenmistir.
Salincagin, akma smirt Re= 890 MPa olan yiiksek
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mukavemetli sac malzemeden, sabit kalinlikli olarak
iiretilmesi  Ongoriilmiistir. Bu tip bir silispansiyon
tasariminda, salincagin iiretilecegi sacin kalnligr (t),
mukavemet kosullarimi1 saglayacak sekilde secilmekle
birlikte, Sekil 8.a’da goriildiigii gibi, sasinin yapist ile
aksin iz genisligi ve dolayisiyla, lastik tekerlegin konumu
tarafindan simirlanmaktadir. Salincag@mn dis sekli igin
belirleyici olan ise yatagin, tekerlek gobeginin ve hava
yayinin konumlaridir. Tekerlek temas noktasindan
sisteme X, y ve z eksenlerinde etkimesi beklenen,
sirasiyla, boyuna (B: fren), yanal (S) ve diisey (P)
kuvvetler Sekil 11°de verilmektedir.

=== ~ Yatak mili
X ."‘J,""'- 2
T ‘ Salincak
y
_Sasi
S
* -t
Hareket
yoni - 7
Li
SH

Sekil 11. Salincak kalinligmim sinirlanmasi (Limitation of the
control arm thickness)

Olusturulan 6n tasarimin mekanik yeterliliginin tespiti,
SEA yardimiyla ger¢eklestirilmistir. Bu amacla kurulan
SE modeli Sekil 12.a’da goriilmektedir. Analizlerde, tasit
iireticileri tarafindan kullanilan [20] sanki statik (quasi-
static) standart yiik tipleri uygulanmistir. Bu kritik siiriis
durumlarindan iki tanesi, Cizelge 1’de ornek olarak
verilmektedir. S6z konusu yiik tiplerine ait ivme
bilegenleri, yer¢ekimi ivmesinin (g) katlar1 cinsinden
ifade edilmistir.

Cizelge 1. Standart yiik tipleri [20’ye gore] (Standard load
cases [according to 20])

Tip Yiik tipi Ivme bilesenleri

no. X y z
2 Tilimsek atlama (3g) | 0,00 | 0,00 | 3,00
5 Viraj donme (1,25 g) | 0,00 | 1,25 | 1,00

Ornegin, tasit tekerleginin tiimsekten gecisini simiile
eden 2 numaral yiik tipinde silispansiyon sistemine, P’
noktasindan tekerlek statik yiikiiniin, x ekseninde 0, y
ekseninde O ve z ekseninde 3 kati1 degerinde kuvvetler
etkidigi varsayilmaktadir [21].

Stispansiyonun  kati modeli, yapisal analizlerin
gerceklestirilmesi amaciyla, ANSYS® Workbench 17.2
ortamima aktarilmistir (Sekil 12.a). On tasarimin, bu yiik
tipi kullanilarak gergeklestirilmis SE analizi sonucu,
Sekil 12.b’de goriilmektedir. SE analizlerinde, kuvvetler
tekerlek temas noktasina denk diisen koordinattan
sisteme uygulanmigtir. Bdylelikle, bu kuvvetlerin
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moment etkileri de analizde dikkate alinmistir. Egdeger
(von Mises) gerilme dagilimindan da anlasildig: iizere,
salincagin 6zellikle orta bolgeleri yiik tasimamaktadir.
Dolayistyla tasarim, hafifletmeye uygundur.

a

656 5104 364,7 219 733
[ S B B

Esdeger gerilme, ov (MPa)

b
Sekil 12.a. SE modeli b. SE analizi (a. FE model b. FE analysis)

Salincaginin  hafifletilmesi, topoloji optimizasyonu
yardimiyla gergeklestirilmistir. Bu kapsamda, [22]’de
verilen ve bir askeri tagitin bagimsiz siispansiyonuna ait
alt salincagin hafif tasarimi ¢aligmasinda kullanilmis olan
islem adimlar1 uygulanmistir. Yapisal optimizasyon
yontemlerinden biri olan topoloji optimizasyonu temel
olarak, optimize edilecek parganin dis boyutlarinda
degisiklik olmaksizin, istenen oranda hacim azaltilmasi
suretiyle, par¢anin uygun bdlgelerinden, direngenligi
miimkiin olan yiliksek yapinin elde edilemesine olanak
saglayacak sekilde malzeme c¢ikarilmasidir. Bir bagka
maksimum yapan en uygun malzeme dagilimini
bulmaktir [23]. Tekil yiike maruz dolu ankastre bir kirisin
topoloji optimizasyonu adimlari, Ornek olarak Sekil
13°de  goriilmektedir [24, 25]. Bu adimlardan
“filtreleme”, topoloji optimizasyonu sonucunda, mesh
boyutu kiiciildiikce dama tahtasina benzer topolojilerin
(checkerboarding) ortaya ¢ikmasinin engellenmesinde ve
olusturulacak yapinin direngenliginin
homojenlestirilmesinde gorev almaktadir [26].
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Baslangi¢

Sonlu elemanlar analizi
Duyarlilik analizi
Filtreleme islemi

| Optimizasyon (degiskenleri gincelleme) |-~ -

Son topoloji fr========-===--

Sekil 13. Topoloji optimizasyonunun adimlar1 (Steps of the
topology optimization)

Filtre, tasarim degiskenlerinin verilen degerleri i¢in
belirli bir yogunluk dagilimi1 veren bir fonksiyondur [27].
Topoloji optimizasyonu sirasinda uygun filtrelerin
kullanimi 6nem tagimaktadir. Zira, dama tahtasi etkisinin
ortaya ¢ikmasi, malzemenin parga igerisindeki optimal
dagilimin1 engellemekte ve iiretime uygun olmayan
topolojilerin ortaya ¢ikmasina neden olmaktadir [28].
Uygulanan filtre yardimiyla, daha homojen bir eleman
dagilimi, ve boylelikle analizin, kullanilan eleman
boyutundan bagimsizlagmasi saglanmaktadir. [26]

Topoloji optimizasyonu, ANSYS® Workbench 17.2
yazilim1 kullanilarak gergeklestirilmistir. Slispansiyonun
kati modeli, optimizasyon isleminin gergeklestirilmesi
amaciyla, tekrar ANSYS® Workbench 17.2 ticari paket
programina aktarilmis ve sistemin statik yapisal
analizleri gerceklestirilmistir. Bir sonraki asamada, statik
yapisal analiz ve topoloji optimizasyonu modiilleri
arasinda baglanti kurulmus ve topoloji optimizasyonu
asamasina gegilmistir. Bu asamada ilk olarak, topoloji
optimizasyonuyla hafifletilecek dolu salincak modelikle,
tasarim bolgesi (design region) olarak secilmistir. Daha
sonra, salincak iizerinde optimizasyona  dahil
edilmeyecek (exclusion), diger bir ifadeyle, malzeme
bosaltmasi yapilmayacak bolgeler secilmistir. Bosaltma
yapilmayacak bolgeler olarak, par¢anin dis hatti, yatak
mili montaj bolgesi ve tekerlek gobegi montaj bolgesi
atanmustir. Uretim kosullar1 dikkate alinarak, malzeme
bosaltma isleminin (extrusion) yapilacagi dogrultu, y
ekseni olarak secilmis ve programda tanimlanarak,
secilen smir sartlarina goére topoloji optimizasyonu
analizleri yapilmistir. Gergeklestirilen analizlerden yiik
tipi 2 ve 5 igin elde edilen bosaltma geometrileri, 6rnek
olarak Sekil 14’de karsilagtirillmaktadir.

Malzeme yogunlugunun 0,3 ile 0,7 arasinda segimesi
onerilmektedir. Bu ¢alismada malzeme yogunlugu, 0,5
olarak secilmistir [29, 30]. Farkl yiik tipleri i¢in elde
edilen sonuglar birlikte degerlendirilerek, her iki
yiikleme durumunda da salincak iizerinden ayrilabilecek

ortak malzeme hacmi belirlenmistir. Daha sonra,
salincagin i¢ bolgesi, liretime uygun olarak yeniden
sekillendirilmigstir. Salincak bu sekilde, yaklagik %37
oraninda hafifletilmistir.

A\

Timsek atlama

L)

Viraj ddnme

Sekil 14. Cesitli yiik tipleri icin topoloji optimizasyonu
sonuclar1 (Results of topology optimization for
various load types)

Olusturulan nihai salincak tasarimmnin mukavemet
kosullarim  saglayip saglamadiginin belirlenebilmesi
amactyla, [20]’de verilen standart yiik tipleri yardimiyla,
dogrulama amagli  sonlu elemanlar  analizleri
gerceklestirilmistir. Sekil 15°de, Tablo 1’de verilen yiik
tipleri kullanilarak gerceklestirilen sonlu elemanlar
analizlerinin sonuglar1 6rnek olarak verilmistir. Bu
sonuglara gore, salincak i¢in en diisiik emniyet katsayisi,
yiik tipi 2 i¢in ns= 1,36 olarak belirlenmistir. Par¢anin
yiik altinda yanal yondeki sekil degisiminin de emniyetli
siirlarda kaldigr goriilmiistiir. Sistemin, yart rémork
sasisi {lizerindeki yerlesimi, Sekil 16’da goriilmektedir.
Proje ortagi firmanin gizlilik politikasi nedeniyle, sasiye
ait ayrintilar, sekilde verilmemistir. Tamamlanmis
mekanik tasarrm (Sekil 17.a) son olarak, CATIA®
V5R21 DMU Kinematics uygulamasi yardimiyla, Sekil.
17.b’de goriildigii gibi kinematik analize tabi
tutulmugtur. Yikleme sirasinda sasinin tam ¢okmesi
halinde, siispansiyon sistemini olusturan yap1 elemanlari
ile sasi arasinda, herhangi bir girisim olusmadig:
belirlenmistir.

6. SONUC (CONCLUSION)

Bu ¢alismada, cam ve benzeri hassas blok yiiklerin
taginmasi igin 6zel olarak iretilmis ekli agir ticari tasit
romorklarinda uygulanmasi diisiiniilen boyuna salincakli
bir bagimsiz siispansiyon sisteminin kinematik ve
mekanik kavramsal tasarim asamalari Ozetlenmistir.
Calisma kapsaminda, ¢oklu cisim (CC) sistemleri, sonlu
elemanlar (SE) ve topoloji optimizasyonu gibi farkli
yaklagimlarin kullanildig1 bir tasarim ydntemi ortaya
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konmaya c¢alistilmistir.  Gergeklestirilen SE analizleri,
tasarimi tamamlanan sistemin, nominal statik yiikiin ti¢
kati kadar diisey tekerlek yiikiine dayanabildigi
gostermistir. Anilan yiik durumunda, salincagin emniyet
katsayis1 ns= 1,36’dir. Sistemin prototip iiretimi devam
etmektedir. Silispansiyona ait titresim soniimleme
performansinin belirlenmesine ait analizlerin ve yorulma
davranigina iligkin gergeklestirilmis olan incelemelerin,
ayr1 ¢aligmalar kapsaminda sunulmasi planlanmaktadir.
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ABSTRACT

Data mining is a process used for the discovery of data correlation; the technique includes successful applications in the mass data
field. Aeronautic meteorology is one of them. It includes the observation and forecast of meteorological events and parameters
such as turbulence, rain, frost, fog, thunderstorm, etc. that affect flight operations. Aeronautic meteorology studies in the field of
aviation. Understanding meteorological events is not possible without the observation of many parameters which are related to
each other. Previous mass data should be overviewed for the future forecast. Expert opinions are also necessary in the process of
analysis. At this point, data mining makes a great contribution to the analysis of mass data. This study aims at revealing the
correlation between meteorological parameters that affect aviation and finding rules by classification. Forecasts were improved
with relational analysis. As a result, reliable rules were identified that include estimation of fog, rain, snow, hail and thunderstorm
events for Kayseri Erkilet Airport and these rules were analyzed in terms of their accuracy and reliability.

Keywords: Data mining, aeronautical meteorology, classification, finding rules.

1. INTRODUCTION

Meteorological information has great importance for
aviation sector and has improved rapidly in recent years.
This information is necessary not only for the preparation
of flight plans but also for the management of ground
operations with minimum cost. Aeronautic meteorology
studies the observation and forecast of meteorological
events that affect flight operations. It is the field of
analyzing mass data. Clever tools are needed in the
process of overviewing previous mass data for future
forecast. At this point, data mining makes a great
contribution to the analysis of mass data [1].

Data mining can be defined as a discipline which is
related to statistics, machine learning, data management
and artificial intelligence. It is a process used for the
discovery of data correlation by using correlation
recognition technology with statistical and mathematical
techniques [2].

Data mining is a result of the natural improvement of
information technology. Data collection and database
building, data management and data analysis are the three
basic functions in data mining. In the past, simple file
processing was used. In the 1960s, data collection
systems were popular and in the 1970s relational data
bases were developed. Related tables were stored by
using indexes and data organization techniques.
Moreover, data access was possible for users with the
usage of a judging language. At the beginning of the
1980s, data base management systems started to be used
and at the end of the 1980s different data mining
techniques were introduced. Since the 1990s, web mining
applications have been developed [3].

*Sorumlu Yazar (Corresponding Author)
e-posta : ecinaroglu@erciyes.edu.tr

Data mining is a stage of the information discovery
process. This process starts with understanding the
application domain and identifying the goal of the
process. The second stage is the selection of a suitable
sample set. Incoherent and inaccurate data are known as
noise. The third stage involves data cleaning and it is
aimed at increasing the quality of data which will be
discovered at the last stage. It includes basic operations
like removing noise if appropriate, collecting the
necessary information to model or account for noise and
deciding on strategies for handling missing data. The
fourth stage includes data integration, that is turning
different units into one kind. Data reduction is conducted
in the fifth stage. It focuses on the detection of the most
effective attributes in model forming. Normalization or
standardization is required when these attributes have
different means and variances. This stage is called as data
transformation. The following stage involves the
determination and usage of suitable algorithms on data.
In the last stage, it is necessary to evaluate algorithms and
correlations in terms of accuracy, consistency and
simplicity [4].

Data mining models are classified into three groups:
classification and regression, clustering and association
rules. Clustering and association rule models are
descriptive while classification and regression models are
estimative [5].

In this study, data mining techniques in the WEKA
packet program were used. WEKA is a free software
which is written in JAVA programming language. It was
developed by Waikato University in New Zealand. It
includes different algorithms for data mining and
machine learning. Among these algorithms, decision
trees are used to determine the correlations between
categorical attributes and rules. Finally, rules related to
fog, rain, snow, hail and thunderstorm were obtained.
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A number of researchers focused on techniques for the
determination of meteorological parameters for a long
time. There are many studies on this subject in the
literature. These studies include the usage of artificial
neural networks, genetic algorithms, decision trees and
regression for the analysis and forecast of parameters.
Some of these studies may be summarized as follows.

Allen and LeMarshall (1994) revealed the successful
usage of neural networks for rainfall forecast. They built
amodel on the basis of 665 days’ data. This model, which
can estimate the potential for rain in a 24 hour period,
could only reach a 70% accuracy rate [6].

McGullag and colleagues (1997) conducted a study
which reflects the fact that the neural network is a good
method for similar problems. They preferred to use the
genetic reduction method to decrease the number of input
parameters from 62 to 18. The result of this classification
method is that there is rain or there is no rain. The
accuracy rate of this model is higher than that achieved
by the model developed by Allen and LeMarshall (1994)
[71.

Stern and Parkyn (1999) studied fog estimation for
Melbourne Airport to determine visibility. In this
research, with two objectives in mind, the logistic
regression method was employed. The first objective was
to develop a classification rule for foggy conditions by
using synoptic data; the second was to develop a
technique which estimates the probability of fog in a
specific period of time [8].

Mitsukura, Fukumi and Akamatsu (2000) conducted
research about fog estimation. They used the Learning
Vector Quantization (LVQ) method in their study and
input parameters were selected by the genetic algorithm
to increase the reliability of the study [9].

Trafalis and colleagues (2002) used data mining for
rainfall estimation. They developed a neural network
model using the data that they obtained from Oklahoma
Mesonet [10].

Solomantine and Dulal (2003) investigated model trees
for rainfall estimation. Model trees are very similar to
decision trees. The significant difference between
decision and model trees is that there are regression
functions on the leaves of model trees whereas there are
classification labels on the leaves of decision trees [11].

According to Lee and Liu (2004), fuzzy logic is suitable
for meteorological estimation. The attributes of their
rainfall forecast model are temperature, dew temperature,
humidity, wind speed, wind direction and average sea
level pressure [12].

Jareanpon and his colleagues (2004) used the radial basis
neural network and genetic algorithms together for
rainfall estimation in their study. Thirty years monthly
rainfall values dating between 1971 and 2000, which
were obtained from the Thailand Meteorology Office
were used [13].

Suvichakorn and Tatnall (2005) conducted research on
rainfall estimation by using cloud structure and

movement. They used the k-nearest neighbor algorithm
based on supervised learning in their study [14].

Banik and colleagues (2008) state that the neural network
and genetic algorithm methods are more useful than
multi-linear regression models for Bangladesh’s
monsoon rainfall estimation because of the dynamic,
multi-dimension and nonlinear functions of precipitation
data [15].

Pan and Wu (2009) developed a model which includes
the Bayes technique and neural networks for rainfall
estimation. Like earlier studies, they used pressure,
temperature, wind speed and direction as input
parameters [16].

Moreover, in another study conducted by Aktas and
Erkus (2009), the researchers preferred to use logistics
regression analysis for Eskigehir fog estimation. The
research aimed at finding the equation showing the
possibility of fog event occurring [17].

Bartok and colleagues (2010) state in their research that
data mining applications are successful at fog and cloud
base estimation. They used synoptic and metar
observations along with air satellite images in their
model. They also emphasized that the information
obtained would be useful for airports and traffic services
[18].

Zazzaro and Mercogliano (2010) developed a new
classification algorithm for rarely seen meteorological
events. Fog forecast data were evaluated by a new
algorithm based on Bayes Network. The study aimed at
minimum incorrect classification cost [19].

Wu (2011) emphasized the fact that rainfall problems
involved complicated system dynamics because of the
linear and nonlinear meteorological factor effects. As a
result, he developed a semi-parametric and hybrid
regression model with a high accuracy rate [20].

Lee and Seo (2013) used a multiple linear regression
method to build a statistical forecasting model for
Changma, the Korean portion of the East Asia summer
monsoon system. The predictors in the model were
selected by a forward-stepwise regression method using
three criteria that minimized overfitting. The prediction
skill of the model for the years 1994-2012 was very high
with the correlation coefficient R=0.85 [21].

In this study, the first section includes information about
data mining and different meteorological applications in
the literature. In the second section problem definition,
methods, results and rules’ assessment are presented. The
conclusion and discussion are found in the last section.

2. DATA MINING APPLICATION
2.1. Problem Definition

The aim of this study is to develop rules that can be used
for the local forecast of fog, precipitation and
thunderstorm events at Kayseri Erkilet Airport. These
rules were developed by using data mining classification
methods.
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2.2. Data Set

The data set includes 15330 days’ values collected from
1970-2012. The measurements were taken twice a day at
2 amand 2 pm. The 2 am measurements were preferred
since night measurements are more reliable and robust.
The data were taken from the TUMAS archive system. It
was formed from observations, measurements and
calculations by the Head Office of the Turkish
Meteorological Department. The free observation values
issued by Wyoming University Atmosphere Science
Department were also included in the project.

Metar, rawinsonde and climate observations were used in
this research. Metar observations, which are measured by
the meteorology department of airports, include ground
values. Rawinsonde observations are high level values
acquired by using balloons. Climate observations show
ground values like metar observations and they are used
for climate studies.

Climate observations include pressure, min-max
temperature difference, cloudiness, temperature, relative
humidity, vapor pressure, wind speed, the amount of
vaporization, rainfall, sun exposure and its duration.

The rawinsonde observations for Kayseri were needed
while climate and metar observations were taken from
the database. Rawinsonde observations are measured in
eight centers in Turkey. The values of the surrounding
cities of Samsun, Ankara, Adana, Diyarbakir and
Erzurum were used to estimate Kayseri values, which
have regional variation. At this point, nearest
neighborhood, surface trend analysis and inverse
distance weighting methods were tested on the data. It
was tried to detect the method with minimum error,
regarding one of the city’s values are not known at every
turn and obtaining estimation for this city. The inverse
distance weighting method was found as the most
suitable for the data structure. The interpolation weights
of neighboring cities were found as follows:

Samsun: 20%
Ankara: 24%
Adana: 30%
Diyarbakir: 14%
Erzurum: 12%

Rawinsonde observations include meteorological
information recorded at different atmospheric pressures,
in other words, at different height levels. Such basic
levels as 1000 mb, 850 mb, 700 mb, 500 mb, 400 mb,
300 mb, 200 mb and 100 mb are included in the database.
The data between 1000 mb-300 mb levels were used in
this study since 1000 mb-300 mb is the flying zone and
no meteorological events occur above 20000 feet.

The data of different height levels are named as follows:
PRES: Atmospheric pressure (HPa)

HGHT: Height (mt)

TEMP: Temperature (°C)

DWPT: Dew temperature (°C)

RELH: Relative humidity (%)

MIXR: Mix ratio (gr/kg)

DRCT: Wind direction (degree)

SKNT: Wind speed (knot)

THTA: Potential temperature (Kelvin)

THTE: Equivalent potential temperature (Kelvin)
THTV: Virtual potential temperature (Kelvin)

Some meteorological parameters and indexes are used in
the study while forming the rules for precipitation and
thunderstorm. The explanations of these values are given
as follows:

e Showalter Index (SSI): This is an index which reflects
the stability/instability of the atmosphere. The lower
the index value, the higher the probability of
precipitation and thunderstorm occurring.

The calculation of this index value is given in Equation 1
and Table 1 shows the relationship between the SSI index
and atmospheric instability condition.

SSI = T(Soombenvironment) - T(Soombparcel) (1)
Table 1. Showalter Index value and instability condition

SS\I/;{:JCLeX Instability Condition
>0 Stability
-3and 0 Mid level instability
-6 and -4 High level instability
<-6 Ultra high level instability

e K Index (K): This is used with the TT index for the
estimation of thunderstorm event. Generally, the
higher the value of the K index, the higher the
probability of thunderstorm and hail occurring.

The calculation of this index value is given in Equation 2.
K = T(850mb) + T,(850mb) — T(500mb) —

DD (700mb) 2
The variables in Equation 2 are as follows:

T: Temperature

Tq: Dew temperature

DD: Difference between temperature
temperature at the level of 700 mb.

Table 2 shows the relationship between K index and
expected intensity of thunderstorm.

and dew

o Lifted Index (LI): This is used to determine
atmospheric instability. There is a strong correlation
between low levels of the index and bad weather
conditions.

Calculation of this index value is given in Equation 3
and Table 3 shows the relationship between the LI
index and atmospheric conditions.

LI = T(Soombenvimnment) - T(Soombparcel) (3)
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Table 2. K Index value and expected thunderstorm power

K Index Value Expected Thunderstorm Power

<30 Low
30-40 Medium
>40 High

Table 3. Lifted Index value and atmospheric conditions

Lifted Index Value Atmospheric Condition
>0 Stability
-3and 0

Low level instability

-6 and -3 Mid level instability
-9 and-6 High level instability
<9 Ultra high level instability

e Vertical Totals Index (VT): This gives the vertical
difference between the temperatures at 850 mb and
500 mb.

The calculation of this index value is given in Equation 4.

VT = T(850mb) — T(500 mb) 4)

The probability of heavy storm is high if the VT value is

higher than 28.

e Total Totals Index (TT): This is used for the
estimation of thunderstorm.

The calculation of this index value is given in Equation 5
and Table 4 shows the relationship between the TT index
value and thunderstorm estimation.

TT = T(850mb) + T,;(850mb) — 2[T(500mb)] (5)

Table 4. Totals Totals Index value and thunderstorm
estimation

TT Index Value Thunderstorm Estimation

45-50 Probable Thunderstorm
50-55 Highly Probable Thunderstorm
55-60 Very Highly Probable Thunderstorm

e Cross Totals Index (CT): This is used for the
estimation of thundery rain and thunderstorm.

The calculation is given in Equation 6 and Table 5 shows
the relationship between the CT index value and the
potential for heavy atmospheric events.

CT = T,;(850mb) — T(500mb) (6)
e CAPE Index (Convective available potential

energy): CAPE is the measure of the amount of
energy available for convection

The calculation of this index value is given in Equation 7.
CAPE = g [, (*22¢) dz @

ZLFC
The symbols in this equation are as follows:
g: gravity acceleration,

Ze: height of equivalence level as meter,
Z,rc: height of free convection level as meter,
v: virtual temperature,

p: parcel,

e: environment.

Table 5. Cross Totals Index value and heavy atmospheric
events estimation

CT Index Value Atmospheric Conditions Estimation

<18 Low potential for thundery rain
18-19

Middle potential for thundery rain

20-21 High potential for thundery rain

22-23 Low potential for heavy thundery rain

24-25 Middle potential for heavy thundery rain
>25 High potential for heavy thundery rain

Table 6 shows the relationship between the CAPE index
value and instability analysis of atmosphere.

Table 6. CAPE value and instability

CAPE Value Instability Analysis
0-500 Low level instability
500-1500 Mid level instability
1500-2500 High level instability
2500 + Ultra high level instability

The difference or superiority between the CAPE index
and other instability indexes like K or Lifted is that CAPE
evaluates not only one level but all levels together.

e CIN Index (Convective Inhibition): This is a
numerical measure in meteorology that indicates the
amount of energy that will prevent an air parcel from
rising from the surface to the level of free convection.

The calculation of this index value is given in Equation 8.
CIN = g f;¢ (=) g ®)

ZSFC Tye
The symbols in this equation are as follows:
0: gravity acceleration
Zsec: height of ground level in meters.
Z,rc: height of free convection level in meters.
v: virtual temperature
p: parcel,
e: environment.

If CIN is less than 25, the air has the potential to form a
tornado. If CIN is more than 100, a thunderstorm event
cannot occur unless serious instability exists.

e Dew point (Td): This is the temperature at which the
water vapor in a sample of air at constant pressure
condenses into liquid water at the same rate at which
it evaporates.
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e LCL (Lifting Condensation Level): The condensation
level is the level at which water vapor turns into water
driblets when the air parcel moves up. The closeness
of LCL level to the ground and the effect of 0-1 km
vertical wind increase the potential of tornado event.

Table 7 shows the relationship between LCL and the
potential for tornado.

Table 7. Lifting condensation level and tornado potential

LCL Tornado Potential
>1500 Low
1250-1499 Medium
1000-1249 High
<1000 Very High

e Equilibrium Level (EL): The height at which the
temperature of the moving air parcel is equal to the
temperature of the environment.

e Precipitable Water (PW): This parameter shows the
total humidity of the troposphere.

The calculation of PW value is given in Equation 9.
PW = (dP *w)/98 (9)
The symbols in Equation 9 are as follows:
dP: pressure difference between any two levels
W: mix ratio
Table 8 shows the relationship between PW value and
humidity level.
Table 8. Precipitable water and humidity analysis

PW Value (mm) Humidity Analysis

<12 Very low level humidity
13-37 Low level humidity
38-43 Mid level humidity
44-50 High level humidity
>51 Very high level humidity

Experts state that new attributes should be added to the
attribute set. These new attributes are as follows:
temperature differences between pressure levels, height
differences between 1000mb ground level and other
pressure levels and the difference between 1000 mb
ground level temperature and 1000 mb ground level dew
temperature.

The aim of the analysis is to determine the parameters
that affect precipitation, fog and thunderstorm events and
establish rules for the forecasting of these meteorological
events.

2.3. Method

In this study, classification models in data mining
techniques are used. Classification is the separation of
data in accordance with the common features. In this
process, initially, classification rules are set up by using

a part of the data for training. At the following stage, the
obtained rules are analyzed on the test data. If successful
results are obtained, these rules are used for future
forecasts. Decision trees are preferred because the
dependent attributes that will be forecasted have
categorical futures. This preference can be related to
simplicity of configuration and understanding [22].

Decision trees are similar to flow charts. Each quality is
symbolized by one node. The components of a tree
structure are the leaves and branches. Each node is
separated into branches taking the classification criteria
into consideration. The groups obtained by this
separation are leaves [23].

Many algorithms have been developed for building
decision trees. These algorithms differ from each other in
the way that they use for the selection of root, node and
branching criteria. We found that the ID3 and C4.5
algorithms, which use the entropy concept as branching
criteria, were very suitable for our data set.

The ID3 is a mathematical algorithm used to set up
decision trees. It was developed by J. Ross Quinlan in
1979 and based on Shannon’s information inquiry. It is
predicated on entropy in the selection of most suitable
attributes for classification.

The advanced algorithm of ID3 developed by Quinlan is
C4.5. The classification of numeric attributes, which
cannot be done by ID3, can be managed by C4.5.
Moreover, it is useful when an inadequate dataset is used.
Thus, it is possible to set up trees that have more sensitive
and meaningful rules.

2.4. Data Mining Process
2.4.1. Data preprocessing

Data cleaning, data integration, data transformation and
attributes selection are the basic steps of preprocessing.

In the study, the database used doesn’t include any noisy
data and the data are recorded with similar units. This
reduced the time for preprocessing. The edit section of
the Explorer/Preprocess screen in the WEKA packet
program provides ordering for the selected attributes.
This ordering operation is fulfilled for all the attributes in
the data set and thereby it is controlled if the attribute has
contrary values or not.

Attributes selection is the stage in which features that will
be included in the model are selected. It makes the
modeling process simpler and faster.

Various algorithms with different attribute sets are tested
and the aim is to maximize the performance level in
model forming. Different algorithms in the “Select
Attributes” screen are tried in this stage. The aim is to
select the most effective parameters among 10 units of
features in climate observations, 66 units of sample level
features in metar and rawinsonde observations, 11 units
of new added attributes and 12 units of meteorological
indexes.

Table 9 shows the accuracy rates of the fog modeling
algorithms with different attribute selection approaches.
As seen in Table 9, the highest accuracy rate is reached
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with the “Wrapper” attributes selection method when fog
forecasting algorithms are used. The basic attributes are
given in Table 10.

Table 11 shows the accuracy rates of the thunderstorm
modeling algorithms with different attribute selection
approaches. As seen in Table 11, the highest accuracy
rate is reached with the “Info Gain” attributes selection
method when thunderstorm forecasting algorithms are
used. The basic attributes are given in Table 12.

Table 9. Accuracy rates of fog modeling algorithms with
different attribute selection methods

Accuracy . .
Rates Modeling Algorithms
Attribute | Simpl .
selection | eCAR |Ridor R‘?rigm J48 g:'\g K Star
Method T Y

GainRatio| 75.1 79.9 82.2 87.7 | 544 77.9

OneR 80 79.1 82.5 739 | 62.8 62.1

Wrapper | 84.8 81.8 85.4 89.9 | 78.8 79.7

CFS 68.3 78.6 75.6 80 72.2 54.7

InfoGain| 58.1 72.3 65.6 84.7 | 68.1 67.9

Table 10. Basic attributes of fog forecasting model

Table 12. Basic attributes of thunderstorm forecasting model

Attribute Attribute Unit Included Attribute
Code Definition Selection Algorithms
K K Index °C | InfoGain, GainRatio, CFS
value
CAPE InfoGain, GainRatio,
CAPE Index value kg Wrapper, CFS, One R

Table 13 shows the accuracy rates of the precipitation
modeling algorithms with different attribute selection
approaches. As seen in Table 13, the highest accuracy
rate is reached with the “Wrapper” attributes selection
method when precipitation forecasting algorithms are
used. The basic attributes are given in Table 14.

Different attributes selection approaches were tested for
the forecast of precipitation type. Selected attributes with
these approaches and the comparison of accuracy rates of
models are given in Table 15. As seen in Table 15, the
highest accuracy rate is reached with the “Wrapper”
attributes selection method when precipitation type
forecasting algorithms are used. The basic attributes are
given in Table 16.

Table 11. Accuracy rates of thunderstorm modeling algorithms
with different attribute selection methods

Acrj;tl;ascy Modeling Algorithms

Attribute - -,
InfoGain 93 91 914 97.8 89.6

GainRatio 90 87.6 90.2 94.4 82.2
Wrapper 89.9 88.2 90.3 935 86.3
CFS 92.3 89.3 90.5 96.1 88.1
OneR 88.8 90.1 91.2 92.3 88.2

Included P ; ;
Attribute Attribute Uit Attribute Table 13. Acpﬁrgpf); rates of plgeupltatllon r_nodelmrg]; adlgorlthms
Code Definition Selection with different attribute selection methods
Algorithms A
ceuracy Modeling Algorithms
GainRatio, Rates
CBL Cloud base level feet
Werapper, One R -
Attribute Simple | Random Rido
TEMPDE Temperature Selection C AlgT Tree ZeroR J48 r
difference between o InfoGain, Method
(850mb- | “g50 by and 1000 C | Wrapper, One R
1000mb) mb an rapper, One -
mb levels InfoGain 91.1 87.2 84.2 822 | 804
i GainRatio 88.7 874 80.3 82.3 79.8
1?)};(’)\|Tb Wind s%efd a} 1000 knot Wrapper, CFS
(1000mb) mb leve Wrapper 925 88.7 87.3 831 | 816
TEMPDW teDr‘IrlfFf)Z:'Zrt]Sfeb:r%ngnw CFS 89.9 88.1 85.5 811 | 79.3
o]
PTDF temperature at 1000 C Wrapper, One R OneR 90.1 87.8 86.3 80.9 80.2
(1000mb) mb level

Table 14. Basic attributes of precipitation forecasting model

Included
Attribute Attribute Unit Attribute
Code Definition Selection
Algorithms
InfoGain,
CBL Cloud base level feet GainRatio,
Wrapper, One R
Relative humidity o GainRatio,
RELH(700mb) at 700 mb level % Wrapper
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Table 15. Accuracy rates of precipitation type modeling

algorithms with different attribute selection
methods
Accuracy Modeling Algorithms
Rates
Attribute - .
Selection ?:'25!? ZeroR Ré.iquigm J48 g:'\g; Sﬁr
Method Y
InfoGain 82.1 80.1 84.3 90.5 89.2 84.4
CFS 80.8 79.8 86.9 90.2 90.2 83.2
Wrapper 85.1 82 86.9 92 90.5 85.4
Filtered
ALt E. 83.2 81.4 86.8 90.2 90.6 82.2
OneR 79.9 80.6 85.4 91.1 86.5 85.1

Table 16. Basic attributes of precipitation type forecasting

model
Included
Attribute Attribute Definition Unit Attrlb_ute
Code Selection
Algorithms
. InfoGain,
CAPE CAPE index value J/kg Wirapper, CFS
InfoGain,
PW Precipitable water mm Wrapper, CFS,
OneR
InfoGain,
CBL Cloud base level feet GainRatio,
WrapperOne R
HGHTDF Height difference
(500mb- between 500 mb and mt Wrapper
1000mb) 1000 mb levels
TEMP Temperature at 850 oc GainRatio,
(850mb) mb level Wrapper
TEMP Temperature at 700 oc InfoGain,
(700mb) mb level Wrapper
TEMP Temperature at 500 o
(500mb) mb level c Wrapper

2.4.2. Classification Analysis and Rule Mining

Different classification algorithms in the WEKA
program were tested for fog, precipitation and
thunderstorm events after data preprocessing. Rules were
formed using with the most successful algorithms.

The parameter values of the compared algorithms are the
default values of the program. A 10 fold cross validation
test was used for the accuracy comparison. This method
divides the data set into 10 equal size parts. Of these 10
parts, a single part is retained as the validation data for
testing the model, and the remaining nine parts are used
as training data. The cross-validation process is then
repeated 10 times, with each of the 10 parts used exactly
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once as the validation data. This decision is taken via
trial and error after an iterative deepening search.
The outputs provided by WEKA for the evaluation of
classification algorithms results are as follows:
Confusion matrix: This reflects the success level of test
results. The rows in this matrix show the current number
of samples in the test data and the columns show the
forecast of the model as seen in Table 17.

Table 17. Confusion Matrix

Estimated Class

Class =1 Class =0
g Class =1 TP FN
(6]
g Class =2 FP TN
e ass =

Accuracy, true positive rate, false positive rate, precision,
recall and F measure are the criteria of the confusion
matrix. They take values between 0 and 1. The model
performance increases when they are close to 1 [24].

Accuracy: This is the rate of the correct classified number
over the total number of sample numbers. It is known as
the simplest and most popular method in model
performance evaluation. The calculation is shown in
Equation 10.

AccuraryRate = (TP + TN)/(TP + TN + FP + FN)
(10)

True positive rate (TP): This shows the percentage of
samples assigned to a class by the algorithm which truly
belongs to that class.

False positive rate (FP): This shows the percentage of
samples assigned to a class by the algorithm which
doesn’t truly belong to that class.

True negative rate (TN): This shows the percentage of
samples not assigned to a class by the algorithm which
doesn’t truly belong to that class.

False negative rate (FN): This shows the percentage of
samples not assigned to a class by the algorithm which
truly belongs to that class.

Precision: This is the percentage of truly classified
positive sample number over positively classified sample
number. The calculation is shown in Equation 11.

Precision = TP /(TP + FP) (11)
Recall: This is the rate of the correct classified positive
sample number over positive sample number. The
calculation is shown in Equation 12.

Recall =TP/(TP + FN) (12)
F Measure: This is the harmonic mean of precision and
recall. It gives more reliable results regarding these two
criteria. The calculation is shown in Equation 13.

F — Measure = (2 * Precision * Recall)/

(Precision + Recall) (13)
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Cloud base level, TEMPDF(850mb- 1000mb),
SKNT(1000mb) and TEMPDWPTDF(1000mb) are the
attributes selected as input parameters by data
preprocessing and they are used in fog forecasting
models. The output parameter is fog event. The aim is to
find the rules which explain the relationship between the
input and output parameters. In the WEKA program,
different classification algorithms were analyzed and the
results of more successful ones are compared in Table 18.

Precision, recall and F measure criteria are transferred to
this table based on the weighted average numbers that are
given in the algorithm result tables. It was found that J48
is the most successful decision tree algorithm for fog
analysis according to both accuracy rate and F measure
criteria. The rule obtained from this algorithm is shown
in Table 19.

Meteorology experts state that improved rules can be
generalized for estimation. There should be enversion for
fog event. Enversion is the increase in temperature
instead of decrease when moving up in the atmosphere.
Fog event occurs related to the increase in temperature
by height because of vapor. Furthermore, air temperature
and dew temperature should be close. Wind is a
parameter which prevents fog events and calm weather is
ideal for this event. Fog can be defined as stratus cloud at
ground level so it is important to detect the low cloud
base level for fog forecast.

CAPE and K indexes are the attributes selected as input
parameters by data preprocessing and they are used in
thunderstorm forecasting models. The output parameter
is the thunderstorm event. The aim is to find the rules
which explain the relationship between the input and
output parameters. Different classification algorithms in
the WEKA program were analyzed and the more
successful ones are compared in Table 20.

Precision, recall and F measure criteria are transferred to
this table based on the weighted average numbers that are
given in the algorithm result tables. It was found that J48
is the most successful decision tree algorithm for
thunderstorm analysis according to both accuracy rate
and F measure criteria. The rule obtained from this
algorithm is understandable to the user and is given in
Table 21.

Meteorology experts state that CAPE and K indexes can
reflect the instability of atmosphere. The K index is based
on the difference between temperature and dew
temperature at different pressure levels. The higher the K
index , the more potential of precipitation occurring.
CAPE is the measure of the amount of energy available
for convection. Due to the fact that CAPE has positive
values, it shows the potential of vertical movement of an
air parcel and the possibility of precipitation. The basic
threshold value of this index is 300 and the other
threshold values are 1000, 2500 and 3500. As the index
value increases, the potential of thunderstorm event
increases, too.

Table 18. Efficiency rates of classification algorithms for fog

analysis
Truly
. Classified | Accuracy - F-
Algorithms sample Rate Precision | Recall Measure
Number

Simple
CART 13286 0.867 0.984 0.867 0.917
Ridor 12605 0.822 0.982 0.822 0.892
R"Z‘;‘rigm 13294 0.868 0986 | 0867 | 0.923
J48 13870 0.905 0.983 0.905 0.939
ga"’e 12188 0.795 0979 | 0795 | 0.874

ayes
KStar 12226 0.797 0.979 0.797 0.876

Table 19. Obtained rule for fog analysis
Algorithm Obtained Rule for Fog Analysis
If CBL> 700 then FOG = NO. If CBL<700
and TEMPDF(850mb-1000mb) >0 and
J48 SKNT(1000mb) <3 and
TEMPDWPTDF(1000mb) < 1 then FOG
=YES.

Table 20. Efficiency rates of classification algorithms for
thunderstorm analysis

Truly
- Classified |Accuracy - F-
Algorithms Sample Rate Precision | Recall Measure
Number
Simple
CART 14260 0.930 0.97 0.929 | 0.944
ZeroR 13958 0.91 0.97 0.91 0.931
RandomTree 14020 0.914 0.966 0.914 0.933
J48 14997 0.978 0.976 0.978 0.977
Decision
Stump 13744 0.896 0.967 0.896 0.922

Table 21. Obtained rule for thunderstorm analysis

Algorithm Obtained Rule for Thunderstorm Analysis
18 If K>24 and CAPE>300 then
THUNDERSTORM=YES

Cloud base level and RELH(700mb) are the attributes
selected as input parameters and are used when
developing precipitation forecasting models. The output
parameter is the precipitation event. The aimis to find the
rules which explain the relationship between the input
and output parameters. Different classification
algorithms in the WEKA program were analyzed and the
more successful ones are compared in Table 22.
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Precision, recall and F measure criteria are transferred to
this table based on the weighted average numbers that are
given in the algorithm result tables. The evaluation was
done by using the values of 15330 days. It was found that
SimpleCART is the most successful decision tree
algorithm for precipitation analysis with 14186 truly
classified sample numbers. The rule obtained by
following nodes is given in Table 23.

Table 22. Efficiency rates of classification algorithms for
precipitation analysis

Precision, recall and F measure criteria are transferred to
this table based on the weighted average numbers that are
given in the algorithm result tables. It was found out that
J48 is the most successful decision tree algorithm for the
analysis of precipitation events type, according to both
accuracy rate and F measure criteria. The rule obtained
from this algorithm is understandable to the user and is
given in Table 25.

Table 24. Efficiency rates of classification algorithms for
precipitation type analysis

Truly
. Classified |Accuracy - F-
Algorithms Sample Rate Precision| Recall Measure
Number
Simple
CART 14186 0.925 0.926 0.925 | 0.925
RandomTree | 13603 0.887 0.886 0.887 0.886
ZeroR 13391 0.873 0.876 0.873 | 0.873
J48 12743 0.831 0.844 0.831 0.833
Ridor 12512 0.816 0.831 0.816 | 0.819

Table 23. Obtained rule for precipitation analysis

Truly
Algorithms Classified | Accuracy Precision|Recall F-Measure
Sample Rate
Number
Simple
CART 4973 0.851 0.895 0.850 0.866
ZeroR 4789 0.820 0.834 0.820 0.824
Random 5082 0.869 0897 | 0871 | 0878
Tree
J48 5379 0.920 0.946 0.920 0.929
Naive 5290 0.905 0920 | 0.905 | 0.908
Bayes
KStar 4993 0.854 0.879 0.854 0.863

Obtained Rule for Precipitation

Algorithm . . L .
g Analysis Table 25. Obtained rule for precipitation type analysis
If CBL>3000 then PRECIPITATION . Obtained Rule for Precipitation Type
SimpleCART =NO If CBL<3000 and RELH Algorithm Analysis
P (700mb)>70 then PRECIPITATION
= YES. If CBL<3000 and HGHTDF(500mb-
1000mb)<5400 or TEMP (850mb)<1 or
TEMP(500mb)<-22 then PRECIPITATION
Meteorology experts agree that cloud base level and =RAIN.
humidity level are considered as the basic parameters for
precipitation. Rainfall doesn’t occur when the cloud base If CBL<3000 and HGHTDF(500mb-
level is over 3000. Rainfall is developed in low and J48 1000mb)<5400 and TEMP (850mb)<1 and

middle level clouds. The potential of rainfall increases as
the cloud base level decreases. One of the necessary
parameters for the occurrence of rainfall is low and high
level humidity. The vertical movement of an air parcel
is related to middle level humidity. For rainfall
development, humidity plays an important role. At 700
mb its threshold value is 65-70%.

Cloud base level, CAPE, PW, HGHTDF (500mb-
100mb), TEMP (800mb), TEMP (700mb) and TEMP
(500mb) are the attributes selected as input parameters by
data preprocessing and they are used in precipitation type
forecasting models. The output parameter is the
precipitation event type which includes rain, snow and
hail categories. Our main aim here is to find the rules
which explain the relationship between input and output
parameters. Different classification algorithms in the
WEKA program were analyzed and the most successful
ones are compared in Table 24. There are 5844 days in
which precipitation occurred and these data are used for
testing.

TEMP(500mb)<-22 then PRECIPITATION
= SNOW.

If CAPE>2000 and PW>38 and
TEMP(700mb)<1 then PRECIPITATION
= HAIL.

The meteorology experts state that these rules can be
generalized. Precipitation doesn’t occur when the cloud
base level is higher than 3000 feet. Snow occurs when the
temperature at 850mb level is less than 1°C and the
temperature at 500mb level is less than -22°C. Hail
occurs if the temperature at 700mb level falls below 1°C
and the CAPE index value exceeds the critical threshold
value 2000.

2.4.3. Rules Assessment with New Data

The data used in the classification algorithms included
15330 days’ values obtained between the years 1970 and
2012. A new data set was used to confirm the accuracy
and validity of the forecasting rules attained with the
former data set. For this purpose, estimations were made
using the data of November 2016 and January 2017. The
accuracy rates of the Kayseri Office of the Turkish State
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Meteorological Service regarding these meteorological
events were obtained from the forecasting and warning
center authoritative. The comparisons of results among
the estimations, real meteorological events and estimates
of the Kayseri Regional Office are as follows:

Fog event occurred on 42 days out of 61 days of
observation. Fog on 40 days was correctly estimated
by the obtained rules. Fog didn’t occur on 19 of 61
days of observation. Of these 19 days, estimation was
correct on 14 days. The fog analysis had a success rate
of 89%. The accuracy rate of fog event obtained by
the Kayseri Regional Office was observed as 85% for
these two months.

Thunderstorm event didn’t occur during the 61 days
of observation. All estimations were totally correct.
The thunderstorm analysis had a success rate of
100%. The accuracy rate of thunderstorm event
obtained by the Kayseri Regional Office was
observed as 100% for these two months.

Precipitation event occurred on 18 of 61 days of
observation. It was correctly estimated on 16 days by
the obtained rules. Precipitation event didn’t occur on
43 of 61 days of observation. Of these 43 days,
estimation was correct on 39 days. The precipitation
analysis had a success rate of 90.2%. The accuracy
rate of precipitation event obtained by the Kayseri
Regional Office was observed as 89.1% for these two
months.

3. RESULTS AND DISCUSSION

Risk is a factor that must be minimized to the lowest
degree for the aviation sector. For this reason, decisions
should be taken according to meteorological information.

Understanding meteorological events is only possible
with the observation of many parameters which are
related to each other. Previous mass data should be
overviewed for the future forecast. Expert opinions are
also necessary in the analysis process. At this point, it is
believed that data mining makes a great contribution to
the analysis of mass data and it increases the rate of
accuracy and speed.

This study aims at revealing the correlation between
meteorological parameters that affect aviation and
finding rules by classification. The basic benefits of the
study are the usage of high level values without maps and
expert opinion, obtaining the local forecast for Kayseri
Erkilet Airport and mining rules for the estimation of fog,
precipitation and thunderstorm events.

The user can simply understand and interpret these rules.
They can be used for future forecasts without expert
opinion.

The study proves that data mining is a suitable method
for meteorological data analysis. Rules may be formed
for other different meteorological events by enlarging the
concept of analysis in future studies.
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0z
Déort tekerlekten gekisli cok amacl bir hizmet tasitinin sabit 6n siispansiyonunda kullanilan parabolik yaprak yaylarin yiik-sekil
degisimi karakteristigi, dogrusal olmayan sonlu elemanlar analizi yardimiyla belirlenmistir. Bu amagla, tagitin mevcut parabolik
yaprak yaylarmnin ayrintili sonlu elemanlar modeli olusturulmus ve sistemin dogrusal olmayan sonlu elemanlar analizi
gerceklestirilmistir. Bu sekilde yaprak yayin, diisey kuvvete bagl sekil degisimi karakteristigi elde edilmistir. Dogrusal olmayan
sonlu elemanlar simiilasyonundan elde edilen sonuglar, diisey yiikleme testi sonuglariyla olduk¢a uyumludur. Tekerlegin 146
mm’lik diisey yer degisiminde, sonlu elemanlar analizinden hesaplanan yay katsayisinin, test sonuglarindan olan sapmasinin, %
3,3 degerini agmadi@1 belirlenmistir. Calismanin son agamasinda, yay kiipesinin yay karakteristigine etkisi incelenmistir. Sunulan

uygulama yardimyla, tasit govdesi i¢cin hedeflenen diisey titresim frekansimi saglayacak yaprak yaym tasarim boyutlarinin
belirlenmesi miimkiindiir.

Anahtar Kelimeler: Parabolik yaprak yay, yay karakteristigi, tasit siispansiyonu, dogrusal olmayan sonlu elemanlar
analizi, bilgisayar destekli miihendislik.

Determinaton of the Spring Characteristic of a
Parabolic Leaf Spring Used in a Military Vehicle by
Using Non-Linear Finite Element Analysis

ABSTRACT

The load-deflection characteristic of the parabolic leaf springs used in the solid front suspension of a four-wheel-drive multi-
purpose service vehicle is determined by using nonlinear finite element analysis. For this purpose, a detailed finite element model
of the parabolic leaf springs of the vehicle was created and the non-linear finite element analysis of the system was carried out. By
this way, vertical force-deflection characteristic of the leaf spring was obtained. Results obtained from the non-linear finite element
simulation are in good agreement with the results of the vertical loading test. It was determined that the deviation between the
spring coefficient obtained from the finite element analysis and the test results does not exceed 3.3% for 146 mm of the wheel
travel. In the final stage of the work, the influence of shackle on the spring characteristic was investigated. By using the present
application, it is possible to determine the leaf spring design dimensions that will provide the targeted vertical vibration frequency
for vehicle body.

Keywords: Parabolic leaf spring, spring characteristic, vehicle suspension, non-linear finite element analysis, computer
aided engineering.

1. GIRIS (INTRODUCTION) uygulanmaktadir [1, 2]. Sabit siispansiyonlu bir genel

Yaprak yaylar; yiiksek yiik tasima kapasiteleri, tekerlek maksat tagitinin 6n aks1 igin ornek bir parabolik yaprak
temas noktasma tiim yonlerde etkiyen kuvvetleri Yy Uygulamasi, Sekil 1°de, yaymn temel yapi elemanlar
karsilayabilmeleri, birden fazla baglanti noktasina sahip ~ 1s€ Sekil 2’de verilmektedir. Yaprak yay uygulamada, bir
olmalari, kuvvetleri sasiye daha diisiik zorlama altinda Y2 da merkezleme pimiyle birlestirilmis birden fazla yay
iletmeleri gibi avantajlari nedenleriyle, sabit siispansiyon ~ Yapragindan olusmaktadir. ~ Katmanlar temel olarak,

sistemine sahip tagitlarm nemli bir bélimiinde halen ~ slrtinmeler ihmal edilirse, yiik altinda egilmeye
calismaktadir.

*Sorumlu Yazar (Corresponding Author)

Tasit siispansiyonunda kullanilacak yayin katsayisi ve
e-posta : murat.topac@deu.edu.tr

amortisor séniim degeri, gévdenin titresim davranisini,
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dolayisiyla tasitin konfor ve kontrol karakteristiklerini
dogrudan etkileyen faktorlerdir. Bu nedenle de secilecek
yayin, tasarim asamasinda belirlenen yay katsayisi
ihtiyacint karsiliyor olmasi gerekir. Sonlu elemanlar
analizi yardimiyla, bu ihtiyaca uygun bir yayin
tasarlanmas1 miimkiindiir. Agik literatiirde, parabolik
yaprak yaylarin yay karakteristiginin Sonlu elemanlar
yontemi yardimiyla elde edilmesine ve sistemin
bilgisayar destekli tasarimina iligkin g¢esitli ¢aligmalar
bulunmaktadir. Qin ve arkadaglari, yaptiklari ¢aligmada,
Hotchkiss tipi sabit bir siispansiyonda kullanilan
parabolik yaprak yay ilizerinde olusan gerilme ve sekil
degisimini farkli yiikleme kosullar1 i¢in dogrusal
olmayan sonlu elemanlar analizi yardimryla incelemisler
ve sayisal olarak elde ettikleri yay karakteristigini test
sonuglariyla karsilastirmiglardir [3]. Kong ve arkadaslari,
yayimladiklar1 ¢alismalarinda, parabolik tip bir yaprak
yaym yikleme karakteristigini, eksplisit dogrusal
olmayan sonlu elemanlar yontemiyle belirlemislerdir [4].
Bhandarkar ve arkadaslari, arkadan motorlu bir tasitin
arka aks parabolik yaprak yayimin tasarimini ve gerilme
analizini sonlu elemanlar yontemiyle
gerceklestirmislerdir [5]. Literatiirde sunulan ¢alismalar
genellikle, yayin siispansiyon sistemine ya da bir sasiye
baglanmadig1 serbest durum icin gerceklestirilmistir.
Ancak yayin aks ve sasi baglantilarinin tipi; (yay oturma
uzunlugu, yaym etkin yaylanma boyu ve yay kiipesi)
yayin karakteristigini etkilemektedir [6].

Kiipe

Yaprak yay

Hareket yoni —a— On aks diferansiyeli

Sekil 1. Bir genel maksat tagitinin sabit 6n aksi (Solid front axle
of a general purpose vehicle)

1. Baglanti burcu

2. Ara sac

3.Yay yaprag

4. Alt oturma saci

5. Merkezleme civatasi
6. Kelepge

Sekil 2. Yaprak yayin yapt elemanlari ve kullanilan eksen
takimi (Structural elements of the leaf spring and
the axis convention)

Bu ¢alismada, parabolik yaprak yay karakteristiklerinin,
dogrusal olmayan sonlu elemanlar analizi yardimiyla
elde edilmesine yonelik 6rnek bir inceleme sunulmustur.

Caligmanin ilk asamasinda, mevcut bir askeri hizmet
tagitinin O6n aksinda kullanilan parabolik yaprak yayin
ayrintili katt modeli olusturulmustur. Daha sonra bu
model, ANSYS® Workbench ticari sonlu elemanlar
yazilimina aktarilmistir. Yay baglantt bolgeleri igin
gerekli sinir kosullar1 tanimlandiktan sonra, sistemin
dogrusal  olmayan  sonlu  elemanlar  analizi
gerceklestirilmis  ve yiikleme-sekil degisimi (F-9)
karakteristigi elde edilmistir. Bu sonuglar, ayn1 yaym
yiikleme testlerinden elde edilen karakteristikle
dogrulanmistir. Calisma kapsaminda ayrica, etkin yay
uzunlugunun (Ler) ve serbest yay gdziinlin yaylanma
sirasinda tasit boyuna eksenindeki hareketini miimkiin
kilan kiipenin yay karakteristigine etkileri de
incelenmistir. karsilagtirilmistir.

2. MATERYAL VE METOD (MATERIAL and
METHOD)

Elastik bir sisteme etkiyen kuvvet {F} ve bunun
olusturdugu sekil (ya da yer) degisimi {u} arasindaki
dogrusal iligki:

{F}=[Ku} )

seklindedir [7]. “Hooke Kanunu” olarak bilinen bu
ifadede [K], yapmin elastikiyetini temsil eden
direngenlik matrisidir. Uygulamada ise sistemler,
geometrik olarak ya da malzeme agisindan dogrusal
olmayan oOzellik gosterebilir. Ayrica, artan sekil
degisimine bagli olarak temas yiizeylerinin birbirinden
ayrilmast veya yeni temas ylizeylerinin olusmasi,
incelenen yapinin katiligini, dolayisiyla da [K] matrisini
degistirmekte ve sistemi dogrusal olmayan hale
getirmektedir. Sistemin yapisina goére, sayilan bu lig
durumun, ayni anda ortaya ¢ikabilmesi miimkiindiir.
Kuvvet etkisi altinda, sistemde c¢ok biyik sekil
degisimleri ortaya ¢ikiyorsa, bu sistem geometrik olarak
dogrusal olmayan 6zellikte kabul edilir.

Parabolik yaprak yaym yiik altindaki sekil degisimi
analizi de yukarida sayilan durumlari igerdiginden, bu
calismada dogrusal olmayan analizi uygulanmistir.
Dogrusal olmayan sekil degisimi etkisi, dogrusal
denklem sistemlerinin  bir araya getirilmesiyle
olusturulabilir. Denklem sistemlerinin ¢ozimii ise
iterasyonlar yardimiyla gergeklestirilir [8]. ANSYS®
sonlu elemanlar paketi, bu iterasyonlari, Newton-
Raphson algoritmasint kullanarak gergeklestirmektedir.
Coziim sirasinda gerceklestirilen her iterasyon, “denge
iterasyonu” olarak adlandirilir.  Newton-Raphson
metodunda, sisteme ilk olarak bir Fa kuvveti uygulanir.
Daha sonra bu kuvvetin olusturdugu sekil degisimi x1 ve
i¢ kuvvet (F1) hesaplanabilir (Sekil 3.a). Eger Fa = F1
esitligi saglanamazsa, sistem dengede degildir. Bu
durumda, o kosullar i¢in yeni bir [K] matrisi hesaplanir.
Sistemin kararli hale gelmesi i¢in F, ile Fy arasindaki
farkin, secilen bir tolerans degerine kadar azaltilmasi
gerekir. Iterasyon, bu kosul saglanan kadar siirer. Sekil
3.a’da gorillen Ornekte sistem, dort adet denge
iterasyonuyla  dengeye  ulagmaktadir.  Problem
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coziimlerinde yakinsamay:1 kolaylastirmak amaciyla
uygulanan kuvvetler ya da sekil degisimleri, kendi icinde
parcalara boliinebilir. Bu parcalar, zamana bagli olarak
ya da alt adimlar seklinde uygulanabilir. Sekil 3.b’de,
problem ¢oziimii icin Fa ve Fp olmak iizere iki adet kuvvet
adimi uygulanmigtir. Fa kuvveti, Fu alt adimiyla
uygulanirken, Fp kuvveti, Fy; ve Fp alt adimlariyla
uygulanmistir. Diyagram tizerinde, kirmizi ve siyah
karakteristiklerin kesisim noktalari, problem ¢6ziimiinde
yakinsamanin saglandigi degerleri gostermektedir.
Kuvvet alt adimlarinin, zamana bagli olarak uygulanmasi
da miimkiindiir.

Newton-Raphson yontemi
Fal oo e
'_,.':354:
Fip-of2 00
SR
1 o
T
1 o
H [
X1 X
a
Fobpmmm e -
Foof—-——-------- !
Fotpmom e : |
Pl !
Fo | ----- aef 1L
2 |
Pyl |
Fatf—- Py 1
Sl | | 1 I 1
T ! 1 I 1
I ! 1 I 1
I L !
Xa Xb
b

Sekil 3. a. Newton-Raphson ydnteminin sematik gosterimi
b. Dogrusal olmayan analizi igin kuvvet alt adimlari
[7,8] (a. Schematic for Newton-Raphson method b.
force substeps for non-linear finite element analysis)

3. SONLU ELEMANLAR MODELI (FINITE
ELEMENT MODEL)

Calisma kapsaminda incelenen parabolik yaprak yayn,
imalat resimleri yardimiyla olusturulan kati modeli ve
temel boyutlari, Sekil 4.a’da verilmektedir. Olusturulan
kati model, toplam yirmi ii¢ yap1 elemanindan
olusmaktadir (Sekil 2). Yay yapraginin merkezdeki
kalinlhigt, to (mm):
22

S, 4a’b” 1 @

Ew,L c,
denklemiyle verilmektedir. Burada, cr, serbest halde yay
katsayis1 (N/mm), a ve b, sabit ve serbest gozlerin
merkezleme civatasi eksenine uzakligi (mm), E, elastisite
modiilii, wo, yaprak genisligi (mm), L, yaprak yay boyu
(mm), cy, diisey yay katsayisi igin faktor [6] seklindedir.
Yaym temel boyutlar1 kullanilarak, yaym serbest
durumdaki katsayis1 hesaplanabilir. Yaprak yaylar
uygulamada, sabit akslara, Sekil 4.b’de goriilen U
civatalar1 ve diger yardimci yap1 elemanlar1 yardimiyla
baglanir. Bu baglanti, yaymn serbest yaylanan boyunu

(Ler) kisaltmakta ve yay karakteristiginin belirli 6lglide
degismesine neden olmaktadir. Buna ilave olarak, yay
baglanti kiipesinin de (Sekil 1.b) yay katsayis1 tizerinde
%50’ye varan Olciide etkisi oldugu literatiirden
bilinmektedir [6].

-q—l_ef—-- [ —

= Aks borusu

U-civatasi

Yatak

Lo e \f Merkezleme
iy = civatasi

F==-—fi o=t Yay yapragi

Sekil 4. a. Parabolik yaprak yayin boyutlari b. yaym aks
baglantisi [6] (a. Dimensions of parabolic leaf spring
b. axle mounting of the spring [6])

Yayin dogrusal olmayan sonlu elemanlar analizinde,
Omar ve arkadaslari tarafindan onerilen ve Sekil 5.a’da
goriilen smir kosullart uygulanmistir [9]. Ancak bu
modelden farkli olarak, yayin tasit govdesine bagli sabit
goziinde, kiiresel mafsal yerine, yalnizca y ekseni
gevresinde donme serbestligi saglayan doner mafsal
tanimlanmistir. Hareketli goz ise x ekseni boyunca ve y
ekseni cevresinde serbest birakilmistir. Yaprak yaym
sonlu elemanlar modeli Sekil 5.b’de goriilmektedir.
4

A
Rijit cubuk (sasi)

| — X ]
&Ki}resel mafsal Kayar blok .
) z -
. o
Yaprakyay e, ) =
As o o X
a
Sabit goz Serbest goz

Ucvatasi  Ust baglanti saci
A

Sekil 5. a. Yaprak yay i¢in sinir kogullar1 [9] b. Sonlu elemanlar
modeli (a. Boundary conditions for leaf spring [9] b.
finite element model)
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Sonlu elemanlar modelinin olusturulmasinda, genellikle
dogrusal olmayan problemler icin tercih edilen bir
eleman tipi olan SOLID186 kullanilmistir. Yirmi diigiim
noktasina sahip bu kuadratik eleman, yiiksek dereceli yer
degistirme iceren sonlu elemanlar simiilasyonlarina
olanak saglamaktadir. Yay malzemesine ait, elastisite
modiilii (E), Poisson orani (v), akma simir1 (Rp), cekme
dayanimi (Rm) ve kopma uzamasi (A) gibi temel mekanik
degerler, Cizelge 1’de verilmektedir.

Diisey yiikleme testini simiile etmek i¢cin F= 17.000 N
degerindeki diisey kuvvet, sonlu elemanlar modeline, alt
oturma sacindan z ekseninde ve basamaklar halinde
uygulanmistir. Yer degisimi ve kuvvet i¢in elde edilen
iteratif yakinsama adimlari, 6rnek olarak Sekil 6.a ve
Sekil 6.b’de verilmektedir.

4. SONUCLAR VE TARTISMA (RESULTS and
DISCUSSION)

Yaprak yayin, aksa baglanmamis durumda ve F= 17.000
N degerinde diisey yiik altinda, 146 mm’lik diisey sekil
degisimi simiilasyonu, Sekil 7.a’da verilmektedir. Sekil
7.b’de ise Denklem 2’ye (SAE) gore hesaplanmis yay
katsayisi (ce=F / 8) ve dogrusal olmayan sonlu elemanlar
analizinden elde edilen yay karakteristigi (SE), tiretilmis
yaymn diisey yiikleme testinden elde edilen sonuglarla
karsilastirilmaktadir.

z= 0-45 mm diisey sekil degisimi (8) aralig1 i¢in her ¢
karaktersitik arasindaki fark, ihmal edilebilir diizeydedir.
100 mm’lik sekil degisimi icin denklem 2’ye gore
yapilan hesaplama ile test sonuclar1 arasinda %5,7 fark
oldugu goriilmektedir. Yayin z=146 mm’lik diisey sekil
degisimi aralifinda, dogrusal olmayan sonlu elemanlar

Cizelge 1. 50CrV4 (DIN17221) Malzemesinin mekanik 6zellikleri [10] (Mechanical properties of 50CrV4 (DIN17221) [10])

Malzeme E (GPa) v(-)

R, (MPa) Rm (MPa) A(%)

50CrV4 (1.8159) 210 03

1180 1370-1670 6

Yer degisimi yakinsamas! ~ Yer degisimi kriteri

Iraksama Yakinsanmis alt adim

2,1556
0,7123
0,2354 k
7,779-2

2,5706e-2
8,4949¢-3
2,8072e-3
9,2766e-4
3,0655¢e-4
1,013e-4

3,3476e-5

Yer dedigimi (mm)

¥ lhhMM&lhMhMMMhMMﬂm 5

1, 52, 104, 156, 208,

1,

260, 312, 364, 416, 468,

Zaman {s)

P ——

1, 52, 104, 156, 208,

260,

312, 364, 416, 468, 527,

Birikimli iterasyon

Kuvvet yakinsamasi Kuvvet kriteri

——

2,891e+6

Iraksama Yakinsanmis alt adim

4,404e+5
67106 |
10224
15577 L[
237,32 RIER
36,156 '

55086
0,83926 SRS
0,12786 ‘
1,9481e-2

Kuwvet (N)

1, 52,

DK

416, 468,

1,

Zaman (s)

0,

1, 52, 104, 156, 208,

260,

312, 364, 416, 468, 527,

Birikimli iterasyon
Sekil 6. Dogrusal olmayan sonlu elemanlar analizi igin iterasyon adimlari: a. yer degisimi b. kuvvet (iteration steps for
non-linear finite element analysis: a. displacement b. force)

118



BIR ASKERI HIZMET TASITINDA KULLANILAN PARABOLIK YAPRAK YAYIN YAY ... Politeknik Dergisi, 2019; 22 (1) : 115-120

analizi yardimiyla elde edilen yay karakteristiginin test
sonu¢larindan olan sapmasinin, % 3,3 degerini asmadig1
belirlenmistir.

Her {i¢ yontemden elde edilen yay katsayilar1 Cizelge
2’de karsilagtirilmaktadir. Buna gore dogrusal olmayan
analizinden elde edilen ortalama yay Kkatsayisi, test
sonuglarindan %1 kadar sapmaktadir. SAE formiilii i¢in
ise bu sapma %?7,3 mertebesindedir. Ortaya ¢ikan bu
sapmanin nedeni, Denklem 2°de, g6z bur¢larinin elastik
ozelliginin ve i¢ stirtiinmelerin dikkate alinmamasi olarak
aciklanabilir. Uretim sirasinda yay celigine uygulanan
s1l iglemin, elastisite modiilii ve dolayisiyla da yay

katsayis1  lizerinde dikkate deger bir etkisi
bulunmamaktadir.
1459 91,5 37 -17,5
[ I [T .
Sekil degisimi, & (mm)
a
18
’é‘ 12
o
g
2 6 - Test
i — SE analizi
— SAE form.
0
0 20 40 60 80 100 120 140

Sekil degisimi, & (mm)
b

Sekil 7.a. Yaprak yayn elastik sekil degisimi simiilasyonu b.
yay karakteristikleri (a. Elastic deformation simulation
of leaf spring b. spring characteristics)

Cizelge 2. SAE formiilasyonu, dogrusal olmayan sonlu
elemanlar analizi (DO-SEA) ve test sonuglarinin
karsilastirilmasi (Comparison of the results of
SAE formulation, non-linear finite element
analysis and test)

Model tipi Analitik DO-SEA | Test

Crort (N/mm) | 126,93 116,5 117,63

Bir sonraki agsamada, dogrusal olmayan sonlu elemanlar
analizi, yaym aks baglanti konstriiksiyonu (Sekil 8.)
dikkate alinarak tekrarlanmistir (Durum 1). Bu analizden
elde edilen sekil degisimi, Sekil 9.a’da goriilmektedir.
Yay, z= 130 mm’lik diisey sekil degisiminde diizlemsel
konuma gelmektedir. Caligmanin bir sonraki asamasinda,
slispansiyon sistemi i¢in se¢ilen aks borusu ¢apinin aks
oturma  uzunlugunda, dolayisiyla serbest yay
uzunlugunda meydana getirdigi degisimin, yay katsayisi
iizerindeki etkisi incelenmistir. Bu amagla olusturulan
model, Sekil 8.b’de goriilmektedir. Yeni modelde, iist

baglanti sacinin yay oturma uzunlugu e, %20
mertebesinde artirillmis (Durum 2) ve diisey yiikleme
simiilasyonu, yiik kosullar1 ve yay geometrisi ayni
kalacak sekilde yinelenmistir. Gergeklestirlen bu
degisikligin, yay katsayisin1 %2,5 oraninda artirdigi
tespit edilmistir.

- & —
a4

R e — _—
L -

[ —

a
E— 12¢e —n
] ) —
b

Sekil 8.a. Durum 1 b. durum 2 (a. Case 1 b. case 2)

Sekil 9.b’de, yayin serbest dogrusal olmayan sonlu
elemanlar analizinden elde edilen karakteristigi, tasitin
mevcut aks borusu ve U-civatasi baglantis1 dikkate
almarak gerceklestirilen (Durum 1) analizden ve oturma
uzunlugu %20 artinlmug  Gst  baglanti  sac
uygulamasindan (Durum 2) elde edilen karakteristiklerle
karsilastirilmaktadir.

130,2 81,3 32,5 -16,4
[ e |
Sekil degisimi, & (mm)

a

18
;z:12
w
2 6 — SE analizi
— Durum 1
— Durum 2
0
0 20 40 60 80 100 120 140

Sekil degisimi, d (mm)
b
Sekil 9.a. Yaprak yayin elastik sekil degisimi simiilasyonu b.
oturma uzunlugunun etkisi (a. Elastic deformation
simulation of leaf spring b. effect of the seat length)
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Son olarak, yay kiipesinin yiikleme karakteristigine etkisi
incelenmistir. Bu amagla, olusturulan yay modeline,
Sekil 10.a’da goriilen kiipe eklenmistir. Kiipenin statik
yikleme  durumunda diisey konumda  oldugu
varsayllmistir. Bu modelde, Omar ve arkadaslari
tarafindan Onerilen modelden [9] farkli olarak, yayin
serbest baglant1 gozii, x eksenine ek olarak, z ekseninde
de (Sekil 5.a’ya gore) konum degistirebilmektedir. Sekil
10.b’de  goriildiigii gibi, kiipenin analize dahil
edilmesiyle, aksa monte edilmis yayin yay katsayisi,
yaklagik %20 oraninda azalmaktadir (Durum 3).

168,8 104,1 394 -25,3
[ [ T [T
Sekil degisimi, & (mm)

a

18
§12
o
g
3
¥ 6 — SE analizi
— Durum 1
— Durum 3
0
0 20 40 60 80 100 120 140

Sekil degisimi, d (mm)

b
Sekil 10.a. Yaprak yayin elastik sekil degisimi simiilasyonu b.
yay kiipesinin etkisi (a. Elastic deformation
simulation  of leaf spring b. shackle effect)

6. SONUC (CONCLUSION)

Dort tekerlekten gekisli ok amacli bir askeri tagitin sabit
on aksinda kullanilan yaprak yaym yiikleme
karaktersitigi, dogrusal olmayan analizi yardimiyla
belirlenmis ve elde edilen sonuglar, yay yiikleme
testinden elde edilen deneysel sonuglarla karsilastirilarak
dogrulanmistir. Caligmanin ikinci boliimiinde, ayni
analiz, yaym silispansiyon sistemine U-civatalariyla
baglandigt durum icin tekrarlanmig ve baglanti
uzunlugunun  karakteristige  etkisi  incelenmistir.
Calismadan elde edilen sonuglar, asagida
Ozetlenmektedir:

* Dogrusal olmayan sonlu elemanlar analizi
yardimiyla, yay karakteristiginin test sonuglarina
oldukga yakin olarak elde edilebildigi goriilmiistiir.
Yaym 0-146 mm’lik diisey sekil degisimi araliginda,
yay karakteristiginin test sonuglarindan olan
sapmasinin, % 3,3 degerini agmadig1 belirlenmistir.

* Aks govdesi baglanti civatasinin (U civatast) yay
rijitligini, bu tasarim Orneginde, yaklasik %12
oraninda artirdig1 belirlenmistir.

* Yaprak yay oturma uzunlugunun, bu tasarim
orneginde, yay rijitligini yaklasik %2,5 oranina kadar
degistirebildigi  belirlenmistir. Dolayisiyla, aks
borusu c¢apmin da montajli durumdaki yay
karakteristigine, dolayli ve ihmal edilebilir 6l¢tide bir
etkisi bulunmaktadir.

* Yay kiipesinin bu tasarim Orneginde, aksa monte
edilmis yayin yay katsayisint yaklagik % 20 oraninda
azalttig1 tespit edilmistir. Dolayisiyla, yay kiipesi
etkisi de siispansiyon tasariminda dikkate alinmasi
gereken bir unsurdur.

Bu c¢aligmada Ozetlenen yontem  kullanilarak,
sispansiyon sisteminde kullanilacak yaprak yayin,
ihtiyaca uygun sekilde boyutlandirilmasi miimkiindiir.
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0z
Farkli ¢aligma akigkanlari ile doldurulan yergekimi destekli 1s1 borusunun basing dagilimi ve termal performansinin arastirilmast
icin deneysel bir ¢alisma yapilmugtir. Farkli kaynama noktasina, yogunluga ve viskoziteye sahip olan metanol, su ve Mono-Etilen-
Glikol (MEG), ¢alisma sivilar1 olarak segilmistir. Ug 1s1 borusu i¢in deneysel bir diizenek tasarlanmis ve buharlastirici bolimiiniin
1sitilmasi gilines enerjisi ile saglanmustir. Is1t borusunun basing ve sicaklik dagilimlari i¢in boru yiizeyineden gerekli Slgtimler
yapilmustir. Yiiksek kaynama noktasina sahip saf antifriz ile termosifon tipi 1s1 borularinda yaygin olarak kullanilan su ve metanol
calisma akigskani olarak secilmistir. Is1 borulari, yiiksek sicakliklar elde etmek igin parabolik odakli vakumlu cam tiip i¢ine
konulmus ve 11 giin boyunca giines enerjisi ile calistirtlmigtir. Deney sonuglari i¢in saat 06.30 ile 18.30 arasinda alinan veriler
dikkate alimmigtir. Deney sonuglari, en yiiksek ve en diisiik giines 1simimina sahip (i) glinesli ve (ii) bulutlu giinler segerilerek
degerlendirilmistir. (i) Giinesli giinlerde, metanol, su ve antifriz i¢in en yiiksek depolama suyu sicakliklar1 90.0°C, 83.5°C ve

86.7°C, ve basing degerleri sirasiyla 6.7 bar, 1.6 bar ve 1.9 bar seklinde gerceklesmistir. (ii) Bulutlu giin i¢in ise, ilgili sicaklik ve
basing degerleri; 43.9°C, 39.3°C, 29.0°C ve 2.0 bar, 0.2 bar ve -0.3 bar olmustur.

Anahtar Kelimeler: Is1 borusu, giines enerjisi, 1sitma, performans.

Experimental Study of Thermal Performance and
Pressure Differences of Different Working Fluids in
Two-phase Closed Thermosyphons Using Solar
Energy

ABSTRACT

An experimental study is carried out to investigate the pressure distribution and thermal performance of gravity assisted heat pipe
charged with different working fluids. Methanol, water and Mono-Ethylene-Glycol (MEG) are chosen as working fluids which
have different boiling point, density and viscosity. An experimental test apparatus is designed and produced including three heat
pipes that heat input on the evaporator section are provided by solar energy. Measurements are conducted on the heat pipe surface
for pressure and temperature variations. Pure antifreeze is chosen as working fluid, due to its high boiling point, along with water
and methanol which are widely used in thermosyphon type heat pipes. Heat pipes are put into parabolic focused vacuumed glass
tube and operated by solar energy for 11 days in order to achieve high temperatures. Data taken from 06.30 to 18.30 is taken into
consideration for experimental results. Experimental results are evaluated for two days as (i) sunny and (ii) cloudy days by choosing
days with the highest and lowest solar radiation. (i) As for the sunny day, the highest storage water temperatures for methanol,
water and antifreeze were 90.0°C, 83.5°C and 86.7°C and the pressure values were 6.7 bar, 1.6 bar and 1.9 bar respectively. (ii)
And for the cloudy day, the respective values of temperature and pressure were measured as; 43.9°C, 39.3°C, 29.0°C, and 2.0 bar,
0.2 bar and -0.3 bar.

Keywords: Heat pipe, solar energy, heating, performance.

1. INTRODUCTION the energy use and the irreversibilities due to heating and
friction, because the energy costs are going up
continuously. This reduction can be obtained by using
heat exchangers or by heat pipes [1,2]. Heat pipe is a heat
*Sorumlu yazar (Corresponding Author) transfer device that allows a high heat transfer between
e-posta : engin.ozbas@omu.edu.tr the evaporator and condenser during the liquid-vapor

70% of the energy in the world is consumed as heat. It
is important to shrink the carbon footprint by reducing
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phase change of the fluid [3]. A heat pipe can transfer the
heat from one end to the other many times faster than a
metal bar with the same material and size [4]. Heat pipes
are used in electronic devices, in hospitals, hotels etc. in
heating and ventilation (HVAC) systems, in space and
nuclear technologies as a completely natural cooling
apparatus and in some other industrial sectors [3].

Heat pipes have advantages of high thermal conductivity
and a high heat flux. A high temperature difference
between the heat source and the heated place is not
needed for an effective heat transfer with heat pipes [5].
Transfer of the working fluid from the evaporator to the
condenser is driven by the vapor pressure and becomes
in vapor phase. Fluid condensed by phase change in the
condenser is transferred to the evaporator by an installed
wick or by the gravity [6]. Heat pipes are the best
solutions that can be chosen for the thermal control by
their affordable costs and excellent heat transfer abilities.
Various types of heat pipes are used in thermal
engineering applications [7]. One of them is gravity
driven heat pipes. This type of heat pipes are called two-
phase closed thermosyphon (TPCT). There is no
capillary structure in this kind of devices and the heat
transfer is accomplished by transferring the latent heat of
evaporation and condensation through a two-phase
closed cycle [8]. Inthe TPCT type, vapor pressure drives
the motion from the evaporator to condenser, while it
returns back from condenser to evaporator by the gravity
[9,10].

Schematic in Fig.1 shows the physical mechanism of the
TPCT. Basically they have three main parts as evaporator
section, condenser section and adiabatic section. Heat
flow through the pipes defines the performance of TPCT
[8]. In such kind of devices, liquid working fluid in the
evaporator is heated by the heat at the outer surface of the
evaporator. The liquid fluid reaches to the boiling point
by this heat and goes to the condenser forced upward by
the pressure. Working fluid in vapor phase touches to the
pipe surface which is colder than the fluid and leaves its
latent heat to the pipe. Working fluid begin to condense
as it loses heat. Condensed fluid takes the shape of a film
membrane due to the low vapor speed and goes
downward to the evaporator by the gravity [11].

-— = |
Heat —— —_ Condenser
output _____ ——  section

Vapor flow4 Gravity

Liquid flow/] | ) Adiabatic

(Falling film)] section

Container—=

Heat Evaporator
input section
—_— —-— 1

Figure 1. Physical mechanism of the TPCT [12].

There are many studies in the literature on TPCTs which
are on the use of different working fluid, on filling rate,
and on the tilt angle. Many of them use electrical energy
and hot gases while some others use solar energy as the
heat source [13]. Some of the studies are as follows;

Abreu and Colle, investigated the thermal behavior of
TPCTs experimentally using electrical energy. They
analyzed the effects of evaporator length, filling rate,
cooling temperature and tilt angle on the performance
[14].

W. Chun et al. compared wicked and thermosyphon type
heat pipes with different working fluids. They used
water, methanol, acetone and ethanol as the working fluid
in the experiments and they also compared the collector
surface areas and storage tank capacities [15]. Esen and
Esen, used R134a, R407C, R410A as the working fluid
in TPCT for sunny days using solar energy. They
obtained the best performance with the heat pipe using
R410A as the working fluid [16]. Nuntaphan et al.
investigated the critical heat flux in the thermosiphon
type heat pipe using triethylene glycol (TEG)-water
solution [17]. Jahanbakhsh et al. experimentally
investigated the effects of tilt angle and using water-
ethanol solution in TPCT type heat pipes on the thermal
performance with both electrical and solar energy [4].

Although the effect of various parameters such as
inclination angle, filling ratio, different working fluid on
the thermal performance of TPCT has been studied
theoretically and experimentally in the literature, there
are few papers examining the pressure variation in solar
assisted heat pipes.

The main objective of the present study is to investigate
not only the temperature values of the working fluid in
the gravity assisted solar heat pipe but also the pressure
values. Thus, we will have an idea of how much the
working fluid evaporates and contributes to the heat
transfer. For this aim an experimental apparatus was
designed and built. Obtained results from experimental
test were discussed in detail using graphical illustration.
The evaporation time and amount for the working fluid
is examined by measuring not only the temperature
distribution but also the pressure distribution in the heat

pipe.

2. MATERIALS AND METHOD
2.1. Experimental system

In the present study, the thermal performance and
pressure change for various types of working fluids in
two-phase closed thermosyphons were investigated
experimentally by using heat input as solar energy.
Methanol, water and Mono-Ethylene-Glycol (MEG)
with different boiling point, liquid density and liquid
viscosity were used as the working fluid. Table 1 gives
some important physical properties related to the
working fluid used. Evacuated glass tubes are
commercially available with 1800 mm length and 37 mm
inner diameter. Therefore the heat pipe is made of steel
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pipe with 28 mm of outer diameter, 1.5 mm of wall
thickness and 2200 mm of length. 1800 mm of the pipe
inside the glass tube is designed as the evaporator region,
the next part of 200 mm length is adiabatic region and the
rest 200 mm is the condenser region. In the condenser
region, a heat exchanger with another steel pipe with 42.4
mm diameter, 3.6 mm thickness and 200 mm length as
shown in Figure 2. The heat pipe is aimed to heat a total
of 3.5 L water including the cubic storage tank and the
heat exchanger. All three systems are identical in shape,
size and material using only different working fluids.

Table 1. Physical properties of the working fluids at 20°C [18,

19].
Boiling Liquid L
. Point Density I__qu|_d
Fluid Viscosity
(1 atm) (V) (N—s/mz)
(¢C) (kg/m®)
Methanol 64.7 791.5 0.587x10°3
Water 100.0 1000.0 1.002x103
Mono
Ethylene 197.6 | 11135 | 19.800x10°3
Glycol
(MEG)

Working fluid is charged into the heat pipe by two ways.
(i) first the inside air is vacuumed and then the fluid is
filled. (ii) Pipe is filled with working fluid and then the
pipe is heated to the boiling point of the fluid, and the
open end of the pipe is closed [2]. In this study, the first
method is applied and one third of the 1800 mm heat pipe
inside the glass tube is charged with 295 ml, 100% purity
methanol, distilled water and 100% purity MEG. Fig.2
shows the locations of temperature and pressure
measurements required for the thermal performance
analyses.

®Ps_vs

(Transmitter)

Ts-1 \§
A
X 3 T5 Insulation

\
\
\. Evacuited Tube
\

3
{" 295ml Liquid Level
T

3s5°
1 Evaporator

Adiabatic Condenser

Figure 2. Schematic diagram of the system

All temperature measurements are conducted by K-type
thermocouples placed at appropriate locations.
DeltaOhm LP PYRA 02 pyranometer is used for
measuring incident solar radiation and Keller PA-21Y
pressure transmitter with + 0.25 %FS linearity was used
for pressure measurements. All experimental data is
gathered at five-minute intervals and recorded by

ORDEL UDL100 universal Data Logger with 0.2%
accuracy.

Experimental setup in Fig.3 was designed and produced,
and tested for 11 days at the same time and under the
prevailing weather conditions of Samsun, on the north
coast of Turkey with the exact location 41°14’N 36°26’E
with sea level. Data measured from 05:30 to 19:30 is
taken into consideration as the experimental results. Days
with the maximum and minimum solar radiation
incidents are chosen for the consideration of the
experimental results for (i) sunny days and (ii) cloudy
days.

a) computer for data collection process

b) data logger for temperatures and pressures c) pyranometer

Figure 3. Experimental setup

2.2. Theoretical calculations

The thermal resistance and efficiency calculations of heat
pipes using the data obtained from the experiments are
determined using the following equations:

The temperature difference between the condenser and
the evaporator reveals the relationship between the
working fluid in the heat pipe and boiling point, density
and viscosity of the working fluid. AT is the difference
between the mean evaporator temperature and the mean
temperature of heat pipe condenser and can be calculated
by:

AT = (T1+T2+T3)/3— (T4 +T5)/2 (1)

The total amount of solar energy incident falling onto the
heat pipe during the experiment can be calculated by heat
pipe surface area and the amount of global radiation.

2
Qincident = A fl Idt (2
Where, A is vacuumed glass tube surface area (m?), | is
the global irradiance (W/m?). The surface area of
vacuumed tube used in the experiment is calculated as
0,1332 m?.

The thermal resistance of the heat pipes according to
working fluids can be calculated by;

R = AT /Qincident (3)
The amount of heat transferred from heat pipe to storage
can be calculated using temperature difference in the
storage, amount of water and specific heat of water;
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Qcot = my,Cpw (Twz — Tw1) (4)
where, m,, is the amount of storage water (kg), cp,, Iis
the specific heat of water (kJ/kg°C), T,,, is the initial
water temperature according to the measurement range
(°C), T, is the last temperature (°C).

The efficiency (1) can be calculated as the ratio of heat
transferred from the heat pipe to the storage (Qcol) to the
total amount of solar energy incident falling onto the heat
pipe (Qincident);

N = Qcot/Qincident 5)

3. RESULTS AND DISCUSSION

Experiments started on June 26 and continued for 11 days
until July 06. Data measured from 06:30 to 18:30 is used
for comparing the thermal performance and pressure
values of the heat pipes. Fig.4 gives the distribution of
solar radiation for 11days. According to the mean solar
radiation values the highest mean solar radiation was on
June 29, and the lowest one was on July 02. Thermal
performance and pressure values of the heat pipes
according to the working fluid were investigated based
on these two days which were chosen as Sunny (June 29)
and Cloudy (July 02) days.

1000 -

o0
[=3
<

=
=3
<

(3]
=1
o

Solar Irradiation (W/m2)
[=2)
=
[=]

18.30

Figure 4. Distribution of solar radiation for 11 days

Fig.5 shows the pressure distribution in the heat pipes for
the sunny day. The highest pressure value was obtained
by the heat pipe using methanol as the working fluid
which has a low boiling point. The peak pressure values
for methanol, water and MEG are measured as; 6.7bar,
1.6bar and 1.9bar for sunny day.
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Sunny Day (June 29)
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Time of day

Figure 5. Distribution of pressure for sunny day

Figures 6, 7 and 8 show the temperature distributions of
the measurement points of methanol, water and MEG
heat pipes, respectively. T1, T2 and T3 are the
temperature measurement points of the evaporator region
of the heat pipe. As can be seen from figures 6, 7 and 8,
the most homogeneous temperature distribution in the
evaporator region is in the methanol-heat pipe. Because
of the low boiling point, it can be said that the entire
amount of methanol contributes to heat transfer. Since
MEG has the highest boiling point, it is understood that
the temperature difference between points T1, T2 and T3
is higher. The inlet and outlet temperature values of the
condenser zone are defined by T4 and T5. It is understood
that the heat transfer from T3 to T4 is good for all three
heat pipes. It is seen that the T5 temperature is over 80°C
in the methanol-heat pipe, while it is below 80°C in the
water and MEG heat pipes.

Sunny Day-Methanol-Heat Pipe

. 140

o

=

o 90 —=-T1

% ——T2

=40

E’_ T3

ﬁ -10 ——T4
———T5

Figure 6. Distribution of methanol-heat pipe temperatures for
sunny day
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Sunny Day-Water-Heat Pipe
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Sunny Day-Water-Storage
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Figure 7. Distribution of water-heat pipe temperatures for

Figure 10. Distribution of water-storage temperatures for sunny

sunny day day
Sunny Day-MEG-Heat Pipe Sunny Day-MEG-Storage
240 _ 120
2 200 Q 100 .
£ }gg - g 0 WA
= ——T2 E 60 e Y~ - em aTs-1
& 80 40 JI %
;‘- re e E: 2 - seseeTs-2
0~ 0
=~ 2RIBFRIIIIIRR ~  RRR23RRRRRRRI 13
EEEZEoNITEEEE TS Loggcoddsnges
Time of day Time of day
Figure 8. Distribution of MEG-heat pipe temperatures for  Figure 11. Distribution of MEG-storage temperatures for

sunny day

Figures 9, 10 and 11 show the distributions of
temperature measurement points of storages for
methanol, water and MEG, respectively. Ts-1 indicates
the condenser inlet and storage outlet temperature point,
and Ts-2 indicates the condenser outlet and storage inlet
temperature point. The storage temperature measurement
point is Ts-3. While the highest water temperature (Ts-3)
in the reservoirs was 97.1°C, 88.6°C and 89.0°C for
methanol, water and MEG heat pipes, respectively, the
average maximum temperatures in the reservoirs reached
90.0°C, 84.6°C and 86.7°C.

Sunny Day-Methanol-Storage

.. 120 .
o D .‘u\‘l‘-“
5 60 S AT A Ve ==
g 40 2 « Ts-1
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Figure 9. Distribution of methanol-storage temperatures for
sunny day
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sunny day

The pressure distributions of the heat pipes for the cloudy
day are given in Figure 12. High pressure values have not
been reached since there is not enough solar radiation
intensity. After then 14:00 o'clock, with the decrease of
cloudiness, methanol with low boiling point has started
to evaporate and pressure increase has occurred. The
peak pressure values for methanol, water and MEG heat
pipes were measured as 2.0bar, 0.2bar and -0.3bar,
respectively.

Cloudy Day (July 02)

=
=
2
-
I+
E —++— Methanol
S
= _ —=— Water
A I
=I=E=I=1=1=1=1=1=1=1=1=1=] MEG
O ROt v D -0
SO OO A A A A~ — ——
Time of day

Figure 12. Distribution of pressure for cloudy day

Figures 13, 14 and 15 show the temperature distribution
of the points (T1, T2, T3, T4 and T5) of methanol, water
and MEG heat pipes, respectively. When Fig.13 is
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examined, it appears that evaporation in methanol
immediately begins because it has a low boiling point.
Despite the fact that the air does not turn on, the
temperature at T5 has risen to 40°C. With the opening of
the air it is seen that this value has reached over 60°C.

Cloudy Day-Methanol-Heat Pipe
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S D D D e o v e o e e

Time of day

Figure 13. Distribution of methanol-heat pipe temperatures for
cloudy day

In Fig.14, it is understood that the pressure in the water-
heat pipe rises above 0 and the evaporation begins at the
same time. However, due to the high boiling point
(100°C), it is clear from the temperature of T5 that it
cannot make a full contribution to heat transfer. Partly
with the increase in solar (after 14:00 o'clock), T5
temperature was reached about 50°C.

Cloudy Day-Water-Heat Pipe
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Figure 14. Distribution of water-heat pipe temperatures for
cloudy day

It is understood from the pressure values and Fig.15 that
there is almost no evaporation in the cloudy day-long
experiment of the MEG-heat pipe. Therefore, there was
no significant increase in T4 and T5 temperature values
and were remained around 25-35°C.
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Cloudy Day-MEG-Heat Pipe
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Figure 15.Distribution of MEG-heat pipe temperatures for
cloudy day

Figures 16, 17 and 18 show the distributions of the
storage temperatures (Ts-1, Ts-2 and Ts-3) for methanol,
water and MEG, respectively. As seen by the temperature
distribution of the heat pipe, the MEG-tank was nearly
unheated. Although in water-storage temperature (Ts-3)
increased above 40°C, the best heating occurred at
methanol-storage temperature (approx. 50°C).
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Figure 16. Distribution of methanol-storage temperatures for

cloudy day
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Figure 17. Distribution of water-storage temperatures for cloudy
day



EXPERIMENTAL STUDY OF THERMAL PERFORMANCE AND PRESSURE DIFFERENC... Politeknik Dergisi, 2019; 22 (1) : 121-128

Cloudy Day-MEG-Storage

Thermal resistance and Solar energy incident
for sunny day
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It is not the right approach to do about efficiency and
thermal resistance calculations for cloudy days.
Therefore, efficiency and thermal resistance calculations
have been done only for sunny days. Figure 19 shows the
efficiency distribution of heat pipes. As can be
understood from the graph, the efficiency decreases as
the difference between the heat pipe temperatures (T1,
T2, T3, T4 and T5) and the storage temperatures (Ts-1,
Ts-2 and Ts-3) increases. The highest storage
temperatures were reached at between 14:10 and 14:20.
The efficiency for methanol, water and MEG calculated
0.37, 0.33 and 0.35, respectively.

Efficiency (Sunny day)

0,60 1=
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Figure 19. Distribution of efficiency of heat pipes for sunny day

As the temperature difference between the evaporator
region (T1, T2 and T3) and the condenser region (T4 and
T5) increases, the thermal resistance increases.
Therefore, a low and stable distribution of the thermal
resistance is an indication that the heat pipe fluid works
well. Fig.20 shows that the best working fluid is
methanol. It is seen that the fluid that reaches the latest
stabilize and has the highest thermal resistance is MEG.

4. CONCLUSION

The aim of this study is to compare the thermal
performance and pressure changes of heat pipes by solar
energy. For this, methanol, water and MEG were chosen
as working fluids which have different boiling point,
density and viscosity. Identical heat pipes were
manufactured and tested for 11 days at the same
conditions inside parabolic trough collector to reach high
temperatures. Temperature and pressure changes of the
working fluid were investigated and compared for both
sunny and cloudy days and their thermal performance has
been examined.

Examining the pressure values along with temperatures
made it possible to understand the heat transfer between
the measurement points better. The temperature
difference between the bottom (T1) and the top (T5) of
the heat pipe were reached 49.10C, 63.80C and 139.40C
for methanol, water and MEG, respectively. So we can
say that, in terms of temperature, pressure and heat
transfer, methanol is the most and MEG is the least active
fluids.

According to the pressure and temperature values, the
best result for both cloudy and sunny days was obtained
with methanol. Methanol may be preferred in solar water
heating systems where high temperatures are not desired.

Pressure measurement in heat pipes gave us an idea of
the amount of fluid that evaporates. In special work
requiring high temperature, the amount of MEG in the
heat pipe can be reduced and more evaporation can be
achieved. Thus, much higher temperature values can be
achieved in the condenser region.
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oz
Bu calismada, kriyojenik islem ve temperleme islemi uygulanmig millerin yuvarlanmali ve kaymali yataklarda ayni yiikleme
sartlarinda ve ¢aligma hizlarinda titregim davramglarinin ne olabilecegi ve nedenleri deneysel olarak incelenmistir. Bu amagla
yapilan deneysel caligmada yuvarlanmali ve kaymali yatak destekli millerden deplasman 6lgerler araciliiyla alinan veriler analiz

edilmis ve sonuglar kargilagtirilmigtir. Yuvarlanmali ve kaymali yatak destekli millerden elde edilen sonuglara gore; en diisiik
genlik degerleri kaymal1 yatak destekli kriyojenik islemli millerde goriilmiistiir.

Anahtar Kelimeler: Kriyojenik islem, kaymal yatak, yuvarlanmali yatak, mil, titregsim analizi.

Experimental Vibration Analysis of Cryogenic Treated
Shafts Supported by Journal and Rolling Element
Bearings

ABSTRACT

In this study, the effects of cryogenic treatment and tempering on the vibration behaviors of rotating shafts mounted on the rolling
element and journal bearings were investigated for the same loading conditions and operating speeds. In this experimental study,
the data obtained with the help of proxy probes were analyzed and the results were compared. The results showed that the lowest
amplitude values were obtained for the cryogenic treated shaft mounted on the journal bearing. The amplitude values of journal
bearing are significantly superior to the rolling element bearings having stability in account.

Keywords: Cryogenic treatment, journal bearing, rolling element bearing, shaft, vibration analysis.

1. GIRIS (INTRODUCTION)

Endiistride donen makine sistemlerinde yaygin olarak
kullanilan AISI 4140 (42CrMo4) ¢eligi uygulanan 1sil is-
lemler ile kazandigi mekanik o&zelliklerinden dolay:

Literatiirde mil-yatak sistemleri ile ilgili yapilan
calismalarda ¢ok sayida matematik model bulunmasina
ragmen deneysel ¢alisma sayist olduk¢a azdir. Genelde
yapilan ¢aligmalar mil-yatak sisteminin kritik hizlar1 ve
krank mili ve aks mili olarak kullanilmaktadir. Bu bag- k.a rar11!1g1 al?nlnnda glmustur. Jefcott' [15] mll_ya,tak
< . . . e sisteminde sonimleyici kullanarak milin kararliligini

lamda, soguk islem yontemi olan kriyojenik islem, . . . . -
incelemistir. Mil-yatak sistemlerinin kararliligi alaninda

geleneksel 1s1l  islemi tamamlayict bir islemdir. . .
Kriyojenik islem disiik sicakliklarda malzemeleri Robertson [16] Ve Smith [17] cahgmistir. Dimentberg

sogutma ve bekletme islemidir. Bu islemle malzemenin
sertlik ve toklugunu ayni anda arttirmak miimkiindiir.
Ayn1 zamanda kaplamalara gore parganin tiim boliimiinii
olumlu yonde etkileyen kalic1 bir islemdir [1-8].

Lunda ve Strenlicht [19] mil-yatak sistemi ¢aligmalarina
rijitlik ve soniimleme Ozelliklerini dahil ederek bir
calisgma yapmuistir. Aktirk ve ark. [20] mil-yatak
sisteminde titresimleri incelemek i¢in matematiksel

Literatiirde kriyojenik islem ile ilgili ¢ok sayida calisma
yapilmistir. Bu ¢aligmalarda genel olarak arastirmacilar
kriyojenik iglemin malzemenin mekanik &zelliklerini
(sertlik, tokluk ve asinma direnci) iyilestirdigi 6zellikle
asimma direncini ve sertligini 6nemli derecede artirdigini
tespit etmistir. Bazi malzemelerde kriyojenik islemin
bekletme siireleri arasinda en uygun olanin 36 saat
oldugu belirtilmistir [5, 9-14].

*Sorumlu Yazar (Corresponding Author)
e-posta : mendereskam@duzce.edu.tr

model olusturmustur. Aktiirk ve Gohar [21] mil-yatak
sisteminde bilye boyutundaki degismenin milin
titresimine olan etkisini incelemistir. Dai ve ark. [22] bir
milin dinamik davraniglarini analiz etmistir. Perret [23]
ve Meldau [24] yuvarlanmali yataklarin titresim
analizlerini detayli bir sekilde yapmustir. Gustafsson ve
Tallian [25] yuvarlanmali yataklarin titresim olusturan
karakteristik ~ Ozellikleri ile ilgili incelemelerde
bulunmus, Gupta ve ark. [26], Meyer ve ark. [27],
Yamamoto ve ark. [28], McFadden ve Smith [29]
yataklarda titresim karakteristikleri lizerinde ¢aligma
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yapmustir. Taplak ve Uzmay [30] donen mekanik
sistemlerin dinamik davraniglarinin analizini
gerceklestirmek i¢in bir diiz baglantili mil sistemi imal
etmis ve farkli isletme sartlar igin titresim parametreleri
yoniinden incelemistir. Karahan [31] ve Mechefske [32]
yapmis olduklari caligmalarda endiistride kullanilan
makinelerde titresim analizi ile makinelerde ariza
teshisini analiz etmis, Whalley ve Abdul-Ameer [33] bir
mil-yatak sisteminin kritik hizini, donme frekansini ve
rezonansini hesaplamustir.

Kiling ve Saruhan [34] kaymali ve yuvarlanmali
yataklarla desteklenmig millerin farkli yiik diizeyleri i¢in
kritik hiz analizini gergeklestirmigtir. Gilimiistas ve
Saruhan [35] kaymali yataklarin dinamik davranislarini
etkileyen geometrik boyutlarin ve mil-yatak arasindaki
bosluk dlgiilerinin mil-yatak sistemi ¢aligma kararlilig
iizerinde etkisinin incelenmesi i¢in farkli yiik diizeyleri
ve farkli ¢alisma hizlarinda deneyler gergeklestirmis ve
elde edilen verileri ayrintili olarak analiz etmistir.

Bu c¢alismada kriyojenik islem ve temperleme islemi
uygulanmis AISI 4140 ¢eliginden imal edilen millerin
kaymali ve yuvarlanmali yataklarda ayni yiikleme
sartlarinda ve c¢alisma hizlarinda yapilan deneysel
calismada elde edilen bulgular analiz edilmistir.

2. MATERYAL VE METOD (MATERIAL AND
METHOD)

AISI 4140 celiginin kimyasal kompozisyonu Cizelge
1’de verilmistir. Bu ¢alismada kullanilmak tizere AISI
4140 celigi miller hazirlanmigtir. Bu millerin 1s1l iglem
stirecleri Cizelge 2’de verilmistir. Hazirlanan millerden,
ilk mil standart olarak kullanilmis ek olarak herhangi bir
islem uygulanmamistir. Diger millere ise ilk once
geleneksel 1s1l islem (Conventional Heat Treatment -
CHT) uygulanarak istenilen sertlik degerine getirilmistir.
Geleneksel 1s1l islem uygulanan ig¢ilincii ve dordiincii
mile, geleneksel 1s1l islemi tamamlayict bir islem olan
kriyojenik islem (Cryogenic Treatment - DCT36) -140
°C’de 36 saat olmak lizere gergeklestirilmistir.

Dordiincii mile ise kriyojenik islem sonrasinda 200 °C’de
2 saat temperleme islemi (Cryogenic Treatment and
Tempering - DCTT36) uygulanmistir.

Sekil 1’de deneylerde kriyojenik islem uygulanmis
millere destek olarak yataklanmalari igin kullanilan
yuvarlanmali yatak ve piring malzemeden imal edilmis
kaymali yataklar verilmistir.

Kaymal yatak ~ Yuvarlanmah yatak
Sekil 1. Yuvalanmali ve kaymali yataklar (Rolling element
bearing and journal bearing)

Sekil 2’de gosterilen deney diizenegi olusturulmustur.
Deneysel ¢alismada ilk deney serisi i¢in S, ikinci deney
serisi i¢in CHT, {iglincli deney serisi i¢in DCT36 ve
dordiincii deney serisi igin DCTT36 kodlu numune miller
kullanilmustir. Titresim genligini artirmak i¢in 126,25
mm ¢apinda ve 5040 gr agirliginda, 65 mm ¢apinda ve
684 gr agirliginda diskler ve milin ucuna takilmis fan
kullanilmigtir. Deney diizenegi olusturularak aym
yiikleme ve ¢aligma sartlarinda kaymali ve yuvarlanmali
yataklarla desteklenmis, kriyojenik iglem uygulanmis ve
kriyojenik islem sonrasinda temperleme islemi

uygulanmis millerin titresim verileri VibraQuest ™
yazilim ve donanim sistemi kullanilarak toplanmustir.
Sistemden millerin rezonansa (tinlasim) girdigi hizlar
belirleyen Bode egrisi degerleri ve milin yatak igindeki
hareketine bagli olarak merkezinin Orbit (yoriinge)
degerleri alinmstir.

Cizelge 1. AISI 4140 ¢eligin kimyasal bilesimi (Chemical composition of AISI 4140 steel)

Element C Si Mn P

S Cr Mo Al

(%) 0,39 0,27 074 0,008

0,01 1,06 0,2 0,03

Cizelge 2. AISI 4140 celigi millerin 1s1] islem siireci (Heat process of AISI 4140 steel shafts)

No Mil Kodu Uygulanan Isil islemler

1 STANDART -

2 CHT CHT -

3 DCT36 DCT36 (36 saat) -

4 DCTT36 DCTT36 (36 saat) Temperleme (2 saat)
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2 Plastik takoz 10 Esnek kaplin

3 Bilye yatagi destegi 11 Deplasman 6lger aparati
4 Y HP Motor 12 Disk 1 (5.04 kg)

5 Hiz kontrol {initesi 13 Deplasman 6lger

6 Takometre 14 fvme dlger

7 Yuvarlanmali yatak- Kaymali yatak 15 Fan

8 Yatak yuvasi 16 Disk 2 (0.684 kg)

Sekil 2. Deney diizenegi (Experimental set-up)

3. BULGULAR VE TARTISMA (FINDINGS AND
DISCUSSION)

Yapilan deneysel c¢alismada mil-yatak sisteminde
kriyojenik islem ve temperleme islemi uygulanmig
millerden deplasman 6lgerler (proxy probes) ile alinan
veriler ayrintili olarak analiz edilerek karsilastirilmustir.
Ayni ¢aligma sartlarinda yuvarlanmali ve kaymali yatak
destekli miller i¢in diisey (Ch 1) ve yatay (Ch 2)
dogrultuda c¢alisma hizlarmm durma (0 rpm)
durumundan 3000 rpm’e yiikselerek gelmesi sirasinda
yakalanan titresim genlik degerleri alinmig ve yatay
yonde elde edilen veriler diisey yondeki verileri
dogrulamak amacryla kullanilmstir.

Sekil 3 ve Sekil 4’te yuvarlanmali ve kaymali yataklar ile
desteklenmis, kriyojenik islem ve temperleme iglemli
miller i¢in bode egrileri verilmistir. Sekillerde gorildigi
gibi diisey (Ch 1) yonde genlik degerleri sirasiyla
yuvarlanmali yatak destekli DCT36 milinde 2367,53
rpm’de (revolution per minute — dakikadaki devir sayis1)
0,048 mil (0,0254 mm), S milinde 2830,20 rpm’de 0,106
mil, CHT milinde 2095,42 rpm’de 0,215 mil ve DCTT36

milinde ise olarak

bulunmustur.

249926 rpm’de 0,229 mil

Kaymali yatak destekli millerde ise genlik degerleri
strastyla DCT36 milinde 2975,00 rpm’de 0,040 mil, S
milinde 2364,71 rpm’de 0,145 mil, DCTT36 milinde
736,71 rpm’de 0,198 mil ve CHT milinde ise 2973,85
rpm’de 0,241 mil olarak bulunmustur.

Diisey yonde en diisiik genlik degerleri sirasiyla kaymali
yatak destekli millerde DCT36 ve S milinde,
yuvarlanmali yatak

destekli millerde ise DCT36 ve S millerinde
bulunmustur. Bu verilere gore kriyojenik islem
uygulanmis miller kaymali yataklarda daha az salinim
yaptig1 ve daha diisiik genlik degerlerine sahip oldugu
gorilmiistiir.
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Sekil 5. Yuvarlanmali yatak destekli millerin orbit grafikleri
(Orbit plots of shafts supported on rolling element
bearings)

Sekil 6. Kaymali yatak destekli millerin orbit grafikleri (Orbit
plots of shafts supported on journal bearings)

4. SONUCLAR (CONCLUSION)

Bu c¢alisgmada yuvarlanmali yatak ve kaymali yatak
destekli kriyojenik iglemli ve temperleme iglemli
millerden elde edilen veriler analiz edilmis ve
kargilagtirtlmistir. Deneylerden elde edilen sonuglar,
yuvarlanmali ve kaymali yataklarin ¢aligma kararliliklar
arasinda onemli farkliliklar oldugu goriilmiistiir. Elde
edilen verilere gore en diisiik genlik degerleri kaymali
yatak destekli kriyojenik islemli millerde olusmustur.
Kaymali yatak destekli kriyojenik islemli millerin
yuvarlanmali yatak destekli kriyojenik islemli millere
gore daha az yer degistirme yaptig1 ve genlik degerlerinin
daha diisiik oldugu goriilmiistiir. Kriyojenik islem sonrasi
temperleme islemli millerde ise kaymali yatak destekli
millerin genlik degerlerinin yuvarlanmali yatak destekli
millere gore daha diisiik oldugu goriilmiistiir.
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Carpisma Kutularlnn}. Uzerine Acilan Qyuklarm
Carpisma Performansi Uzerine Etkisinin Incelenmesi
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oz

Pasif giivenlik sistemi elemanlarindan birisi olan ¢arpisma kutulari olasi bir kaza durumunda hasarin minimum seviyede olusmasini
saglamak amaciyla kullanilmaktadir. Yapilan bu calismada ¢arpigsma kutusunun iizerine acilan oyuklarin ¢arpigsma performansi
iizerine etkisi sonlu elemanlar yontemi kullanilarak incelenmistir. Caligmada farkli oyuk genisliklerine sahip ¢arpigma kutusu
tasarimlart gergeklestirilmistir. Oyuklarin genislikleri 1 mm, 2 mm, 3 mm, 4 mm ve 5 mm olarak belirlenmis ve ¢arpisma
kutularmin iizerine farkli sayida agilmistir. Her bir ¢arpisma kutusunun et kalinligt 2 mm olarak alinmigtir. Tasarimlar
gerceklestirilen ¢arpisma kutulart Hypermesh programi ile sonlu elemanlarina ayrilmig, Ls-PrePost programi ile malzeme kartlari,
kontaklar ve smir sartlar1 gibi 6zelliklerin belirlenmis ve Ls-Dyna ile dinamik analizleri gergeklestirilmistir. Yapilan analizler
sonucunda ¢arpisma kutularinin iizerine oyuk agmanin ¢arpigma performansi iizerinde olumlu etki gosterdigi tespit edilmistir.
Anahtar Kelimeler: Carpisma kutusu, sonlu elemanlar analizi, ¢carpisma performansi.

Investigation of the Effect of Corrugated On Crash
Performance In Crash Boxes

ABSTRACT

Crash boxes, one of the components of passive safety systems, will ensure that damage is minimized in the event of an accident.
In this study, the impact on the crash performance of the corrugated on the crash box was investigated using the finite element
method. Crash box designs with different corrugate widths were modeled. The widths of the corugate were determined as 1 mm, 2
mm, 3 mm, 4 mm and 5 mm, and were opened at different numbers on the crash boxes. The wall thickness of each crash box is
taken as 2 mm. Designed crash boxes are divided into finite elements with Hypermesh program, Ls-PrePost program has been used
to determine material cards, properties such as contacts and boundary conditions and dynamic analyses were carried out with Ls-
Dyna. As a result of the analyses made, it has been found that corrugate on crash boxes has a positive effect on crashworthiness
performance.

Keywords: Crash box, Finite element analysis, crash performance .

1. GIRIS (INTRODUCTION) iizerinde yer alan ¢arpisma kutular1 kaza aninda deforme
olarak ortaya c¢ikan kinetik enerjiyi soniimleyebilme

Topl 1 gelisimi gl da 6nemli role sahi . . .
ODIUTISA” Se 15U Saganmasinda Onetitl Fo'e saup yetenegine sahip baglanti elemanlaridir (Sekil 1).

olan otomobiller 18. yiizyilin sonlarina dogru icat
edilmistir. Otomobillerin icadiyla birlikte basta ekonomi
olmak iizere bir¢ok alanda toplumsal gelisime katki
saglamistir. Teknolojinin gelismesi seri iiretimin Oniini
acmis ve boylelikle diinya iizerindeki otomobil sayilari

hizli bir sekilde artmaya baglamistir. Bu durum olumlu '
etki saglasa da meydana gelen trafik kazalarinin da
artmasina sebep olmustur. Kazalarin artmasi: otomobil

treten firmalarin gerek pasif gerekse aktif giivenlik ool

sistemler.i iizerine yaptiklar1 ¢alismalara dgha fazl.a.l énem Sekil 1. Carptsma kutusu drnekleri (Sample of crash boxes)
vermelerine neden olmustur. Otomobiller giindelik [1]

hayatta cesitli kazalara karigmaktadir. En ¢ok karsilagilan
kaza tiirlerinden biriside 6nden g¢arpmali kazalaradir.
Onden ¢arpmali kazalarda olas1 hasarlari en aza indirmek
amaciyla ¢arpisma kutular1 kullamlmaktadir. On tampon

Kaza aninda carpisma kutulariin maruz kaldigi darbe
kuvvetlerinin  yeterince soniimlenememesi  bu
kuvvetlerin dogrudan arag igerisindeki yolcu bolimiine
aktarilmasina sebebiyet verir. Bu durum hem arag
*Sorumlu Yazar (Corresponding Author) igerisindeki yolcularin 6liimciil yaralanmalarima neden
e-posta : maltin@gazi.edu.tr olacak ve hem de aragta iizerinde yiiksek miktarda maddi
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hasara yol acacaktir. Carpigma kutularinin enerji
soniimleme  kapasitelerinin ~ arttirilmasmna  yonelik
gecmisten giiniimiize ¢ok cesitli caligmalar yapilmistir
[2-9]. Bu ¢aligmalardan bazilar1 ¢arpisma kutularinin
geometrik 6zellikleri iizerinedir. Caligmalarda kullanilan
carpisma kutular1 genellikle dairesel, kare ve dikdortgen
kesitle sahiptir. Aktay ve arkadaslari [10], dairesel kesitli
carpisma kutularmin igerisini bal petek yap: ile
doldurmus ve wuygulanan yiikler altindaki enerji
sonliimleme kapasitelerini arastirmuglardir. Isaac ve
arkadaglar1 [11], dairesel kesite sahip carpisma
kutularinin eksenel ve farkli agidaki deformasyon yiikleri
kargisindaki enerji soniimleme kapasiteleri iizerindeki
etkiyi incelemiglerdir. Langseth ve Hopperstad [12]
yaptiklar1 bir ¢aligmada kare kesite sahip farkli
temperleme sicakliklarinda ekstriize edilmis, farkli et
kalinliklarina sahip ¢arpigma kutularini statik ve dinamik
yiikler altindaki performanslarini incelemislerdir. Nagel
ve Thanbiratman [13], dikdortgen kesitli c¢arpisma
kutularmin et kalinliklarint  ve koniklik agilarin
degistirerek farkli hizlardaki dinamik yiikler altindaki
enerji  soniimleme  kapasitesindeki  degisimleri
incelemiglerdir. Yapilan bazi ¢aligmalarda [14-17] ise
farkli geometrilerdeki ¢arpigma kutularinin enerji
sonliimleme kapasiteleri farkli parametreler kullanilarak
(et kalinlig1, koniklik acis1 vs.) aragtirtlmistir. Carpisma
kutularmin  performanslarimi  arttirmak igin  ¢esitli
degisiklikler yapilmaktadir. Bunlardan bir tanesi de
carpisma kutularinin iizerine oyuk a¢gmaktir. Carpisma
kutularinda katlanmanin baslayabilmesi i¢in gerekli olan
ilk deformasyon kuvvetinin agilan oyuklar sayesinde
azaltildig1 ve buna bagli olarak ezilme kuvveti veriminin
arttirildig bilinmektedir [18-20].

Yapilan bu c¢alisma kapsaminda carpisma kutularinin
iizerine bir, iki ve ii¢ adet oyuk a¢ilmigtir. A¢ilan her bir
oyugun genigligi 1 mm, 2 mm, 3 mm, 4 mm ve 5 mm
olarak belirlenmis ve tim durumlar durum i¢in ayr1 ayri
analizler gergeklestirilerek ¢arpisma performanslar
incelenmistir. Sonug olarak en yiiksek ezilme kuvveti
verimi ve Ozgil enerji soniimleme kapasitesine sahip
carpigma kutusu belirlenmistir. Literatiir ¢alismalar ile
kargilagtirildiginda carpisma kutularinin {izerine oyuk

acmanin ezilme kuvveti verimi arttirdigir tespiti
dogrulanmis yenilik olarak oyuk genisliginin ve sayisinin
ezilme kuvveti verimi ile 0zgiil enerji soniimleme
kapasitesi lizerine etkisi incelenmistir.

2. SONLU ELEMANLAR MODELI (FINITE
ELENET MODEL)

Tasarimi gerceklestirilen c¢arpisma kutularmin sonlu
elemanlar modelleri Hypermesh  programi ile
olugturulmustur. Sonlu elemanlar modeli olusturulan
ornek bir ¢arpigma kutusu Sekil 2°de verilmektedir.

4= Kiitle = 500 kg

l Hiz=17,7 m/s

Oyuk

Carpisma
kutusu
Oyuk

Oyuk

¢mmmmm Sabit duvar

Sekil 2. Carpisma kutusunun sonlu elemanlar modeli
(Finite element model of the crash box)

Uzerine oyuklar acilmis carpisma kutularina 500 kg’lik
bir kiitle 17,7 m/s’lik iz ile ¢arptirilmustir. Uzerine
birden fazla oyuk agilan ¢arpigsma kutularinda oyuklar
arasi mesafe esit uzaklikta alinmistir. Tek oyuklu
carpigma kutularinda ise oyuk orta kisimda olacak
sekilde agilmigtir. Carpisma kutularinin ¢apt 90 mm,
yiiksekligi 180 mm ve et kalinliklar1 2 mm ve malzemesi
standart c¢elik olarak alinmigtir. Standart celige ait
mekanik 6zellikler Cizelge 1’°de verilmistir.

Cizelge 1. Standart ¢elik malzemeye ait mekanik 6zellikleri (Mechanical properties of standard steel)

Malzeme Tiiri Yogunluk ( O)

Elastik Modiilii (E)

Poisson Orani (D) Akma Gerilmesi (o'y )

Standart Celik 7,85 glcm®

210 GPa 0,3

0,31 GPa

Carpigma kutularinin sonlu elemanlar modeli i¢in elasto-
plastik malzeme yapisindan olusan ve Ls-Dyna
programinin igerisinde yer alan “MAT 24 (Piecewise
Linear Isotropic Plasticity) malzeme karti secilmistir.

Standart celigin plastik bolgede yer alan davranisglarini
temsil eden gergek gerilme-gerinme egrisine ait veriler

Cizelge 2’de verildigi gibidir. Mesh islemi yapilirken 4
nodlu Belytschko-Tsay ince kabuk (shell) elemanlar
kullanilmis, bu kabuk elemanlarin kesitine 4 integrasyon
noktas1 uygulanmistir. Carpisma kutularinin  kendi
iizerlerinde katlanmalarin1 kontrol etmek amaciyla
Automatic Single Surface Contact kontak algoritmalari
kullanilmustir.

Cizelge 2. Standart gelik malzemeye ait gergek gerilme- gergek gerinim degerleri (True effective stress-true effective plastic

strain values for standard steel)

o (GPa) 0,310 0,358 0,373

0,398 0,413 0,430 0,459

& 0 0,002 0,004

0,016 0,024 0,034 0,061
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3. SONUC (CONCLUSION)

Calisma kapsaminda farkli oyuk boyut ve sayilarina
sahip carpisma kutularinin 130 mm’lik deformasyon
mesafesinde toplam soniimlenen enerji, maksimum (pik)
deformasyon kuwvveti, ortalama ezilme kuvveti, ezilme
kuvveti verimi (EKV) ile 6zgiil enerji soniimleme (OES)
kapasiteleri belirlenmistir. Bu belirleme islemleri
yapilirken bazi formiillerden yararlanilmistir.

Toplam soéniimlenen enerji: Carpisma kutularinin
carpisma sonunda soniimledigi toplam enerji (TSE),
carpma kuvvetinin yaptigi is olarak tanimlanabilir [21].

M

5
Te = [Pds
Sp

Burada P ezilme kuvvetini, 6 ve OP yapilan isin
hesaplanacagi ezilme araligini ifade etmektedir. Carpma
enerjisi yiikk-yer degistirme grafiginin altinda kalan alanin
integrali olarak ifade edilmektedir.

Ozgiil enerji soniimleme (OES): Ozgiil enerji soniimleme
kapasitesi toplam sOniimlenen enerjini garpisma
kutusunun deformasyona ugramadan onceki kiitlesine
orani olarak tanimlanmaktadir.

Fort e (3)

Ezilme kuvveti verimi (EKV): Ezilme kuvveti verimi,
ortalama ezilme kuvvetinin maksimum ezilme kuvvetine
orani olarak tanimlanir.

EKV = Fon

max

(4)

Maksimum deformasyon kuvveti: Carpisma kutular
iizerine eksenel yonde gelen ilk kuvvetler c¢arpisma
kutularimin kalict deformasyona ugramalarini saglayan
kuvvetlerdir ve bu kuvvetlerin en biiyiigiine maksimum
deformasyon kuvveti denilir. Bu kuvvet ilk deformasyon
aninda olusabilecegi gibi nadir de olsa deformasyon
esnasinda da ortaya ¢ikabilir. Maksimum deformasyon
kuvvetin yiiksek ¢ikmasi istenen bir durum degildir. Bu
degerin yiiksek ¢ikmasi garpigsma kutusunun gorevini
yerine getirememesi, darbe kuvvetinin direk olarak
aracin sasisine iletmesi anlamina gelecektir. Dolayisiyla
tasarim ¢alismalart bu degeri minimum diizeyde
tutabilecek sekilde yapilmalidir.

Tasarlanan her bir carpigma kutusu farkli isimler ile

) T adlandirilmistir.  Bu  adlandirmalarda  “OG...” oyuk
OES =% (2)  genisligini, “...S.” ise oyuk sayisini belirtmektedir.
m Ornegin “OG5S3” {izerine 5 mm genisliginde 3 adet
Ortalama _ezilme kuvveti (For): Toplam enerji  oyuk agilan ¢arpisma kutusunun ifade etmektedir.
sonimleme miktarinin  eksenel yondeki toplam  Yapilan analizlerle ile elde edilen sonuglar yukarida
deformasyon mesafesine orani olarak tanimlanir. verilen formiiller ile hesaplanmis ve Cizelge 3’de ki gibi
elde edilmistir.
Cizelge 3. Analiz sonuglari (Results of the analysis)
arpisma Toplam Maksimum | Ortalama | Ezilme | » . . arpisma
CKllif;ussu OYUK- . Deformasy_on Sénﬁfnlenen Deformasyon Ezilme | Kuvveti O%gl.l.l St PgutrLIl)sjnun
Genisligi | Oyuk Sayist Mesafesi Enerii Kuvveti Kuvveti | Verimi Sonu.mleme Asirlist
(mm) (mm) ) (ifkg) o)
(k) (kN) (kN) (%) (kg)
0GOS0 0 0 130 26.201 426.76 201.55 0.47 32.75 0.798
0G1S1 1 1 130 25.607 416.45 196.98 0.47 31.98 0.800
0G1S2 1 2 130 26.171 414.81 201.32 0.49 32.61 0.802
0G1S3 1 3 130 26.819 412.74 206.30 0.50 33.34 0.804
0G2S1 2 1 130 21.335 405.44 164.12 0.40 26.35 0.802
0G2S2 2 2 130 21.446 392.16 164.97 0.42 26.48 0.806
0G2S3 2 3] 130 21.742 384.00 167.25 0.44 26.86 0.809
0G3S1 3 1 130 22.629 381.24 174.07 0.46 28.14 0.804
0G3S2 3 2 130 23.071 356.13 177.47 0.50 28.51 0.809
0G3S3 3 3 130 23.564 353.87 181.26 0.51 28.93 0.814
0G4S1 4 1 130 21.760 369.36 167.38 0.45 26.94 0.807
0G4S2 4 2 130 22.083 354.59 169.87 0.48 27.05 0.816
0G4S3 4 3] 130 23.844 339.60 183.42 0.54 28.90 0.825
0OG5S1 5 1 130 22.040 365.07 169.54 0.46 27.22 0.809
0G5S2 5 2 130 22.916 340.75 176.28 0.52 27.94 0.820
0G5S3 5 3 130 23.913 324.80 183.95 0.57 28.78 0.830

Cizelge 3’1 genel olarak degerlendirilecek olunursa 1-5
mm arasindaki tiim oyuk genisligine sahip carpisma
kutularinin oyuk sayilarini arttirmanin toplam enerji
soniimleme kapasitesini arttirdig1 goriilmektedir. Enerji
soniimleme kapasitesindeki artig 6zgiil enerji soniimleme
miktarmi da arttirmistir. Oyuk sayisinin artmasi ayni
zamanda maksimum deformasyon kuvvetinin de kayda
deger sekilde azalmasmi saglamistir. Maksimum
deformasyon kuvvetinin azalmasi ¢arpisma kutularinin

kiitlelerindeki bir miktar artisa ragmen ezilme kuvveti
verimini de arttirmigtir. Tasarimi  gergeklestirilen
carpisma kutulart icerisinde en yiiksek ezilme kuvveti
verimine sahip olan ¢arpisma kutusunun OGS5S3 olan
carpisma kutusudur. OG5S3 c¢arpisma kutusunun 130

mm’lik deformasyon mesafesinde farkli zaman
araliklarindaki  katlanma  goriintileri  Sekil 3’de
verilmigtir.
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Lda

x=0 Xx=65mm x=130mm

Sekil 3. OG5S3 modelinin deformasyon goriintiisii
(Progressive collapse of model OG5S3

Bu c¢arpisma kutusunu OG4S3 ve OG5S2 carpisma
kutularinin takip ettigi goriilmektedir. Bu ii¢ ¢arpisma
kutusunun 130 mm’lik  deformasyon mesafesi
icerisindeki sirastyla yiik-yer degistirme ve enerji-yer
degistirme grafikleri Sekil 4 ve Sekil 5’De verilmistir.

350 —— 0G5S3 Carpisma kutusu
—— 0G4S3 Carpisma kutusu
—— 0G5S2 Carpisma kutusu

300

O 10 20 30 40 50 60 70 80 90 100 110 120 130
Yer degistirme (mm)
Sekil 4. Carpisma kutularinin yiik-yer degistirme grafigi
(Load-displacement curves for crash boxes)

25+ |
f(—— OG5S3 Carpigma kutusu
—— 0G4S2 Carpigma kutusu
%0 —— 0G5S2 Carpisma kutusu /
=
=
S 154
(=
()
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£ 104
=]
[
0
w
54
0

0 1I0 210 SIO 4I0 50 6'0 7IO SIO 910 1(I)0 11|0 120 11'30
Yer degistirme (mm)
Sekil 5. Carpisma kutularinin sdniimlenen enerji -yer
degistirme grafigi (Absorb energy —displacement
curves for crash boxes)

Ozgiil enerji soniimleme kapasiteleri bakimindan
incelendiginde en iyi sonuca oyuk genigligi 1 mm olan
OG18S3 garpisma kutusunun sahip oldugu goriilmektedir.
OG1S3 carpigma kutusunun 130 mm’lik deformasyon
mesafesinde farklt zaman araliklarindaki katlanma
gorintiileri Sekil 6’da verilmistir.
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x=0
Sekil 6. OG1S3 modelinin deformasyon goriintiisii
(Progressive collapse of model 0G1S3

x=130mm

Oyuk genisliginin az olmasi c¢arpisma kutusunun
deformasyonu esnasinda soniimlemis oldugu toplam
enerji miktarmin fazla olmasina yol agmistir. Buna
kargilik bu durum maksimum deformasyon kuvvetinin
fazla ¢cikmasina yol agmustir.

Yapilan calisma neticesinde asagida belirtilen sonuglar
elde edilmistir;

e Carpisma kutularinin iizerindeki oyuk sayis1 ve oyuk
genigligini  arttirmak  maksimum deformasyon
kuvvetinin azalmasim saglamigtir. Ornegin OG5S3
carpisma kutusunun maksimum deformasyon kuvveti
324,80 kN iken OG1S1 ¢arpigsma kutusunun 416,45
kN’a ¢ikmustir.

e Carpisma kutularinin {izerindeki oyuk sayisini
arttirmak ezilme kuvveti verimi ve 0zgil enerji
soniimleme kapasitesini her durumda arttirmustir.

e En yiiksek ezilme kuvveti verimine sahip ¢arpisma
kutusu (OG5S3) en diisiik olan ¢arpigsma kutusundan
(OG2S1) % 42,5 daha fazla ¢ikmistir.

o En yiiksek 6zgiil enerji soniimleme kapasitesine sahip
carpisma kutusu (OGI1S3) en diisiik olan ¢arpigsma
kutusundan (OG2S1) % 26,5 daha fazla ¢ikmistir.
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Farkli Geometrik Yapilardaki Carpisma Kutulariin
Igerisine Yerlestirilen Aliiminyum K&piik Malzemenin
Enerji Soniimleme Kapasitesi Uzerine Etkisinin
Incelenmesi
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Teknoloji Fakiiltesi, Otomotiv Miihendisligi Boliimii, Gazi Universitesi, Tiirkiye
(Gelig/Received : 14.11.2017 ; Kabul/Accepted : 24.04.2018)
oz
Otomobillerde kullanilan ¢arpigma kutulari olasi bir kaza durumunda ortaya ¢ikan darbe enerjisini soniimleyerek otomobil igerisine
en az seviyede iletilmesini saglayan baglanti elemanlaridir. Bu gorevlerinden dolayi ¢arpisma kutular: otomobiller tizerinde nemli
bir komponent durumundadir. Yapilan ¢alismada daire, kare, besgen ve altigen kesite sahip carpigsma kutularmin igerisine
aliminyum esasli metalik kopiik malzeme yerlestirilmis ve sonlu elemanlar analizleri ile enerji soniimleme kapasitesindeki
degisimler incelenmistir. Yapilan tiim analizler Ls-Dyna programu ile gergeklestirilmistir. Gergek kaza kosullarmin canlandirilmasi
amaciyla carpigma kutularma 500 kg’lik kiitle 17,7 m/s’lik bir hiz ile ¢arptirilmistir. Calismanin sonucunda i¢i bos carpigsma
kutularinin igerisine yerlestirilen aliiminyum esasli metalik kopilik malzemelerin enerji soniimleme kapasitesini 6nemli derecede

arttirdig1 tespit edilmistir.
Anahtar Kelimeler: Carpisma kutusu, Aliiminyum koépiik, Sonlu elemanlar analizi, Aliiminyum tiip kiris.

The Effect of Aluminium Foam Material on the Energy
Absorption Capacity of Different Geometric Structure
Crash Boxes

ABSTRACT

Crash boxes used in automobiles are connecting elements that can transmit the impact energy to the automobile at the minimum
level by damping the impact energy that arises in case of a possible accident. Due to this role, crash boxes are an important
component on automobiles. In the study, aluminum based metallic foam material was placed in crash boxes with circle, square,
pentagonal and hexagonal sections and the changes in energy absorption capacity were invastigated using finite elements analysis.
All analyses were performed with Ls-Dyna program. In order to simulate real accident conditions, a mass of 500 kg was hit at a
speed of 17.7 m/ s to the crash boxes. As a result of the study, it has been found that the aluminum based metallic foam materials
placed in the hollow crash boxes have been found to significantly increase the energy absorption capacity.

Keywords: Crash box, Aluminum foam, Finite element analysis, Aluminum tube beam.

1. GIRiS (INTRODUCTION) carpmalar  seklinde  gergeklesmektedir. ~ Bunun

Otomobiller icadi ile birlikte yasantimizda énemli bir yer
kaplamis ve bize sunduklari yararlardan dolay:
hayatimizin vazgegilmezleri arasina girmistir. 20.
Yiizyilin baglarindan itibaren otomobiller pahali ulasim
araci statiisiinden ¢ikarak yaygin bir kitlenin kullanmaya
bagladigi temel ulagim araglar1 haline doniligsmiislerdir
[1]. Otomobillere duyulan ihtiya¢ beraberinde trafik
kazalarinda artmasina yol agmustir. Karayollarinda
meydana gelen kazalarin biiyiik bir ¢ogunlugu 6nden

*Sorumlu Yazar (Corresponding Author)
e-posta : maltin@gazi.edu.tr

neticesinde otomobil iizerinde en biyiikk darbeler
oncelikle 6n kisimlarda meydana gelmektedir.

Hal boyle olunca kaza aninda darbe kuvvetlerine maruz
kalan otomobil pargalarmin tasariminin dnemi ortaya
¢tkmaktadir.

Otomobillerde kullanilan ve 6n tampon lizerinde yer alan
carpisma kutulart deforme olarak onden ¢arpmali
kazalarda ortaya ¢ikan kinetik enerjiyi emebilme
yetenegine sahip baglanti elemanlaridir. Kaza aninda
carpisma kutularinin maruz kaldig1 darbe kuvvetlerinin
yeterince sontimlenememesi bu kuvvetlerin dogrudan
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arag igerisindeki yolcu bdliimiine aktarilmasina sebebiyet
verir. Bu durum hem arag icerisindeki yolcularin 6liimctil
yaralanmalarina neden olacak ve hem de aracta {izerinde
yiiksek miktarda maddi hasara yol acacaktir.

Carpigsma kutularinin enerji soniimleme kapasitelerinin
arttirllmasina yonelik gegmisten giiniimiize ¢esitli
calismalar yapilmistir. Yapilan c¢aligmalar genellikle
carpisma kutularimin geometrisi tizerine olmustur. Bazi
caligmalarda dairesel kesitli [2-4] c¢arpigsma kutular
kullanilirken bazilarinda dikdoértgen ve kare [5-7] ve
bazilarinda ise ¢ok degisik geometriler [8-10] ele
almmustir. Carpigma kutulariin geometrik 6zelliklerinin
degistirilmesi enerji soniimleme kapasitesi tizerine etkili
oldugu bilinmektedir. Bunun yaninda yapilan diger
caligmalarda ¢arpigma kutularimin malzemesi [11-12], et
kalinliklart [13-15] ve koniklik acist [16-18] degisken
parametreler olarak kullamlmustir. Oztiirk ve digerleri,
sonlu elemanlar ydntemini kullanarak LS-DYNA
yazilimiyla darbe emici sistemler iizerine bir ¢alisma
yapmuslardir. Calismada % 40 ofsetten olusan bir tampon
carpisma modeli LS-DYNA iizerinde olusturulmustur.
Calismanin sonucunda analiz edilen model ig¢in 10
m/s’lik siire igerisinde soniimlenen enerji kapasitesi
4.21x108 J olarak bulunmustur. Bununla birlikte 1000
kg’lik kiitleye sahip blok 15,8 m/s’lik hizla tampona
carptigi varsayilirsa ortaya ¢ikan toplam enerjinin
yaklastk  %3,4’lik  bolimiiniin  ¢arpisma  kutusu
tarafindan s6niimlendigini belirlenmistir [19].

Demirci ve digerleri, farkli geometrilerdeki c¢arpigsma
kutularinin 6nden carpmali kaza durumlarinda enerji
soniimleme  kapasitelerini  belirleyebilmek amaciyla
sonlu elemanalar analizi yapmislardir. Carpisma
kutularinin malzemesini ¢elik olarak belirlenmis ve LS-
DYNA yazilimi ile 15,6 m/s lik hizda 80 kg lik kiitleye
sahip rijit bir duvara eksenel dogrultuda ¢arptirarak sonlu
elemanalar analizi yapilmigtir. Tasarimi gergeklestirilen
modellerden en iyisinin mevcut modele gore daha {istiin
oldugunu, 6,66 kJ olan enerji soniimleme kapasitesinin
6,7 kJ’la ¢iktig1 ve maksimum deformasyon kuvvetinin
107 kN’dan 106 kN’a indigi tespit edilmistir [20].
Toksoy, igerisine kapali hiicreli aliiminyum kopiik
malzeme doldurulmus kare kesitli ¢arpisma kutularinin
deformasyonlarini incelenmistir. Toksoy caligmasinda
kullanacag her bir ¢arpigsma kutusunun et kalinligint 2
mm, 2,5 mm ve 3 mm, boyutlari 70,6x73,2x125,2 mm
ve 60x70,4x122,6 mm olarak belirlemistir. Calisma
sonucunda Dolu profillerdeki ortalama ezilme miktarinin
bos tiiplere gore % 55, Ozgil enerji soniimleme
kapasitesinde ise %9,8 arttigini belirtmistir. En yiiksek
enerji soniimleme kapasitesinin  ise 3 mm et
kalinligindaki aliiminyum kopiik ile dolu carpisma
kutusunun sagladigi belirtilmistir [21].

Zarei ve digerleri, bosg ve aliiminyum kopiik malzeme ile
doldurulmus profillerin eksenel ve egik yiikler altindaki
enerji soniimleme kapasitelerini incelemislerdir. Calisma
sonucunda yapilan testler ile kopiik malzeme ile dolu
carpisma kutularinin 6zgiil enerji soniimleme kapasitesi
digerlerine gore daha iyi oldugunu belirtmislerdir. Buna

kargin kullanilan kopiik malzemenin yogunlugunun
optimum degerden fazla olmasi ezilme kuvveti verimi ile
0zgiil enerji soniimleme kapasitesinin azalmasina neden
olacagini dile getirmislerdir [22].

Malzeme teknolojisini gelismesiyle birlikte carpisma
kutularinin enerji soniimleme kapasitelerinin
arttirillmasinda yeni bir materyal olan metalik kdpiik
malzemeler kullanilmaya baglanilmistir. Gerek mekanik
ozellikleri gerekse fiziksel Ozellikleri bu malzemeleri
kullanish hale getirmektedir. Hafif olmalar1 ve enerji
soniimleme kapasitelerinin yiiksek olmasi en biiyiik
avantajlar1 arasinda sayilabilmektedir. Metalik kopiik
malzemeler gaz fazindaki baloncuklarin sivi haldeki
metal faz1  igerisinde  hapsolarak  gdzenekler
olugturmasiyla meydana gelir. Bu baloncuklar daha sonra
stvi fazdan kati faza gecerken onceki olusturduklari
sekilleri korumakta ve kati1 haldeki kdpiik malzemeyi
olusturmaktadir [23]. Hiicre yapisina gére metalik kopiik
malzemeler agik hiicreli ve kapali hiicreli olarak ikiye
ayrilmaktadir. Kopiik malzemelerde gézenekler arasinda
bir baglant1 varsa bu tiir kopiiklere agik hiicreli, gaz
hiicreler icerisinde hapsedilmis ve sizdirmazlik
derecesinde birbirlerinden duvarlarla ayriliyorsa kapali
hiicre olarak adlandirilmaktadir [24]. Metalik kopiik
malzemeler ¢arpisma kutularinin igerisine yerlestirilerek
carpisma esnasinda ortaya darbe enerjisini daha fazla
soniimlemesi amaciyla kullanilmaktadir. Genellikle 0,5
g/cm® ile 0,7 g/cm® arasinda yogunluga sahip metalik
kopik malzemelerin  ¢arpisma  kutularinin  enerji
sonlimleme kapasitelerini arttirdigr goriilmektedir [25-
27]. Metalik kopiik malzemelerin yaninda sentetik bazli
kopiik malzemelerde kullanilmaktadir [28-29].

Bu ¢alismada otomobillerde kullanilan farkli geometrik
yapidaki ¢arpisma kutularinin igerisine aliiminyum
kopiik malzeme yerlestirilmis ve darbe kuvveti altinda ki
carpisma  performanst sonlu elemanlar yontemi
kullanilarak incelenmistir.

2.  SONLU ELEMANLAR MODELI (FINITE
ELEMENT MODEL)

Calismanin bu boliimiinde tasarimi gergeklestirilen
carpisma
gerceklestirilmigtir. Analizlerin yapilabilmesi igin bir
dizi 6n hazirlik gerekmektedir. Tiim ¢arpisma kutularinin
uzunluklar1 200 mm ve et kalinliklar1 1,5 mm olarak
almmustir. Ilk olarak tasarlanan carpisma kutularinin
kabuk modelleri Solidworks programi
cizilmigtir. Daha sonra ¢arpisma kutularinin sonlu
elamanlar modelinin olusturulabilmesi i¢in Hypermesh
programindan yararlanilmustir (Sekil 1).

kutularinin =~ sonlu  elemanlar analizleri

yardimiyla
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Sekil 1. Temsili i¢i bos (a) ve i¢i dolu (b) carpisma kutularinin
sonlu elemanlar modeli (Representative finite
element models empty (a) and foam filled (b) crash
box)

Sonlu elemanlar analizinde mesh (boliintiileme) islemi
yapmak fiziksek olarak tanimlanan bir bdlgeyi belli
biiyiikliklerde  parcalara  bdlme  islemi  olarak
tanimlanmaktadir. Kullanilacak mesh boyutu yapilan
analizin sonucunu etkilemektedir. Yapilan c¢aligmada
kullanilacak mesh boyutunu belirlemek amaciyla 6rnek
olarak alman i¢i bos kare c¢arpisma kutusu farkli
boyutlarda (2 mm, 3 mm, 4 mm 5 mm, 6 mm, 7 mm ve 8
mm) mesh iglemine tabi tutulmus ve ayn1 kosullar altinda
analizleri gergeklestirilmistir. Mesh islemi yapilirken 4
nodlu Belytschko-Tsay ince kabuk (shell) elemanlar
kullanilmis, bu kabuk elemanlarin kesitine 5 integrasyon
noktast uygulanmistir. Carpisma kutularinin - kendi
iizerlerinde katlanmalarin1  kontrol etmek amaciyla
Automatic Single Surface Contact algoritmalar: ile
carpisma kutusu ve aliminyum kopiik arasindaki
baglantiy1 saglamak i¢in Automatic Surface to Surface
kontak algoritmalar1 kullanilmistir. Kullanilan kontak
algoritmalarinda statik slirtinme katsayist 0,3, dinamik
sirtinme katsayist 0,2 alinmistir. Yapilan analiz
neticesinde Sekil 2°de verilen sonuglar elde edilmis ve 2
mm mesh boyutu tiim analizlerde kullanilmak {izere
secilmistir.

40 -

354
30 \\\—‘
254 i

20+

Ortalama deformasyon kuvveti (kN)

5 -
0 — 7T T T r T r T T T T T T T T 1
9 8 7 6 5 4 3 2 1
Mesh boyutu (mm)
Sekil 2. Ortalama deformasyon kuvvertine bagli olarak
yakinsak mesh boyutunun belirlenmesi

(Determination of convergence mesh size depending
on mean crush force)

Sonlu elemanlar modeli olusturulan ¢arpisma kutularinin
malzeme Kkartlari ve sinir sartlari Ls-PrePost programi
yardimiyla olusturulmustur. Carpigma kutularinin sonlu
elemanlar modeli igin elasto-plastik malzeme yapisindan
olusan ve Ls-Dyna programinin igerisinde yer alan
“MAT 24 (Piecewise Linear Isotropic Plasticity),
aliminyum kopiikk malzemeler icin “MAT 154
(Deshpande and Fleck) malzeme kartlar1 segilmistir.
“MAT 154” malzeme kart1 icin gerekli olan parametreler
belirlenirken iiretilen kopiik malzemelere basma testi
uygulanmistir. Basma testi yapilan kopiik malzemenin

Sekil 3. Uretilen kopiik malzemenin kesit goriiniisii

Basma testi sonucunda elde edilen gerilme-birim gekil
degistirme grafigi LS-DYNA simiilasyonu sonucunda
elde edilen gerilme-birim sekil degistirme grafigi ile
kargilagtirtlmigtir.  Sekil 4’te  goriildiigii gibi deney
sonucu ile simiilasyon sonucu birbirine ¢ok yakin
cikmugtir.

80 ~

Deney sonucu
Analiz sonucu

70+

60

50

40

Gerilme (MPa)

30+

20

10 4 /

K_'—‘J ' L T ¥ T ’ 1

0.0 0.2 0.4 0.6 0.8 1.0
Birim sekil degisimi

0

Sekil 4. Al kopiik malzemenin gerilme-birim sekil degisimi
grafiginin karsilastirilmasi (Comparison of stress-
strain curve of Al foam material)

Yapilan bu karsilastirma ¢alismasi sonucunda analizlerde
kullanilacak  kopiik malzemeye ait parametreler
belirlenmistir. Carpigma kutularinin malzemesi Al 6063
olarak belirlenmistir. Kullanilan malzemelere ait
mekanik 6zellikler Cizelge 1’de verilmistir.
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Cizelge 1. Kullanilan malzemelerin mekanik o6zellikleri
(Mechanical properties of materials)

Malzeme | Yogunluk Elastik Poisson
Tiiri (p) Modiilii (E) Orani (v)
Al 6063 2,7 68,2 (GPa) 0,3
(g/cm’)
Al 0,628 0,806 (GPa) 0
Kopiik (g/cm?®)

Olusturulan i¢i bos ve aliiminyum kopiik malzeme ile
dolu carpisma kutular1 Sekil 5°de verilmektedir.

Altigen

g

ici Bog

Kare
I¢i Képuk Dolu (‘

Sekil 5. ici bos ve igi kopiik dolu g:arplsma kutulari

wn

//’
“ «

Son olarak sonlu elemanlar modelleri ile malzeme
kartlar1 olusturulan ¢arpisma kutular1 Ls-Dyna ile analiz
edilmistir. Analizler yapilirken tiim ¢arpigsma kutularina
500 kg’lik kiitle 17,7 m/s’lik bir hiz ile carptiriligtir (Sekil
6).

== Klitle = 500 kg

l Hiz=17,7 m/s

Carpisma
kutusu

¢=mmm Sabit duvar

Sekil 6. Carpisma kutusunun sonlu elemanlar modeli (Finite
element model of the crash box)

3. ANALIiZ SONUCLARI VE TARTISMA
(ANALYSIS RESULTS & DISCUSSION)

Yapilan bu ¢aligmada farkli geometrik 6zelliklere sahip

i¢i bos ve i¢i aliminyum kopiik malzeme ile dolu toplam

sekiz adet ¢arpisma kutusu 120 mm boyunca deforme

edilerek soniimlenen enerji, maksimum deformasyon

kuvveti, ortalama deformasyon kuvveti, ezilme kuvveti
verim ve Ozglin enerji sOniimleme
belirlenmistir.

kapasiteleri

Analiz sonuglar1 belirlenirken bazi veriler program
ciktilarindan  almirken bazi gesitli
hesaplamalar sonucu elde edilmistir. Bu hesaplamalarda
kullanilan formiiller asagidaki esitliklerde verilmistir.

veriler ise

Soniimlenen Enerji: Carpigma kutularinin carpisma
sonunda sontimledigi toplam enerji (Sg), c¢arpma
kuvvetinin yaptigi is olarak tanimlanabilir [30].

Se = [Pds @)
%

Burada P ezilme kuvvetini, 6 ve OP yapilan isin

hesaplanacagr ezilme araligini ifade etmektedir.

Soniimlenen enerji veya yiik- yer degistirme grafiginin
altinda kalan alan olarak ifade edilmektedir.

Ozgiil Enerji Soniimleme (OES):
kapasitesi

Ozgiil enerji
enerjinin  (Sg)
carpisma kutusunun deformasyona ugramadan onceki
kiitlesine (m) orani olarak tanimlanmaktadir.

OES = %E @)

soniimleme soniimlenen

Tasarim esnasinda malzeme se¢imi, ¢arpisma kutusunun
enerji kapasitesini  direk  olarak
etkileyeceginden 6nemli bir parametre olarak kargimiza
¢ikmaktadir. Carpisma kutusunu kiitlesi ne kadar hafif
olursa 6zgiil enerji soniimleme kapasitesi o kadar yiiksek

soniimleme

olacaktir.

Ortalama Deformasyon Kuvveti: Soniimlenen enerji
miktarmin (Sg) eksenel yondeki toplam yer degistirme
mesafesine (X) orani olarak tanimlanir.

Fort =Y (3)

Ezilme Kuvveti Verimi (EKV): Ezilme kuvveti verimi,
ortalama ezilme kuvvetinin maksimum ezilme kuvvetine
orani olarak tanimlanir.
F
EKV = 2 4
5 (4)

max

3.1. Carpisma Kkutularimin sonlu elemanlar analiz
sonuclari (The result of analysis of the empty crash
boxes)

Ici bos carpisma kutular1 500 kg’lik bir kiitlenin 17,7
m/s’lik bir hizla deforme edilmis ve Cizelge 2°de verilen
sonuglar elde edilmistir. Ayn1 zamanda 120 mm’lik
deformasyon mesafesi igerisinde yiik-yer degistirme ve
soniimlenen enerji-yer degistirme grafikleri Sekil 7 ve
Sekil 8’de verildigi gibi tespit edilmistir
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Cizelge 2. Analiz sonuglar1 (Results of the analysis)

Ici Bos Carpisma Kutulari
Toplam ver | Séniimlenen Maksimum Ortalama Ezilme Ozgiil Et
. plam y o deformasyon | deformasyon |  kuwvveti enerji 9
Geometri degistirme enerji Kuvveti KUvveti - séniimleme kalinlig1
Lo G (kN) (kN) @) | (kg | ™™
Daire 120 4,851 92,21 40,43 0,44 23,80 1,5
Kare 120 3,899 118,40 32,49 0,27 15,04 15
Besgen 120 4,705 87,68 39,21 0,45 24,68 15
Altigen 120 4,955 103,09 41,29 0,40 21,90 1,5
*] _Eiffe T;'f, Analiz sonuglarma gore en iyi ¢arpigma performansina
o —iﬁfgeen" e besgen kesitli carpisma kutusunun sahip oldugu

Sénumlene enerji (kJ)

0 T T T T T 1
0 20 40 60 80 100 120

Yer degistirme (mm)
Sekil 7. I¢i bos carpisma kutularmin séniimlenen enerji-yer
degistirme grafigi grafigi (Absorb energy -
displacement curves for empty crash boxes)

Kare Kesit |

—— Daire Kesit
—— Besgen Kesit
——— Altigen Kesit

0 T
0 20

T T T T 1
40 60 80 100 120

Yer degistirme (mm)
Sekil 8. i¢i bos carpisma kutularnin yiik-yer degistirme grafigi
(Load- displacement curves for empty crash boxes)

Cizelge 3. Analiz sonuglari (Results of the analysis)

belirlenmistir. Besgen kesite sahip ¢arpigma kutusunun
120 mm’lik deformasyon mesafesi igerisinde farkli
zaman araliklarinda c¢ekilmis goriintiileri Sekil 9’da
verildigi gibi elde edilmistir.

11

‘.»J‘

t=6 ms

t=8 ms t=10 ms
Sekil 9. i¢i bos garpisma kutularmin deformasyon goriintiisii
(Progressive collapse of empty model)

I¢i bos carpisma kutularinin sonlu elemanlar analizlerinin
bitmesiyle birlikte i¢i aliiminyum kopiik dolu ¢arpisma
kutularmin  analizleri  gergeklestirilmistir. ~ Yapilan
analizler neticesinde elde edilen sonuglar Cizelge 3’de
verilmistir.

I¢i Aliiminyum Képiik Dolu Carpisma Kutulart
- Maksimum Ortalama Ezilme | ~ . .
. Topg!ar_n yer Sonuml.e.nen deformasyon | deformasyon kuvveti O..Zg.l.ﬂ enett Et -
Geometri | degistirme enerji k 2 K 2 . . | soniimleme | kalinlig
(mm) (kJ) uvveti uvveti verimi (kj/kg) (mm)
(kN) (kN) (%)

Daire 120 16,463 225,44 137,19 0,61 20,64 15

Kare 120 19,547 260,22 162,89 0,63 19,08 1,5

Besgen 120 13,276 161,60 110,63 0,68 20,72 1,5

Altigen 120 17,862 226,39 148,85 0,66 19,88 15
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Ici kopiik dolu carpisma kutularmin arasinda en yiiksek
performansa sahip carpisma kutusu ici boslarda oldugu
gibi besgen kesitli c¢arpigma kutusu  ¢ikmustir.
Sontimlenen enerji bakimidan en fazla artis1 kare kesitli
carpisma kutusu saglasa da maksimum deformasyon
kuvveti ve carpisma kutusunun kiitlesindeki artisin ¢ok
fazla olmasi 6zgiil enerji soniimleme kapasitesi ile ezilme
kuvveti veriminin azalmasma yol acmstir. Ici
aliminyum kopiik malzeme ile dolu ¢arpigma kutularinin
soniimlenen enerji-yer degistirme ve yiik-yer degistirme
grafikleri s1ra51y1a Sekil 10 ve Sekil 11°de verilmistir.

204

Kare Kesit
Daire Kesit |
Besgen Kesit|
—— Altigen Kesit |

-
o
1

-
)

Séntimlenen enerji (kJ)

0 T T T T T 1
0 20 40 60 80 100 120

Yer degistirme (mm)

Sekil 10. I¢i aliiminyum képiik dolu ¢arpisma kutularinin
soniimlenen enerji-yer degistirme grafigi grafigi
(Absorb  energy -displacement curves for
aluminum foam filled crash boxes)

Besgen kesitli carpisma kutusunun her ne kadar
soniimlenen enerji miktar1 diisiikk olsa bile maksimum
deformasyon kuvvetinin diger ¢arpigma kutularindan ¢ok
daha az olmas1 ezilme kuvveti verimini arttirmustir. Sekil
12 ve 13 te i¢i bos ve i¢i kopiik dolu ¢arpisma kutularinin
ezilme kuvveti verimlerindeki degisim goriilmektedir.

50 4

40 -
304
20 4
104
0

Ezilme kuvveti verimi (%)

& & & $
& & & §
o <
Geometri

Sekil 12. ici kopiik dolu geometrilerin ezilme kuvveti verimleri
(Crush force efficiency for foam filled geometries)
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70 9

60

8
1

S
o
1

20 +

Ezilme kuvveti verimi (%)

0 T T T

4

@
Geometri
Sekil 13. i¢i bos geometrilerin ezilme kuvveti verimleri (Crush
force efficiency for empty geometries)

o
)
\\\9
<

Benzer sckilde carpisma kutularmin igerisine kopik
yerlestirme ¢arpigsma kutularinin toplam kiitlesinde artis
meydana getirse de bu artistan en az etkilenen ¢arpisma
kutusu besgen kesitli ¢arpigma kutusu olmustur. Besgen
kesitli ¢arpigsma kutusunun farkli deformasyon siireleri

icerisindeki davranigt Sekil 14°deki gibi olmustur.

1is

t=2 ms t=4 ms
t=6 ms t=8 ms t=10 ms

Sekil 14. i¢i aliiminyum képiik dolu carpigma kutularinin
deformasyon goriintiisii (Progressive collapse of
aluminum  foam filled model)

Ozgiil enerji soniimleme kapasitesi carpisma kutularinin
deformasyon mesafesi boyunca soniimledigi enerji ve
agirliklart ile degisim gostermektedir. Buna bagli olarak
ici bos ve ici kopiik dolu carpigma kutularinin 6zgiil
enerji soniimleme kapasitelerindeki degisim sirasiyla
Sekil 15 ve Sekil 16’da verilmistir.
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Sekil 15. I¢ci bos carpisma kutularmin 6zgiil enerji soniimle
kapasileri (Spesific energy absorption capacity
curves for empty crash boxes)
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Sekil 16. I¢i aliiminyum kopiik dolu garpisma kutularinin 6zgiil
enerji soniimle kapasileri (Spesific energy absorption
capacity curves for foam filled crash boxes)
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4. SONUCLARI (RESULTS)

Yapilan c¢aligma neticesinde asagidaki sonuglar elde

edilmigtir;

e Carpisma kutularinin geometrilerindeki degisim
enerji  soniimleme kapasiteleri tizerinde Onemli
derecede farklilik saglamaktadir.

e Ici bos ¢arpisma kutular ierisinde en yiiksek ezilme
kuvveti verimi ve Ozgiil enerji soniimleme
kapasitesine sahip olant besgen kesitli carpisma
kutusu oldugu tespit edilmistir.

e Carpigma kutularinin igerisine aliiminyum kopiik
malzeme yerlestirmek enerji soniimleme kapasitesini
yaklagik 4 kat arttirmustir.

e Carpigma kutularimin igerisine yerlestirilen kopiik
miktarinin  artmasi  ezilme kuvveti verimini
arttirmistir.  Ancak  bu  durum  maksimum
deformasyon kuvvetinin de artmasina neden
olmustur.

e Ici bos besgen kesitli ¢arpisma kutusunun 0,45 olan
ezilme kuvveti verimi igerisini aliiminyum kopiik
malzeme ile doldurmanin sonucunda 0,68 olmustur.

147

Ici bos besgen kesitli carpisma kutusunun 24,68 kj/kg
olan 0zgiil enerji soniimleme kapasitesi icerisini
aliminyum kopiik malzeme ile doldurmanin
sonucunda toplam kiitlenin ¢ok fazla artmasi
sonucunda 20,72 kj/kg’a kadar diismiistiir.
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0z

Elektrik tesislerinde elektrik enerjisine olan ihtiya¢ kadar enerjinin kalitesi de biiyiik onem tasimaktadir. Gii¢ kalitesini etkileyen
en onemli unsurlardan biri, sistemdeki lineer olmayan yiiklerden kaynaklanan harmoniklerdir. Son yillarda gii¢ elektroniginin
gelisimiyle artan lineer olmayan yiikler, elektrik tesislerinde dalga sekillerinin bozulmasina ve harmoniklerin olugsmasina neden
olmaktadir. Sistemdeki harmonikler ekonomik ve teknik zararlara neden olmaktadir. Bir tesisin tasarimi agamasinda alinacak bazi
onlemler diginda, harmoniklerin azaltilmasi i¢in en dnemli yontem harmonik filtrelerin kullanilmasidir. Bu ¢alismada, elektronik
balastli bir floresan lambanin g¢aligma durumlarina iligkin harmonik Olgiimleri alinmigtir. Daha sonra, 6lgiilen harmonikleri
azaltmak amaciyla pasif filtreler tasarlanarak etkileri ve Toplam harmonik bozunum (THB) degerlerindeki azalmalar
gozlemlenmistir. Filtre tasariminda tek ayarli ve cift ayarli modeller kullanilmigtir. Ayni sistem, Matlab/Simulink ortaminda
modellenerek, 6l¢iim ile teorik sonuglar karsilastirilmustir.

Anahtar Kelimeler: Filtre, gii¢ kalitesi, harmonik, THB.

Simulation and Harmonics Reduction of Electronic
Ballast Fluorescent Lamp by Using Passive Filter

ABSTRACT

The quality of energy is great importance as much as the electricity is required in power systems. One of the most important factors
affecting the power quality is the harmonics resulting from non-linear loads in the system. In recent years, the development of the
power electronics causes non-linear loads to increase. Correspondingly, it causes waveform distortions and harmonics in power
systems. Harmonics cause technical and economical losses in the system. Except for some precaution to take in the design phase
of a power system, the most important method for reducing harmonics is the use of harmonic filters. In this study, harmonic
measurements of fluorescent lamp with electronic ballast are taken. Thereafter, passive filters are designed to reduce harmonics,
their effects and decreases in Total Harmonics Distortion (THD) values are observed. Single-tuned and double-tuned models are
used in filter design. The same system is modeled in Matlab/Simulink, the theoretical results are compared with measurement
results.

Keywords: Filter, power quality, harmonics, THD.

1. GIRiS (INTRODUCTION) harmonik akim bilesenlerinin olusmasina neden olurlar.
Eger herhangi bir onlem alinmazsa harmonik akim
bilesenlerinin olusturdugu harmonik gerilimler sisteme
bagli biitiin yiikler iizerinden harmonik akimlar akitirlar.
Boylece herhangi bir tiiketici harmonik bozunuma neden
olmasa bile sistemdeki bozulmalardan etkilenmis
olacaktir. Harmonik bozunum, enerji sisteminde ve bu
sisteme bagli biitiin elemanlarin {izerinde teknik ve
ekonomik olumsuzluklar meydana getirir. Ekonomik
olumsuzluk olarak iletim hatlari, dagitim sistemleri,
motor ve generatdr gibi elemanlarda ek kayiplara neden
olmasi, teknik olumsuzluk olarak ise sistem
elemanlarinin zarar goriip sistemin g¢alisamaz duruma
gelmesi ya da anahtarlama elemanlarmin yanlis anlarda
anahtarlama yapip dogru calismamasina neden olmasi
ornek olarak verilebilir. Ayrica sistemde harmonikler
nedeniyle degisik frekanslarda akim ve gerilimler

Elektrik tesislerinde elektrik enerjisine olan ihtiya¢ kadar
enerjinin kalitesi de biiyllk 6nem tasimaktadir. Giig
kalitesini etkileyen en dnemli unsurlardan biri sistemdeki
lineer olmayan yiiklerden kaynaklanan harmoniklerdir.
Elektrik enerji sistemlerinde; akim, gerilim gibi
biiytikliiklerin dalga sekli temel frekansl siniisoidal bir
degisime sahip olmalidir. Bunun icin de sistemin
siniisoidal bir kaynakla beslenmesi ve yiiklerin lineer
olmas1 gereklidir. Sisteme bagli elektrik enerjisiyle
calisan cihazlarin dogru ve verimli bir sekilde calismasi
icin dalga seklinin ve frekansinin degismeden
kullanilmast 6nemlidir. Fakat sistemde var olan ve her
gegen gilin sayist artan lineer olmayan yiikler sistemde

*Sorumlu Yazar (Corresponding Author)
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olacagindan, harmonikler sistemde rezonans olayina yol
acarak asir1 gerilim ve akimlarin olusmasma neden
olabilirler. Asir1 gerilim ve akimlar sistemdeki
elemanlara biiyiik zararlar vereceklerdir. Harmoniklerin
olusturacagr bu olumsuzluklardan etkilenmemek icin
harmonikli sistemlerin analiz edilip buna uygun
Onlemlerin alinmasi biiyiik 6nem tagimaktadir. Ref.[1-
6]’da giic sistemlerindeki harmoniklerin nedenleri,
etkileri incelenmis ve analizleri verilmistir.
Harmoniklerin yok edilmesi veya etkilerinin azaltilmasi
icin iki farkli yontem vardir. Bunlardan birincisi
harmonik iireten elemanlarin harmonik {iretmeyecek ya
da miimkiin oldugunca az harmonik {iiretecek sekilde
tasarlanmasi veya sebeke baglantilarinin uygun sekilde
yapilmasidir.  ikinci yéntem ise  harmoniklerin
iretildikten sonra filtreler yardimiyla yok edilmesidir.
Ref.[7-12]’de harmoniklerin azaltilmasi igin cesitli
filtreleme teknikleri onerilmistir.

Elektrik tesislerinde pek ¢ok harmonik {ireten eleman s6z
konusudur. Bunlar arasinda en yaygin olani ve bilineni,
elektronik balastli floresan lambalardir. Bu yiik ¢esidi,
hem konutlarda hem sanayide yaygin olarak
kullanilmaktadir. Ref.[13-17]’de floresan lambalarin
direttigi harmonikler incelenmis, c¢esitli harmonik
modelleri elde edilmis, simiilasyonlar1 yapilmis,
filtreleme teknikleri incelenmistir.

Bu caligmada, yaygin kullanilan elektronik balastl
floresan lambanin ¢alisma durumlarina iligkin harmonik
Ol¢limleri alinmigtir. Daha sonra, Ol¢iilen harmonikleri
azaltmak amaciyla pasif filtreler tasarlanarak etkileri ve
Toplam Harmonik Bozunum (THB) degerlerindeki
azalmalar gézlemlenmistir. Bu ¢aligmanin temel katkisi,
filtre tasariminda tek ayarli ve ¢ift ayarli modeller

kullanilarak, sistemin Matlab/Simulink ortaminda
modellenmesi,  Olgiim  ile  teorik  sonuglarin
karsilagtirtlmasidir.

2. TOPLAM HARMONIK BOZUNUMU (TOTAL
HARMONIC DISTORTION)

Toplam harmonik bozunumu (THB), harmonik
igeren periyodik dalga seklinin tam bir siniis dalga
seklinden ne kadar saptigint belirlemek igin
kullanilir. THB gerilim ve akim ifadeleri, sirasiyla

denk.(1.a) ve denk.(1.b)’deki gibidir. Bu oran
genellikle ylizde olarak ifade edilir [18]
[z, v
THB,=Y" (1.3)
1
L1
THB =122 (1.b)
1
Denk. (l.a) wve (l1.b)’de, THByv gerilim

harmoniklerini, THB, akim harmoniklerini, V ve I,
sirastyla n. gerilim ve akim harmonigini ifade
etmektedir.

3. PASIF HARMONIK FIiLTRELER (PASSIVE
HARMONIC FILTERS)

Giinlimiizde harmoniklerin zararli etkilerinden
korunmak i¢in en etkili yontem harmonik filtrelerin
kullanilmasidir. Harmonik filtreler tasarlanirken,
kullanilan elemanlara gore iki sinifa ayrilir. Bunlar;
R, L, C elemanlar1 kullanilarak tasarlanan pasif
filtreler ve giic elektronigi anahtarlama elemanlari
kullanilarak tasarlanan aktif filtrelerdir. Pasif
filtreler uzun yillardir kullanilmakta olup ekonomik
olmalari nedeniyle tercih edilmektedir. Pasif
filtreler R, L ve C elemanlar1 kullanilarak tasarlanir.
Tasariminda devredeki endiiktans ve kapasite
elemanlarinin  reaktanslarinin  frekansa bagh
degisiminden ve rezonans frekansindaki
tepkilerinden faydalanilir. Pasif filtreler, seri pasif
filtreler ve paralel pasif filtreler olmak iizere ikiye
ayrilir. Seri pasif filtreler genellikle AC motor
siiriicii ve yiiksek giicli AC/DC doniistiiriiciilerin
onlerinde kullanilir. Paralel pasif (filtreler ise
harmonik kaynagi ile sebeke arasina paralel olarak
baglanarak, harmoniklere diisiik empedansli bir yol
olusturup yiik yerine filtre iizerinden akmasini
saglarlar. Sekil 1°de bu filtrelerin baglant1 sekilleri
gosterilmistir.

Sen Pasif Filtre

NONLINEER
YUK
(@)
R, 3R SR 3R NONLINEER
' ' ’ YUK
L gL gy gL =

(b)

Sekil 1. (a) Seri filtre baglantisi (b) Paralel filtre baglantis ((a)
Connection of series passive filter (b) Connection of
parallel filters)
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4, ELEKTRONIiK  BALASTLI  FLORESAN
LAMBANIN HARMONIK OLCUMU VE
FILTRE UYGULAMALARI (HARMONIC
MEASUREMENT OF FLUORESCENT LAMP
WITH ELECTRONIC BALLAST AND FILTER
APPLICATIONS)

Aydmlatmada kullanilan elemanlardan elektronik
balastlar filtresiz kullanildiginda harmonik {iretirler.
Filtresiz  kullanilan  yiiksek frekansli elektronik
balastlarda en etkin harmonik bilesenler 3, 5, 7. ve 9.
harmoniklerdir.

Yapilan calismada Fluke 434 Gii¢ Kalitesi Analizorii
kullanilarak elektronik balastli bir floresan lambanin
¢alisma durumuna iligkin harmonik 6l¢timleri alinmistir.
Daha sonra, Olgiilen harmonikleri azaltmak amaciyla
pasif filtreler tasarlanarak THB degerlerindeki azalmalar
gozlemlenmistir. Filtre tasariminda tek ayarli ve ¢ift
ayarli pasif filtreler kullanilmis, filtreler sisteme ayr1 ayri
uygulanarak etkileri karsilagtirilmistir. Kurulan deney
montaj semasi Sekil 2°de gosterilmistir. Filtresiz dl¢iim
sonuclar1 Sekil 3’te verilmistir.

Harmonik
Analizér

FLORESAN

L )
ELEKTRONIK LAMBA
Nl BALAST

Sleo] nf-

Sekil 2. Deney montaj semast (Installation diagram of
experiment)

Sekil 3’te gorildigli gibi, akim dalga sekli siniis
seklinden oldukca uzaklagmistir. THB degeri %80,9
olarak Olgiilmiistiir. Sistemdeki en etkin harmonik
bilesen 3. harmoniktir (f3=150Hz). Sisteme ait gerekli
filtreleme islemi i¢in L ve C yiik bankalar1 kullanilmustir.
Tek ayarli filtreler i¢in denk.(2), ¢ift ayarli filtreler iginse,
buna ilave olarak denk.(3) ve denk.(4) de kullanilmigtir
[19]. Tek ve cift ayarli filtre yapilart Sekil 4’de
goriilmektedir. ~ Ug¢  farkli  filtre  uygulamasi
gerceklestirilmistir. Sadece 3. harmonik i¢in tek ayarli bir
filtre, 100Hz frekansina sahip tek ayarli bir filtre, 3. ve 5.

T R

49.96Hz & 0:00:06 3 -2x =F

230U 50Hz 18

01/01/03 00:04:19 EHS0160

| RUN |
e —
(@)
Harmonics
1 THD 80.4%r ' K 43.7
o 0:00:53 = =T
‘i . “]B';ﬁ ..................................................

AR R | - R T

13 17 21 25 29 33 37 41 45 49

THDDC 1 § &
: EH50160

01/01703 00:05:25 2300 50Hz 18
0o

OFF S8 RUH |

(b)

Sekil 3. Filtresiz dl¢iim sonuglart (a) Akim ve Gerilim Dalga
Sekli (b) Akim Harmonik Spektrumu (Results of
measurements without filter (a) Current and Voltage
Waveforms (b) Current Harmonic Spectrum)

Bant Genisligi: BG = f,, — f1 (3)
Kose frekanslari:

BG BG
fclzfr_T' fczzfr‘l'? 4)
Denk.(2)’de fi rezonans frekansini, denk.(3) ve

denk.(4)’de fc1 Ve fco alt ve {ist kesim frekanslari ifade
etmektedir.

harmonikleri yok etmek icin ¢ift ayarli filtre
uygulamalart yapilmistir. Her ii¢ filtre uygulamasi igin kullamlan L-C eleman
degerleri Cizelge 1’de verilmistir. Filtreler baglandiktan
£ = 1 @) sonra alinan 6l¢limler, sirasiyla Sekil 5, Sekil 6 ve
T 2m/IC Sekil 7°de gosterilmistir.
Cizelge 1. Kullanilan Filtreler ve L-C degerleri (The used filters and values of L-C)
Filtre Cesidi Cl1(uF) | L1 (mH) | C2 (uF) | L2 (mH)

Tek ayarli 3. harmonik (150Hz) filtresi 34 300 - -

Tek ayarli 100Hz’lik filtre 8,5 300 — -

3. ve 5. harmonikler i¢in Cift Ayarl filtre 4,25 150 4,25 150
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o cift ayarhfitre

)

L1

1
€1
L
(@ (b)

Sekil 4. (a) Tek ayarl filtre (b) Cift ayarli filtre ((a) Single
tuned filter (b) Double tuned filter)

2285

50.01Hz & 0:00:15

A -2 =~F

01701703 00:05:25 230U 50H=z 18 ENS0160

UAH CURSOR

L1 3 & ZOOM
(@)
Harmonics
'K §5 |
& 0:00:02 = <F

b HOBE
[ S B - o

THDDC 1 5% 9 13 17 21 2% 29 33 37 41 45 49
017017503 00:07:20 230U S0Hz 18 EHS50160

I-HARH.
OHY OFF

TABLE

(b)

Sekil 5. 150Hz’1ik (3. Harmonik) tek ayarli filtreye ait 6l¢iim
sonuglari (a) Akim ve gerilim dalga sekli, (b) Akim
harmonik spektrumu (150 Hz (3rd Harmonic)
measurement results of single tuned filter (a) Current
and voltage waveforms (b) Current harmonic
spectrum)
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Sekil 5’ten de goriilebilecegi gibi, 3. harmonik i¢in filtre
baglandiktan sonra, akim dalga sekli onemli oranl
diizelmistir. THB %80,9 dan %31,3’e diismiistiir. f3=
150Hz frekansindaki 3. harmonik, Sekil 5.b’de
goriildiigii gibi sontimlenmistir. Sekil 7°de, Cift ayarl
filtre baglandiktan sonra 3 ve 5. harmonigin beraber
soniimlendikleri, THB oranmnin ise %26,4 ¢ distiigi
gozlemlenmistir. Sekil 6’da, filtre baglandiktan sonra,
100 Hz ve iizeri neredeyse biitiin harmoniklerin
soniimlendigi gdzlemlenmis, THB oran1 %10,4’e
dismistiir. Dalga seklini diizeltmek agisindan en iyi
sonucu bu filtre vermistir, fakat sistemin esdeger
empedanst degistiginden sebekeden cekilen akim 8§
katina ¢ikmustir.

2293 v

0:00:20 4 -2x =x

01701703 00:31:23 2300 50Hz 18 EH50160

CURSDRY | Z00M 43+ HOLD

BACK OH| OFF ; RUH

(@)

Harmonics

T THD 10.4%e 1K 2.0 |

& 0:00:04 =~E

45'""""“{ ..................................................
F . L
] ........ .l.l.l.!.l.!.-..|....1.._.1.._.1.._.1.._.1....1...1...1..
THODC 1 5 9 13 17 21 25 29 33 37 41 45 49
01/01/03 00:31:38 2300 S0Hz 18 EH50160

|-HARM. HOLD

TABLE

OHY OFF RUH

(b)

Sekil 6. 100 Hz’lik tek ayarl filtreye ait 6l¢iim sonuglari (a)
Akim ve gerilim dalga sekli, (b) Akim harmonik
spektrumu (100 Hz measurement results of single
tuned filter (a) Current and voltage waveforms (b)
Current harmonic spectrum)
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1
'2295v |° 4R
50.01H=z O 000d A -Px =
01701703 00:20:25 2300 50Hz 19 EH50160
Lol [
—
(@
Harmonics
T THD 26 A%r [T K 6.2 |
T 0:00:11 = ~F
“]B';g ..................................................
R (L3
- I 5{'% ..................................................
........ _I_'_I.l.l.'.I.'.l.q....,.....,...,.._.,._.1.._.,._.1...
THODDC 1 5 9 13 17 21 25 29 33 37 41 45 49
01701403 00:20:44 230U S0H=z 18 EH50160
A
OFF | RUH |

(b)

MATLAB/Simulink ile modellemis ve sistem iizerine
cesitli  filtreler ayr1 ayr1  eklenerek  sonucglar
gozlemlenmistir.

Sistemin modellenmesinde, lineer olmayan yiikii temsil
etmesi icin ise her bir harmonik derecesi i¢in o
frekanstaki akim kaynaklar1 kullanilmistir [20]. Yiike ait
eleman degerleri i¢in deneysel dlgiimdeki; R = 1389,649
Q ve L =9,84 H olarak alinmistir. Nonlineer yiike ait
akim kaynaklarinin degerleri, denk.(5) ile bulunmustur.
Sonuglar, Cizelge 2’de verilmistir.

L
Woln =7

(5)
Denk.(5)’te, In n. harmonik bilesenini, I;ms akimin
etkin degerini ifade etmektedir.

Cizelge 2. Harmonik Akimlarinin Tepe Degerleri (Peak values
of harmonic currents)

n. harmonik akim | Tepe Degeri (mA) | Frekans
3 39,739 150 Hz
5 30,8299 250 Hz
7 21,496 350 Hz
9 15,981 450 Hz
11 14,2836 550 Hz
13 12,59 650 Hz
15 10,041 750 Hz

Cizelge 3. Deney ve Simiilasyon Sonuglarimim Karsilastirmasi

(Comparison of test and simulation results

Sekil 7. Cift ayarl filtreye (3. ve 5. harmonikler i¢in) .
ait 6l¢lim sonuglar1 (a) Akim ve gerilim dalga Deney Simiilasyon
sekli, (b) Akim harmonik sp_ektrumu Filtreler THB (%) THB (%)
(Measurement results of double tuned filter (for - -
3rd and 5th harmonics) (a) Current and voltage Filtresiz durum 80,9 66,39
waveforms (b) Current harmonic spectrum) Tek ayarli 3. harmonik
o (150Hz) filtresi 319 1841
5. SIMULASYON CALISMASI (SIMULATION Tek ayarli 100Hz’lik 10.4 5 09
STUDY) filtre ' '
Bu bolimde harmonik 6l¢iimii yapilan elektronik 3. ve 5. harmonikler igin 276 1555
balastl floresan lamba iceren sistem Cift Ayarli filtre ' '
P . £.25]
f I 41 Toplam Hlarmonik Aktif Gl (W)
I Gig Bozulma
e = - ]
= | | = ] =1

Akim Olcimi

3
6, AC Gerilm Kaynai

Sekil 8. Elektronik balastli floresan lamba MATLAB/Simulink modeli (MATLAB/Simulink model of

Fluorescent Lamp with Electronic Ballast)
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Matlab/Simulink’te kurulan devre modeli, Sekil 8’de
verilmistir. Gorlildigii gibi, harmonik kaynaklar, yiike
paralel olarak baglanmistir.

Simiilasyondan alinan sonuglar, Sekil 9 ve Cizelge 3’te
gosterilmistir.  Simiilasyon  sonuclarmin  deney
sonuglariyla ayni paralellikte ilerledigi goriilmiistiir.
Baglangigta filtresiz THB’nin simiilasyonda diisiik
¢ikmasinin sebebi simiilasyonda sadece 15. harmonige
kadar akim kaynagi kullanilmasi oldugu diistiniilmiistiir.

(a)

Fundamental (50Hz) = 0.09176 , THD= 66.39%

200 00 400 50 00 700 800 900 10

000

Freauency (Hz)

(b)

Sekil 9. Filtresiz 6l¢iim sonuglari, (a) Akim ve gerilim dalga
sekli (b) Akim harmonik spektrumu (Results of
measurements without filter (a) Current and Voltage
Waveforms (b) Current Harmonic Spectrum)

6. SONUC (CONCLUSION)

Bu calismada harmonikleri engelleme yontemlerinden
biri olan filtreler iizerinde durulmus ve filtresiz bir
sistemle harmonik filtre uygulanmis bir sistem deneysel
ve simiilasyon ortaminda karsilagtirilmistir. Yapilan
calismalar sonucunda pasif filtre uygulamalarinin THB
iizerindeki olumlu etkileri gozlemlenmistir. THB
bakimindan en iyi sonucu 100Hz’lik tek ayarli filtre
kullanim1 vermistir. Fakat bu filtrenin, devrenin esdeger
empedansint olumsuz ydnde degistirmesiyle hattan
gekilen akim artmustir. Bu yilizden en etkili ¢6ziim,
devrede filtreleme islemi yapilirken ayni zamanda
kompanzasyon ihtiyacinin da dikkate alinmasidir.
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ABSTRACT

Wood is an excellent engineering material with its light weight and high mechanical properties. However, it is susceptible to
biodegradation due to its hygroscopic nature and chemical composition that limits both its indoor and outdoor usage. Boron
compounds which are known as eco-friendly wood preservatives have limited utility at outdoor conditions since they are easily
leached out from wood by water. The aim of this study is to prevent boron leaching by creating a polymer network that encapsulates
boron compound inside the wood cell walls, thus decay resistance, dimensional stability and water repellence are improved. In the
study, Siberian pine samples were impregnated with 1% boric acid in DMF(N,N-Dimethylformamide) and further -caprolactone
monomer (1% SnOct2 as initiator) mixture for further in-situ polymerization were carried out in the oven at 150°C for 3 hours.
Prior to decay testing, leaching test was conducted in order to evaluate any loss in effectiveness in decay resistance against to C.
puteana and C. versicolor attack due to possibility of boron leaching from wood. The results showed that leached samples had
lower weight loss than unleached samples after C. puteana attack, however, the weight loss by C. versicolor attack increased in
leached samples. Decay resistance of treated samples was found to be 7-99% in comparison with references. Boric acid and polymer
combination increased dimensional stability (25% ASE), and water repellence (15%) of wood compared to references without
deformation. This method showed that curing may be an alternative for wood modification with in-situ polycaprolactone

polymerization in order to use hazardous solvent media for polymerization.
Keywords: Poly(e-caprolactone), wood modification, dimensional stability, decay resistance.

1. INTRODUCTION

Outdoor utilization of wood has natural limits due to the
low durability of most wood species against biological
organisms. Wood density, mechanical strength and
aesthetic appearance change and reduce because of
fungal growth in wood. Therefore, wood preservatives
are used to protect wood products from fungal attack,
thus service-life of the products may be increased [1]. As
mentioned above several chemicals or methods have
been used so far to protect wood partially, e.g. surface, or
total timber can be treated to eliminate biological
degradation. Heat treatment, impregnation of wood
preservatives and chemical modification are some of the
wood conservation methods. The old and most common
methods are impregnation of some toxic chemicals like
copper, cobalt, zinc or arsenic into the wood structure due
to their effectiveness and price. Even though most of
those chemicals are very effective against
biodegradation; there is a huge environmental concern
due to the utilization of those toxic preservatives.
Besides, for the last decades, people start to research and
apply an alternative method for wood protection. One of
those methods is chemical modification of wood.
Chemical modifications both improve durability of wood
without the use of conventional biocides, and other wood

* Soumlu azar (Corresponding Author)
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properties such as dimensional stability and water
repellence. There are even commercial methods have
been already established to chemically modify wood.
Acetylation, furfurylation and dimethylol dihydroxy
ethylene urea (DMDHEU) modification are some
modification methods [2]. There are still several
investigations are carried out to find more effective and
cheaper modification methods.

Boron compounds as a wood protection agent are known
to be an active fire retardant and effective against both
insect and fungi attacks [3]. Effects of boron compounds
on mechanical, biological and dimensional stability of
wood and wood products have already been investigated
in detail [4]. In addition, it is well known that boron
compounds can be leached out when used for outdoor
purposes, thus wood products become vulnerable to
biological organisms [5]. To overcome this problem
researchers have studied to keep boron compounds into
the wood cell wall and tried to fix it inside [4-8]. In those
studies, the general purpose was in-situ polymerization
of various polymers to fix boron compounds into the cell
walls.

Contrary to conventional hydrophobic polymers like
styrene/acrylates, €-caprolactone can enter and be
polymerized inside the wood cell walls. Recently,
hydrophobic €-caprolactone monomer was successfully
achieved to graft into the wood cell walls and introduced
as a successful novel modification method [9] which
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increase hydrophobicity (35%) and dimensional stability
(40%) of wood. €-caprolactone can be grafted from the —
OH groups of the cell wall polymers to form hydrophobic
polycaprolactone polymer. In this study, Siberian pine
samples were modified with a combination of boric acid
impregnation and further polycaprolactone grafting in
wood to reduce boric acid leaching from wood cell walls
by blocking wood cell cavities by polymer, thus we aim
to get better fungal resistance in the long term and
outdoor usage of wood. It is thought that boron
compounds may be trapped inside wood cell walls by
polycaprolactone modification and this may have a
potential to limit boron leaching. Modified wood has
improved water absorption and dimensional stability
properties, and thus we found that curing even at high
temperature may be an alternative to polymerize €-
caprolactone (CL) in order to use solvent-based
modification.

2. MATERIAL and METHOD

Bu calismada, diiz tip yutucu plakali (Model I) ve diiz
Wood material: Siberian pine sapwood samples with
dimensions of 15 mm (radial) x 5 mm (tangential) x 30
mm (longitudinal) were supplied from Osmanli Mobilya,
Bursa, Turkey.

Chemicals: Boric acid (BA), epsilon-caprolactone (CL),
tin(1l) 2-ethylhexanoate (TEH), dimethyl formamide
(DMF) were ordered from Sigma and used as delivered.
Malt extract-agar and sterile plastic petri dishes (90 mm
diameter) were used for decay test. Distillated water was
used for all necessary cases.

Modification of  Wood: The  €-caprolacton
polymerization in wood was applied as reported before
with some modifications [9]. Wood samples were soaked
in DMF over night to swell wood structure. This step was
applied for better chemical uptake into the cell walls in
the further steps. DMF was poured out and later on, 1%
boric acid (BA) was dissolved in DMF, than poured onto
already swelled wood and BA was impregnated in wood
cell walls 30 minutes under vacuum. Than BA solution
were decanted from the samples. Same amount of CL
monomer, DMF and 1% TEH as catalyst were mixed
together and poured onto samples, again 30 minutes of
vacuum were applied for better uptake monomer by
wood cell walls and waited overnight for better
impregnation. Than the monomer solution were removed

and samples were covered with aluminum foil.
Polymerization reaction was started by heating samples
in a sealed oven at 150°C. After reaction for 3 hours,
wood samples were washed half an hour with acetone
which is a good solvent for polycaprolactone, then
washed with distillated water for four hours. In Figure 1,
impregnation steps were explained. 25 replicate samples
were used.

Weight Percentage Gain (WPG) and Volume Change:
Weight and volume changes caused by the chemical
treatments were measured before and after each
treatment  (€-caprolactone  polymerization,  water
immersion, and oven drying).

Water Uptake (WU), Mass Loss, Swelling Coefficient
(S), and Anti-Swelling Efficiency (ASE): The reference
and modified wood samples were soaked into distillated
water for five days with a fair shaking (Soaking cycle 1).
Then samples were dried into an oven at 103°C over
night (Drying cycle 1). Samples were soaked again into
distilled water for the second water-soaking and drying
cycles. The dimensional stability of the modified wood
samples was obtained by calculating the S and the ASE
values as reported [9, 10]. The equations for swelling,
anti-swelling efficiency, and WU calculations are given
in [9]. The water repellence ability of modified wood is
described by the WU calculations.

Leaching Test: Leaching test was performed to treated
samples according to EN 84 standard in order to evaluate
any loss in effectiveness in biological resistance for 14
days.

Decay Resistance Test: Decay test was performed
according to principles of EN 113, with some
modifications on sample dimensions, Kolle flasks, and
total test period. Malt extract agar of 4.8% concentration
and samples were sterilized in an autoclave at pressure of
about 0.1 MPa at 120°C for 25 minutes. A brown-rot
fungus, Coniophora puteana and white rot fungus,
Coriolus versicolor was inoculated to sterile malt extract
agar medium in the petri dishes. Two samples (treated
and untreated) were placed on the growing mycelium in
each petri dish and then were incubated at 20°C and 65%
RH for 8 weeks. At the end of the test, samples were
removed from the petri dishes, cleaned, and dried at a
temperature of 103°C. Weight loss was calculated on the
basis of oven-dry weight before and after decay test.

Shematic representation of the modification process

DMEF swelling,

Reference Wood overnight i
2 | Curing 150°C
= S Curing in the oven = =
B s

e-caprolactone
—3 monomer
impregnation

1% boric acid
impregnation

150°C, 3h Polycaprolactone-g- Wood

Figure 1. Left: 2 sets of samples, numbering and nomenclatures which were used during the study. Right: Schematic

description of €-caprolactone modification.
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3. RESULTS AND DISCUSSION

Physical Changes and Stability: €-caprolactone
polymerization to graft polycaprolactone into wood cell
walls is a novel modification method which achieved for
the first time insertion of a hydrophobic monomer into
the cell walls [9]. Use of DMF as a solvent, one of the
critical parameter for a successful wood cell wall
modification, because DMF like polar aprotic solvent
swells wood structure up to 12-14% [9, 12]. Swelling of
wood provides ease to insert molecules into cell wall
structure. Success of this process was proved in [9]. This
principle was carried out to get better results during
impregnation of boric acid as well. On the other hand, we
already reported several combinations of BA+CL
modification in [13] which introduces different
modification sets to find the best method for boric acid
and polycaprolactone combination. However, in this
study [13], there was no information on dimensional
stability and water repellence properties of modified
wood. In the current study only one type of modification
was studied. BA first impregnated and later CL was
polymerized in the oven at high temperature to get better
linkage of polymer to cell wall polymers. The method
reported in [13] was slightly modified, the modification
temperature and the reaction time increased from 2h to
3h to get better WPG%, dimensional stability and
durability. Besides, addition to [13], two fungi species
were tested in this study. By curing wood samples for 3h
in order to make polymerization reaction at 150°C, we
aimed to find the optimum reaction time for modification
without making any deformation in wood structure.
Wood polymers, especially hemicelluloses and lignin,
can start to degrade above temperatures above 120°C.
Curing is basically oven heating of already impregnated
samples which is more practical and environmentally
safe than making reactions in organic solvents.

Contrary to [13], we found better WPG% and volume
increase%, 9+1,5% and 6,9+1%, respectively (Figure 2).
This is probably due to the increased reaction time (2 to

140,0 Water absorption 60,0 “

120,0

50,0

100,0
40,0

80,0
30,0

60,0 -

20,0

40,0
20,0 10,0
0,0 0,0

L.cycle | 2.cycle | l.cycle | 2.cycle Step1l Step2 | Step3 Step4

Reference Curing 150°C Curing 150°C

12,00 - 7,00

6,00

10,00 -

5,00
8,00

4,00 -
6,00 - 3,00 -
4,00 - 2,00

1,00 -
2,00 -

0,00 -

l.cycle  2.cycle | l.cycle 2.cycle

0,00 -
Volume WPG% Reference Curing 150°C

Change% Mass Loss

Figure 2. Left: WPG% and volume change% of samples
after €-caprolactone modification. Right: Mass
loss of samples during water immersion cycles.

3 hours) and better heating (95 to 150°C). However, as
shown in Figure 1, mass loss occurred during water
immersion and drying cycles is rather high than reference
(9% and 2% respectively). This is probably due to the
combination of boric acid and tin (11) 2-ethylhexanoate
which increase acidity of the reaction mixture. Thus,
increased acidity may spoil cellulose glycosidic bonds
and further deform wood structure. Also, some of the
homopolymer which cannot be removed from the lumen
area during the initial washing steps, may be removed
from wood structure.

€-caprolactone modification is known to be an effective
method in terms of dimensional stability and water
repellence as already reported [9]. Water repellence of
cured samples is shown in Figure 3. Water absorption of
modified samples reduced about 15% compared to
reference wood which proves that there is a certain
amount of polymer inside the cell walls. Another
important analysis is anti-swelling efficiency calculation
which shows dimensional stability of the modified
samples. The weight percent gain (WPG%) and volume
change (%) shown in Figure 2 already provided a first
indication on the success of the modification in terms of
dimensional  stability. However for a better

20,00 Swelling

Wi —wy)
18,00 WU(%) = X 100
16,00 F where WU(%): percentage of
water uptake of the samples; w;:
14,00 initial weight of the sample; w;;:
wet weight of the sample after
12,00 water-soaking

-5,
ASE(%) = Sum = Sm X 100
10,00 Sum

where ASE(%): antishrinking/antiswelling
efficiency resultin from the modification;
Sy: modified volumetric swelling

6,00 coefficient; S,..: unmodified volumetric
swelling coefficient.
4,00 Vi —V;
5(%) = ¥~ Vi) X 100
Vii

where S(%): volumetric swelling;
Step Step Step Step|Step Step Step Step V'_: :_ d_mlume aftelr wetting
1 2 3 4|1 2 3 a with liquid water; \_I“.wood
volume of oven-dried samples
before wetting

Reference Curing 150°C

Figure 3. Left: Water absorption of control and modified samples during ASE cycles in 14 days, Middle: ASE values of Right:
WPG% and volume change after modification reaction. WU, ASE, S calculations are given in blue boxes on the

right.
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understanding of dimensional stability, swelling and
ASE measurements were carried out. Low swelling
values between 10-12% is belong to modified samples as
shown in Figure 3, where swelling of the reference is
about 14-16% at all water soaking-oven drying cycles.
Volumetric S values of modified samples are reduced
25% levels which already show the first indication of
better dimensional stability. ASE of the modified
samples are calculated for each water immersion and
drying step (totally four steps) [9, 10]. As shown in
Figure 3, ASE of modified sample became almost stable
25% after first step which means modified sample has
better dimensional stability than references.

Decay Resistance of Samples: The results of the decaying
test are shown in Figure 4. The unleached and leached
test samples exposed to C. puteana attack showed 6.21
and 0.33% weight loss, respectively. In the case of C.
versicolor attack, weight loss was found to be 5.56 and
24.18% for unleached and leached test samples,
respectively. The weight loss of the references exposed
to decay fungi verified the decay test was valid according
to EN 113, and the test conditions were suitable for the
growth of fungi (Figure 4). As can be seen from the
Figure 4, modified test samples exhibited biological
resistance against both fungi attack. The biological
resistance of unleached and leached test samples in
comparison to references was found as 67 and 99% after
C. puteana attack and 81 and 7% after C. versicolor
attack, respectively. However, the average weight loss of
test samples should be less than 3% of their initial dry
weight for a suitable decay resistance needed from a
potential wood preservative against decay fungi
according to EN 113 test. Only one group (leached and
exposed to C. puteana attack) exhibited a relatively low
weight loss (<0.5) among the test groups, and met the EN
113 criteria. Surprisingly, unleached test samples had
greater weight loss than leached samples after C. puteana
attack. The probable reason for this finding could be C.
puteana might digest the polymer in the lumens of

unleached samples. In the leached samples, polymer in
the lumens might leach out from wood during the
leaching procedure and the amount of retained polymer
and tin(ll) 2-ethylhexanoate in the cell wall protected
wood against C. puteana attack. Possible mechanisms of
decay resistance of €-caprolacton are well explained in
our previous study [13].

Organotin compounds are effective against brown-rot
fungi [14, 15]. In the case of C. versicolor attack, similar
statements could also be possible for unleached samples.
Polymer in the lumens might be digested by C. versicolor
attack. Opposite to findings in C. puteana degredation, C.
versicolor caused a great weight loss in leached samples.
Tin(Il) 2-ethylhexanoate in the cell wall might be not
toxic for C. versicolor. Another reason could be retained
tin(11) 2-ethylhexanoate in wood after leaching might not
be sufficient level for protection against C. versicolor
attack. Both chemical (boron, tin(ll) 2-ethylhexanoate
and polymer) leaching during the test and weight loss of
wood components due to white rot decay itself, could be
possible two reasons for higher weight loss in leached
samples than unleached samples. White rot fungi have an
ability to adsorb and accumulate heavy metals and
therefore can be used as bioremediation purposes of
contaminated substances. Some fungal melanins are
efficient bioabsorbers of copper [15, 16] or toxic tin
compounds [15, 17]. T. versicolor was found to be
resistant to metals (Cd, Zn, Ni, Co, Cr, Mo, Pb, Hg, and
Sn), whereas A. mellea, Lentinus sp., Pholiota nameko,
Pleurotus sp., Pycnoporus sanguineus, and S. commune
were less resistant [18]. In this study, boric acid supposed
to be leached out from wood due to high weight loss of
leached samples by C. versicolor. Boric acid is known as
a toxic chemical for C. versicolor attacks. If boric acid
presented inside wood after leaching, C. versicolor
degradation would not be occurred such a high level
(weight loss of 24.18%) in wood. Further studies such as
boron detection in wood after leaching and Raman
spectroscopy are needed to confirm this observation.

40,0

35,0

30,0

25,0

20,0

Weight Loss (%)

15,0

10,0

5,0

0,0

-
Unleached Leached Unleached Leached Unleached Leached Unleached ‘ Leached
Reference Curing 150°C Reference Curing 150°C
C. puteana C. versicolor

Figure 4. Weight loss (%) of samples after C. puteana and C. versicolor attack
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6. CONCLUSION

In this study, Siberian pine samples were treated with 1%
boric acid and E-caprolactone monomer solution for
further polymerization of €-caprolactone at 150°C in the
oven to find out the efficiency of curing modification and
boric acid- polycaprolactone method. Modified samples
have stable and good dimensional stability in the various
immersion cycles and better water repellence than
reference. However, probably due to the acidity of the
boric acid, wood structure was degenerated and mass loss
due to water immersion cycles is still significant. Decay
test of the samples showed that the modification is
successful against fungi growth in comparison to
references. Modified samples exhibited excellent
protection against C. puteana after leaching, however, C.
versicolor caused a great weight loss in the leached
samples. Tin(ll) 2-ethylhexanoate in the modification
process might play an important role on decay resistance.
Boric acid supposed to be leached out from wood during
leaching procedure. Further studies are still required to
fully unravel mechanism of decay resistance.
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ABSTRACT

This investigation is concerned with the unglazed transpired solar collector (solar wall) type. With this purpose, the optimum hole
arrangement has been determined by investigating the effect of hole diameter and pitch on the thermal efficiency of the system for
different environmental condition. A thermodynamic model is used to simulate the heating process within the system. As a result,
for extremely small hole diameters or extremely large hole pitches, the system works as a Trombe wall (glazed thermal storage
wall) rather than an unglazed transpired solar collector because of the fact that there is not enough air flow through the absorber.

Keywords: Unglazed solar collectors, solar wall, hole diameter, pitch, efficiency.

1. INTRODUCTION

The unglazed transpired collector (UTC) is a subsystem
which is used to heating the building. Unlike the Trombe
walls, it has provided continuously fresh air. A Trombe
wall absorb heat from the sun during the day and transfer
it into the interior space of building during the night and
no fresh air provided. The UTC system is providing
preheating by heating the fresh air which is passing
through the system. Thus, the load of the building heating
system is decreased generating energy saving and it
provides comfortable living environment with getting
fresh air into the building.

The solar wall acts as a barrier between the surrounding
air and outer wall surface of the building. It causes
minimization of the heat loss from building walls due to
heat transmission. Solar wall systems minimize the heat
loss from building walls due to heat transmission by
providing a barrier between the surrounding air and outer
wall surface of the building. In addition to ventilating and
air-conditioning systems, this system is also used for
drying of agricultural products and preventing the
overheating of photovoltaic cells [1].

The first application of the UTC was reported in 1981 by
a company in Germany named Wieneke for providing
preheated air for ventilating and air-conditioning of the
building. Later, it was used for drying of agricultural
products by another Germany company Schulz in 1988
[2]. These systems have spread slowly around the world
[1].

Economic and technical characteristics of system such as
solar wall structure, usage areas, increasing efficiency

*Sorumlu Yazar (Corresponding Author)
e-posta : ata_khanlari@yahoo.com

have been studied by many researchers [3-14]. For
example; Hollick summarized working principle of UTC,
examples of applications, monitoring results, and the
potential use of this technology [3, 4]. Shukla et al.
reviewed the transpired solar collector. Various types of
TSCs introduced and working principle explained.
Authors indicate that most critical factors affecting TSC
efficiency are wind velocity, flow rate, porosity,
absorptivity and porosity [5]. Augustus Leon and Kumar
developed a mathematical model to analyze the thermal
performance of the unglazed transpired solar collectors.
The results have been used to develop nomograms, that
could be a valuable tool for designers. Also, observations
show that absorptivity, collector pitch, and airflow rate
have the strongest effect on collector efficiency [7].
Summers proposed thermal simulation and economic
assessment of unglazed transpired collector systems. A
simple energy balance model used to simulate the UTC
system. The author indicated that the UTC systems are
economically feasible for large buildings and they should
be considered for new buildings [8]. Barker and
Kiatreungwattana investigated pressure drop as a
function of air flow rate for transpired solar collectors
with different porosities experimentally. They collected
pressure drop, air flow rate, air temperature, and air
relative humidity data during the tests. The data were fit
to a model that can be used to predict pressure drop across
the absorber. Using these models can help designers in
ensuring that transpired collector systems are designed
for optimal thermal efficiency [13]. Fleck et al. studied
the wind effects on the performance of an unglazed
transpired solar collector experimentally. They observed
that peak efficiencies did not occur at the lowest wind
speeds [14].
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2. SYSTEM PROPERTIES

A Schematic drawing of a solar wall is shown as Figure
1. UTC system has a transpired absorber plate. It is fixed
on a steel construction as parallel to the building surface
which supplies the air flow in vertical direction pointing
upwards and it has air vents which are located at the up
and down-sides of the collector for using air ventilating
in summer. The UTC system has a plenum between the
outer wall surface of the building and the collector. The
system has also a heated air distribution channels and a
fan system.

The parameters that affectsystem efficiency can be
grouped in 5 categories; such as, climatic conditions,
location limitations, surface coating, fan power, hole
diameter and pitch.

Climatic conditions: The most important factors are the
amount of solar radiation and wind speed. Efficiency
increases with increasing the amount of solar radiation
until a certain amount of solar radiation which leads to a
fixed efficiency. A further increase in solar radiation,
would increase the heat losses by radiation, that’s why
efficiency is decreased [7].

Figure 1. Mounting an unglazed transpired solar collector on
building facade a. perspective, b. right view

The incoming velocity is depended on the wind speed so,
the increasing wind speed causes to increase incoming
velocity. In this case experimental studies shows that the
efficiency is increased with increasing incoming velocity
until the incoming velocity reaches the 0,05 m/s and then
the efficiency increase is fixed. If the incoming velocity
is further increased, the cooling effect of the wind will be
observed on the collector and it causing a decrease of the
system efficiency [11].

Location limitations: To get the best efficiency of the
system in the northern hemisphere the collector should be
mounted on the south facing facade of the building; and
in southern hemisphere mounted on north facing facade
of the building. It is important to avoid any shading on
these surfaces.

Surface coating: Surface coatings can be divided into two
groups. The first method is the paint coating: For this
method, the surface is coated with a black matte paint.
Black matte paint has a high absorption rate (90-98%);
but its emissivity is high (85-92%), consequently heat
losses increases. To eliminate this problem, selective
surface coating is used as the second method of the

surface coating. In this method, the selective surface is
used to completely absorb short wavelength radiation and
minimize long wavelength radiation emission. So,
irradiation decreases at high temperatures and efficiency
increases [15, 16]. Generally, in the UTC paint coating
are used, due to comparable low cost and easy
manufacturability.

Fan power: Fan power affects the air flow rate
proportionally but the efficiency is inversely proportional
with the air flow rate. This means, the increase in flow
rate causes a decrease in efficiency and vice versa. When
high temperature is needed in the building, the fan speed
should be reduced whereas, when low temperatures are
needed in the building, fan speed should be increased.
Changing the fan power, affects the air flow rate in the
plenum in addition to changing the achievable efficiency.
That’s why to adjust the air flow rate in the plenum, the
hole diameter and pitch on the collector must be
determined.

Hole diameter and pitch: Thermal efficiency reduces,
when the hole diameter is enlarged. If the hole diameter
is constant, then the thermal efficiency decreases, if the
hole pitch increased. That’s why an optimum value for
hole diameter and pitch should be determined. Wind
speed and fan power are important factors for
determining these values. Moreover, the geographical
condition must be considered while choosing the hole
diameter of the system. The hole diameter designation
process is limited by conditions which mention above.
Because particles such as, sand, sawdust and dust, which
are found around the systems, can clog the holes of
system. So, the smallest hole diameter should be chosen
firstly and then proper hole pitch is determined.

3. HEAT TRANSFER MECHANISMS OF THE
uTC

The heat transfer model of the UTC is shown in Figure 2.
This type of modeling has been investigated by many
researchers [5-12].

For the investigation of the heat transfer model of the
UTC, some assumptions for the calculations have been
done;

e  Air moves only in the upward direction in the
plenum

e  Plenum temperature and room input
temperature are equal (Tp=Tin)

e Plenum air temperature (Tp) and collector
temperature (T) are distributed uniformly.

The energy balance equation for the collector and the
outer wall surface can be written as [10]:

qin + Qrad,w—c = qconv,c—p + QConv,loss + QTad,loss (1)

qcond,w = QConv,w—p + qrad,w—c (2)
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Figure 2. Heat transfer model for UTC

Where qin, is the absorbed energy by the collector; gradw-
¢, IS the radiation from the outer wall surface to the

ki,dA(Tin - Tw) =

kN
quA <Tw - (Tamb + [(Tc - Tamb) (1 -

o (-2 + et @
There are two unknowns in Egs. 3 and Egs. 4, outer wall
temperature of the surface of the building (Tw) and the
collector temperature (T¢). The thermophysical
properties of air in these equations are calculated from
using a polynomial curve, which is given as f(T) =
AT}, + BT2,p + CTZ, + DTamp + E and  the
constants are given in Table 1. Also, the air density can
be obtained from p=360.7782T,,. %33 (kg/m®) [10].
After the thermophysical properties of air calculated the
Newton's methods are used to calculate two unknowns
[18]. Then the results are inserted into the thermal
efficiency expression resulting in the following
expression for thermal efficiency [7,10].

n= mcip (Tc - Tamb) [1 — exp (_ kNuD—(l_U))] (5)

IT DpVsCp

Table 1. Properties of air

collector; geonv,c-p, IS the convective heat transfer when the (T A B c 5 £
air flowing through the collector into the plenum; M
Jeonv.loss, IS the convective heat losses from the collector (J/kcp o LOIE:  TO90E0T  LLAEOS  AMOR0L 10SGE03
to the surrounding air; Qrad,less, IS the radiation heat losses gz'
- - - -1.156E-14 9.573E-11 3.760E-08 -3.448E-06
from the collector to the surrounding air; Gcondw, iS the v (i) 0
conduction heat transfer from the inside room to the (W,;K) 0 LSAEAL 4SR0S LOWSEOL 3933804
outside surface of the wall; gconv.w-p, IS the convective heat ,
. a (m /s) 0 0 9.102E-11 8.820E-08 -1.065E-05
transfer from outer wall surface to the plenum air.
Table 2. UTC parameters and their values used in the study
Adjustable Parameter Value Unadjustable Parameter Value
Collector Height 2(m) Ambient Temperature (Tamb) 10°C
Collector Length 3(m) Indoor Temperature (Ti,) 22°C
Hole Diameter (D) Variable Approach Velocity (Vs) 0,02 m/s
Hole Pitch (P) Variable Outdoor Air Flow Rate (V) 1,2 m/s
Absorptivity of Collector (o) 0,9 Solar Radiation (Ir) 400 W/m?
Emissivity of Collector (es) 0,9 Overall Heat Transfer Coefficient (ki) 1,2 Wim?. K
Corrugation Factor (Cy) 1
Wall Emissivity(%) 90

4. NUMERICAL ANALYSIS OF UTC
MECHANISM

If the terms in Eqgs. 1 and Egs. 2 are substituted by terms
previously defined in literature [7,10] and some
arrangements are made, then the final equations are
found:

shAT=TE) _ . kNup(1-0)
acITAc + U;j = mCCp [1 — exp (— #scpa):l (Tc -

Tamp) + gco-sbAc(TcA} —Te) +

Nuyossk
Y

A(Tc - Tamb) (3)

There are many variables in Egs. 3, Egs. 4 and Egs. 5, but
some of these variables such as ambient temperature,
wind speed and solar radiation depend on climatic
conditions, the others such as collector size, hole
diameter and pitch, collector absorption and collector
emission constants are adjustable and completely depend
on the design conditions.

In this study the numerical calculations using the Egs.3,
Egs. 4 and Eqgs. 5, are carried out by employing the
values of the parameters provided in Table 2.
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All adjustable parameters affect the thermal efficiency,
but hole diameter and pitch are the most important
adjustable parameters. Both parameters depend on each
other. However, the first hole diameter must be
designated, because it determines the air flow rates and
the amount of air which is transferred to the building.

5. RESULTS AND DISCUSSION

Figure 3 indicates the dependence of the thermal
efficiency on variation of the hole diameters for a fixed
hole pitch. An asymptotic behavior is seen in the thermal
efficiency variation in Figure 3. In the left part of the
curve, because of the quite small hole diameter, sufficient
fresh air can’t be provided to the building. Therefore, the
system works as a Trombe wall.

Looking the right side of the asymptote in Figure 3, the
system works as an UTC and shows the dependence of
the thermal efficiency on variation of the hole diameter.
There is minimum hole diameter (Dmin)which leads to a
minimum in thermal efficiency. When slight
incrementing the hole diameter starting from this point
(Dmin), thermal efficiency is rapidly increase and reaching
its maximum (Dmax). However, if the hole diameter
increases continuously then the increment in thermal
efficiency will be down slowly. If the increase of hole
diameter reaches large value then thermal efficiency will
start to decrease.

The same behavior is observed for different hole pitches
as shown in Figure 4. As shown in Figure 4, the point
Dmin is reaching even smaller values with decreasing the
hole pitch. In addition, hole diameter values for each hole
pitch value are inserted, where the maximum thermal
efficiency is obtained. These hole diameter values
(Dmax)are increasing with the hole pitch proportionally.
However, the particles such as, sand, sawdust and dust
which are located around the systems can clog the holes
of system, that’s why the hole diameter value can't be
choose so small.

P=0.030m| | 400 Wim*
80,

|

g

Thermal efficiency (%)

s

02 04 [ 08 12 14 16 18 2

1
0 (m) x10°

Figure 3. Variation of thermal efficiency with hole diameter

The right side of the asymptotic peaks in Figure 4 are
identified as Dmin and Dmax point for each hole pitch. If
the hole’s diameter is smaller than the Dmin point for
choosing hole pitch, the system will not work properly,
in this case sufficient fresh air can’t be provided.

Accordingly, while D<Dpin the system works as a
Trombe wall, for D>Dmin the system works as an UTC

for a fix hole pitch. Also, when the hole diameter is equal
to the Dmin point, the efficiency can be written as:

n=lim ST T [1-
ol ) e
n= D—1>iDn£,in .';ip (Te = Tamo) [1 B

Figure 5 indicates the variation of the thermal efficiency
with hole pitch for different hole diameters. As shown in
figure 5 for small hole diameter (D<0,25mm), the
thermal efficiency does not change and the collector
works as a Trombe wall. Whereas, for a hole diameter
larger than 0,25 mm (D>0,25mm), with slight increase
the hole pitch, thermal efficiency increases. But, for
larger values of the hole pitch thermal efficiency
decrease. When the thermal efficiency reaches the
minimum value for a fixed hole diameter, the hole pitch
value is called critical hole pitch (P¢).
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Figure 4. Variation of thermal efficiency with hole diameter for
different pitches
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Figure 5. Variation of thermal efficiency with hole pitch for
different hole diameters

In the left side of the asymptote that is shown in Figure
5, the system works as a UTC. Because of the distance
between the holes is too large in the right side of the
asymptote , the system works as a Trombe wall and the
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thermal efficiency fixed. In this case the amount of fresh
air which is supplied to the building, is limited.

While P<Pe, the system works as UTC, for P>P. the
system works like a Trombe wall for a fixed hole
diameter. When the hole pitch is equal to the critical hole
pitch value (P), the efficiency can be written as:

 theC KNup(1—0)
n= lim —HIIT 2 (Te = Tamp) [1 — exp (— 7,;;‘3,5%“ )] =
—00 (8)
. mcC kNup(1-0)
n=lim, a2 (Te = Tamp) [1 — exp (— —D‘;‘f,scp" )] =
+00 9)

Analysis Figure 4 and 5, it is obvious, that hole pitch and
hole diameter cannot be studied independently from each
other. To find the optimum values of D and P Figure 4
and Figure 5 should be combined and a 3D graphic with
boundaries of D>Dmin and P<P. should be drawn. Before
drawing the graphic, the boundaries must be identified.
As mentioned above, the thermal efficiency is at its
maximum for hole diameter of 0,25 mm; this value,
however, is so small, that particles around the system can
clog the holes of system easily. Therefore, sufficient air
cannot be provided and the system works as a Trombe
wall. Therefore, for choosing the hole diameter, the
geographical condition must be considered carefully. In
this study minimum hole diameter of the system is found
to be 0,8 mm (Dmin=0,8mm). The Pc value can be
extracted from the Figure 5. Using these boundaries,
Figure 6 gives a 3D view on the variation of thermal
efficiency with the hole diameter and the hole pitch. A
maximum thermal efficiency of 63.26% is obtained for
D=0,8 mm, P=7 mm using the values in Table 2. Similar
results were obtained by Augustus Leon and Kumar
(2007) and Motahar and Alemrajabi (2010). Also, it has
been indicated that optimum hole diameter and hole pitch
should be determined simultaneously [7,10].

D(m)

P{m)

Figure 6. Variation of thermal efficiency with hole diameter
and pitch

6. CONCLUSIONS

Solar wall systems are used in buildings that need
continuous ventilation. This system is suitable for places
which have long winter season with sunny days. In
winter, the tilt angle of the sunrays is come more tilted.
Therefore, high efficiency can be obtained in winter
using solar wall system.
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To obtain high efficiency from solar wall system; climate
conditions of location such as temperature, wind speed
and solar radiation must be determined firstly. Secondly,
the collector dimensions determined using building
dimensions and the minimum hole diameter is chosen
considering the geographical condition. Then finally, the
variation of the thermal efficiency with the hole pitch for
Dmin value has been plotted. Thus, the proper hole pitch
for choosing the minimum hole diameter considering the
geographical ~ condition can  be  determined.
Consequently, we can find out the optimum hole
diameter and pitch for obtaining maximum efficiency.

The optimum hole diameter and pitch values were
achieved as D=0,8 mm and P=7 mm with maximum
thermal efficiency of 63.26%.

Using such systems, the energy resources can be used
more efficiently. Also, these systems can be helpful to
reduces the amount of CO, emissions and helps for
protecting the environment.
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NOMENCLATURE

O Collector absorptivity

A Total frontal collector area (m?)

Ac Collector surface area (m?)

Co Specific heat capacity (J/kg.K)

D Hole Diameter (m)

Dimax Max. Hole Diameter (m)

Drin Min. Hole Diameter (m)

€ Collector Emissivity

Sw Wall Emissivity

n Thermal efficiency (%)

It Solar radiation (W/m?)

k Thermal conductivity (W/m.K)

Kid Overall heat transfer coefficient
(W/m2.K)

e Mass air flow rate through the

collector into the plenum (kg/s)
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Nup
Nuloss

Nuy

P
Pe

and,w

Gconv,c-p

qconv‘loss

Qconv,w-p

qrad,loss

qrad,w-c

Gsb

T
Tamb
Te

Tw

Vs

Nusselt number of hole
Loss Nusselt number

Nusselt number depends on the
height of the collector

Hole pitch (m)
Critical hole pitch (m)

Conduction heat transfer from the
inside room to the outside surface of
the wall (W)

Convective heat transfer from the
collector to the air when the air
flowing

through the plenum (W)
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Celik Malzemelerin Farkli Kesme Yontemleri ile
[slenebilirlik Ozelliklerinin Arastirilmasi
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0z

Makine imalat sanayinde makine pargalarina genellikle nihai sekil verildikten sonra kaplama iglemi uygulanmaktadir. Ancak kimi
zaman pargalari kesme iglemleri ile yeniden sekillendirilmesi gerekebilmektedir. Bu gibi durumlarda kaplama tabakasina zarar
vermeden ya da en az zararla islemin gerceklestirilebilmesi i¢in se¢ilen kesme yontemi biiylik 6nem arzetmektedir. Bu ¢alismada,
mekanokimyasal yontemle sentezlenen Co2B nanopartikiiller kullanilarak CO2 lazeri ile S235JRC (St37-2) malzeme yiizeyine
kaplama yapilmistir. Kaplanmis numunelerin islenebilirlik karakteristiklerini belirleyebilmek amaciyla numuneler sirasiyla
agindirict su jeti, tel erozyon, asindirici disk ve lazerle kesilmistir. Kesme islemleri ile elde edilen yiizey ozellikleri
degerlendirildiginde, Co2B nanopartikiilleri kullanilarak kaplanmis ¢elik malzemenin islenmesinde en uygun yontemin asindirict
diskle kesme oldugu tespit edilmistir. Kaplama karakterizasyonu ve metalografik incelemelerde X 1g1n1 kirinimi (XRD), taramali
elektron mikroskobu (SEM), optik mikroskop ve mikrosertlik test cihaz1 kullanilmustir.

Anahtar Kelimeler: Yiizey ozellikleri, islenebilirlik, nano kaplama, Co2B, mekanokimyasal yontem

Investigation of the Machinability Properties of Co.B
Nanoparticles Coated S235JRC Carbon Steel Materials
with different cutting methods

ABSTRACT

In the machine manufacturing industry, machine parts are generally coated after taking their final shape. However, in some cases
it may be necessary to reshape the parts obtained in this way with cutting operations. In such cases, the cutting method chosen is
of great importance to carry out the process with minimum damage or without damaging to the coating layer. In this study, Co2B
nanoparticles synthesized by mechanochemical method were coated to the surface of S235JRC (St37-2) material by CO- laser. In
order to determine the machinability characteristics of the coated layers, samples were cut with abrasive water jet, wire-electrical
discharge machining, abrasive disc and laser, respectively. When the surface properties obtained by the cutting process are
evaluated, it is determined that the abrasive disc cutting is the most suitable method for Co2B nanoparticle coated S235JRC (St37-
2) materials. The characterization and metallographic investigations of the coating layers were carried out with X-Ray diffraction
spectroscopy (XRD), scanning electron microscopy (SEM), optical microscope and micro hardness tester.

Keywords: Surface properties, machinability, nano coating, Co2B, mechanochemical method.

1. GIRiS (INTRODUCTION) islenebilirlige sahip olmasi, islem sonrasi yiizey
Malzeme iiretim calismalarima temel teskil eden iki Ozelliklerinin yani sira kesici takimin émriine minimum
Snemli parametre yapt ve ozelliktir. Malzemenin ~Olumsuz etki olarak tanimlanabilir. Ayrica gintimiiz
performansimi belirleyen bu iki parametre ayni zamanda ~ Malzeme bilimine konu olan yeni malzeme gelistirme
islenebilirligini de etkilemektedir. Ozellikle giiniimiiz ~ §alismalarinn endistriye ve imalata yonelik olmast i¢in
imalat sanayinde daha hizli, kaliteli ve ekonomik islenebilirlik 8zelliklerinin goz ardi edilmemesi gerekir.
islenebilirlik tercih edilmektedir. Bor ve bor bilesiklerinin malzeme alaninda; plastik,
seramik ve metal esasli kompozit malzemelere sagladigi
yiiksek dayanim, bu malzemelerin uzay, havacilik ve
savunma sanayi vb. bir¢ok 6zel alanda kullanilmasini
miimkiin hale getirmektedir. Borun ikili ve {gli
bilesikleri korozyon, asinma ve yiiksek sicaklik dayanimi
istenen yiizeylerin kaplama uygulamalarmin yani sira

Uretim siiregleri planlanirken en &nemli unsurlardan biri
malzemenin islenebilirligidir. Malzemenin iyi bir

*Sorumlu Yazar (Corresponding Author)
e-posta : tuncaysimsek@mersin.edu.tr
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benzer ozellik gerektiren kompozit malzemelerin elde
edilmesinde de kullanilmaktadir [1-2].

Nano boyutta bor bilesikleri elde edilmesine ydnelik
yapilan g¢alismalar degerlendirildiginde; Kanomata ve
arkadaslari, termal yontemle Co.B iiretmis ve manyetik
ozelliklerini incelemis ve iirettikleri Co2B’nin manyetik
ozellige sahip oldugunu belirlemislerdir [3]. Petit ve
arkadasi, Co(AOT), ve NaBH, baslangig
malzemelerinden yola ¢ikarak Ar atmosferinde ¢ozelti
ortaminda Co,B {iretmiglerdir. Deneylerde Co.B
partikiillerinin tane boyutunun, ¢dzelti ekleme hizi ve
eklenen ¢ozelti biyikligi ile baglantili oldugunu
gozlemis ve Co2B’lerin tane boyutu kiiciildiikge siiper
manyetik Ozellikler sergiledigini tespit etmislerdir [4].
Krishnan ve arkadaglari ise LiCoOz’den elde edilen
CozB’nin hidroliz i¢in iyi bir katalizér oldugunu,
Co0304’ten elde edilen Co.B’nin ise yeterli hidrolizi
saglayamadigini ayrica katalizor igerisindeki kirliliklerin
ve katalizoriin kristal yapisinin hidrolize énemli 6lciide
etki ettigini gostermislerdir [5].

Malzeme yiizeyinin kaplanmasina yonelik yapilan
calismalar degerlendirildiginde; Paul ve arkadaslari,
agirlikea %12 Co igeren WC-Co toz karisimini diigitk
karbonlu ¢elik iizerine Nd:YAG lazeri ile kaplamis ve
kaplama tabakasmi karakterize ederek numuneler
iizerinde catlak ve ¢ukur olusumu, WC partikiillerinin Co
matris  icerisindeki ergime oram1 gibi konular
arastirmislardir [6]. Meng ve arkadaslari, agirlikca %6
oraninda aliiminyum, %4 vanadyum ve geri kalani
titanyumdan olusan Ti-6Al-4V malzemesinin yiizeyini,
NiCrBSi + %5 B4C seramik-metal toz karisimiyla 6n
kaplamiglardir. Maksimum giici 1,5 kW olan CO;
lazeriyle, 750 W giiciinde, 5 mm/s tarama hizinda ve 3
mm 151n ¢apinda yaptiklar1 kaplamalarda gézeneksiz ve
catlaksiz, ana metal ylizeyi ile oldukg¢a iyi metaliirjik bag
olusturan kaplama tabakasi elde etmiglerdir [7]. Du ve
arkadaslari, AISI 1010 celiginin ylizeyine %60,73
ferrotitanyum ve %39,27 ferrobordan olusan toz karisimi
lazerle kaplamiglar. Elde ettikleri gbzeneksiz ve ¢atlaksiz
kompozit kaplamanin, ana metal ylizeyine ¢ok iyi
baglandigimni, lazerle kaplama isleminde soguma
esnasinda ¢ekirdeklenme bilylimesi mekanizmasiyla
olusan sert TiB, fazinin, sertligi ve asinmaya karsi
direnci 6nemli oranda arttirdigini tespit etmislerdir [8].
Anjons ve arkadasglari, SAE 1013 karbon ¢eliginin
yilizeyini, ASTM S31254 paslanmaz ¢elik malzemenin
tozlarmi kullanarak CO; lazeri ile kaplamislardir.
Yaptiklar1 metalurjik incelemelerde Cr, Ni, Mo ve N gibi
alasim elementlerinin kaplama bdlgesinde homojen ve
hatasiz olarak dagildigini tespit etmislerdir. Yapinin
Ostenit oldugunu ve uzun siireli korozyon testlerinde,
kaplamanin ana malzemeye gore daha dayanikh
oldugunu rapor etmislerdir [9]. Li-li ve arkadaslari, orta
karbonlu ¢elik malzeme yiizeyini %1, %3 ve %5 Co
iceren Fe toz karigimlarimi ile lazerle kaplamiglar ve
yiizeyde FegeaNioss dentritleri  ve (Fe,Cr):(C,B)s
interdentrik bilesikleri iceren sert kaplama tabakas1 elde
etmiglerdir. Metalografik incelemelerde %3 Co iceren
tozlarla yapilan kaplamanin, %!l ve %5 Co igeren

tozlarla yapilan kaplamalara gore celik ylizeyiyle daha
iyi bag dayanimina sahip oldugunu belirlemislerdir.
Kaplama tabakasini olusturan interdentrik bolgede Co
iceriginin artmast ile mikrosertli§in artti§1 sonucuna
varmuglardir [10].

Nano ve mikron boyutta metal boriir bilesikleri
iiretiminde solvotermal, magnezotermal, fiziksel buhar
biriktirme (PVD), kimyasal buhar biriktirme (CVD),
kendiliginden ilerleyen yiiksek sicaklik sentezi (SHS) ve
karbotermal gibi yontemlerin kullanildig bilinmektedir.
Literatiirde yer alan ¢aligmalarda, bu yontemlerle iiretilen
metal bortir bilesikleri ile katalitik aktivasyon ve kaplama
uygulamalar1  yapildigi, kaplama uygulamalarinda
birbirinden farkli metal tozlarinin ve metal boriirlerin
karigtirllarak veya tek baglarina metal yiizeylerine
basarili bir sekilde kaplanarak yiizeylerde metal boriir
igeren kaplama tabakalari olusturuldugu tespit edilmistir.
Sagladig1 istiin 6zelliklerden dolayr son zamanlarda
iiretim yontemi olarak mekanokimyasal ydontemin tercih
edildigi caligmalarin arttig1 ancak, su ana kadar
literatiirde bu yontemle baslangic malzemesi olarak
oksitlerden yola cikilarak yapilmis nano boyutta Co2B
iretimi ile ilgili herhangi bir calismanin olmadig:
belirlenmistir. Yapilan ¢alismada mekanokimyasal
yontemle baslangic malzemesi olarak oksitlerden yola
cikilarak Co2B nanopartikiilleri {iretilmis ve lazer
kaplama uygulamalarinda {iretilen nanopartikiiller
kullanilmustir. Basarili bir lazer kaplama igleminin, lazer
giicili, ilerleme hizi, frekans, lazer cinsi, lazer capi,
kullanilan koruyucu gazin cinsi, basinci ve 6n kaplama
islemleri gibi parametrelere bagli oldugu tespit
edilmistir.  Kaplanmig numunelerin  islenebilirlik
karakteristiklerini belirleyebilmek amaciyla numuneler
strastyla asindirici su jeti, tel erozyon, asindirict disk ve
lazerle kesilmis ve metalografik incelemeler
gerceklestirilmisgtir.  Mekanokimyasal yontemle nano
boyutta CozB iiretim kosullarinin optimize edilmesi
sonucunda elde edilecek parametrelerin, diger gecis
metallerinin  boriir formlarin {iretimine de veri
saglayacak nitelikte olacagmi yapilan literatiir
degerlendirmesi ile sdylemek miimkiindiir. Ayrica
iiretilen tozun yiizey kaplamada kullanilmasi ile
uygulamaya doniistiiriilmesi ve kaplama ile gelistirilen
malzemenin islenebilirliginin arastirilmasi ile ¢aligmanin
endiistriyel nitelik kazanacagi ve imalat sanayine kaynak
teskil edecek veriler igerecegi disiiniilmektedir [11-12].

2. MATERYAL VE METOD (MATERIAL and
METHOD)

2.1. Malzeme ve kaplama islemi (Materials and
Coating Process)

Gergeklestirilen galismada; makine imalat sanayi basta
olmak iizere bir¢ok alanda yaygin kullanima sahip EN
S235JRC (DIN ST37-2) diisiik karbonlu ¢elik malzeme
kullanilmistir. Malzeme segimi yapilirken genis kullanim
alanina sahip olmasinin yan1 sira, mekanik ve ve fiziksel
ozellikleri degerlendirildiginde diger  nitelikli
malzemelere oranla daha yetersiz olmasinin yaninda,
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halen kullanilan  birgok  sistem  bilesenlerinin
iiretilmesinde benzer Ozelliklerde karbon celiklerinin
yaygin kullanimi da etkin olmustur. Ayrica birgok
sistemde kullanilan parcalarin  tamaminin  {istiin
niteliklere sahip malzemeden iiretilmesi ekonomik
olmayacag1 icin bolgesel ozelliklerinin gelistirilmesine
ihtiya¢ uyulmaktadir. Bu gibi durumlarda da ekonomik
olan malzemeler yaygin olarak tercih edilmektedir. Bu
malzemelerden firetilen pargalarin belli bolgelerinde
kaplama  gerekliligi de  sektér  ihtiyaglarinin
yorumlanmasinda katki sunacagi 6n goriisii ile malzeme
tercihi yapilmistir.

Uygulamalarda alt malzeme olarak kullanilan S235JRC
disiik karbonlu ¢elik, 5X25X150 mm boyutlarinda
hazirlanmistir. Malzemenin kimyasal kompozisyonu
Cizelge 1’ de verilmistir.

Cizelge 1. S235JRC disik karbonlu ¢elik malzemenin

kimyasal kompozisyonu (Chemical composition
of S235JRC low carbon steel material)

Kimyasal Bilesim Agirlikca Oran1 %
Cc 0,080
Si 0,241
Mn 0,434
0,008
0,005
Cu 0,290
N 0,010
Fe Kalan
a) e Co,B
L
a
<
=
3 L
u»
o © o ®
il @ °
i
o | \,,,_

Kaplama malzemesi olarak, gecis metallerinden Co
elementinin ikili bor bilesiklerinden olan Co,B, uydu tip
yiiksek enerjili bilyeli o6giitiiciide mekanokimyasal
yontemle iiretilmis ve karakterizasyonu yapilmistir.

Uretilen Co,B nanopartikiillerin XRD grafigi ve SEM
goriintlisii  Sekil.1’e verilmistir. Faz yapist1 Rigaku
D/MAX-2200 XRD cihazinda X-1s1m1 kirinim analizi ile
Cu-Ka 151 kaynagi kullanilarak dakikada 4° tarama
hizinda 0-90° 20 araliginda yapilan tarama ile,
morfolojik yapist FEI Quanta 200F taramali elektron
mikroskobunda (SEM) belirlenmistir. Co, B2O3; ve Mg
baslangi¢ malzemelerinden, 350 rpm dénme hizinda 40:1
bilye toz kiitlesel oraninda 15 saat siire ile yapilan yiiksek
enerjili bilyeli 6giitme sonucunda elde edilen Co.B
nanopartikiilleri asetik asit ligi ile saflastirilmustir.
Nanopartikiil iiretim ¢alismalarinin ayrintilart bagka bir
calismamizda verilmigtir [13].

Uretim ve karakterizasyon caligmalarinin
tamamlanmasinin ardindan, S235JRC diisiikk karbonlu
¢elik malzeme yiizeyi, Co2B kullanilarak farkl giiclerde
CO; lazeri ile kaplama caligmalar1 gergeklestirilmistir.
Bu amagla; iiretim sonrasi elde edilen Co.B iiriinii
kullanilarak diisiikk karbonlu ¢elik malzeme yiizeyine
lazer kaplama uygulamalar1 yapilmistir. Kaplama dncesi
celik malzemelerin yiizeyleri kumlama islemi yapilarak
temizlenmigtir. Kumlama sonrasi malzemeler sirasiyla
etanol ve asetonla yikanip kurutularak lazer kaplamaya
hazir hale getirilmistir. Kaplama isleminin ve kaplamada
kullanilan nozulun gematik gosterimi Sekil 2’de
verilmigtir.

Sekil 1. Lazer kaplamada kullanilan Co2B nanopartikiillerin a)XRD grafigi, b) SEM goriintiisii (a) XRD graphs, b)SEM images of

the Co2B nanoparticles used in laser coating) [11]
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Sekil 2. a) Kaplama isleminin sematik gosterimi, b) Kullanilan nozulun sematik gosterimi (The schematic view of a) coating

process, b) nozzle ) [11]

3. SONUCLAR VE TARTISMA (RESULTS AND
DISCUSSION)

Lazer kaplamaya hazir hale gelen numunelere, 2000 W
giice sahip CO; lazer cihazinda, 600 kPa basingla
beslenen N, atmosferi altinda, 125-174-220 W lazer
giiclerinde ii¢ farkli kaplama uygulamasi
gerceklestirilmistir.  Lazer kaplamada uygulanan
parametreler literatiir dikkate alinarak belirlenmistir [13].

Lazer kaplama uygulamalarinda 10,64 pm dalga
boyunda ve 1,5 mm ¢apinda lazer 1sin1 kullanilmstir.
Koruyucu gaz olarak azot beslenen lazer i1sininin
sekillendirildigi nozulun yiizeye olan mesafesi 0,5 mm
olarak, yana kayma mesafesi (6rtme mesafesi) 0,1 mm
olarak ayarlanmistir. Kaplama islemi sonrasi numune
goriintiisti ve kaplanmis numunenin kesit goriintiisii Sekil
3’ te verilmistir [13].

Kaplama kalitesini ortaya koymak i¢in yapilan kesit alma
islemlerinde, segilen kesme ydnteminin etkisinin de
olabilecegi degerlendirilerek, ¢alismada kullanilan dort
farkli kesme yonteminden sonra her bir numunede kesit
alma islemi gercgeklestirilmistir. Yapilan bu islemler

Sekil 3. Kaplanmig numunenin iist yiizeyinin a) optik mikroskop goriintiisii, b) SEM goriintiisii, c¢) kesit goriintiisii

sonucunda elde edilen kesit goriintiilerinden (Sekil 4)
tim kaplamalarda kaplama tabakasi ile alt malzeme
arasinda bir bag olustugu gozlenmistir. Ayrica, kaplama
tabakas1 ve ana malzemenin bolgesel yapilarini ortaya
koymak icin kaplama yapilan malzemeler sivi azotta
yaklagik 5 dakika siire ile bekletilmis ve sonrasinda
kirilmigtir. Kirilan numunelerin SEM goriintiisii Sekil
5’deki verilmistir. Sekilde ki kesit goriintiisiinde
malzemenin ana metal (a), gecis bolgesi (b), birlesme
bolgesi (¢) ve kaplama tabakasindan (d) olustugu
gorilmiistiir.

Kirllma sirasinda ana metalde (a) gevrek kopmalar
yasandig1, gegis bolgesinde (b) ise siinek kopmalarin
meydana geldigi morfolojik yapilardan tespit edilmistir.
Kaplama boélgesinin (d), lazer kaplama sirasindaki
yiiksek sicakliktan kaynakli ana metalden yiizeye dogru
anizotropik yonlii katilagma ile siitunsal yapidan
olustugu ve kirma sirasinda kopmalarin siitunlara paralel
sekilde gergeklestigi tespit edilmistir.  Birlesme
bolgesinde (c) ise homojen bag yapan bdlgelerin yam
sira, 1s1l genlesmeden kaynaklanan diizensiz bosluklar
meydana geldigi belirlenmistir.

Isl Ilemden Etkilenen Balge

lgesi) Kaplama Tabakasi
Birlesme Bolgesi

(The images

of the coated surfaces a) optic microscope b) scanning electron microscope c) cross-section image of the coated sample)

[11]
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Sekil 4. Kaplanan malzemenin kesiti goriintiileri a) Asindiricili disk ile kesme, b) Tel Erozyon ile kesme, ¢) Lazer ile kesme, d)
Su jeti ile kesme, (Cross-sectional views of coated material a) abrasive disc, b) wire-electrical discharge machining, c)

laser, d) abrassive water-jet cutting)

Sekil 5. Kaplanan malzemenin kirma sonrast SEM gériintiileri
(SEM images of coated material after breaking) [11]

2.2. Kaplannms Numunelerin islenebilirliklerinin
Arastirllmasi (Investigation of the Machinability
of Coated Samples)

Makine imalat sanayinde yaygin kullanilan agindiricili su
jeti, tel erozyon, lazer ve asindiricili disk ile kesme
yontemlerinin  her birinin kendine 0zgiin kesme

ozellikleri oldugu ve bu 6zellikleri islenen malzemenin
temel 6zelliklerine dogrudan etki ettigi birgok ¢alisma ile
ortaya konmustur [14-23]. Ancak literatiirde nano
boyutta partikiiller ile kaplanmis yiizeye etkilerini ortaya
koyan her hangi bir galismaya rastlanmamustir. Oysa ki
imalat sanayindeki teknolojik gelismeler bu tiir
uygulamalari zorunlu kilmaktadir. Hedeflenen yapilacak
calismalar ile bu eksikligin giderilmesi 6n goriillmektedir.

Kesme iglemlerinin kaplama tabakalar1 iizerindeki
etkisini incelemek amaciyla kaplanmis numuneler,
agindirict disk ile kesme isleminin yani sira lazer, tel
erozyon ve agindirici su jeti ile kesilmistir. Kaplamalarda
meydana gelen tahribatlar optik mikroskop ve SEM
analizleri ile belirlenmistir. Ayrica, farkli lazer
giiclerinde elde edilen kaplamalarin kalinlik ve sertlik
6l¢timleri, lazer, tel erozyon ve agindirici su jeti ile kesme
islemlerinde elde edilen kesitlerde yapilmistir.
Mikroyapi, sertlik ve kalinlik belirleme analizleri 6ncesi
numuneler, asindirict disk ile kesme sonrasi yapilan
numune hazirlama islemlerinden gegirilmistir. Co2B
kaplanmig numunelerin kesildigi yontemler i¢in seg¢ilmis
olan kesme parametreleri Cizelge 2’de verilmistir.
Parametrelerin se¢iminde S235JRC diisiik karbonlu ¢elik
malzeme i¢in endiistriyel agidan en yaygin uygulanan
kesme islemleri ve 6zellikleri dikkate alinmistir. Verilen
parametrelerle yapilan kesme islemleri sonrasi elde
edilen kesme bolgelerinin SEM (X800) ve optik
mikroskop (X100) goriintiileri Sekil 6 da verilmistir.
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Cizelge 2. Isleme parametreleri (Processing parameters)

Asindiricl Disk ile Kesme Parametreleri Tel Erozyon ile Kesme Parametreleri

Kullanilan Disk SiC Tel Cap1 0,3 mm
Disk Olgiileri (dis x i¢ gap x kalinlik) 250x32x1,6 mm Tel Cinsi Cuzn
Devir 2840 rpm Tel Hiz1 6 m/min
Ilerleme Hiz1 1 mm/s Kesme Hiz1 11 mm/min
Kesme Sistemi Otomatik Gerginlik 10Cn

Bor yag: katkili Enerji Verilen Siire 18 ms
Sogutma 3 .

sogutma s1vist Enerji Kesilen Siire 70 ms

Lazer ile Kesme Parametreleri Asindiric Su Jeti ile Kesme Parametreleri

Lazer Giicti 2000 W Nozul Cap1 0,75 mm
Kesme Hizi 1000 mm/min Kum Debisi 250 g/min
Frekans 1000 Hz Basing 4000 bar
Duty 55 % Ilerleme Hiz1 150 mm/min
Ortalama Gii¢ 880 W

g7

N Ay L {
a) Lazer 151 (laser b) Tel Erezyon (wire- ¢) Asindirici su jeti d) Asmdiric: disk

cutting) electrical discharge (abrassive water-jet (abrasive disc cutting)
machining) cutting)

Sekil 6. Lazerle kaplanmuig St37 karbon ¢eliginin kesme islemleri sonrasi optik mikroskop ve SEM (X100) goriintiileri (Optical
microscope and SEM images of the laser coated St37 carbon steel after cutting processes) (X100)

Kesme islemleri sonrasi elde edilen optik mikroskop ve tahribatin az oldugu ancak 1sidan onemli dlcilide

SEM gorintiileri, secilen kesme ydnteminin malzeme etkilenme oldugu agik bir gsekilde goriilmektedir.

yiizeyinde  olusturdugu  tahribatlar1 ve  ylizey

etkilesimlerini ortaya koymustur. Farkli yontemlerle

kesilen yiizeylere ait goriintiiler degerlendiginde;

e Tel erozyon ile kesme yontemi ile elde edilen kesik
bolgeleri incelendiginde kaplama, gecis bolgesi ve alt
metal tlizerinde 1sidan etkilenmenin daha smirh

e Lazer kesme islemi uygulanan kesme bdolgesinde oldugu ancak diisik miktarda da olsa kesme
kaplama bdlgesi, gecis bdlgesi ve alt metal iizerinde yiizeyinde birikme oldugu gozlenmistir.
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e Su jeti ile kesme isleminde kaplama tabakasinda
onemli o6lgiide tahribat yasandig1 ve kesme isleminde
kullanilan ~ asindirict  partikiillerin =~ kaplama
tabakasindan sonraki gecis bolgesine seyrek
araliklarla da olsa gomiildiigii gdzlenmistir.

e Asindirict diskle kesme isleminde ise 1sidan
etkilenme ve tahribatin minimum seviyede oldugu
tespit edilmisgtir.

Kesme islemleri kiyaslandiginda lazer ve asindirict su

jeti ile kesme islemlerinin kaplama tabakasinda ciddi

tahribata neden oldugu, tel erozyonda diisiik oranda
tahribat yasandigi, en az tahribatin ise asindirici disk ile
kesme isleminde goriildiigii anlagilmaktadir.

Kesme yontemlerinin yiizeye etkileri degerlendiril-

diginde ise;

e Lazerile kesme isleminde ani yiiksek 1s1 girdisi ve ani
sogumadan kaynakli yilizeyde biiylik catlak ve
kiriklarin yani sira 1s1 yayilimindan kaynakli olarak
genis bir bolgede yapisal bozulmalar goriilmiistiir.

e Tel erozyon ile kesme yonteminde ise yiizeyde 1s1
baglantili daha kiiclik gatlak ve kiriklar mevcuttur.
Ayrica lazere kiyasla ¢ok daha kiiciik bir bolge 1s1
etkisinde kalmis ve bunun sonucunda yapisal
bozulmalar sinirl kalmistir.

e Asindiricili su jeti ile kesme yodnteminde ise 1st
girdisinin olmamasindan kaynakl1 termal
deformasyon olmadigi, ancak kesme isleminin
baslangicinda yiizeye carpan su-agindirici karigiminin
gelisi glizel sigramalar1  sonucunda kaplama
yiizeyinde belirgin kopma ve asindirict tanecik
batmalar1 ile biiylik oranda fiziksel bozulmalar
gorilmiistiir.

e Termal deformasyonlar ve fiziksel tahribatlar birlikte
degerlendirildiginde, asindiricilt disk ile kesmenin
calismada uygulanan yontemler arasinda en uygun
yontem oldugu tespit edilmistir.

Co2B kaplanmis S235JRC diisiik karbonlu malzemelere
uygulanan kesme yontemlerini karsilastirdigimizda,
uygulanan yontemler arasinda en olumsuz yontemin,
neden oldugu yapisal degisikliklerden dolayi lazer ile
kesme oldugu belirlenmistir. Su jeti ile kesme isleminin
kaplama tabakasinda ciddi tahribata neden oldugu, tel
erozyonda diisiik oranda tahribat yasandigi, en az
tahribatin ise asindirict disk ile kesme isleminde
gorildiigi anlasilmistir. Uygulanan yontemler arasinda
agidirici disk ve tel erozyon ile kesme, diger iki yonteme
gore on plana ¢ikmaktadir. Fakat kaplamada yapisal
degisimin en az olmasi istenen durumlarda, neden oldugu
tahribatta dikkate alinarak, 1s1 girdisinin olmamasindan
dolay1 su jeti ile kesme yontemi tercih edilebilir.

Optik mikroskop goriintiilerinden her ii¢ kesme
yonteminde de diizgiin dogrusal yapilarin elde
edilebildigi ve kesme iglemlerinin basarili gerceklestigi
anlagilmistir. Lazer ile kesme isleminde numunenin

1sidan 6nemli Sl¢iide etkilendigi, yaklasik 550 pum gecis
bolgesi olustugu ve Ozellikle kenara yakin bdlgede
onemli derecede 1sidan etkilesim oldugu gorilmistiir.
Tel Erozyon ile kesme isleminde gecis bdlgesinin
yaklagik 100 pm, su jeti ile kesme isleminde yiizeyden
yansima ve sac¢ilma ile kaplama tabakasinda yaklasik 500
um tahribat olustugu belirlenmistir. Kesme islemi
sirasinda en az sicakliktan ve tahribattan etkilenen bdlge
olusumu yaklagik 20 pm ile agindirict disk ile kesme
isleminde goriilmiistiir. Termal kesme yontemleri olan
lazer ve tel erozyonu ile kesmede, 1sidan dolay: tahribat
meydana gelirken, asindiricili su jetinde ise asindirici
tanelerin ve basingli suyun etkisi s6z konusudur.
Asindiricili su jeti ile kesmede 1sidan dolayr tahribat
olmamasimma ragmen asindirict tanelerin  kaplama
ylizeyine gelisigiizel carpip sicramasi sonucu kesme
bolgesini ciddi sekilde deforme ettigi tespit edilmistir.
Elde edilen sonuglar yontemlerin islem kabiliyetinin
uygun oldugu konumlarda asindiricili disk ile kesme
yonteminin en uygun kesme yontemi oldugunu ancak
asindiricili diskin kullanilamayacag karmasik geometrili
numunelerde ise tel erozyon yonteminin tercih edilmesi
gerektigi ortaya konmustur.

Kesilen numunelerin, kesitinden mikro sertlik 6lgtimii
yapabilmek amaciyla metalografik  uygulamalar
gerceklestirilmigtir.  Numune  hazirlama  islemleri
neticesinde, kesme yontemlerinden kaynaklanan tahribat
bolgelerinin asindirildigi, buna bagl olarak Sl¢iimlerin
numunelerin i¢ bolgelerinden alindigr ve Sekil 7’de
sertlik olglim bolgeleri sekil {izerinde gosterilmistir.
Sirasiyla a, b ve ¢ kaplama tabakasi, d, e ve f gecis bolgesi
ve g, h ve 1 ana metal deney numunesi iizerinden sertlik
Olciimlerinin yapildig1 yaklasik alanlari gostermektedir.
Kesme islemleri sonrasi numunelerin yilizeylerinden ve
kesitlerinden olgiilen sertlik degerleri Cizelge 3°te
verilmigtir.

Sekil 7. Sertlik 6l¢iim bolgeleri (Hardness measurement areas)
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Cizelge 3. Kaplanmis numunelerin kesitinden alinan mikrosertlik degerleri (Microhardness values of coated samples taken from

Ccross-sections)

Sertlik (HV0,05)

fslem Kaplama Ana Metal Gegis Bolgesi Kaplama Tabakas1 Kaplama Yiizeyi
ey geme
Ortalama 215,33 308,22 483,66 566,70
Su Jeti 211 310,3 478,6 564,9
125w Tel Erozyon 215,6 312,6 487,6 574,2
Asindiricili Disk 213 311 483 567,1
Lazer 219 301,6 484,6 578,3
Ortalama 222,55 335,55 603,55 660,30
Su Jeti 217,3 329,3 590,6 648,5
;8/96‘3035 174 W Tel Erozyon 216 334,3 606,3 667,4
Asindiricili Disk 221,6 335 595,6 651,7
Lazer 2343 343 613,6 681
Ortalama 217,66 343,88 647,00 687,30
Su Jeti 212,3 361 641 679
220 W Tel Erozyon 221 333 658 699,2
Asindiricili Disk 220 338 650,6 688,3
Lazer 219,6 337,6 662 703,2
Cizelgeden, yapilan Olgiimlerde mikro  sertlik e  Kaplanmis ylizeylere uygulanan kesme
degerlerinin  birbirlerine  olduk¢a yakin  oldugu yontemlerinin genel olarak sertlikte asir1 bir

goriilmiistiir. Numune sertligi yaklasik olarak 125, 174
ve 220 W lazer giiglerinde yapilan kaplamalar igin

sirastyla  483,5; 601,58 ve 647,91 HV olarak
bulunmustur.

Genel bir degerlendirme ile test numunelerinin
hazirlanmasinda kullanilan lazer giicii ile ylizey

sertliginin dogru orantili olarak arttigit ve kesme
yontemlerinin sertlik degerleri iizerinde etkili olduklar
tespit edilmistir. Bu durum literatiirde kesme
yontemlerinin  karsilastirildigi  ¢alismalarla paralellik
gostermektedir [14-23].

5. SONUC (CONCLUSION)

e Islenebilirlik uygulamalarinda kaplama bolgesi
degerlendirildiginde, en az tahribat ve en iyi ylizey
Ozellikleri asindirici  diskle kesme ile elde
edilmistir.

e Lazerile kesme isleminde agiga ¢ikan yiiksek 1sidan
dolay1, kaplama tabakasinin alt malzemeden kopma
egiliminin azaldigi ancak kesme bolgesinde termal
deformasyonlarin meydana geldigi tespit edilmistir.

e Agmdiricilt su jeti, agindirici disk ve tel erozyon ile
kesme islemleri sonrasi, kesim bolgesinde kaplama
tabakasinin alt yiizeyden kopma egiliminde oldugu
belirlenmistir.

e Kesme yilizeyindeki tahribat degerlendirildiginde
asindiricili su jetinin kaplama tabakasini en fazla
deforme eden yontem oldugu tespit edilmistir.

degisime sebep olmadigi ancak lazer ile kesimin
diger yontemlere goére kesim bolgesinde diisik
miktarda sertligi arttirdig1 belirlenmistir.
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0z

Bu calismada, giic elektronigi devrelerinde yaygin olarak kullanilan geri doniislii (Flyback) DC-DC déniistiiriicli devresinin analizi
icin etkili bir yontem ileri siiriilmiistiir. Yontemin etkinligi, doniistiiriicii icerisindeki temel elemanlarin uygun sekilde
modellenmesinden kaynaklanmaktadir. Donistiirlici devresinin en temel pargasi olan transformatér bagimli kaynaklarla,
anahtarlama elemanlari ise iki degerli eleman yaklagimi ile modellenmistir. Anahtarlama elemanlarinin konumlarina gore esdeger
devredeki degisimler incelenmistir. Analize temel olusturan sistem denklemlerinin elde edilmesinde, genellestirilmis diigiim
yontemi kullanilmigtir. Sayisal sonuglar, kalici hal bolgesindeki geleneksel analitik sonuglarla karsilastirilarak, ileri siiriilen
yontemin istlinliigi gosterilmistir.

Anahtar Kelimeler: Geri doniislii DC-DC déniistiiriicii, genellestirilmis diigiim analizi, modelleme.

Analysis of Flyback DC-DC Converter by Modified
Nodal Equations

ABSTRACT

In this study, an efficient method is proposed for analysis of Flyback DC-DC converter circuit, used commonly in power electronic
circuits. The efficiency of the method comes from modelling basic components in the converter properly. Transformer, the basic
component of the converter, is modelled by dependent sources, switching devices are modelled by the binary valued element
approach. Variations in the equivalent circuit according to status of the switching devices are examined. In obtaining system
equations, being the basis of the analysis, the modified nodal method is used. Numerical solutions are compared with traditional
analytical results in steady-state. The superiority of the proposed method is shown.

Keywords: Flyback DC-DC converter, modified nodal analysis, modelling.

1. GIRIS (INTRODUCTION)

DC-DC donistiiriiciiler, bir DC gerilimi farkli genlikte
bagka bir DC gerilime doniistiren ve bu gerilimin
ortalama degerini kontrol eden devrelerdir. En az bir aktif
ve bir pasif eleman kullanilarak gergeklestirilir. DC-DC
doniistiirticiilerin ¢aligma prensibi, bir DC gerilimin yiik
iizerine anahtarlamasina dayalidir [1-2]. Bu anahtarlama
stiresi degistirilerek ¢ikis geriliminin ortalama degeri
kontrol edilebilir ve kolaylikla istenilen ¢ikis gerilim
seviyesi elde edilebilir. Degisik yapilarda DC-DC
doniistiiriciiler mevcuttur ve bunlarin birbirine gore
avantaj ve dezavantajlar1 bulunmaktadir.

Endiistride birgok alanda yogun bir sekilde kullanilan
geri doniislii (Flyback) DC-DC déniistiiriici devresinin
en 0nemli avantajlarindan biri, giris ve ¢ikis gerilimleri

*Sorumlu Yazar (Corresponding Author)
e-posta : abyildiz@kocaeli.edu.tr

arasinda elektriksel izolasyonun olmasidir. Geri doniislii
DC-DC doniistiiriicii  devresi diger izoleli DC-DC
doniistiiriicii  tiirlerine gore yapisinin basit olmasi,
maliyetinin diisiik olmasi gibi avantajlarindan dolay1
daha c¢ok tercih edilmektedir [3-6]. Bu avantajlarin
yaninda
nedeniyle diisiik giiglii uygulamalarda kullanilir. Bu
doniistiirticii tiirindeki en 6nemli problemlerden biri,

transformator  kullanimindaki  siirlamalar

anahtar iletimde iken primer sargisiin kagak
endiiktasinda depolanan enerjinin anahtarin kesime
girmesi durumunda anahtar iizerinden yolunu

tamamlamast ve anahtarin {izerinde gerilim stresine
neden olmasidir. Degisik tlirde bastirma devreleri
kullanilarak bu probleme ¢6ziim getirilebilmektedir [7].

Gelisen yariiletken teknolojisinin gii¢ elektronigi
devrelerine uygulanmasi ile bu devrelerin tasarim ve
kontrol asamalarinda Onemli ilerlemeler meydana
gelmistir. Buna paralel olarak, bu devrelerin analizi i¢in
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yeni bilgisayar destekli yontemler ve paket programlar da
kullanilmaya baslanmistir. Lineer devrelerden farkli
olarak anahtarlamali yapilarindan dolayi, gii¢ elektronigi
devrelerinin 06zel durumlar i¢ermektedir.
Anabhtarlarin konumuna gore, devreler farkli topolojilere
ayrismaktadir. Her bir topolojinin ayr1 ayri ele alinip,
uygun sirayla analiz edilmesi gerekmektedir. Bu
durumlar, gii¢ elektronigi devrelerinin analizi karmagsik
hale getirmektedir. Bu devrelerin bilgisayar destekli
analizi ile bu zorluklarin asilmasi amaglanmaktadir.
Bilgisayar  destekli analizin  temeli,  devredeki
elemanlarin modellenmesi, sistem denklemlerinin elde
edilmesi ve uygun sayisal yontemin kullanilmasina
dayanir [8]. Geri doniigli DC-DC déniistiiriiciilerin
analiz ve modellenmesine iligkin ¢esitli yaklasimlar [9-

analizi

13]’te verilmistir.

Bu ¢alismanin temel katkisi, incelenen doniistiiriiciideki
devre elemanlarmin (transformatér ve anahtarlama
elemanlar1) modellenmesine iliskin yaklagimlarin, uygun
ve avantajli sekilde bir geri doniisli (Flyback) DC-DC
doniistiirticide  kullanilmis  olmasidir.  Doniistiiriicii
devresindeki anahtarlarin iletim/kesim durumu igin iki
degerli direng yaklasimi (iletimde c¢ok kiigiikk degerli
direng, kesimde ise ¢ok biiyliik degerli direng) ele
almmustir. Boylece, farkli topolojilerle ugragsmaya gerek
kalmamigtir. Sadece, sayisal ¢oziimde, her iterasyonda
sistem denklemleri giincellenmistir. Ddniistiiriiciide
kullanilan transformat6r, bir miknatislanma endiiktansi
ve ideal transformatdr ile modellenmistir. Sonugta elde
edilen  esdeger devrenin  sistem  denklemleri,
genellestirilmis diigiim yontemi ile belirlenmistir. Elde
edilen sistem denklemlerinin sayisal ¢6ziimii i¢in kararli
bir yaklasim olan trapez yontemi kullanilmis olup,
Matlab m-file ortaminda benzetim gergeklestirilmistir.
Elde edilen sayisal sonuglara ait grafiklerden bazilar1 bu
calismada verilmistir.

2. SISTEM DENKLEMLERI VE '
ANAHTARLARIN MODELLENMESI
(SYSTEM EQUATIONS AND MODELLING OF
SWITCHES)

Sistem  analizinde, devre denklemlerinin  elde

edilmesinde iki temel yontem vardir: Genellestirilmis

digim denklemleri (GDD) ve durum degiskenleri
yontemidir (DDY) [14]. Bu ydntemlerin birbirine gore
avantaj ve dezavantajlar1 bulunmaktadir. Durum
denklemleri yontemi, graf teorisine dayali olan popiiler
bir yontemdir. En énemli avantaji, bilinmeyen degisken
sayisinin min. olmasidir. Ancak, bu yontem ile devrelerin
denklemlerinin elde edilmesi olduk¢a zordur. Ayrica gii¢
elektronigi gibi anahtarlamali devrelerin analizi i¢in bu
yontem ¢ok uygun degildir. Ciinkii bu tiir devrelerde
anahtarlarin durumlarina bagl olarak durum degiskeni
sayis1 degisebilmektedir. Klasik diigiim yonteminde her

tiirlii devre elemani (gerilim kaynagi, kontrollii kaynaklar
gibi) sistem denklemlerine dahil edilemezdi. Bu
sakincalarin istesinden gelmek icin, Genellestirilmis
diiglim gerilimleri yontemi ortaya atilmistir [15].
Genellestirilmis  diigim ydnteminin ise bilinmeyen
sayisinin fazla olmasi yontemin dezavantaji iken,
denklemlerin elde edilmesindeki kolaylik yontemin en
onemli avantajidir. Bu ydntemde sistem denklemleri
dogrudan devreye bakilarak dahi yazilabilmektedir [16].

Genellestirilmis diigiim denklemlerinin s-domenindeki
ve t-domenindeki yapis1 asagida verilmistir.

(G+sC)X(s)=BU €))
&x(t) Cdxd—(tt):Bu(t) @

Burada G, C, B katsayr matrisleridir [16-17]. Tiim
iletkenlikler ve diiglim denklemlerinin elde edilmesinden
kaynaklanan frekanstan bagimsiz degerler G matrisini,
frekans degiskeni ile ilgili kapasite ve endiiktans
degerleri C matrisini olusturur. U matrisi ise bagimsiz
akim ve gerilim kaynaklari ile sifirdan farkli kapasite ve
endiiktanslarin  ilk  kosullari1  igeren  vektordiir.
Bilinmeyen vektorii olan x(t) hem akim hem de gerilim
degiskenleri igerir. Degisken tipleri dikkate alinarak x(t)
bilinmeyen vektorii denk.(3) de gosterildigi gibi xa(t) ve
Xo(t) vektorlerine ayrilabilir.

X(t){xl(t)} ©)
X (t)

Burada xi(t) vektorii diigiim gerilimleri degiskenlerini,
Xo(t) vektorii ise endiiktanslarin, bagimsiz ve bagimli
gerilim kaynaklarimin ve kisa devre elemani gibi
elemanlarm  akim  degiskenlerini  gdstermektedir.

Denk.(3) ile ayristirilan bilinmeyen vektorii dikkate
alinarak, zaman domenindeki genellestirilmis diigiim

denklemleri  yapis1  asagidaki  bigimde yeniden

diizenlenebilir.

G, Gy Xl(t) i C, 0 i Xl(t) -B ul(t)

Gy 0 |[x(t)] [0 Ljdt]x,/(t) u, (t)
(4)

Gili¢ elektronigi devrelerinde yariiletken anahtarlama
elemanlarinin modellenmesi ile ilgili pek ¢ok yaklagim
vardir: Ideal anahtar modeli ve iki degerli eleman
yaklasimi en ¢ok kullanilan yontemlerdir. ideal anahtar
yaklagiminda, anahtarlar iletimde sifir direng (kisa devre,
sifir degerli gerilim kaynagi), kesimde sifir admitans
(ag¢ik devre, sifir degerli akim kaynagi) ile modellenirler.
Bu yaklagima gore, devrede n adet anahtar var ise, 2" adet
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olas1 topolojik durumu ele almak gereklidir. Tki degerli
eleman yaklagiminda ise anahtarlar, iletimde kiigiik
degerli direng/endiiktans, kesimde biiylik degerli
direng/endiiktans ile modellenirler. Bu yaklasimda,
anahtarlarin konum degisikligine bagli olmaksizin tek bir
topoloji ele almir. Anahtarlarin degerleri, simiilasyon
strasinda giincellenir.

Bu calismada, aciklanan avantajlarindan dolay1
(Anahtarlarin  konumlar1 geregi olusan topolojik
degisimlerin denklemlere yansitilmasindaki zorlugun
Oniline ge¢mek amaciyla) iki degerli direng yaklasimi
kullanilmistir.

3. GERi DONUSLU DC-DC DONUSTURUCU
DEVRESI (FLYBACK DC-DC CONVERTER
CIRCUIT)

Analizi yapilacak olan geri doniigli  DC-DC
doniistiiriciiniin - temel devre semast Sekil 1’de
verilmigtir. Bu  doniistiiriicti  tlirtinde  kullanilan

transformatoriin en temel 6zelligi primer ve sekonder
devresinin ayni anda ¢aligmamasidir.

Sekil 1. Geri Doniislit DC-DC Déniistiiriicii Devresi (Flyback
DC-DC Converter Circuit)

esnada D diyotu ters kutuplandigindan kesimdedir.
Temel anahtar kesime girdiginde sargi polariteleri yon
degistirir, D diyodu dogru yonde kutuplanir. Temel
anahtar iletimde iken niivede depo edilen enerji, bu
anahtar kesime girdiginde sekonder sargisi iizerinden
yikii besler. Burada transformatdér enerji depolama
gorevi gormekte ve elektriksel izolasyonu saglamaktadir.
Sekil 1’deki doniistiiriicii devresinin temel eleman1 olan
transformatér  Sekil 2’deki gibi modellenmistir.
Transformatdr modelinde, niivede depo edilen enerjiyi
temsil eden bir miknatislanma endiiktansi (L), gerilim-
akim doniistimiinii ifade eden iki kapili1 bir devre elemani
olan bir ideal transformatdr goriilmektedir. Ideal
transformatér, iki bagimli  kaynakla (Ui, Jo)
gosterilmistir. Bagimli kaynaklara iliskin u¢ denklemler:
Ui=—nU,, J>=nl;. Burada, n:
doniigiim oranidir. Primer ve sekonder sargilarinin kagak
endiiktanslar1 ve sargt direngleri analizin basitligi
agisindan bu c¢alismada dikkate alinmamustir. Ancak

ideal transformatoriin

dikkate alinmasi, kullanilan ydntemin avantajlarindan
dolayi, analize herhangi bir zorluk getirmemektedir.

Iy I,

ideal transformator

Sekil 2. Geri doniiglii DC-DC doniistiiriicli transformatoriiniin
esdeger devresi (Equivalent curcuit of Flyback DC-DC
converter transformer

ljz c —/—— URLVO

Flyback transformator

Sekil 3. Geri doniislii DC-DC déniistiiriicii devresinin tam esdeger modeli (Exact equivalent model of Flyback DC-DC

converter circuit)

Devrenin genel c¢alismasi su sekildedir: Temel anahtar
(transistor, MOSFET vb.) iletimdeyken Vg gerilimli DC
kaynaktan sadece primer sargisi beslenir, sargidan gegen
akim lineer olarak artar ve niivede enerji depolanir. Bu

Sekil 2°deki esdeger transformatér modeli kullanilarak
Sekil 3 ile gosterilen tam esdeger devre elde edilir.
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Siirekli durum analizinde, bir periyot siiresince Lmn
miknatislanma endiiktasinin akimindaki artig ve azalma
miktarlarinin  esitliginden (veya endiiktans gerilimin
pozitif ve negatif alanlarinin esitliginden) geri doniisli
DC-DC doéniistiiriicii devresinin ¢ikig gerilimi Vy ile giris
gerilimi Vg arasinda asagidaki denklem elde edilir [1-2].

v -Ys D ©)
nil-D

Burada, Vg giris gerilimi, D ise doluluk oranidir. Bu

denklemden goriilecegi gibi bu donistiiriicli ile giris

gerilimine gore daha kiigiik veya daha biiyik cikis

gerilimi elde edilebilir.

(a) Sistem Denklemlerinin Elde Edilmesi ve
Anahtarlama Durumlarinin incelenmesi

Sekil 3°deki tam esdeger devrede temel anahtar (Q) ve

yardimci anahtar (D), iki degerli eleman yaklagimi ile

modellenmistir. Bu duruma iliskin devrenin yeni hali

Sekil 4’de verilmistir.

+

J
I D RL V,

B=[0 00000001
X(t):[Va Vo Vo Vo Vo by L I IVg:|T

U (t) 2[\/9 ]

Burada; G51:1/R51, Gszzl/Rsz, GL:l/RL

Temel anahtarin iletimde olmasi durumunda Rs; direnci

cok kiiciik bir direng Rsmin degerine, Rs» direnci ¢ok

biiyiik bir diren¢ Rsmax degerine sahiptir. Temel anahtar

kesime girdiginde ise Rs; direnci ¢ok biiyiik bir direng

Rsmax degerine Rsy direnci ¢ok kiiciik bir diren¢ Rsmin

degerine sahip olur.

(b) Trapez Yonteminin Genellestirilmis Diigiim
Denklem Sistemine Uygulanmasi

Sekil 4’deki devrenin genellestirilmis diigiim denklem

sisteminin yapisi asagidaki formdadir.

Gx(t)+Cdxd—t(t)= BU(1) ®)

Trapez yonteminin genel ifadesi, h adim aralig1 olmak
tizere [18-20];

h
xn+1:Xn+§|:f(xn+l’tn+1)+ f(xn'tn)] (7)

seklindedir. Denk.(6)’daki yapmin denk.(7)’de yerine
konmasiyla, benzetimde kullanilacak denk.(8) elde
edilir.

Xn+1=KAXn+KB [Un+Un+1] (8)

- Burada Ka ve Kg ifadeleri asagidaki denklemlerden

Sekil 4. Anahtarlarin iki degerli diren¢ yaklasmu ile bulunur.

modellenmesi sonucu yeni esdeger devre (New 4 . h

equivalent circuit related to modelling of switches Ky =K K, Kg = Kllz B

with two-valued resistance approach)

. .. . e o ae h h

Bu dul.'umdz.l, devrenin gf?nelllestlrlvlmls.dugum.der.lkl.em K =|c+le K,-|c-1g 9)
sistemindeki katsay1 matrisleri agsagida ifade edilmistir. 2 2

(c) Benzetim Sonuglari

G, -G,0 O 0 0001]
-G,G,0 0 0 1100 Asagidaki tabloda Sekil 4’deki geri doniislii DC-DC
0O 00 O 0 0-110 doniistiiriicii devresine ait eleman degerleri ve diger
0 00G G. 0noo bilgiler verilmistir.
s2 s2
G=| 0 0 0-G,G,,+G, 0000 Cizelge 1. Geri dénislii DC-DC doniistiiriiciiye  iliskin
0 10 0 0 0000 benzetim parametreleri (Simulation parameters
related to Flyback DC-DC Converter)
0 1-10 0 0000
0 01 n 0 0000 Parametreler Deger
1 000 0 0000 Vg 50V
- - RL 5Q
T00000 O 000 C 470 mikroF
Lm 5mH
00000 O O0O0O0 n 5
00000 O 00O fs 10 kHz
00000 O 000 D 0.6‘3
_ h 10
C=|0000C O 00O R 10°0
00000-L,000 Rorm 00
00000 0O 000
00000 O 00O Yukaridaki ~ benzetim  parametreleri, anahtarlama
00000 O 000 | durumlarindaki diren¢ degisimleri (Rs1 ve Rs) dikkate
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almarak ve denk.(8)’in ¢6ziilmesi ile elde edilen grafikler
Sekil 5 ve Sekil 6’da verilmistir. Sekil 5’den gorildigi
gibi ¢ikis gerilimi, kararli halde denk.(5) ile hesaplanan
deger (Vo=15V) ile ayn1 sonucu vermektedir. Sekil 6’da
ise transformatdriin primer ve sekonder
goriilmektedir. Bu akimlardaki lineer artis ve azalmalarin
daha iyi goriilebilmesi i¢in, degisimlerin kalict haldeki
degisimleri  verilmistir. Benzetim, Matlab m-file
ortaminda gerceklestirilmistir.

akimlari

6. SONUC (CONCLUSION)
Bu c¢alismada
kullanilarak,

genellestirilmis  diigiim  yontemi
geri  doniislii  (Flyback) DC-DC
doniistiiriiciiniin  analizi gergeklestirilmistir. Sirasiyla,
doniistiiriciideki  transformator — ve
elemanlart modellenerek, tam esdeger devre elde
edilmistir. Bu devrenin anahtarlarin konum degisimden
sadece denklemdeki
degerlerinin simiilasyon sirasinda degistiriliyor olmasi,
yontemin en énemli avantajlarindan biridir. Elde edilen
sayisal sonuglar, geleneksel analitik denklemlerdeki
degerlerle ortiismektedir.

anahtarlama

bagimsiz olmasi ve anahtar

o)

22}
=

S
240 .
£
T 3 g
[0}
0 20 1
o
0 10- R
(L | | | | |
0 05 1 15 2 25 3 35 4
Zaman (ms)
(a)

Cikis Gerilimi (V)

Zaman (ms)

(b)

Sekil 5. (a) Giris gerilim, (b) Cikis Gerilimi (Input and Output
Voltage)
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Sekil 6. Transformatoriin (a) Primer akimi, (b) Sekonder Akimu
(Primary and secondary currents of transformer)
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Modifiye Edilmis NACA-0015 Kanat Yapisinda
Tuberkiil Etkisinin Sayisal Analizi
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0z

Bu calismada, kambur balinanin aerodinamik o6zellikleri, NACA-0015 kanat modeline uygulanarak kanat performansi
incelenmistir. Kambur balinanin avini takip etmesi ve yakalamasi esnasindaki manevra kabiliyetinden ilham alinarak, NACA-0015
kanadinin hiicum kenar1 bdlgesine ayn1 dalga boyunda (w) ve farkli genlikteki (a) tiiberkiiller yerlestirilmistir. Elde edilen 3 farkli
modifiyeli NACA-0015 kanad: ile diiz kanat, aerodinamik performans agisindan karsilagtirilmigtir. Bu ¢aligmada kullanilan
modifiye NACA-0015 kanatlarinin dalga boyu degeri, chord(veter) uzunlugunun %16’s1 ve genliklerin degeri ise sirastyla chord
uzunlugunun %0,05, %0,1 ve %0,15’1 olarak belirlenmistir. Kanat yapilar1 Solidwoks CAD programinda tasarlanmistir. ANSY'S
Fluent yaziliminda ortalama Navier-Stokes analiz yonteminde k-epsilon realizable tiirbiilans modeliyle sayisal olarak analiz
edilmistir. Kanat aciklik oran1 (en/boy orani) degeri 1,1 secilmistir. 7,2x10° Reynolds sayisinda, 0° ile 46° arasindaki hiicum
acilarinda kanat tizerinde analizler yapilmistir. Sonuglar incelendiginde, 0,05a0,16w (0,05a ve 0,16w) kanadin siirtiinme katsayist
(Cp) diiz kanatla kiyaslandiginda %12,57 daha diisiiktiir. Irtifa kaybi(Stall) sonras: hiicum agilar1 igin, 0,05a0,16w kanadh ile diiz
kanat ortalama kaldirma katsayis1 (CL) ve Cp degeri agisindan kiyaslandiginda 0,5a0,16w kanadi sirasiyla %7,86 ve %9,79 daha
yiiksek degerlere sahiptir. Stall sonrasinda aerodinamik verim(Cv /Cp), 0,05a0,16w kanadinin, diiz kanattan %3,81 daha yiiksek
oldugu goriilmektedir.

Anahtar Kelimeler: Kambur balina, u¢ak kanadi, aerodinamik, tiiberkiil, hesaplamah akiskanlar dinamigi.

The Numeric Analysis of Tubercle Effect on Modified
NACA-0015 Airfoil

ABSTRACT

In this study, the aerodynamic characteristics of the humpback whale were investigated by applying the NACA-0015 model to the
wing of the airfoil. Inspired by the maneuverability during the chase and capture of the humpback whale, NACA-0015 has placed
the tubercles the same wavelength (w) and different amplitudes (a) in the leading edge region of the wing. The three different
modified wings and the baseline obtained were compared in terms of aerodynamic performance. The wavelength of the modified
wings used in this study is 16% of the chord length and the values of the amplitudes were determined as 0,05%, 0,1% and 0,15%,
respectively, of the chord length. All wing structures were designed in Solidworks CAD program. These solid models were
numerically analyzed with the k-epsilon realizable turbulence model in the average Navier-Stokes analysis method in ANSYS
Fluent software. Wing openness ratio (aspect ratio) value 1,1 was selected. On the 7,2x10% Reynolds number, analyzes were made
on the wing at the attack angle between 0 ° and 46 °. After the examination of the results, it’s found that the baseline has a higher
lift coefficient (CL) than the modified wing before the stall. The coefficient of friction (Cp) of the 0,05a0,16w (0,05a ve 0,16w) is
12,57% lower than that of the baseline. For post-stall angle of attacks, when 0,05a0,16w wing is compared to baseline average CL
and Cp value, the wing of 0,5a0,16w has 7,86% and 9,79% higher values respectively. After stall, It has seen that the aerodynamic
efficiency (CL / Cp) of 0,05a0,16w is %3,81 higher than the baseline.

Keywords: Humpback whale, airfoil, aerodynamic, tubercle, computational fluid dynamics.

1. GIRiS (INTRODUCTION)

NACA kanat serileri hem riizgar tiirbinlerinde hem de
ucak kanat yapilarinda kullanim alanlaria bagli olarak
aerodinamik performansi dogrudan etkiledigi bilinmek-
tedir. Kanat yapisinin kullanim alanlarina gore riizgar
enerji agisindan yeterli derecede faydalanabilme ya da
maksimum enerji iiretimi amaclanirken, ugak kanat

arastirmacilar tarafindan NACA serisi kanat yapilarinin
aerodinamik davraniglari ile ilgili calismalar deneysel ve
sayisal olarak incelenmistir. Yao ve digerleri NACA-
0018 kanat profilinin aerodinamik performansin sayisal
yontemleri kullanarak incelemisler ve farkli hiicum
acilarinin  kaldirma, siirikleme ve yiizey basincini
etkilerini irdelemiglerdir [1]. Lianbing vd., NACA-0012

yapilarinda aerodinamik karakteristik performansinin
kaldirma/stiriikleme  kuvveti  agisindan  optimum
degerleri saglamasi beklenmektedir. Literatiirde bazi

*Sorumlu Yazar (Corresponding Author)
e-posta : erdi.tanurun@gmail.com

kanat profilinin 3x108 Reynold sayisinda kanat profilinin
kaldirma ve siiriikleme performansi ve stall agisini,
sayisal olarak aragtirmiglardir [2]. Villalpando vd.,
NACA-63-415 kanat profilinin sayisal analizini farkh
turbiilans modelleri kullanarak, deneysel sonuglarla
uyum saglayan en iyi tiirbiilans modelini aragtirmiglardir.
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SA (Spalart Allmaras) tiirbiilans modelinin, deneysel
sonuclarla  esdeger sonuglara sahip  oldugunu
vurgulamiglardir  [3]. Duvigneau ve Visonneau
tarafindan sentetik jet kullanilarak, NACA-0015 kanat
profilinin kontrolii ve kanat performansi iizerine etkisi
incelenmistir [4]. Siauw vd., NACA-0015 kanat profili
etrafindaki akigin dinamik gegisini akict vorteks (fluidic
vortex) generatdr kullanarak aragtirmuslardir.  1x10°
Reynolds sayisinda NACA-0015 kanat profili izerindeki
akig ayrilmalar1 ve birlesmeleri deneysel olarak
incelemiglerdir [5]. Srinivosan vd., salinim yapan kanat
profilinin lizerinde farkli tiirbiilans modellerinin deneysel
caligmalarla benzesimi yoniinde NACA-0015 kanat
profili tizerinde ¢aligmiglardir[6]. Ravi vd., NACA-4412
kanat profili lizerinde k-® ve Spalart Allmaras tiirbiilans
modellerini kullanarak laminer akistan tiirbiilanshi akisa
gecisi sayisal olarak incelemislerdir [7]. Deepa vd.,
NACA-0012 kanat profili iizerinde deneysel ve sayisal
aragtirma yaparak, sonuglar karsilastirilmigtir [8]. Sahin
ve Acir, NACA-0015 modeli ugak kanadi profilini
deneysel ve niimerik olarak incelemislerdir. Niimerik
caligmada spalart-almaras ve k-epsilon olmak tizere 2
farkli tiirbiilans modeli kullanarak hem deneysel
calismanin dogrulugunu hem de hangi tiirbiilans
modelinin aerodinamik ¢alismalarda daha dogru sonug
verdigini gdstermislerdir [9]. Khabisi, 2x10° Reynolds
sayisinda 4 farkli hiicum acis1 icin NACA-0015 kanat
yapist iizerindeki akis ¢izgilerini ve basing dagilimlarini
Abaqus sonlu elemanlar yazilimi1 ve XFLRS5 kullanarak
niimerik olarak incelemistir. Analizler sonucunda
NACA-0015 kanat yapisinin stall agisin1 18,3° olarak
belirlemislerdir [10]. Saad vd., 4x108 Reynolds sayisinda
6 farkli kanat modelinin aerodinamik karakteristikleri
Xfoil, Fluent ve deneysel olarak kiyaslamislardir.
Calisma sonucunda, -15° ile 15° arasinda biitiin kanatlar
icin 8°’de en yiiksek kaldirma katsayisi saglanmigtir [11].

el

Sekil 1. a) Kambur balina b) yilizgecinin yapisi ( a) Humpback
whale b) structure of the flipper) [12,13]

Yapilan calismalarda genel olarak diiz kanatlar
kullanilmig ancak, aerodinamik performanst
iyilestirmeye yonelik bazi ¢aligmalar yapilmustir.
Bilimsel  birgok  bulus dogadan esinlenilerek
gerceklestirilmigtir.  Kambur  balinadan  yiizgeg
yapisindan diizensiz tiiberkiil olarak isimlendirilen
siniizoidal yapilar [12,13] ylizge¢ iizerinde vortex
olusturmakta ve akigin kanat {izerinde tutunmasini
saglamaktadir [14-17]. Balinan kanat yapisindan yola
¢ikarak son zamanlarda yapilan g¢alismalarda kambur
balinanin yiizge¢ yapisi, NACA-634-021, NACA-0020,
NACA-2412 diiz kanatlarinin hiicum kenar1 bolgesinde
tiiberkiil olarak modifiye edilmistir [18-21]. Hasan vd.,
NACA-4412 diiz ve modifiyeli kanat profillerini 0° ile
20° araligindaki hiicum acilarinda sayisal ve deneysel
olarak incelemislerdir. Deneyler riizgar tiinelinde kanat
profilleri dikey olarak yerlestirerek 4,3 m/s akis hizinda
ve Re=1,03x10° sayisinda gerceklestirmislerdir. Yapilan
calismalar sonucunda yiikksek hiicum agilarinda
modifiyeli kanadin diiz kanada oranla kaldirma
katsayinin daha fazla arttig1 gézlemlenirken biitiin hiicum
acilarinda ise siriikleme katsayisimin - distigini
belirlemislerdir. Ayrica 10° hari¢ tiim hiicum agilarinda
CL/Cp oraninin modifiyeli kanatta diiz kanada gére daha
yiiksek degere sahip oldugu saptanmustir [22]. Pedro ve
Kobayashi diigsiik Reynolds sayisinda 2 farkli kanat
modelini deneysel ve niimerik incelemislerdir. Modifiye
kanat yapisinda akis ayrigmasi diiz kanada nazaran daha
gec gerceklestigi igin stall daha yiiksek bir agida
olustugunu gézlemlemislerdir. Niimerik ¢caligmalarda ise
stall gecikmesinin nasil gergeklestigini incelemislerdir
[23]. Rostamzadeh vd., NACA-0021 kanat profili
iizerinde hem tiirbiilans hem de laminar akis rejimlerinde
hesaplamali akiskanlar dinamigi (HAD) kullanilarak
sayisal analizler yapilmistir. Bu analizlerde 120000 ve
1500000 Reynolds sayilarinda hava akisinin tiiberkiilli
kanat profili  {izerindeki etkilerinin  gdriilmesi
hedeflenmistir. Bu amagla, HAD’nde akis yapist ve
aerodinamik davraniglar1 incelenmistir. Daha sonra
tiiberkiilli kanat analiziyle elde edilen veriler diiz kanat
modeli ile karsilastirilmistir. Kullanilan kanat profili ise
0,3 m veter uzunlugu ve 21 m genisligindedir.
Aragtirmalar  sonucunda NACA-0021 diiz kanat
profilinin ani bir stall kaybina ugradigi gériilmiistiir. Bu
gozlem, Reynolds sayi etkileriyle ilgili g¢alismalarin
6nemini ve tiiberkiillerin endiistriyel uygulamalarinda ki
stall 6zellikleri incelenmistir [24]. Cai ve Zuo, NACA-
634-021 diiz kanadinin 6n bdlgesine tek bir tiiberkiil
yapist yerlestirirerek, diiz kanat ile modifiye edilmis
kanatlarin ~ stall performansint  deneysel olarak
incelemislerdir. Analiz sonuglarinda modifiyeli kanadin,
diiz kanat ylizeyinde akis ayrilmasi aniden olurken,
modifiyeli kanat da sirastyla ¢ukur bolge, yiizey ve ug
bolgede kademeli olarak akis ayrismasi gerceklesmistir.
Bu kademeli ayrigma da stall olayim1 diiz kanada gore
daha ge¢ olmasini saglamaktadir [25].

Bu ¢aligmada; NACA-0015 kanat profili tiiberkiil olarak
isimlendirilen siniizoidal yapilar ile modifiye edilmistir.
Yapilan caligmada, NACA-0015 kanat profili farkl

186



MODIFIYE EDILMIS NACA-0015 KANAT YAPISINDA TUBERKUL ETKISININSAYISAL... Politeknik Dergisi, 2019; 22 (1) : 185-195

genliklerde (0,5, 0,1, 0,15c) ve sabit dalga boyunda
(0,16¢) modifiye edilmistir. Modifiye edilmis NACA-
0015 kanat profilinden elde edilen aerodinamik
performanslar, kaldirma katsayist (CL), siiriikleme
katsayis1 (Cp) ve aerodinamik verim (C./Cp) agisindan
FLUENT programryla analiz edilmis ve diiz kanat profili
ile karsilastirilmustir.

2. MATERYAL VE METOD (MATERIAL and
METHOD)

2.1. Geometri (Geometry)

Bu calismada kullanilmak iizere 4 farkli ucak kanadi
modeli CAD (Computer-Aided Design)_programi olan
Solidworks’de tasarlanmigtir. Biitiin kanatlar igin
kambur balinanin g6giis ylizgecine benzer bir yapida
olan NACA-0015 kanat profili temel olarak
kullanilmisgtir.  NACA-0015  kanadin ~ maksimum
kalinligi, veter uzunlugunun %15°dir. Kanat profilinde,
kamburluk egrisi olmadigindan dolay1 simetrik ugak
kanadi profili olarak tanimlanir. Bu iki etken NACA-
0015 kanadinin ismini olugturmaktadir [26].

Sekil 2.’de gosterildigi iizere bu calismada kullanilacak
olan diiz kanatin veter ve kanat aciklig1 sirastyla 10 cm
ve 11 cm olarak belirlenmistir. Veter boyu ile kanat
acikligt boyunun ¢arpimiyla kanat alani (S) elde
edilmistir. Bu ¢alismada kanat alan1 0,011 m?dir. Bu
Ol¢iiler, niimerik analizlerin sonuglarmi daha sonra
riizgar tiinelinde Kkarsilagtirabilmek igin secilmistir.
Karsilastirmanin daha iyi yapilabilmesi i¢in, diiz kanat
icin segilen yiizey alani ile modifiyeli kanatlarin yiizey
alanlarinin esit olmasina dikkat edilmistir.

Sekil 2. Diiz kanat (Baseline)

Sekil3.’de gosterildigi iizere, analizi yapilmak istenilen
farkli tiiberkiillerin geometrileri Esitlik 1 ve Esitlik 2
kullanilarak  olusturulmugtur. Calisma kapsaminda
analizi yapilan kanat geomtrileri Cizelge 1.’de
verilmistir. Ornek olarak 0,1a0,16w kanadinin izometri
goriinlisii gosterilmistir [19].

-1
k=2""© 4ein0<x<0,1cm (1)

y = Asin(kx) 2

10)

zunlugu

mm

Sekil 3. 0,1A0,16W kanadin a) izometrik b) genlik ve dalga
boyu gésterimi (0,1A0,16W airfoil a) isometric b)
amplitude and wavelength display of 0,1A0,16W
airfoil)

Cizelge 1. Kanat Geometrileri

Kanat [smi Genlik(a) BE;LIJ%\?\/)

Diiz Kanat 0 0 0a0w
K'\:r?acii‘;i{,a'i) 005c | 016w | 0,05a016w
K'\:r?zih;i(y&g) 0,1c 0,6w 0,1a0,16w
K'\:r?aciig(ﬁg) 015c | 016w | 0,15a016w

2.2 Ag Yapisi (Meshing )

Sayisal olarak ¢oOziimleme yapilan biitin dis akis
analizlerinde, akisin giris ve ¢ikis yizeyleri ile
¢ozlimleme yapilacak olan kanat yapisinin sinir garti ile
tanimlanmas1 gerekmektedir. Sinir sartlari, akis hacmi
olarak ifade edilen bir bélgede tanimlanir. Sekil 4-a."da
gosterilen C-tipi akis hacmi, mesh sayisini minimum
seviyede tutmasindan dolay1 aerodinamik alanda yaygin
olarak kullanilmaktadir. Bu ¢alismada da mesh sayisinin
verimi goz Oniine alarak C-tipi akis hacmi kullanilmistir.
Ag orgiisii tetragonal yapida segilmistir. Aerodinamik
analizlerde, belirli bolgelere yogunlastirilmis mesh
uygulanmasi meshin dogrulugu igin sarttir. Bu durumun
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baslica sebebi, kanat {izerinde ve ¢evresinde ¢ok kiigiik
alanlarda, akis biiyilk degisimler gosterirken, kanat
yapisindan uzaklastik¢a bu degisimin azalmasidir. Bu
degisimlerin oldugu bolgelere diger bdlgelere nazaran
daha kiiclik hacimde ag orgiileri uygulanirsa analizlerin
dogrulugu cofu zaman ayni paralellikte artmaktadir.
Mesh kalitesini arttirmak i¢in gosterilmis olan “inflation”
komutunu kullanarak Sekil 4-b.’de gosterildigi gibi kanat
etrafindaki bolgeye yogunlastirtlismis mesh
uygulanmistir.

Sekil 4. Diiz kanata a) ag 6rs1'i goriintigi b) kanat
etrafindaki yogunlugu ( Baseline a) mesh appearance
b) density around the airfoil)

2.’de anlasildig1 tizere 1271746 mesh sayisi ile 2758767
mesh sayisi1 arasinda belirgin bir fark olugurken 2758767
ve 3921864 arasinda %1’den diisiik bir hata gézlenmistir.
Bu durum 2758767 mesh sayisinin yeterli oldugunu
ortaya ¢ikarmustir.

Kanat etrafindaki mesh sayisimi artirmak her zaman
kaliteyi artirmayabilir. Ornegin mesh say1s1 arttiginda her
bir meshin keskinligi artabilir bu durum da mesh
kalitesini disiirebilir ve sonucun dogrulugunu etkiler.
Dogru metotlar1 kullanmak sarttir. Kanat etrafindaki
mesh kalitesinin dogrulugunu garanti etmek igin
boyutsuz bir say1 olan y+ degeri kullanilir [27]. D1s akis
icin literatiir de y+ degerinin O ile 5 arasinda olmasi
beklenir. Analizlerde y+ degeri 0°a ne kadar yakin olursa,
ucak kanadinin yiizeyindeki tiirbiilans sinir tabakanin
¢oziimlenmesinin de ayni paralellikte dogrulugu artar.
Sekil 5.’de goriildiigii iizere bu c¢aligmada, kanat
iizerindeki biitlin bolgelerde y+ degeri 2 ‘den kiigiiktiir.

Sekil 5. Kanat iizerindeki y+ degeri (y+ value on airfoil)

Y+ yant sira meshin kalitesini skewness (¢arpiklik) ve
ortogonal quality (ortogonal Kkalite) kullanarak da
degerlendirebiliriz. Carpiklik, hiicrenin sekli ile esdeger

Cizelge 2. Mesh sayisindan bagimsizlik (Independence from mesh count)

CL Co Mesh Say1s1
0,474 0,213 1271746
0,05a0,16w 0,509 0,223 2758767
0,511 0,225 3921864

Kanat etrafindaki yogunluk, mesh kalitesini gogu zaman
artirirken diger yandan analizin ¢6ziim siiresi de ayni
paralellikte artmakta ve istenmeyen bir duruma sebep
olmaktadir. Kaliteyi diisiirmeden olabilecek en hizli
sirede ¢Oziim yapabilmek icin ideal mesh sayisi
belirlenmistir. 4 kanadin birbiriyle ayn1 mesh sayisina
sahip olmas1 imkansizdir ancak kanatlar arasindaki mesh
sayisinin %1-2 farklilik gostermesi ¢Oziimlenin aym
sartlarda olmasi i¢in yeterlidir. 1271746, 2758767 ve
3921864 olarak belirlenen 3 farkli mesh sayisinda, 25°
hiicum agisinda, 0,1a0,16w modifiyeli kanat igin yapilan
analizlerin sonuglar1 Cizelge 2.’de gosterilmistir. Cizelge

hacimdeki eskenar bir hiicrenin sekli arasindaki fark
olarak tanimlanir ve O degerine yakin olmasi
beklenmektedir [28]. Ortogonal kalitenin ise 1’e yakin
olmasi gerekmektedir. Yapilan caligmada 4 kanat i¢in en
kiiciik ve en yiiksek ¢arpklik degeri sirasiyla 0,236 ve
0,248°d1r. Ortoganol kalite degeri en diisiik 0,861 ve en
yiiksek 0,882 olarak tespit edilmistir. Buldugumuz bu
degerlerle de mesh kalitesi ve dogrulunun uygun oldugu
goriilmektedir.

Hacimsel alan belirlenirken smir sartlarinin negatif
etkisinden kaginilmasi gerekmektedir. Boyle bir durumla
kars1 karstya gelmemek igin, sinir sartlarinin kanada olan
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mesafesi kanat lizerindeki akisi etkilemeyecek kadar
uzakta olmalidir. Bu sebeple kanat, koordinat diizleminin
merkezine yerlestirilmistir. Havanin akis alanina girdigi
yiizey ile kanadin hiicum kenar1 arasinda 15c¢, havanin
akis alandan ¢iktig1 yiizey ile kanat arka bolgesi arasinda
20c ve yan yiizeyler ile kanat arasinda 3c uzunlugunda
mesafe bulunmaktadir.

Spalart-almaras aerodinamik g¢alismalar i¢in kullanilan
tirblilans modeli olmasma ragmen dig akisin
calismalarinda duvar dibi hassasiyetin 6nemli oldugu
durumlarda, analizde kritik bolgelerde yeterince hassas
¢oziimlemeler yapamamasi nedeniyle bu c¢aligmada
kullanilmamigtir. Spalart-almaras yerine duvar dibi
hassasiyeti yliksek olmasindan dolay1 k-epsilon tiirbiilans
modeli tercih edilmistir [29]. K-epsilon tiirbiilans modeli
denklemleri asagidaki gibidir.

S tote b )= Zpins 2y 2 10 4G - 0T, 45,
B E RN

) . . .
- ..Cq"!l:l—— .Cq"!.' T+ ==+, ..{'3—.5' +0, =06, +5,
a a a3 i, 30 0 o o o QC‘G -
0w AL feqm VT
€ =max 0.8, |, n-st 5. 55

T4

1+

Bu calisma Gazi Universitesi imkéanlar1 kullanilarak
yapildigindan, Ankara’daki havanin termodinamik
ozellikleri referans alinmistir. Ankara’da havanin
viskozitesi(i) ve yogunlugu(p) sirastyla 1,15 kg/m® ve
1,768 kg/m.s olarak almmistir. Bu kanat yapilarinin
genellikle insansiz hava araglari gibi Olgiitleri diger
ucaklara nazaran daha kiigiik olan ucaklar igin
kullanildigindan  Reynolds sayis1 72197  olarak
belirlenmistir. Analizde kullanilan diger degerler Cizelge
3.”de verilmistir.

Cizelge 3. Analizde kullanilan diger degerler (Other values
used in the analysis)

)

&)

kanat arasindaki fark ise Asli ve digerlerin caligmasiyla
benzer bir egilim géstermektedir [31].

—8—0.1a0.16w —@—Diiz kanat
0.05a0.16w —@—0.15a0.16w

0 3 6 912151821242730333639424548
Hiicum Agis1 ( a, ©)

)

Sekil 6. Modifiyeli ve diiz kanatlarin kaldirma katsayilarinin
karsilagtirilmas1 (Comparing lifting coefficients of
modified and baseline airfoils)

Sekil 6.’da 0° ile 45° arasindaki hiicum agilarinda Cp
degerleri gosterilmistir. Sekil 6.’dan acik¢a goriildiigi
tizere 0-18° hiicum acilar1 arasindaki degerlerde
modifiyeli kanat ile diiz kanat arasinda dikkate deger bir
performans farki gézlemlenmemistir. 16-33° arasindaki
hiicum agcilarinda ise diiz kanadin C_ degeri biitin
modifiyeli kanatlarin C_ degerinden daha yiiksektir.
Stall acisindan sonraki hiicum agilarinda ise diiz kanadin
CL degeri, ani bir sekilde azalma gozlemlenirken
modifiyeli kanatlarin stall sonrast Cp degerleri sabit bir
egilim gostermistir. Stall sonrast M1 kanat modelinin
ortalama Cy degeri diiz kanada gore %7,86 daha yiiksek
oldugu goriilmektedir. 46°°de bu deger en yiiksek
seviyeye ¢ikarak %14,75 oldugu tespit edilmistir. Ayrica

15 ile 23°°deki hiicum agilar1 arasinda 3 modifiyeli kanat

icin de C degerinde azalma gozlemlenmistir. Modifiyeli

Coziim Pressure-Based
Hiz 12 m/sn
Coziim Metodu Simple

kanatlar kendi aralarinda kiyaslandiginda ugak kanadinin

genligi azaldik¢a, C. degerinde daha kademeli bir egimle
azalma gergeklestigi belirlenmistir.

Momentum Second Order Upwind
Tiirbiilans Kinetik First Order Upwind
Enerji

Sekil 7.’de diiz kanat ile 3 modifiyeli kanadin 0 ile 45°
arasindaki hiicum  agilarinda Co degerleri

3. SAYISAL SONUCLAR VE TARTISMA
(NUMERICAL RESULTS & DISCUSSION)

Ayn1 dalga boyuna ve 3 farki genlige sahip modifiyeli
kanat ile diz NACA-0015 kanadi aerodinamik
performanslari agisindan incelenmistir. Yapilan analizin
sonuglar, hem diiz kanat hem de modifiyeli kanatlar
literatiirde elde edilen degerlerle benzer davranis
gostermektedir. Mizoguchi  vd., 0,5-1,5 en-boy
degerlerinde diiz kanat yapilarinin performanslari
incelemiglerdir. 1,1 AR sahip kanat yapis1 35° stall
degerine ulagmistir. Bizim ¢alismamizda stall degeri 34°
elde edilmistir. 1° fark Reynold ve kanat yapisindaki
farkdan kaynaklanmaktadir [30]. Modifiyeli kanat ile diiz

karsilastirilmistir. 0° ile 18° arasindaki hiicum agilarinda
biitin  kanat modellerinde  benzer  davraniglar
gozlemlenmistir. 18-33° arasindaki hiicum agilarinda
modifiyeli kanatlarin diiz kanada gore Cp degeri daha
diigiiktiir. Her bir hiicum agis1 i¢in, M1 kanadi ile diiz
kanadin Cp degerleri karsilastirildiginda, M1 kanadmn
diiz kanada gore %12,57 daha disik bir Cp degerine
sahip oldugu tespit edilmistir. 34°’den sonra diiz kanat
icin stall ger¢eklesmesiyle birlikte diiz kanadin Cp
degeri, biitiin modifiyeli kanatlarin Cp degerinden daha
distiktiir. 34-46° arasindaki hiicum agilarinda Ml
kanadimin Cp degeri diiz kanadindan %9,79 daha
yiiksektir.
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Sekil 7. Modifiyeli ve diiz kanatlarin siirtiinme katsayilarinin
karsilagtirilmas1 (Comparing lifting coefficients of
modified and baseline airfoils)

Sekil 8.’de 0° ile 45° arasindaki hiicum agilar1 igin
acrodinamik verim grafigi ¢izilmistir. Sekil 7.
yorumlandiginda 0-22° arasindaki hiicum agilarinda diiz
kanat ile M1 kanadi benzer davranmig gostermislerdir.
Ayni hiicum agilarinda M2 ve M3 modifiyeli kanatlar
diiz kanatla kiyaslandiginda aerodinamik verimleri daha
diistiktiir. 22-34° agilar1 arasinda diiz kanadin modifiyeli
kanatlara  gore belirgin  bir avantaji  oldugu
gozlemlenmistir. 34-46° arasindaki hiicum agilarinda en
yiiksek C/Cp degeri M1 modifiyeli kanada aittir. Stall
sonrast her bir hiicum agis1 i¢gin M2 kanadi ile diiz
kanadin aerodinamik degerleri oranlanip, ortalamasi
alindiginda M1 kanadi diiz kanada gore %3,81 daha iyi
bir degere sahip oldugu ortaya ¢ikmustir.
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Sekil 8. Modifiyeli ve diiz kanatlarin aerodinamik verimle-
rinin  kargilastirilmasi  (Comparing aerodynamic
efficencies of modified and baseline airfoils)

Sekil 6., 7. ve 8.’de elde edilen sonuglar1 daha net bir
sekilde yorumlayabilmek i¢in her bir kanadin 3 farkli
hiicum acisinda hiz vektdrleri ve basing gradyanlari
incelenmisgtir. Belirlenen 3 farkli hiicum agist sirasiyla
18°, 33° ve 46°'dir. Kanat performansinin, belirlenen
hiicum agilarinda genel olarak C. degerinde degisiklik
gosterdigi gdzlemlenmistir.

2320401
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422603

017
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ANSYS Fluent 14.5 (s&',upg:'x,z
Sekil 9. Hiicum agis1 18°’de M1, M2, M3 ve diiz kanat
profilindeki a) g¢ukur ve b) tepe bolgelerdeki hiz
vektorleri ( Attack of angle M1, M2, M3 and baseline

at 18° a) trough and b) peak region velocity vectors)

Velocity Vectors Colored By Velocity Magnitude (m/s)

Sekil 9.’da 4 kanadin hiicum agist 18°°de hiz vektorleri
verilmistir. 18°’de diiz kanat iizerinde akis ayrilmasim
heniiz baslamadigr goriilmiistir. M1 kanadinin hem
cukur hem de tepe bolgesinde akis ayrilmasinin
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baglamadigi ve bu yiizden diiz kanatla benzerlik
gosterdigi gbzlemlenmistir. Bu beklenen bir durumdur
clinkii sekil 6.’da 18° kadarki hiicum agilarinda her iki
kanadin hemen hemen ayni egimle hareket ettigi
goriilmektedir. M2 kanadinin tepe bolgesinde itibaren
yesil renkli vektorlerin (12 m/sn hiz degeri) yukar1 yonlii
bir hareket gergeklestirdigi ve kanat yiizeyinden
uzaklastigi goriilmektedir. Akisin kanat yiizeyinden
ayrilmasi, veter boyunca laminar ayrisma bolgeleri
olarak tamimlanan kiiciik girdaplar olusturmaya
baslamistir. M2 kanadinin gukur bolgesinde yesil renkli
vektorlerin, veter uzunlugunun %30’ una kadarki kismina
yogun bir sekilde tutunmustur. M2 kanadinin ¢ukur
bolgesi kisminda akisin neredeyse tamamina yakini kanat
iizerinden ayrilmig olmasimna ragmen tepe boliimiinde
akis kanat yiizeyine tutunamamasindan dolay1 kismi stall
gerceklesmistir. Kismi stall, stall’dan fark: olarak akis,
kanat yiizeyinin tamamindan degil sadece belirli
bolgelerinde ayrilmasi olarak tanimlanabilir. Akis ¢ukur
bolgedeki ayrigmanin yogun olmasinda dolayr M2
kanadi ve M1 kanadina nazaran daha disiik bir a¢ida
kismi stall gergeklesmistir. M3 kanadinin tepe bdlgesi
incelendiginde akis, veter uzunlugunun %35’ine kadar
olan bolgede kanat ylizeyine tutunmakta daha sonra
laminar ayrilma bolgesi olusmakta ve akis ayrilmasi
baglamaktadir. M3 kanadinin g¢ukur bdlgesinde ise
hiicum kenart ile 0,1c uzunlugu arasindaki kii¢iik
Olcekteki bir alanda laminar ayrilma bdlgesi olusmakta,
daha sonra akig tekrar 0,1c ve 0,3c arasindaki bolgede
kanat yilizeyine tutunmaktadir. 0,3c’dan sonra ise akis
ayrilmasi tamamiyla gergeklesmektedir. Kanadin veter
uzunlugu boyunca, {i¢ farkli bolge olusmasi
inceledigimiz diger kanatlardan daha diisiik agida ancak
daha kademeli kismi stall olusturmasina sebep
olmaktadir. M1 kanadin hiicum kenar1 bélgesinde olusan
laminar ayrigma bdlgesi akisinin diger kanatlara gore
daha erken kismi stall olugmasina sebep olurken akisin
tekrardan tutunmasi ise stall acisi degerini kademeli
olarak gergeklesmesine sebep olmaktadir.
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Sekil 10. Hiicum agist 33°°de M1, M2, M3 ve diiz kanat
profilindeki a) ¢ukur ve b) tepe bdlgelerdeki hiz
vektorleri ( Attack of angle M1, M2, M3 and
baseline at 33° a) trough and b) peak region velocity
vectors)

Sekil 10.’da 4 kanat i¢in hiicum agist 33°’de hiz
vektorleri verilmistir. M1 kanadinin gukur kisminda akis
tamamen ayrilmis olmasina ragmen kanadin tepe
bolgesinde akis tutunmaya devam etmektedir. Ml
kanadina benzer olarak M2 kanadinin da g¢ukur
bolgesinde ¢ok biiyiikk bir bolgesinde akis ayrilmasi
gerceklesmistir. Ancak M2 kanadiin tepe bolgesinde
akis veter uzunlugunun %30’luk kismima kadarki
bolgede tutunmaktadir. %30°luk bu deger, 18° hiicum
acisindaki M2 kanadinin tepe bolgesiyle degerine ¢ok
yakindir. M1 kanadinin veter uzunlugunun %0,15- 0,2c
arasinda akis ¢ok kiiciik bir bolgede tutunmustur. Kanat
yiizeyine bu tutunma olay1 M2 kanadinda M1 kanadina
nazaran daha yumusak kismi stall olugsmasina sebep
olmaktadir. M3 kanadimin M2 kanadi ile hemen hemen
ayni kanat performansina sahip oldugu gozlemlenmistir.
Diiz kanat da ise sadece %20’lik kisminda akig
tutunmaktadir. %80°1ik kismi akis ayrigmasinin olmasina
ragmen Cp degerinin diger modifiyeli kanatlardan yiiksek
olmasmin temel sebebi diiz kanadin, kanat uzunlugu
boyunca tiim bolgelerinde akig ayni oranda tutunurken,
modifiyeli kanatlarin {izerinde sadece akis tepe
bolgelerinde tutunmaktadir. Akisin kanat yiizeyine
tutundugu boélgeler tiim kanat ylizeyine oranlandigimiz
zaman sadece akigin %45°nin kanat {izerinde tutundugu
goriilmektedir.
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Sekil 11. Hiicum agis1 46°’de M1, M2, M3 ve diiz kanat
profilindeki a) gukur ve b) tepe bolgelerdeki hiz
vektorleri (Attack of angle M1, M2, M3 and baseline
at 46° a) trough and b) peak region velocity vectors)

Sekil 11.’de 4 kanat i¢in 46°” deki hiicum agisinda hiz
vektorleri verilmistir. Biitiin modifiyeli kanatlarin ¢ukur
bolgelerinde  akis  ayrilmast  sekilden  agikga
goriilmektedir. M1 kanadinin tepe bolgesinde diger iki
kanattan farkl olarak akis kanadin sadece %15 kismina
kadarlik bir bolgesinde tutunmaktadir. M2 ile M3
kanatlarinin tepe bolgelerinde benzer bir davranig
gostererek, akisin veter uzunlugunun yaklasik %30’luk
bolgesine kadarki bolgede akis kanat yiizeyine
tutunmaktadir. M1 kanadinin tepe bolgesindeki akisin
diger modifiyeli kanatlara gore hiicum kenar1 bolgesine
daha yakin bir bolgede tutunmasi, M1 kanadinin diger 2
kanada gore daha erken stall agisina ulasacagim
gostermektedir. Diiz kanat incelendiginde, akis kanadin

iist bolgesinden tamamen ayrilmustir. C &a grafiginde

46°‘de Cy degeri akis ylizeyde tutunamadiginde ,;

akim ¢izgilerinden kaynaklanmaz sadece basuiw, 1ain:
etkisinden kaynaklanir.

Diiz kanat

Sekil 12. 18°°deki hiicum agisinda M1, M2, M3 ve diiz kanat
profilindeki a) ¢ukur ve b) tepe bolgelerdeki basing
gradyanlart (Attack of angle M1, M2, M3 and
baseline at 18° a) trough and b) peak region pressure
gradients)

Sekil 12.’de 3 modifiyeli kanat ile diiz kanada ait hiicum
acis1 18°’deki basing gradyanlari gosterilmistir. Basing
gradyanlarini inceledigimiz sekillerde renk skalasindaki
koyu mavi en diisiik basinct ve koyu kirmizi renk en
yilksek basinci temsil etmekte, aradaki renkler ise
kademeli olarak basing degisimlerini gostermektedir. M 1
kanadinin tepe bdlgesi incelendiginde, hiicum kenarinin
iist kisminda yesil ve koyu lacivert, alt kisminda ise koyu
kirmizi renk olusmustur. M1 kanadiin gukur bolgesi
analiz edildiginde, hiicum kenarinin ist kisminda,
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kanadin tepe boliimiiniin iist kismina nazaran daha kiictik
bir alanda yesil bolge olusurken, alt kisminda da daha
kiiciik bir alanda kirmizi bir bolge olusmustur. Ml
kanadin ¢ukur bolgesindeki basing farki, tepe bolgesine
gore daha yiiksektir. M2 kanadimin cukur bdlgesi
yilizeyindeki, hiicum kenarinin st kisminda, kiigiik bir
alanda koyu lacivert ve yesil renk, alt kisminda ise kiigiik
bir alanda koyu kirmizi renk olugsmustur. M2 kanadinin
tepe bolgesinde incelendiginde, hiicum kenarinin {ist
kismin igin sadece sari, alt kisminda ise kirmizi bir alan
olugsmustur. M1 kanadinda tepe bdlgesinde olusan yesil
bolge M2 kanadinda olusmamustir. Sekil 6.’da 18° i¢in,
M1 kanadimin C. degeri, M2 kanadina gore daha yiiksek
olmas1 M1 kanadinin tepe bolgesin de M2 kanadina gore
daha fazla yesil alan olugsmasina ve M1 kanadinin ¢ukur
bolgesinde olusan yesil alanin, M2 bdlgesindeki ¢ukur
bolgede olugsmamasiyla agiklanabilir.

M3 kanadmin ¢ukur ve tepe bolgeleri gézlemlendiginde,
hiicum kenarinin 0,2¢’luk bolgesinin alt kisimdaki olugan
koyu kirmizi renk diger modifiyeli kanatlarin gukur ve
tepe bolgelerinde daha fazla bir alanda bulunmaktadir.
M3 kanadinin tepe ve gukur bolgelerinin iist kisimlarinda
ise diger modifiyeli kanatlarla kiyaslandiginda daha
kiictik bir alanda yesil renk bulunmaktadir. Bu durum
18°’deki hiicum agisinda M3 kanadinin C degerini diger
kanatlardan diisiik olmasini agiklamaktadir. Diiz kanadin
iist bolgesindeki yesil renkli kisim, diger modifiyeli
kanatlarin gore ¢cok daha biiyiiktiir. Yesil rengin bolgenin
diger kanatlara gore daha yiliksek alanda olmasi kanadin
st ve alt kismindaki basing farkinin da yiiksek
olmasindan kaynaklanmaktadir. 18°’de diiz kanadin alt
ve Uist yilizeylerinde basing farkini diger kanatlara nazaran
daha yiiksek olmasindan dolay1 da en yiiksek C. degeri
diiz kanatta olusmaktadir.

Sekil 13.” de 3 modifiyeli kanat ile diiz kanadin 33°°deki
hiicum agisinda basing gradyanlari gosterilmistir. 3

modifiyeli kanadin tepe bdlgelerinde basing granyanlari
incelendiginde, en yiiksek genlige sahip olan M3 kanadi,
en biiyiik olacak sekilde sirastyla M2 ve M1 kanatlarinin
hiicum kenarlarinin iist bolgelerinde yogun sekilde yesil
renk olugmustur. Sekil 10.’da daha Onceden de
gosterildigi lizere, hilcum kenarimin st kisminda olusan
laminar ayrigma bdlgeleri, yesil rengin olusmasinin temel

sebebidir. Laminar ayrisma bolgeleri stall agisii

azaltarak dezavantajli olarak goriinse de, kanat alt ve st

yilizeyindeki basing farkina artirmasina bunun sonucu

olarak da C. degerine artmasina sebep olmaktadir.

3 modifiyeli kanadin tepe bolgesindeki basing

gradyanlar1 analiz edildiginde, kanatlarin alt bdlge

yiizeylerinde yayilmis olan kirmiz1 renkli alan en yiiksek

M3 olacak sekilde sirastyla M2 ve M1 kanadina aittir.

Modifiyeli kanatlarin tepe kisimlarmin st yiizeyleri

incelendiginde ise en fazla koyu renge sahip kanat M1,

en az koyu renge sahip kanat ise M3’diir. Analizlilerin

sonucunda M3 kanadinin ist yiizeyinde ki yesil renkli

alanin diger kanatlardan diigsiik olmasina ragmen,

kanadin alt ylizeyinde kirmizi alanin diger modifiyeli

kanatlara gore daha yaygin bir bolgeye yayilmis

olmasindan dolay1 33°’deki en yiiksek Cp degeri M3

aittir. Diiz kanadin iist bolgesinde ise koyu lacivert bolge
olugurken, kanadin alt kisminda ise sadece kiigiik bir
bolgede koyu kirmizi renk olugmustur. Bu durum sekil
6.’daki sonuglarla uyumludur. Sekil 6.’da gortldigi
iizere 33°°de diiz kanat modifiyeli kanatlardan daha
yiiksek C degerine sahiptir.
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Sekil 13. Hiicum agist 33°°de M1, M2, M3 ve diiz kanat
profilindeki a) ¢ukur ve b) tepe bdlgelerdeki basing
gradyanlar1 (Attack of angle M1, M2, M3 and
baseline at 33° a) trough and b) peak region
pressure gradients)

Sekil 14.’de 3 modifiyeli kanat ile diiz kanadin hiicum
acist 46°’de basing gradyanlar1 gosterilmistir. M1
kanadinin {ist bélgesinin tamaminda koyu yesil renk alt
bolgede ise 0,2c’luk bir alanda koyu kirmizi renk
olusurken, M2 ve M3 kanatlarinin iist bolgesinde agik
yesil renk goriilmekte alt kisminda ise 0,15¢’luk bolgede
koyu kirmizi renk olugmaktadir. Renk dagilimlari
yorumlandiginda M1 kanadinin alt kisminda yiiksek
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basinct temsil eden kirmizi rengin ve kanadin {ist
kisminda algak basinci temsil eden yesil rengin diger
modifiyeli kanatlardan daha yiiksek olmasi, Ml
kanadinin alt ve iist bolgelerinde basing farkinin daha
fazla olmasina, dolayisiyla da 46°‘de modifiyeli kanatlar
icinde en yiksek Cp_ degerine ulasmasina sebep
olmaktadir. 46°°de diiz kanadin stall agisina
ulagmasindan dolay1 kanadin {ist bolgesinin tamamu sari-
yesil arast bir renk olusurken, alt kisminda modifiyeli
kanatlara nazaran daha kiigiikk bir bolgesinde koyu
kirmizi renk olusmustur.

M1 ve diiz kanat kiyaslandiginda diiz kanadin iist ve alt
bolgelerindeki basing farkt M1 kanadinin, diiz kanada
gore ¢ok daha yiiksek olmasindan dolay1 46°° de M1
kanadinin C, degeri daha ytiksektir.
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Sekil 14. Hiicum agis1 46°°de M1, M2, M3 ve diiz kanat
profilindeki a) gukur ve b) tepe bdlgelerdeki baging
gradyan1 Attack of angle M1, M2, M3 and baseline
at 33° a) trough and b) peak region pressure
gradients)
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4. SONUC (CONCLUSION)

Bu c¢alismada; modifiye edilmis NACA-0015 kanat
profili iizerinde tiiberkiil olarak isimlendirilen siniizoidal
yapilarin kanat performans: iizerindeki aerodinamik
karakteristikleri sayisal olarak incelenmistir. Elde edilen
sonuglar agagida maddeler halinde verilmistir.

- Yapilan analiz sonuncunda diiz kanada gore
modifiye edilmis kanatlar arasinda (M1, M2 ve
M3) en iyi performansi en diisiik genlige sahip
olan M1 kanadi saglamistir.

- Stall sonrasinda hiicum agilarinda diiz kanat ile
M1 kanadn Cp degerleri birbirleriyle
kiyaslandiginda M1 kanadinin diiz kanada gore
ortalama %7,86 daha biiyiik bir degere sahiptir
oldugu gézlenmistir. 46°’de iki kanat arasindaki
fark en yiliksek deger olan %14,75 ulagmistir.

- Stall oncesi bolgede diiz kanat ile modifiye
edilmis M1, M2 ve M3 kanatlan
kiyaslandiginda Cp degerleri sirasiyla % 8,33,
%2,2 ve %1,12 oraninda daha diisiik bir degere
sahip oldugu anlasilmistir.

- 34°den sonraki stall agilarinda biitiin kanatlar
icinde en diisiik Cp degerine M1 kanat yapisi
sahiptir. M1 kanadinin Cp degeri, diiz kanada
gore % 9,79 daha yiiksektir. Hiicum agis146°’ye
ulastiginda M1 kanadinin Cp degeri diiz
kanadin Cp degerinden arasinda ulagilabilecek
en yiiksek deger olan %12,57’ye ulastlmistir.

- Sonuglar genel degerlendirildiginde C. ve Cp
acisindan, stall sonrasi siiregte aerodinamik
verim performansinda M1 kanadimin diiz
kanada gore %3,81 degerinde iyilestirme
olmustur. Bu durum hem riizgar tiirbini kanat
yapist  hemde ugak kanat yapilarinin
aerodinamik performansi agisindan olumlu
performans gosterdigi gézlemlenmistir.

SEMBOLLER (NOMENCLATURE)

w Kanat dalga boyu
a Kanat genligi
c Kanat veter uzunlugu
CL Kaldirma katsayist
Co Siirtiinme katsayisi
Cu/Co Aerodinamik verim
M1 Modifiyeli kanat 1
M2 Modifiyeli kanat 2
M3 Modifiyeli kanat 3

v Havanin viskozitesi
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oz

Bu ¢alismada Diizce ili i¢in Devlet Meteoroloji Genel Miidiirliigii’nden temin edilen son otuz iki yilin meteorolojik veri seti
kullanilmigtir. Bu veri seti ile 1sitma sezonundaki her ay i¢in otuz iki yillik dis hava sicaklik dagilimlari bulunmustur. Dis hava
sicaklik dagilimlari baz alinarak sezondaki her ay i¢in on bir farkli i¢ ortam referans sicakligina (18-28°C) gore Diizce ili 1sitma
derece saat (IDS) degerleri hesaplanmistir. Bu ilimizde secilen i¢ ortam referans sicakliginin 1-11°C {izerinde veya altinda olmas1
durumunda enerji talebindeki artigin veya azalmanin oransal olarak degisimi hesaplanmustir. Ayrica ilimizdeki son otuz iki yillik
periyot gz Oniine almarak IDS degerinin yillara gore degisimi ve kiiresel 1sinma miktar1 belirlenmistir. Bu ¢alisma Diizce’deki
1s1tma sistemleri kullanicilarinin 1sitma amagli enerji tiiketimi ve ¢evre hava kirliliginden dolay1 olusan kiiresel 1sinma konusunda
bilinglendirecegi ve 1sitma sistemleri i¢in cihaz lireten sanayiciler ile bu alanda calisan akademisyenlere yardimci olacagi
diigtiniilmektedir.

Anahtar Kelimeler: Diizce ili, 1sitma derece saat, i¢ ortam referans sicakhigl, enerji degisimi, kiiresel 1sinma.

Investigation of Energy and Emission Change for
House Heating with Context of Global Warming in
Diizce/Turkey

ABSTRACT

In this study, the last thirty-two year meteorological data set obtained from the General Directorate of State Meteorology for the
city of Diizce/Turkey was used. With this data set, thirty-two year outdoor temperature distributions were found for each month in
the heating season. Based on the outside air temperature distributions, the values of the heating degree hour (HDH) of Diizce are
calculated for each of the eleven different indoor ambient reference temperatures (18-28 °C). In this case, if the selected indoor
ambient reference temperature is above or below 1-11 °C, the increase or decrease in the energy demand is calculated
proportionally. In addition, considering the last thirty-two year period in the city, the change of HDH value according to years and
the amount of global warming have been determined. This study is thought that users of heating systems in Diizce will be aware
of the energy consumption for heating and global warming caused by environmental air pollution and will help academicians
working in this field with industrialists producing heating systems.

Keywords: Diizce province, heating degree hour, indoor reference temperature, energy change, global warming.

1. GiRiS (INTRODUCTION) Yeryiizinde her yil yaklasgtk 207 milyar ton
karbondioksit bitkilerin, hayvanlarin ve topragin

solumasi, fosil yakitlarin kullanilmasi, ormansizlastirma
ve okyanus atmosfer etkilesimi yilizinden atmosfere
salinmakta; kara bitkilerinin fotosentezi ve yine okyanus,
atmosfer etkilesimi nedeniyle de yaklasik 204 milyar ton
karbondioksit atmosferden her yil ¢ekilmektedir. Bu
durumda her yil 3 milyar ton dolayinda karbondioksit
atmosfere eklenmektedir. Bu da aslinda insanlarin fosil
yakit kullanimi sonucunda atmosfere salinan karbon
dioksit miktarina esit olmaktadir. Her yil atmosfere
*Sorumlu Yazar (Corresponding Author) eklenen _bu 3 mil_yar ton karbondioksit atmosfere sal}nan
e-posta : mustafaerturk65@gmail.com karbondioksit miktarin1 5-10 kat artirarak 750 milyar
tona ulagtirmistir [1].

Sanayi devrimiyle makinalar1 tahrik eden gii¢
sistemlerinde enerji kaynag olarak fosil yakit
kullanilmasi hizla artan diinya niifusu ve refah diizeyi de,
enerjiye olan talebi her gecen giin artirmaktadir. Fosil
tiirii yakitlarin yeniden olugsmasina gore enerji talebinin
cok hizli olmasi bu yakit rezervlerinin siirekli olarak
azalmasma sebep olmaktadir. Bas dondiiriicii hizla
tiiketilen fosil yakitlar atmosfer havasinin kirlenmesine
ve diinyanin kiiresel olarak 1sinmasina neden olmaktadir.
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Diinya enerji konseyi (WEC), gelecekteki enerji
ihtiyacinin ~ karsilanmast  i¢in  bir ka¢ senaryo
yaymlamistir. Tim senaryolar oOzellikle de gelisen
iilkeler i¢in sosyal ve ekonomik gelisme saglanmasi igin
olusturulmustur. 1990-2050 arasinda birincil enerji
tilketiminin en iyi ¢evresel sartlar diistiniildiigiinde %50
oraninda artabilecegi ifade edilmistir. En yiiksek biiyiime
orani senaryosu disiiniildiigiinde ise bu tiiketimin %275
civarinda artabilecegi ortaya konmusgtur [2].

Yukarida bahsedilen siirecle birlikle degerlendirildiginde
binalardaki enerji tiiketiminin azaltilmasi dort baslik
altinda degerlendirilebilir. (i) Isitma ve sogutma
yiiklerinin azaltilmasi: hem aliskanliklarin degistirilmesi
hem de yalitim yapilmasi (ii) Daha verimli isitma ve
sogutma sistemleri kullanimi; havalandirma ve
iklimlendirme tesisatinin iyilestirilmesi ve otomasyon
sistemlerin  kullanilmas1. (iii) Elektrik tiiketiminin
azaltilmast i¢in daha verimli cihazlar kullanilmasi. (iv)
Binalarda yenilenebilir enerji kullaniminin artirilmasi
(3.

Mabhallerin 1sitilmasina yonelik mevsimsel enerji ihtiyaci
ve buna bagli yakit tiikketimi, 6nceden belirlenmis mimari
tasarim, binalarin malzeme karakteristikleri,
meteorolojik sicaklik 6lgiimleri ve bdlge niifusuna bagli
olarak belirlenebilir. Belirli bir zaman araliginda bir
mahalin 1sitilmasina yonelik enerji ihtiyacini dngdrme
yontemlerinden birisi, derece zaman yontemidir.
Yontem, bir mahalin enerji ihtiyacinin i¢ ve dis
ortamlarin sicaklik farki ile dogru orantilt oldugunu
kabul etmektedir. Enerji hesaplamalari, dis ortam
sicakliginin, denge sicakligi olarak tanimlanmis bir
sicakliktan daha diisiik oldugu siireler boyunca
gerceklestirilir [4].

Bu calismada Diizce ili 1sitma yiiklerinin azaltilmasi
amaciyla, i¢c ortam sicakligindaki degisimin etkisi
kapsamli bir sekilde analiz edilmistir.

2. MATEMATIKSEL YONTEM
(MATHEMATICAL METHOD)

Derece zaman yontemiyle ilgili ti¢ farkli (bin, derece giin,
derece saat yontemi) statik yontem ve binanin dinamik

davranisina gore yapilan hesaplamalarda kullanilan
dinamik yontemler literatiirde bulunmaktadir. DS
yontemiyle binalarin 1sitilmast veya sogutulmasi igin
gerekli enerji kolaylikla tahmin edilebilir. Derece saat
yonteminde, oncelikle belirli bir denge noktasina gore
derece saat degerlerinin tespit edilmesi gerekmektedir.
Bunun i¢inde bir yil i¢erisinde toplam 8760 saatlik 61¢iim
degerlerinin olmasi gerekir. Denge noktasi sicakligi, bir
binada isitmaya ihtiyag duyulmadigi durumdaki dis
ortam sicakligidir. Denge sicakligi genelde, yalitimsiz bir
bina i¢in 1sitmada 18°C sogutmada 22°C denge sicaklig
igin hesaplanir [5-7]. Bu ¢alismada derece saat (DS)
yontemi kullanilmistir.

Isitma derece saat (IDS) degerleri asagidaki denklemle

belirlenir [8].

IDS = (1 saat) Ysaatier(Tp — Td)+
IDS: Isitma derece saat [°C-saat]

M)

Tp: Saatlik i¢ ortam sicakligi [°C]
Tq: Saatlik dis ortam sicakligi [°C]

Sogutma derece saat (SDS) degerleri

denklemlerle belirlenir [8].

SDS = (1 saat) Ysaatier(Ta — Tb)+
SDS: Sogutma derece saat [°C-Saat]

Denklemler 1 ve 2’deki parantezin {izerindeki ‘4 isareti

asagidaki

)

sadece  pozitif degerlerin  hesaba  katilacagini
gostermektedir.
IDS veSDS’leri kullanilrak, aylik veya yillik 1sitma
enerjisi  (Q,), sogutma enerjisi gereksinimi (Qs)
gereksinimi, kWh olarak asagidaki denklemlerden
hesaplanabilir.
— Keop x
Q= n IDS (1000) ®)
— Keop L
Qs = cop 5(1000) )

Ktop: Binanin toplam 1s1 transfer katsayis1 [W/°C]
n: Binada kullanila 1sitma sistemi verimi [%]

Qu: Isitma enerjisi gereksinimi [kWh]

Qs: Sogutma enerjisi gereksinimi [kWh]

Cizelge 1. Diizce 1sitma sezonundaki aylara gore sezonluk IDS degerleri [9] (Seasonal IDS values by month in heating
season for Diizce [9])

Referans; Sicaklik D:jaCrE Isitma Derece-Saat
[0°C) Ocak [ Subat | Mart | Nisan | Ekim [ Kasim | Aralik ool

Aylarim toplam i¢indeki yiizdelik dagilimi [%]) oplam
18 18,4 174 14,2 9,0 8,2 14,1 18,7 56506
19 18,1 17,2 14,2 9,3 8,6 14,2 18,5 61521
20 17,8 16,9 14,2 9,6 9,0 14,3 18,3 66610
21 17,5 16,7 14,1 9,9 9,3 14,4 18,1 71758
22 17,3 16,6 14,1 10,1 9,6 14,4 17,9 76958
23 17,1 16,4 14,1 10,3 9,9 14,5 17,7 82198
24 16,9 16,2 14,1 10,5 10,2 14,5 17,6 87469
25 16,7 16,1 14,1 10,7 10,4 14,5 17,5 92763
26 16,5 16,0 14,1 10,9 10,7 14,6 17,3 98076
27 16,4 15,9 14,1 11,0 10,9 14,6 17,2 103401
28 16,2 15,8 14,1 11,1 11,1 14,6 17,1 108734
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2.1. Hesaplama Yontemi ve Analiz
(Calculation Method and Analysis)

Bu calismada Diizce ili i¢in Devlet Meteoroloji Genel
Midirliigi'nden temin edilen son otuz iki yilin
meteorolojik veri seti kullanilmistir. Bu veri seti ile
1sitma sezonundaki her ay i¢in otuz iki yillik dis hava
ortalama sicaklik dagilimlart bulunmustur. Dis hava
sicaklik dagilimlar1 baz alinarak visual basic tabanlt
yazilimla sezondaki her ay igin on bir farkli i¢ ortam
referans sicakligina (18-28°C) gore Diizce ili 1sitma
derece saat degerleri hesaplanarak Cizelge 1°de on bir

Yiizdelik Dagilim (%)

-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0 2 4 06

farkli i¢c ortam referans sicakligina (18-28°C) gore
toplam sezonluk IDS degerleri ve sezondaki aylarin IDS
degerleri oransal olarak verilmistir. Bu Cizelge
degerlerindeki sezonluk IDS degerlerindeki degisim
Sekil 3’te ¢ubuk grafik olarak verilmistir. Ayrica bu
yazilimla Sekil 1’deki 1sitma sezonundaki dis hava
sicaklik dagilimi, Sekil 2°de Isitma sezonu i¢in yillara
bagli ortalama sicaklik degisimi, Sekil 3’te 1sitma
sezonundaki dis hava sicakligindaki degisim trendi ve
Sekil 4°te dis hava sicaklik degisim trendine bagli olarak
IDS degerindeki degisim trendi belirlenmistir.

Isitilmayan bolge

8 10 12 14 16 18 20 22 24 206 28 30 32 34 36 38

Dis Sicaklik (C)
Sekil 1. Diizce 1sitma sezonu igin dig hava sicaklik dagilimi (Outside temperature distribution for heating season in Diizce)
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Sekil 2. Isitma sezonu igin yillara bagl ortalama sicaklik degisimi (Average temperature change over years for heating season)

2.1.1. Diizce i¢in dis sicaklik dagilim degerinin tespiti
(Determination of outer temperature distribution
value in Diizce)

Diizce meteorolojik veri seti gelistirilen yazilima
aktarilarak 1sitma sezonu dis sicaklik dagilimlar her ay

i¢in tespit edilmistir. Diizce ilinde 1sitma sezonu Kasim
ayinda baglamakta Nisan ay1 sonunda sonlanmaktadir.
Sezonluk ortalama dig hava sicaklik dagilimi Sekil 1°de
verilmigtir.
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2.1.2. Diizce 1sitma sezonu i¢in otuz iki yilhk
ortalama sicakhk degisimi (Thirty-two year
average temperature change for the heating season
in Diizce)

Otuz iki yillik siire¢ g6z 6niine alindiginda 1sitma sezonu

i¢in ortalama dis sicaklikta 0,5248°C mertebesinde bir

sicaklik artis1 meydana gelmistir. Isitma sezonu i¢in dis

120000

sicaklik 6,2°C’den  6,72°C’ye ¢ikmustir. Dig sicakliktaki
artisin bir neticesi olarak IDS degerlerinde bir azalma
meydana gelmektedir. Sekil 2°de azalma egilimi agik bir
bicimde goriilmektedir. IDS degerinin tespiti noktasinda
i¢ ortam referans sicaklik 22,6°C almmustir. 32 yillik
stiregte IDS degerinde toplamda 2838 derece-saat bir
azalma meydana gelmistir. Bu azalma %3,2’ye tekabiil
etmektedir.
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Sekil 3. Farkli i¢ ortam referans sicakligina gore IDS degerleri (IDS values according to different indoor reference temperature)
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Sekil.4 incelenen dénem igin IDS degerindeki degisim (Change in value of IDS for the period analyzed)

3. DUZCE IDS DEGERLERININ ANALIZi
(ANALYSIS OF DUZCE IDS VALUES)

Diizce meteorolojik veri seti ile yapilan analiz
sonuglarina gore IDS degerleri Cizelge 1°de verilmistir.
Cizelgeda 1sitma sezonu (ekim, kasim, aralik, ocak,
subat, mart, nisan) aylar1 ve 11 farkli (18-28°C) i¢ ortam

referans sicakligia gore IDS degerleri hesaplanmustir.
Bu IDS degerlerinin Diizce’de yasayanlar tarafindan
daha iyi anlagilabilmesi i¢in termodinamik Cizelgelara
(Cizelge 2 ve Cizelge 3) ve Sekil 3’e donistiirillmiigtiir.
Cizelgel incelendiginde on bir farkli (18-28°C) i¢ ortam
referans sicakligi ve sezondaki her ay i¢in IDS degerleri
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ayrintili olarak gorilmektedir.

Sezonluk IDS degerlerine gore, 11 farkli i¢ ortam
referans sicakligi dikkate alinarak IDS degerlerindeki
degisim Sekil 3’te gosterilmistir. Bu sekilde 18-28 °C i¢
ortam referans sicakligindaki degisimin her £1°C igin
yaklagik 5000 DS degisim oldugu goriilmektedir. 23-
18°C i¢ ortam referans sicakliklar1 arasindaki oransal
degisimin daha fazla oldugu dikkat ¢ekmektedir. Bu
durumun daha iyi anlagilmasi i¢in i¢ ortam sicakligindaki
degisime bagli olarak enerji ihtiyacindaki oransal
degisim Cizelge 2’de verilmistir.

3.1. Derece-Saat Degisim Trendinin Tespiti
(Identifying the Trend of Degree-Hour Change)

Diizce i¢in 32 yillik dis sicaklik dagilimi incelenerek
yillara bagli derece-saat degerlerindeki degisim trendi
tespit edilmistir. Isitma sezonu i¢ dis sicakliktaki degisim
yillara bagli olarak Sekil 4’te sunulmustur.

Diizce i¢in 1sitma donemindeki ortalama dis sicaklik
degeri 8,93°C’den 32 yillik siire¢ sonrasinda 0,2°C’lik
artigla 9,13°C degerine ulasmustir. Diistik olsa da 1sitma
donemindeki dig sicaklik degerinde bir artis meydana
gelmistir. Bu durum 1sitma sezonunda Diizcenin
0,4357°C kiiresel olarak 1sindiginin gostergesidir. Bu
artigin etkisiyle IDS degerinde 695 °-saat diisiis meydana
gelmistir. Sekil 4’te azalma egilimi acgik bir bigcimde
goriilmektedir.

3.2. Farkh i¢c Ortam Sicakhigimn Enerji Talebine

Etkisi (Effect of Different Indoor Temperature on
Energy Demand)

Sekil 3’te onbir farkli i¢ ortam referans sicakligina gére

stitun ve satir rakamlarinin kesistigi yerin sifir oldugu
goriilmektedir. 0,0 degerinin alt ve iist tarafina bakilarak
enerji talebindeki oransal artis ve azalma net olarak
goriilmektedir. Bu Cizelgeda RIOS’a gore, DIiOS
yiiksek secildiginde degisimin oransal olarak arttig1
pozitif say1r olarak, RiOS’a gore, DIIOS diisiik
secildiginde ise degisimin oransal olarak azaldigi negatif
say1 olarak goriilmektedir. Ornek olarak RIOS 23°C iken
DIiOS 27°C’ye ¢ikarilmasi istendiginde enetji talebinin
%25,8°lik artign, RIOS 22°C  iken 20°C’ye
distiriildiigiinde ise enerji talebinin %19’luk azalacagi
goriilmektedir.

Cizelge 2°de oransal olarak verilen enerji degisiminin
daha net anlasilabilmesi i¢ini degisim visual basic tabanli
yazilimla sayisal olarak diizenlenip Cizelge 3’te
verilmistir. Cizelge 3 incelendiginde; RiOS’a gore
DIIOS biiyiik segilirse enerji talebinin arttigi, RIOS na
gore DIIOS kiigiik segilirse degisimin say1 olarak
azaldig1 gorilmektedir. Misal olarak Cizelge 3’te
goriilecegi iizere RIOS 22°C iken DIIOS 25°C’ye
¢ikarilmasi istendiginde IDS degeri 26443 DS artmakta,
RIOS 22°C iken DIIOS 20°C’ye diisiiriilmesi
istendiginde IDS degeri 10348 DS azalmaktadir.

4. SONUC VE ONERILER
(CONCLUSION AND RECOMMENDATIONS)

Bu calisma 11 farkli i¢ ortam sicaklifina gore 1sitma
amagcli enerji ihtiyaglarin1 Diizce igin tahmin eden ilk
calisma olup literatiire kazandirilmigtir. Caligmada bu
ilin IDS degerleri, 1sitma sezonundaki aylarin dig hava
sicaklik dagilimlarina gére hesaplanarak son derece

Cizelge 2. RIOS’a gore IDS degerinin yiizde olarak degisimi [10] (Percentage change in IDS value according to RIOS [10])

DUZCE
Diios RIOS [°C) IDs

[°C] 18 19 20 21 22 23 24 25 26 27 28 | [*Csaa]
18 0,0 -8,2 -152 | -213 | -266 | -313 | -354 | -39,1 | 424 | -454 | -480 | 56506
19 8,9 0,0 76 | -143 | -201 | -252 | -29.7 | -33,7 | -37,3 | 405 | -434 | 61521
20 17,9 8,3 0,0 72 | -134 | -190 | -238 | -282 | -321 | -356 | -38,7 | 66610
21 27,0 16,6 77 00 | -68 | -127 | -180 | -226 | -268 | -30,6 | -340 | 71758
22 36,2 251 155 72 0,0 64 | -120 | -170 | 215 | -256 | -292 | 76958
23 455 33,6 234 | 145 | 68 0,0 60 | -114 | -162 | -205 | -244 | 82198
24 54,8 42,2 313 | 219 | 137 | 64 00 | -57 | -108 | -154 | -19,6 | 87469
25 64,2 50,8 393 | 293 | 205 | 129 | 61 0,0 54 | -103 | -14,7 | 92763
26 73,6 59,4 472 | 367 | 274 | 193 | 121 | 57 00 | 51 | -98 98076
27 83,0 68,1 552 | 441 | 344 | 258 | 182 | 115 | 54 0,0 -49 | 103401
28 92,4 76,7 632 | 515 | 413 | 323 | 243 | 172 | 109 | 52 0.0 | 108734

verilen IDS degerleri visual basic tabanli yazilimla e i¢
ortam sicakligindaki +1°C farkin 1sitma enerji
talebindeki oransal degisim hesaplanmistir. Yazilim
sonuglart Cizelge 2°de verilmistir. Bu Cizelgenun 1 inci
stitununda degistirilmesi istenen i¢ ortam sicakligi
(DIiOS), i¢ siitunlarda referans alinacak i¢ ortam
sicakligi (RIOS) son siitunda ise IDS degerleri
gosterilmistir. Cizelge 2°de DIIOS ile RIOS’un ayni

kullanim1 basit Cizelgelar haline getirilmistir. Ayrica
1sitma  sistemlerinde i¢ ortam sicakligindaki 1°C
degisime bagli olarak enerji tiiketimi; oransal ve sayisal
degisimi arastirilip termodinamik Cizelgelar gibi farkh
bir yaklasim getirilerek 1sitma amagli i¢ ortam
sicakliginin enerji tiiketimi tizerindeki etkisi ayrintili
olarak aciklanmistir
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Cizelge 3. RIOS’a gore IDS degerinin sayisal degisimi (Numerical change of IDS value according to RIS)

DUZCE

RIOS DIiOS [°C] IDS
[°C] 18 19 20 21 22 23 24 25 26 27 28 [°C saat]
18 0 5015 | 10104 | 15252 | 20452 | 25692 | 30963 | 36257 | 41570 | 46895 | 52228 | 56506
19 -5015 0 5089 | 10237 | 15437 | 20677 | 25948 | 31242 | 36555 | 41880 | 47213 | 61521
20 -10104 | -5089 0 5148 | 10348 | 15588 | 20859 | 26153 | 31466 | 36791 | 42124 | 66610
21 -15252 | -10237 | -5148 0 5200 | 10440 | 15711 | 21005 | 26318 | 31643 | 36976 | 71758
22 -20452 | -15437 | -10348 | -5200 0 5240 | 10511 | 15805 | 21118 | 26443 | 31776 | 76958
23 -25692 | -20677 | -15588 | -10440 | -5240 0 5271 | 10565 | 15878 | 21203 | 26536 | 82198
24 -30963 | -25948 | -20859 | -15711 | -10511 | -5271 0 5294 | 10607 | 15932 | 21265 | 87469
25 -36257 | -31242 | -26153 | -21005 | -15805 | -10565 | -5294 0 5313 | 10638 | 15971 | 92763
26 -41570 | -36555 | -31466 | -26318 | -21118 | -15878 | -10607 | -5313 0 5325 | 10658 | 98076
27 -46895 | -41880 | -36791 | -31643 | -26443 | -21203 | -15932 | -10638 | -5325 0 5333 | 103401
28 -52228 | -47213 | -42124 | -36976 | -31776 | -26536 | -21265 | -15971 | -10658 | -5333 | O 108734

. Diizce igin 1sitma donemindeki ortalama dis hava
sicaklik degeri 32 yillik siire¢ sonrasinda 0,2°C artmuistir.
Bu durum i1sitma sezonunda Diizcenin 0,2°C kiiresel
olarak 1sindigmin gostergesidir. Bu artisin etkisiyle IDS
degerinde 695 derece saat bir diigme meydana gelmistir.

Son otuziki yillik meteorolojik verilerin ayrintili olarak
analiz edilmesi sonucunda Diizce ilinin dis hava
sicakliginin artma egiliminde oldugu, bu egilime bagh
olarak IDS degerinde azalma oldugu ortaya c¢ikmistir.
Calisma sonuglar1 gostermektedirki TS 825° ,deki
(binalarda 1s1 yaliim kurallar) dis hava sicaklik
dagilimlar1 acilen her il i¢in gilincellenerek 1sitma ve
sogutma  uygulamalarinda  kapasite  hesaplarinda
kullanilan dis hava sicakliklari tespit edilmelidir. Sayet
bu giincelleme yapilmazsa kiiresel olarak isinan illerde
1sitma sistemleri donanimlarinin (kazan, pompa, 1sitici,
boru cap1 vb) bilyiik segilmesine, isletme ve ilk yatirim
giderlerinin artmasina neden olacaktir. Sogutma
uygulamalarinda ise sogutma doéneminde dis hava
sicakliginin yiikselmesi sogutma ekipmanlarinin yetersiz
kalmasia ve konfor sartlarinda problem olusturmasina
neden olacaktir.

Bu yaklagimm Diizce 1sitma ve sogutma sistemleri
kullanicilari, sanayicileri, ve akademisyenler i¢in pratik
bir kaynak olacagi diisiiniilmektedir.

SIMGELER VE KISALTMALAR
(NOMENCLATURE)

DS Derece saat [°C-saat]

IDS Isitma derece saat [°C-saat]

Ktop Binanin toplam 1s1 transfer katsayis1 [W/°C]
Q. Isitma enerjisi gereksinimi [kWh]

Qs Sogutma enerjisi gereksinimi [KWh]

SDS Sogutma derece saat [°C-saat]

To Saatlik i¢ ortam sicakligi [°C]

Tq Saatlik dis ortam sicakligi [°C]

n

Binada kullanila 1sitma sistemi verimi [%]

DIIOS Degistirilmesi istenen i¢ ortam sicaklig [°C]

RIOS

Referans alinacak i¢ ortam sicakligi [°C]
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Kay (Fagus orientalis Lipsky) Odununun Yiizey
Ozelliklerine Nano-Grafen Katkili Su Bazli
Verniklerin Etkisi

Arastirma Makalesi / Research Article

Hiiseyin PELIT", Mustafa KORKMAZ
Teknoloji Fakiiltesi, Agac Isleri Endiistri Miithendisligi Boliimii, Diizce Universitesi, Tiirkiye
(Gelis/Received : 17.11.2017 ; Kabul/Accepted : 10.12.2017)
oz

Bu ¢aligmada, nano-grafen (NG) ile modifiye edilmis su bazli vernik uygulanan kaym (Fagus orientalis Lipsky) odunu drneklerinin
yiizey parlaklik, piiriizliiliik, sertlik ve renk degisimi ile vernik yapisma direnci 6zellikleri arastirilmigtir. Su bazli vernik igerisine,
agirlikga %0.25, %0.50 ve %1 NG eklenmis ve ardindan hazirlanan vernik ¢ozeltisi 6rnek yiizeylerine uygulanmustir. Arastirma
sonuglarina gore, vernik igerisine eklenen NG miktarindaki artigsa bagli olarak orneklerin yiizey parlaklik degerleri azalmus,
plriizliligh ise bir miktar artmistir. Diger taraftan, NG miktarmdaki artis sonucu kaym orneklerdeki vernik yapisma direncinde
%25’e kadar 6nemli artiglar saglanmustir. Vernik uygulamalarindan sonra 6rneklerin yiizey sertlik degeri artmustir. Ancak, sertlik
artisinda NG’in etkisi ongoriilenin aksine dnemsiz bulunmustur. Ayrica, NG katkis1 ve miktarindaki artis sonucu 6rneklerin L*, a*
ve b* renk degerleri 6nemli oranda azalmistir. Ornekler koyulasmis ve yesil-mavi renk egilimi artmustir. Sonug olarak, su bazl
vernikte yiiksek yapigma direncinin saglanmasinda ve aga¢ malzemenin koyu tonlarda renklendirilmesinde NG’in
degerlendirilmesi Onerilebilir.

Anahtar Kelimeler: Yiizey o6zellikleri, aga¢c malzeme, vernik, grafen.

Effect of Water Based Varnishes Added Nano-
Graphene on the Surface Properties of Beech (Fagus
orientalis Lipsky) Wood

ABSTRACT

In this study, surface glossiness, roughness, hardness, color change, and varnish adhesion resistance properties of beech (Fagus
orientalis Lipsky) wood samples coated with nano-graphene (NG) modified water based varnishes were investigated. 0.25%, 0.50%
and 1% by weight of NG were added to the water-based varnish and the prepared solution was applied to the samples surfaces.
According to the results of the research, the surface glossiness of the samples decreased and the roughness values increased slightly
due to the increase of NG in the varnish. On the other hand, the increase in the amount of NG provided significant increases in
varnish adhesion resistance up to 25%. The surface hardness value of beech samples increased up to 13% after varnishing. However
in contrast to the predicted, effect of NG on hardness values was found to be insignificant. On the other hand, the values of L*, a*
and b* decreased significantly with the increase of NG ratio. The samples were darkened and the green-blue color tendency of the
samples increased. As a result, it may be recommended that NG addition can be prefer in the water based varnishes to provide high
adhesion strength and in the surface darkening process.

Keywords: Surface properties, wood material, varnish, graphene.

korumasiz sekilde dig ortam kosullarina maruz kalmasi
sonucu neredeyse tiim fiziksel ve mekanik 6zelliklerinde
negatif degisimler ortaya ¢ikmaktadir.

1. GIRIS (INTRODUCTION)

Mobilya ve dekorasyon endiistrisinde en ¢ok tercih
edilen malzemelerin basinda ahsap ve ahsap esash

kompozitler gelmektedir. Ahsap, dogadan dogrudan
temin edilebilen dogal ve organik bir malzemedir. Bu
Ozelligi onun bazi dis faktorler tarafindan kolayca
deforme edilebilmesine neden olmaktadir. Agag
malzemeyi olusturan lignin ve seliilloz gibi polimer
yapilar, diger organik polimer yapilara benzer sekilde
ultraviyole 1sinlara karsi hassastir. Aga¢c malzemenin

*Sorumlu Yazar (Corresponding Author)
e-posta : huseyinpelit@duzce.edu.tr

Ahsap ve ahsap esasli iiriinlere koruma amach iglemlerin
yapilmasi uzun siireli verimli kullanim i¢in kaginilmaz
bir durumdur. Ozellikle ahsap malzemelerde bu islemler
emprenye etme, vernikleme ve boyama gibi siirecleri
kapsamaktadir [1]. Renk ve parlaklik gibi 6zellikler
bakimindan olduk¢a genis bir yelpazede segme imkéam
sunan boya ve vernikler, gelisen teknolojiyle beraber
koruyuculuk, estetik ve hijyen acilarindan da giin
gectikee gelismektedir.
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20. yiizyiln baslarindan itibaren boya ve vernik
endiistrisinde kullanimi 6nemli oranda artan solvent bazli
sistemler, icerdikleri yiiksek ugucu organik bilesikler
(Volatile Organic Compounds/VOC) ve bu bilesiklerin
giin gectikce atmosfere daha ¢ok salimmasi nedeniyle
insan saghigina ve dogaya ciddi zararlar vermektedir.
1950°1i yillardan beri yapilan ¢aligmalarda bu salinimlari
azaltmaya yonelik belirli kararlar alinarak bazi
diizenlemeler yapilmaya calisilmistir.

1955 yilinda Birlesik Devletler’de yerel capta, hava
kirliligini 6nemli bir problem olarak kabul eden Temiz
Hava Anlagmasi (Clean Air Act) ile yerel yonetimlerde
atmosfere zarar veren bazi ugucu organik bilesiklerin
kullanimlar1 smirlandirilmis veya tamamen ortadan
kaldirilmistir [2]. Takip eden donemde, farkli iilkelerde
de benzer girisimler goriilmiis ve 1963, 1970, 1977 ve
1990 yillarinda Temiz Hava Anlagsmasi’nda 6nemli
degisiklikler gergeklestirilerek kapsami genisletilmistir.
Tiirkiye’nin de dahil oldugu bir anlagsma olan Kyoto
Protokolii ile, 1997 yilinda diinyanin birgok iilkesinde
atmosfere zarar veren ugucu gazlarin kullanimi
siirlandirilmigtir.  Bu anlagma uluslararas1  dlgekte

katillm bulmus en O©nemli anlasma olarak kabul
edilmektedir [3].

Su ¢oziictili sistemler, igerdikleri maddeler bakimindan
solvent ¢oziiclili st ylizey sistemlerine kiyasla ¢ok daha
az oranda ugucu organik bilesik icermektedir. Bu durum,
ozellikle gelisen teknoloji ve toplumsal bilinglenme ile
gelecekte su ¢oziiciilii boya ve verniklerin daha genis
kullanim alani bulacagmin en 6nemli gostergelerinden
biridir [4, 5]. Su bazli teknolojisindeki “polimer
heterojenitesi kontrolii”, bu teknolojinin daha yaygin
uygulanmasini saglamis hemen hemen tiim sivi ylizey
kaplama siniflandirmalarinda solvent bazli kaplamalarin
yerine ge¢mesinde ve boya vernik endiistrisindeki
sorunlar1 ¢6zmede Snemli bir ara¢ olmustur. Ayrica bu
teknolojiyi kullanan tiim c¢aligsanlar i¢in ¢ok gelismis
givenlik ve c¢evre profilini, disiik saglik etkisini
beraberinde getirmistir [6, 7]. Ancak, su bazli verniklerin
gesitli direng 6zelliklerinin (sertlik, adezyon, asinma vb.)
solvent bazli verniklerden daha diisiik oldugu onceki
caligma sonuglarinda vurgulanmstir [8-13].

Olusturduklar1  katmanlarin  fiziksel, mekanik ve
teknolojik Ozelliklerini gelistirmek i¢in vernik ve
boyalara ¢esitli modifikasyonlar yapilmasi aligilageldik
bir durumdur. Bu konularda yapilmis ve literatiire gegmis
pek ¢ok c¢alisma bulunmaktadir. Vardanyan ve ark.
(2015) ¢alismasinda, gesitli ahgap boyalarinin igerisine
nano boyuttaki seliiloz kristallerini eklenmis, daha sonra
ise yaslandirma sonrasi renk degisimi ve ylizey
puriizliiliik 6zellikleri incelenmistir. Sonug olarak, nano
boyuttaki seliilloz kristallerinin yaslandirma sonrasinda
ortaya ¢ikan renk degisimi degerlerini olumlu ydnde
etkiledigi ifade edilmistir [1].

Atar ve Peker (2010) caligmasinda, bor bilesikleri ile
emprenye edilen farkli agac tiirlerine uygulanan
verniklerde yapisma direnci ozellikleri test edilmistir.
Sonu¢ olarak, emprenye maddesi c¢ozeltisi arttikca

yapisma direnci Ozelliklerinde de artis bulundugunu
belirtilmistir [14]. Peker (2015) ¢alismasinda, atik ¢ay
ekstraktlar1 su bazli verniklerle karigtirilarak verniklerin
renk degisimleri incelemis ve sonu¢ olarak bu
esktraktlarin boya icerisinde tutunmalarimin oldukga iyi
ozellikler gosterdigi ve suda ¢oziinen bu ekstraktlarin
gesitli  kahverengi  tonlar1 elde etmek igin
kullanilabilecegi rapor edilmistir [15]. Keskin ve Atar
(2008) calismasinda, ¢esitli kimyasallarla emprenye
edilmis aga¢ malzemelere farkli vernikler uygulanarak
bu  verniklerin  parlaklik  degerlerine  etkileri
arastirillmistir.  Sonug¢  olarak, vernikleme Oncesi
emprenye isleminin parlaklik degeri iizerinde olumlu
etkilerinin oldugu vurgulanmistir [16]. Budake1 ve ark.
(2009) calismasinda, su bazli vernik igerisine katilan
borik asitin vernigin sertlik degerine etkisi arastirilmustir.
Caligmanin sonucunda, vernik igerisindeki borik asit
konsantrasyonunun artmasi ile dogru orantili olarak
sertlik degerinin arttig1 belirtilmistir.

Terminolojik olarak ismi “Graphite” ve “ene”
kelimelerinin bir araya gelmesiyle olusan Grafen, iki
boyutlu (2D), hekzagonal bigimde sikica 6riilmiis karbon
atomlarinin diiz tabakalar sekilde bir araya gelmesiyle
olusur. Grafen, grafit materyallerin ve diger karbon
temelli yapilarin ana yapitagidir [18]. Bilinen ilk 2
boyutlu materyal olan grafen ayn1 zamanda en ince,
boyutlarina oranla en giiclii ve saglam karbon yapisidir.
Her gegen giin daha fazla kullanim alani bulan grafenin,
geligmis fiziksel ve kimyasal 6zellikleri ile dniimiizdeki
donemde de elektronik, tip, insaat ve havacilik gibi
alanlarda biiyiik yeniliklere yol agmasi beklenmektedir
[19].

Vernik katmanlarinda katki maddesi olarak grafen
kullanimi  konusunda literatiirde ¢ok az ¢alisma
bulunmaktadir. Nuraje ve ark. (2013) calismasinda,
poliiiretan vernige ilave edilen grafen’in, molekiiler
yapist geregi yansiyan 1s181 emdigi ve vernigin UV
isinlarma ve foto-korozyona karsi direncini belirgin bir
sekilde arttirdig1 bildirilmistir [20]. Baska bir ¢aligmada,
poliiiretan regine esasli su bazli vernige eklenen grafen
oksitin katman sertligini arttirici Ozellik gosterdigi
belirtilmistir [21]. Ayrica literatiirde, bazi vernik
tiirlerinde kullanilan nano boyuttaki partikiillerin hem
mekanik yonden hem de hava kosullarina daha dayanikli
vernik katmanlar1 elde etmek igin en umut verici
yontemlerden biri oldugu belirtilmistir [22, 23].
Bahsedilen literatiir bilgileri dogrultusunda, grafen’in
olumlu teknik 6zelliklerinin yani sira nano boyutlu bir
malzeme olmasi nedeniyle bu ¢calismanin 6nem arz ettigi
diistiniilmektedir. Yapilan bu ¢alismada; kaym (Fagus
orientalis Lipsky) odunu &rneklerinin yiizey parlaklik,
puriizlilik, sertlik ve renk degerleri ile vernik yapisma
direnci o6zelliklerine su bazli vernik igerisine farkli
oranlarda (%0.25, %0.50 ve %1) eklenen nano boyuttaki
grafen etkisinin belirlenmesi amaglanmigtir.
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2. MATERYAL VE METOD (MATERIAL AND
METHOD)

2.1. Aga¢ Malzeme (Wood Material)

Calismada, masif mobilya tiretiminde siklikla tercih edi-
len Dogu kayini (Fagus orientalis Lipsky) kullanilmustir.
Ornekler, tesadiifi olarak segilen birinci smif kerestenin
diri odun kismindan diizgiin lifli, ardaksiz, budaksiz, renk
ve yogunluk farki olmayan bolgelerinden, yillik halkalar
yiizeye dik gelecek sekilde TS 2470 esaslarina uyularak
hazirlanmistir [24]. 550%110x12 mm taslak dlgiilerinde
kesilen oOrneklerin hava kurusu rutubete gelmesi
saglandiktan sonra bu drnekler sicakligi 20+2 °C ve bagil
nemi %65+3 olan iklimlendirme dolabinda TS 2471
esaslarina uyularak degismez agirliga ulagincaya kadar
bekletilmistir [25]. Ardindan 6rnekler 100x100%10 mm
(boyuna yon x radyal yon x teget yon) ol¢iilerinde ve her
bir test degiskeni i¢in 6 tekrarlt (n=6) olacak sayida
kesilmigtir. Daha sonra 6rnek yiizeyleri sirasi ile 150 ve
180 kum zimpara ile zimparalanmis ve basingli hava ile
tozlar1 alinarak verniklemeye hazir hale getirilmistir.

2.2. Nano-Grafen Katkili Vernik (The Varnish Added
Nano-Graphene)

Deney orneklerinin verniklenmesinde parlak 6zellikteki,
tek bilesenli akrilik kopolimer regine esasli su bazli ahsap
vernigi kullanilmistir. Su bazli vernik 6zelliklerini
modifiye etmek amaci ile igerisine agirlikca %0.25,
%0.50 ve %1 nano-grafen (NG) eklenmistir. Kullanilan
NG’e ait baz1 6zellikler Cizelge 1’de verilmistir. NG’in
vernik icerisinde esit dagilimini saglamak ve homojen bir
¢ozelti elde etmek i¢in vernik sivist manyetik karistirict
ile 30 dakika siiresince karigtiritlmigtir. Elde edilen vernik
¢ozeltilerine ait bazi teknik oOzellikler Cizelge 2’de
verilmistir.

miktar1 0.01 g duyarlikli analitik terazi ile tartilarak
belirlenmistir. Vernik katmanlarinda tam kurumanin
gerceklesmesi icin deney ornekleri yer diizlemine paralel

konumda ve oda sicakliginda {i¢ hafta siire ile
bekletilmistir.
Vernik  ¢oOzeltilerinin =~ katt  madde  miktarinin

belirlenmesinde TS EN ISO 3251 esaslarina uyulmustur
[27]. Ayrica, oOrnek yiizeylerinde tam kurumasi
gerceklesen verniklerin kuru film (katman) kalinliklari,
ASTM-D 6132-13 ve TS EN ISO 2808 esaslarina
uyularak, yiiksek frekansl ses dalgalart (ultrasonik) ile
tahribatsiz 6l¢iim yapabilen (£2 um + %3 hassasiyetinde)
PosiTector-200 isimli cihaz ile belirlenmistir [28, 29].

Deneyler 6ncesinde drnekler ASTM-D 3924 esaslarina

gore 23+2°C sicaklik ve %5045 bagil nem sartlarindaki

iklimlendirme dolabinda 16 saat siire ile bekletilmistir

[30].

2.3. Yiizey Parlakhgimin Belirlenmesi (Determination
of Surface Brightness)

Yiizey parlaklik degerleri TS EN ISO 2813’¢ uyularak
parlaklik olger (Gloss-meter) ile belirlenmistir [31].
Vernikleme oncesi ve sonrast her bir rnek yiizeyinde iki
6l¢tim liflere dik ve iki 6lgiimde liflere paralel olacak
sekilde alinmis ve aritmetik ortalamalar1 tek deger olarak
kaydedilmistir.

Boya ve vernik katmanlarinin parlaklig: tespit edilirken
20° mat katmanlarin, 60° hem mat hem de parlak
katmanlarin, 85° ise ¢ok parlak katmanlarin yiizey
parlakligin1  belirlemek i¢in kullanilmaktadir [32].
Caligmada, 60+£2°’de 6l¢iim yapan parlaklik 6l¢iim cihazi
kullanilmustir. Cihazin her bir islem grubu dl¢iimiinden
once iyi cilalanmig, diizgiin yiizeyli, kirilma indisi 1.567
olan ve parlakligit her geometri i¢in 100 olarak
belirlenmis siyah cam ile kalibrasyonu yapilmustir.

Cizelge 1. Nano-grafen 6zellikleri (Properties of nano-graphene)

e N Yogunluk Kalinlhik Spesifik yiizey
Gorliniim Saflik (%) (g/cc) Cap (um) (nm) alant (m?/g)
Siyah 99.5 0.2-0.4 15 3 750
Cizelge 2. Vernik 6zellikleri (Varnish properties)
Uygulama .
_— pH Yogunluk viskozitesi Uygulanacak Kati madde Kuru film
Vernik tipi . vernik miktari . kalinlig1
derecesi (g/cm?) (sn/DIN Cup (/) miktari (%) (um)
4mm/20 °C) & a
sB 8.1 1.02 18 80+3 37.75 88.7
SB + %0.25 NG 8.1 1.02 18 80+3 40.55 89.6
SB + %0.50 NG 8.0 1.01 18 80+3 40.30 905
SB + %1 NG 8.0 0.99 18 80+3 39.70 89.8

SB: Su bazli vernik; NG: Nano-grafen

Deney orneklerinin verniklenmesi, vernik {ireticisi
firmanin Onerileri dogrultusunda ve ASTM-D 3023
standardina uygun olarak yapilmistir [26]. Vernik
uygulamalar1 yumusak killi bir firca ile 1 dolgu kat1 ve 2
son kat seklinde gerceklestirilmistir. Katlar arasinda
ikiser saat beklenmis ve 280 kum zimpara ile Srnek
yiizeyleri hafif¢e zimparalanmistir. Uygulanacak vernik

2.4. Yiizey Piiriizliiliigiiniin Belirlenmesi
(Determination of Surface Roughness)

Piirtizliliik dl¢iimleri TS 2495 EN ISO 3274 ve TS 6212
EN ISO 4288 esaslarina uyularak, ardigik profil
degisikliklerini Ol¢ebilen TIME TR-200 dokunmali
(igneli) yiizey piiriizlilik 6l¢iim cihazi ile yapilmistir
[33, 34]. Piirtizlilik 6l¢tim cihazi, tarama ignesinin 5 pm
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capli elmas ucunu ornek yilizeyinde asagiya-yukarrya
hareket ettirerek yiizeydeki girinti ve ¢ikintilarin profilini
cikarmak suretiyle 0lcim yapmaktadir. Profil girintileri
(vadi) ve c¢ikintilar (tepe) arasinda bulunan merkez ¢iz-
gisini ortalama piriizlilik degeri (Ra) olarak
gostermektedir (Sekil 1). Bu ¢calismada yiizey piiriizliiliik
degerleri Ra parametresi esasina gore belirlenmistir.

Profil tepesi
— b

Sekil 1. Tarama ignesi ile belirlenen yiizey profili (Surface
profile determined by the scanning needle) [35]

Piiriizliliik 6l¢tim cihazi 2,5 mm 6lgme adimi ve 5 6lgme
sayisina ayarlandiktan sonra, Sl¢limler vernikleme 6ncesi
ve sonrasinda her 6rnegin iki ayr1 noktasinda liflere dik
yonde yapilmig ve aritmetik ortalamalari tek deger olarak
kaydedilmistir. Olgiimlerde hassasiyetin saglanmast igin
her bir islem grubu oOlgiimlerinden Once, cihaza ait
kalibrasyon levhasinda kontrol 6lgtimleri yapilmistir.

2.5. Yiizey Sertliginin Belirlenmesi (Determination of
Surface Hardness)

Yiizey sertlikleri, TS EN ISO 1522 standardina uyularak
pandiillii sertlik 6l¢me aleti ile Kdning 6l¢me yontemine
gore belirlenmistir [36]. Olgme islemi, 63+3.3 HRC
sertliginde ve 5+0.0005 mm ¢apinda iki bilye ile 6°’den
3”ye kadar olan salimimlarin sayilmasi seklinde
yapilmistir. Salinim sayisinin fazla oldugu yiizeyler sert,
az oldugu ylizeyler ise daha diisiik sertliktedir [32]. Her
bir 6rnek yiizeyinde ikiser 6l¢iim alinmis ve aritmetik
ortalamalar1 tek deger olarak kaydedilmistir. Olgme aleti
her bir grubun Ol¢iimiinden once, kalibrasyon cami
kullanilarak 40 saniyede 100 salimm verecek sekilde
kalibre edilmistir.

2.6. Yapisma (Adezyon) Direncinin Belirlenmesi
(Determination of Varnish Adhesion Resistance)

Vernik katmaninin yiizeye yapigma direnci, ASTM
D4541 standardina uyularak UTEST {tiniversal test cihazi
ile belirlenmistir [37]. Cap1 20 mm olan ¢elik deney
silindirleri kalip yardimi ile oda sicakliginda (20 °C)
ornek yiizeylerine yapigtirllmistir. Bu  durumdaki
ornekler 72 saat siire ile bekletilmistir. Yapistirma
islemlerinde, 150+10 g/m? hesabu ile ¢ift bilesenli epoksi
regineli koruyucu katmanlar lizerinde c¢oziicii etkisi
olmayan yapistirict kullanilmigtir. Kopmanin vernik
katmanindan gerceklesmesini saglamak icin ¢elik
silindirlerin etrafindaki vernik katmani bir aparat ile
kesilmistir. Daha sonra, iiniversal test cihazinin ¢ekme
hizi 5 mm/dk’ya ayarlandiktan sonra testler
gerceklestirilmis ve vernik yapisma (adezyon) direnci
(X) Esitlik 1’e gore hesaplanmustir.

X (MPa) = 4F /nd2 (D)
Burada; F: kopma anindaki kuvveti (Newton), d: ¢elik
silindirin ¢capin1 (mm) ifade etmektedir. Her bir 6rnek

ylizeyinde 2 adet cekme testi yapilmis ve aritmetik
ortalamalari tek deger olarak alinmistir.

2.7. Yiizey Renk Degisiminin Belirlenmesi
(Determination of Surface Color Change)

Yiizey renk degerleri ASTM D2244 standardina uyularak
BYK-Gardner Spectrophotometer renk 6l¢iim cihazi ile
Sekil 2°de gosterilen CIEL*a*b* renk koordinat sistemi
esasina gore belirlenmistir [38]. Bu sistemde, L* siyah-
beyaz ekseninde (siyah ig¢in L*=0, beyaz i¢in L*=100),
a* kirmizi-yesil ekseninde (pozitif degeri kirmizi, negatif
degeri yesil), b* ise sari-mavi ekseninde (pozitif degeri
sar1, negatif degeri mavi) yer almaktadir [39].

Beyaz
L*=100

Siyah

L*=0
Sekil 2. Ug boyutlu CIEL*a*b* renk koordinat sistemi (Three
dimensional CIEL*a*b* color coordinate system) [40]

Calismada, L*, a* ve b* renk parametreleri birbirinden
bagimsiz olarak incelenmistir. Ayrica, L*, a* ve b*
parametrelerinin vernik uygulamalarindan onceki ve
sonraki degerleri arasindaki farki ifade eden sirasi ile
AL*, Aa* ve Ab* asagidaki esitlikler (Esitlik 2, 3 ve 4)
yardimt ile belirlenmistir. Vernik uygulamalarindan
sonra ornek yiizeylerinde meydana gelen toplam renk

degisimi/farki (AE*) ise Esitlik 5 kullanilarak
belirlenmistir.
AL* = L*, — L*¢ 2
Aa* = a*, —a* 3)
Ab* = b*, — b*y (4

AE* = \/ (AL*)? + (Aa*)? + (Ab*)? 5)
Burada, AL* rengin agiklik veya koyuluk degerindeki
degisimi (L*vemiki - L*vemiksiz), Aa* kirmizi renk
tonundaki degisimi (a*vemikii - @*vemiksiz), AD* ise sar1 renk
tonundaki degisimi (b*vemikii - D*vemiksiz) ifade etmektedir.
Renk parametrelerinin belirlenmesinde, her bir 6rnegin
iki farkli bolgesinden Slglim alinmis ve ortalamalari tek
deger olarak kaydedilmistir. Her bir islem grubunun renk
6l¢limii dncesinde cihaz, beyaz renge gore a= -1.00+0.3;
b= 0.58+0.3 ve L= 94.95+0.3 olacak sekilde kalibre
edilmistir.

2.8. Istatistiksel Analiz (Statistical Analysis)

Istatistiksel degerlendirmeler igin MSTATC paket
programi kullanilmistir. Dogu kaymi orneklerin yilizey
ozellikleri iizerine nano-grafen ile modifiye edilmis su
bazli vernik uygulamalarinin etkisini belirlemek igin 0.05

206



KAYIN (FAGUS ORIENTALIS LIPSKY) ODUNUNUN YUZEY OZELLIKLERINE NANO-G... Politeknik Dergisi, 2019; 22 (1) : 203-212

onem diizeyinde varyans analizi uygulanmistir. Ayrica,
kontrol ve vernik uygulanmis drneklerde yiizey parlaklik,
plriizliliik, sertlik ve vernik yapisma direnci ile renk de-
gerleri degisiminin ortalamalar1 Duncan testleri ile
karsilastirilmistir.

3. BULGULAR VE TARTISMA (RESULTS AND
DISCUSSION)

Dogu kaymi orneklerde vernikleme Oncesi ve sonrasi
ylzey parlaklik, piriizlilik, sertlik, vernik yapisma
direnci ve L*, a*, b* renk parametrelerinin ortalama
degerleri Cizelge 3’de gosterilmistir. Ayrica bu ylizey
ozelliklerine ait varyans analizi sonuglar1 Cizelge 4’de
verilmistir.

parlaklik degerleri azalmistir. NG’in su bazli vernik
katmanlarinda  matlastirict  bir  etkisinin  oldugu
belirlenmistir. Bunun sebebi, NG katkili su bazli vernik
uygulanmis yiizeylerde yilizeye gelen 1518 bir miktar
emilerek siddetinin azalmasi veya kirilmasit sonucu
degisik acilarda geri yansitilmasindan ve buna ilave
olarak piiriizliilik degerlerindeki artiglardan kaynaklamis
olabilir. Literatiirde, diizgiin ve kusursuz yiizeylerin
belirli bir yonden gelen 15181 ayn1 yada benzer bir agi ile
geri yansittigr [32], tam parlak bir vernik katmaninda
yiizeye gelen 151k ile yansiyan 15181n yiizeyle yaptiklar
acilarin birbirine esit oldugu bildirilmistir [41].

Yiizey piriizlilik degeri, en diisik katkisiz su bazlh
vernik uygulanmig Orneklerde elde edilmistir. Vernik
icerisine katilan NG miktarindaki artisa paralel olarak

Cizelge 3. Orneklerde yiizey parlakhik, piiriizliiliik, sertlik, vernik yapisma direnci ve renk parametrelerinin ortalama degerleri
(The mean values of surface brightness, roughness, hardness, varnish adhesion resistance and color parameters in

the samples)

) Test
Vernik tipi ff;ng“ksel palakiy Pirizlilik Sertlik ﬁlr’e‘f:;a L« " b
(um) (salinim) (MPa)
X (min.) 2.70 1.996 4850 - 69.36 10.68 20.67
o X (mak.) 2.98 3.015 54.00 - 70.76 11.33 23.12
Verniksiz

X (ort.) 2.89 2.464 51.00 - 70.25 10.94 21.38
St.Sp. 0.10 0.364 2.37 - 0.59 0.28 0.94
X (min.) 71.98 1.264 53.50 2.720 62.95 13.26 28.81
. X (mak.) 79.18 1.624 59.50 3.997 63.65 13.94 30.10
X (ort.) 76.16 1.428 57.17 3.421 63.35 13.68 29.51

St.Sp. 2.71 0.124 2.23 0.567 0.33 0.24 0.50
X (min.) 62.28 1177 52.00 3.597 17.36 4.03 10.18
SB + %0.25 X (mak.) 65.93 2.118 60.00 4.074 20.16 4.47 11.26
NG X (ort.) 63.96 1.433 57.50 3.834 18.78 425 10.65
St.Sp. 1.42 0.353 3.27 0.179 1.16 0.17 0.45

X (min.) 53.30 1.414 54.50 3.501 5.80 1.06 1.73

SB + %0.50 X (mak.) 55.35 1.892 59.00 4.350 6.57 1.39 2.50
NG X (ort.) 54.42 1.628 56.83 3.927 6.17 1.19 2.14
St.Sp. 0.88 0.165 1.47 0.279 0.34 0.15 0.29
X (min.) 38.90 1.330 54.00 3.469 456 -0.15 -0.39
SB + X (mak.) 40.83 2.021 61.50 4971 5.15 -0.05 -0.17
%1 NG X (ort.) 40.22 1.651 57.00 4.266 4.90 0.11 -0.26
St.Sp. 0.75 0.298 2.68 0.597 0.19 0.04 0.07

SB: Su bazli vernik; NG: Nano-grafen; St.Sp.: Standart sapma

Cizelge 4 sonuglarina gore; kaymn orneklerin tim ylizey
ozelliklerindeki degisim {izerine su bazli vernik
uygulamalarinin etkisi 6nemli bulunmustur (p < 0.05).
Kontrol (verniksiz) ve su bazli vernik uygulanmis
kayin orneklerin yiizey parlaklik, piiriizliliik, sertlik ve
vernik yapigma direnci ortalama degerlerinin Duncan
testi karsilastirma sonuglar1 Cizelge 5’de gosterilmistir.

Cizelge 5 incelendiginde; parlaklik degeri, en yiiksek
katkisiz su bazli vernik uygulanmis Orneklerde
Olciilmiistlir. Ancak, su bazli vernik igerisine eklenen NG
miktarindaki artisa bagli olarak orneklerin yiizey

orneklerin ylizey piiriizliilik degeri de artis gostermistir.
Ancak, hem katkisiz hem de katkili su bazli vernik
uygulanmis tiim Orneklerin yiizey piiriizliillik degerleri
arasinda  istatistiksel olarak Onemli bir fark
gozlenmemistir.  Vernik  uygulamalarindan  sonra
orneklerin yiizey piiriizliilik degerleri kontrol (verniksiz)
orneklere gore %42 oranina kadar azalmis ve ylizey
diizgiinliigl artmustir. Bu durum, bosluklu yapiya sahip
agac malzemede gozeneklerin vernik sivisi tarafindan
doldurulmus olmasi ve yiizeyde ayri1 bir film tabakasi
olusumu ile agiklanabilir. Yiizeydeki tepe ve vadilerin
Olciilmesi ile elde edilen piirtizliilik degerinin, heterojen

207



Hiiseyin PELIT, Mustafa KORKMAZ / POLITEKNIK DERGISI, Politeknik Dergisi,2019;22(1):203-212

Cizelge 4. Oreklerin yiizey parlaklik, piiriizliiliik, sertlik, vernik yapisma direnci ve renk degerleri i¢in varyans analizi
sonuglari (Analysis of variance results for surface brightness, roughness, hardness and varnish adhesion resistance
of the samples)

Serbestlik Kareler Kareler

Test Fakior derecesi toplami ortalamasi F degeri P<0.05
Tekerriir (Replikasyon) 5 11.322 2.264 1.0730 0.4047
Vernik tipi 4 19100.673 4775.168 2262.7467 0.0000*
Parlaklik
Hata 20 42.207 2.110
Toplam 29 19154.202
Tekerriir (Replikasyon) 5 0.623 0.125 1.8861 0.1419
Vernik tipi 4 4.409 1.102 16.6851 0.0000*
Piirtizliiliik
Hata 20 1.321 0.066
Toplam 29 6.353
Tekerriir (Replikasyon) 5 54.700 10.940 2.2221 0.0922
Sertlik Vernik tipi 4 181.533 45.383 9.2180 0.0002*
Hata 20 98.467 4.923
Toplam 29 334.700
Tekerriir (Replikasyon) 5 1.246 0.249 1.3863 0.2845
Yapisma Vernik tipi 3 2172 0.724 4.0290 0.0275*
direnci Hata 15 2.695 0.180
Toplam 23 6.113
Tekerriir (Replikasyon) 5 2.285 0.457 1.2260 0.3336
L Vernik tipi 4 24117.222 6029.306 16176.304 0.0000*
Hata 20 7.454 0.373
Toplam 29 24126.962
Tekerriir (Replikasyon) 5 0.366 0.073 2.5979 0.0575
. Vernik tipi 4 881.515 220.379 7823.8282 0.0000*
¢ Hata 20 0.563 0.028
Toplam 29 882.444
Tekerriir (Replikasyon) 5 0.840 0.168 0.5387 -
b Vernik tipi 4 3849.714 962.429 3086.6802 0.0000*
Hata 20 6.236 0.312
Toplam 29 3856.790

*: %95 giiven diizeyinde 6nemli

Cizelge 5. Vernik tipi diizeyinde 6rneklerin parlaklik, piiriizliiliik, sertlik ve vernik yapisma direnci degerlerine ait Duncan
testi karsilastirmalart (Comparisons of Duncan test related to brightness, roughness, hardness and varnish
adhesion resistance values of samples at varnish type level)

Parlaklik Puriizlilik Sertlik Yapigma direnci
Vernik tipi
X HG X HG X HG X HG
Verniksiz 2.89 e 2.464 a 51.00 b - -
SB 76.16 a 1.428 b 57.17 a 3.421 b
SB + %0.25 NG 63.96 b 1.433 b 57.50 a 3.834 ab
SB + %0.50 NG 54.42 c 1.628 b 56.83 a 3.927 ab
SB + %1 NG 40.22 d 1.651 b 57.00 a 4.266 a
LSD +1.749 +0.3094 +2.672 +0.5221

X: Ortalama deger; HG: Homojenlik grubu; LSD: En kiigiik onemli fark; SB: Su bazli vernik; NG: Nano-grafen

bir malzeme olan aga¢ malzemede kesim sonrast  Yiizey sertlik degeri en diisiik verniksiz 6rneklerde elde
ylizeyde kalan trahe, paransim, re¢ine kanallari, porlar, edilirken diger tiim vernik uygulanmis Orneklerde
lifler vb. odun elemanlarinin yapilari nedeniyle vernik-  aralarindaki fark istatistiksel olarak 6nemsiz olmak tizere
lenmemis yilizeylerde daha yiiksek oldugu oOnceki daha yiiksek bulunmustur. Vernik uygulamalarindan
calismalarda ifade edilmistir [42, 43]. sonra kayin orneklerin yiizey sertlik degeri %13’e kadar

artis gostermistir. Calismada kullanilan su bazli vernik
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katman sertliginin, kayin malzemenin dogal haldeki
sertliginden daha yiiksek oldugu goriilmiistiir. Sonuclar
bu bakimdan literatiir ile uyumludur [44]. Su bazli vernik
igerisine farkli oranlarda eklenen NG, vernikli 6rneklerin
ylizey sertligini degistirmemistir. Calismada, vernik
icerisine eklenen NG’in sertlik degerlerini arttirmasi
ongoriilmekte idi. Zira literatiirde, NG’in iistiin mekanik
ozellikleri nedeni ile son yillarda bilyiik ilgi gordiigi
ifade edilmisgtir [45-47]. Ancak sertlik degerleri
beklendigi gibi sonuglanmamigtir. Bunun nedeni,
calismada kullanilan NG (Cizelge 1) veya su bazli
vernigin (Cizelge 2) o6zelliklerinden kaynaklanmis
olabilir. Zira literatiirde, grafen oksit ile modifiye
edilmis poliiiretan regine esasli su bazli vernigin
modifiye edilmemis verniklere oranla daha yiiksek sertlik
degerlerine sahip oldugu belirtilmektedir [21].

Cizelge 5 sonucuna gore; vernik yapisma (adezyon)
direnci en yiiksek %1 NG katkili su bazlhi vernik

kaynaklanabilir. Ayrica; yapisma direncindeki artiglar,
karbon temelli yapiya sahip aga¢ malzeme ile yine
karbon temelli NG ile modifiye edilmis vernik katmani
arasinda giiclii capraz baglarin kurulmus olma ihtimali ile
aciklanabilir. Literatiirde; grafen’in, karbon atomlarmin
iki boyutlu diiz tabakalarindan olustugu ve karbon
temelli bilesiklerin ana yapitasini olusturdugu ifade
edilmigtir [49, 18]. Diger taraftan, odunsu hiicre
¢eperinin elementer yapist itibariyle karbon (C), hidrojen
(H) ve oksijen (O)’den meydana geldigi [50, 51], karbon
elementinin tam kuru haldeki odun agirligina katilma
oraninin ise yaklasik %50 oldugu belirtilmistir [52, 53].
Verniksiz ve su bazli vernikler uygulanmis kaym
orneklerin L*, a* ve b* ortalama degerlerinin Duncan
testi karsilagtirma sonuglart Cizelge 6°da verilmistir.

Cizelge 6 incelendiginde; L* degeri en yiiksek verniksiz
orneklerde, en diisik %1 NG katkili su bazli vernik
uygulanmis Orneklerde bulunmustur. Tim vernik

Cizelge 6. Vernik cesidi diizeyinde kaym 6rneklerin L*, a* ve b* degerlerine ait Duncan testi karsilagtirmalar1 (Comparisons
of Duncan test related to L*, a* and b* values of beech samples at varnish type level)

L* a* b*
Vernik tipi

X HG X HG X HG
Verniksiz 70.25 a 10.94 b 21.38 b
SB 63.35 b 13.68 a 29.51 a
SB + %0.25 NG 18.78 c 4.25 c 10.65 c
SB + %0.50 NG 6.17 d 1.19 d 214 d
SB + %1 NG 4.90 e -0.11 e -0.26 e

LSD +0.7355 +0.2015 +0.6727

X: Ortalama deger; HG: Homojenlik grubu; LSD: En kiigiik 6nemli fark; SB: Su bazl vernik; NG: Nano-grafen

uygulanmis 6rneklerde, en diisiik ise katkisiz su bazli
vernik uygulanmig 6rneklerde elde edilmistir. Su bazli
vernik igerisine katilan NG miktarindaki artisa bagh
olarak kayin 6rneklerde vernik yapisma direnci artmistir.
Katkisiz su bazli vernik uygulanmig o6rneklere gore;
900.25 NG, %0.50 NG ve %1 NG katkilt su bazli vernik
uygulanan drneklerde vernik yapigma direnci sirasi ile
%12, %15 ve %25 artis gostermistir. Benzer sekilde
onceki bir ¢caligmada, akrilik verniklere eklenen grafenin
adezyon direnci 6zelliklerine pozitif bir etkisinin oldugu
belirtilmistir [48]. Vernik yapigsma direncinde meydana
gelen bu o6nemli artislar, nano boyuttaki grafen’in
vernikle aga¢ malzeme arasindaki etkilesim yiizeyini
(spesifik  yiizey alanmi) arttirmis  olmasindan

SB+%0.25NG

uygulanmis kayin drneklerin L* degeri azalmistir. Ancak
Ozellikle su bazli vernik igerisine eklenen NG
miktarindaki artisa bagli olarak L* degeri Onemli
derecede azalmig ve Orneklerin rengi biiyiikk Olciide
koyulagmustir (Sekil 3). Grafiksel olarak incelendiginde,
vernik uygulamalarindan sonra verniksiz drneklere gore
hesaplanan agiklik veya koyuluk degisimi (AL*) eksi
yonliidiir ve tim ornekler (6zellikle NG ile islem goren)
koyulagsma egilimindedir (Sekil 4). Vernik igerisine
eklenen NG’in degisik oranlardaki kullanimi ile ahsap
malzemede farkli koyu tonlarin elde edilebilecegi
gorilmiistiir.

SB+%0.50NG|

SB+%1NG

Sekil 3. Verniklenmis kayin 6rneklerin goriiniimii (The appearance of varnished beech samples)
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Sekil 4. Vernikleme sonrasi kayin 6rneklerin renk parametrelerindeki degisim/fark (Changes in color values of beech samples

after varnishing)

Kayin 6rneklerin a* ve b* renk degerleri en yiiksek kat-
kisiz su bazli vernik uygulamasinda, en diisiik ise %1 NG
katkili su bazli vernik uygulamasinda elde edilmistir.
Verniksiz 6rneklere gore; a* ve b* degeri su bazli vernik
uygulamasindan sonra artmustir. Ancak NG katkili su
bazli vernik uygulanmig yiizeylerde kontrol 6rneklere
gore a* ve b* degeri NG miktarindaki artisa bagli olarak
azalmistir. Verniksiz orneklere gore, katkisiz su bazli
vernik uygulanmis orneklerin a* ve b* renk tonu
degerlerindeki degisim (swras1 ile Aa* ve Ab*) arti
yonliidiir ve bu orneklerde kirmizi ile sari renk artig
egilimindedir. NG katkili su bazli vernik uygulanmig
orneklerde ise Aa* ve Ab* degisim degerleri eksi
yonliidiir ve bu 6rneklerde de yesil ile mavi renk 6nemli
oranda artig egilimindedir (Sekil 4).

Vernik uygulamalarindan sonra verniksiz  kayin
orneklere gore hesaplanan toplam renk degisimi (AE*)
katkisiz su bazli vernik uygulanmis yiizeylerde en diisik
diizeyde gergeklesirken, %1 NG katkilt su bazli vernik
uygulanmis  yiizeylerde en  yiiksek  diizeyde
gerceklesmistir (Sekil 4). Su bazli vernik uygulamasi
orneklerin AE* degerini etkilemigstir. Ancak AE*
degerini etkileyen esas faktoriin NG oldugu gortilmiistiir.
Vernik igerisine eklenen NG miktarindaki artisa bagh
olarak AE* degeri 6nemli oranda artmistir. Ancak, %0.50
ve %1 NG eklenmis vernikli ylizeylerde birbirine yakin
AE* degerleri elde edilmistir.

4. SONUCLAR VE ONERILER (CONCLUSION
AND RECOMMENDATIONS)

Bu calismada, igerisine farkli oranlarda NG eklenmis su
bazli vernik uygulanan kayin 6rneklerde yiizey parlaklik,
piriizliilik, sertlik ve renk degisimi ile vernik yapisma
direnci 06zellikleri incelenmistir. Verniksiz Orneklere
gore, vernik uygulanmig Orneklerin yilizey parlaklik
degerleri 6nemli derecede artarken, ylizey piriizliilik
degerleri %42 oranina kadar azalmigtir. Ancak, vernik

igerisine eklenen NG miktarindaki artiga bagli olarak
orneklerin yiizey parlaklik degerleri %47 oranina kadar
azalmus, piirizlilik ise %16 oranina kadar artis
gostermistir. NG’in ylizeylerde matlastirici bir etkisinin
oldugu belirlenmistir. Literatiirde, diger vernik tiirlerine
gore su bazli vernigin parlaklik 6zelliklerinin daha diigiik
oldugu belirtilmektedir [8]. Bu acidan bakildiginda,
verniklerin 6nemli 6zelliklerinden biri olan parlakligin
NG eklenmesiyle diismesi olumsuz bir durum olarak
kargimiza ¢ikmaktadir. Diger taraftan, NG miktarindaki
artisa bagli olarak kayin Orneklerin vernik yapisma
direncinde %12’den %25’¢ kadar Onemli artiglar
saglanmistir. Literatiirde, su bazli vernigin yapisma
direnci bakimindan diger vernik tiirlerine oranla daha
digiik 6zellikler gosterdigi bildirilmistir [8, 9, 13]. Bu
bakimdan, yapisma direncinde meydana gelen artiglarin
calismanin en oOnemli ¢iktilarindan biri  oldugu
sOylenebilir.

Vernik uygulamalarindan sonra drneklerin yiizey sertlik
degeri %13’e kadar artmustir. Fakat, sertlik degerleri
izerinde NG’in etkisi 6nemsiz bulunmus ve 6ngoriilen
sertlik artig1 ger¢eklesmemistir. Ayrica, NG eklemesi ve
miktarindaki artis sonucu orneklerin L*, a* ve b* renk
tonu degerleri nemli oranda azalmistir. Ornekler biiyiik
6lgiide koyulasmis, 6rneklerin yesil ve mavi renk egilimi
artmustir. Bu duruma bagli olarak 6rneklerin toplam renk
degisim (AE*) degerleri de artis gostermistir. Literatiirde,
AE* degerinin diisiik olmasinin, renkte bir degisimin
olmadigin1 yada ¢ok az bir degisim oldugunu gosterdigi
ifade edilmektedir [39]. Kayin 6rneklerin dogal renginin
daha az degismesi arzu ediliyor ise, AE* degeri diisiik
bulunan katkisiz su bazli vernikler koruyucu katman
olugturmak icin kullanilabilir.

Sonug olarak, NG modifiyeli su bazli vernik uygulanan
kayin oOrneklerin yiizey oOzellikleri 6nemli Olcilide
degismistir. Ozellikle, su bazl1 vernikte yiiksek yapisma
direncinin saglanmasinda ve aga¢ malzemenin koyu
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tonlarda

renklendirilmesinde NG’in  kullanilmasi

Onerilebilir.
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ABSTRACT

Prediction of the energy consumption is the most important topic for planning to build an energy power station. This energy power
station can be non-renewable sources power plants or renewable power plants like wind and solar. Prediction of the energy
consumption also figures out load modeling problem in new smart grid applications. In this study, energy consumption model is
developed for temperature control of a greenhouse. Artificial Neural Network based modeling is advanced with temperature of
inner, temperature of outer and temperature of soil. So, these temperatures are inputs in the ANN based model. In addition, the
output of the ANN is energy demand that is strongly related with temperature data.

Keywords: Artificial neural network, greenhouse, modeling, temperature control, energy consumption.

Seralarda Enerj1 Tiiketiminin ve Sicaklik Kontroliiniin
Tahmini ve Modellenmesi

oz
Bir enerji gii¢ istasyonunun kurulmasi planlanirken en dénemli konu enerji tiikketiminin tahminidir. Bu enerji gii¢ istasyonlart
yenilenemez kaynakli gii¢ sistemleri veya riizgar ve giines gibi yenilenebilir kaynakli gii¢ sistemleri olabilirler. Ustelik enerji
tiiketiminin takibi yeni akilli sebeke uygulamalarinda yiik modellemesi problemini ¢dzerler. Bu ¢alismada, enerji tiiketim modeli
sera sicaklik kontrolii igin gelistirilmistir. Yapay sinir aglari(YSA) tabanli model i¢ sicaklik, dis sicaklik ve toprak sicakligina gore
gelistirilmistir. Ek olarak, YSA nin ¢ikigi tamamen sicaklik verilerine bagli enerji talebidir.

Anahtar Kelimeler: Yapay sinir aglari, sera, modelleme, sicaklik kontrolii, enerji titkketimi.

1. INTRODUCTION measure sensors were used for measuring soil humidity.

In recent years, energy sources have been decreasingand ~ OPtimum solar panels were selected according to
demand for energy and its costs have been increasing. calculated maximum power consumption of mc_>tors. The
This is affects product cost. Moreover makes more Need of energy of BLDC Motors has been provided from
efficient and positive use of climate resources together ~ Solar panels and batteries [1], [2]. Zou et al studied a
with global warming and drought. Since the sources greenhouse climate controller for energy consumption
utilized for producing electricity are limited and their ~ under control. This controller is realized with participle
prices gradually increased, researches for new Swarm optimization for nonlinear greenhouse system in

alternatives for temperature control in greenhouse  North of China [3]. Avila-Miranda et al. studied to
system. ventilate a greenhouse during the day. Their intelligence

technique combines of a neural network and the particle
swarm optimization algorithm. In addition, Kalman
Filter is used for predictions on the dynamic behavior of
the system variables [4]. Guogi Ma et al. studied auto
regressive  moving model for naturally ventilated
greenhouse in autumn under east-central China
conditions [5]. Liu et al investigated to microclimate
controlling and monitoring in greenhouse. According to
indoor temperature and humidity, a prediction is realized

Energy of heating systems pumps used for the
agricultural irrigation is generally provided from
electrical energy or fossil fuels. Since fossil fuels
commence to annihilate besides its increasing of prices
and hazards to environment alternative energy seeking
efforts has become inevitable also in agricultural. Solar
energy that is sensitive to environment, clean and
requiring no maintenance is an alternative renewable

energy source especially for countries like Turkey having with neural network algorithm [6]. Yelmen et al.

a high amount of annual solar irradiation rate. discussed on a model of prediction of greenhouse heating

Dursun and Ozden have been studied optimal use of  requirement climate models thanks to neural networks
water resources especially in agricultural field. Soil [7].

* Sorumlu yazar (Corresponding Author) Yan and_ Yao :cumed to predict bullcyng energy
e-mail: semihozden@gmail.com consumption at different climate zones using artificial
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neural network. Thanks to ANN, the building energy
consumption predicted easily and quickly [8]. Yuce and
Rezgui addressed to difference of energy performance in
public buildings between predicted and actual. GA based
artificial neural networks generated optimized energy
saving [9]. Gezer et al studied artificial neural network
based energy consumption for a smart grid application
[10]. Ferlito et al compared to difference of actual and
predicted building’s energy demand at 3 month, 6 month
and 12 month [11].

This study continues as follows: temperature control of
greenhouse is described in Section Il. Then, Section Il
provides artificial neural network and prediction of
energy consumption with this method. In Section 1V, the
obtained results are discussed and are compared to actual
energy values. Conclusion of paper describes error
methods success of ANN in conclusion.

2. TEMPERATURE CONTROL OF
GREENHOUSE

A temperature control of greenhouse system provides to
prevent unnecessary energy losses, decrease harmful
effect of greenhouse and maintain proper environment
for crops. Thus, temperature of greenhouse has
controlled with consummating necessary energy, which
produce for demand of inner temperature make equal to
desired temperature. In the real applications, energy
consumption to keep desired temperature is related with
many parameters as temperature, humidity, wind speed
and irradiation of the sun. Developed model skipped all
other parameters except temperatures of inner, outer and
soil. In addition, this study focused only energy
consumption for the temperature control unit as air
conditioner.

The inner temperature, the outer temperature and the soil
temperature of greenhouse obtained from sensors are
used for prediction of necessary energy consumption.
Table 1 shows to average of the inner temperature, the
outer temperature and the soil temperature of greenhouse
in a year. Average consummated energy from greenhouse
temperature control in a year is given Table 1 too. In
addition, desired temperature for crops is 20 °C.

Table 1. Average temperature values

consummated energy

and average

Average values in a year

The inner temperature 16,31 C

The outer temperature 13,11 C

The soil temperature 17,06 C
Consumed energy 4300,24 W

When data in Table 1 is obtained from sensors, it can be
seen to difference between the inner temperature and
desired temperature. Thus, temperature control of
greenhouse tries to make up the difference and to
consume energy along all a year. Three temperature and
desired temperature was used, because the energy
consumption bases on all of them. Figure 1 show that the

inner temperature changes daily. Horizontal axis of the
temperature-changing figure is day of year.

Inner Temperature
35
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! [ 1
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sT 8T €58 EF5E 558
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Figure 1. The Inner Temperature Changing
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Figure 2. The Outer Temperature Changing

The outer temperature changing in all year is illustrated
in Figure 2. The lowest temperature (around -5°C) was
observed at the end of year. The highest temperature was
measured in June around 30 °C. In addition, soil
temperature changing is directly shown in Figure 3. The
trend of the temperature is similar of the inner and outer
temperature. In addition, it is higher than the others and
more smoothed.

Soil Temperature
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Figure 3. The Soil Temperature Changing

In addition, the energy consumption graphics in a year is
given in Figure 4. Depending on temperatures of inner,
outer and soil, energy consumption was fluctuated.
Temperature control unit was kept 20°C that is optimum
level of the plant. This value was defined by growers.
Energy consumption during winter days is higher than
summer days. The highest consumption was measured at
the end of year and the temperature was under zero.
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Figure 4. Energy Consumption Changing

Beside of these figures, actual temperature values and
especially actual energy consumption values are given
for a year. If these energy consumption values are known
at one year ago, energy saving can be realized according
to temperature values.

3. ANN (Artificial Neural Network)

ANNs are the most widely implemented methods in
forecasting energy consumption. In last decades, ANN’s
have been used for load and consumption modeling,
prediction and forecasting, because of their ability to
learn complex, non-linear functions with memory.

They operate like a “‘black box’’ model, and require no
detailed information about the system. Instead, they learn
the relationship between the input parameters and the
controlled and uncontrolled variables by studying
previously recorded data, in a way similar to how a non-
linear regression might be performed. Another advantage
of using ANNSs is their ability to handle large and
complex systems with many interrelated parameters [12].

Inner
Temperature (*C)

Quter
Temperature (°C) HIDDEN

Ener:
LAYERS o

o Consumption

Temperature (*C)

Target
Temperature (°C)

Figure 5. ANN architecture used in the proposed method

The proposed ANN architecture is given in Figure 5. The
model has three layers as input, hidden and output. Inner,
outer, soil and target temperatures were selected for input
data. The output data is energy consumption for
temperature control of greenhouse. Different algorithms
and number of hidden layers were performed. The best
results were obtained by ten hidden neurons with
Levenberg—Marquardt algorithm.

The consumption of the temperature control units at the
end of the day was measured and saved. Inner, outer and
soil temperature were achieved by Turkish State
Meteorological Service.

In this study, 365 experimental data sets were measured
for the training and testing data. The ratio for training,

validation and testing data was selected as 70%, 15% and
15%, respectively. The validation and testing data were
selected randomly. The use of the proposed ANN has
been implemented in MATLAB.

4. RESULTS
The overview of ANN are presented in Figure 6. The
network structure of the ANN is 4-10-10-1. The training
algorithm is Levenberg—Marquardt algorithm. The target
error value is evaluated by Mean Squared Error (MSE).
The number of the maximum algorithm for learning
process is one thousand. The calculation formula of the
MSE is given below.
18 N
MSE = —Z|Yk — Yk
n\a

2

1)

where, Yk and Y represent actual and predicted kth
value, respectively, in other words error of the ANN
prediction. The MSE calculated squared error with
dividing number of the samples.

The number of training, validation and test are 255, 55,
and 55, respectively. The result assessments of the ANN
with MSE and correlation coefficient (R) of training,
validation and testing are given in Figure 7. The R-values
for all data are close to one. The result of MSEs are
around 22, 26 and 49 for training, validation and test,
respectively. The output value of ANN is energy
consumption and its maximum value is around 8000
kWh. These MSEs are expected range for this
consumption data.

Neural Network

5 {Eel) fol 5

Algorithms

Data Division: Random (dividerand)
Training: Levenberg-Marguardt (rainim)
Performance:  Mean Squared Error {mse)
Calculations:  MEX

Progress

Epoch: 0 652 iterations 1000
Time: 0:00:01

Performance: 1.38e+07 223 [| 000
Gradient: 4.882+07 1.25e+03 | | 1.00e-07
Mu: 0.00100 1,00 1.00e+10
Validation Checks: 0 ] 6

Figure 6. ANN results for proposed system

Results

& samples = MsE #Rr
W Training: 255 2266635e-0 9.99992e-1
@ validation: 55 25,92334e-0 9.89992e-1
W Testing: 55 49.04901e-0 9.99983e-1

Figure 7. Error value of the ANN
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In Figure 8, error-changing graph of the validation, train
and test are given versus Epochs. The best results were
kept at the epoch 646. The loop was stopped with
evaluation of the validation data. After learning process,
the performance of the ANN was calculated with 55
number of testing data. The learning loop of the ANN
was stopped 652th iteration for the best validation
performance.

Best Validation Performance is 25.9233 at epoch 646
10

Train
Validation
Test

Best

10*

Mean Squared Error (mse)

0 100 200 300 400 500 600
652 Epochs

Figure 8. MSE value vs epochs

R-squared is a statistical measure of how close the data
are to the fitted regression line. It measures the strength
and direction of a linear relationship between actual and
predicted. The result of R is very close to one means good
prediction.

The graphs of (R) for training, validation, test and all are
given in Figure 9. It is divided to four section for analysis
of training, validation, test and all data. The graphs are
obtained for output value is energy consumption. For per
graphs, linear regression and Y=T line are graphed,
predicted data are dotted. It is expected that predicted
data be on the linear lines.
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Figure 9. Result of the coefficient of determination

4. CONCLUSION AND FUTURE WORK

The most important part of the smart grid applications is
prediction of energy consumption. In this study artificial
neural network based, prediction of energy consumption
was studied and modelled depending on temperature of
inner, outer and soil. The data was measured and used for
the temperature control of a greenhouse. The results
show that energy load modeling has correlation with the
temperature of inner, outer and soil was realized and R-
values were very close to one. Temperatures and energy
consumption are strongly correlated with developed
model.

The main aim of the study is to find solution for the
energy planning and organization for the next day. This
model helps to predict energy demand at the rural
(agricultural) area. In addition, it provides to predict
energy demand of a greenhouse with temperature
information for growers.
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ABSTRACT

In this comparative study, ballistic impact responses of various aluminum alloys hybridized with Kevlar/Epoxy composite is
investigated numerically. The numerical models were developed using the explicit finite element module of ANSY'S. 50 caliber
projectile with an initial velocity of 400 m/s is used during the analyses. In the first part of the study, 7075, 6061 and 2024 aluminum
alloys are compared for their ballistic impact resistance. Amount of perforation energies (energy absorbing capacity of target) and
projectile residual velocities of these alloys are compared. Also, thicknesses of plates are increased up to the point at which the
plates don't exhibit full perforations for the used projectile and initial velocity. It is seen that that residual velocity of the Al 7075
T6 is the smallest among the used aluminum alloys which means that 7075 T6 type of aluminum has the higher ballistic impact
resistance. In the second part of the study, six different hybrid models that have different combinations of Al 7075 and
Kevlar29/Epoxy are proposed. Perforation energies and projectile residual velocities of these proposed models are compared under
ballistic impact loadings. It was shown that the hybrid model with 6AL-6KEV orientation, was the optimum structure to resist the
ballistic impact loading among the proposed models. Which means that the plate with this orientation has exhibited the maximum
energy absorbing characteristics.

Keywords: Ballistic impact, aluminum alloys, kevlar.

Kevlar / Epoksi Kompozitleri ile Hybrid Yapilan
Aliiminyum Alasimlarinin Balistik Darbe Tepkilerinin
Arastirilmasi

0z

Bu karsilastirmali ¢aligmada, Kevlar/Epoksi kompoziti ile hybrid yapilan cesitli aliiminyum alagimlarmin balistik darbe
davraniglart numerik olarak arastirilmistir. Numerik modeller, ANSYS'in eksplisit sonlu elemanlar modiiliinii kullanarak
olusturulmustur. Analizler sirasinda baslangi¢c hizi 400 m/s olan 50 kalibrelik mermi kullanilmigtir. Caligmanin ilk boliimiinde,
7075, 6061 ve 2024 aliminyum alagimlari, balistik darbe dayanimlar1 agisindan karsilagtirtlmigtir. Bu alagimlarin perforasyon
enerjileri miktarlari (hedefin enerji absorbe etme kapasitesi) ve mermi son hizlari karsilastirilmigtir. Ayrica, plakalarin kalinliklari,
kullanilan mermi ve baslangig hiz1 i¢in plakalarin tamamen perfore olmadigi noktaya kadar arttirilmistir. A1 7075 T6'nin son hizinin
kullanilan aliiminyum alagimlari arasinda en kii¢iik oldugu gériilmektedir, bu da 7075 T6 aliiminyumun daha yiiksek balistik darbe
dayanimina sahip oldugu anlamina gelmektedir. Caligmanin ikinci béliimiinde, Al 7075 ve Kevlar29/Epoksi'nin farkli
kombinasyonlarina sahip alt1 farkli hibrid model olusturulmustur. Bu olusturulan modellerin balistik darbe yiikleri altinda
perforasyon enerjileri ve mermi son hizlar1 karsilastirilmigtir. Elde edilen sonuglar 6AL-6 KEV hibrid modelin, 6nerilen modeller
arasinda balistik darbe yiikiine dayanim agisindan en uygun yap1 oldugunu gostermektedir. Bu sonug, bu modelin balistik darbe
yiikleme kosullar1 altinda maksimum enerji absorbe edebilme 6zelligine sahip oldugu anlamina gelmektedir.

Anahtar Kelimeler: Balistik darbe, aluminyum alagimlari, kevlar.

1. INTRODUCTION

Structures are exposed to the various loads during the
operating conditions. Ballistic impact loads are the most
critical loads which the structures may be exposed.
Hence, ballistic impact capacities of different materials
are an important research area and have been studied by
the many researchers. During the normal impact events,
forces on the target structures can be assumed as

*Sorumlu Yazar (Corresponding Author)
e-mail : eyeter@gantep.edu.tr

distributed (on a small area) on the impact zone. But, in
the ballistic case, forces are concentrated on the points of
impacts which causes high deformations and stresses at
these points. Residual velocities defined as the final
velocity of the projectile after impact, and perforation
energies defined as the energy which can be absorbed by
the target plate during full or partial penetration of the
targets are important parameters to compare different
materials. So, on the many of these studies [1-5], the aim
was to find a material or material combinations to prevent
penetration of targets under the high impact velocities.
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Nowadays the researchers started to investigate to find
light-weight materials which can have high impact load
absorbing capacities with less weights. Hence, some
metallic materials and composite materials can have the
solution for this issue since they have high specific
strength and modulus. Aluminum alloys are one of the
solutions for this issue and studied by some of the
researchers [6-15].

During the impact event, different mechanical properties
of materials can be effective like yield and ultimate
strength, hardening parameters [16], the toughness of
resin [17] for the composites. It was also proved by
experimentally and numerically that some of the polymer
matrix composites show unique properties under the
effects of the impact loadings. So, there are many
investigations that are showing this fact. Carbon/Epoxy
[18-24], Glass/Epoxy-polyester [25-28], Kevlar/Epoxy-
Vinylester [29-40] polymer composites are mainly
studied ones. Among the fibers of the polymer matrix
composites, Kevlar is an important material since this
material type have high impact load absorbing capacities
and have been an important researched fiber type.
Sandwich composites which are the combinations of
Glass fiber and Kevlar/epoxy was studied by Ansari et al.
[40]. Ballistic impact characteristics of a Kevlar/Epoxy
helmet were investigated considering deformation,
stress, final velocity and acceleration using hydro-code
simulations of AUTODYN by Tham et al. [32]. Kumar
et al. [34] performed numeric analyses to predict the
ballistic resistance of Kevlar-Epoxy composites using
100-1000 m/s velacities. Influences of friction on the
ballistic response of aramid fibers were investigated by
Briscoe et al. [30].

Composite materials are the important material types and
many of the properties are unique and new material
properties can be achieved by the optimization[41] or the
combination of different fibers. Different combinations
of various materials that have unique properties are one
of the effective ways to improve the mechanical
properties of the materials. This process is called as
hybridization and has been an important choice for many
applications. Hybridization is also can be used to
improve the energy absorption capacities of materials
and some of the researchers have been investigated this
issue. Naik et al. [18] studied hybridization effects of
glass—carbon/epoxy polymer composites on the Impact
loadings. Shape memory alloy and Spectra hybridization
was investigated by Ellis et al. [42]. Pereira et al. [33]
studied impact characteristics of Kevlar 49 and Zylon.
Randjbaran et al. [38] studied effects of hybrid materials
that are formed using Kevlar-Carbon-Glass fibers for
Ballistic Impact Testing. Silva et al. [22] studied impact
characteristics of hybrid carbon-epoxy/cork composites.
E glass and Kevlar 29 fibers are hybridized by Muhi et
al. [43] and 1t was shown that with the addition of Kevlar
layers penetration resistance was increased.

In this study, ballistic impact response of various
aluminum alloys hybridized with Kevlar/Epoxy
composite is investigated numerically. The study has two

main parts. In the first part of the study, ballistic impact
analyses of 7075, 6061 and 2024 aluminum alloys are
performed and the result of these analyses are compared
for their ballistic impact resistance. During this
comparison the amount of perforation energies (energy
absorbing capacity of target) and projectile residual
velocities are considered. Also, thicknesses of plates are
increased up to the point at which the plates aren’t
exhibited full perforations for the used projectile and
initial velocity. In the second part of the study, Al 7075
(which has maximum ballistic load absorbing capacities
among the used aluminum alloys, and this is shown by
the results of the first part of the study) and Kevlar
29/Epoxy are combined in the various combinations. Six
different hybrid models that have different combinations
of Al 7075 and Kevlar29/Epoxy are proposed.
Perforation energies and projectile residual velocities of
these proposed models are compared under ballistic
impact loadings.

2. NUMERICAL STUDIES

In this study, ballistic impact responses of various
aluminum alloys hybridized with Kevlar/Epoxy
composite are investigated numerically. The numerical
models were developed using the explicit finite element
module of ANSYS. The analyses were performed using
the Lagrangian approach available in ANSYS.

The geometry of the projectiles are important and the
shape of the projectile affects the amount of perforation
energy. In this study, 50 caliber projectile (sharpen
tip[44]) whose geometrical properties are given in Figure
1 is used. The mass of the used projectile equals to 46.16

g.

I 60.96 {

R8O R165.28

R1.02

I 2183 1

Figure 1. The projectile geometric information (dimensions in
mm)

In the first part of the study, 7075, 6061 and 2024
aluminum alloys are compared for their ballistic impact
resistance. Projectile residual velocities and amount of
perforation energies (energy absorbing capacity of The
argets) of these alloys are compared. mechanical
properties of used alloys are given in Table 1.
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Table 1. Mechanical properties of Aluminum alloys

Material S, (Mpa) (m?;) Hardenln?]exponent E (Gpa) G (Gpa) v (kg’r)n@)
Al 7075 T6 420 810 0.113 72 26.70 0.3 2804
Al 6061 T6 290 680 0.110 70 27.60 0.3 2703
Al 7075 T8 260 760 0.160 73 28.60 0.3 2785

The boundary conditions of models are given in Figure
2. During the analysis, the projectile is considered as
rigid and an initial velocity of 400 m/s is applied as seen
in Figure 1. The target plate is fixed from all edges.

[E] Velocity: 400 m/s
Fixed Support

Figure 2. The boundary conditions

2.1 Mesh Convergence Analysis

Before the numerical study, the accuracy of the mesh is
controlled doing a mesh convergence analysis. Eight
different mesh sizes (element sizes) varying from 0.3 mm
to 5 mm were selected and analyzed for AL 7075 T6 and
1 mm plate thickness. Mesh comparison for Al 7075 T6
considering the projectile velocity reduction during
ballistic impact for this plate is given in Figure 3. It was
shown that the element size less than 0.6 mm was
converged to the residual velocity. During the analyses,
0.5 mm element size is used.

—&— (0.3 mm —&— 0.4 mm

410 0.5 mm —e— 0.6 mm
—&—1 mm 2mm
400 ~ —@—5mm
o
£ 390 \M
2 380
3
© 370
>
360
350
340
0.00 0.05 0.10 0.15 0.20 0.25
Time (Ms)

Figure 3. Mesh comparison for Al 7075 T6
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3. RESULTS AND DISCUSSION

Results are given in the two section. In the first section of
results and discussion, the ballistic impact responses of
the aluminum alloys are given. In the second section, the
ballistic impact responses of the hybrid models are given.

3.1 Ballistic Impact Responses of Aluminum Alloys

As mentioned in the previous sections, in this study
firstly ballistic impact responses of Al 7075 T6, Al 6061
T6 and 2024 T4 are compared. Projectile velocity
reductions during ballistic impact for these aluminum
alloys are given in Figure 4. It shows that the residual
velocity (the velocity of the target after full or partial
perforation of the target, this velocity decreases to the
zero if the target cannot be perforated fully) of the Al
7075 T6 is the smallest among the used material types.
For 5 mm thickness of the target plate, the residual
velocity of the Al 7075 T6 is approximately 9.6 %
smaller than the residual velocity of the Al 6061 T6. In
the case of the partial perforation of the target, when the
thickness is equal to 15 mm, it is seen that the velocity of
projectile decrease to zero the earliest (approximately 20
%) among the used material types.

405
—+—AL 7075 T6
400 —e— AL 6061 T6
= AL 2024 T4
@ 395
E
>
g 390
(]
> 385
380
0.00 005 0.10 0.15 0.20 0.25
Time (ms)
(@)
420 —e—AL 7075 T6
400 —o— AL 6061 T6
_ AL 2024 T4
©» 380
£
> 360
3
S 340
2
320
300
0.00 0.05 0.10 0.15 0.20 0.25
Time (m/s)
(b)
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450
400
350
300
250
200
150
100
50
0
0.00

—a— AL 7075 T6
—o— AL 6061 T6
AL 2024 T4

Velocity (m/s)

0.05 0.10 0.15

Time (ms)
(©)

Figure 4. Projectile velocity reduction during ballistic impact
for the different aluminum alloys a) 1 mm thickness,
b)5mm thickness, )15 mm thickness

Damage propagation on the 5 mm target plate with AL
7075 T6 material type for ballistic impact loading is
given in Figure 5. It is seen that perforation is starting
when time equals to the 0.024 ms, and this plate is fully
perforated after 0.2 ms.

0.20 0.25

t=0 ms t=0.024 ms

t=0.036 ms | t=0.06 ms '

t=0.150 ms

=0.200 ms ££0.222 s

Figure 5. Damage propagation on the 5 mm target (AL 7075
T6) for ballistic impact loading (Vi = 400 m/s)

Also, thicknesses of plates are increased up to the point
at which the plates aren’t exhibited full perforations for
the used projectile and initial velocity. In Figure 6,
projectile velocity reduction during ballistic impact for
the different thicknesses of AL7075 T6 is given. The
thickness of the target plate is increased to 15 mm from
1 mm. It is seen that with the increase of the thickness of
target plate, amount of the residual velocity is decreased
and when the thickness equal to the 15 mm, the velocity
of the projectile is decreased to zero. Which indicates that
there is not full perforation of the target at this situation.

—&— AL 7075 T6-tk 1 mm
—8— AL 7075 T6-tk5 mm

450 AL 7075 T6-tk 10 mm

400 —— AL 7075 T6-tk 15 mm

350
% 300
E 250

>
5 200

k<)
S 150
100
50

0
0.00

0.05 0.10 0.15

Time (ms)

0.20 0.25

Figure 6. Projectile velocity reduction during ballistic impact
for the different thicknesses of AL7075 T6

The energy absorption of target plates is also compared
in this study. The energy absorption capacities (EAbs) of
plates are calculated using the following equation:

1 2 2
EAbs = E mp (\/i _Vr ) (1)

Where;

Eans= Energy absorption by the target (J); mp= mass of
the projectile (kg); Vi= initial velocity of the projectile
(m/s); Vr=final (residual) velocity of the projectile (m/s).
The residual velocity of the target with Al 7075 T6
material type is given in Figure 7(a) and Table 2, amount
of absorbed energy comparison of this model is given in
Figure 7(b) and Table 2. The figure and the Table show
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that with the increase of the thickness to 15 mm from
1mm, the residual velocity is decreased 0 m/s from
384.41 m/s. And amount of absorbed energy is increased
to 3692.40J from 282.21 J.

3.2 Ballistic Impact Responses of Aluminum Alloys

Kevlar29/Epoxy, its mechanical properties are given in
Table 3, is an extensively used material type (as
discussed in the introduction section) for the ballistic
impact protective structures. And it is seen in the first part

450 of the study that Al 7075 T6 has the maximum energy
400 absorption among the used aluminum alloys in this study.
350 In the second part of the study, six different hybrid
2 300 models with different combinations of Al 7075 T6 and
£ Kevlar29 /Epoxy were proposed. These models are all 12
£ 250 mm thick and consist of different aluminum and Kevlar
< 200 combinations. These combinations are 6KEV + 6AL, 6Al
(_>6 150 + 6KEV, 3KEV + 6Al + 3KEV, 3AL + 6KEV + 3AL,
3 3KEV + 3AL + 3KEV + 3AL and 3AL + 3KEV + 3AL
§ 100 + 3KEV. And these combinations are named as H1, H2,
50 H3, H4, H5 and H6 as shown in Table 4
0
1 3 5 7 9 11 13 15
Thickness (mm) Table 4. Schematic representation of different hybrid
models
(@) Model Geometry  Individual  Total
thickness Thickness
15 mm; (mm) (mm)
4000 3692.40 J
3500 H1 (6KEV + 6+6 12
5
= 3000 6AL) —
£ 2500
2 H2 (6AL+ 6KEV) 6+6 12
2 2000
> [E——
£ 1500
g
L2 1000 H3 (3KEV + 6Al 3+6+3 12
(2]
= 500 + 3KEV) —_
“ 0
1 3 5 7 9 11 13 15
_ H4 (3AL + 6KEV 3+6+3 12
Thickness (mm)
+ 3AL) [—
(b)
Figure 7.Variation of (a) Residual velocities (b) Energy H5 (3KEV + 3AL 3+3+3+3 12
absorptions of AL 7075 T6 for different thicknesses + 3KEV + 3AL)
Table 2. Residual velocities and Energy absorptions of AL
7075 T6 for different thicknesses HG (AL + 3KEV 3r3v3e3 12
. Residual FOALTIKEV
Thickness . . .
velocity Ballistic energy absorption (J)
(mm)
(m/s)
1 384.41 282.21 . . L . .
5 315.35 1397 44 Perforation energies, projectile residual velocmes: c_)f
10 232 08 2449.42 these proposed models are compared for the ballistic
' ' impact loadings in Figure 8. It has been shown that the
15 0.00 3692.40

target plate which formed having 6 AL-6KEV orientation

*Vinitia=400m/s

Table 3. Mechanical properties of Kevlar29/Epoxy[45]

has the minimum residual velocity among the proposed

Sxt Sxc  Sxc Sy E: (Gpa) E> Es G G13,Gas3 vy VY p
(Mpa)  (Mpa) (Mpa) (Mpa) (Gpa) (Gpa) (Gpa)  (Gpa) 2 (kgm®
1850 185 185 185 1850 1850 6.00 077 543 025 033 1440

223



Eyiip YETER / POLITEKNIK DERGISI, Politeknik Dergisi,2019;22(1):219-227

hybrid models. Which means that the plate with this
orientation has exhibited the maximum energy absorbing
characteristics under ballistic impact loading conditions

—o— 6 Kev+6AL

450
400 « —o—6 AL+6KEV
350 3kev-6AL-3KEV
300 —o— 3AL-6KEV-3AL
@ 250 —— 3KEV-3AL-3KEV-3AL
E
< 200 3AL-3KEV-3AL-3KEV
g 150
(]
> 100
50 | TNy e
0
0.00 0.20 0.40 0.60

Time (ms)

Figure 8. Projectile velocity reduction during ballistic impact
for the hybrid targets

Damage propagation on the hybrid model with 6AL-
6KEYV orientation for ballistic impact loading is given in
Figure 9. It is seen that perforation is starting when time
equals to the 0.03 ms, and the velocity of the projectile is
decreased to zero after 0.55 ms. It is seen that this plate
cannot be fully perforated.

t=0 ms t=0.02 ms

t=0.04

Figure 9. Damage propagation on the 12 mm 6AI+6KEV with
ballistic impact loading (Vi=400 m/s)
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The residual velocity of hybrid models is given in Figure
10a and Table 5. And the amount of absorbed energy
comparison of these models is given in the Figure 10b
and Table 5. The Figure and Table show that the residual
velocity of the model HLlis the highest and it is the
smallest (zero) for H2. Difference between H1 and H2 is
approximately 148 m/s. The absorbed energy of H2 is
approximately 15.85% higher than the absorbed energy

of H1.
160 | 1. 147.97
140
_120
@
£100
>
£ 80 H5; 58.43
2 60 H4; 48.42 He6; 47.25
2 H3; 37.90
< 40
3
S 20
[0
x 0
H1 H2 H3 H4 H5 H6
Material Models
H2; .
3800 3692.40 36';'3’25 H4; hs.  HE:
3700 25 3638.31 441563 3640.88

Ballistic energy absorption (J

3600
3500
3400
3300
3200
3100

H1;
3187.12
H1

H2 H3 H4

Material Models

H5 H6

Figure 10. Variation of Residual velocities (a) and Energy

absorptions (b) of hybrid models for different
thicknesses

combinations of the 7075 T6 aluminum alloy and Kevlar
29/Epoxy were investigated in this study. The main
specific results are;

e The residual velocity of the Al 7075 T6 is the

smallest among the used material types. For 5
mm thickness of the target plate, the residual
velocity of the Al 7075 T6 is approximately 9.6
% smaller than the residual velocity of the Al
6061 T6. When the thickness is equal to 15 mm,
the velocity of projectile decrease to zero the
earliest (approximately 20 % earlier than the
others) among the used material types.

e Perforation is starting when time equals to the

0.024 ms on the 5 mm target plate with AL 7075
T6 material type, and this plate is fully
perforated after 0.2 ms.

e For the target plate with AL7075 T6 material

type, amount of the residual velocity is
decreased when the thickness of the target plate
is increased to 15 mm from 1 mm. When the
thickness equal to the 15 mm, the velocity of the
projectile is decreased to zero. Which indicates
that there is not full perforation of the target at
this situation. The residual velocity is decreased
0 m/s from 384.41 m/s and amount of the
absorbed energy is increased to 3692.40 J from
282.21J.

e The target plate which formed having 6AL-

6KEV (H1) orientation has the minimum
residual velocity among the proposed hybrid
models. Which means that the plate with this
orientation has exhibited the maximum energy
absorbing characteristics under ballistic impact
loading conditions.

e For the hybrid model with H1 orientation,

perforation is starting when time equals to the
0.03 ms, and the velocity of the projectile is
decreased to zero after 0.55 ms.

e The residual velocity of the model Hlis the

highest and for H2 the smallest (zero).

Table 5. (F;_e5|dual veloc!tles and Energy absorptions for Difference between H1 and H2 is approximately
ifferent material models .
_ 148 m/s. The absorbed energy of H2 is
Material  Residual . . approximately 15.85 % higher than the
Models v«zlo/cl)ty Ballistic energy absorption (J) absorbed energy of H1.
m/s
H1 147.97 3187.12
H2 0 3692.40 REFERENCES
H3 37.9 3659.25 [1] Avery, J. ve Porter, T., “Comparisons of the ballistic
H4 48.42 3638.31 impact response of metals and composites for military
H5 58.43 3613.63 aircraft applications”, Foreign Object Impact Damage to
H6 47.25 3640.88 Composites, ASTM International, 1975.

*Vinitia=400m/s

4. CONCLUSIONS
The ballistic impact resistance of different aluminum

alloys,

and hybrid models that have different
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oz
Bu ¢alismada, fotovoltaik/termal (PV/T) kolektorlerin elektriksel ve termal verim analizi yapilmistir. Bu amagla, sicak su karsilama
ve elektrik enerjisi liretimi i¢in uygun olan Sivi Tip Diiz PV/T Kolektor sistemi tercih edilmistir. Bu tip sistemlerin maksimum
verimle calisabilmesi i¢in sizdirmazlik faktori, 1s1nim, giris sicakligi, ortam sicakligi, emici plaka parametreleri (tiip araligi, boru
capi, kanatcik kalinligi vb.), emici plakadaki akiskanin termal iletkenligi gibi gesitli parametreler g6z 6niinde bulundurulmalidir.
PVIT kolektorlerin termal verimliligi, giris sicaklig1 ile ortam sicakligi (Ti-Ta) arasindaki sicaklik farkinin kolektor yiizeyine diisen
global giines radyasyonuna (G) oranindan 6nemli 6l¢iide etkilenmektedir. (Ti-Ta)/G oraninin artmasi termal verimin diismesine
sebep olmaktadir. Ayrica, termal verime etki eden diger faktorler sizdirmazlik faktorii (s) ve farkli kanatgik orani (d/w) degerleridir.
d/w oraninin artmasi kolektdr alaninin artmasi ve PV modiil sicakliginin diismesine sebep oldugundan elektriksel verim artis1 da

saglamaktadir. PV/T sistemlerdeki Onemli sorun, tiim bu parametrelerin géz Oniinde bulundurularak optimum verim elde
edilebilmesidir.

Bu ¢alismada, PV/T kolektoriin MATLAB/Simulink modeli, matematiksel esitliklerinden faydalanilarak hazirlanmistir. Bu model
iizerinde, tasarim parametreleri ile bunlarin termal ve elektriksel verime etkileri incelenmistir. Yapilan caligma ile PV/T
kolektorden elde edilen maksimum termal verim %64,5, elektriksel verim %13,5 ve toplam verim %78 olarak tespit edilmistir.

Anahtar Kelimeler: Fotovoltaik/Termal sistemler, PV/T performans analizi, giines enerjisi.

Performance Analysis of a PV/T Based System by
Using MATLAB/Simulink

ABSTRACT

In this study, electrical and thermal efficiency analyses of photovoltaic/thermal (PV/T) collectors were performed. For this purpose,
a liquid type flat PV/T collector system which is suitable for hot water supply and electrical power production is used. Various
parameters such as sealing factor, radiation, inlet temperature, ambient temperature, absorbent plate parameters (tube spacing, pipe
diameter, flap thickness, etc.) and the thermal conductivity of the fluid in the absorbent plate must be taken into consideration for
such systems to operate with maximum efficiency. The thermal efficiency of the PV/T collectors is significantly influenced by the
ratio of the temperature difference between the inlet temperature and the ambient temperature (Ti-Ta) to the global solar radiation
(G) falling on the collector surface. (Ti-Ta) / G ratio increase decreases the thermal efficiency. In addition, other factors affecting
thermal efficiency are the sealing factor (s) and the different flap ratio (d/w) values. The increase of the d/w ratio also increases the
collector area and decreases the PV module temperature, thus increasing the electrical efficiency. The major problem in PV/T
systems is that optimum efficiency can be achieved by considering all these parameters.

In this study, a MATLAB/Simulink model of PV/T collector was prepared by using mathematical equations. With the help of this

model, the design parameters and their effects to thermal and electrical efficiency were investigated. The maximum thermal
efficiency, electrical efficiency and total efficiency of the PV/T collector were determined as 64.5%, 13.5% and 78%, respectively.

Keywords: Photovoltaic/Thermal systems, PV/T performance analysis, solar energy.
1. GIRIS (INTRODUCTION) dolayli olarak enerji tilketmek zorundayiz. Tiiketmek

Enerji, ¢agimizda en Snemli tiiketim maddelerinden biri ~ Zorunda oldl}gumuz enerjinin . bugi'm’ biiyiik  bir
ve vazgegilmez bir uygarlik aracidir. Gelismislik diizeyi ~ ¢0gunlugu fosil yakitlarindan, geri kalant ise niikleer ve
yiiksek iilkelerin en dnemli ihtiyaglarinin basinda gelen yenilenebilir enerji kaynaklarindan karsllanmakFadlr.
enerji titketimi, siirekli artmaktadir ve bu artis gelecekte ~ 1Um dﬁnyada,. fOSll yakit kullaniminin gevre ve insan
de devam edecektir. Bugiin sahip oldugumuz teknolojik sagl1glqa .verdlgl zararlar, 6qlem alinmazsa gelecekte
gelismelerin devam etmesi ve sundugu imkanlarm  bedelini insanlarin 6deyecegi biiyiik sorunlarla karsi
yasamimizda siirmesi i¢in dogrudan ve karsiya kalinmasina sebep olacaktir.

Enerji tiretiminde fosil kaynaklar biiyiik bir yere sahip
olsalar da, giinlimiizde yenilenebilir enerji kaynaklarinin

*Sorumlu Yazar (Corresponding Author)
e-posta : kivanc.basaran@cbu.edu.tr

229



flayda KOG, Kivang BASARAN / POLITEKNIK DERGISI, Politeknik Dergisi,2019;22(1):229-236

yayginlasmaya baslamasi ile bu kaynaklara duyulan
ihtiyaclarin giin gegtikce azalmasi amaclanmaktadir.
Sanayinin gelismesi ile giderek artan enerji ihtiyacini
kargilamak, kalkinma ve sanayilesme yolunda dnceleri
g0z ardi edilen enerji kaynaklarinin yerine yenilenebilir
enerji kaynaklarinin kullanilmasinin arttirilmasi gergegi
her gecen giin daha iyi anlagilmaktadir [1].

PV/T sistemlerin potansiyel kullanim alani oldukga fazla
olmasina ragmen gilinlimiizde istenilen seviyede
kullanilmamaktadirlar. ~ Ancak literatiirde ~ PV/T
sistemlerle ilgili yapilan caligmalar, kullanim alaninin
gelistirilebilecegini gostermektedir.2010 yilinda
Lizbon’da yapilan bir calismada, MATLAB programini
kullanilarak hibrit fotovoltaik termal giines sistemlerinin
simiilasyon c¢alismas1 yapilmis termal ve elektriksel
verimlerini  incelemigstir. Calisma sonunda %52
elektriksel, %15 termal verim olmak iizere %67 genel
verim elde edilmistir [2]. 2016 yilinda Avustralya’da
yapilan ¢aligsmada, tipik bir konut binasi i¢in PV/T hava
kolektor sisteminin tam optimizasyon ve performans
analizi yapilmigtir. PV giicii, birim kolektdr alan igin
8W/m? sabit giic ile ¢alistirilan bir fanda ortalama hava
akis kiitlesi 0,04 kg/s.m? olarak odlgiilmiistiir. Ayrica
yaklagik olarak ayni akis kiitlesi i¢in termal enerji
cikisindaki giic 22 W/m?, maksimum efektif termal enerji
cikisindaki giic 45W/m? ve fan gii¢ tiiketimi 12W/m?
olarak hesaplanmistir [3]. 2016 yilinda Tunus’da yapilan
aragtirmada PV/T tabanli ters osmos (RO) tuzdan
arindirma  sisteminin  bulanik mantik  denetleyici
kullanarak performans gelisimi incelenmigtir. Bu
calismada sistem simiilasyonu LABVIEW  programi
kullanilarak yapilmigtir. Saat 00:00 ile 10:00 arasinda
sistemin, giines 1s1n1m miktar1 ve ortam sicaklik dagilimi
simule edilmistir. En yiiksek giines 1ginim miktart saat
04:45°de 740 W/m? olarak 6l¢iilmiistiir. Ortam sicaklik
dagiliminin en yiiksek degeri ise ayni1 saatte 33°C olarak
Ol¢iilmiistiir [4]. 2016 yilinda M.A. Jones ve arkadaslari
Amerika’da yaptiklar1 ¢aligmada, enerji depolama
sistemi olmaksizin, tarimsal kullanim amaciyla PV
sistemle c¢alisan su pompalama ve aritma sisteminin
ekonomik analizini incelemiglerdir. Sistemde 15 ile 250
kW arasinda degisen PV dizi boyutlari ile RO sistem ve
orta 6lgekli bir pompa iizerine bir ¢alisma yapilmistir. Bu
calismada sistemin MATLAB programinda simule
edilmistir. Modellemede Urdiin’iin giines 1stnim
degerleri baz alinmig, 4 farkli invertér kullanarak
inceleme yapilmistir [S]. 2016 yilinda Fransa’da, Ouargla
sehrinin iklim sartlarinda, bir evin temiz su eldesi ve sifir
enerji tiiketimini saglamak amaciyla teorik bir ¢alisma
yapilmigtir. Yapilan caligmaya gore kurulacak sistem
Mayis - Ekim aylar1 aralifinda bir evin sicak su
ihtiyacimin tamamini, Ocak - Nisan aylar1 boyunca
sirastyla %54 ve %93 arasinda sicak su ihtiyacini
karsilayacag1 hesaplanmistir [6]. 2014 yilinda Tunus’da,
PV/T temelli tuzlu su aritma sistemi dizayninin kavram
ve degerlendirmesi {izerine ¢alisma yapilmustir.
Calismalarinda, 1sinin tuzlu su iizerinde etkisi ve ylizey
performansi incelemistir. Ayrica besleme suyu
sicakliginin enerji tiiketimi {izerinde olan etkisi de

incelenmigtir. Sicaklik arttikca sistem igin gereken
toplam enerji miktar1 azalmaktadir. 45°C’de gerekli olan
enerji 2000Wh’dir [7]. 2013 yilinda Delhi’de yapilan
calismada fotovoltaik tabanli dalgic su pompasinin
performans analizini incelenmistir. 28 Kasim 2012 de
yaptiklar1 6l¢iimde en yiiksek gilines radyasyon degeri
691 W/m? olarak odlciilmiistiir. Elde ettikleri verim ise
%7°dir [8]. 2016 yilinda Cin’de, PV/T sistem tabanli
mikro kapsiilli faz degistirici malzemenin (MPCM)
enerji performansint deneysel olarak ¢alisma yapilmistir.
900W/m? giines 1smmminda 150 (Q/W) elektrik cikist
elde edilmistir [9]. 2011 yilinda yapilan bir ¢alismada
PV/T su sistemleri iizerine verim analizi yapmustir.
Yapilan caligmada termal verimi %64, elektriksel verim
%12 olarak bulunmustur [10]. 2015 yilinda Fas’ta
yapilan bir ¢aligmada fotovoltaik modiillerin MATLAB
simiilasyonu iizerinde, 1simim ve sicakligin diizensiz
dagilimi altindaki modiil ve dizileri incelemistir.
Modelde, giines simulatorii vasitasiyla dlglilen degerler,
deneysel olarak kontrol edilmistir. 25°C sicaklikta, 800
Wi/m?, 900 W/m?, 1000 W/m?, 1100 W/m? 1smnim
seviyelerinde 6lgtimler yapilmstir. Elde edilen en yiiksek
giic, 1100 W/m?1smmimda 250W olarak Slgiilmiistiir [11].
2006 yilinda Izmir’de yapilan bir calismada yapi ile
biitiinlestirilebilir gilines pili/termal toplayict (PV/T)
hibrid sistemin performans analizi ve optimizasyonu
incelenmistir. Kolektdr giris ve ¢ikis suyu sicakliklar ile
giines pili hiicre sicakliklarmin saatlik ortalamalar
incelenmigtir. Deney 09.07.2004 tarihinde yapilmis olup
elde edilen en yiiksek ¢ikis suyu sicakligi saat 16:00’°da
43,24 °C olarak ol¢iilmiistiir [12]. 2014 yilinda yapilan
bir arastirmada, fotovoltaik / termal giines kollektoriiniin
tasarimi ve duyarlilik analizi {izerine ¢aligmustir.
Sistemin  duyarliik analizi  MATLAB  Simulink
kullanilarak yapilmistir. Kanatgik oranina gore termal
verimlilik degisimi incelenmistir. En yiiksek termal
verim, 0,009 kanat¢ik oraninda %45  olarak
hesaplanmistir [13]. 2016 yilinda Cin’de yapilan bir
calismada, fitilsiz 1s1 borusu ve tel rgiilii 1s1 borusu ile
PV/T sistemlerin egim agisinin termal performans
tizerindeki etkisi deneysel olarak incelenmistir. Paneller
10°, 20° ve 40° olmak iizere {i¢ farkli egim agisinda
ayarlanmigtir. Bu agilarda Olgiilen degerler sirast ile
0.014 K/W, 0.012 K/W, 0.011 K/W’dir [14].

Bu caligmada, sivi tip diiz PV/T kolektorlerin Manisa
ilinin iklim sartlar1 g6z 6niinde bulundurularak termal ve
elektriksel verim analizi yapilmistir. Caligmanin amaci,
PV/T  kolektorlerin  Manisa ilinde kullanilmasi
durumunda elde edilebilecek termal ve elektriksel
verimlerinin belirlenmesi ve kurulacak sistemlerin dogru
boyutlandirilmasina  katkida  bulunmaktir.  Gerekli
analizler i¢in PV/T kolektorlerin matematiksel esitlikleri
kullanilarak MATLAB/Simulink programinda gerekli
modeller hazirlanmistir. Olusturulan model {izerinde (Ti-
Ta)/G, sizdirmazlik faktorii ve 1s1 iletim katsayisinin
degisimine bagl olarak PV/T kolektoriin termal ve
elektriksel verim degisimi analiz edilmistir. Yapilan
simiilasyon c¢aligsmalar1 sonucunda, PV/T kolektoriin
maksimum termal verimi %64,5, elektriksel wverimi
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%13,5 ve toplam verim %78 olarak tespit edilmistir.
Gergeklestirilen simiilasyon modeli ve kullanilan
parametreler Manisa ili i¢in yapilan ilk ¢caligma olmasi
sebebiyle literatiirdeki boslugu dolduracak ozelliktedir.
Simiilasyon ¢aligsmasinda kullanilan PV/T kolektoriin
teknik 6zellikleri Cizelge 1’de gosterilmistir.

Cizelge 1. Kullanilan PV/T Kollektoriin Teknik Ozellikleri

(Thecnical Specifications of PV/T Collector)

Parametre Seorrb Deger Birim
Ortam Sicaklig Ta 293 K
Yiizeydeki Isima &p 0,95
Kapaktaki Isima € 0,88
Boru Sayist n 66
Sistem Akis Hizi m 2 Ips
Kolektor Alani A m?
Riizgar Hiz1 v m?/s
PV trans/abs Topy 0,74 veya 0,78
Termal trans/abs Tor 0,925
Emici Kalinligt t 05 mm
PV Kalinlhigt Lev 04 mm
PV iletkenligi Kpy 130 W/mK
Boru Hidrolik Caplart dh 9,7 mm
Boru Araligi w 01 mm
Boru genisliginin diw 15
araliga orani
Hiicreden emiciye howa 5 WIm2K
Is1 transfer katsayist
2. PV/T SISTEMLER (PV/T SYSTEMS)
Endistride gilines enerjisi doniisiim  sistemlerinin
kullanimi her ne kadar smrhi olsa da, 0Ozellikle

fotovoltaik sistemler i¢in, standart PV modiillerinin
yerine PV/T kolektorler kullanilmasi giines enerjisi
doniisim  sistemlerinin  endiistride  kullanimini
yayginlastirabilir. 1970’lerin sonlarinda, hem PV hem de
termal kolektorlerin tek bir cihazda birlestirilerek
kullanilmas ile ilgili bir dizi ¢alisma yapildi. Bu yeni
giines sistemleri, hem elektrik elde etmede hem de su
veya hava 1sitma da kullanildigi igin endiistriyel
uygulamalara etkili bir sekilde katki saglamaktadir.

2.1 PV/T Sistemin Temel Yapis1 (Basic Structure of
PV/T System)

Fotovoltaik termal kolektor (PV/T), tipik bir PV panel ve
panelin altina yerlestirilen, evlerde 6n 1sitma saglamak
icin su veya havayr 1sitmada kullanilan termal
kolektdrden olusur. PV/T kolektorler, giines enerjisinin
biiyiik bir kisminin toplayict yiizeyine odaklanmasi ile
faydali termal ve elektrik enerjisine doniistiirilmesine
olanak saglar. Siradan PV panellerde hiicre sicakligi
arttikca verim azalmaktadir. Ancak PV/T sistemlerde

sicaklik artis1 oldugunda, termal kolektérden gecen su
veya hava fazla 1s1iy1 PV hiicreden uzaklagtirarak daha
verimli calismasini saglar. Ayrica, PV ve termal kolektor
bir arada oldugu icin, kullanilan sinirli ¢at1 alanindan
daha fazla verim elde etmemizi saglarlar. Bir¢ok farkli
PV/T teknolojileri bulunmaktadir. Her teknolojinin farkli
hedef uygulamalari, kurulum maliyetleri ve performans
ozellikleri vardir [15].

2.2 PV/T Sistem Cesitleri (PV/T System Types)

2.2.1 Sivi tip diiz PV/T kolektorler (Liquit type flat-
PV/T collectors)

Bu tip PV/T sistemlerde, su veya kullanilan akiskan
toplayici plaka icerisinde dolastirilarak 1siy1 toplar. Sicak
su talebi olmast durumunda bu tip bir sistemin
kullanilmasi avantajdir. Diiz yapiya sahip bina catilari,
sistemin kurulumu i¢in uygundur. Ayrica elde edilen
sicak su, harici bir depoda saklanabilir. Ancak bu
sistemlerin asir1  kosullarda sizinti ve donma gibi
dezavantaji olusmaktadir.

Swv1 tip diiz PV/T kolektorlerin sirli ve sirsiz olmak tizere
iki ¢esidi bulunmaktadir. Sirlanmig yiizeye sahip
kolektorler, daha az 1s1 kaybi ve yiiksek termal
performans saglar. Ancak yiiksek sicaklik fotovoltaik
hiicreyi olumsuz etkiledigi icin, hiicrenin elektriksel
performansint bir dereceye kadar diisiirmiis olur. Sirsiz
stvi tip diiz PV/T sistemlerde 1s1 kayiplar1 fazla oldugu
icin calisma sicakliklar1 daha diigiiktiir. Boylece, daha
yiiksek elektriksel performans ve daha diisiik termal
performans elde edilmis olur. Kurulan sistemden yiiksek
termal performans elde edilmek isteniyorsa sirli, yiiksek
elektriksel performans elde edilmek isteniyorsa sirsiz sivi
tip diiz PV/T kolektor kullanim1 uygun olacaktir. Sekil 1
ve Sekil 2°de sirli ve sirsiz sirli sivi tip diiz PV/T kolektor
gosterilmistir.

Sekil 1. Sirh Camlhi Sivi PV/T (Glazed liquid type PV/T
collector) Sekil 2.Sirsiz Camli Sivi PV/T (Unglazed
liquid type PV/T Collectors) [16]

2.2.2 Hava tipi diiz - PV/T kolektorler (Air type flat -
PV/T collectors)

Hava tipi diiz PV/T kolektorlerde, toplayicida sivi
akigkan yerine hava dolastirtlarak havanin 1sitilmasi
saglanir. Bu tip kolektorler 1sitilmis havaya ihtiyac
duyulan alanlarda kullanilmalidir. Siv1 tip kolektorlere
gore maliyetleri daha diisiiktiir ve bir sizint1 durumunda,
donma, kaynama veya sistemin zarar gormesi gibi bir
risk olmadigindan daha avantajlidir. Ancak, hava tipi
PV/T kolektorlerinin, siv1 tipe kiyasla daha diisiik termal
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performansa sahip olmasi gibi baz1 bilyiik dezavantajlari
vardir. Sirkiilasyon akiskani diisiik 1s1 kapasitesine sahip
oldugundan, daha diisiik 1s1 transferine sahiptir. Ayrica
diistik yogunlugu nedeniyle transfer hacmi, sivi tipli
olanlara gdre ¢ok daha yiiksek olmak zorundadir.
Dolayistyla, diisik hacimli uygulamalar i¢in uygun
degildir ve kurulumda estetik agidan hos olmayan daha
biiyiik hacimli borulara ihtiya¢ duyulur. Son olarak, bir
sizintt durumunda sivi tip PV/T sistemlere gére daha
yiiksek 1s1 kaybt gézlemlenmektedir. Bu dezavantajlara
ragmen hava tipi PV/T  kolektorleri  diisiik
maliyetlerinden dolayi, 1sitilmig havaya ihtiyag duyulan
uygulamalarda kullanilabilir. Sekil 3°de hava tipi diiz
PV/T kolektor uygulamasi gosterilmistir.

Sekil 3. Is1 Geri Kazanimli Havalandirmali PV/T Uygulamasi
(Ventilated PV/T with heat recovery aplication) [16]

Is1 geri kazanimli havalandirmali PV sistemleri, temel
olarak havanin dogal tasinimi ile havalandirilmis bir PV
sisteminden, 1s1 geri kazanimi yoluyla PV kolektoriin
1s1sint kullanan duvarin bir béliimiine veya gatiya entegre
edilmistir. Bu sistemin avantaji yaz aylarinda binay1
koruyarak, sogutma yiikiinii azaltmasidir. Ayrica
kaplama malzemesinin yerini aldiklar1 i¢in ekonomik bir
fizibilite ¢aligmasi i¢in uygundurlar.

Entegre edilmis PV kolektorlerini kurmanin dezavantaji
ise her bir bina i¢in ayr1 ayri tasarlanmalarinin
gerekmesidir. Ayrica yiiksek hacim nedeni ile biiyiik
borulara ihtiya¢ duymalar1, her uygulama igin uygun
olmadiklarimi gdstermektedir. Son olarak, kolektdrdeki
hava dolagimi, doga sartlarina maruz kaldigi igin yiiksek
1s1 kaybi1 nedeni ile entegre PV kolektdr uygulamalarinda
diigiik sicakliklar elde edilir. Sekil 4’de Ist Geri
Kazanimli Havalandirmali PV kolektdriin iki uygulamasi
gosterilmistir.

Sekil 4. Is1 Geri Kazanimli Havalandirmali PV Kolektoriin
Uygulamas1 (Ventilated PV with heat recovery
aplication)[16]

2.2.3 Konsantre PV/T kolektorleri (Concentrated PV/T
collectors)

Konsantre PV/T kolektorlerinde giines 1sinlar1 toplanarak
PV/T modiiliiniin bulundugu merkezi bir noktaya
yansitilir. Bu sistemin avantaji kullanilan reflektor
malzemesinin maliyetinin diisiik olmasidir. Ayrica diiz
PV/T’lere kiyasla daha az PV malzemesine ihtiyag duyar.
Pahali PV modiiller, maliyeti diisiik olan reflektorler ile
degistirilerek daha ucuza mal edilebilir. Konsantre PV/T
kollektorlerinin  dezavantaji  ise yiiksek sicakliklara
ciktigindan dolayi, sabit bir sogutmaya ihtiyag
duymalaridir. Eger termal yiik (sogutma) arizalanirsa
sistem sorunlu hale gelebilir. Bu sistemlerin daha iyi
performans elde etmeleri igin siirekli izlenmeleri
gerekmektedir. Diiz plakali PV/T kolektorlerine gore
yapiya entegrasyonu zordur. Ayrica, yiiksek sicakliktan
dolay1 olusan malzeme bozulmas: diger tim PV/T
kolektorlerine gore daha fazla gozlenmektedir. Son
olarak, bu kolektorlerin performansi kum ve toza karsi
hassasiyet gostermektedir [16]. Sekil 5°de konsantre
PV/T kolektoriiniin yapist ve bir bina {izerindeki
uygulama goriintiisii verilmistir.

PV/T Kollektori ve
(Concentrating PV/T collector and aplication) [16]

Sekil 5. Konsantre Uygulamast

PV/T sistemde 1sitilan suyu depolayabilmek icin
depolama tanki gerekmektedir. Genellikle, kolektor
alaninin metre karesi bagina, hacmi 4,5 ile 9 litre arasinda
degisen depolama tanki kullanilmasi gerekir. Depolama
tankinda kullanilan yiik esanjoriine goére depolanan su,
icilebilir veya igilemez Ozellikte olabilir. Kiigiik
sistemlerde genellikle, cam kaplamali c¢elik tanklar
kullanilmaktadir. Biiyiik sistemlerde ise, polimerden
yapilmis ya da polimer astarlari kullanan basingsiz
depolama tanklar1 yaygindir. Bu sistemler, kii¢iik
basingli tanklara kiyasla birim hacim bagina depolama
maliyetini 6nemli 6l¢iide azaltmaktadir [16].

2.3 Sistem Secimi (System Selection)

Bu c¢aligmada, sivi tip diiz PV/T kolektorler segilerek
simiilasyon verileri elde edilmistir. Bu tip kolektorler
sicak su ve elektrik ihtiyacini bir arada kargiladiklari i¢in
oldukg¢a kullamighdir. Sistemin 1s1 kayiplarmin disiik
olmasi istenildigi igin sirli cam segilerek hesaplamalar
yapilmistir. Bdylece %60 oraninda termal verim, %13,5
oraninda ise elektriksel verim elde edilmistir. Stvi1 tip diiz
PV/T kolektoriin yapist ve elemanlar1 Sekil 6’da
gosterilmistir.
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Sekil 6. PV/T Panel Yapis1 (PV/T panel construction)[17]

2.4 Sistemin Blok Semas1 (System Block Diagram)

PV/T kolektorler, hem elektrik enerjisi tretecek (PV)
kisim, hem de suyun isinmasint saglayacak (Termal)
kisim olmak iizere 2 bolimden olusmaktadirlar. PV/T
kolektor kullanilarak olusturulan bir sistemin blok
semast Sekil 7’de gosterilmistir. Giines 1stmumi1 PV/T
kolektor iizerine diistiigiinde PV panel tarafindan dogru
(DC) akim iretilir. DC akim invertdr vasitasiyla
alternatif (AC) akima ¢evrilir ve yiiklere aktarilir. Sekil
7’de kesik ¢izgiyle gosterilen kisim elektrik akiminin
gecis yolunu gostermektedir. Ayrica, giines 1s18inin
kolektor iizerine diismesi ile termal kisimdaki borular
igerisinde bulunan su isinmaktadir. Sekil 7’de sicak
suyun tasindigt boru kirmizi ¢izgi ile soguk suyun
tagindigi boru ise mavi ¢izgi ile gosterilmistir.
Kolektorde 1sman su, su deposuna aktarilir. Buradan
daha disiik sicakliktaki su kiitlesi kolektdre dogru
hareket etmektedir. Dolayisiyla depo igerisindeki su
1sinmaktadir.

— INVERTOR —— — — — — — AC AKIM

1«“‘&@

fe DEPOLAMA ] | ELERTRIK
/ e
@ /Z SUDEPOSU {—D><]> i],ﬁf&m
IIIIIY -

Sekil 7. Sistemin blok semasi (Block Diagram of System)

3. SISTEMIN MATEMATIKSEL
MODELLEMESI (MATHEMATICAL
MODELING OF THE SYSTEM)

PVIT sistemin termal ve elektriksel verimini analiz

etmek amaciyla kolektore eklenmis diiz plaka termal

toplayiciyla, tek boyutlu kararli hal modeli
gelistirilmigtir. Bu analizde Hottel-Whillier denklemleri

kullanilmustir [13].

Is1 kazanci (Q):

Q = AFR[(T ) py * GUps5(T; — Tar) 1)
Bu denklemde 1s1 kazanci (Q); diizenleme faktorii (FR),
kolektoér alami (A), giines radyasyonu (G), fotovoltaik

hiicrelerde gegirgenlik-sogurma faktorii ((To)pv), 181
kayb1 Kkatsayist (Ujess), giris sicakligi (Ti), ortam
sicakliginin (Ta) bir fonksiyonu olarak tanimlanmistir.

Kolektor 1s1 degistirici diizeltme faktorii (Fr);

mc AUjossF'
Fr = gy [1 = exp(~ o] @
Kolektor 1s1  degistirici  diizeltme  faktorii  (Fg);

kolektordeki kiitle akis1 hizi (m) ve kolektor sogutucu
maddesinin 6zgiil 1s1sina (Cp) bagl olarak hesaplanir.

Kanatcik verimlilik faktorii (F):

_ tanh(n2%
F= oz @)
Denklem (3)’de, bitisik borular arasindaki etki hesaba
katilarak PV/T imalati sirasinda olusturulan dikdortgen
kesitli tiiplerin igerisinde bulunan borularin, boru
araliklar1 (w) ve boru genisligi (d) dikkate alinarak
kanatgtk  verimlilik  faktorii  (F)  hesaplanmustir.
Tiiplerdeki akisla ilgili tiim hesaplamalarda, boru
hidrolik ¢ap1 (dn) dikkate alinarak hesaplama yapilmustir.

PV hiicre ve emicinin termal iletkenlik katsayis1 (M);

U
M = loss (4)
kapslabs+kpvlpy

Bu denklemde M, emici ve PV hiicrenin 1s1l iletkenligini
ifade eden bir katsayidir.

Kolektor verim faktorii denklem 5°de verilmis olan
formiille hesaplanir.

1
F' = [ Uloss ] + 1 + 1 (5)

Uloss(d+(w—ad)F) whpya  mdhgpiq

Burada Dittus-Boelter denklemine gore hpya, PV hiicre
ile emici plaka arasindaki bag direncinin 1s1 transfer
katsayisi olup, hsyig belirlenen sogutma kanali igindeki
zorlanmus 1s1 transfer katsayisini ifade etmektedir.

Sistemdeki toplam performans kayiplar1 denklem 6
kullanilarak hesaplanabilir. Genel kayip katsayist (Ujoss);

Uoss = U + Uy + Ue (6)

Ust kayip katsayisi (Up) denklem 7 kullanilarak
hesaplanir.

N
— g
Ut_ ——+
T =T,
pm—Ta,,
Tpm( Ng+f )

U'(Tpm"‘Ta)(Tgm"'Tt%) (7)
zNg+f—1+0,33Cp

-1
(ep+0,0059Nghy) "1+ P

Burada; Ng cam kapak sayist, g, ylizey yayilimi, g5 cam
yayillimi, Tpm ortalama yiizey sicakligi, hy riizgar 1si

transfer katsayis1 (W/m?°C), v riizgar hiz1 (m/sn), B egim
agis1, p kolektor gevresi ve L emici kalinligidir.

¢ = 520(1 — 0,00005132%) (8)
e=043(1 -2 (9)
Tpm
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f = 0(1+0,089)" —0,1166h¢,)(1 + 0,07866N)

(10)
Riizgar 1s1 transfer kat sayisi (hy);
hy =57+ 38v (11)
Alt kayip katsayis1 agagidaki gibi hesaplanir:
Uy =12 (12)
Kenar kay1p katsayist asagidaki gibi hesaplanir:
U, = (UAjlidge (13)
Ortalama Sicaklik Farki (Tjyy,):

Qu

Tom = Ti + 2= (1= Fp) (14)

PV sistemin elektriksel verimliligi ortalama sicaklik
arasindaki fark ve bag hiicresi ¢alisma sicakligina
(NOCT) gore hesaplanir. Bir PV/T sistemin elektriksel
verim hesabi, denklem 15°de ifade edilmistir;

Nle = 0,15(1 — 0,005(T,,,, — NOCT)) (15)

Bir PV/T kolektoriin termal verimliligi, giris sicakligi
(T;), ortam sicakligi (T,), kolektor yiizeyine gelen 1g1mim
miktar1 (G), sizdirmazlik faktori (s), PV ve termal
hiicrenin emici iiriin iletkenligi ile dogrudan baglantilidir
[13].

Neermar = Fr(S * tapy) + (1 = S*tay) —

Ti-Tq
FR Uloss T (16)

3.1 PV/T Sistem Simulink Modeli (Simulink Model of
PV/IT System)

PV/T kolektoriin performansina, kiitle akis hizi, emici
plaka parametreleri (tiip araligi, boru ¢api, kanatgik
kalinligi gibi), emici plakadaki akigkanin termal
iletkenligi ve diizenlenmis tasarim tipi gibi etki eden
birkag faktor vardir. Sekil 8’de gosterilen sistemin
MATLAB SIMULINK modeli, bu parametrelerden
bazilariin, sistemin termal verimini nasil etkiledigini
belirlemek amaci ile kullanilmistir. Kollektor girisi ile

cevre arasindaki (Ti-Ta) sicaklik farkinin kolektor
ylizeyinde (G) meydana gelen global giines
radyasyonuna orani, termal verimlili§in bagimli oldugu
PV/T parametresidir. Bu parametre, PV/T performansini
onemli Olgiide etkilemektedir. Hazirlanan Simulink
modeli, PV/T kolektoriin degisik parametreler altinda
elektriksel wve termal verimlerin tespit edilmesini
saglamaktadir.

3.2 Simiilasyon Sonuglar: (Simulation Results)

Cesitli parametrelerin etkisi altinda PV/T kolektoriin
performansi incelenmistir. Bu parametreler; kiitle akis
hizi, tiip boslugu, boru ¢api, kanat kalinligi, sizdirmazlik
faktorii, PV hiicrenin gegirgenlik-sogurma faktorii ve
emici yiizeyin iletkenligidir. Sekil 9’da sizdirmazlik
faktoriiniin elektrik verimine etkisi gosterilmistir

0.140 A

0.135 1

0.130 A

Elektrik Verimi

0.125 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Sizdirmazhk Faktorii(s)

Sekil 9. Elektrik Veriminin Sizdirmazlik Faktoriine Gore
Degisimi (Change of electricity efficiency according to
sealing factor )

Sizdirmazlik faktoriiniin artmasi, daha fazla kolektor
alaninin PV hiicreler tarafindan kaplandigi anlamina
gelmektedir. Dolayisiyla sogurucu blok alaninin artmasi
PV hiicrelerdeki 1s1 artisini azaltict yonde etki
olusturmaktadir. PV hiicre sicakliginin diismesi de PV
panel tarafindan {iretilecek elektrik enerjisinin artigsina

[ — ]
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Sekil 8. MATLAB/Simulink Model (MATLAB/Simulink Model)
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sebep olmaktadir. Sizdirmazlik faktorii artti§inda
elektrik veriminin arttig1 Sekil 9° da gosterilmistir.

—— $5=0,1
0.155- = 5=0,2
- $=0,3
E 0.150 — s=04
L
> —+— $=0,5
= 0.145
z —— 5206
3
= - 5=0,7
W 0.140 1 =0,
—+ $5=0,8
0.135 T T 1 v $=0,9
0.01 0.02 0.03

(Ti-Ta)IG

Sekil 10. Elektriksel Verimin (Ti-Ta)/G ile Degisimi
(Electricity effienciy versus (Ti-Ta)/G)

(Ti-Ta)/G ifadesinin farkli degerlerinde sizdirmazlik
faktoriiniin elektriksel verime etkisi Sekil 10’ da
gosterilmistir. (Ti-Ta)/G degerinin artis1t PV/T kolektdriin
matematiksel esitliklerinde de  gosterildigi  gibi
elektriksel ~ verimi  diislirmektedir.  Sizdirmazlik
faktoriiniin artis1 ise sekil 9’da da gosterildigi gibi
elektriksel verimi arttirmaktadir. Buna gore elektriksel
verim en yiiksek degerini, (Ti-T2)/G degerinin 0,008 ve
sizdirmazlik faktoriiniin 0,9 oldugu durumda almaktadir.
Elektriksel verimdeki degisim, sizdirmazlik faktoriine ve
(Ti-Ta)/G degerine baglh olarak 0,157 ile 0,136 degerleri
arasinda yaklastk % 15,44 oraninda degisim
gostermektedir. Sabit bir (Ti-Ta)/G degerinde sadece
sizdirmazlik faktdriine bagli olarak elektriksel verim
degisimi ise yaklasik %6’ dir.

- s-
0.65 $=0.1
- S=0,2
0.60 - 5203
E
= _
© 0.55 ¥ s=04
>
-— - S=0,5
o
£ 0.501 $=0,6
]
L —
0.45- = s=0,7
- 5=0,8
0.40 . T T ! S=0.9
0.005 0.010 0.015 0.020 0.025
(Ti-Ta)/G s=1

Sekil 11. Termal Verimin (Ti-Ta)/G ile Degisimi (Thermal
effienciy versus (Ti-Ta)/G)

Sizdirmazlik faktoriiniin artmasi, PV hiicreler tarafindan
kaplanan alanin artisina sebep olmaktadir. Bu artis aym
1sin1m degeri altinda daha fazla alanin 1sitilmas1 anlamina
gelmektedir. Dolayisiyla sizdirmazlik faktoriine bagh
olarak termal verimde diisiis meydana gelecektir. Termal
verimin, (Ti-Ta)/G ifadesinin farkli degerlerinde
sizdirmazlik faktoriine bagl olarak degisimi Sekil 11°de
gosterilmistir. (Ti-Ta)/G esitliginin 0,008 degeri igin
sizdirmazlik faktGriiniin 1 olmasi durumu ile 0,1 olmasi
durumu arasindaki verim farki yaklasik %23,5°dir.

Dolayisiyla sizdirmazlik faktoriintin degisimi elektriksel

verimden ziyade termal verim iizerinde daha c¢ok
etkilidir.

0.65
-o-
E -, Q\e\s\e\e\s\e\s\e Talphapv 0,4
= - Talphapv 0,5
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Sekil 12. Termal Verimin (Ti-Ta)/G ile Degisimi (Thermal
effienciy versus (Ti-Ta)/G)

PV/T kolektor performansini etkileyen o6nemli
faktorlerden  biri  gecirgenlik-sogurma  (Taiphapv)
ozelligidir. Bu deger, PV/T kolektorlerin {iretim
asamasinda kullanilan malzemelere baglidir. Sekil 12°de
giris sicaklig ile ortam sicakligi farkinin 1g1nim degerine
oranmin  (Ti-Ta)/G), termal verime etkisi farkl
gecirgenlik-sogurma katsayilari g0z Oniinde
bulundurularak gosterilmistir. Buna gore, gecirgenlik-
sogurma  katsayisinin  artmasi  termal  verimi
arttirmaktadir.  Bu durum PV  hiicrenin sogurma
ozellikleri ile ilgilidir. Tipik bir PV hiicrenin absorbe
edecegi 15181n dalga boyu termal kolektdriin absorbe
edecegi 1518  dalga boyundan daha kiiciiktiir.
Dolayisiyla biiyiik dalga boylu 1siklar PV hiicreden
yanstyarak termal kollektdr tarafindan absorbe edilir. Bu
nedenle gecirgenlik-sogutma katsayisinin artmasi termal
verimi arttirmaktadir.

Elektrik Verimi
o o o
N i N
w w w
» o -]

0.132 4

0.130 T T T T 1
0 100 200 300 400 500

Isi Aktarim Katsayisi (WlmzK)

Sekil 13. Elektriksel Verimin Is1 Aktarim Katsayist ile
Degisimi (Variation of electrical efficiency with heat
transfer coefficient )

PV hiicreden emici ylizeye 1s1 aktarim katsayisindaki
degisimin elektriksel verim {izerindeki etkisi Sekil 13°de
gosterilmistir. Is1 aktarim katsayisinin elektriksel verim
iizerindeki etkisini incelemek igin gegirgenlik-sogurma
(Taipha,pv) degeri 0,74’de ve sizdirmazlik faktorii 0,4° de
sabit tutulmustur. Boylelikle sadece 1s1 aktarim
katsayisinin verim {iizerindeki etkisi goriilmiistiir. Sekil
13°de goriildiigii gibi 1s1 aktarim katsayisinin degisimine
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bagli olarak elektriksel verim ¢ok az degisim
gostermektedir. Bu nedenle 1s1 aktarim katsayisinin
elektriksel verim iizerindeki etkisi ihmal edilebilir.

4. SONUCLAR (RESULTS)

Bu calismada, Manisa Ilinin iklim kosullar1 dikkate
almarak sivi tip diiz PV/T kolektoriin elektriksel ve
termal verimleri sizdirmazlik faktori, gegirgenlik-
sogurma faktorli, emici yiizeyin iletkenligi, ortam
sicakligl, 1s1nim degeri gibi parametreler degistirilmek
suretiyle analiz edilmistir. Analiz caligmasit icin
MATLAB/Simulink programi kullanilmistir. Elektriksel
verim i¢in en dnemli etken sizdirmazlik faktorii olup bu
degerin artmas1 ile elektriksel verimin artacagi
gozlenmistir. Termal verimi etkileyen en Onemli
faktorlerden biri ise gegirgenlik-sogurma o6zelligidir.
Gegirgenlik-sogurma katsayisinin artmast ile termal
verimin arttigi gozlemlenmistir. Elektriksel verimdeki
degisim, sizdirmazlik faktoriine ve (Ti-Ta)/G degerine
bagli olarak 0,157 ile 0,136 degerleri arasinda yaklasik %
15,44 oraninda degisim gostermektedir. Sabit bir (Ti-
Ta)/G degerinde sadece sizdirmazlik faktoriine bagh
olarak elektriksel verim degisimi ise yaklagik %6’ dur.
Termal verimin (Ti-Ta)/G esitliginin 0,008 degeri igin
sizdirmazlik faktGriiniin 1 olmasi durumu ile 0,1 olmasi
durumu arasindaki verim farki yaklasik %23,5°dir.
Dolayisiyla sizdirmazlik faktoriiniin degisimi elektriksel
verimden ziyade termal verim iizerinde daha ¢ok etkili
olmaktadir. Bu ¢alismada Ozellikleri verilen PV/T
kolektorlerin Manisa Ilinde kurulmasi durumunda elde
edilebilecek termal verim %64,5, elektriksel verim
%13,5 ve toplam verim %78 olarak tespit edilmistir. Elde
edilen verim degerlerinin literatiirdeki ¢aligmalarda elde
edilen degerlerle benzerlik gosterdigi belirlenmistir
[2,10].
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ABSTRACT

In this study, microstructure, mechanical, and conductivity characteristics of Hardox 400 steel were changed with different heat
treatments and effect of such characteristics on its machinability with Wire Electrical Discharge Machining (WEDM). Optical
microscope examinations were performed to determine various characteristics, and additionally microhardness and conductivity
measurements were conducted hereof. L18 Taquchi test design was conducted with three levels and four different parameters to
determine the effect of such alterations on its machinability with WEDM and post-processing Cutting width (kerf), Surface
roughness (Ra), Material removal rate (MRR) values were determined. Micro changes were ensured successfully by using applied
heat treatments. The best kerf value was obtained from sample 6 which was tempered from 350 °C. The microstructure of this
sample was composed of commonly a ferrite and few pearlites. The best Ra value was obtained from sample 3 which was tempered
from 200 °C. The microstructure of this sample was composed of few a ferrite and commonly pearlites. The best MRR value was
obtained from sample 5 which was tempered from 300 °C. The microstructure of this sample was composed of almost equally o
ferrite and pearlites. Additionally the most effective parameters on Ra were determined as hardox and current. The most effective

parameters on kerf and MRR were determined as time off and hardox.
Keywords: Hardox steel, heat treatment, microstructure, WEDM, kerf, Ra, MRR.

1. INTRODUCTION

WEDM is one of non-traditional processes which are
accepted globally to machine high strength-to-weight
ratio materials mainly in industries. WEDM has
numerous applications in aerospace, tool, mold,
automotive, and medical industries to produce complex
and intricate shapes. Due to ability to make intricate
shape and machining of hard material with WEDM, it
was observed that it increased. WEDM has capability to
machine any kind of electrically conductive work in the
present day. The most important machining responses of
the process are the material removal rate, the roughness
of the machined surfaces, and the kerf, which is the
effective width of cut [1-4]. Kerf, Ra, MRR are expressed
as the cutting width in the WEDM processes. Cutting
mechanism in WEDM bench are shown in Fig.1. This
depends on machining parameters as current, time off,
wire speed, wire tension.

Some studies were conducted in order to determine
important machining parameters for performance
measures like MRR, surface finish and kerf in the
WEDM process. Factors such as discharge current, pulse
duration, and dielectric flow rate and their interactions
have been found to play a significant role in rough cutting
operations for maximization of MRR, minimization of
surface roughness and minimization of cutting width by
using Taguchi’s experimental design method [5-8].

Some important studies has also been done on the
machinability of steels in WEDM (9-11). In addition,
important study has been done to optimize the WEDM
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parameters (12-19). While there is much studies with the
weldability of hardox steels (20-21), there are very few
studies on machinability. Some of these studies are
related to waterjet (22,23) and laser plasma and plasma
cutting (24-28).

Considering the studies published on WEDM; processing
parameters and designated change of processing
performance outputs such as kerf, Ra, MRR, and
metallurgical structure change were analyzed by several
studies. Detailed literature review conducted has showed
that number of studies examining kerf characteristics of
work piece based on metallurgical structure and
microhardness change by using Hardox steel is limited
and studies published in a limited humber have not been
comprehensive. In this regard, experimental and
theoretical studies would a great contribution to this field.
For this reason, this study investigated effects of
microhardness, microstructure and conductivity of the
sample with WEDM parameters- current, time off, wire
speed and wire tension- and revealed effect of interaction
of feature-parameter with kerf, Ra and MRR.

2. MATERIAL and METHOD

Microstructures, microhardness, and electric
conductivity of samples of Hardox Steel exposed to heat
treatments under different conditions were examined in
this study. The purpose of this study is to obtain a distinct
change on the sample micro structures by applying heat
treatment and to determine the effect of these changed
microstructures on machinibility with WEDM. The sizes
of kerf, Ra and MRR were measured with Taguchi
experimental design by cutting them in the wire bench as
specified by the experimental study. The S/N ratio, one-
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way analysis of variance, and 3D graphics were
examined by using Minitab 14 program. Heat treatments
specified in Table 1 were applied to Hardox Steel,
chemical compound of which is present in Table 2,
mechanical properties of which is present in Table 3
under normal atmosphere conditions. These samples
exposed to heat treatment were processed with WEDM
by using the parameters in Table 4. In order to determine
the sample features, which were changing as a result of
heat treatment; microhardness, optical microscope in
Nikon device, microstructure, mechanical features and
conductivity to machinability with WEDM were
investigated.

Table 1. Heat treatments applied to Hardox Steel plates

Table 4. Parameters and Levels

Levels
Parameters [ VvV Vi
a  Heat treated samples 1(A) 2(B) 3(C) 4D) 5(E) 6(F
b Current (Amp) 4 5 6
C  Time off (us) 100 150 225
d  Wire feed (m/min) 4 6 9
€  Wire Tension (g) 12 15 18

3. RESULTS AND DISCUSSION

3.1 Optical microscope

In this study, commercial item microstructure having no
heat treatment has tempered martensite phase structure

Sample Heat treatment

1 Heating to 940 °C (20 minute) holding and quenching

o gk wWN

Heating to 940 °C (20 minute) holding and quenching + Heating to 150°C and holding 2 h after air cooling
Heating to 940 °C (20 minute) holding and quenching + Heating to 200°C and holding 2 h after air cooling
Heating to 940 °C (20 minute) holding and quenching + Heating to 250°C and holding 2 h after air cooling
Heating to 940 °C (20 minute) holding and quenching + Heating to 300°C and holding 2 h after air cooling
Heating to 940 °C (20 minute) holding and quenching + Heating to 350°C and holding 2 h after air cooling

Table 2. Chemical composition of Hardox Steel

Element () Si Mn P

S Cr Ni Mo B

[wt. %] 0,32 0,70 1,60 0,025

0,010 2,50 1,50 0,60 0,004

Table 3. Mechanical properties of Hardox Steel

Tensile strength Yield strength

Impact energy [J]

Hardness [HB] Elongation [%6]

1080 900-1100

45 370-430 8

Experimental trials were carried out in a AF 250 high
precision CNC WEDM. The experimental setup was as
follows: Zinc coated brass wire with 0.25 mm diameter
was employed as an electrode, and dimensions of Hardox
steel samples were 5 mm x 50 mm x 100 mm in all the
experiments. The behavior of six control factors as heat
treated samples, current, time off, wire speed and wire
tension was examined in this study. Table 4 illustrates
control factors and their levels with symbols. The kerf
value was measured by using LEICA DM4000M optical
microscope device. While the control factors were used
to select the best conditions for stability in the design of
manufacturing process, the noise factors referred to all
factors that cause variation. The experimental
observations were further converted into a signal-to-
noise (S/N) ratio by using Eq. (1) and Eq. (2). The signal-
to-noise (S/N) ratio for "Larger is better" and "Smaller is
better" were calculated as follows [29];

Larger is better;

S/N, = —10Iog[1i12J @)
ni=1y
Smaller is better;
S/Nq ——10Iog[1iy ) 2
=1

(Fig.2). These steels are produced fully hardened and
supplied to the market [20,30]. In Fig. 3(a),
microstructure quenched at 940 °C is shown (Sample 1).
This microstructure was seen to have martensite phase
structure. In Fig. 3(b) material microstructure tempered
at 150 °C is seen (Sample 2). This microstructure consists
of tempered martensite and fine a-ferrit phases and was
formed at the a-ferrite phase boundaries. After quenching
it was observed that the amount of a-ferrite increased in
the tempered material microstructure at 200 °C (Sample
3) and the martensite phase structure was converted to
pearlite (Fig 3(c)). It was also seen that the pearlite
lamellas were surrounded by o-ferrite phase. In Figures
3(d) and (e) microstructures of tempered samples at 250
°C (Sample 4) and 300 °C (Sample 5) are given
respectively. In these microstructures as the tempering
temperature increased a-ferrite phase volume also
increased whereas pearlite phase volume decreased. In
Fig. 3(f) , in the sample microstructure tempered at 350
°C (Sample 6), pearlite phase was observed at the a-
ferrite grain boundaries. It was determined that a-ferrite
phase was more dominant in this microstructure.
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Fig.3. The optical microscope images of the samples

3.2 Micro Hardness

In Fig. 4, hardness results were given with a graph.
Hardness value was 386 HV after quenching at 950°C.
After tempering heat treatment hardness decreased.
Hardness values of the samples tempered at 200 C and
250 C increased (even if in small amount) compared to
hardness of samples tempered at 150 °C. This increase is

attributed to carbides formed during tempering. It was
specified that hardness of samples tempered at 300 and
350 °C decreased inversely proportional with the
increasing tempering temperature . As the tempering
temperature increased, decrease in the hardness values of
the samples increased too.

239



Mehmet ALTUG / POLITEKNIK DERGISI, Politeknik Dergisi,2019;22(1):237-244

40!

n 1: Quenching (386)

2:150°C Tempering (316)
3:200°C Tempering (320)
4: 250°C Tempering (331)
5: 300°C Tempering (280)
6: 350°C Tempering (236)
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Fig. 4. Micro hardness results of the heat treated samples

3.3 Resistivity And Conductivity

Electrical conductivities of the heat treated samples are
given in Fig. 5. As it is seen from the graph, electrical
conductivity of the quenched sample came out to be
lower than that of tempered samples (except the sample
tempered at 200°C). Electrical resistance of the stressed
structure created as the result of quenching was high.
Conductivity of the sample tempered at 150°C increased.
It is thought that this conductivity increase is because of
settling of Carbon atoms to unstable position after
quenching and then to more stable positions during

hand an increase was found in the sample conductivity
tempered at 250°C. It is thought that this increase is due
to diffusion of the carbides to low strained areas.
Conductivity increased as the tempering temperature
(300°C and 350°C) increased. This increase can be
attributed to increasing a-ferrite phase volume and
decreasing pearlite phase volume.

il —\/_\/
sample-1 .

— sample-2
sample-3
sample-4
= sample-5
sample-6

107 F

Resistivity (Q.cm)

107 F

500 550

105 ' '

.
300 350 400 450 600

Temperature (K)

Fig. 5. The resistivity results of the heat treated samples

3.4 Kerf (Cutting Width)

At the end of the tests made in wire erosion (WEDM),
the obtained values of kerf, surface roughness (Ra) and
material removal rate (MRR) and S/N ratios obtained

tempering  with  decreasing  stressed  structure. . . X .
Conductivity of the sample tempered at 200°C after Taguchi analysis are given in Table 5.
According to Fig.6, the lowest kerf values were obtained
Exp. Parameters Kerf (1) Ra (um) MRR (g.min')

No a b c d e Result SIN Result SIN Result SIN

1 1 4 100 4 12 238 -47,531 3,08 9,771 0,308 -10,229
2 1 5 150 6 15 244 -47,747 2,97 -9,455 0,289 -10,782
3 1 6 225 9 18 255 -48,130 2,81 -8,974 0,268 -11,437
4 2 4 100 6 15 239 -47,568 2,98 -9,484 0,287 -10,842
5 2 5 150 9 18 245 -47,783 2,91 9,277 0,268 -11,437
6 2 6 225 4 12 248 -47,889 2,91 -9,277 0,275 -11,213
7 3 4 150 4 18 245 -47,783 2,86 -9,157 0,299 -10,486
8 3 5 225 6 12 249 -47,924 2,89 -9,217 0,288 -10,812
9 3 6 100 9 15 245 -47,783 2,85 -9,127 0,279 -11,087
10 4 4 225 9 15 250 -47,958 2,91 9,277 0,262 -11,634
11 4 5 100 4 18 241 -47,640 2,98 -9,484 0,293 -10,662
12 4 6 150 6 12 244 -47,747 2,93 -9,337 0,280 -11,056
13 5 4 150 9 12 246 -47,818 2,97 -9,455 0,299 -10,486
14 5 5 225 4 15 251 -47,993 3,02 -9,600 0,201 -10,722
15 5 6 100 6 18 246 -47,818 2,95 -9,396 0,288 -10,812
16 6 4 225 6 18 249 -47,924 2,89 -9,187 0,271 -11,340
17 6 5 100 9 12 239 -47,568 2,98 -9,455 0,293 -10,662
18 6 6 150 4 15 241 -47,640 2,90 -9,217 0,281 -11,025

Table 5. Taguchi Ligorthogonal array, experimental results

decreased. A partial increase was determined in the
hardness of this sample. The increase in hardness was
thought to be because of carbide formation, similarly the
decrease of conductivity in the same sample can be
attributed to the formation of these carbides. On the other

with the 6, 2 and 4 numbered samples respectively. The
sample 6 was tempered at high temperature and therefore
had the lowest hardness value. For this reason the best
kerf result can be attributed to the decrease in hardness.
The second best kerf value was obtained on the number
2 sample. Conductivity of sample 2 was higher with
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respect to other samples. The increase in sample
conductivity decreased the kerf value. The third best kerf
value was obtained with the sample 4. The conductivity
of this sample had the second best conductivity value.
The positive effect of higher conductivity to kerf values
was also determined on this sample. It was already stated
that the change in hardness and conductivity values was
due to the microstructural variation. An increase was
observed in the kerf values with the increasing time off
values. Similar results were also observed in some
studies in literature [1,10,15].

Kerf [u]

225

4 5 P; 100
Hardox samples

Time off [us]

Fig. 6. Effect of the Heat treated Hardox and Time off on kerf

When the Fig. 7 was examined a general increase was
observed in the kerf values depending on the increasing
wire feed and wire tension values. There are similar
results in some studies in literature [12].

Kerf [u]

15 T 4 Wire feed [m/min]
Wire Tension [g]
Fig. 7. Effect of the wire tension and wire feed on kerf
Effects of current on the kerf values of samples are given
in Fig. 8. Increase in the current values caused a
significant amount of increase on the kerf values. Some
studies in literature have parallel results.

% S oL
@ 245 & .,:}‘\\\.\’ {&,\gx
WP R
240
6
6
4 Current [Amp]

Hardox samples -
Fig. 8. Effect of the Heat treated Hardox and Current on kerf

ANOVA analysis with which the effects of parameters
on kerf were examined is given in Table 6. According to
the table all of the parameters are significantly effective
on kerf. Difference in the kerf values of hardox samples
after heat treatment shows the accuracy and the
contributions of the applied heat treatment.

Table 6. Result of ANOVA for Kerf

Source DF SS MS F P %

Hardox 5 41,611 8,322 17,62 | 0,008 | 11,1
Current 2 13,778 6,889 1459 | 0,015 | 3,6
Time off 2 254,111 | 127,056 | 269,06 | 0,000 | 70,6
Wire feed 2 21,444 10,722 22,71 | 0,007 | 57
Wire tension 2 24,778 12,389 26,24 | 0,005 | 6,7
Error 4 1,889 0,472

Total 17 | 357,611

3.5 Surface Roughness (Ra)

According to Fig. 9 lower Ra values were obtained with
3, 6 and 2 numbered samples. The main reason of this
difference is thought to be the variations in the hardness
and conductivity values after heat treatment. In this
regard, since the highest resistance was with the number
3 sample ,the surface roughness value came out to be the
lowest. A decrease (even if a small amount) was observed
in Ra values with the increasing time off values.
However, in some studies in literature, Ra values
increased depending on the increase of gap period
between two pulses [12,13].

Ra [um]

Time off [us]

Hardox samples

Fig. 9. Effect of the Heat treated Hardox and Time off on Ra

From Fig. 10 a general decrease was observed in the Ra
values depending on the increasing wire feed and wire
tension values. Similar results were also encountered in
literature [12,13].

Ra [um]

-

Wire Tension [g] 18 Wire feed [m/min]

Fig. 10. Effect of the wire tension and wire feed on Ra
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Effects of current on the Ra values in the samples are
given in Fig.11. Increase in the current values caused a
significant decrease in the Ra values as also seen in
literature . [12,13,14].

Ra [um]

4 R r3 4 Current [Amp]

Hardox samples

Fig. 11. Effect of the Heat treated Hardox and Current on Ra

ANOVA analysis where the effects of parameters were
examined on Ra is given in Table 7. According to the
Table , wire feed values had no significant effects on Ra
but all the other parameters were effective on Ra.

Table 7. Result of ANOVA for Ra

Source DF SS MS F P %
Hardox 5 0,0198 | 0,00396 | 6,29 | 0,049 | 256
Current 2 0,0150 | 0,00750 | 11,9 | 0,021 | 19,9
Time off 2 0,0140 | 0,00702 | 11,1 | 0,023 | 16,8
Wire feed 2 0,0085 | 0,00427 | 6,78 | 0,052 | 10,1
Wire tension 2 0,0105 | 0,00527 | 8,36 | 0,037 | 13,7
Error 4 0,0025 | 0,00063

Total 17 | 0,0705

3.6 Material removal rate (MRR)

From the Fig. 12 it is seen that higher MRR values were
obtained with 5, 3 and 1 numbered samples. It is thought
that the root cause of this distinctness is the variations in
the hardness and conductivity values after heat treatment.
MRR and kerf results were in conformity with each
other. Because the highest kerf value was obtained with
the number 5 sample. Therefore the highest MRR value
was also obtained with the number 5 sample. A decrease
was also observed in MRR values with increasing time
off values as seen in some steel studies in literature
[17,18,19].

“\\\\ "{\

. \\\\\ .?\\\\\\\ Do .0
) WSB R “
D 720 \‘é., \\\m\“
E 028 \\\\\\‘w’, ‘\\\\k\\\,::«\\\\\\\?\\\\\'{\\\\\

150

Hardox samples ~ ¢ 100 Time off [us]

Fig. 12. Effect of the Heat treated Hardox and Time off on MRR

According to Fig. 13 a general decrease was seen in
MRR values depending on the increasing wire feed and
wire tension values as seen in literature [5,12,17].

4 Wire feed [m/min]

Wire Tension [g] 18
Fig. 13. Effect of the wire tension and wire feed on MRR

Effects of current on the MRR values in the samples are
given in Fig. 14. Here, the increase in the current values
caused a decrease (even if in small amount) in the MRR
values. In literature some studies consist similar results
[6,16].

Hardox samples
Fig. 14. Effect of the Heat treated Hardox and Current on MRR

ANOVA analysis where the effects of parameters on
MRR were examined is given in Table 8. According to
the Table, all of the parameters were significantly
effective on MRR.

Table 8. Result of ANOVA for MRR

Source DF SS MS F P %

Hardox 5 0,000618 | 0,000124 | 6,66 | 0,045 | 19,9
Current 2 0,000313 | 0,000157 | 8,45 | 0,037 | 9,9
Time off 2 0,000744 | 0,000372 | 20,05 | 0,008 | 27,3
Wire feed 2 0,0005 0,000255 | 13,74 | 0,016 | 18,2
Wire 2 0,000336 | 0,000168 | 9,07 | 0,033 | 11,2
Error 4 0,000074 | 0,000019

Total 17 | 0,002596

4. CONCLUSION

Different heat treatments were carried out to the samples
of Hardox 400 used in the industry and their
microstructure,  microhardness and  conductivity
characteristics were changed. Effect of this characteristic
change on machinability with WEDM was investigated
with Taguchi method and ANOVA. S/N ratio of these
results was determined.
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The lowest hardness value was obtained in the
tempered sample-6 whereas the highest hardness value
was obtained in the sample-1 which was water
quenched from austenite. It was determined that
microstructure of this sample has martensitic phase.
When martensitic phase was tempered (in the sample
2), decrease was observed in hardness. The
microhardness values of sample 3 and 4 were a slightly
increased due to carbides which occurred in the
microstructure with tempered. When the tempering
temperature increased, the microhardness values of
sample 5 and 6 decreased.

The most effective parameters on Ra were determined
as hardox and current. The most effective parameters
on Kerf and MRR were determined as time off and
hardox.

The microhardness value of sample 6 was lower than
the microhardness values of other samples. Therefore
the kerf value of sample 6 was the best. The lowest
microhardness could attribute to this result.

In sample (2) having a tempered (150 °C) martensite
structure with the best conductivity, it was seen in (3)
sample of having a tempered (200 °C) in the lowest
conductivity.

Kerf, Ra and MRR values, obtained according to the
experimental design by using the taguchi experimental
design method in the experimental studies, were
converted to S/N ratios and the best parameter levels
were determined. By using analysis of variance
(ANOVA),

Average best surface roughness (Ra) values after
processing with WEDM were obtained in the ranking
of 3, 6, 2, 4, 1 and 5. According to these results, it was
determined that best and worst surface roughness
values were obtained from tempered martensite
structures (200 °C) and tempered martensite structures
(300 °C), respectively.

Average best MRR values after processing with
WEDM were obtained in the ranking of 5, 3, 1, 6, 4
and 2. According to these results, it was determined that
best and worst MRR values were obtained from
tempered martensite structures (300 °C) and tempered
martensite structures, tempered martensite structures
(150 °C), respectively.

The best (lowest) kerf value was obtained from sample-
6 that was tempered from 350 °C. The microstructure
of this sample was composed of commonly o-ferrite
and few pearlites. The worst (highest) kerf value was
obtained from sample-5. This sample had tempered
martensite microstructure. In other words, the
microstructure of this sample was composed of a-
ferrite and pearlite. The electricity conductivity of the
sample 5 had the worst than the electricity
conductivity of the sample 6. Therefore,as the
conductivity capacity of sample decreased, the kerf
value increased.

The best (lowest) Ra value was obtained from sample-
3 that was tempered from 200 °C. The microstructure
of this sample was composed of few o-ferrite and

commonly pearlites. This sample had the lowest
electricity conductivity, therefore the best Ra value
could attribute to this result.

e The best MRR value was obtained from sample-5 that

was water quenching from 300 °C. The microstructure
of'this sample was composed of almost equally a ferrite
and pearlites. The worst MRR value was obtained from
sample-2. The microstructure of this sample was
composed of martenzite and fine a-ferrite. It was
observed that, MRR and kerf values of this sample
comfirmed each other.
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Is1 Borulu Giines Kollektdrlerinde Nano Cozelti ile
Performansin Iyilestirilmesi

Arastirma Makalesi / Research Article

Umut Onder SU*, Adnan SOZEN, Tayfun MENLIK
Gazi Universitesi, Teknoloji Fakiiltesi, Enerji Sistemleri Boliimii, ANKARA
(Gelig/Received : 20.06.2017 ; Kabul/Accepted : 05.01.2018)
oz

Giines enerjili sistemler, gliniimiizde ¢ok farkli alanlarda, farkli amaglar i¢in yaygin olarak kullanilmaktadir. Giines enerjili
sistemlerin en 6nemli eleman:i giines kollektorleridir. Giines kollektorleri genel olarak diizlem yiizeyli (DYGK), vakum tiipli
(VTGK), 1s1 borulu (IBGK) ve parabolik (PGK) olmak iizere dort tipe ayrilmakla beraber en yaygin olarak DY GK kullanilmaktadir.
DYGK’nin verimini etkileyen parametreler; kollektorlerde kullanilan akigkanin 1s1l iletkenligi, 1s1 kayiplari ve optik kayiplardir.
DYGK’larm diisiik verimlerinden dolay1 son zamanlarda giines enerjili sistemlerde VTGK ve IBGK’larin harmonizasyonu olan
vakum tiiplii 1s1 borulu gilines kollektorleri (VTIBGK) kullanilmaya baglanmistir. VTIBGK’lar DYGK ’lerin termik ve optik
kayiplarint minimize etmekte ve verim artmaktadir. Bu ¢alismada Giines kollektorlerinde verimi etkileyen diger bir parametre
calisma akigkani olup literatiirde drnegine pek rastlanmamis olunan amorf yapidaki nano partikiiller kullanilarak hazirlanmis nano
akiskanlarin performansa etkisi irdelenmistir. Son yillarda yapilan ¢aligmalarda nanoakiskanlari 1s1l sistemlerde ve 6zellikle 1s1
borularinda iyi sonuglar verdigi ve verimlerini dikkate deger derecede arttirdigi goriilmiistiir. VTIBK’lerde nano ¢ozelti

kullanilmas ile diisiik 1s1l direng, yiiksek 1s1l iletkenlik, yiiksek ¢aligma sicakliklari, kisa siirede istenen sicaklik degerlerine
ulasilmasi ve verimin arttirilmasi hedeflenmektedir.

Anahtar Kelimeler: Isi borusu, giines kollektorleri, nano ¢ozelti, nano akiskan, performans iyilestirmesi, giines enerjisi.

Heat Pipe Evacuated Tubular Solar Collector
Performance Improvement By Applications of
Nanofluid

ABSTRACT

There are many different type of solar energy systems, which are being used widely for different applications. The most important
element of these solar systems is solar collector. There are four main types: Flat Panel (FPSC), Evacuated Tube, Heat Pipe and
Parabolic. The most popular type is FP, which was invented in 1950s and this type is predominantly used for last three decades not
only in residential but also industrial areas. This is because of two main factors: low initial investment and easy usage. Efficiency
of FPSCs are mainly effected by 3 parameters: working fluid thermal conductivity, heat losses and optical losses. Due to low
efficiency of FPSCs, Evacuated Tubular Heat Pipe Solar Collectors (ETSCs) are now being studied to replace FPSCs. In this type
of solar collectors, optical and thermal losses are minimized and performance of the system is better. In this study, ETSCs which
are tested by charging Nano fluid were studied and these researches are very limited in the literature. Last studies proved that Nano
fluids are increasing thermal efficiency especially in heat pipes. The outcomes from this study shows that using Nano fluids in
ETSCs provides following benefits: Low thermal resistance, high thermal conductivity, higher working temperatures, acceleration
in reaching working temperature and improvement in efficiency.

Keywords: Heat pipe, solar collectors, nano solution, nano fluid, performance, improvement, solar power.

Bu hem eskiyi daha verimli kullanmak i¢in arastirmalar
yapmay1 hem de yeniyi kesfetme sevkini netice vermistir.

1. GIRIS (INTRODUCTION)
Ihtiyag duyulan enerji miktarinin siirekli olarak artmasi

artan niifus ve yiikselen yasam standartlarinin dogal
sonucudur. Ihtiyaglarin simrsiz fakat kaynaklarin ise
sinirli olmast mevcut olan enerji kaynaklarimin daha
bilingli tiiketilmesi ve verimi arttirmay1 zorunlu kilarken
diger taraftan alternatif enerji kaynaklari arayisina
girerek bir arz cesitliligi ortaya koyulmasi insanligin
varligint devam ettirmesi i¢in kaginilmaz hale gelmistir.

*Sorumlu yazar (Corresponding Author)
e-posta : umutsu@gmail.com

Fosil yakitlara alternatif olarak birgok enerji kaynag
ortaya atilsa da en bol ve licretsiz olarak Giines enerjisi
ilk siray1 almaktadir. Giinesten bir giin i¢inde diinyaya
yayilan enerji miktar1 diinyada yillik tiiketilen enerjiden
daha fazla olmakla birlikte bu enerji kaynagindan % 0.02
mertebelerinde faydalanilabilmektedir [1]. Siiphesiz
giines enerjisini kullanilabilir hale getirmek i¢in ¢ok fazla
fikirler {iretilmis ve bir kismu hayata gecirilmisken bir
kisim fikirler ise iiretilmeyi ve uygulamaya gecirilmeyi
beklemektedir. Bilim tarihi bize gosteriyor ki bilginin ve
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bunu teknoloji halinde insanliga faydali hale getirme
yollarinin sonu yoktur. Giines enerjisi 6zelinde, iilkemiz
ve diinya genelinde sicak su elde etme basta olmak tizere
birgok sekilde giinliik hayatta istifade yollar1 kargimiza
cikmaktadir [2]. Ismmma disinda giines enerjisinden
dogrudan elektrik elde etmek i¢in fotovoltoik gibi birgok
alanda ¢alismalar devam etmekte; var olan1 daha verimli
kullanma ve yenileri ise kesfedip ortaya ¢ikarma gabalar
devam etmektedir [3]. Giines enerji piyasast 1920’li
yillarda baslaylp 1950°li yillara kadar gelisimini
stirdiirmiistiir. Dogalgazin yayginlasmasi ile maliyetlerin
diismesinden dolay1 bu teknolojiye yapilan yatirimlar
azalmstir [40]. Bu baglamda 1s1 borulu vakumlu giines
kollektorlerinde nano ¢ozelti kullanarak performans
arttirma ¢alismalart hem mevcut teknolojileri daha
verimli kullanma hem de yeniyi kesfetme yani nano
akigkanlarin iiretilmesi, kullanilmasi ve
yayginlastirilmasina hizmet etmektedir.

2. 1S1 BORULARI (HEAT PIPES)

Is1 borularinin bilimsel gelisiminin tarihsel siirecine bak-
tigimizda 1831 yilinda Angier March Perkins tarafindan
yapilan hermetik boru kazaninin 1s1 borusu fikrinin
temelini olusturdugu soylenebilir. 1944 yilinda ise
Gaugler patentini de aldig1 1s1 borusu ise gliniimiiz 1s1 bo-
rusunun temel ilkelerini ortaya koymustur. Bu tarihten
sonra ¢esitli tiirleri gelistirilmis olmakla birlikte temel
olarak su basliklar altinda toplanabilir [4] :

+ Konvansiyonel Is1 Borusu
» Titresimli Is1 Borusu

* Minyatiir Is1t Borusu

* Dongiilii Is1 Borusu

* Yassi Plaka Is1 Borusu

Is1 borularinin temel ¢aligma ilkeleri su sekildedir. Boru
icerisindeki calisma akigkani gilinesten aldigi enerji ile
1sinarak faz degistirip buharlasir. Buharlasan g¢aligsma
akigkani yiikselerek 1s1 transferini gergeklestirecegi or-
tama dogru yiikselir. Burada 1sisin1 diger ortama transfer
ettikten sonra yogusarak tekrar 1s1 borusunun alt kismina
inmekte ve bu ¢evrim sisteme 1s1 girisi olduk¢a devam
etmektedir [1,2]. ki i¢ ice gegmis cam boru arasi va-
kumlandigindan iletim ve taginim yoluyla sistemden 1s1
kaybinin 6niinde gecilmesi hedeflenmektedir.

Ist borularinda akigkan se¢iminde donma ve kaynama
noktalart dikkate alinir. Yiiksek buharlagsma gizli 1sisina
ve 1s1l iletkenlige ve diisiikk viskoziteye sahip akiskan
tercih edilir. Akigkanin temin kolayhig ve maliyeti ise
diger 6nemli bir belirleyici unsurdur. Is1 borusu uygula-
malarinda c¢alisma sicakligina bagl olarak ¢ok diisiik
(kriyojenik, -73 derece ye kadar), diigiik (-73 derece ile
227 derece arasi), orta (227 ile 427 derece) ve yiiksek
(428 derece ve iizeri) olarak isimlendirilir. Is1 borulari
kalip imalati1 ve plastik enjeksiyon, elektronik pargalarin
sogutulmasi, 1sitma, sogutma ve iklimlendirme sistemleri
ile uzay ve havacilik alanlarinda kullanilmaktadir. Bu
nedenle verimi arttiritlmasi durumunda bir¢cok sektore
olumlu etkisi olacaktir [4].

3. GUNES KOLLEKTORLERI (SOLAR
COLLECTORS)

Glines enerjisinden faydalanmanin iki temel yolu vardir:
+ Elektrik enerjisine ¢evirmek (PV hiicre gibi)

* Is1 enerjisine  ¢evirmek (Giines kollektorleri gibi)

Gtines kollektorleri isletme faaliyetlerinde doga dostu
olsa da hem imalat hem de bakim zamanlarinda baz
olumsuz cevresel etkileri olmaktadir. Giines enerjisinin
ilk yatirim maliyeti yiiksek fakat isletme maliyeti yok de-
necek kadar azdir. Ekonomik analiz yapilirken hayat
boyu maliyetler, geri 6deme siiresi, yatirimin net bu-
giinkii degeri ve i¢ karlilik orani gibi unsurlara bakilma-
lidir. Bazi yazilimlar ile giines kollektoriiniin verimi
Olciilmektedir: TRASYS, MINSUN ve WATSUN.
Hava durumu bilgisi METENORM, TMD ve TMY gibi
veri tabanlarm alinabilmektedir. Verim 6l¢iimii yapilir-
ken USA ASHRAE- 93:2003 ve Avrupa iilkeleri EN-
12975:2006 standartlarini kullanmaktadir

[20].

Giines kollektorleri ¢ok gesitlilik arz etmektedir. Temel
olarak giinesi takip eden hareketli sistemler ile sabit sis-
temler olarak ayrilmaktadir. Sabit olanlar kendi iginde
tige ayrilir: Diiz Panel (FPC), Vakumlu Is1 Borulu
(ETSC) ve Parabolik Odakli. En yaygin olarak kullanilan
tiirii diiz panel kollektorlerdir. 1950 lerde icat edilmis
olan bu tiir son 30 y1ldir yaygin olarak evsel ve ticari ola-
rak kullammdadar. {1k yatirim maliyeti ucuz ve kullanim
kolaylig1 nedeniyle tercih edilmektedir. Sonrasinda ise
ETSC gelmektedir. Tek Cidarli ve Dewar Tiiplii olmak
tizere iki tip ETSC vardir. Bunlardan yaygin olarak kul-
lanilan tek cidarli tiiplin degisik konfigiirasyonlari olsa da
temel ¢alisma ilkesi hepsinde aynidir [2,3]. Bu ¢alismada
bu tip kullanilacaktir. Vakumlu Is1 Borulu Giines kollek-
torlerinin bu tiire gore oldukga iistiin yonleri vardir ve
asagida listelenmistir [2]:

* Hem direk hem yayilan 15181 emme kabiliyeti

* Yiiksek 1s1l verimle beraber, kolay kurulum ve tagima
* Yiiksek sicaklik ihtiyacina cevap verebilme

+ Silindirik tiip yapist nedeniyle giines 151811 giin bo-
yunca dik olarak alma

* Vakum tiipler dolayisi ile diisiik sicaklik ve riizgarlt
ortamlarda iyi performans

+ Sistem ¢alismaya devam ederken kirilan-bozulan tiip-
lerin degisimine olanak vermesi

+ lletim ve tasinimla olan 1s1 kayiplarinin daha az ol-
mast

« ETSC yilin her zamani evsel ihtiyaglar i¢in kullanila-
bilirken FPC ise genelde yaz aylarinda kullanilir.

* Is181 yayma orani daha diistiktiir.
+ Is1saglama hiz1 daha yiiksektir.
» FPC derzleme gerektirirken ETSC gerektirmez

*  Cok soguk (-18 °C) ortamlarda bile ¢alismaya devam
eder.
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Biitiin bu tstiinliiklerine ragmen ilk yatirim maliyetinin
yiiksek olmas1 nedeniyle heniiz evsel ve endiistriyel kul-
lanim1 yayginlasmamustir. Bununla birlikte yukarida
bahsi gecen avantajlarindan dolay1 arastirmacilarin yo-
gun ilgisini ¢ekmektedir. Literatiirde tasarim degisikligi
ile verimi arttirmak iizerinde calismalar ¢cogunlukla ol-
mak kaydiyla bazi arastirmacilar da ¢aligma akigskanini
degistirerek sistemi daha verimli hale getirmeyi 6nermis-
lerdir. Cok az sayida ¢alismada nanoakiskanin optik 6zel-
liklerinin incelenmesi gerekliligi {izerinde durulmus ve
bu alanda sinirli sayida ¢alisma yapilmistir [5].

Gtinesten gelen enerji, optik kayiplar, faydali enerji ka-
zanimi ve 1s1l kayiplar (iletim, tasinim ve 151n1m) olmak
lizere 3 gruba ayrilabilir. ETSC kullaniminda verimi art-
tirmak i¢in kayiplart en aza indirmek ve faydali enerji ka-
zanimini en iist seviyeye ¢ikarmak gerekmektedir. Bagka
bir deyisle giines enerjisi emilimi arttirtlmali, 1s1 kayiplar
azaltilmali (cevreye yansima, sicak yiizeyin 1simasi ve
kollektérden gevreye taginim) ve vakumlu 1s1 borusundan
akigkana 1s1 transfer orani arttirilmalidir. Nanoakiskan
kullanimi1 bu son noktada devreye girmektedir.

Kiritlim indeksi 1g1k hizinin vakum igerisindeki hizinin
ortam hizina oranidir. Bir ¢alismada giines enerjisi uygu-
lamalarinda kullanilan temel akigkanlarin optik 6zellik-
leri incelenmistir. Giines enerjisinin 1s1 tasiyan dalga
boyu goriiniir bantta olup 300-700nm dalga

boyunda iken akigkanlarin emilimi en yiiksek 950-
1000nm de gergeklesmektedir. Normal su kullanilarak
calisan sistemlerde max emilim %13 tiir. Hedeflenen
emilim oraninin %90 iizerinde olmasi i¢in lmetre ve
iizeri derinlikler gerekli oldugu belirtilmistir. Suya nano-
partikiil eklendigi durumlarda emilimin 9 katina ¢iktigini
iddia eden g¢alismalar vardir. Optik 6zelliklerinin etkisi-
nin kaydadeger olmasi i¢in akiskan ile gilines 1s18inin
dogrudan temas halinde olmas1 gerekirken ETSC’lerde
bu durum yoktur. Cama glazing uygulamasi yapilarak ge-
cirgenlik artarken ayni1 zamanda geri yansima ile 1s1 kay-
binin Oniine gegilmesi arzulanmaktadir. Yansimay1
onleyici bir kaplama yapilir.

Kaplamanin gegirgenligi yliksek olmali iken emme taba-
kasinin yiiksek emilimi olmas1 gerekmektedir. Nanoakis-
kan kullanilmas: ile gelen 1518 sivi iginde sagilmasi
saglanarak akigkana daha ¢ok 1s1 gecisi saglanir. Extinc-
tion katsayisi partikiil capina, derisime ve dalga boyuna
baglidir. Giines kollektorlerinde nanoakigkan kullani-
miyla bu katsay1 arttirilmis olmaktadir. Optik 6zellikler
parc¢a boyutu, sekli ve nano partikiil ile temel akigkanin
optik 6zelliklerine baghdir [20].

Is1 transfer miktarini arttirmak i¢in Fouirer denkleminden
yola ¢ikarak 1s1 transfer katsayisini arttirmak, sicaklik
farkini arttirmak ve alan arttirmak se¢enekleri vardir. Son
ikisi hem teknik hem de ekonomik sebepler ile miimkiin
olamadig1 bircok durumda 1s1 transfer katsayisini arttir-
mak tek segenek olarak kalmaktadir. Bu durumlarda na-
noakiskan kullanim: miimkiin olabilmekte ve genelde
metal veya metal oksit nanopartikiilller ile temel akigkan
olarak su kullanilarak hazirlanan siispansiyonlarin hem

iletim hem de tasmim katsayilar1 arttirilabilmektedir
[42].

Giines kollektorlerinin verimini dlgmekte iki farkli yol
vardir: steady state (kararli hal) ve quasi dynamic (yari
dengeli). Kararli hal yonteminde giines enerjisi yayilimi,
ortam sicaklig1 ve kollektdr giris sicakligi sabit kabul edi-
lirken yar1 dengeli halde bunlar degiskendir. Isil perfor-
mans kollektdr yiizeyine gelen giines enerjisi, cevre
sicakligl, emme tabakasi ve bunun optik ve termal 6zel-
likleri, gecirgenlik ve emme gelis acisina, kullanilan
akigkan tiiriine, debiye, 6zgiil 1s1sina ve 1s1 kaybina bag-
Iidar [2].

Is1 borulu giines kollektdrlerinin tercih sebeplerini ve tiir-
lerini ele alan bir caligmada matematiksel modelleme ala-
ninda yapilan arastirmalar ele alinmistir. Bununla birlikte
evsel ve endiistriyel uygulamalarindan bahsedilerek git
gide ETSC’lerin yayginlastigindan bahsedilmistir. ETSC
ile alakali zorluklar ilk yatirim maliyeti, kirllganlik, kar
giderme ve nadiren de olsa yiiksek 1sinma olarak ifade
edilmistir. Maliyet analizi yapilarak geri 6deme siireleri-
nin 2 yildan az oldugu iddia edilmistir. Tasarimsal degi-
sikliklere yonelik ¢alismalara ¢okga rastlanirken akigkan
degistirmeye yonelik fazla sayida ¢alismanin yapilmadi-
gindan bahsedilmis ve bu alanda yapilan ¢alismalarin ¢o-
gunun FPC alaninda olup ETSC alaninda ¢ok az sayida
calisma oldugu belirtilmistir.

Enerji dengesine gore giines 1sinlart ile gelen enerji, fay-
dal1 enerji, 1s1l kayip ve optik kayip enerjilerinin topla-
mina esittir. Kollektdrde 1s1 enerjisi kayb1 iletim, taginim
ve yayilimla olmaktadir. Giines kollektorii performans
Olciim yontemi Hotteland Woertz tarafindan ortaya kon-
mug ve ASHRAE tarafindan gelistirilmistir. Verimi ytik-
seltmek icin bu ¢aligmalarda ortaya konan formiillerden
hareketle asagidakiler gereklidir:

* Giines enerjisi emilimini arttirmak
e Calisma akigkanina ve son kullaniciya 1s1 transferini
arttirmak

+ Ist kayiplarini azaltmak

Giines kollektorlerinin gegirgenlik, yansitma ve emilim
Ozellikleri gelen enerjiye, ortam kalinligina, kirilma in-
deksine ve malzemenin extinction katsayisina (K) bagli-
dir. Cam en yaygin koruyucu malzeme olarak
kullanilmaktadir. Kollektoriin emme plakasi segilirken
emme yiiksek (o) ve uzun dalga boyu emisyon degeri (e)
diigiik olmalidir [20].

4. NANO AKISKANLAR (NANO FLUIDS)

Nanoakiskan kullanma fikri ilk olarak 1995 yilinda Choi
tarafindan giindeme getirilmistir [1]. O zamandan bu za-
mana nanoakiskanlara ilgi artarak devam etmektedir.
Nano boyutta ve 1s1l iletkenlik katsayisi suya gore gok
yiiksek olan pargalarin su veya diger ¢aligma akiskanlar

ile hazirlanmis olan karigimlarina nanoakiskan adi veril-
mektedir [6]. Nanoakigkan hazirlamakta kullanilacak
olan nano partikiillerin 100nm boyutundan kiigiik olmasi
literatlirde tavsiye edilmektedir. Nanoakigkan kullani-
miyla ilgili olarak ¢ok sayida bilimsel ¢aligma son 20
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yilda yapilmustir ve gelecek vadeden bir alan olmasi se-
bebiyle de ilgi artarak devam etmektedir. Yapilan hemen
hemen biitiin ¢caligmalar 1s1l performansin arttigini fakat
temel akiskana, seg¢ilen nano malzemeye, derisime, ¢a-
lisma sicakligina, yiizey aktiflestirici kullanip kullanil-
mamasina ve kullanilmigsa tiirtine ve derisimine gibi
faktorlere gore farkli oranlarda performans iyilestirmesi
sergiledigini ortaya koymustur. Bununla birlikte uzun
donem stabilite sorunu, nanoakigkan elde etme zorlugu
ve maliyeti, viskozite artis1 ve dolayisiyla pompa gerek-
tiren sistemlerde gii¢ talebi artisi ve nano malzemelerin
toksik olabilecegi gibi hususlar da asilmasi gereken so-
runlar olarak bildirilmektedir [1].

Gerek imalat ve gerek kullanim esnasinda gerekli dnlem-
leri aldiktan sonra bir ¢ok toksik maddeden giivenilir bir
sekilde halihazirda oldugu gibi nanoakigkanlardan da
faydalanilmast miimkiindiir. Nanoakigkan kullaniminda
hedeflenen ise emilen 1s1 miktarim1 ve hizim arttirmakla
birlikte 1s1l verimin arttirilmasidir. Nanoakiskanlar
genelde iki-asama yontemi kullanilarak hazirlan-
maktadir. Bu yontemde Once istenen nano partikiiller
elde edilir. Sonra temel akigkan icerisine stabilitesini ve
homojenligini koruyacak sekilde dagilmasi saglanir. Tek
asama (one- step) metodu ise nano partikiillerin hazirlan-
masi ve akiskanin igine dagilimi bir agsamada gercekles-
tirilir. Degisik yontemler ile bu miimkiin olmaktadir:
Direk buharlagsma, VEROS teknigi, lazer ablasyon met-
hodu (Alimiinyum nano akigkanlar i¢in kullanilir) ve saf
kimyasal sentez (bakir-EG i¢in kullanilir) gibi tek agama
yontemleri vardir [6].

Nanoakiskanlar ¢ok ¢esitli olabilmektedir: metaller, me-
taloksitler, yari-iletkenler, nitritler, karbon nanotiipler,
grafen gibi ¢ok farkli nanoakiskanlar hazirlanarak arag-
tirmalar yapilmis ve yapilmaya devam etmektedir. Aras-
tirmalar1 deneysel, teorik ve numerik olarak biitiin
alanlarda devam etmektedir.Nanoakiskanlarin karakteri-
zasyonu, termofiziksel 6zelliklerinin belirlenmesi ve ge-
nel geger bir model/formiil arayiglar1 ve calismalar
sonucunda heniiz net bir ¢oziim ortaya konamamigtir
[1,5,6].
l
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Sekil 1. Nano Boyut (Nano scale) [15]

Nanoakigkanlarin 1s1l iletim katsayisi, viskozite, tasginim
kats1yisi, 6zagirlik, 6zgiil 1s1 ve basing diisiimil paramet-
releri ile alakali cok sayida calisma yapilmustir. Ozellikle
1s1l iletkenlik iizerinde partikiil derigimi, sicaklik, boyut,
sekil, baz akigkan ve pH etkileri derinlemesine incelen-
mistir. Bazi ¢aligmalarda surfactant ismi verilen yiizey

aktiflestiricisi kullanilarak nano partikiil eklenmesinden
kaynakli ortaya cikabilecek sorunlar giderilmeye caligil-
mustir. Ciinkii nano boyutta olan partikiillerin ¢okelmesi,
bir araya gelmesi veya topaklanmasi s6z konusu olabil-
mektedir. Bununla birlikte benzer sekilde viskozite de
meydana gelen artisin dnlenmesi igin ¢aligmalar yapil-
mistir. Az sayida da olsa hibrit nano partikiil kullanim
konusunda aragtirmalar da yapilmustir [6,7].

Nanoakiskanlarin 6zellikleri temel olarak su 5 paramet-
reye dayanir: Termo akigkanlar, 1s1 transferi, partikiiller,
koloit ve lubrikasyon. Termo akiskan 6zellikleri sicaklik,
viskozite, yogunluk, 6zgiil 1s1 ve entalpi degerlerini kap-
sar. Is1 transferi ise 1s1l iletim, 1s1 kapasitesi, Prandtl sayisi
ve basing diisiimiinii kapsar. Partikiil ise biyiikliik, sekil,
BET (yiizey alan1 analizi) ve kristal faz olarak alt baglik-
lara ayrilmaktadir.  Koloit  6zellikler ise karisimin
stabilitesi, zeta potansiyeli ve pH degerlerinden olusur.
Lubrikasyon agisindan ise viskozite, viskozite indeksi,
stirtlinme katsiyisi, asinma hizi ve {ist basing degerlerine
bakmak gerekmektedir [6].

Stoke Kanuna goére nanopartikiil boyutu kii¢iildiik¢e ¢o-
kelme durumu yavaslamakta ve stabilite artmaktadir.
Bronwnian hareketine gore kritik nanopartikiil boyutuna
yaklagildiginda sifir ¢okelme olmasi beklenmektedir.
Tek agsama yontemiyle iiretilen nanoakigkanlarin stabili-
tesi yiiksek ve topaklanma riski azdir. iki asama yonte-
miyle {retilenlerde ise ylizey enerjisi yiiksek olan
nanopartikiillerin ¢dkelme riski vardir. Stabiliteyi olg-
mek i¢in UV-vis spektrometre, zeta potansiyeli, TEM ve
SEM gibi yontemler kullanilmaktadir [20].

Nanoakiskan kullanimiyla ilgili olarak ¢ok sayida bilim-
sel caligma son 20 yilda yapilmistir ve gelecek vadeden
bir alan olmasi sebebiyle de ilgi artarak devam etmekte-
dir. Yapilan hemen hemen biitiin ¢aligmalar 1s1l perfor-
mansin arttigint fakat temel akiskana, secilen nano
malzemeye, derisime, caligma sicakligina, ylizey aktif-
lestirici kullanip kullanilmamasina ve kullanilmigsa tii-
riine ve derisimine gibi faktorlere gore farkli oranlarda
performans iyilestirmesi sergiledigini ortaya koymustur.
Bununla birlikte uzun dénem stabilite sorunu, nanoakis-
kan elde etme zorlugu ve maliyeti, viskozite artig1 ve do-
layisiyla pompa gerektiren sistemlerde giic talebi artis1 ve
nano malzemelerin toksik olabilecegi gibi hususlar da
astlmasi gereken sorunlar olarak bildirilmektedir [1].

Nanoakigkanlardaki nanopartikiillerin bir araya gelme ve
¢okelme egilimi vardir. Bunlarin giderilmesi ve viskozi-
tenin diistirtilmesi i¢in ¢alismalar yapilmasi gerekmekte-
dir. Bununla birlikte ETSC’ lerde farkli nanoakiskanlarin
kullanilmas: ve literatiirde hi¢ rastlanmayan hibrit nano
partikiiller kullanrak akigkan kullanimi alaninda arastir-
malar yapilabilir [3].

Nanoakigkanin sentezlenmesi ve stabilitesinin korunmasi
o6nem arz etmektedir. Alan hacim oram yiiksek oldugu
i¢in yiiksek yiizey gerilmesi sonucunda biraraya gelme
ve topaklanma sorunu ortaya ¢ikabilir. Cokelme, akis ka-
nallarini tikama ve dolayisiyla 1s1l iletkenligin diigmesine
yol agabilir. Yiizey aktiflestirici (surfactant) eklenerek

248



ISI BORULU GUNES KOLLEKTORLERINDE NANO COZELTI ILE PERFORMANSIN IYILES... Politeknik Dergisi, 2019; 22 (1) : 245-257

sorun giderilebilir ama kopiik olugma ihtimali vardir. Ko-
valent olmayan iglevselletirme ile nano partikiillerin akis-
kan icinde dagilimi saglanir. Nano akiskanlarin yiiksek
maliyeti, stabilite sorunu ve viskozite artist nedeniyle op-
timum nano partikiil derisim seviyesi belirlenmeli ve
bunu yaparken 1s1l iletkenlik artis1 ile viskozite artis1 he-
saba katilmalidir [10].

Nanoakiskan olarak hazirlanan ¢ozeltilerde yaygin ola-
rak sunlar kullanilir: Aliiminyum, Titanyum Dioksit,
Karbon nanotiipler, bakir vb. farkli sekillerde olabilir
(kiiresel, silindirik vb). Nanoakiskanlarin 1s1l 6zellikleri
arttirdigl bircok ¢aligma ile dogrulanmistir. Optik 6zel-
liklere etkisi de incelenmeye baslamistir. Su gilinesten ya-
yilan enerjinin

%13’linii emebilmektedir. Optik 6zelliklerde iyilesme
saglanarak bu oran kayda deger arttirilabilir. Isil 6zellik-
lerin iyilesmesi ile de daha ¢ok 1s1 transfer edilebilir. Me-
tal ve metal olmayan nano boyutta pargalar {iretmek
miimkiin olup temel olarak fiziksel ve kimyasal olmak
lizere iki Uretim yontemi vardir. Giines kollektorlerinde
karbon nanotiipler, aliminyum, titanyum dioksit ve gii-
miis yaygin olarak kullanilmaktadir. Nano akiskanlar bir
veya iki asama metodlari ile {iretilmektedir. Tki asama
yontemde dnceden iiretilmis olan nano boyutta maddeler
akigkan icerisine ultrasonik disrupter veya yiiksek basing
homojenizer ile siispansiyon hazirlanmaktadir. Bu yon-
tem tek dezavantaj1 zamanla ¢okelme ve bir araya gelme
olayidir. Bunun sebepleri arasinda partikiillerin yiiksek
yiizey enerjisi, Van der Waals kuvvetleri ve yer ¢cekimi
vardir. Bu sorunu agsmak adina stabilizasyon ajani
veya  surfactant kullanarak partikiiller arasinda itme
kuvvetleri ortaya ¢ikarmak gerekir. Surfactant uzun or-
ganik molekiil olup su ve yag seven bir yapiya sahiptir.
Ayrica surfactant kullanimi partikiillerin yiizey aktivite-
lerini ve pH seviyesini degistirmekle beraber ylizey ener-
jisini azaltmakta da etkilidir. Surfactant araciligi ile
hidrofilik-hidrofobik karakterler arasinda gecis saglan-
mas1 miimkiindiir. Yaygin olarak kullanilan surfaktant-
lar: SDBS, Gemini, gum Arabic, CTAB, chitosan ve
Triton X-100 [5].

Nanoakigskan hazirlanmasinda kati parcalarin bir araya
gelip daha biiyiik formlar olusturmasi istenmeyen bir du-
rumdur. Ozel ihtiyaglara cevap verecek 6zel akiskanlar
gelistirilmektedir. Nanoakigkanlarin stabil olabilmesi
icin 3 yontem Onerilmistir:

» Karigimim pH degerini degistirmek

* Yiizey aktivatorleri veya dispersant kullanimi

o Ultrasonik titresim kullanimi

Yiksek zeta potansiyeli olan (pozitif veya negatif) daha
iyi bir stabilite oldugu manasina gelmektedir [6].

Is1 transfer alaninda nanoakiskan kullanimina dair birgok
calisma yapilmistir. Nanopartikiil olarak saf metal (Au,
Ag,Cu, Fe), metaloksitler (CuO, SiO2, Al203, TiO2,
Zn0O, Fe304), karbitler (SiC, TiC), nitritler (AIN, SiN)
vedegisik tip karbonlar (elmas,grafit, tek/cok duvarl
karbon nanotiipler) kullanilmigtir. Temel akigkan olarak
da su, etilen glikol ve motor yag1 kullanilmistir. Bugiine

kadar yapilan ¢aligmalarda 1s1 iletim katsayisi, zorlanmis
taginim ve kaynama 1s1 transferi durumlari incelenmistir.
Is1 transferinde artis goriinen durumlar agiklanirken
Brownian hareketi, arayiiz etkisi, enerji tastyicilarin
balistik etkisi ve termoforez lizerinde durulmustur [18] .
Smirli sayida Bor igeren nanoakigkan hazirlanarak
Ozellikleri incelenmistir. Bunlardan birinde ylizey
aktiflestirici kullamminin BN nanoakigskan ozelliklerini
nasil etkildegi incelenmektedir. % 0.001 ile % 0.1 hacim
fraksiyonlar1  yiizey aktiflestirici  kullanarak  ve
kullanmayarak 2 saat boyunca sonikasyona tabi tutul-
mustur. Yizey aktiflestiricisi kullanilmayan durumda
(zeta potansiyeli olgiilerek) daha stabil oldugu sonucuna
(her ne kadar literatiirde diger nanoakiskanlarda durum
tam tersi olsa da) varilmigtir. Yapilan analizler sonu-
cunda kullanilmadigi durumda izoelektrik noktast olan
9.25 ten uzak -40mV ve iizeri degerler elde edilmistir. Bu
da karigimin stabil oldugunu gostermektedir. Derisim %
0.1 e kadar ¢iktiginda pH degeri % 8.69 artmis yiizey ge-
rilmesi % 7.2 diigmiis ve elektrik iletkenligi 1.1032
mS/cm artmistir. Derigim arttikga 1s1l iletkenlik katsayisi
stirekli artmustir. Derisim % 0.1 e kadar c¢iktiginda
Prandtl sayist % 13.95 diismiistiir. Is1 transfer katsayisi
derisim % 0.00373 oraninda arttiginda % 7.09 oraninda
artmistir [12].

Diger bir ¢aligmada ise Hekzagonal Bor Nitrit (hBN)
yiiksek stabilitide yalitkan seramik malzeme olup 1sil
iletkenligi ve kimyasal inert olmasi nedeniyle tercih edil-
mektedir. Hekzagonal kristal yapisi nedeniyle BN ler ara-
sinda en yumusak formdur. Bu ¢alismada nBN
nanoakiskan hazirlanirken saf su, saf etilen glikol ve %

50 su-EG karisimi kullanilarak hazirlanmasi, stabilitesi
ve termofiziksel dzellikleri deneysel olarak incelenmis-
tir. Ortalama boyutu 70nm olan stabil hBN nanoakigkan-
lar SDS ve PVP yiizey aktiflestiricileri kullanarak ve
Itrasonikasyona tabi tutularak hazirlanmigtir. Yiizey
aktiflestiricisi kullanimimin termofiziksel 6zelliklere
etkisi deneysel olarak incelenmistir. Stabilite 6l¢iimii igin
zeta  potansiyelinden  yararlanilmistir.  Morfoloji
karakterizasyonu i¢in SEM ve TEM kullanilmigtir.
%0.03 ile %3 arasinda derisimlerin viskozite dahil olmak
tizere etkileri deneysel olarak incelenmistir.% 1 civarinda

BN kullanim durumunda 10 giine kadar stabilite gozlem-
lenmistir. Daha uzun stabilite siireleri i¢in ylizey aktifles-
tiricilerinde faydalanilabilir. hBN- su nanoakigkaninda
STEM goriintiisiine gére hem polidispersite hem de yerel
bir araya gelmeler gézlemlenmis ve bunlarin 1s1 iletimine
olumlu etki yapti g1 diisiiniilmektedir. Derigim arttik¢a
11l iletkenlik ve viskozite artmaktadir. % 3 hBN iceren
nanoakiskan i¢in 1s1l iletkenlik % 26 seviyelerine kadar
artarken bu durumda viskozite artist % 22 civarinda
Olctilmustiir [13].

Yapilan bagka bir ¢alismada ise etilen glikol temel akis-
kan kullanilarak BN nanopartikiiller ilen anoakigkan
hazirlanmistir. BN/EG nanoakigkanlarin 1s1l iletkenlikleri
transient hot wire metodu ile 6l¢iilmiis ve 2 olagandisi

durum gozlemlenmistir. Birincisi diisiikk derisimlerde
daha yiiksek 1s1l iletkenlik olugmasi digeri ise 140nm
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nanopartikiil kullanilan akiskanin 70 nm nano-akiskana
gore 1s1l iletkenlik iyilesmesinin daha fazla olmasidir
[16].

Smirlt sayida Bor igeren nano partikiiller ile hazirlanan
nano akigkanlarda literatiirdeki diger nano partikiillere
gore farkli sonuglar ve birbiriyle gelisen hususlar yer al-
maktadir. Bu da konunun daha ¢ok ¢alisilarak acikliga
kavusturulmasi gerektigini ortaya koymaktadir.

Arastirmacilara nano akigkanlar1 gerek sentezlerken ge-
rek ise kullanirken temkinli davranmalar tavsiye edil-
mektedir. Cilinkii, Nanoteknoloji yeni yeni gelisen bir
alan olmasi sebebiyle is glivenligi ve saglik agisindan tam
bir degerlendirme heniiz ortaya konamamustir. Bu ne-
denle zararsiz oldugu ispatlanana kadar tedbirli davranil-
mas1 gerekir. Nanopartikiillerin viicuda girmesinin ii¢
yolu vardir: Solunum- akciger sistemi; Emme- deri sis-
temi ve Yemek- sindirim sistemi. Hangi limitlerde olum-
suz etkiler ve insan sagligini tehdit eder hale geldigi kesin
olarak bilinmemekle birlikte ciddi rahatsizliklara yol aga-
bilecegi diigiiniilmektedir [15].

5.5. ISIBORULU VAKUM TUPLU GUNES
KOLLEKTORLERINDE NANO AKISKAN
KULLANIMI (HEAT PIPE EVACUATED
TUBULAR SOLAR COLLECTOR;:

APPLICATIONS OF NANOFLUID)

Is1 borulu giines kollektorlerinde nanoakiskan uygulama-
larinin incelendigi bir ¢alismada her uygulamada verimin
arttif1 gozlemlenmistir. Ozel tasarlanmug bir agik termo-
sifon uygulamasinda de- iyonize su ve su bazli CuO
(%1.2 derisim) nanoakiskan kullanarak suya gore % 30
1s1 transfer katsayisinin yiikseldigini ortaya koymuslar-
dir. Baska bir ¢alismada iig fitilsiz 1s1 borusundan olusan
iki tane ayn1 6zellikte kollektor imal ederek deneyler yap-
miglardir. Birinde normal su digerinde ise CNT nanoakis-
kan kullanilarak yapilan ¢alismada CNT olan sistem hep
daha iyi sonug vermistir. Diger bir ¢alismada ise TiO2 —
su nanoakigkan kullanilan sistem %73 verimli iken sa-
dece su kullanilan sistem % 58 verimli bulunmustur [1]..

Manifold Coadenser
Ouser glass tube
™~
Inner glass tube

T Absorber

Heat pipe

Vacvum

Sekil 2. ETSC c¢aligma prensibi (Operating principal of
ETSC) [3]

Uzun zamandir FPC’ ler i¢in verim iyilestirme ¢alisma-
lar1 devam etmektedir. Nanoakiskanlar ¢alisilirken katki

maddesi olarak genelde Triton X-100 maddesi kullanil-
mustir. pH ayar1 yapilmas: gerektiginde HCI ve NaOH
dan faydalanilmigtir. Katki maddesi (surfactant) kullan-
manin temel amaci ¢okelmeyi engellemek ve partikiille-
rin biraraya gelmesini engellemektir. Baz1 arastirmalar
sonucunda nanoakiskan derisiminde bir optimum oran
oldugu bu nedenle bu miktarin iizerine ¢ikilmamasi ge-
rektigi belirtilmistir: hem maliyeti diigiirmek hem de sta-
bilite sorunlarim1 minimize etmek i¢in. Bu tip
kollektorlerde 1s1 borusu kullanimi ¢ok nadiren incelen-
mis ve bu alanda daha ¢ok ¢aligmaya ihtiya¢ vardir. De-
neysel caligmalarin  yaninda teorik ¢alismalar da
yapilmaya devam etmektedir. Bu c¢aligsmalar deneysel
olanlara gore daha az maliyetli olup sonuglara ulagmak
acisindan daha kisa bir yoldur. Singh ve arkadaslari tara-
findan nanoakigkan kullaniminda entropi iiretimi ilk kez
incelenmis ve entropi iiretiminde artisa neden oldugu id-
dia edilmistir. Bununla beraber bazi arastirmacilarin ter-
sinin gergeklestigi yoniinde iddialart1 da vardir.
Bunlardan birinde Alim ve arkadaslari CuO nanoakiskan
kullanarak entropi iiretiminin % 4.34 azaldigini ve veri-
min % 22.15 arttigini iddia etmislerdir. Gerekli pompa
giiclinde ise % 1.58lik bir artig rapor edilmistir. Ayni1 za-
manda ekserji alaninda da g¢alisanlar olmustur [3]. Acik
termosifonun 1s1l performansinin 6lgiilmesinde nanoakis-
kanlar yiiksek sicaklik vakumlu boru giines kollektorle-
rinde kullanilmigtir. Deney kapali mekanda deiyonize su
ve su bazli CuO nanoakiskan kullanilarak gergeklestiril-
mistir. Bu ¢alismada doldurma orani, ana akigkan tiirii,
nanopartikiil oran1 ve igletme sicakligi {izerinde durul-
mustur. % 1.2 nanopartikiil orani ile optimum 1s1 transfer
iyilestirilmesi yapilmistir. Otanicar ve arkadaslar1 nano-
akiskan kullanilan direk emilim giines kollektorlerinin
verimini aragtirmislardir. 3x5 cm2 panel ve kanal derin-
ligi 140 mikronmetre tercih edilmistir. Kollektorii dol-
durmak i¢in gerekli nanoakiskan miktarini azaltmak icin
mikrokanal tercih edilmistir. Karbon nanotiipler, grafit ve
giimiiz bazli nanoakigkanlar test edilmistir. Nanopartikiil
eklenmesi ile basta hizli bir artig olmus ve nanopartikiil
arttikca bu artis devam ederken bir noktadan sonra diis-
meye baglamistir. ASHRAE Standart 86-93 Yousefi ve
arkadaslar1 tarafindan kullanilarak diiz giines kollektorle-
rinde deneysel galigma yapilmigtir. Emme alam 1.51m?,
1 ile 3 It/dk debi, Al,O3 nanopartikiil oran1 %0.2 ile 0.4
ve surfactant ilavesi ile ¢alisma yapilmistir. Anlik verim
degerleri 1s1n1m yayilimi, ortam sicakligi ve giris akiskan
sicakliginin degisik kombinasyonlari i¢in kaydedilmistir.
Triton X-100 eklenmesi performansi arttirmistir. % 0.2
Al203 derigimi igin % 28.3 verim artis1 kaydedilmistir.
pH degeri nanoakigkanlarin itme kuvvetlerini belirliyor.
Izoelektrik noktasindan uzaklastikca daha biiyiik itme
kuvvetleri ortaya ¢ikiyor. Yousefi ve arkadaslar1 bu nok-
tay1 hesaba katarak 3.5, 6.5 ve 9.5 degerleri MWCNTile
deney yapmuslar. pH ayar i¢in Hidroklorik asit ve Sod-
yum Hidroksit kullanmislar. izolektrik noktadan uzaklas-
tikga verim artmistir. Bagka bir ¢aligmasinda surfactant
eklenmesi ile verimin arttigin1 ortaya koymustur. Bu
alanda yapilan bir caligma sedimantasyon problemini as-
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mak i¢in akigkan hizin1 kontrol etmenin ige yaradigini or-
taya koymus ve bdylelikle birikme (deposition) sorunu
da azaltilabilmistir. Bagka bir ¢alisma solar kollektoriin
acik termosifon ile birlestirilmesiyle performans artirimi
gerceklestirilmigstir. Baska bir calismada bakir nanoparti-
kiiller eklenerek % 24 bir iyilestirme saglanmistir. Cho-
ugule ve arkadaslar1 fitilsiz 1s1  borulu giines
kollektorlerinde su ve karbon nanotiip nanoakiskan kul-
lanarak farkli agilarda ve derigimlerde deneyler yapmus-
lardir. En iyi performans i¢in optimum CNT miktarini
belirlemislerdir. Baz1 arastirmalarda optimum debi belir-
lemesi de yapilmistir. Bir baska arastirmada Brownian
motion etkisinin hareketli akigkanlarda statik olanlara
gore daha belirgin oldugunu ortaya koymustur [5].

Bir ¢alismada 16, 22 ve 28 mm c¢apinda 1st borulu va-
kumlu tiip giines kollektdrler imal edilerek optimum boru
cap1 belirlenmesi amaglanmistir. Akigkan olarak etanol
kullanilmustir. Her bir 1s1 borusu igine 1s1 borusunun top-
lam hacminin 1/3 oraninda akigkan konmustur. Boru
icinde kalan hava vakumlanmistir. Deponun 1s1 yalitimi
yapildiktan sonra 1s1 borusunun buharlastirici ve adyaba-
tik kismi1 (depo diginda kalan) vakum tiip icerisinde yer-
lestirilmistir. Es merkezli konumlardirmak igin o-ring
kullanilmustir. Deneylerde ¢evre hava sicakligi, hava da-
gitim kollektorii giris sicakligi, her bir kollektor igin ¢ikis
sicakligi ve o giine ait giines 1s1nimi siddeti 6l¢tilmiistiir.
Sonug olarak yeterli miktarda 1s1 olusmadigi durumlarda
buharlasma ger¢eklesmediginden sistemin calismadigi,
akigkanin yeterince 1s1 atamayip sivi fazina dénememe
durumunun olugmamasi i¢in 1sinin transfer edilecegi
depo kismina dikkat edilmesi gerektigi ve bu yogustu-
rucu kisminda daha hizli 1s1 transferi i¢in kanatgiklar gibi
tasarimsal diizenlemelere gidilebilecegi belirtilmistir [8].

Is1 borulu kollektorlerin incelendigi bir ¢aligmada ayrik
ve birlesik 1s1 borularinin verimleri deneysel olarak 6l¢ii-
lerek mukayese edilmistir. Her iki kollektdrde de 1s1 bo-
rusu olarak bakir boru ve ¢aligma akigkani olarak R-134a
kullanilmigtir. Boru ¢apt 15mm, sivi doniis borusunun
¢ap1 12mm ve depo igindeki yogusma borusunun ¢ap1 25
mmdir. Ist borular1 arasindaki mesafe de 7.2 mmdir. Say-
dam orti olarak 3mm kalmliginda cam kullanilmistir.
Kollektorlerin yan ve alt kisimlarindan meydana gelen 1s1
kayiplarin1 6nlemek igin strafor malzeme ile yalitim ya-
pilmistir. Depo malzemesi olarak 2mm kalinhiginda sag
kullanilmistir. Depolardan ¢evreye 1s1 kayiplarint 6nle-
mek i¢in her iki su deposu yalitim malzemesi termoflex
ile yalitilmigtir. Sicaklik dl¢iimii J tipi termokupl mal-
zeme ile 12 kanalli Elimko- 6000 tipi ekipman kullanil-
mistir. Giines radyasyon 6l¢iimiinde solarimetre cihazi
kullanilmugtir. Sonug olarak ayrik olan sistemin 1s1l ve-
rimi % 48.5 iken birlesik olan sistemin verimi % 57.6
¢ikmistir. Bunun sebebi olarak birlesik sistemde 1s1 trans-
ferinin daha iyi gergeklestigi yogusturucu ve buharlagti-
rict  kistmlardaki  birligin  transfer hizini  arttirdigi
diistintilmektedir [9].

Bir ¢aligmada ilk defa farkli olarak yatay bir tank igeri-
sine spinal boru yerlestirmek suretiyle Al203 / saf su
nano akigkani kullanilarak 18 adet borosilikat cam va-

kumlu tiip 100 It olan yatay tanka baglanmistir. ETSC-
lerde Al1203 / saf su nano akigkani kullanilmigtir. Hacim
fraksiyonlar1 % 0.03 ve % 0.06, nanopartikiil boyutu
40nm olmak iizere yiizey aktiflestiricisi olarak Triton X-
100 kullanilmustir. Spinal 1s1 degistiricisi icerisindeki
debi 20 It/saat, 40 It/saat ve 60 It/saat olacak sekilde ¢ali-
stlmigtir. En yiiksek verim olan % 57.63 verime, % 0.06
hacim fraksiyonu ve kiitlesel debi olarak 60 It/saat kosul-
larinda gergeklesmistir. A1203 Nanoakiskan Hazirlan-
mast i¢in iki asamali yontem  kullanilmustir.
Nanopartikiillerin karakterizasyonu i¢in XRD ve FESEM
kullanilmugtir. X-ray Diffraction 1 o/dk dan 50 — 700 e
kadar 40kV/40mA kosullarinda analiz yapilmistir. Kul-
lanilan malzeme dogrulanmistir. Kollektor verimi su un-
surlara baglidir: Kollektoriin tasarimi, giines enerjisi
etkileri (1s1mim siddeti, yayilma oranmi ve gelis agis1), or-
tam kosullar1 (ortam sicakligy, riizgar durumu ve hava si-
caklig) ve isletme kosullar1 (akiskanin giris sicakligy,
akigkanin debisi ve 1s1l 6zellikleri, kollektoriin egimi ve
yerlesimi). Cozeltinin stabilitesini korumasi iyonik 6zel-
liklerine baghdir. Iyonik 6zellikler arttikga ¢okelme ihti-
mali ve orani artmaktadir. Nanopartikiillerin hacim
fraksiyonu arttik¢a akigskanin 1s1l kapasitesi diigmiis fakat
1s1 transfer katsayist artmistir [11].

Is1 borusu i¢indeki akiskanin verime, ¢aligsma sicakligina
ve toplam 1s1 katsayisina dogrudan etkisi vardir. Akiskan
olarak su, etanol, metanol veya bunlarin karisimlarinin
kullanildigi birgok galisma olmustur. Su-etanol karigimi-
nin iyi sonug verdigi gézlemlenmistir. Vakumlu 1s1 bo-
rulu  giines  kollektorlerinde  (ETSC)  sistem
performansinin iyi olmasi i¢in vakumun muhafaza edil-
mesi ve sizinti olmamasi onemlidir. Diiz panellerden
farkli olarak ETSC giin iginde saate gore performans de-
gisimi pek olmamigtir ve yiiksek cikis sicakliklart elde
edilmigtir [17].

Ist borularindaki nanoakigkan ¢aligmalari iige ayrilabilir:

1) Kilcal kuvvetlerin etkili oldugu ve taginimin buhar-
lastirict ve yogusturucu kisminda hakim oldugu du-
rumlar: Mikro-oluk, ag (meshes) ve sinterlenmis
metal 1s1 borular1

2) Is1 gradyanin olustugu basing dalgalarina yol agtig1 ve
itme kuvvetlerinin etkili oldugu durumlar: Titresimli
1s1 borulari

3) Iki fazli termosifon durumunda ise havuz kaynama
karakteristigine benzer bir yapida 1s1 transferi gergek-
lestigi durumlar: normal 1s1 borusu

Bu gbzden gegirilen ¢aligmalarin 1s1ginda nanoakiskan
hazirlanirken kullanim siiresi, stabilite, giivenilirlik, eko-
nomiklik ve kullanim yeri-maksadina uygun se¢im bii-
yiik 6nem arz etmektedir. Bu alanda daha ¢ok ¢alismaya
ihtiya¢ oldugu ve ozellikle calisma sicaklig1 etkilerinin
iyice aragtirilmasi tavsiye edilmektedir [18].

Termosifon tipte 1s1 borularinda film buharlagma ve ha-
vuz kaynama 1s1 transferinde etkili  olmaktadir.
Yogusturucuda sivilasan akigkan yer¢ekimi ile buharlas-
tirict kismina donmektedir. Nanopartikiiller g¢ekirdek-
lenme bolgeleri ve buhar balon bombardimani
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olugsmasini saglayarak 1s1 transferini arttirmaktadir. Bu-
giine kadar yapilan ¢alismalarda 1s1l direng diisiisii en cok
%81 (giimiis nanopartikiil ve su temel akiskan) ve %60
(CuO nanopartikiil ve su temel akiskan) durumlarinda ra-
por edilmistir. Isil iyilestirme sebepleri arasinda azalan
ylizey gerilimi ile i1slanabilirli§in artmasi ve c¢ekirdek
kaynama artisindan kaynaklandig: diisiiniilmektedir. De-
risime bagli olarak bir optimum dolum orami oldugu dii-
stiniilmektedir. Bir kisim c¢aligmalarda nanoakigkan
kullanilmasina bagl olarak temel akiskana gdre daha
koti sonuglar rapor edilmistir. Sebep olarak da buharlas-
tiric1 kisimda nanopartikiil birikmesi su buharini azaltmis
ve toplam 1s1l direng artmasi rapor edilmistir. Bazi ¢alis-
malarda ise optimal derisimden uzaklasilmasi ve ¢evri-
min siirekli olarak devam etmemesinden kaynakli olarak
¢Okelme olmasi 1s1l direnci arttirmakta ve 1s1l verimi dii-
stirmekte oldugu rapor edilmistir. Hatta nanopartikiillerin
bir araya gelerek biiyiik partikiillere doniigmesinin de
olumsuz etkilerinden bahsedilmistir. Is1 borularinda na-
noakiskan kullanimina dair yapilan 28 ¢alisma gozden
gegcirilmistir. Is1 borularinda nanoakigkan kullanimu ile
sinirl sayida analitik ve sayisal modelleme ¢aligmasi ol-
dugu tespit edilmistir [19]. MgO/su nanoakigkanin iki
fazli kapali sistem termosifon tipi 1s1 borusu performansi
tizerindeki etkileri incelenmistir. Triton-X 100 surfaktant
olarak kullanilmistir. 1/3 oraninda doldurulan 1s1 borusu
ii¢ farklr 1s1 (200-300- 400 W) girisi durumunda ve ii¢
farkli debide sogutma suyu (5, 7.5 ve 10 g/s) ile deneyler
gerceklestirilmistir. lyilestirme oram en yiiksek % 26
olarak 200W 1s1 girisi ve 7.5 g/s sogutma suyu
kullanildigr durumda gerc¢eklesmistir. Cidar sicakliklar
suda yiiksek MgO da ise daha diisiik olmustur. Ayrica
buharlastirici- yogusturucu arasinda sicaklik farki da
MgO da azalmistir. Bu da 1si1l direncin MgO nanoakis-
kanda daha diisiik ve performansin arttigini géstermekte-
dir. Al203 e gore ise 1st borusu performans artigi
ortalama olarak %6.6 ile 11.5 bandinda olmustur [21].

Duman kiilii ve A1203 nanopartikiiller ile temel akiskan
olarak su kullanilarak nanoakiskanlar hazirlanmistir. iki
fazli kapali termosifon 1s1 borusunda bu akigkanlarin 1sil
performansa etkisi incelenmistir. Triton X-100, surfak-
tant olarak kullanilmistir. Agirlikga % 2 oraninda nano-
partikiiller ve % 0.2 oraninda surfaktant ile
nanoakigkanlar hazirlanmistir. Is1 borusu dolum orani 1/3
olup 200,300 ve 400 W 1s1 girisi; 5,7.5 ve 10 g/s sogutma
suyu cevrimi kosullarinda deney 3 akigkan i¢in gergek-
lestirilmistir. Isil direng diisiimii olarak 400 W, 5 g/s ve
duman kiilii nanoakiskan durumunda % 30.1 olarak 61-
clilmiistiir [22].

DARS 1928 yilinda icat edilmistir. Bu sistem ev so-
gutma, karavan, kamp, ofis ve otel gibi yerlerde sessiz
calismasi nedeniyle tercih edilmektedir. Veriminin diigiik
olmas1 nedeniyle kullanim alani ve yayginlig1 sinirh kal-
mistir. Nanoakiskan kullanilan sistemde 0 dereceye in-
mek 20 dk siirerken diger sistemde 55 dk siirmiistiir.
Daha cok 1s1 emme kapasitesinin sogutma etkisi biiyiik
olmasa da 1s1l verim artis1 kayda deger olmustur. REFP-
ROP yazilimindan faydalanilarak COP degerleri hesap-
lanmistir. Nanoakigkan kullanilan sistemin COP degeri

0.295-0.225 arasinda iken digerinin 0.280-0.213 olup bu-
radaki fark ortalamast % 51 olup iyilestirme orani yiik-
sektir [23].

Ist borulu giines kollektorlerinde nanoakiskan kullani-
muyla ilgili olarak sinirl sayida ¢aligma yapilmistir. Bun-
lardan birinde su ve 30 nm boyutunda SiO2 kullanilarak
iki agamal1 yontem ile microfluidizer prosesine tabi tutu-
larak nanoakigkan elde edilmistir. Daha sonra parca bo-
yut analizi karakterize edilmistir. Isil iletkenlik ve
gecirgenlik Olciimleri yapilmistir. Kollektorler iyi giines
alacak sekilde yerlestirilerek solar radyasyon miktar1 he-
saplanmustir. Isil ¢iftler 1s1 borusu boyunca yerlestirilerek
sicaklik dlglimleri yapilmistir. Kollektor tiiptlin igindeki
1st dagilimi ve hiz degisimi modellemesi igin ANSYS ve
FLUENT yazilimlar1 kullanilmistir. Partikiil boyut anali-
zine gore dagilim uniform olmus ve topaklanma olma-
mistir. Mikro taginim etkisiyle 1s1l iletim iyilesmistir. En
¢ok iyilegsme % 5 derisime sahip akiskanda vuku bulmus-
tur. Pargaciklarin birbiriyle ¢arpismast ve enerji transferi
gerceklesmesi bunun temele sebebi olarak goriilmekte-
dir. 20 giin sonra 6l¢timler tekrar yapildiginda hala % 1 e
gore yiiksek degerler elde edilirken ; %3 ve % 5 taze ka-
risimlara gore diisiik degerler dl¢tilmiigtiir. Bu da zaman
i¢cinde topaklanma oldugunu gostermektedir. Ayrica 500-
1400 nm arasinda gegirgenlik 6l¢limil yapilmistir. Artan
dalga boyu ile gegirgenlik artmustir. % 1 derisimin gegir-
genligi en {iist diizeydedir: %91.42.Sayisal simiilasyon
sonucuna gore alttan iiste dogru sicaklik artmaktadir.
Suya gore en yiiksek sicaklik farki 4.2 derece olmustur.
Nanoakigkan kullanilan durum igin sicaklik alt tarafta
19.85 derece iken {ist tarafta 51.26 olarak hesaplanmustir.
Nanopartikiil eklenmesi sadece 1sil iletkenligi arttirma-
mis aynt zamanda 1s1 akisini da arttirmistir. Hiz agsisin-
dan incelendiginde nanoakigkanin daha hizli bir sekilde
buharlasarak yukari dogru hareket ettigi ve daha hizli bir
sekilde 1s1sin1 aktardiktan sonra dondiigii tespit edilmis-
tir. Bu da g¢evrim siiresinin kisaldigini ve istenen sonuca
ayni girdilerle daha ¢abuk ulagilabilecegini gostermekte-
dir [24].

Baska bir ¢caligmada CuO nanopartikiilleri ile su kullani-
larak hazirlanan nanoakiskanin ETSC de kullaniminin
1s1l performansa etkisi incelenmistir. Nanopartikiil orani
% 0.03 ve % 0.06 olan akigkanlar ile saf su kullanilarak
sistemin 1s1l verimi O6l¢iilmiistiir. Nanoakigkanlarin 1sil
iletkenligi ve 1s1 kapasiteleri belirlenmistir. Sogutma ¢ev-
rimi i¢in 20, 40 ve 60 1t/dk debilerinde ¢alisilmistir. Ve-
rim artigt suya gore % 0.03 derisimli nanoakiskan
kullaniminda % 14 e kadar bir artis géstermistir [25]. Bir
bagka caligmada U-tiip giines kollektorlerinde Al O na-
noakiskan kullanimi ve nanopartikiil boyut etkisi aragti-
rilmigtir. Isil iletkenlik derisimin artmasiyla artarken
partikiil boyutunun biiylimesi ile azalmistir. 20-50 ve 100
nm boyutunda AI203 ile % 0.5, 1 ve 1.5 derisimlerde su
kullanarak nanoakiskanlar iki asamali yontem ile sentez-
lenmistir. Sogutma suyu ¢evriminde ise 0.033 kg/s ve
0.047 kg/s olmak iizerek 2 farkli debide ¢alisilmistir. En
yiiksek verim % 1 derisim, 0.047 debi ve 20nm boyu-
tunda gerceklesmis ve suya gore % 24.1 daha fazla ol-
mustur [26].
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Bagka bir ¢alismada grafin nano paletler (GNP) ve su
kullanilarak iki agamali yontemle hazirlanan nanoakis-
kan kullanimmin ETSC lerde 1s1l verime etkisi incelen-
mistir. Agirlikea % 0.025, 0.05, 0.075 ve 0.1 derisimlerde
hazirlanan nanoakiskanlarin stabilitesi, 6zgiil 1s1s1, visko-
site ve 1s1l iletimi incelenmistir. Sogutma ¢evrimi 0.5, 1.0
ve 1.5 It/dk olacak sekilde 1s1l verim degerlerine bakil-
mistir. ASHRAE 93-2003 de belirtilen verim hesap yon-
temleri kullanilmis ve en yiiksek verim 1.5 1t/dk debi ve
% 0.1 GNP olma durumunda % 90.7 olarak hesaplanmis-
tir [27].

Is1 borulu olsun olmasin giines kollektdrlerinde yatayla
yapilan a¢1 6nemlidir. Bir ¢aligmada Giinese kargt konum
ve yatayla yapilan aginin etkisi incelenmistir. Bulundugu
lokasyona gore giinese karsi en yiiksek 18.53 derece du-
rumunda 151nim maksimum olmaktadir. Yatayla yapilan
ac1 i¢in yapilan verim analizinde en yiiksek verim 50 de-
rece durumunda elde edilmis ve bu noktadan sonra diis-
meye baglamistir. Buoyancy kuvveti ile ag1 arttik¢a buhar
olusumu artmis ve ayn1 zamanda sivinin evaporatore
donmesi yergekimi etkisiyle kolaylasmistir. Fakat 50 de-
receden sonra yercekimi etkisi nedeniyle 1s1 transferi ger-
ceklesmesi  zorlagtigindan  verim  diigmiistir. Bu
calismada Sogutucu ¢evrim debisi 2 ile 14 kg/saat ara-
sinda degistirilmis ve 1s1l verim debi arttikca artarak en
yiiksek degerine 12 kg/saat de ulastiktan sonra diigmeye
dismeye baglamistir. Nanoakigkan igerisinde Al203
orani arttik¢a 1sil verim artmistir: %0.05, 0.25 ve 0.5
igin sirasiyla % 3.79, 10.72 ve 15.24 suya gore artis ol-
mustur. Bunun sebebi olarak kii¢iik buhar balonu olus-
masiyla kati-s1v1 ara yiiziinde 1s1l direng diismesiyle daha
iyi 1s1 transferi gerceklesmesi gosterilebilir. Eger balon
boyutu biiylirse 1s1l direng artacagindan verim diigecektir.
%0.5 lik nanoakiskana surfaktant ilavesi ile (1000 ppm)
1s1l verim iyilesmesi % 20 ye kadar ¢ikmistir. Bagka hig-
bir ¢aligmada bahsi gegmeyen durum ise en yiiksek verim
suya sadece surfaktant ilave edildigi durumda ortaya ¢ik-
mis ve % 45.23 olmustur. Arastirmacilarin izahina gore
¢linkii ylizey gerilimi azalarak kaynama noktas1 sicakligi
dismektedir ve dolayisiyla daha az isiile daha g¢ok bu-
har olugmaktadir. Herhangi bir ¢aligma akiskani olmadigi
durumda da sogutma cevriminde neredeyse sicaklik gi-
ren-gcikan akiskan i¢in degismemis olup ¢alisma akigka-
nina sistemin bagli oldugunu gostermektedir [28].

Is1 borularinda yapilan bir ¢alismada TiO2 nanopartikiil-
ler %2 oraninda saf su ile iki agamali yontem kullanilarak
hazirlanan nanoakiskan kullanilmistir. 1/3 oraninda dol-
durulan 1s1 borusuna 200-300-400W 1s1 verilerek 5-7.5-
10g/s sogutma su debisi ile deneyler yapilmustir. Isil per-
formansta en yiiksek artig % 16.5 olarak iyilesme 200W
ve 5 g/s sogutma su debisi durumunda olmustur [29].

Is1 degistiricilerinde yapilan bir ¢alismada Al O ve ugucu
kiil % 2 oraninda kiitlece sekilde degerlendirilebiliyor ol-
masi ayri bir kazanimdir [31].

Is1 borusunda kullanmak {izere kiiresel giimiis nanoparti-
kiiller ve su kullanilarak tek asama yontemi ile nanoakig-
kan hazirlanmistir. Surfaktant kullanilmadan stabil bir

karisim elde edilmistir. Reaksiyon hizlandikc¢a daha kii-
¢lik boyutta nanopartikiil elde edilmektedir. Bu sayede
1s1l iletkenlik artmakta ve yiiksek calisma sicaklarinda su
elde etmek miimkiin olmaktadir. Ayrica nanopartikiil de-
rismi arttikca 1s1l performansta artmaktadir. Bu nanoakis-
kan Newtonian bir davranig gostermistir. Nanoakiskan
kullaniminin en belirgin iistiinliigii kisa zamanda tam ka-
pasite ¢alisma kosullarinda erisilmesi olmustur. Is1 boru-
sunun tam kapasite ¢alisma kosullarma ¢ikma siiresi
derisimin kullanarak, Triton X-100 surfaktant ve ultraso-
nik banyo uygulamas: ile hazirlanan 2 tip nanoakiskanin
es merkezli paralel (PFCTHE) ve karsilikli akish
(CFCTHE) 1s1 degistiricilerinde 1s1l performansa etkisi
incelenmistir. Ucucu kiil kullanim durumunda 1s1l verim
bu iki 1s1 degistiricisinde % 31.2 ve % 6.9 iyilestirilmis-
ken; AI203 kullaniminda % 5.1 ve % 2.8 iyilesme ol-
mugtur. Her durum igin 3 farkli debide caligmalar
yaptlmustir [30].

Karabiik demir ¢elik fabrikasindan demir firinindan ali-
nan ciiruf nanoboyuta indirilerek %2 oraninda agirlik¢a
suya ilave edilerek nanoakiskan hazirlannustir. iki fazl
kapal1 termosifon tipi 1s1 borusunda 1/3 oraninda doldu-
rularak 200-300-400W 1s1 girisileri ile 5, 7.5 ve 10 g/s
sogutma suyu debisiyle deneyler yapilmistir. En yiiksek
verim artis1 % 22 olup 200W ve 5 g/s kosullarinda ortaya
¢ikmistir. Nanoakigkan kullanimi ile cidar sicakliklar
diismiistiir. Ornegin 300W ve 5g/s kosullarinda cidar s1-
cakligi 72.68 dereceden 66.6 dereceye diismiistiir. Isil di-
rencin  diismesiyle  daha ¢ok 1st  transferi
gerceklestirilmigtir. Debinin artmasiyla 1s1l verim diis-
miigtiir. En c¢ok iyilegtirme 200W ve 5 g/s durumunda
suya gore % 21 artigla gergeklestirilmistir. Hem verim ar-
tis1 saglanmig hem de atik {irlin olan ciirufun bu en yiik-
sek oldugu % 0.0032 durumunda 12 saniye iken saf su
durumunda 32 saniyedir. Yogusturucu kisminda cidar si-
cakligi suya gore 4.6-8.3 derece daha fazla olmustur. De-
risimin en yiiksek oldugu durumda sicaklik farki 4.2 o C
iken saf su kullaniminda buharlastirict yogusturucu ara-
sindaki sicaklik farki 12.1 derece olmustur. Bunun sebebi
olarak nanoakiskan kullanilmasi durumunda 1s1l direncin
diismesi ve 1s1 transferinin daha hizli gerceklestiriliyor
olmasidir. Isil diren¢ diigiimii maksimum seviyesine en
yiiksek derigimde ¢ikmig ve % 65.29 bir diisiis goriilmiis-
tiir. Is1 borusundaki biiyiik 1s1l direng sivi-kati arasindaki
ara yiizde buhar kabarcig1 olusmasi sebebiyledir. Kabar-
cik biiyiidiikge 1s1l direng artmaktadir. Kat1 yiizeyden si-
viya 181 gegisi zorlagsmaktadir. Bu nedenle nanopartikiil
kullanilmasi ile kabarcik sayisi azalmakta ve boyutu kii-
clilmekte dolayist ile 1s1l verim artmaktadir [32].

Bor nanopartikiillerin kullanildigi ender g¢alismalardan
birinde dekalin igerisinde ¢dziilebilecek silanli bor nano-
partikiiller elde edilerek yakit performansini arttiracak
katk1 maddesi olarak kullanilabilmesi amaglanmistir.
Yiizey modifikasyonu yapilarak BN nanopartikiillerin
¢cozinlrliigh arttirllmistir. Karakterizasyon yapilirken
XRD, TEM, FTIR, XPS ve TGA teknikleri kullanilmig-
tir. Bununla birlikte sicakligin ve derisimin stabilite {ize-
rindeki etkileri incelenmistir. Bor nanopartikiillerin
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yilizey modifikasyonunda iizerinde bulunan oksit katma-
nin 6nemli etkisi oldugu tespit edilmistir [33].

Is1 borularinda biiyiik bir kayip olmadan 1s1 bir noktadan
baska bir noktaya aktarilabilmektedir. Bir ¢alismada gra-
fin nanoakigkanin 1s1 borularinda performan etkisi aragti-
rilmigtir. GNP grade C 6zelliklerinde spesifik yiizey alani
750 m2/gr , kalinlig1 2 nm ve ¢ap1 2 pm dir. Yogusturucu
ve buharlagtirict arasindaki sicaklik fark: giren 1s1 miktari
ile artmaktadir. Yatay ile yapilan a¢1 60 derece iken si-
caklik farki en az olmaktadir. Yeteri kadar zaman yogus-
turucu da geg¢mezse 1s1 transferi kotii etkilenmekte ve
buharlastirici kisminda sivi kalmamaktadir. Deney so-
nuglarina gére GNP nanoakigkan kullaniminda cidar si-
cakliklart diigmiistiir. Derigsim etkisi giren 1s1 miktarinin
etkisinden daha fazla cidar sicakliklarini etkilemektedir.
Giren 1s1 artis1 ile birlikte 1s1l verim daha yiiksek olmakta
¢linkii 181l direng daha diisiik olmaktadir. Ayrica yatayla
60 dereceye kadar 1s1l verim artmakta iken bu noktadan
sonra diismeye baglamaktadir. En yiiksek verimin 90 de-
recede iken olmasi beklenirken 60 derecede olmast fitilli
1s1 borularinda yer¢ekimi etkisinin 1s1l verim iizerindeki
etkisinin az oldugunu gostermektedir. Is1 borusundaki
performans iyilesmesinin sebepleri olarak buharlastiric
ve yogusturucu arasindaki sicaklik farki, buhar fazindaki
sicaklik diislisii ve kayiplarin azalmasi gosterilmektedir.
Cidar sicakliginda suya gore 27 derece diisiis saglanmis-
tir. Son olarak GNP nanoakiskan kullanimiyla 1slatilabi-
lirlik artmasindan 1s1 transferi daha iyi oldugu sonucu
SEM ve EDX resimlerinden anlagilmustir [34].

Bir ¢alismada 50 farkli nanoakiskan, 3 farkli temel akis-
kan (su, etilen glikol ve motor yagi) ve derisim miktarlar

% 0.25 ile % 8 arasinda degistigi durumlarda 1s1l iletken-
lik katsayis1 Olgiimii yapilmigtir.

Nanopartikiilii olusturan malzeme ile nanoakiskanin 1s1l
iletkenlik katsayilar1 arasinda dogrudan bir iliski sapta-
namamustir. Literatiirde birbiriyle gelisen ifadeler 1sil
iletkenlik ile alakali olarak kullanilmaktadir. En yaygin
6l¢iim metodu gegici sicak tel (THW) metodur. Hemen
hemen biitiin durumlarda nanopartikiil ilavesi ile 1s1l ilet-
kenligin arttig1 rapor edilmistir. Parcacik boyutu ile 1sil
iletkenligin ortaya g¢ikarilmasi i¢in derisim dahil biitiin
kosullar ayn1 tutularak farkli boyutta ayn1 nanopartikiiller
ile hazirlanan nanoakigkanlara ihtiya¢ vardir. Sonug ola-
rak partikiil boyutu biiyiidiikge 1s1l iletkenlik katsayisi
artmaktadir. Ayni boyutta farkli materyaller kullanilarak
yapilan deney sonuglarina gére nanopartikiil malzemesi-
nin 1s1l iletkenlik agisindan beklendigi gibi etkiligi ol-
dugu ortaya c¢ikarilmistir. Bununla birlikte 1s1l
karakteristlik 6zellikleri arasinda dogrudan bir iligki yok-
tur. Sonug olarak nanopartikiiliin yogunlugu arttik¢a na-
noakigkanin 1s1 iletim katsayisinin arttigt sonucuna
varilmistir. Temel akiskan gore de 1s1l iletkenlik etkilen-
mektedir. Su motor yagina gore 5 kat etilen glikola gore
2 kat daha yiiksek 1s1l iletkenlige sahiptir. Bu nedenle na-
nopartikiil eklenmesinin 1s1l iletkenligi temel akiskan
gore iyilestirme yiizde etkisi iletkenligi kotii olan akiskan
da daha yiiksek olmaktadir. Surfaktant kullanimi nano-
akigkanin stabilitesini etkilese de 1sil iletkenlik {izerinde
dogrudan bir etkisi yoktur. Metal iceren nanoakigkanlarin

11l iletkenligi metal oksit veya silikon icerenlere gore
daha yiiksektir [35].

Stvilarin 1s1 iletim katsayilart 6l¢imii yapilirken yerge-
kimi yoniinde olusabilecek sicaklik gradyanina dikkat
edilmesi gerekmektedir. Aksi halde suda tasima akimi
gerceklesmesi 1s1l iletimin yanlis 6l¢iilmesine yol agacak-
tir. Sivilarin sekli, boyutu ve kesit alan1 gibi 6zellikleri
olmamasi nedeniyle 6l¢iim zorlagsmaktadir. Ayrica kati
nanopartikiillerin sivi igerisinde homojen dagilimi da
Ol¢limiin sthhati i¢in 6nemlidir. Isil iletkenlik dl¢iimiinde
kullanilana tekniklerin basinda gegici sicak tel yontemi
(THW) bulunmaktadir ve yaklasik olarak % 65
calismada bu yontem tercih edilmistir. Gegici sicak tel
yontemi (THW) 1931 yilinda tozlarin mutlak 1s1 iletim
katsayisini belirlemek icin gelistirilmistir. Bunu takip
eden 151l komprator yontemi bu alanda yapilan ¢aligma-
larin % 10 unda kullanilmistir. Diger kullanilan 5 yontem
ise geri kalan ¢alismalarda kullanilmistir: Isil Sabitler
Analiz Yontemi (%7), 3 Omega Yontemi (%6), Sabit Pa-
ralel Plakalar Yontemi (%6), Sicaklik Salinim Yontemi
(%4) ve Silindirik Hiicre Yontemi (%2) [36].

Bir ¢alismada boroksitten bilyali 6giitme ve tavlama ya-
pilarak BN nanopartikiiller elde edilerek karakterizas-
yonu yapilmigtir. Mikro morfolojisini incelemek i¢in
HRTEM teknigi kullanilmistir. 200 um boyutunda B
O tozu 60 saat boyunca yiiksek saflikta Azot bulunan
ortamda bilyal1 dgiitmeye tabi tutulmustur. Burda kulla-
nilan bilya- malzeme orani 20:1 dir. Celik bilyalar 6mm
boyutunda olup devir sayisist dakikda 450 olmustur. Or-
talama boyutu 70 nm olup nanopartikiillerin boyutu
20-100 nm arasindadir. Daha sonrasinda 1200 derece
firinda 6 saat boyunca tutulmustur. Kristal yapt XRD ile
ve morfolojisi SEM ve TEM imajlart ile analiz edilmistir.
Sonug olarak basarilt birsekilde BN nanopartikiiller elde
edilmistir [37].

Baska bir ¢alismada su ve nanoakigkanlarin termosifon
1s1 borularinda kullanilmasinin 1s1 transfer karakteristik
Ozellikleri ii¢ boyutlu sayisal analiz yapilarak arastiril-
mistir. Nanoakiskan olarak Y'-Fe203 ve su kullanilmis-
tir.  Y-Fe203  nanopartikiil boyutu 4-5 nm
mertebelerindedir. Karakterizasyonda XRD, TEM,
SAED ve HRTEM teknikleri kullanilmistir. 2 metre bo-
yunda 1s1 borusunun 850 mm lik kismi1 buharlastirici son-
rasinda 250 mm adyabatik kism1 ve 850 mm lik kismi ise
yogusturucu olarak tasarlanmigtir. Caligma sicakliklar
olarak 60,70,80 ve 90 derece olarak; nanoakiskan olarak
% 2 ve % 5.3 Y-Fe203 igerikli iki akiskan ile saf su kul-
lanilmistir. Bu ¢alismada kullanilan CFD kodu ANSYS
CFX-12.0 versiyonudur. Yapilan deney sonuglari ile sa-
yisal ¢aligma sonucu uyum igerisindedir [38].

Bir calismada fotoakustik (PA) teknigi bir optik uygu-
lama olarak nanoakigkanlarin termofiziksel 6zelliklerini
belirlemekte kullanilmigtir. Bunun i¢in nanoakigkanlarin
transparant olmasi gerekmektedir. Bu teknikte nanoakis-
kan ile herhangi bir temas olmadig1 gibi Sl¢limii etkile-
yecek herhangi bir zarar da yoktur. Bu nedenle iyi bir
dogrulukla termofiziksel parametrelerin dl¢timleri yapi-
labilmektedir. Tki agamali yontem kullanilarak TiO2 ve
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Al203 nanopartikiiller ile temel akiskan olarak su kulla-
nilmistir. CTAB surfaktant olarak kullanilmistir. XRD
imajlari ile kristal yap1 kontrol edilmistir. TEM ile Al203
boyutunun 3-7 nm oldugu ve TiO2 2 Deney sonuglarina
gore nanopartikiil eklenmesi hem 1s1l yayilmay1 hem de
1s1l effusiviteyi arttirmaktadir. Fakat 1s1l kapasite yogun-
luk artis1 nedeniyle bazen gergeklesmeyebilir hatta diise-
bilir. Bu caligmada genel literatiir sonuglarindan farkli
olarak TiO2 daha yiiksek ¢ikmistir. Bunun sebebi kulla-
nilan AI203 nanopartikiiller boyutunun literatiirdeki ¢a-
ligmalara gore ¢ok daha kii¢iik olmasidir. Bu nedenle
yani parcalarin ortalama fonon serbest yolundan kiigiik
olmasi nedeniyle 1s1 transferi olumsuz etkileniyor olma-
sidir ama yine de saf suya gore daha yiiksektir [39].

Bir gdzden gecirme ¢aligmasinda giines kollektorler uy-
gulamalarinda nanoakigkan kullanilan ¢aligmalar gézden
gegirilmistir. Isil iletiminin incelendigi 27 ¢alisma, vis-
kozitenin incelendigi 11 ¢alisma ve 9 ¢aligmada ise giines
kollektorlerinde nanoakiskan kullanimi incelenmistir. Bu
calismalarin hi¢ birisinde ETSC alaninda ve Bor nano-
akiskan kullanilmamistir [40]. Bu ¢alismada DASC (Di-
rek Absorsiyon Giines Kollektorleri) larda nanoakiskan
kullaniminin etkisi teorik ve deneysel olarak incelenmis-
tir. Giines enerjisi direk emilir ve ¢alisma akigkanina
transfer edilir. Bu nedenle ¢aligma akiskaninin optik per-
formans1 daha ¢ok 1s1 emilebilmesi i¢in yiiksek olmalidir.
Nanoakiskan kullanim durumunda giines enerjisinin emi-
limi suya gore 9 kat daha fazla olabilmektedir. Bu ¢alig-
mada glmils nanopartikiiller absorbik asit ile
indirgenmis ve sitrik asit ile stabilize edilerek sentezlen-
mistir. Deney sonucu ile sayisal hesaplama sonuglari ara-
sinda hazirlanan ilk modele gére %23.6 ve ikinci modele
gore % 7.1 fark ortaya ¢ikmistir. Bu farklarin kalibrasyon
ve Olciim hatalari ile hesaplamalar1 basitlestirmek i¢in
yapilan kabullerden ortaya ¢iktig1 diisiiniilmektedir. De-
rinlik ve derigim arttik¢a nanoakiskan daha fazla giines
1s1s1 emmis fakat belli bir noktadan sonra artis olmamis-
tir. Giines 1sinimina maruz kalma stiresi arttikga verim
dismistiir. Clinkii sicaklik farkinin artmasiyla 1s1 kaybi
artmugtir. Giines enerjisinin birgogu goriiniir dalga bo-
yundadir. Bu tarz kollektdrlerdeki verimi arttirmak igin
giinesin spektral 1s1n1im yogunluguna benzer 6zellikte na-
noakiskan gelistirilmesi yerinde olacaktir [41].

7. Pump

1. Solar collector
2. Pyranometer

3. Anemometer
4. Nanofluid tank
5. Flowmeter

6. Heat exchanger

o $. Thermocouple
9. Controller

10. Cooling water tank

6. TARTISMA VE ONERILER (DISCUSSION AND
SUGGESTIONS)

Nanoakigkanlar ile alakali yasanan bazi zorluklar da kul-
laniminin yayginlagmast 6niinde biiyiik engeller olarak
durmaktadir. Uzun dénemde stabil kalamamasindan do-
lay1 zamanla 1s1l verim diigmektedir. Stabil kalmasi i¢in
eklenen surfaktant miktar1 gereginden fazla olursa visko-
ziteyi arttirmakta, kdpiiklenmeye neden olarak 1s1 trans-
ferini olumsuz etkilemekte ve kimyasal stabiliteyi
olumsuz etkileri olmaktadir. Bu nedenle surfaktant kulla-
nirken dogru tip segme ve yeteri kadar kullanma noktala-
rma dikkat etmek gerekmektedir. Ayrica viskozite ve
yogunluk artigina baglt olarak basing diigiimii artmakta
ve ihtiya¢ duyulan pompa giicii artmaktadir. Akis laminer
ozelliklerini kaybettik¢e nanoakiskanlarin 1s1l verimi te-
mel akigkana gére diismektedir. Bu nedenle kullanim yeri
ve kosullar1 dikkate alinmalidir. Son olarak da yiiksek
imalat maliyetleri ile tiretiminde yaganan zorluklar da na-
noakiskan kullanimini sinirlamaktadir [42]. Asagidaki
gibi bir sistem ile deneylerin gerceklestirilmesi miimkiin
olacaktir.

ETSCs’ lerde nanoakiskan kullanilmasi literatiirde yapi-
lan nadir ¢alismalar incelendiginde 6rnegine hi¢ rastlan-
mamis olunan Bor nano partikiiller ile kullanilarak
hazirlanan bir nanoakigkan kullanilmasinin yerinde ola-
cagl sonucuna varilmigtir. Bu da ¢alismanin 6zgiinliigi
ve akademik diinyaya saglayacagi katkiy1 ispatlamakta-
dir. Ulkemiz agisindan degerlendirdigimizde ise Bor bi-
lindigi iizere diinyada en ¢ok Tiirkiye’de bulunmaktadir.
Ulusal Bor Aragtirma Enstitiisii web sitesinde yer alan
bilgilere gore 3 milyar ton rezerve sahip oldugumuz tes-
pit edilmistir. Verilere gore diinya genelinde rezerv mik-
tarinin

% 72.8 oraninda kismi iilkemizde yer almakta ve en ya-
kin iilke % 7.6 ile Rusya olmaktadir. Bu nedenle Bor iil-
kemiz i¢in ¢ok dnemli ve stratejik deger arz etmektedir.
Borun ¢ok gesitli kullanim alanlar1 vardir: Tarim, Enerji,
Metalurji, Saglik, Yap1 Malzemeleri ve Cimento, Alev ,
Geciktiriciler, Temizleme ve Beyazlatma gibi birgok sek-
torde kullanilmaktadir [14]. Bu nedenle nasil bazi iilkeler
icin petrol ve dogalgaz kaynaklart biiyilk nem arz edip
gerek dogrudan enerji ihtiyacinda gerekse petro-kimya
endiistrisi ile katma degeri daha yiiksek iiriinler elde edi-
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lerek uluslararasi rekabet ortaminda ekonomik ve strate-
jik tstiinliik sagliyorlar ise bizlerin de iilkemizin yer alti
kaynaklar1 i¢in piyasalar olusturmak ve 6zellikle Bor gibi
diinyada tartismasiz en yliksek rezerv degerine sahip ol-
dugumuz elementin olast kullanim imkanlarint arastirip
yayginlastirmak lizerine ¢aligmalar yapmak akademik ve
milli bir sorumlulugumuz oldugu diisiiniilmektedir.
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