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 Abstract 

Graphene platelets (GPLs) are widely preferred as a second phase to improve the properties of 
advanced technology ceramics thanks to their excellent mechanical properties. However, their 
agglomeration tendency requires the application of dispersion processes before mixing with 
matrix powders. Sonication is the most commonly used technique for the dispersion of GPLs. In 
this study, the effects of adding GPLs prepared at different probe-sonication times such as 1, 2, 4 
and 6 h on the microstructure and mechanical properties of spark plasma sintered (SPS) silicon 
carbide (SiC) were investigated. Scanning electron microscopy (SEM) examinations and size 
measurements revealed that the size of GPLs decreased with increasing sonication time. 
However, the reduction in the size of the GPLs was very low up to the 2 h sonication time and 
became more pronounced at the GPLs prepared at 4 and 6 h sonication times. Raman analyses 
indicated that dispersions of GPLs agglomerates increased as well as defects and/or disorders in 
their structures with increasing sonication time. However, the thickness of the well-dispersed 
GPLs obtained at the 2 h sonication time did not change when the sonication time was increased 
to 4 and 6 h. The highest increment in the fracture toughness of SiC matrix in both the through-
plane (//) and in-plane (٣) directions was achieved with the addition of GPLs sonicated for 2 h 
among the GPLs prepared at different sonication times. The higher contribution of 2 h sonicated 
GPLs to fracture toughness than non-sonicated and 1 h sonicated GPLs was associated with their 
more homogeneous distribution in the matrix microstructure, while higher toughness values they 
provided compared to 4 and 6 h sonicated GPLs could be explained by the positive effect of their 
higher lateral size and aspect ratio. GPLs have improved the fracture toughness of SiC matrix 
with the help of bridging and deflection toughening mechanisms. 
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1. INTRODUCTION 

In recent years, graphene platelets (GPLs), a two-dimensional form of carbon, have been attracted attention 
as the second phase in improving the mechanical properties of advanced technology ceramics, thanks to 
WKHLU�KLJK�VXUIDFH�DUHD�DQG�VXSHULRU�PHFKDQLFDO�SURSHUWLHV��KLJK�IUDFWXUH�VWUHQJWK��a����*3D��DQG�<RXQJ¶V�
modulus (~1TPa)) [1-3]. SiC as an important member of the advanced technology ceramics group, has a 
combination of excellent properties such as high hardness and strength, corrosion and oxidation resistance, 
chemical and thermal stability, and melting point. These properties of SiC have provided to be used in high 
temperature, wear resistant and cutting applications in many industrial areas such as automotive and 
aerospace industries [4-6]. However, the low fracture toughness of SiC restricts its usage areas.  

It has been determined that the mechanical properties of matrix materials have increased significantly with 
the addition of GPLs [7-15]. In a study [7] in which GPLs-SiC composites were produced with the SPS 
technique at different temperatures, it was observed that the fracture toughness of SiC improved by 
approximately 5-20 % with the addition of 1 wt % GPLs. Li et al. [8], who sintered the SiC matrix 
composites containing 0.5, 1 and 1.5 wt % GPLs by using vacuum reaction sintering furnace, achieved the 
highest strength and fracture toughness at 1 wt % GPLs content with an increase of ~ 50 %. In a different 
study [9], the fracture toughness of SPSed SiC was improved by ~ 40 % with the addition of 2 wt % GPLs. 
Yang et al. [10], sintered the Si3N4 matrix composites containing 0.2, 0.5, 1, 2, 5 and 10 wt % GPLs using 
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the hot pressing technique determined that there was an improvement of ~ 10 and 3 % in the fracture 
toughness and strength of the Si3N4, respectively, at 0.2 wt % GPLs content. 

The distribution of GPLs in the matrix microstructure is one of the critical parameters that affect the 
properties and performance of the final composites. For high mechanical performances, the GPLs should 
be homogeneously dispersed within the matrix microstructure without any agglomeration [16]. The fact 
that the GPLs tend to agglomerate due to weak van der Waals interactions between them indicates the 
importance of the applied dispersion techniques. It was determined that sonication is the most common and 
effective method used to dispersion of the GPLs before mixing with matrix powders. Sonication can be 
performed to the liquid containing GPLs in two ways, ultrasonic bath and probe-sonicator. The sound waves 
applied during sonication causes to agitate the GPLs in a liquid medium. In this way, the GPLs in the outer 
part of agglomerates peel off and become individual sheets [11]. Porwal et al. [12], who produces graphene 
reinforced alumina nanocomposites by using the SPS technique, have dispersed the GPLs for 2 h by 
sonication technique and then blended them with the alumina starting powders for 4 h using ball milling. 
In another study [13] which GPLs-aluminum nitride (AlN) composites were sintered by hot pressing 
technique and the mechanical properties of the products were measured, GPLs were first sonicated for 1.5 
h and then mixed with AlN powders by using a planetary mill. To produce GPL-Si3N4 composites, Tapaszto 
et al. [14] applied 30 min of sonication to GPLs following the 30 min of planetary milling in the presence 
of melamine and blended the sonicated GPLs with Si3N4 powders by mechanical milling.  

In all these studies, GPLs were dispersed for different sonication times before mixing with matrix powders. 
However, no study was found to determine the sonication time that would maximize the mechanical 
properties of the matrix to which GPLs were added. Additionally, it has been reported that the probe-
sonication was more efficient in the dispersion of agglomerates than bath sonication [17]. Therefore, the 
motivation of this study was to determine the sonication time which GPLs can be successfully dispersed 
with minimal structural damage since the sonication process was known to cause defects/disorders in the 
structure and surface of the GPLs [18] and to investigate the effects of the addition of GPLs prepared at 
different sonication times on the microstructure and mechanical properties of SiC matrix such as hardness 
and fracture toughness. For this purpose, GPLs were prepared with probe-sonication technique for 1, 2, 4 
and 6 h. SiC matrix and GPLs-SiC composites were sintered using the SPS technique. Microstructure, 
density, hardness, and fracture toughness measurements of the produced materials were carried out. 

2.MATERIALS AND METHODS 

&RPPHUFLDOO\� DYDLODEOH� Į-SiC powder (Saint Gobain Sika, DENSITEC 15) containing B4C (CRS 
Chemicals, F2000 Grade) at a ratio of 1 wt % was used as starting material. Y2O3 (99.9% purity, H.C. 
Starck Berlin, Germany) and Al2O3 (Alcoa-A16SG) powders were used as sintering additives. The matrix 
PDWHULDO�FRQVLVWV�RI�WKH����ZW���Į-SiC, 5 wt % Y2O3 and 2 wt % Al2O3��a�������P�DYHUDJH�ODWHUDO�VL]H��5-
8 nm thickness and 99.9 % purity were the properties of the commercial GPLs (Graph. Chem. Ind. Comp.) 
used during the study. The amounts of starting powders that form the SiC matrix and GPLs-SiC composites 
are given in Table1. 

Table 1. The amounts of starting powders that form the SiC matrix and GPLs-SiC composites. 

 

 

 

 

 

 

Starting Powders 
Compositions (g) 

SiC Matrix GPLs-SiC Composites 
SiC 27.9 27.62 
Y2O3 1.50 1.49 
Al2O3 0.60 0.59 
GPLs - 0.3 
Total 30 30 
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Probe-sonication was applied to GPLs in the isopropanol medium for 1, 2, 4 and 6 h under the conditions 
of successive vibration for 16 s and standby for 25 s, at the 20 kHz frequency, 40 % of amplitude. Sonication 
processes were carried out in an ice bath to avoid the negative effects of heat on the structure and surface 
of GPLs. The sizes of the GPLs were measured (Malvern Instruments, Hydro 2000) after each sonication 
process. The SiC, Y2O3 and Al2O3 powders were blended in the planetary ball mill by using the Si3N4 
medium and Si3N4 balls for 1 h at 300 rpm. Non-sonicated GPLs and GPLs prepared at different sonication 
times were added to the matrix material composition at a rate of 1 wt %, and mixing was continued with 
planetary ball mill for 1 h at 120 rpm in the isopropanol medium. The evaporator removed the isopropanol 
in the slurries and the obtained GPLs-SiC composite powders were sieved. The SiC matrix and GPLs-SiC 
compositions were sintered using the SPS technique (HP 25D, FCT GmbH) at 1950 and ����� �&, 
respectively. Sintering of all samples carried out at 50 MPa uniaxial pressure for 4 min under a vacuum 
atmosphere.  

The samples' bulk density values were measured using the Archimedes method in the deionized water as 
the immersion medium. The relative density values were calculated by the rule of mixtures. The theoretical 
densities of SiC and GPLs were used as 3.21 and 2.26 gcm-3, respectively during the calculations. Samples 
were cut parallel and perpendicular to the SPS pressing axis since several studies have reported that the 
uniaxial pressure applied in the SPS causes the GPLs to be oriented within the matrix microstructure. The 
investigation and measurement directions were called through-plane (//, parallel to the SPS pressing axis) 
and in-plane (٣ǡ�perpendicular to the SPS pressing axis) directions. The cutting and examination details 
were given elsewhere [19].   

The cut samples were polished from coarse to fine with diamond polishing solutions and appropriate 
polishing cloths in the automatic polisher (STRUERS, TegraPol-25). XRD (Rigaku, RINT-2000) analyses 
were carried out in the through-SODQH������GLUHFWLRQ�EHWZHHQ����DQG�������Ĭ���DW�40 kV accelerating voltage, 
30 mA curUHQW�����PLQ�VFDQ�VSHHG�DQG������VWHS�VL]H�VLQFH�D�GLVWLQFWLYH�JUDSKHQH�SHDN�ZDV�REWDLQHG�LQ�WKLV�
direction [19]. The Raman (WITec, alpha 300) analyses were performed to each GPLs prepared at different 
sonication times.  

The hardness values of the samples were measured by using the Vickers indentation (Emco-Test) technique 
under the conditions of 5 kg load and 10 s dwell time.  At least five measurements were performed for each 
sample, and average values were used to obtain statistical results. Furthermore, the fracture toughness 
values were calculated by using the equation 1 given below [20]:  

ܭ ൌ ͲǤͲቀ ா
ுೇ
ቁ
Ǥସ

Ǥହߙܪ ቀ


ቁ
ିଵǤହ

                                                                                                              (1) 

While the morphologies of the GPLs were examined by secondary electron (SE-SEM) imaging technique, 
the polished and indented surfaces of the sintered samples were investigated by backscatter electron (BSE-
SEM) imaging technique in the SEM (Zeiss, SUPRA 50 VP). 
 
1. RESULTS AND DISCUSSION 

Figure 1 shows morphological SE-SEM images of the non-sonicated GPLs (a) and GPLs sonicated for 1 
(b) , 2 (c), 4 (d) 6 (e) h. Additionally, the GPLs platelet sizes, measured after each sonication process are 
given in Table 2. Morphological images and platelet size measurements were compatible with each other, 
and they demonstrated that the platelet size of GPLs decreased as the applied sonication time increased. 
Measurements indicated that the size of the non-sonicated GPLs, whLFK�ZDV�DERXW��������P� reduced by ~ 
���������DQG����WR��������������������DQG�������P�ZLWK�SUREH-sonication for 1, 2, 4 and 6 h, respectively 
(Table 2). This revealed that the GPLs undergo fragmentation as well as dispersion due to the generation 
of shear force caused by shock waves during the sonication process [18]. However, there was a very slight 
decrease in the average platelet sizes of GPLs sonicated for 1 and 2 h, while the decrease has became 
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evident when the sonication time was increased to 4 and 6 h. Although the size difference was large among 
the non-sonicated GPLs, GPLs sonicated for 6 h had a more uniform platelet size distribution (Fig. 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Morphological SE-SEM images of the (a) non-sonicated GPLs and GPLs sonicated for (b)1,  
(c) 2, (d) 4 and (e) 6 h. 

 

Figure 2 and Table 2 present the Raman spectra and Raman analysis results of non-sonicated GPLs and 
GPLs sonicated at different times, respectively. The single shape of the 2D band in the spectra of all GPLs 
(Fig. 2) confirmed the graphene phase [21]. 2D-band generally related to the thickness of the GPLs, and 
the ratio of the 2D-band intensity to the G-band intensity (I2D/IG) gives information about the number of 
layers [22, 23]. During the study, at least ten Raman analyses were performed to each GPLs, and the 
averages of the obtained values were given in Table 2. The average I2D/IG value (0.880) and measurement 
ranges (0.755±0.960) indicated that non-sonicated GPLs were multilayered in different thicknesses. With 
the application of probe-sonication for 1, 2, 4 and 6 h, the average I2D/IG value increased to 0.905, 0.937, 
0.940, and 0.942, respectively. These results revealed that the stacked GPLs were de-agglomerated with 
sonication and that the thickness of the GPLs decreased with increasing processing time. The fact that the 
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lowest measured I2D/IG limit increased as the applied sonication time increased showed that the dispersion 
of GPL agglomerates continued with increasing sonication time. On the other hand, the upper I2D/IG limit 
remained the same as the time increased after 2 h of sonication (Table 2), indicating that the thinnest GPLs 
that could be obtained by sonication was achieved at this point, and no further thinning could occur as the 
process continued.  

Table 2. The average sizes of the non-sonicated GPLs and GPLs sonicated at different times and also 
average I2D/IG, ID/IG values calculated by using at least ten Raman analyses. The values in brackets 
are for the measurements range 

 

 
Figure 2. Raman spectra of the non-sonicated GPLs and GPLs sonicated for 1, 2, 4, 6 h. 

 
 
The ratio of the D-band intensity to the G-band intensity (ID/IG) in the Raman spectra can be used to express 
the degree of defects and disorders in the GPLs structure [23]. As seen in Table 2, the ratio of ID/IG increased 
with increasing probe-sonication time. The fact that the increased degradation in the GPLs structure has a 
negative effect on their reinforcement strength [16] has shown the necessity of achieving maximum 
dispersion in short sonication times. 

Table 3 gives the bulk and relative density values of SiC matrix and SiC matrix composites containing 
GPLs. The bulk and relative densities of the SiC matrix were determined as 3.205 gcm-3 and 99.8 %, 
respectively. This showed that the applied sintering conditions were suitable for obtaining highly dense 
SiC. On the other hand, with the addition of GPLs prepared at different times, the bulk density of SiC 

Sonication Time  
(h) 

Average Size  
��P� I2D/IG ID/IG 

0 12.20  0.880 (0.755±0.960) 0.847 (0.769±0.895) 
1 11.90  0.905 (0.782±0.967) 0.855 (0.786±0.900) 
2 11.55  0.937 (0.855±0.981) 0.870 (0.803±0.906) 
4 9.10  0.940 (0.870±0.981) 0.884 (0.815±0.917) 
6 8.50  0.942 (0.890±0.982) 0.892 (0.823±0.926) 
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decreased by about 2 %. Porosities that may occur in the composite microstructure and cracks formation in 
the layered structures caused by the thermal expansion and elastic modulus mismatch between GPLs and 
the matrix can be shown as the reasons for this decline in density [24, 25]. The relative densities of GPLs-
SiC composites higher than 97 % showed that high-density composites were produced in themselves. 

 
Table 3. Bulk and relative density values of the SiC matrix and SiC matrix composites containing 

non-sonicated GPLs and GPLs prepared at different probe-sonication times. 
 

Sonication Time 
(h) 

Bulk Density 
(gcm-3) 

Relative Density 
(%) 

SiC Matrix 3.205 99.8 
0 3.125 98.2 
1 3.115 97.9 
2 3.120 98.1 
4 3.120 98.1 
6 3.100 97.4 

 
 
The through-plane (//) direction XRD pattern (Fig. 3) obtained from the SiC matrix and GPLs-SiC 
composites showed the presence of two main hexagonal polytypes of SiC, 6H-SiC and 4H-SiC. During 
sintering, the 6H-SiC structure was partially transformed to 4H-SiC [26]. The low intensity graphene peak 
determined at 26.6 degrees in the pattern of SiC matrix indicated that the free carbon contained in the initial 
SiC powder crystallized during SPS. The intensity of the graphene peak increased with the addition of 
GPLs.  
 

 
Figure 3. Through-plane (//) direction XRD pattern obtained from the SiC matrix and SiC matrix 

composites containing non-sonicated GPLs and GPLs sonicated for 1, 2, 4 and 6 h. 
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Figure 4 presents low (a, c, e, g, i, k) and high (b, d, f, h, j, l) magnification BSE-SEM images of SiC matrix 
(a, b) and GPLs-SiC composites (c-l) taken in the in-plane (٣ሻ�direction. To investigate whether black 
phases that are needle and spherical like observed in the microstructure of SiC matrix are porosity or not, 
magnified BSE-SEM and in-lens-SEM images obtained from the same region are given in Figure 5 a and 
b, respectively. The in-lens-SEM image, a surface sensitive imaging technique, revealed that the phases 
marked with arrows in the BSE image were not porosities. The needle-like phase indicated by the blue 
arrows may be associated with the crystallized carbon identified in XRD, while the spherical-like phase 
(indicated with pink arrows) may be the crystallized carbon or B4C phase whose source was B4C powder 
contained at the small amount in the starting powder mixture. In addition, the regions indicated by yellow 
arrows demonstrated that some crystallized carbon or B4C grains were pulled out from the surface during 
mechanical polishing. The homogeneous dispersion of the SiC grains, white liquid phase and black phase 
associated with crystallized carbon and/or B4C without any porosity in the microstructure of the SiC matrix 
supported the density result by showing that a highly dense SiC matrix was produced. 
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Figure 4. BSE-SEM images taken at low and high magnifications from (a, b) SiC matrix and SiC matrix 

composites containing (c, d) non-sonicated, (e, f) 1, (g, h) 2, (i, j) 4, (k, l) 6 h sonicated GPLs. 
 

 
Figure 5. (a) BSE-SEM and (b) in-lens-SEM images obtained from the same region of the SiC matrix. 
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It was clear that the GPLs represented by black color were dispersed with orienting in the microstructure 
of the GPLs-SiC composites (Fig. 4 c-l) due to applied uniaxial pressure in the SPS. Additionally, while no 
significant change was observed in the size of the GPLs at the 1 and 2 h sonication times, a noticeable size 
reduction has occurred in the 4 and 6 h sonicated GPLs as consistent with size measurement results. 

Besides, the microstructures demonstrated the presence of thick GPLs in non-sonicated and 1 h sonicated 
GPLs, and also showed that these stacked structures were highly dispersed in  2, 4 and 6 h sonicated GPLs. 
However, there was no significant difference in thickness between the GPLs sonicated for 2, 4 and 6 h. 
When the microstructures of all produced GPLs-SiC composites were evaluated together, it was determined 
that the presence of thicker GPLs in the non-sonicated GPLs limited their homogeneous distribution in the 
matrix microstructure compared to the sonicated GPLs. The applied sonication processes have enabled the 
dispersed GPLs to be homogeneously distributed in the SiC matrix microstructure. Measurements and 
microstructural studies have shown that GPLs could be effectively dispersed and retain their sizes without 
much fragmentation at 2 h sonication time. In addition to all these, microstructures have shown that high-
density GPLs-SiC composites could be produced. 

The effects of adding the GPLs dispersed at different probe-sonication times on the hardness and fracture 
toughness of the SiC matrix are shown in Figure 6. Since no significant difference was observed between 
the samples' through-plane and in-plane directions hardness values, the averages of the values measured in 
both directions were used. The hardness of the SiC matrix was reduced by ~ 8 and 7, 6, 5, 5 with the addition 
of 1 wt % non-sonicated GPLs and 1, 2, 4, 6 h sonicated GPLs, respectively. Weak interfacial bonding 
between GPL agglomerates and SiC grains could be accepted as a reason for this decline. As the applied 
sonication time increased, the degree of dispersion of the agglomerates also increased, and the decline in 
the hardness of SiC relatively decreased (Fig. 6 a). 

The fracture toughness of the SiC matrix did not exhibit a noticeable difference between the through-plane 
and in-plane directions like the hardness value. GPLs sonicated at different times improved the fracture 
toughness of the SiC matrix at different degrees in both directions. The fracture toughness of the SiC matrix  
(5 MPa m1/2) increased by ~ 4, 12, 28, 26, 24 % and by ~ 12, 22, 38, 30, 28 % in the through-plane and in-
plane directions, respectively, with the addition of non-sonicated, 1, 2, 4, 6 h sonicated GPLs. In both the 
through-plane and in-plane directions, the highest fracture toughness value was achieved with the GPLs 
sonicated for 2 h, while the non-sonicated GPLs provided the least enhancement (Fig. 6 b). Figure 7 shows 
the BSE-SEM images of the representatively selected cracks obtained by in-plane direction indentations in 
SiC matrix and 2 h sonicated GPLs-SiC composites. It was seen that black phases associated with 
crystallized carbon and/or B4C also play an important role in the dissipation of the energy accumulated at 
the tip of the crack formed in the SiC matrix in addition to the grain boundaries (Fig. 7 a). Crystallized 
carbon and B4C grains preserved the fracture toughness of the matrix mainly by the bridging mechanism 
(indicated with yellow arrows). On the other hand, the energy of the crack formed in SiC containing 1 wt 
% GPLs sonicated for 2 h (Fig. 7 b) decreased under the influence of the bridging and deflection toughening 
mechanisms (indicated with green arrows) provided by GPLs as well as the bridging mechanism of the 
black grains associated with crystallized carbon and B4C (indicated by yellow arrows); thus, the crack has 
thinned and stopped. 

The lowest toughness value of the SiC containing non-sonicated GPLs among the produced GPLs-SiC 
composites can be explained by the formation of GPLs-rich and GPLs-poor regions in the matrix 
microstructure due to undispersed GPLs agglomerates (Fig. 4 c). Since the contribution of GPLs to 
preventing or retarding crack propagation was limited in GPL-poor regions, the toughness values in the 
measurements corresponding to these regions were close to that of the SiC matrix. As a result of the 
dispersion of the GPLs by the applied sonication processes, their more homogeneous dispersion compared 
to the non-sonicated GPLs in the matrix microstructure led to more improvement on fracture toughness. 
The fracture toughness tended to increase up to the composite containing GPLs sonicated for 2 h, whereas 
it started to decrease when the sonication time was increased to 4 and 6 h. The increase in the toughness of 
SiC matrix by the GPLs sonicated for 2 h more than the 1 h sonicated GPLs can be explained by the fact 
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that the crack has a greater chance of encountering homogeneously distributed GPLs, thus the activation of 
more toughening mechanisms.  

 

 

 

Figure 6. (a) Hardness and (b) fracture toughness values of the SiC matrix and GPLs-SiC composites. 

 
The higher fracture toughness of SiC containing GPLs sonicated for 2 h compared to the SiCs containing 
GPLs prepared at 4 and 6 h indicated the positive effect of the large lateral size of GPLs on fracture 
toughness. Larger GPLs were more successful than smaller ones at retarding crack propagation by 
mechanisms such as deflection and bridging. This result was compatible with the study [27] in which the 
mechanical properties of polymer matrix composites containing two different GPLs with lateral sizes of 5 
DQG�����P�at the same thickness were measured. In that study, at the same GPLs contents, the fracture 
toughness and flexural modulus valueV�RI�WKH�FRPSRVLWHV�FRQWDLQLQJ�*3/V�KDYLQJ�����P�ODWHUDO�size were 
found to be significantly higher than those containing a GPLs with a size RI� �� �P�� )XUWKHUPRUH�� WKLV�
different fracture toughness behavior of SiCs containing GPLs sonicated for 2, 4 and 6 h can also be 
associated with the different aspect ratios of GPLs. As the Raman and microstructure analyses revealed that 
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there was no obvious thickness difference between GPLs sonicated for 2, 4 and 6 h and the platelet size of 
the 2 h sonicated GPLs was larger than the others, it can be assumed that the GPLs sonicated for 2 h had 
the highest aspect ratio among these three GPLs. GPLs with a high aspect ratio bond more strongly with 
the matrix than GPLs having a low aspect ratio, facilitating the transfer of load from the matrix to the GPLs 
[28, 29]. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Representative toughening mechanisms occurred in the (a) SiC matrix and (b) SiC matrix 
composite containing GPLs sonicated for 2 h in the in-plane (٣) direction. 

 
It was determined that the fracture toughness values of all the GPLs containing SiC composites were higher 
in the in-plane direction than in the through-plane direction as consistent with studies on GPLs-ceramic 
matrix composites produced with SPS [19, 30]. However, the toughness differences between the two 
directions varied between ~ 8 and 3 %, indicating a slight anisotropy. The difference in toughness between 
the two directions decreased with increasing sonication time applied to the GPLs. This can be explained by 
the fact that it becomes more difficult for GPLs to be oriented in a particular direction in the matrix 
microstructure as their platelet size decreases. 

2. CONCLUSION 

The effects of adding the GPLs sonicated for 1, 2, 4 and 6 h on the microstructure and mechanical properties 
of SiC ceramics such as hardness and fracture toughness were investigated. Microstructural analyses 
showed that GPLs agglomerates dispersed, and the platelet size of GPLs decreased with increasing 
sonication time. Although this decrease in platelet size was minimal up to the 2 h sonication time, it became 
evident in the GPLs sonicated for 4 and 6 h. Raman analyses indicated that stacked GPLs dispersed and 
became thinner up to 2 h sonication time, and after this point, when the sonication time  increased to 4 and 
6 h, the GPLs agglomerates continued to be dispersed, but the thickness of the already thinned ones 
remained the same. Optimum dispersion was achieved with the least change in platelet size at 2 h of 
sonication. With the addition of GPLs sonicated at different times, the hardness of the SiC matrix decreased 
by about 5-8%. Among the GPLs sonicated at different times, the highest fracture toughness in both the 
through-plane and in-plane directions was obtained in the SiC containing GPLs sonicated for 2 h. The 
toughness of 2 h sonicated GPLs-SiC composite was higher than SiCs containing non-sonicated and 1 h 
sonicated GPLs because of their more homogeneous dispersion in the matrix microstructure. The higher 
degree of increase in fracture toughness of SiC matrix by GPLs sonicated for 2 h compared to GPLs 
sonicated for 4 and 6 h was due to the positive effect of larger platelet size and aspect ratio. GPLs have 
increased the fracture toughness of SiC matrix through bridging and deflection toughening mechanisms. 
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 Graphical/Tabular Abstract 

In this study, a 44-DABP/PGE modified electrode was prepared by coating graphite pencil 
electrode (PGE) surface with 4,4'-diaminobenzophenone (44-DABP) molecule. The coating 
SURFHVV�ZDV�FDUULHG�RXW�XVLQJ�WKH�F\FOLF�YROWDPPHWU\��&9��PHWKRG��LQ��î��-4 mol L-1 44-DABP 
solution, with the number of 10 cycles. The prepared 44-DABP/PGE electrode was characterized 
by electrochemical methods using CV and electrochemical impedance spectroscopy (EIS) 
techniques. In addition, the electrochemical behavior of 2-nitrophenol (2-NP) on the 44-
DABP/PGE surface was investigated using CV and differential pulse voltammetry (DPV) 
techniques, and then the voltammetric determination was performed with the DPV technique.  
Under optimum conditions, it was determined that the current value of the reduction peak of 2-
NP increased approximately 20 times by modifying the PGE electrode surface with 44-DABP.  

 
Figure A. Reduction reaction and reduction peak of 2-NP on the prepared 44-DABP/PGE 

surface 

Purpose: The aim of this study to develop a new, cheap and applicable sensor in real samples 
used for the determination of 2-NP. 

Theory and Methods: The modified electrodes have acquired wide applications in various 
physical, chemical and electrochemical methods are available for coating electrode surfaces with 
organic or inorganic materials. The modified electrodes are using in electrochemistry research 
due to their low cost, rapid response, low detection limit and high selectivity and high sensitivity. 

Results: The working range for 2-NP with 44-DABP/PGE modified electrode was found as 0.75±
����0�DQG�WKH�GHWHction limit (LOD) was 0.23 �0��,W�KDV�EHHQ�IRXQG�WKDW�WKH���-DABP/PGE 
electrode has good repeatability for the 2-NP determination. The determination of 2-NP in tap 
water by using the modified electrode has been successfully performed using the standard 
addition method with a good recovery and low relative standard deviation. 

Conclusion: This study has indicated that the 44-DABP/PGE electrode exhibited highly 
electrocatalytic activity to 2-NP reduction. The prepared electrode was successfully used to the 
determination of 2-NP with no interference from common species present in real samples. 
 

 

http://dergipark.gov.tr/gujsc
https://orcid.org/0000-0002-3712-7713
https://orcid.org/0000-0003-2006-1276
https://orcid.org/0000-0001-7564-9777


16   7X÷ED�7$%$1/,*ø/�&$/$0��6�OH\PDQ�d$/,ù.$1��*�OúHQ�7$ù.,1�d$.,&,� GU J Sci, Part C, 10(1): 15-26 (2022) 

 

  

GU J Sci, Part C, 9(2): 171-181 (2021) 

*D]L�hQLYHUVLWHVL 

Fen Bilimleri Dergisi 
3$57�&��7$6$5,0�9(�7(.12/2-ø 

http://dergipark.gov.tr/gujsc 

Investigation of Electrochemical Behavior and Voltammetric Determination 
of 2-Nitrophenol Using Modified Electrode Prepared by 
Electropolymerization of 4,4'-Diaminobenzophenone on Pencil Graphite 
Electrode Surface 
7X÷ED�7$%$1/,*ø/�&$/$0 1,*  6�OH\PDQ�d$/,ù.$1 2  *�OúHQ�7$ù.,1�d$.,&,3  
*1*D]L�hQLYHUVLWHVL��7HNQLN�%LOLPOHU�0HVOHN�<�NVHNRNXOX, ANKARA 
2*D]L�8QLYHUVLWHVL��)HQ�%LOLPOHUL�(QVWLW�V���ANKARA 
36LYDV�&XPKXUL\HW�hQLYHUVLWHVL��<ÕOGÕ]HOL�0HVOHN�<�NVHNRNXOX��6ø9$6 

 

 
Makale Bilgisi 

$UDúWÕUPD�PDNDOHVL 
%DúYXUX������������ 
'�]HOWPH������������ 
Kabul: 25.12.2021 
 

 Abstract 

In this study, a 44-DABP/PGE modified electrode was prepared by coating graphite pencil 
electrode (PGE) surface with 4,4'-diaminobenzophenone (44-DABP) molecule. The 
FRDWLQJ�SURFHVV�ZDV�FDUULHG�RXW�XVLQJ�WKH�F\FOLF�YROWDPPHWU\��&9��PHWKRG��LQ��î��-4 mol 
L-1 44-DABP solution, with the number of 10 cycles between -1.5 V and +1.5 V with 0.1 
Vs-1 scan rate. The prepared 44-DABP/PGE electrode was characterized by 
electrochemical methods using CV and electrochemical impedance spectroscopy (EIS) 
techniques. In addition, the electrochemical behavior of 2-nitrophenol (2-NP) on the 44-
DABP/PGE surface was investigated using CV and differential pulse voltammetry (DPV) 
techniques, and then the voltammetric determination was performed with the DPV 
technique. With the 44-DABP/PGE electrode, optimum conditions such as supporting 
electrolyte and pH suitable for 2-NP determination were determined. Under optimum 
conditions, it was determined that the current value of the reduction peak of 2-NP increased 
approximately 20 times by modifying the PGE electrode surface with 44-DABP. The 
working range for 2-NP with 44-DABP/PGE modified electrode was found as 0.75±����0�
and the detection limit (LOD) was 0.23 �0�� ,W�KDV�EHHQ� IRXQG� WKDW� WKH���-DABP/PGE 
electrode has good repeatability for the 2-NP determination. The determination of 2-NP in 
tap water by using the modified electrode has been successfully performed using the 
standard addition method with a good recovery and low relative standard deviation. 

*UDILW�8o�(OHNWURW�<�]H\LQGH����¶-diaminobenzofenoQ¶XQ�
(OHNWURSROLPHUOHúPHVL�LOH�+D]ÕUODQDQ�0RGLIL\H�(OHNWURW�

.XOODQÕODUDN��-1LWURIHQRO�Q�(OHNWURNLP\DVDO�'DYUDQÕúÕQÕQ�
øQFHOHQPHVL�YH�9ROWDPHWULN�7D\LQL 

g] 

%X�oDOÕúPDGD�����¶-diaminobenzofenon (44-'$%3��PROHN�O�Q�Q�JUDILW�NDOHP�Xo�HOHNWURW�
(PGE) \�]H\LQGH� HOHNWURSROLPHUOHúPHVL� LOH� ��-DABP/PGE modifiye elektrodu 
KD]ÕUODQPÕúWÕU�� (OHNWURSROLPHUOHúPH� \|QWHPL� LOH� NDSODPD� LúOHPL�� G|Q�ú�PO�� YROWDPHWUL�
�&9��\|QWHPL�NXOODQÕODUDN��î��-4 molL-1 44-'$%3�o|]HOWLVL�LoHULVLQGH�����oHYULP�VD\ÕVÕ�
ile -1,5 V ile +1��� 9� DUDVÕQGD� ���� 9V-1 WDUDPD� KÕ]Õ\OD� SRWDQVL\HO� WDUDPDVÕ� \DSÕODUDN�
JHUoHNOHúWLULOPLúWLU�� +D]ÕUODQDQ� ��-DABP/PGE elektrodu CV ve elektrokimyasal 
LPSHGDQV� VSHNWURVNRSLVL� �(,6�� WHNQLNOHUL� NXOODQÕODUDN� HOHNWURNLP\DVDO� \|QWHPOHUOH�
NDUDNWHUL]H� HGLOPLúWLU�� $\UÕFa, 44-'$%3�3*(� \�]H\LQGH� �-QLWURIHQRO�Q� ��-NP) 
HOHNWURNLP\DVDO� GDYUDQÕúÕ� &9� YH� GLIHUDQVL\HO� SXOV� YROWDPHWULVL� �'39�� WHNQLNOHUL�
NXOODQÕODUDN� LQFHOHQPLú� YH� DUGÕQGDQ�'39� WHNQL÷L� LOH� YROWDPHWULN� WD\LQL� \DSÕOPÕúWÕU. 44-
DABP/PGE elektrodu ile 2-13�WD\LQL�LoLQ�X\JXQ�RODQ�GHVWHN�HOHNWUROLW�YH�S+�JLEL�oDOÕúPD�
úDUWODUÕ�EHOLUOHQGL��2SWLPXP�úDUWODUGD��3*(�\�]H\LQLQ���-DABP ile modifiye edilmesiyle, 
2-13¶QLQ� LQGLUJHQPH� SLNLQLQ� DNÕP� GH÷HULQGH� \DNODúÕN� ��� NDW� DUWÕú� ROGX÷X� EHOLUOHQGL� 
odifiye elektrot ile 2-13�LoLQ�oDOÕúPD DUDOÕ÷Õ�����±����0�YH�J|]OHQHELOPH�VÕQÕUÕ��/2'��
0,23 �0� RODUDN� EHOLUOHQGL�� ��-DABP/PGE elektrodunun 2-NP tayininde iyi bir 
WHNUDUODQDELOLUOL÷H� VDKLS� ROGX÷X� WHVSLW� HGLOGL�� 6RQ� RODUDN� PRGLIL\H� HOHNWURWOD�� PXVOXN�
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VX\XQGD�VWDQGDUW�HNOHPH�\|QWHPL�NXOODQDUDN�L\L�ELU�JHUL�ND]DQÕP�YH�G�ú�N�ED÷ÕO�VWDQGDUW�
VDSPD��%66��GH÷HUOHUL�LOH��-13�WD\LQL�EDúDUÕ\OD�JHUoHNOHúWLULOPLúWLU� 

���*ø5øù��,1752'8&7,21� 

)HQROOHU� HQ� \D\JÕQ� NLUOHWLFLOHUGHQ� RODQ� NLP\DVDO� ELOHúLNOHUGLU�� )HQROOHU� HQG�VWUL\HO� DWÕN� VXODUGD� \D\JÕQ�
RODUDN� EXOXQXUODU� YH� W�NHWLOHQ� VX\XQ�NDOLWHVL� DoÕVÕQGDQ�GLNNDW� HGLOPHVL� JHUHNHQ� DWÕN� ELOHúLNOHUGLU��1LWUR�
JUXSODUÕ��-NO2�� LoHUHQ�IHQROLN�ELOHúLNOHU�QLWURIHQROOHU�RODUDN�ELOLQLUOHU��3DWOD\ÕFÕ��oHúLWOL� LODoODU��E|FHN�YH�
PDQWDU�|OG�U�F��LODoODU��HQG�VWUL\HO�NLP\DVDOODU�YH�RUJDQLN�ER\DODUÕQ��UHWLPL�VÕUDVÕQGD�NXOODQÕOÕUODU�>�-3]. 
$QFDN��DWÕN�RODUDN�GR÷D\D�NDUÕúPDNWD�YH�NDQVHURMHQ�YH�PXWDMHQ�|]HOOLNOHULQGHQ�GROD\Õ�FDQOÕODU�LoLQ�WHKGLW�
ROXúWXUGXNODUÕ� LoLQ� \�NVHN� ELU� WRNVLVLWH\H� VDKLSWLU�� (QG�VWUL\HO� DWÕN� VXODUGD� YH� WDUÕPVDO� E|OJHOHUGH�
bulunabilen ve bir QLWURIHQRO� W�UHYL�RODQ��-nitrofenol (2-13��ELOHúLNOHULQLQ� LoPH�VX\XQGD�EXOXQDELOHFHN�
G�ú�N�GHULúLPOHUL�ELOH�LVWHQPH\HQ�NRNX�YH�WDGD�\RO�DoDU�>�@��&DQOÕ�VD÷OÕ÷Õ�YH�oHYUH�HNRVLVWHPL�DoÕVÕQGDQ�EX�
toksik etkileri sebebiyle 2-13� �ùHNLO� ��� ELOHúLNOHUL�� %LUOHúLN 'HYOHWOHU� dHYUH�.RUXPD�$MDQVÕ� �86(3$��
WDUDIÕQGDQ� |QFHOLNOL� NLUOHWLFLOHU� DUDVÕQD� DOÕQPÕúWÕU� >�]. Bu toksik etkisi nedeniyle 2-13¶QLQ� oHúLWOL� oHYUH�
QXPXQHOHULQGHNL�WD\LQL�|QHPOLGLU��/LWHUDW�UGH�ELOGLULOHQ�ED]Õ�oDOÕúPDODUGD��-13�WD\LQL��\�NVHN�SHUIRUPDQVOÕ�
sÕYÕ�NURPDWRJUDILVL�(HPLC) [6, 7], spektrofotometri [8, 9], floresans [10], kapiler elektroforez [11] ve gaz 
NURPDWRJUDILVL� >��@� WHNQLNOHUL� NXOODQÕODUDN� \DSÕOPÕúWÕU�� %X� oDOÕúPDODUD� DOWHUQDWLI� RODUDN� �-NP tayinini 
HOHNWURNLP\DVDO� \|QWHPOHU� NXOODQÕODUDN� GD� \DSÕODQ� oDOÕúPDODU� YDUGÕU� >��� ��� ��-15]. 'L÷HU� WHNQLNOHUOH�
NÕ\DVODQGÕ÷ÕQGD�HOHNWURNLP\DVDO�\|QWHPOHULQ�NXOODQÕPÕ��X\JXODPDVÕQÕQ�EDVLW�YH�KÕ]OÕ�ROXúXQXQ�\DQÕ�VÕUD�
G�ú�N�PDOL\HWOL��\�NVHN�VHoLFLOL÷H�YH�GX\DUOÕOÕ÷D�VDKLS�ROXúX�QHGHQL\OH�oRNFD�WHUFLK�HGLOPHNWHGLrler [16-
19].  

 
ùHNLO��� 2-13¶QLQ�NLP\DVDO�\DSÕVÕ 

9ROWDPHWULN�\|QWHPOHU��DQDOLWLN�WD\LQOHUGH�HQ�\D\JÕQ�NXOODQÕODQ�HOHNWURDQDOLWLN�PHWRWODU�DUDVÕQGDGÕU��d�QN��
YROWDPHWULN�\|QWHPOHU��\�NVHN�GX\DUOÕOÕN�YH�VHoLFLOL÷H�VDKLS�ROXS��D]�PLNWDU�QXPXQHQLQ� WD\LQLQH�Rlanak 
VD÷ODPDNWDGÕU�� $\UÕFD� YROWDPHWULN� \|QWHPOHUOH� WD\LQOHUGH� JHQHOOLNOH� KHUKDQJL� ELU� |Q� KD]ÕUOÕN� LúOHPL�
JHUHNPHGL÷LQGHQ��NÕVD�V�UHGH�WD\LQ�P�PN�Q�ROPDNWDGÕU��7�P�EXQODUD�HN�RODUDN�GL÷HU�DOWHUQDWLI�\|QWHPOHUH�
NÕ\DVOD��GDKD�G�ú�N�PDOL\HWOH��G�ú�N�WD\LQ�VÕQÕUÕ�� L\L�ELU� WHNUDUODQDELOLUOLN�YH�NDUDUOÕOÕNOD�WD\LQL�P�PN�Q�
NÕODU�>��-21].  

9ROWDPHWULGH�oDOÕúPD�HOHNWURGX�RODUDN�DOWÕQ��SODWLQ��J�P�ú�JLEL�PHWDO�\�]H\OHULQLQ�NXOODQÕPÕQ�\DQÕ�VÕUD��
\�NVHN�GX\DUOÕOÕN�YH�VHoLFLOH÷H�YH�JHQLú�ELU�SRWDQVL\HO�DUDOÕ÷ÕQGD�oDOÕúPD�\DSÕOPDVÕQD�RODQDN�VD÷ODPDVÕ�
QHGHQL\OH�NDUERQ�ED]OÕ�HOHNWURWODUÕQ�NXOODQÕPÕ�oRN�\D\JÕQGÕU�>������@��6RQ�]DPDQODUGD�NXOODQÕODQ�NDUERQ�
SDVWD� HOHNWURWODU� �&3(��� FDPVÕ� NDUERQ� HOHNWURW� �*&(�� YH� NDOHP� JUDILW� HOHNWURWODU� �3*(�� \D\JÕQ� RODUDN�
NXOODQÕOPDNWDGÕU�>��-��@��dDOÕúPD�HOHNWURGX�RODUDN�NXOODQÕODQ�3*(��WHPLQ�HGLOPHVL�oRN�NROD\��PDOL\HWL�oRN�
G�ú�N�RODQ�ELU�PDWHU\DOGLU��$\UÕFD�3*(��WHN�NXOODQÕPOÕN�ROPDVÕQGDQ�GROD\Õ�HOHNWURW�WHPL]OHPH�V�UHFLQGH�
ND\EHGLOHQ� ]DPDQGDQ� GD� WDVDUUXI� VD÷ODPDNWDGÕU� >��@�� /LWHUDW�UGH� �-N3� WD\LQL� LoLQ� KD]ÕUODQDQ� oHúLWOL�
PRGLIL\H�HOHNWURWODU�PHYFXWWXU��5DKPDQ�YH�DUNDGDúODUÕ��FDPVÕ�NDUERQ�HOHNWURW�NXOODQDUDN�HOHNWURNLP\DVDO�
\|QWHPOH��-QLWURIHQRO�WD\LQL�\DSPÕúWÕU�>��@��7DEDQOÕJLO�&DODP��FDPVÕ�NDUERQ�HOHNWURGX�\�]H\LQL�1-Amino-
2-naftol-4-V�OIRQLN� DVLW� �$16$�� LOH� PRGLIL\H� HWPLú� YH� KD]ÕUODQDQ� \HQL� \�]H\� LOH� �-NP tayinini 
JHUoHNOHúWLUPLúWLU� >�@��%D\VDO� YH� DUNDGDúODUÕ�� NDOHP�Xo� HOHNWURGX��-amino-1,2,4-triazol-5-tiyol (3AT5T) 
PROHN�O��LOH�PRGLIL\H�HWPLúOHU�YH�KD]ÕUODGÕNODUÕ�\HQL�\�]H\�LOH��-NP tayinLQL�EDúDUÕ\OD�JHUoHNOHúWLUPLúOHUGLU�
[2]. 

%X� oDOÕúPDGD�� 3*(� HOHNWURGX� \�]H\LQGH� ���
-diamino benzofenon (44-'$%3�� PROHN�O�Q�Q�
HOHNWURNLP\DVDO� \ROOD� SROLPHUOHúWLULOPHVL� LOH� \HQL�ELU�PRGLIL\H� HOHNWURW� ���-'$%3�3*(�� KD]ÕUODQPÕúWÕU��
+D]ÕUODQDQ���-DABP/PGE modifL\H�HOHNWURGX�&9�YH�(,6�JLEL�HOHNWURNLP\DVDO�\|QWHPOHUOH�NDUDNWHUL]H�
HGLOPLúWLU����-'$%3�3*(�PRGLIL\H�HOHNWURGX�\�]H\LQGH��-13�WD\LQL�LoLQ�X\JXQ�GHVWHN�HOHNWUROLW�YH�S+�
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GH÷HUL�JLEL�RSWLPXP�NRúXOODU�EHOLUOHQPLúWLU��*HUoHN�QXPXQH�RODUDN�NXOODQÕODQ�PXVOXN�VX\unda standart 
HNOHPH�\|QWHPL�LOH��-13�WD\LQL�\DSÕODUDN�PRGLIL\H�HOHNWURGXQ�DQDOLWLN�X\JXODPDVÕ�JHUoHNOHúWLULOPLúWLU� 

 

2. MATERYAL VE METOTLAR (MATERIALS AND METHODS) 

�����.XOODQÕODQ�.LP\DVDOODU (Chemicals Used) 

7�P� NLP\DVDOODU� DQDOLWLN� UHDNWLI� GHUHFHVLQGHGLU�� dDOÕúPDGD� NXOODQÕODQ� ���¶-diaminobenzofenon, 2-
QLWURIHQRO�� IRVIRULN� DVLW�� SRWDV\XP� NORU�U� 6LJPD-Aldrich, Sodyum asetat, asetik asit, sodyum fosfat 
PRQRED]LN��VRG\XP�IRVIDW�GLED]LN��ERULN�DVLW�YH�VRG\XP�KLGURNVLW�0HUFN�PDUND�NXOODQÕOPÕúWÕU��2-NP'nin 
VWRN� o|]HOWLVL�� VDI� VX� NXOODQÕODUDN� �î��-2 0� GHULúLPGH� KD]ÕUODQPÕúWÕU�� 3*(� HOHNWURGXQX� NDSODPDN� LoLQ�
NXOODQÕODQ���-'$%3�o|]HOWLVL�����0�.&O�o|]HOWLVL�LoHULVLQGH�o|]�OHUHN�KD]ÕUODQPÕúWÕU� 

�����(OHNWURNLP\DVDO�gOo�POHU�YH�&LKD]ODU (Electrochemical Measurements and Devices) 

(OHNWURNLP\DVDO�GHQH\OHU��ELOJLVD\DU�NRQWUROO��,YLXP�PDUND��FRPSDFWVWDW�PRGHO�SRWDQVL\RVWDW�NXOODQÕODUDN�
�o�HOHNWURWOX�HOHNWURNLP\DVDO�K�FUH�VLVWHPL\OH�JHUoHNOHúWLULOGL��dDOÕúPD�HOHNWURGX�RODUDN�JUDILW�NDOHP�Xo�
elektrot (Faber CastHOO�PDUND�� �����PP� oDSÕQGD��� NDUúÕ� HOHNWURW� RODUDN� SODWLQ� WHO� �%$6��0:-1032) ve 
referans elektrot olarak Ag/AgCl/KCl (sat.) (BAS, MF-������NXOODQÕOPÕúWÕU��(OHNWURNLP\DVDO�|Oo�POHUGH�
CV, elektrokimyasal impedans spektroskopisi (EIS) ve diferansiyel puls voltameri (DPV) teknikleri 
NXOODQÕOGÕ�� 

7�P�VXOX�o|]HOWLOHU��1�YH�PDUND�1'��PRGHO�VX�DUÕWPD�VLVWHPL�LOH��UHWLOHQ�VDI�VX�NXOODQÕODUDN�KD]ÕUODQPÕúWÕU��
(OHNWURW�\�]H\OHULQLQ�WHPL]OL÷LQGH�,VRODE�PDUND�XOWUDVRQLN�EDQ\R�NXOODQÕOPÕúWÕU��+D]ÕUODQDQ�o|]HOWLOHULQ�S+�
ayDUODPDODUÕ�LoLQ�(]RGR�PDUND��3/-���3&�PRGHO�GLMLWDO�S+�PHWUH�NXOODQÕOPÕúWÕU� 

2.3. 44-'$%3�3*(� PRGLIL\H� HOHNWURGXQ� KD]ÕUODQPDVÕ� (44-Preparation of DABP/PGE modified 
electrode) 

øON� RODUDN�� 3*(
QLQ� \�]H\L� ����� �P� DO�PLQD� EXODPDoODUÕ� LOH� PHNDQLN� RODUDN� SDUODWÕOPÕú� YH� VDI� VX� LOH�
GXUXODQPÕúWÕU��(OHNWURNLP\DVDO�|Oo�POHUGHQ�|QFH��JUDILW�NDOHP�XFXQXQ�VDGHFH�DOW�XFX�DoÕN�NDODFDN�úHNLOGH��
o|]HOWL\H�WHPDV�HGHQ�\DQ�\�]H\OHUL�WHIORQ�EDQW�LOH�VDUÕOPÕúWÕU��+D]ÕUODQDQ�3*(��GLNH\�RODUDN�VDELWOHQHUHN�
HOHNWURNLP\DVDO� K�FUH� LoLQGHNL� o|]HOWL� LoLQH� GDOGÕUÕOPÕúWÕU�� (OHNWURW� \�]H\� PRGLILNDV\RQX�� ���� 0� .&O�
o|]HOWLVL� YDUOÕ÷ÕQGD� ����P0���-'$%3� o|]HOWLVL� LoLQGH�� -1.5 ve +1.5 9�SRWDQVL\HOOHUL� DUDVÕQGD� ����9s-1 
WDUDPD�KÕ]Õ\OD����G|QJ��LOH�oRNOX�G|Q�ú�PO��YROWDPHWUL�WHNQL÷L�NXOODQÕODUDN�JHUoHNOHúWLULOPLúWLU� 

 

���6218d/$5�9(�7$57,ù0$/$5�(CONCLUSIONS AND DISCUSSIONS) 

�����0RGLIL\H�(OHNWURGXQ�+D]ÕUODQPDVÕ�(Preparation of the Modified Electrode) 

øON�RODUDN��3*(
QLQ�\�]H\L��,����P�ER\XWXQGDNL�DO�PLQD�V�VSDQVL\RQX�LOH�PHNDQLN�RODUDN�SDUODWÕOPÕú�YH�
VDI� VX� LOH� GXUXODQGÕ�� 3*(� J|YGHVL�� VDGHFH� \XYDUODN� DOW� XFX� DoÕNWD� RODFDN� úHNLOGH� 7HIORQ� EDQWOD� VÕNÕFD�
NDSODQGÕ�� ��-'$%3� ILOPLQ� \DOÕQ� 3*(� �]HULQGH� ELULNLPL�� ���� P9V-1 WDUDPD� KÕ]Õ� LOH� -1.5 ve + 1.5 V 
SRWDQVL\HOOHUL� DUDVÕQGD� ��� G|QJ�� LOH� ���� P0� ��-'$%3� YH� ���� 0� .&O� LoHUHQ� VXOX� ELU� o|]HOWL� LoLQGH�
G|Q�ú�PO�� YROWDPHWUL� �&9�� WHNQL÷L� NXOODQÕODUDN� JHUoHNOHúWLULOGL�� +D]ÕUODQDQ� PRGLIL\H� HOHNWURW� ���-
'$%3�3*(���VDI�VX�NXOODQÕODUDN�GXUXODQPÕú�YH�NXOODQÕPD�KD]ÕU�KDOH�JHOPLúWLU�� 
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ùHNLO�2¶GH� \DOÕQ� 3*(�\�]H\LQGH� ��-DABP filminin elektro-SROLPHUOHúPHVL� VÕUDVÕQGD� HOGH� HGLOHQ� oRNOX�
G|Q�ú�PO�� YROWDPRJUDPODU� �&9V�� J|U�OPHNWHGLU�� <DNODúÕN� ������ 9� SRWDQVL\HOGH� ��-'$%3¶D� DLW�
NDUDNWHULVWLN�WHUVLQPH]�DQRGLN�SLN�J|]OHQPLúWLU��'|QJ��VD\ÕVÕQÕQ�DUWPDVÕ�LOH�SLN�DNÕPÕQGD�NDGHPHOL�ELU�DUWÕú�
J|]OHQGL��$\UÕFD�LON�G|QJ�GH�-����9¶GD�WHUVLQPH]�NDWRGLN�SLNL�J|U�OPHNWHGLU��$QFDN�DUWDQ�G|QG��VD\ÕVÕ�LOH�
SLN� DNÕPÕ� JLGHUHN� N�o�OP�úW�U�� %X� VRQXoODr, 44-'$%3� ILOPLQ� 3*(� \�]H\L� �]HULQGH� HOHNWURSROLPHUL]H�
ROGX÷XQX�J|VWHULU� 

 

ùHNLO�2. 3*(�\�]H\LQGH�����0�.&O�YDUOÕ÷ÕQGDNL�����P0���-DABP'nin -����LOH�����9�SRWDQVL\HO�DUDOÕ÷ÕQGD�
���G|QJ��LoLQ�HOHNWURSROLPHUL]DV\RQXQX�J|VWHUHQ�oRNOX�G|Q�ú�PO��YROWDPRJUDPODUÕ��7DUDPD�KÕ]ÕQÕQ�

GH÷HUL�����P9V-1'dir. 

3.2. Modifiye Elektrodun CV ve EIS Teknikleri ile Karakterizasyonu (Characterization of Modified 
Electrode with CV and EIS Techniques) 

0RGLIL\H�HGLOPLú�\�]H\OHUL�\DOÕQ�\�]H\OH�NDUúÕODúWÕUPDN�YH�HOHNWURNLP\DVDO�WHNQLNOHUOH�NDUDNWHUL]H�HWPHN�
LoLQ��IHUURVHQ�YH�)H�&1�6

3-/4- JLEL�UHGRNV�SUREODUÕ�\D\JÕQ�RODUDN�NXOODQÕOPDNWDGÕU�>��@��5HGRNV�SUREODUÕQÕQ�
\DOÕQ� 3*(� YH� ��-'$%3�3*(� \�]H\OHULQGHNL� HOHNWURNLP\DVDO� GDYUDQÕúODUÕ� LQFHOHQPLúWLU�� 6XVX]� RUWDP�
RODUDN�DVHWRQLWULO�LoLQGH�KD]ÕUODQDQ�����0�7%$7)%��YH�����P0�IHUURVHQ��VXVX]�RUWDP��LoHUHQ�o|]HOWL��ùHNLO�
3$�� YH� VXOX� RUWDP� RODUDN� ���� 0� .&O� o|]HOWLVLQGH� �� P0� .3Fe(CN)6/K4Fe(CN)6 o|]HOWLVL� �ùHNLO� 3B) 
varOÕ÷ÕQGD��PRGLIL\H�HOHNWURGXQ�YROWDPHWULN�NDUDNWHUL]DV\RQX�&9�WHNQL÷L�NXOODQÕODUDN�JHUoHNOHúWLULOPLúWLU��
3*(�\�]H\LQGH���-DABP filmi, K3Fe(CN)6/K4Fe(CN)6 UHGRNV�oLIWLQLQ�HOHNWURQ� WUDQVIHULQL�EORNH�HWWL�YH�
IHUURVHQLQ� HOHNWURQ� WUDQVIHULQL� D]DOWWÕ�� %X� GXUXP�� HOHNWURW� \�]H\LQGH� RODELOHFHN� N�o�N� ERúOXNODUGDQ�
ND\QDNODQÕ\RU�RODELOLU�>��@� 

 

ùHNLO�3. �$��$VHWRQLWULO�RUWDPÕQGD�����0�7%$7)%�YH���P0�IHUURVHQLQ�YH��%������0�.&O�YDUOÕ÷ÕQGD���P0�
K3Fe(CN)6/K4Fe(CN)6µQLQ�\DOÕQ�3*(�YH���-'$%3�3*(�\�]H\OHULQGH�DOÕQDQ�&9
OHUL��7DUDPD�KÕ]ÕQÕQ�

GH÷HUL�����P9V-1'dir 
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<DOÕQ�3*(�YH���-'$%3�3*(�\�]H\OHUL�LOH�����0�.&O�Ye 1 mM K3Fe(CN)6/K4Fe(CN)6 o|]HOWLVL�RUWDPÕQGD�
DOÕQDQ�HOHNWURNLP\DVDO�LPSHGDQV�VHNWUXPODUÕ��(,6��YH�ILWOHPH�LOH�HOGH�HGLOHQ�HúGH÷HU�GHYUH�PRGHOOHUL�ùHNLO�
4
WH�YHULOPLúWLU��øON�HOHPDQ�RODQ�51��K�FUH�GLUHQFLQL�YH�52��\�N�WUDQVIHU�GLUHQFLQL�WHPVLO�HGHU��:��GLI�]\RQX�
WHPVLO�HGHQ�:DUEXUJ�HOHPDQÕGÕU��4�YH�&��VÕUDVÕ\OD�3*(�YH���-'$%3�ILOP�DUD\�]�QGH�YH�HOHNWURW�o|]HOWL�
DUD\�]�QGH�\�N�D\UÕPÕQÕ�WHPVLO�HGHQ�VDELW�ID]�HOHPDQODUÕGÕU�>��@��%X�HOHPDQODUÕQ�\DOÕQ�YH�PRGLIL\H�HOHNWURW�
LoLQ�GH÷HUOHUL�dL]HOJH �
GH�J|VWHULOPLúWLU��0RGLIL\H�HGLOPLú�HOHNWURWXQ�\�N� WUDQVIHU�GLUHQFL� ���,33 ohm), 
\DOÕQ� 3*(
QLQNLQGHQ� ���,��� RKP�� oRN� GDKD� E�\�NW�U�� %X� GXUXP�� \�]H\LQ� PRGLIL\H� HGLOPHVL� LOH��
K3Fe(CN)6/K4Fe(CN)6 UHGRNV�oLIWLQLQ�HOHNWURQ�WUDQVIHULQH�NDUúÕ�GLUHQFLQLQ�DUWWÕ÷ÕQÕ�J|VWHUPLúWLU� %X�VRQXo�
ùHNLO�3%¶GH�YHULOHQ�&9¶OHUGHQ�HOGH�HGLOHQ�VRQXoODU�LOH�X\XPOXGXU��$\UÕFD�EX�GXUXP�\�]H\LQ����-DABP 
ILOPL�LOH�NDSODQGÕ÷ÕQÕ�J|VWHUPHNWHGLU�� 

 

ùHNLO�4. ����0�.&O�LoLQGH���P0�.3Fe(CN)6/K4Fe(CN)6¶QLQ�\DOÕQ�3*(�YH���-DABP/PGE elektrot 
\�]H\OHULQGH�HOHNWURNLP\DVDO�LPSHGDQV�VSHNWUXPODUÕ��8\JXODQDQ�$&�YROWDMÕ�����P9��IUHNDQV�DUDOÕ÷Õ�����

+]�LOH�����N+]�DUDVÕQGDGÕU� 

dL]HOJH�����)LWOHPH�VRQXFXQGD�\DOÕQ�3*(�YH���-'$%3�3*(�HOHNWURWODUÕ�LoLQ�HOGH�HGLOHQ�GHYre 
HOHPDQODUÕQÕQ�GH÷HUOHUL� 

Elektrot R1 �ȍ� R2 �ȍ� W (s-1��ȍ� Q (sN��ȍ� N C (F) 

<DOÕQ�3*( 69,59 21,70 �����î��-5 �����î��-5 0,7 - 

44-DABP/PGE 45,52 48,33 �����î��-4 �����î��-9 0,9 �����î��-5 

3.3. 2-13¶QLQ� ��-DABP/PGE Modifiye Elektrot <�]H\LQGHNL� (OHNWURNLP\DVDO� 'DYUDQÕúÕ 
(Electrochemical Behavior of 2-NP on 44-DABP/PGE Modified Electrode Surface) 

�������)DUNOÕ�GHVWHN�HOHNWUROLW�YH�S+¶QÕQ��-13¶QLQ� LQGLUJHQPH�SLNLQH�HWNLVL� (The effect of different 
supporting electrolyte and pH on the reduction peak of 2-NP) 

dHúLWOL�HOHNWURDNWLI�W�UOHULQ�YROWDPHWULN�WD\LQOHULQGH�GHVWHN�HOHNWUROLWLQ�FLQVL�YH�S+�GH÷HUL��W�U�Q�SLN�DNÕP�
GH÷HULQL�HWNLOH\HQ�HQ�|QHPOL�SDUDPHWUHOHUGLU�>��@��%X�DPDoOD���-13¶QLQ���-DABP/PGE modifiye elektrot 
\�]H\LQGH�IRVIDW�WDPSRQX (PBS, pH 7,0), asetik asit/asetat tamponu (ABS, pH 5,0) ve Britton-Robinson 
WDPSRQX� �%5�� S+� ���� YH� S+� ����� ROPDN� �]HUH� �o� IDUNOÕ� WDPSRQ� o|]HOWL� RUWDPÕQGD� GLIHUDQVL\HO� SXOV�
YROWDPRJUDPODUÕ�DOÕQPÕúWÕU��%X�RUWDPODUGD�DOÕQDQ�YROWDPRJUDPODU�ùHNLO�5$¶GD�YHULOPLúWLU��S+�����3%6��S+�
����$%6�YH�S+�����YH�S+�����%5�WDPSRQX�RUWDPODUÕQGD�����0��-13¶\H�DLW�LQGLUJHQPH�SLN�SRWDQVL\HOOHUL�
VÕUDVÕ\OD�-0,69, -0,65, -0,46 ve -�����9�úHNOLQGHGLU��%X�RUWDPODUGD�SLN�DNÕPODUÕ�LVH�VÕUDVÕ\OD������������������
YH�������$�RODUDN�HOGH�HGLOPLúWLU��(Q�\�NVHN�NDWRGLN�SLN�DNÕP�GH÷HUL�S+�����%5�WDPSRQX�RUWDPÕQGD�HOGH�
HGLOGL÷L�LoLQ��X\JXQ�RODQ�GHVWHN�HOHNWUROLW�RUWDPÕ�RODUDN�%5�WDPSRQX�VHoLOPLúWLU� 

+D]ÕUODQDQ�PRGLIL\H� HOHNWURW� \�]H\LQGH� �-13� WD\LQL� LoLQ� X\JXQ� RODQ� GHVWHN� HOHNWURW� RUWDPÕ� RODUDN�%5�
WDPSRQXQXQ� VHoLOPHVLQLQ� DUGÕQGDQ�� S+� GH÷HUL� ����� ����� ����� ���� YH� ���� RODUDN� KD]ÕUODQDQ�%5� WDPSRQX�



7X÷ED�7$%$1/,*ø/�&$/$0��6�OH\PDQ�d$/,ù.$1��*�OúHQ�7$ù.,1�d$.,&,� GU J Sci, Part C, 10(1): 15-26 (2022) 21 

 

RUWDPODUÕQGD�����0��-13¶QLQ�GLIHUDQVL\HO�SXOV�YROWDPHWULVL�LOH�NDWRGLN�SLNOHUL�HOGH�HGLOPLúWLU��ùHNLO�5B). 
S+�GH÷HUL��������������������YH�����RODQ�%5�WDPSRQX�RUWDPODUÕQGD��-13¶QLQ�NDWRGLN�SLN�DNÕPODUÕ�VÕUDVÕ\OD�
�����������������������YH�������$�RODUDN�HOGH�HGLOPLúWLU��(Q�\�NVHN�SLN�DNÕPÕ�S+�GH÷HUL���RODQ�%5�WDPSRQX�
RUWDPÕQGD�HOGH�HGLOGL÷L�LoLQ�EX�RUWDP�GHYHP�HGHQ�oDOÕúPDODUGD�HQ�X\JXQ�RODQ�GHVWHN�HOHNWUROLW�RUWDPÕ�RODUDN�
NXOODQÕOPÕúWÕU��$\UÕFD��S+�����%5�WDPSRQX�RUWDPÕQGD�\DOÕQ�3*(�YH���-'$%3�3*(�HOHNWURW�\�]H\OHULQGH�
����0��-13¶QLQ�GLIHUDQVL\HO�SXOV�YROWDPRJUDPODUÕ�DOÕQPÕúWÕU��%X�YROWDPRJUDPODU�ùHNLO�5%¶GH�YHULOPLúWLU��
3*(�\�]H\LQLQ���-DABP mROHN�O�� LOH�PRGLIL\H�HGLOPHVL� LOH��-13¶QLQ�\�]H\GHNL� LQGLUJHQPH�SLN�DNÕP�
GH÷HULQGH�\DNODúÕN����NDW�DUWÕú�ROPXúWXU��%X�GXUXP����-DABP/PGE modifiye elektrodunun 2-13¶QLQ�G�ú�N�
GHULúLPOHUGH�WD\LQL�LoLQ�DYDQWDM�VXQGX÷XQX�J|VWHUPHNWHGLU� 

 

ùHNLO�5. $��)DUNOÕ�GHVWHN�HOHNWUROLW�RUWDPODUÕQGD�����0��-13¶QLQ�GLIHUDQVL\HO�SXOV�YROWDPRJUDPODUÕ��%��
)DUNOÕ�S+�GH÷HUOHULQGHNL���������������������YH������%5�WDPSRQX�RUWDPODUÕQGD��-13¶QLQ�GLIHUDQVL\HO�SXOV�

YROWDPRJUDPODUÕ� 

�����6HQV|U�Q�$QDOLWLN�8\JXODPDVÕ��dDOÕúPD�$UDOÕ÷Õ�YH�7D\LQ�6ÕQÕUÕ� (Analytical Application of the 
Sensor, Operating Range and Limit of Detection) 

44-DABP/PGE elektrodunun 2-13� WD\LQLQGHNL� DQDOLWLN� SHUIRUPDQVÕQÕQ� LQFHOHQPHVL� DPDFÕ\OD� LoHULVLQGH�
GHVWHN�HOHNWUROLW�EXOXQDQ�HOHNWURNLP\DVDO�K�FUH\H�ELOLQHQ�KDFLP�YH�GHULúLPOHUGH��-13�LODYHOHUL�\DSÕOPÕú�YH�
HOGH� HGLOHQ� YROWDPRJUDPODU� ùHNLO� �
GD� YHULOPLúWLU�� 9ROWDPRJUDPODUGDQ� RNXQDQ� LQGLUJHQPH� SLN� DNÕP�
GH÷HUOHUL� �-13� GHULúLPLQH� NDUúÕ� JUDIL÷H� JHoLULOHUHN� NDOLEUDV\RQ� JUDIL÷L� ROXúWXUXOPXúWXU� �ùHNLO� 6-ek). 
KalLEUDV\RQ�JUDIL÷LQGH���-13¶QLQ�����-���ȝ0�GHULúLP�DUDOÕ÷ÕQGD�WHN�ELU�H÷LP�GH÷HULQH�VDKLS�ELU�GR÷UXVDO�
oDOÕúPD� DUDOÕ÷Õ� HOGH� HGLOPLúWLU�� %X� oDOÕúPD� DUDOÕ÷ÕQÕQ� HOGH� HGLOGL÷L� � GR÷UXVDO� E|OJHQLQ� GHQNOHPL�
,��$� �����>�-13@��0����0404 (R2 �������� úHNOLQGHGLU�� $\UÕca 2-13� VHQV|U�Q�Q� oDOÕúPD� DUDOÕ÷ÕQÕQ�
NDOLEUDV\RQ�KDVVDVL\HWOHUL�VÕUDVÕ\OD�\DNODúÕN�RODUDN������ȝ$�ȝ0�RODUDN�KHVDSODQPÕúWÕU� 

 

ùHNLO�6. S+�����%5�WDPSRQ�RUWDPÕQGD��-13�LODYHOHUL�LOH�HOGH�HGLOHQ�GLIHUDQVL\HO�SXOV�YROWDPRJUDPODUÕ�YH�
kalibrasyon JUDIL÷L��������ȝ0�����������ȝ0����������ȝ0��������ȝ0��������ȝ0���������ȝ0���������ȝ0���������

ȝ0��-NP. 
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%X�LNL�oDOÕúPD�DUDOÕ÷Õ�LoLQ�J|]OHQHELOPH�VÕQÕUODUÕ��/2'��YH�WD\LQ�VÕQÕUODUÕ��/24��GH÷HUOHUL�VÕUDVÕ\OD�(ú����YH�
�� LOH� KHVDSODQPÕúWÕU�� %X� HúLWOLNOHUGH� Sb, sWDQGDUW� VDSPD\Õ�� m LVH� NDOLEUDV\RQ� JUDIL÷LQGHQ� HOGH� HGLOHQ�
GR÷UXQXQ�H÷LPLQL�LIDGH�HGHU��%XQD�J|UH�KD]ÕUODQDQ���-DABP/PGE modifiye elektrodu ile 2-13�WD\LQL�LoLQ�
/2'�YH�/24�GH÷HUOHUL�VÕUDVÕ\OD���23 ȝ0�YH�0,77 ȝ0�RODUDN�KHVDSODQPÕúWÕU�� 

3 b
LOD

S
C

m
                         (ú��� 

10 b
LOQ

S
C

m
                        (ú��� 

�����7HNUDUODQDELOLUOLN�dDOÕúPDVÕ�(Repeatability Study) 

+D]ÕUODQDQ� ELU� PRGLIL\H� HOHNWURGXQ� WHNUDUODQDELOLUOL÷L�� DQDOLWLN� SHUIRUPDQVÕ� DoÕVÕQGDQ� |QHPOL� ELU�
parametredir [30-32]��%X�DPDoOD�S+�����%5�WDPSRQ�RUWDPÕQGD�YH�44-DABP/PGE modifiye elektrodu ile 
����0��-13¶QLQ����NH]� WHNUDUODQDQ�GLIHUDQVL\HO�SXOV�YROWDPRJUDPODUÕ� HOGH�HGLOPLúWLU��9ROWDPRJUDPODU�
ùHNLO�7¶Ge YHULOPLúWLU��(OGH�HGLOHQ�YROWDPRJUDPODUGDQ�RNXQDQ�NDWRGLN�SLN�DNÕPODUÕ�LoLQ�KHVDSODQDQ��ED÷ÕO�
standart sapma (%66��GH÷HUL�������RODUDN�KHVDSODQPÕúWÕU��(OGH�HGLOHQ�EX��%66�GH÷HUL���-NP tayininde 
KD]ÕUODQDQ�VHQV|U�Q�L\L�ELU�WHNUDUODQDELOLUOL÷H�VDKLS�ROGX÷XQX�J|VWHUPLúWLU� 

 

ùHNLO�7. 44-DABP/PGE modifiye elektrodu ile S+�����%5�WDPSRQ�RUWDPÕQGD�����0��-13¶QLQ�DOÕQPÕú 
GLIHUDQVL\HO�SXOV�YROWDPRJUDPODUÕ 

3.6. SenWHWLN�YH�*HUoHN�1XPXQH�$QDOL]L� 

2-13�VHQV|U��RODUDN�KD]ÕUODQDQ���-'$%3�3*(�PRGLIL\H�HOHNWURGXQXQ�DQDOLWLN�SHUIRUPDQVÕQÕ�LQFHOHPHN�
DPDFÕ\OD�� VWDQGDUW� HNOHPH� \|QWHPL� NXOODQÕODUDN� VHQWHWLN� QXPXQH� YH� JHUoHN� QXPXQHGH� �-NP tayini 
\DSÕOPÕúWÕU��6HQWHWLN�QXPXQH�ODERUDWXYDU�RUWDPÕQGD�����0��-13�LoHUHFHN�úHNLOGH�pH 1,0 BR tampon destek 
HOHNWUROLWL�NXOODQÕODUDN�KD]ÕUODQPÕúWÕU��%X�VHQWHWLN�QXPXQH��]HULQH��GHULúLPL�ELOLQHQ��-13�o|]HOWL�LODYHOHUL�
\DSÕOPÕúWÕU��(OGH�HGLOHQ�YROWDPRJUDPODU�ùHNLO�8$¶GD�YHULOPLúWLU�� 
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ùHNLO�8. Sentetik numune (A) ve musluk suyunda (B) 2-13�WD\LQL�LoLQ�HOGH�HGLOHQ�diferansiyel puls 
YROWDPRJUDPODUÕ�YH��-13�GHULúLPLQH�NDUúÕ�NDWRGLN�SLN�DNÕP�JUDIL÷L 

��NH]�WHNUDUODQDQ�|Oo�P�VRQXFXQGD�HOGH�HGLOHQ��dL]HOJH����VDWÕU�����JHUL�ND]DQÕP�GH÷HUL����������ED÷ÕO�
VWDQGDUW�VDSPD�GH÷HUL���%66��������YH�|Oo�P�Q�GR÷UXOX÷X�LOH�LOJLOL�ELOJL�YHUHQ��ELDV�GH÷HUL������RODUDN�
HOGH�HGLOPLúWLU��*HUoHN�QXPXQH�RODUDN�PXVOXN�VX\X NXOODQÕOPÕúWÕU��0XVOXN�VX\X�QXPXQHVL��HúLW�KDFLPGH�
PXVOXN�VX\X�YH�GHVWHN�HOHNWUROLW�o|]HOWLOHULQLQ�NDUÕúWÕUÕOPDVÕ\OD�KD]ÕUODQPÕúWÕU��*HUoHN�QXPXQH�DQDOL]LQGH�
|QFHOLNOH� RUWDPD� �-13� HNOHQPHGHQ� YROWDPRJUDP� DOÕQPÕú� YH� EX� YROWDPRJUDPGD� �-13¶QLQ� SLNLQH�
rastlanmDPÕúWÕU��ùHNLO�8%���%XQXQ��]HULQH��PXVOXN�VX\X�QXPXQHVLQGH��-13�GHULúLPL�����0�RODFDN�úHNLOGH�
2-13�LODYHVL�\DSÕOPÕú�YH�EX�o|]HOWL��]HULQH�GHULúLPL�ELOLQHQ��-13�o|]HOWL�LODYHOHUL�\DSÕOPÕúWÕU��(OGH�HGLOHQ�
YROWDPRJUDPODU� ùHNLO�8%¶GH� YHULOPLúWLU�� ��-DABP/PGE eOHNWURGX� LOH� JHUoHN� QXPXQH� �-NP analizinde, 
�JHUL�ND]DQÕP�GH÷HUL����������%66�������YH��ELDV�GH÷HUL������RODUDN�HOGH�HGLOPLúWLU��dL]HOJH����VDWÕU�
����(OGH�HGLOHQ�EX�GHQH\VHO�VRQXoODU����-DABP/PGE modifiye elektrodunun 2-13�WD\LQL�LoLQ�L\L�ELU�DQDOLWLN�
perfRUPDQV�VHUJLOHGL÷LQL�J|VWHUPLúWLU�� 

dL]HOJH����6HQWHWLN�YH�JHUoHN�QXPXQH�DQDOL]L 

Numune Eklenen [2-NP] 
��0� 

Bulunana [2-NP] 
��0� 

%Geri 
ND]DQÕPb 

%BSSc %Biasd 

Sentetik numune 10 10,22 102,2 3,59 2,2 

Musluk suyu 10 10,26 102,6 4,47 2,6 

an=3, 
b�%66 ��6�;�î����� 
c�%LDV >�%XOXQDQ>�13@í(NOHQHQ>�13@��(NOHQHQ>�13@î���� 
G�*HUL�ND]DQÕP ��%XOXQDQ>�13@�(NOHQHQ>�13@�î���� 

 

���6218d/$5�(RESULTS) 

%X�oDOÕúPDGD��JUDILW�NDOHP�Xo�HOHNWURW�\�]H\L�44-DABP filmi ile modifiye edilerek 2-13�WD\LQL�LoLQ�ELU�
VHQVRU� RODUDN� NXOODQÕOPÕúWÕU�� �-13�� oHYUH� HNRVLVWHPL� YH� FDQOÕ� VD÷OÕ÷Õ� DoÕVÕQGDQ� ]HKLUOL� HWNL\H� VDKLS�
ROGX÷XQGDQ�� �-13¶QLQ� GR÷UX� ELU� úHNLOGH� WD\LQL� LoLQ� PHWRW� JHOLúWLULOPHVL� |QHPOLGLU�� +D]ÕUODQDQ� VHQV|U��
OLWHUDW�UGHNL�DOWHUQDWLI�PHWRWODUOD�KD]ÕUODQDQ�HOHNWURNLP\DVDO�VHQV|UOHUH�NÕ\DVOD�JHQLú�ELU�GR÷UXVDO�oDOÕúPD�
DUDOÕ÷Õ�J|VWHUPLúWLU��$\UÕFD��HOHNWURSROLPHUOHúPH�\|QWHPL�LOH�VHQV|U�KD]ÕUODQPDVÕ�EDVLW�YH�KÕ]OÕ�ELU�LúOHP�
ROPDVÕQÕQ�\DQÕQGD��NXOODQÕODQ�JUDILW�NDOHP�XFXQ�oRN�G�ú�N�PDOL\HWOH� WHPLQ�HGLOPHVL�QHGHQL\OH� ROGXNoD�
XFX]GXU��gQHULOHQ�VHQV|U�KD]ÕUODPD�NROD\OÕ÷Õ��G�ú�N�PDOL\HW��NÕVD�|Oo�P�V�UHVL�YH�\�NVHN�KDVVDVL\HWOH�L\L�
ELU�GR÷UXOXN�YH�L\L�ELU�DQDOLWLN�SHUIRUPDQV�VD÷ODPÕúWÕU��+D]ÕUODQDQ��-13�VHQV|U��LOH�JHUoHN�QXPXQHGH��-
13�WD\LQL�EDúDUÕ\OD�X\JXODQPÕúWÕU� 

7(ù(..h5��$&.12:/('*0(176� 
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 Abstract 

The goal of this project is to investigate the effect of the spindle speed and feed rate used in 
milling X153CrMoV12 cold work steel by X5070 blue coated solid carbide end mill on surface 
roughness and hardness of the workpiece. For this purpose, 0.2 mm material was removed in 
one pass without using refrigerant with the machining parameters of 2000, 2500, 2800, 3000 
rpm spindle speed and 160, 180, 200, 240 mm/min feed rate. As a result of the tests, the 
topographic structure, surface roughness, surface hardness and microhardness of the machined 
surfaces were determined by Leica DMS300, Mitutoyo SJ 210, HRS-150 digital rockwell 
hardness tester and microhardness tester Future-Tech FM-700, respectively. As the feed rate 
increased at a constant 2800 rpm spindle speed, the surface roughness (SR) increased as the 
amount of metal removed per unit time increased. As the spindle speed increased at a constant 
feed rate of 180 mm/min, the amount of chips for the next cutting decreased, as the cutting 
blade removed more chips with each turn, and therefore the surface roughness decreased. The 
effects of spindle speed and feed rate machining parameters on the surface hardness were not 
much, and the hardness value before and after the process was measured between 60-62 HRC. 
However, it was determined that the microhardness value decreased due to the use of heat-
hardened steel as well as the heat generated by the milling parameters in the regions 50-�����P�
deep from the machined surface. 

 

 

Keywords 
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Surface Hardness 
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1. INTRODUCTION 

The End Milling is a method of material removal by dipping a hard cutting tool into a material with a 
lower hardness than itself in circular motions. Many materials such as heat treated steel, plastic, casting, 
composite, alloy with different properties and shapes can be processed with very high productivity and 
accuracy by the end milling method containing flat and/or ball end mills [1]. It is widely used in 
aerospace, defense, military sectors due to it can achieve high surface quality in casting materials at low 
cost, as well as precision processing of many materials [2-3]. The parts used in the aviation industry and 
the molds used in the production of these parts must be processed precisely and with a good surface 
quality [4]. High quality machining of X153CrMoV12, which is the most common cold work tool steel 
used in these molds, is also important. The Cold work steel (X153CrMoV12) is widely used in the 
industry, particularly in sheet metal dies for cold forming, deep drawing die as well as in rolling machines 
such as roller, knife, comb [5-8]. It is preferred in cutting and crushing applications due to its features 
such as high wear resistance and high toXJKQHVV��$GGLWLRQDOO\�� LWV�KDUGQHVV�XS�WR�������+5&�PDNHV�LW�
charming to use [9]. However, tool wear and cost are encountered in the processing of hard materials with 
traditional methods, and it is difficult to obtain good surface quality [10-12]. Lima et al. focused on the 
turning of hardened AISI 4340 high strength low alloy steel and AISI D2 cold work steels (58HRC) using 
a coated carbide insert and a polycrystalline cubic boron nitride insert cutting tools. They reported that 
when machining AISI 4340 steel selecting nominal feed rates and depths of cut, the forces were higher 

http://dergipark.gov.tr/gujsc
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when machining the softer steel and that SR of the machined part was improved as cutting speed was 
elevated and deteriorated with feed rate. They also found that the surface roughness increased with the 
increase in the feed rate and decreased with the increase in the cutting speed [13]. Campos et al. used 
Response Surface Methodology to determine the optimal values of the machining parameters on the 
turning of AISI 52100 steel with Al2O3/TiC tool with wiper geometry through the development of a 
mathematical model of tool life, surface roughness and profile surface roughness parameters [14]. 
Vardhan et. al. used Artificial Neural Networks (ANN) to estimate material removal rate (MRR) and SR 
LQ�&1&�PLOOLQJ�RI�3����,Q�WKH�H[SHULPHQWV��WKH\�XVHG�WKH�7DJXFKL¶V�/���RUWKRJRQDO�DUUD\�WR�GHVLJQ�WKH�
experiments by selecting cutting speed, feed, axial depth of cut, radial depth of cut and nose radius as the 
input parameters MRR and SR as the output parameters. They reported that the effect of cutting speed 
(mm/min) on MRR and SR was minimal, on the other hand, the effect of feed rate (mm/tooth) was 
significant [15]. Shokrani et al. investigated the effects of cryogenic coolingusing liquid nitrogen (LN2) 
as a coolant on the surface integrityof Ti±6Al±4V titanium alloy in end milling operations using 
solidcarbide tools. They reported that cryogenic cooling significantly improved surface integrity when 
milling Ti±6Al±4V, reducing surface roughness by 39% and 31%, respectively, compared to dry and 
flood cooling. They notified that the microhardness of surfaces treated using cryogenic processing 
increased more than the dry and flood cooling method; nevertheless, in cryogenic and dry machining, the 
depth of the heat-affected zone is lower than in flood cooling [16].  Xu et al., emphasized that minimal 
lubrication is beneficial in machining metallic materials. They also studied the effects of thrust force and 
delamination in the drilling of CFRP/Ti6Al4V composite materials with dry or minimal lubrication. They 
reported that dry machining without the use of oil benefits the reduction of thrust force and delamination 
[17]. Various cutting fluids are commonly used in this manufacturing process in order that decrease 
friction and minimize the heat generated between the workpiece and the cutting tool, and to enhance the 
workpiece surface and cutting quality [18]. Also Kulkarni et al. have expressed that the metal cutting 
operation unrealizable exactly in the absence of coolants/cutting fluids [19]. But use of the dry cutting 
method has gained importance due to its negative effects such as the high expenditure of using cutting 
fluids and harm to the health of the machine operators [20]. 

In this study, experiments were carried out without using any coolant in order to eliminate the negative 
environmental effects of fluids such as cutting oil used in cutting and chip removal processes, their harm 
to operators and usage costs. There is not enough work in the literature on the milling of hard materials 
with high surface quality without using coolants/cutting fluids. Hence, in this study, high hardness cold 
work tool steel X153CrMoV12 was processed using the end milling method and different machining 
parameters without the use of refrigerant thereby surface roughness, macro hardness as well as micro 
hardness of the processed steel surfaces were analyzed. 

2.MATERIALS AND METHODS 

2.1. Selected Test Materials 

In this work, 1.2379 (X153CrMoV12) steel used in cold work applications, a ledeburitic steel containing 
12% chromium, hardened up to 60-62 HRC hardness with a dimensions of 118 x 20 x 20 mm was used as 
the workpiece. This steel is preferred for analysis since it has high wear resistance and high toughness and 
is also widely used in cold forming molds. The workpiece was supplied with heat treatment from the 
6D÷ODP�0HWDO�FRPSDQ\��7KH�FKHPLFDO�FRPSRVLWLRQ�DV�ZHOO�DV�PHFKDQLFDO�DQG�SK\VLFDO�FKDUDFWHULVWLFV�RI��
X153CrMoV12 are given in Table 1 and 2, respectively. 

Table 1. Chemical Composition of X153CrMoV12 
Carbon 

(C) 
Chrome 

(Cr)  
Molybdenum 

(Mo) 
Vanadium 

(V) 
1.55 12 0.8 0.9 
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Table 2. Mechanical and physical properties of X153CrMoV12 
Usage Hardness 

(HRC) 
Thermal expansion coefficient 

( Ǒࡷሻି࢞ሺ�ሻି 
Heat conductivity 

(W/mK) 
Density 
J�FPñ 

Yield strength 
�03D�� 

60 - 62 10.5 - 13.00 16.7 7.85 420 
 
<*�;��������)OXWH���� Helix Stub End mill) was used for milling hardened 1.2379 cold work steel. The 
X5070 blue ± coated solid carbide end mills are preferred to machining high hardened mold & die steels 
with high speed cutting & dry cutting. The dimensions and shapes of G8A02080 X5070 were taken from 
YG catalogs; (D1:8) x (D2:8) x (L1:8) x (L3:20) x (L2:65) mm with 4 flute as well as h5 shank diameter 
tolerance as shown in figure 1. 

 
Figure 1. The G8A02080 X5070 End mill technical drawing [21]. 

 
X153CrMoV12 Cold work steel and X5070 blue ± coated solid carbide end mills that used in milling 
operations are shown in figure 2. All surfaces of the cold work tool steel were ground.  

(a) (b) 
Figure 2. Materials: (a) The X153CrMoV12) Cold work steel, (b) G8A02080 X5070 End mills 

2.2. Machining Methods 

The acquisition time was changed to test whether the total counts obtained from both MCAs were 
compatible with each other. So, it was adjusted to 50, 100, 200 and 300 s. Each measurement was 
repeated three times to sensitively determine the number of counts for each time value. The counts from 
both MCAs were accumulated, and their averages were compared with each other. 

In this study, vertical machining was performed using Makino S33 CNC machine with different 
machining parameters as shown in figure 3. In this figure, the milling process is shown in figure (a), while 
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the dashboard where process parameters are controlled shown in figure (b). The cold work tool steel was 
carefully fixed to the vise and then the milling cutter was attached to the spindle and zeroing was made 
for each milling cutter. In each test process, only air was used as the coolant and milling operations were 
carried out by removing 0.2 mm of chips in one pass. Before each experiment, the workpiece was cleaned 
using compressed fresh air and a new milling cutter was used for each slot.  
 

(a) (b) 
Figure 3. 0DFKLQLQJ�FHQWHUV�0$.ø12�6���&1&���(a) Vertical milling (b) Dashboard 

2.3. Analysis Methods of Milled Parts 

After the completion of the surface milling studies, surface examination with macro analysis, then surface 
roughness and hardness measurements were made, respectively. Surface controls were performed under 
high light and resolution using the digital microscope system Leica DMS300 as shown in figure 4: (a). 
After taking microscopic images, the surface roughness of each milled slot was determined using 
Mitutoyo SJ 210 as shown in figure 4 (b). Finally, surface hardness of all milled surfaces were measured 
using HRS-150 digital rockwell hardness tester as shown in figure 4 (c). The arithmetic mean of all 
measurements made was calculated and reported.  
 

(a) (b) (c) 
Figure 4. Measurement analysis: (a) microscopical examination, (b) surface roughness, (c) hardness 
measurement 

$OO�PHDVXUHPHQWV�DIWHU�IDFH�PLOOLQJ�ZHUH�PDGH�LQ�ODERUDWRULHV�RI�7UXYD�0DNLQD�.DOÕS�DQG�7HO�(UR]\RQ�
6DQ��7LF��OWG��ùWL�� 
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3.RESULTS 

3.1. Milling Parameters and Experimental Findings 
 
The machining parameters used in the surface milling of steels and the numerical values of the effects of 
these parameters are given in Table 3. The machining parameters used in the experiments were chosen by 
considering the safe working parameters of the CNC machine, the cutting regimes of the cutting tool and 
industrial applications. The results of the cutting operations using these parameters were recorded and the 
average values of the results obtained were reported. These values reflect the average values of 3 different 
tests for each procedure. The X5070 dry cutting high performance blue coated nanograin carbide end 
mills were used as the cutting tool in each experiment. Some features of this milling cutter; made of high 
hardness raw carbide material, high endurance and power. Its nano blue coating enables it to cut materials 
up to 65 HRC hardness at high speed. 
 
Table 3. Experimental set-up and milling parameters 

Test 
No 

Spindle 
Speed 
(rpm) 

Feed 
Rate 

(mm/min) 

Depth of 
Cut 

(mm) 

Surface 
Roughness 

(Ra) 

Surface 
Hardness 

(HRC) 

1 2800 240 0.2 0.772 59.60 
2 2800 200 0.2 0.497 60.50 
3 2800 160 0.2 0.480 60.40 
4 3000 180 0.2 0.489 60.80 
5 2500 180 0.2 0.686 60.40 
6 2000 180 0.2 0.692 61.00 

 
According to the results of the analysis, it was obtained that the spindle speed and feed rate cutting 
parameters had a remarkable effect on the roughness of the machined surfaces. On the other hand, the 
surface hardness of the machined surfaces was measured in the range of 60-62 HRC values, which was 
the steel hardness before machining. The topographic structure of the steels processed with different 
processing parameters was examined with a digital microscope system Leica DMS300 and shown in 
figure 5. Here, the cutting tool marks, which also affect the surface roughness, are clearly visible. 
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Figure 5. Optical microscope images of test samples 

 
Surface roughness is an important parameter that affects the mechanical performance and machining cost 
of a machined part [22]. The most considered Ra surface roughness measurement parameter is mostly 
used to characterize or assign a finishing grade (ISO 1302) to a machined surface or a surface about to be 
machined [23]. In operations with a lower depth of cut, the surface roughness is generally lower [24]. For 
this reason, in this study, the cutting depth was chosen as 0.2 mm and the chip was removed. As a result, 
as the feed rate increased at a constant 2800 rpm spindle speed, the surface roughness increased as the 
amount of chip removed per unit time increased as shown in figure 6. Similarly, Brezocnik et al. reported 
that the SR was commonly affected by the feed rate in their study on the estimation of surface roughness 
by genetic programming [25]. As the spindle speed increased at a constant feed rate of 180 mm/min, the 
amount of chips for the next cutting decreased, as the cutting blade removed more chips with each turn, 
and therefore the surface roughness decreased as shown in figure 6. Kalidass and Palanisamy made a 
study on a regression and artificial neural network model to estimate SR in terms of helix angle, spindle 
speed, feed rate and depth of cut. They reported that enhancement in feed rate, depth of cut and spindle 
speed increases the SR. Additionally, increasing the helix angle decreases the SR [26]. 
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Figure. 6. Graphical display of test results 

 
Figure 7. Microhardness measuring points 

Microhardness values were taken from the cross-section of each treated sample by using microhardness 
tester Future-Tech FM-700. Values were measured from 4 different regions starting from the machined 
VXUIDFH��DSSUR[LPDWHO\����ȝP������ȝP������ȝP�DQG�����ȝP�DV�VKRZQ�LQ�ILJXUH��� It was observed that the 
microhardness values in these regions were different from each other. There are findings in the literature 
that the microhardness of machined surfaces of hard steels is affected by machining parameters such as 
cutting speed, feed rate, axial depth of cut and radial depth of cut [27]. It is known that cutting speed and 
feed rate are the parameters that affect the microhardness the most [27-28]. Pereira et al. reported that 
increase cutting speed and feed per tooth lead to higher microhardness values near the surface of AISI 
4340 steel; the former probably due to the presence of untempered martensite and the latter owing to 
work hardening [29]. 
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Figure 8. Change of microhardness with increasing spindle speed at constant feed rate value 

It is seen in figure 8 that the microhardness reduction as the spindle speed increases. It was determined 
that the microhardness value, especially in the areas close to the machined surface, was lower than the 
machined surface. Lu et al. reported that the microhardness of micromilled Inconel 718 decreased with 
increasing spindle speed and increased with increasing axial depth of cut. The effect of size has a 
extraordinary impact on micro-hardness when the feed per tooth increases, which at first increases micro-
hardness but then decreases it after the feed per tooth reaches the minimal cutting thickness [30]. The 
increase in plastic deformation rate with increasing cutting speed causes this situation, resulting in a 
narrower initial deformation zone. In addition, the yield strength increases as the plasticity of the 
workpiece material decreases. These conditions produce a reduced degree of plastic deformation. 
Moreover, as the cutting speed increases, the contact time between the cutting tool and the workpiece 
decreases, which leads to a decrease in the thermal time. All these cases affect the reduction of surface 
microhardness with increasing spindle speed [30]. Shokrani et al. determined that the depth of the 
affected area is lower in dry machining and cryogenic machining than in flood cooling [16]. In this study, 
microhardness change was determined in the region between 50-�����P�E\�GU\�PDFKLQing. In addition, 
as the feed rate per revolution of the milling cutter decreased at a constant cutting speed of 2800 rpm, the 
microhardness value decreased. This decrease was greater near the treated surface as shown in figure 9. 
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Figure 9. Microhardness at different feed rates at constant cutting speed 

A well milled surface significantly improves fatigue strength and corrosion resistance [25, 31]. In this 
work, successful results were obtained by reaching a surface roughness of 0.480 Ra by processing 
X153CrMoV12 Cold Work Tool Steel with 60-62 HRC hardness using 2800 rpm Spindle Speed and 160 
mm/min Feed Rate processing parameters without the need for refrigerant fluid. 

4.CONCLUSIONS 

In this work, the following results were obtained about the effects of machining parameters on the surface 
roughness and hardness by processing high hardness cold work tool steel without using coolant; 
 
Â As the spindle speed increased at a constant feed rate of 180 mm/min, the amount of chips for the next 
cutting decreased, as the cutting blade removed more chips with each turn, and therefore the surface 
roughness decreased. 

Â As the feed rate increased at a constant 2800 rpm spindle speed, the surface roughness increased as the 
amount of chip removed per unit time increased. 

Â The increase in spindle speed  caused a decrease in microhardness. It was determined that the 
microhardness value, especially in the areas close to the machined surface, was lower than the machined 
surface. 

Â As the feed rate per revolution of the milling cutter decreased at a constant cutting speed of 2800 rpm, 
the microhardness value decreased. This decrease was greater near the treated surface. 
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 Abstract 

For our country, which has few renewable energy supplies, energy sustainability is becoming 
increasingly vital. Foam concrete is a porous building material having air spaces created by 
foaming agents, as well as a high energy efficiency due to its pores. The goal of this research is 
to produce high-insulating building materials by using expanded perlite and granular polystyrene 
foam as aggregates and an aerogel layer on the concrete surface in foam concrete. Thermal 
conductivity, physical and mechanical properties of samples produced using various cement types 
and aggregate ratios were analyzed. Thermal conductivity values and mechanical properties were 
found to be better in foam concrete samples made with Portland composite cement. The use of 
Portland composite cement resulted iQ�WKH�ORZHVW�WKHUPDO�FRQGXFWLYLW\�FRHIILFLHQW�RI��Ȝ����������
W/m.K. The use of less expanded perlite in foam concrete, likewise polystyrene foam, increased 
the thermal conductivity coefficient. It has been discovered that using silica aerogel as a layer has 
no major effect on the change in the thermal conductivity coefficient, and more extensive studies 
should be conducted on its use in foam concrete. 
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1. INTRODUCTION 

Energy loss in buildings accounts for over 40% of global energy usage. In order to use energy consumption 
more efficiently and reduce it to lower levels, construction materials, particularly those employed in 
insulation, must be developed. In most cases, building insulation is applied to the structure's outside walls. 
When the construction materials used on the external walls reduce the enormous quantity of energy 
loss/leakage, it is expected that significant support for energy efficiency and the country's energy strategy 
will be supplied. With this in mind, creating innovative construction materials is critical in order to reduce 
losses and increase the material's thermal efficiency [1]. 

 

Raw perlite is widely available in our country, although it can only be used effectively in a few regions. To 
generate a highly low-density, very small porous construction material, raw perlite stone is kept at a high 
WHPSHUDWXUH�RI�URXJKO\�����WR�������& [2]. It is known as expanded perlite (EP) because it expands by 
URXJKO\������WLPHV�LQ�YROXPH�and possesses insulating characteristics. Although expanded perlite is most 
commonly used in agriculture, it is also employed in the construction industry as an insulation-based 
construction material [3,4]. Perlite has a low thermal conductivity value, making it an excellent material 
for improving the thermal qualities of external walls. Furthermore, the non-flammability of expanded 
perlite can be considered as a significant benefit [2].  

Foam concrete is a construction material that is classified as light concrete and can be used for high energy 
efficiency in many definitions [5, 6] where the gaps formed by foam agents are trapped in the grout and 
have low thermal conductivity and sound values [1] and it is effective in reducing the dead load of the 
structure. With the ability to adjust the densities of cement-based foam concretes (density of 400-1850 
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kg/m3 [7]), it may be employed mainly in structural partition walls and places where high thermal insulation 
values are required [8]. In addition, foam concrete has superior strength and fire resistance when compared 
to organic insulation materials [7, 9-11]. 

Since its invention in 1950, numerous investigations on cement-based cellular foam concrete have been 
done [12]. In order to increase the durability of plastic concrete, synthetic and protein-based foaming agents 
that create stable air bubbles in the concrete were developed, particularly in 1990. In addition, thanks to the 
hybrid foam agents created, foam concretes are used on a broad scale [13] 

There are different studies on the rheological and mechanical properties [14, 15] of the different cements 
that make up foam concrete, the contributions of fly ash and blast furnace slag [16, 17], the history of foam 
concrete, the materials used and the properties of these materials [18], the fresh properties of foam concrete, 
its properties related to fire resistance, thermal conductivity [19, 20] and its uses [21]. 

Granular polystyrene foam is a material that is widely used material in construction, automotive sector and 
marine fields with good properties such as moisture resistance, chemical resistance, lightness and low cost 
[22]. Especially due to its light weight, when used as aggregate in concrete, it creates a decrease in concrete 
density and also contributes to the durability characteristics of concrete [11]. 

Aerogel is a very light material with a density of three times the density of air, three-dimensional nano-
pores, 95% of its structure can be porous. With its high surface area and surface porosity, it also has low 
thermal conductivity, making it an important material for aerogel energy efficiency. Aerogel can be 
produced hydrophilic or hydrophobic with materials such as carbon and silica [23, 24]. Silica aerogels, 
which were first used in different sectors such as electronics, chemistry and automotive [25], are very good 
thermal insulation material with nano pores with low density of 0.003-0.015 g/cm3 and thermal conductivity 
of 0.013-0.02 W/m.K [26, 27]. Aerogels with a low degree of toughness are known as highly fragile 
materials at a high hardness/density ratio. Recent studies on the application of aerogel composite materials 
are of great importance in terms of improving energy efficiency in structures [23, 24]. 

Hydrophobic silica aerogels benefit from low conductivity as well as increased moisture resistance in foam 
concrete, but the mixing process during the preparation of foam concrete requires that the aerogel used be 
hydrophilic. The use of hydrophobic silica aerogels during mixing causes a serious decomposition in the 
matrix of foam concrete and deterioration of the foam structure created by foam agents [28]. This allows 
new methods to be investigated for the use of hydrophobic silica aerogel, which is intended to be used in 
foam concrete. 

In this study, it is aimed to produce foam concrete that can provide both energy sustainability and building 
lightness. The thermal conductivity, physical and mechanical effects of the cement type and the changes in 
the aggregate ratios used on the foam concrete were investigated. It is aimed to produce foam concrete by 
using two different cement types, expanded perlite aggregate, granular polystyrene foam, nano-silica 
aerogel and synthetic-based foaming agent, and to obtain optimum thermal insulation values by using 
different proportions of ingredients. 

2. EXPERIMENTAL PRODUCERE 

2.1 RAW MATERIALS AND MIXTURE RATIO 

For the fabrication of foam concrete samples, two types of cement were employed as binders: CEM I 42.5 
R Portland Cement and CEM II A-M (V-L) 42.5 R Portland Composite Cement (BASTAS). The tras and 
limestone in Portland composite cement  cause the strong long-term resistance and low water supply. Since 
Portland composite cement is expected to have stronger strength than Portland cement, its impacts on 
thermal conductivity values have also been researched. Table 1 contains the technical specifications for 
both binders. 
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Table 1. Properties of CEM I and CEM II Portland cement1 

Mechanical and Physical Properties 

 CEM I CEM II 

Specific surface area (cm2/g) 3600 4200 

Initial setting (min) 160 130 

Final setting (min) 210 200 

Volume expansion amount (mm) 0-2 0-2 

Compressive strength 2 Days (N/mm2) 29 30 

Compressive strength 28 Days (N/mm2) 48 58 

The aggregates in the batch are powder expanded perlite (PEP) and granulated expanded perlite (GEP), 
blended between 0.1 and 4 mm. In Table 2, the technical characteristics for both expanded perlite aggregates 
are listed. EPS (expanded polystyrene) was also added to the mix in various percentages. EPS added to the 
mixture has a density of 18.9 kg/m3 and a thermal conductivity value of 0.031 W/m.K, in addition EPS 
particles in granular form are between 2 and 4 mm in size. 

Table 2. Properties of expanded perlite aggregate 

Physical Property Powder Expanded Perlite Granular Expanded Perlite 

Color White White 

Hardness 5.15 5.23 

pH 7.26 7.08 

Dry density, kg/m3 51.48 112.45 

Water absorption (%) 55 66 

Structural degradation 885 900 

Melting point 1075 1150 

Fire resistance Non-flammable Non-flammable 

Thermal conductivity, mW/m.K 43.321 47.982 

Additionally, nano-silica aerogel (NSA) was put in a layer of ~5 mm thick on surface of the foam concrete 
samples, to improve the thermal properties of the produced panel. The density of the NSA is 1.3 g/cm3, 
with a silica content of 40% (by weight), a pH of 9.4, and a viscosity of 6 cP. To create the requisite air 
bubbles in produced panels, a foaming agent containing calcium stearate, sodium nitrate, and acrylate 
polymer emulsion was preferred as a stabilizer. Table 3 contains further technical standards for a synthetic-
based foam agent, as well as limit conditions. The water used to prepare the tests came from the Ankara 
Metropolitan Municipality's tap. The network values have been found to be within TS 266 and EPA 
limitations. 

Table 3. Properties of Lightcon-28 foam agent 

Property Value 

Density ����������NJ�O��,62����� 

pH �������76������(1������ 

Chlorine content <0.1% (TS EN 480-10) 

Alkaline content <5.0% (TS EN 480-12) 

Freezing point -��& 
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2.2 TEST INSTRUMENT 

2.2.1 Preparation Technology and Experimental Method of Foam Concrete 

The following processes are used to prepare EPS-added foam concrete samples in accordance with the 
chemical foam concrete model performance and molding technology. 

x Eps-added particles make up 10% of the entire volume of the system.  
x The dry density of foam concrete samples has been adjusted to a maximum of 480 kg/m3. 
x CEM I and CEM II cements were mixed dry in order, and mortar was mixed with water. According to 

the design data, the foam agent was foamed at a rate of 38/1 with water for 5.48 minutes in a separate 
container. Gradually, grout was added and stirred until the mixture is homogenized.  

x After the samples were created, ~5 mm thick layer of nano-silica aerogel was applied to the top (open) 
area of the sample. 

x The cement ratios in the samples were kept constant, and the W/B ratio is 0.45 for all mortars. 

Table 4 lists the quantities of expanded perlite aggregate and granulated polystyrene foam used in the 
foam concrete samples, which total 18 mixes.  

Table 4. The mixing ratio 

 

Sample 

Materials used (kg) (for 1 m3 foam concrete) 

Cement Expanded perlite Granular polystyrene 
foam 

Water Foaming agent 

CGp100Pk75 250 130 100 115 80 

CGp100Pk50 250 130 65 115 80 

CGp100Pk30 250 130 40 115 80 

CGp75Pk75 250 100 100 115 80 

CGp75Pk50 250 100 65 115 80 

CGp75Pk30 250 100 40 115 80 

CGp50Pk75 250 65 100 115 80 

CGp50Pk50 250 65 65 115 80 

CGp50Pk30 250 65 40 115 80 

The fresh foam concrete obtained was kept in PROGV�IRU����KRXUV�LQ�D�ODERUDWRU\�HQYLURQPHQW�DW������&�
and 55-65% relative humidity. After 24 hours, it was taken out of the molds and kept in natural cure for 28 
days. Experiments were applied to determine dry density, water absorption, flexural strength and thermal 
conductivity coefficient. 

2.2.2 Experimental Methods 

Each batch of samples consisted of 30ൈ300ൈ300 mm prism samples and 100ൈ100ൈ100 mm cubic 
specimens. For foam concrete samples, tests were carried out to determine dry density and water absorption 
in accordance with the TS EN 12390-7 standard, to determine the bending strength in accordance with the 
TS EN 12390-5 standard, and to find the thermal conductivity coefficients in accordance with TS EN 12664 
and TS EN 12667 standards. According to ASTM C518, JIS A1412, ISO 8301, and DIN 12667 standards, 
the thermal conductivity coefficient of the samples was determined using LINSEIS HFM300. The heat flow 
is measured by inserting the sample between the hot and cold plates and measuring the heat flow. The 
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V�SODWHV�LV����&��ZLWK�WKH�WRS�SODWH�DW����&�DQG�WKH�ERWWRP�SODWH�
DW����&� 

3. RESULT AND DISCUSSION 

Fig. 1 depicts the dry densities of the foam concrete samples prepared as part of the research. 

 

Figure 1. Dry Density values of foam concrete samples 

The density of foam concrete varies depending on the density of the foam, the time it takes to mix the 
concrete grout, the proportions of the ingredients used, and the volume weights of the materials. 

When the graph in Fig. 1 is examined, it is observed that when the amount of granular polystyrene foam 
decreases the dry density of foam concrete increases in the same way that the amount of expanded perlite 
aggregate is reduced, the dry density of foam concrete increases. This can be attributed to the fact that the 
unit volume weights of the expanded perlite aggregate and granular polystyrene foam have a value lower 
than the unit volume weight of the cement that replaces it when the amount decreases. 

When the influence of cement type on dry density is investigated, it is discovered that the dry density of 
foam concrete samples made with CEM I Portland cement is lower than that of foam concrete samples 
made with CEM II Portland composite cement. The foam concrete mixture with the lowest dry density in 
Gp100Pk75 using CEM I Portland cement is 397.16 kg/m3, while the combination with the maximum dry 
density is 559.5 kg/m3 in Gp100Pk75 using CEM II Portland composite cement. Foam concrete samples 
are classified as lightweight concrete with all dry density values obtained [7]. 

The amount of aggregate and kind of cement used in foam concrete samples were utilized to determine 
water absorption values by volume (Fig. 2). 
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Figure 2. Volume water absorption values of foam concrete samples (%) 

The water absorption values of foam concrete vary greatly, ranging from 59 to 74%. Concretes with high 
porosity have high water absorption values. The water absorption rates in foam concrete are related to the 
mortar structure rather than the foams formed [8]. The foam concrete sample with the highest water 
absorption value is 74% in the sample with the CEM II type cement numbered Gp50Pk75, which contains 
50% expanded perlite aggregate of the aggregate used in foam concrete design and 75% granular 
polystyrene foam. 

The flexural strength of foam concrete samples was measured after they had been water-cured for 28 days. 
Fig. 3 in the graph shows the obtained flexural strength values. 

 

Figure 3. Flexural strength values of foam concrete saPSOHV�ı)��03D� 

The compressive strengths of foam concrete vary according to their density (360-1400 kg/m3) and range 
between 1-10 MPa. The ratio of the bending strength value to the compressive strength is in the range of 
0.25-0.35 [8,16]. The flexural strengths of foam concrete samples made with type CEM I cement range 
from 0.99216 MPa to 1.27101 MPa. The sample number Gp50Pk30 has the maximum flexural strength of 
1.27101 MPa (50 percent expanded perlite aggregate and 30 percent granule polystyrene foam). In foam 
concrete samples with 1.01049 MPa and 1.3039 MPa values, CEM II type cement is used. In the foam 
concrete samples using CEM II type cement, the highest flexural strength value is 1.3039 MPa in the sample 
numbered Gp50Pk30 (50 percent expanded perlite and 30 percent granular polystyrene foam), which is 
similar to the sample using CEM I type cement. 

With more granulated polystyrene foam and expanded perlite aggregate in the mortar, the flexural strength 
of foam concrete samples decreases. It has been observed that the fractures occur at the aggregate-mortar 
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interface (Fig 4). The flexural strength of foam concrete samples made with CEM II Portland composite 
cement was higher than that of CEM I Portland concrete samples. This is due to the fact that the pozzolanic 
elements in cement have an impact on strength. 

 

Figure 1. Sample of foam concrete after flexural strength test 

1RUPDO�FRQFUHWH��ȡ�������NJ�P3) has a conductivity coefficient of 1.6 W/m.K. In foam concrete, these 
values are between 0.06 and 0.66 W/m.K at densities of 200-1600 kg/m3 [7]. The produced foam concrete 
VDPSOHV
�WKHUPDO�FRQGXFWLYLW\�FRHIILFLHQW��Ȝ��YDOXHV�DUH�OLVWHG�LQ�:�P�.�LQ�7DEOH��� 

Table 5. Thermal conductivity of CEM I and CEM II cemHQW�W\SHV�Ȝ��:�P�.� 
Sample CEM I CEM II 

Aerogel layerless Aerogel layered Aerogel layerless Aerogel layered 

Gp100Pk75 0.10777 0.115 0.09848 0.12059 

Gp100Pk50 0.13595 0.12 0.1144 0.12839 

Gp100Pk30 0.156 0.13294 0.116952 0.13176 

Gp75Pk75 0.11483 0.13063 0.10985 0.12937 

Gp75Pk50 0.11511 0.135 0.12114 0.13447 

Gp75Pk30 0.138 0.137 0.12201 0.13511 

Gp50Pk75 0.11373 0.12293 0.11106 0.134 

Gp50Pk50 0.11676 0.12304 0.11214 0.138 

Gp50Pk30 0.12003 0.124 0.11572 0.139 

The lowest thermal conductivity coefficient is 0.09848 W/m.K in the Gp100Pk75 mixture, in which CEM 
II Portland composite cement is used, expanded perlite aggregate at the same rate as the aggregate amount 
in the foam concrete design calculation, and granular polystyrene foam used by reducing it by 0.25, 
according to the given chart. Reduced foam granule polystyrene increased the coefficient of thermal 
conductivity in the foam concrete samples, whereas increased use of expanded perlite aggregate decreased 
the coefficient of thermal conductivity. It is thought that the low thermal conduction coefficients of the 
expanded perlite aggregate and granular polystyrene foam are the cause of the decrease in the thermal 
conduction coefficient of the foam concrete sample if the ratio increases in the concrete mixture. 

When the cement type was examined in foam concrete samples without an aerogel layer, mixtures 
containing CEM II composite Portland cement had a lower thermal conductivity coefficient. In this case, 
the thermal conductivity coefficient was improved using pozzolanic elements in the CEM II composite 
Portland cement. 
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The addition of aerogel layer to the collected samples increased the thermal conductivity coefficient, 
contrary to predictions. This could be owing to the hydrophobic nature of the nano-silica aerogel employed 
in the mixture, which prevents it from fully adhering to the concrete surface.  

 

Figure 5. Density-thermal conductivity coefficient comparison of CEM I cement type 

 

Figure 2. Density-thermal conductivity coefficient comparison of CEM II cement type 

In the graphs given in the figure, the thermal conductivity coefficient obtained from the TS 825 standard 
according to the dry density data of the sample and the thermal conductivity coefficients of the foam 
concretes were examined comparatively. According to TS 825, the design density was taken as a basis on 
the concrete, which should have a thermal conductivity coefficient of 0.1-0.49 W/m.K at the density values 
of 300-1600 kg/m3. It was observed that the value of the thermal conductivity coefficient decreased with 
the low dry density in the foam concrete. Expanded perlite aggregate and granular polystyrene foam, both 
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of which are employed at a high rate in low dry density foam concrete, have been shown to have a favorable 
effect on the thermal conductivity coefficient. 

4. CONCLUSION 

In this study, the change of thermal conductivity coefficient of various real density and proportions in foam 
concretes with expanded perlite aggregate, granular polystyrene and nano-silica aerogels, which were 
created with a dry density of 480 kg/m3, was examined. 

In foam concrete samples prepared with a dosage of 250 kg/m3 and a ratio of 0.45 W/B, the dry density 
values found range from 397.16-559.5 kg/m3��7KHVH�YDOXHV�ZHUH�DSSUR[LPDWHO\�������GLIIHUHQW�IURP�WKH�
targeted value. This is due to the fact that the dry densities of the materials employed in different ratios in 
each mixture vary. 

Foam concrete absorbs a lot of water due to its high void rate. The percentages of water absorption in the 
foam concrete samples varied from 59 to 74 percent. Because the foam ratio is constant and the materials 
used to fill the gaps in foam concrete, these numbers vary. 

Increased perlite aggregate and granulated polystyrene foam rate in the content reduces the flexural strength 
of foam concrete samples. Flexural strength values for foam concrete using CEM I and CEM II type cement 
range from 0.99216 MPa to 1.3039 MPa. After the flexural test, cracks were discovered within the interface 
area. Among the results collected, it was revealed that reinforcement the surface connection of the granular 
polystyrene foam used in foam concrete can improve flexural strength. 

In foam concrete sDPSOHV��YDOXHV�RI�WKHUPDO�FRQGXFWLYLW\�FRHIILFLHQW��Ȝ��UDQJH�IURP��������-0.156 W/m.K. 
Compared to the limit value of TS 825, it was observed that the foam concretes other than the Gp100Pk30 
sample of CEM I type cement were below the desired value. 

The addition of hydrophobic nano-silica aerogel in layers on the concrete surface has improved foam 
concrete's thermal conductivity values. The hydrophobicity of silica aerogels could not prevent heat passage 
by creating heat bridges on the concrete surface and caused the coefficient of thermal conductivity to 
increase. In this case, new ideas are produced for the method of use of silica aerogels used and provides the 
basis for further research. 

In this study to investigate a method that can be used to increase energy sustainability in structures it was 
concluded that foam concrete produced using the expanded perlite aggregate and polystyrene foam which 
is abundant in our country may be one of these methods. 
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 Graphical/Tabular Abstract 

In this study, machinability properties were investigated for optimum Sr ratio in machining Al-
12Si-Sr alloys.  

 
Figure A. Experimental setup for cutting force measurement  

Purpose: In this study, it was aimed to investigate the effect of strontium (Sr) additions at 
different rates (0.02; 0.1 and 1%) on the cutting force, surface roughness and BUE (Built up edge) 
formation in Al-12Si-Sr alloy. 

Theory and Methods: Al-12Si-Sr alloys were produced by permanent method. Machining 
experiments of the produced alloys were carried out in CNC vertical machining center. Hardness 
and tensile strength of the experimental alloys were measured by conventional methods. Kistler 
dynamometer and Mahr perthometer M1 roughness measuring devices were used for cutting force 
and surface roughness measurement, respectively. Microstructure and BUE images were obtained 
with optical and digital microscopes, respectively.  

Results: Highest hardness and tensile strength values were obtained from Al-12Si-0.1Sr alloy. 
The elongation to fracture value of the alloys decreased continuously with increasing Sr ratio. It 
was determined that the cutting force, surface roughness and BUE formation decrease with the 
increase in cutting speed, and these values increase in case of an increase in feed rate. The lowest 
cutting force and surface roughness values were measured in the machining of the Al-12Si-0.1Sr 
alloy, while the highest values were measured in the Al-12Si-0.02Sr alloy. The least BUE 
formation was observed in the machining of the Al-12Si-0.1Sr alloy, while the highest BUE 
formation was observed in the Al-12Si-0.02Sr alloy. 

Conclusion: It was determined that a combination of maximum cutting speed and minimum feed 
rate should be used for minimum cutting force, surface roughness and BUE. It was observed that 
the optimum results in terms of mechanical and machinability properties were obtained with the 
addition of 0.1 Sr. 
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 Abstract 

In this study, three Al-12Si-Sr alloys containing different ratios (0.02; 0.1 and 1%) strontium (Sr) were 
manufactured by the permanent mold casting method. The microstructures of the manufactured alloys were 
determined by standard metallographic methods, and the hardness and tensile strength values were stated by 
the Brinell method and tensile test, respectively. The effects of different Sr ratios and cutting parameters on 
the cutting force and surface roughness during turning of these alloys were investigated using CVD-
TiCN/Al2O3/TiN coated carbide inserts under the different cutting speeds (200, 300 and 400 m/min), feed rate 
(0.05; 0.1 and 0.15 mm/rev) and constant depth of cut (1.5 mm) conditions. Metallographic examinations 
revealed that the microstructure of the Al-12Si-����6U�DOOR\�FRQVLVWV�RI�Į��HXWHFWLF�DOXPLQXP-silicon, Al-Fe-
6L��į��SKDVHV�DQG�SULPDU\�VLOLFRQ�SDUWLFOHV��ZKLOH�WKH�$O-12Si-0.1Sr contains Al-Sr-Si phase in addition to the 
phases observed in the Al-12Si-0.02Sr alloy. In these investigations, it was also observed that as the Sr ratio 
increased, the Al-Sr-Si phase grew and/or the number of these phase particles increased. The highest hardness 
and tensile strength values were obtained from Al-12Si-0.1Sr alloy among the produced alloys. The 
elongation to fracture value of the alloys decreased continuously with increasing of Sr ratio. It was seen that 
the cutting force and surface roughness decreased with the increase of cutting speed, whereas increased with 
the increase of feed rate in the machining tests. The lowest cutting force and surface roughness values were 
measured in the machining of Al-12Si-0.1Sr alloy, while the highest values were measured in Al-12Si-0.02Sr 
alloy in turning tests. Built-up edge (BUE) formation was observed during the turning of the alloys. It was 
revealed that BUE formation could be reduced by using a combination of high cutting speed and low feed 
rate. While the least BUE formation was observed in the Al-12Si-0.1Sr alloy at the cutting tool rake face, the 
highest BUE formation was observed in the Al-12Si-0.02Sr alloy. The findings obtained from the turning 
tests were discussed in based on the structural and mechanical properties of the alloys. 

.RN൴O�.DOÕED�'|N�P�<|QWHP൴�൴OH�hUHW൴OP൴ú�$O���6൴���������6U�
$ODúÕPODUÕQÕQ�&9'�7൴&1�$O�2��7൴1�.DSODPDOÕ�.HV൴F൴�8o�൴OH�
7RUQDGD�øúOHQPHV൴QGH�.HVPH�.XYYHW൴�YH�<�]H\�3�U�]O�O�÷��

h]HU൴QH�'HQH\VHO�dDOÕúPD 
g] 

%X�oDOÕúPDGD�� IDUNOÕ�RUDQODUGD� �������� ����YH���� VWURQVL\XP� �6U�� LoHUHQ��o� DGHW�$O-12Si-6U� DODúÕPÕ�NRNLO�
NDOÕED�G|N�P�\|QWHPL\OH��UHWLOGL��hUHWLOHQ�DODúÕPODUÕQ�Lo\DSÕODUÕ�standart PHWDORJUDILN�\|QWHPOHUOH��VHUWOLN�YH�
oHNPH�GD\DQÕPÕ�GH÷HUOHUL�LVH�VÕUDVÕ\OD�%ULQHOO�|Oo�P�\|QWHPL�YH�oHNPH�GHQH\L�LOH�EHOLUOHQGL��)DUNOÕ�6U�RUDQODUÕ�
YH�NHVPH�SDUDPHWUHOHULQLQ�EX�DODúÕPODUÕQ�WRUQDGD�LúOHQPHVL�HVQDVÕQGDNL�NHVPH�NXYYHWL�YH�\�]H\�S�U�]O�O�÷��
�]HULQGHNL�HWNLOHUL��IDUNOÕ�NHVPH�KÕ]Õ�����������YH�����P�GDN���LOHUOHPH������������YH������Pm/dev) ve sabit 
NHVPH� GHULQOL÷L� ����� PP�� NRúXOODUÕQGD� &9'-TiCN/Al2O3�7L1� NDSODPDOÕ� NDUE�U� NHVLFL� Xo� NXOODQÕODUDN�
DUDúWÕUÕOPÕúWÕU�� 0HWDORJUDILN� LQFHOHPHOHU�� $O-12Si-����6U� DODúÕPÕQÕQ� Lo\DSÕVÕQÕQ� Į�� |WHNWLN� DO�PLQ\XP-
silisyum, Al-Fe-6L��į��ID]ODUÕ�LOH�SULPHU VLOLV\XP�SDUoDFÕNODUÕQGDQ��$O-12Si-���6U�DODúÕPÕQÕQ�Lo\DSÕVÕQÕQ�LVH�
Al-12Si-����6U� DODúÕPÕQGD� J|]OHQHQ� ID]ODUD� LODYH� RODUDN� $O-Sr-6L� ID]ÕQGDQ� ROXúWX÷XQX� J|VWHUPLúWLU�� %X�
LQFHOHPHOHUGH� D\UÕFD�6U�RUDQÕ�DUWWÕNoD�$O-Sr-6L� ID]ÕQÕQ�E�\�G�÷��YH�YH\D�EX� ID]�SDUoDFÕNODUÕQÕQ� VD\ÕVÕQÕQ�
DUWWÕ÷Õ�J|]OHQPLúWLU��hUHWLOHQ�DODúÕPODU�LoHULVLQGH�HQ�\�NVHN�VHUWOLN�YH�oHNPH�GD\DQÕPÕ�GH÷HUL�$O-12Si-0,1Sr 
DODúÕPÕQGDQ�HOGH�HGLOPLúWLU��$ODúÕPODUÕQ�NRSPD�X]DPDVÕ�GH÷HUL�LVH�DUWDQ�6U�RUDQÕ�LOH�V�UHNOL�D]DOPÕúWÕU��øúOHPH�
testlerinde keVPH�KÕ]ÕQÕQ�DUWPDVÕ�LOH�NHVPH�NXYYHWL�YH�\�]H\�S�U�]O�O�÷�Q�Q�D]DOGÕ÷Õ��LOHUOHPHQLQ�DUWPDVÕ�
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Al-6L� HVDVOÕ� DODúÕPODU�� D÷ÕUOÕNOÕ� RWRPRWLY� HQG�VWULVLQGH� LoWHQ� \DQPDOÕ� PRWRUODUÕQ� YH� \�NVHN� |]J�O�
PXNDYHPHW� JHUHNWLUHQ� ED]Õ� SDUoDODUÕQ� �UHWLPLQGH� WHUFLK� HGLOPHNWHGLU�� )DUNOÕ� G|N�P� WHNQLNOHUL� LOH�
�UHWLOHELOPHVL��\�NVHN�|]J�O�PXNDYHPHW�YH�G�ú�N�HUJLPH�GHUHFHOHULQH�VDKLS�ROPDVÕ�EX�DODúÕPODUÕQ�|QHPOL�
DYDQWDMODUÕQGDQGÕU� >�@�� %X� DODúÕPODUÕQ� PHNDQLN� VLVWHPOHUGH� KDVVDV� ELOHúHQ� RODUDN� NXOODQÕODELOPHVL� LoLQ�
WRUQDODPD��GHOPH�YH�IUH]HOHPH�JLEL�WDODúOÕ�LPDODW�LúOHPOHULQH�LKWL\Do�GX\XOPDNWDGÕU��$QFDN��EX�DODúÕPODUÕQ�
LúOHQHELOLUOL÷L�IDUNOÕ�QHGHQOHUGHQ�GROD\Õ�]RUGXU��'�ú�N�6L�LoHUL÷LQH�VDKLS�$O-6L�DODúÕPODUÕQÕQ�LúOHQPHVLQGH�
NHVLFL�WDNÕP�PDO]HPHOHULQH�DO�PLQ\XP�ID]ÕQ�\DSÕúPDVÕ�YH\D�\Õ÷ÕQWÕ�WDODú�ROXúXPX��|]HOOLNOH�NXUX�LúOHPH�
úDUWODUÕQGD�DQD�VRUXQGXU��<�NVHN�6L�LoHULNOL�DODúÕPODU�LVH�JHQHOOLNOH�NHVLFL�WDNÕPÕQ�VHUEHVW�\�]H\�DúÕQPDVÕQD�
QHGHQ�ROPDNWDGÕU��%X�QHGHQOH�$O-6L�DODúÕPODUÕQ�LúOHQPHVLQGH�KHP�<7�KHP�GH�WDNÕP�DúÕQPDVÕ��6L�LoHUL÷LQH�
ED÷OÕ�RODUDN�NHVLFL�WDNÕP�JHRPHWULVLQLQ�ER]XOPDVÕQD�YH�WDNÕP�|PU�Q�Q�D]DOPDVÕQD�VHEHS�ROPDNWDGÕU�>2-4]. 
'L÷HU� WDUDIWDQ� EX� GXUXP�� LúOHPH� HVQDVÕQGD� NHVPH� NXYYHWL� YH� \�]H\� S�U�]O�O�÷�� oÕNWÕODUÕQÕ� DUWWÕUDQ� ELU�
HWNHQGLU��%X�ED÷ÕPOÕ�GH÷LúNHQ�oÕNWÕODUÕQ�LúOHPH��]HULQGHNL�YHULPOLOL÷L��NHVPH�SDUDPHWUHOHUL��NHVLFL�WDNÕP�
JHRPHWULVL�� NHVLFL� WDNÕP� PDO]HPHVL� YH� VR÷XWPD� WHNQLNOHUL� JLEL� ED÷ÕPVÕ]� GH÷LúNHQOHULQ� NRQWURO� DOWÕQD�
DOÕQPDVÕ� DUWWÕUÕODELOPHNWHGLU�� %XQD� J|UH� EX� DODúÕPODUÕQ� LVWHQLOHQ� KDVVDVL\HWWH� �UHWLOHELOPHVL� LoLQ� NHVPH�
SDUDPHWUHOHULQLQ�RSWLPXP�VHoLPL�VRQ�GHUHFH�|QHP�WDúÕPDNWDGÕU��$O-6L�HVDVOÕ�DODúÕPODUÕQ�LúOHQPHVL�LOH�LOJLOL�
yapÕODQ�oDOÕúPDODUGD��.XF]PDV]HZVNL�YG���$O��6L0J�DODúÕPÕQÕQ�LNL�D÷Õ]OÕ�NDSODPDVÕ]��7L%2 ve TiAlCN 
NDSODPDOÕ� NHVLFLOHU� LOH� IUH]HOHQPHVLQGH� 7L$O&1� NDSODPDOÕ� NHVLFLOHULQ� GDKD� L\L� LúOHPH� SHUIRUPDQVÕ�
VHUJLOHGL÷LQL�>�@��%DURRDK�YG���EDVÕQoOÕ�G|N�P�\|QWHPL�LOH��UHWilen Al-��6L�DODúÕPÕQÕQ�NDSODPDVÕ]�+66�LOH�
YLGD�DoPD�LúOHPLQGH��<7�YH�DEUDVLI�DúÕQPD�PHNDQL]PDODUÕQÕQ�HWNLOL�ROGX÷XQX�YH�$O�ID]Õ�LoHULVLQGHNL�VHUW�
VLOLV\XP�SDUoDFÕNODUÕQÕQ�DEUDVLI�DúÕQPD\D�QHGHQ�ROGX÷XQX�EHOLUWPLúOHUGLU�>�@��%D\UDNWDU�YH�'HPLU��NRNLO�
NDOÕED�G|N�P�\|QWHPL�LOH��UHWLOHQ�$O-12Si-���0J�DODúÕPÕQÕQ�WRUQDGD�LúOHQPHVLQGH��NHVPH�KÕ]ÕQÕQ�DUWPDVÕ�
LOH� NHVPH� NXYYHWL�� \�]H\� S�U�]O�O�÷�� YH� <7¶QLQ� D]DOGÕ÷ÕQÕ� YH� LOHUOHPHQLQ� DUWPDVÕ� LOH� DUWWÕ÷ÕQÕ� WHVSLW�
HWPLúOHUGLU�� � .DSODPDVÕ]� NHVLFL� XoODUÕQ� 7L&1�7L1� YH� 7L$O1�7L1� NDSODPDOÕ� NHVLFLOHUH� J|UH� GDKD� L\L�
SHUIRUPDQV� VHUJLOHGL÷L�YH�7�� ÕVÕO� LúOHPLQ� LúOHQHELOLUOLN�|]HOOLNOHULQL� L\LOHúWLUGL÷L�RUWD\D�NRQXOPXúWXU� >�@��
%D\UDNWDU�YH�$I\RQ��NRNLO�NDOÕED�G|N�P�\|QWHPL�LOH��UHWLOHQ�$O-�6L�DODúÕPÕQGD�=Q�YH�&X�LODYHOHULQLQ�GHOPH�
LúOHPLQGH� NDSODPDVÕ]� NDUE�U�PDWNDS� NXOODQDUDN� VDELW� NHVPH� SDUDPHWUHOHUL� úDUWODUÕ� DOWÕQGD� LúOHQHELOLUOLN�
|]HOOLNOHUL� �]HULQGHNL� HWNLVLQL� LQFHOHPLúOHUGLU�� (Q� G�ú�N� LOHUOHPH� NXYYHWL�� WRUN�� \�]H\� S�U�]O�O�÷�� YH�
<7¶QLQ� VÕUDVÕ\OD� &X� YH� =Q� LODYHOL� DODúÕPODUGD� |Oo�OG�÷�Q�� RUWD\D� NR\PXúODUGÕU� >�@�� 6WHLQLQJHU� YG���
$O6L�&X��DODúÕPÕQÕQ�NDSODPDVÕ]��7L&1��&U1��6&L/-TiCN, TiB2 DQG�'/&�NDSODPDOÕ�NHVLFLOHU�LOH�YLGD�DoPD�
LúOHPLQGH�<7�ROXúXPXQXQ�J|]OHQGL÷L�YH�EXQXQ�NHVPH�KÕ]ÕQD�YH�VÕFDNOÕ÷D�ED÷OÕ�ROGX÷XQX�WHVSLW�HWPLúOHUGLU��
<7�ROXúXPXQXQ�G�ú�N�NHVPH�KÕ]ÕQÕQ�HWNLVL�LOH�DUWWÕ÷Õ�YH�'/&�NDSODPDOÕ�NDUE�U�NHVLFLOHU�LOH�GDKD�L\L�\�]H\�
NDOLWHVL��PLQLPXP�<7�YH�NHVPH� WRUNXQXQ� HOGH� HGLOGL÷LQL� RUWD\D� NR\PXúODUGÕU� >9]. Wain vd., Al-Si-Cu 
�$����� DODúÕPÕQÕQ� NXUX� GHOLQPHVLQGH� G�ú�N� V�UW�QPHOi Dymon-iC, Graphit-iC, MoST ve MoS2 HVDVOÕ�
NDSODPDODUÕQ� SHUIRUPDQVÕQÕ� LQFHOHGLNOHUL� oDOÕúPDGD�� *UDSKLW-L&� NDSODPDOÕ� NHVLFLOHULQ� HQ� X]XQ� WDNÕP�
|PU�QH�VDKLS�ROGX÷X�YH�HQ�D]�<7�VHUJLOHGL÷LQL� WHVSLW�HWPLúOHUGLU� >��@��0DUDQL�YG���NRNLO�NDOÕED�G|N�P�
\|QWHPL�LOH �UHWLOPLú�$O-Si-&X�DODúÕPÕQÕQ�WRUQDGD�LúOHQPHVLQGH�VWURQVL\XP��6U���%L]PXW��%L��YH�$QWLPRQ�
�6E��LODYHOHULQLQ�NHVPH�NXYYHWL��]HULQGHNL�HWNLVLQL�LQFHOHPLúOHUGLU��6U�LODYHVL�LOH�NHVPH�NXYYHWL�DUWDUNHQ�%L�
LODYHVL�LOH�NHVPH�NXYYHWLQLQ�D]DOGÕ÷ÕQÕ�YH�$1),6��$GDStive neuro-fuzzy inference system) ile optimum 
NHVPH� úDUWODUÕ� RODUDN� PDNVLPXP� NHVPH� KÕ]Õ� ����� P�GDN�� YH� PLQLPXP� LOHUOHPH� ������ PP�GHY��
NRPELQDV\RQXQXQ� NXOODQÕOPDVÕ� JHUHNWL÷LQL� WHVSLW� HWPLúOHUGLU� >��@�� .XPDUDQ� YG��� $O-Si7Cu4 DODúÕPÕQÕQ�
VHPHQWLW�NDUE�U�NHVLFL�Xo�LOH�IDUNOÕ�NHVPH�KÕ]Õ������������YH������GHY�GDN��� LOHUOHPH����������������YH�
������PP�GHY��� NHVPH� GHULQOL÷L� ������ ���� YH� ����PP�� YH� Xo� \DUÕoDSÕ� ������ ����� YH� ��PP�� NXOODQDUDN�
IUH]HOHQPHVLQGH� NHVPH� SDUDPHWUHOHULQL� \�]H\� S�U�]O�O�÷��� WDODú� NDOGÕUPD� RUDQÕ�� DUWÕN� JHULOPH� YH� WDODú�
NDOÕQOÕ÷Õ�SHUIRUPDQV�NULWHUOHULQH�J|UH�RSWLPL]H�HWPLúOHUGLU��7DJXFKL-7236,6�LOH�RSWLPXP�NHVPH�úDUWODUÕ�
�����GHY�GDN�NHVPH�KÕ]Õ���������PP�GHY�LOHUOHPH������PP�NHVPH�GHULQOL÷L�YH�����PP�Xo�\DUÕoDSÕ�RODUDN�
EHOLUOHQPLúWLU� >��@�� '|N�P� \|QWHPL� LOH� �UHWLOHQ� DODúÕPODUÕQ� PHNDQLN� VLVWHPOHUGH� RSWLPXP� WROHUDQV�
DUDOÕNODUÕQGD� QLKDL� �U�Q� RODUDN� NXOODQÕODELOPHVL� LoLQ� WDODúOÕ� LPDODW� RSHUDV\RQODUÕQD� WDEL� WXWXOPDVÕ�
JHUHNPHNWHGLU��$\UÕFD��EX�DODúÕPODUÕQ�PHNDQLN�VLVWHPOHUGHNL�VHUYLV�|P�UOHUL��WDODúOÕ LPDODW�RSHUDV\RQODUÕ�
HVQDVÕQGD� |Oo�OHQ� NHVPH� NXYYHWL� YH� \�]H\� S�U�]O�O�÷�� oÕNWÕODUÕ� LOH� \DNÕQGDQ� LOLúNLOLGLU�� %X� oÕNWÕODUÕQ�
SHUIRUPDQVÕ��RSWLPXP�NHVPH�SDUDPHWUHOHULQLQ�EHOLUOHQPHVL�LOH�NRQWURO�DOWÕQD�DOÕQDELOPHNWHGLU��2SWLPXP�
NHVPH�SDUDPHWUHOHUL� LVH� DODúÕPODUÕQ� \DSÕVDO� YH�PHNDQLN� |]HOOLNOHUL� LOH� \DNÕQGDQ� LOLúNLOLGLU�� 6RQ�\ÕOODUGD�
\DSÕODQ� ED]Õ� oDOÕúPDODUGD� Lo\DSÕ� PRGLILNDV\RQX� YH� PXNDYHPHW� DUWÕUPD� DPDFÕ\OD� $O-6L� DODúÕPODUÕQD�
VWURQVL\XP�HOHPHQWL�LODYH�HGLOPLú�YH�EHOOL�RUDQODUGDNL�VWURQVL\XP�NDWNÕODUÕQÕQ�EX�DODúÕPODUÕQ�Lo\DSÕVÕQGDNL�
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|WHNWLN�VLOLV\XP�SDUoDFÕNODUÕQÕ�LQFHOWLS�N�UHVHOOHúWLUGL÷L�YH�EXQXQ�VRQXFXQGD�GD�PXNDYHPHWOHULQGH�DUWÕúD�
\RO�DoWÕ÷Õ�EHOLUOHQPLúWLU�>��-��@��$QFDN�VWURQVL\XP�LODYHOHULQLQ�EX�DODúÕPODUÕQ�WRUQDODPD�LúOHPL�VÕUDVÕQGD�
NHVPH�NXYYHWL��\�]H\�S�U�]O�O�÷��YH�WDNÕP�DúÕQPDVÕ��]HULQGHNL�HWNLOHULQL�RUWD\D�NR\DQ�ELU�oDOÕúPD�KHQ�]�
\DSÕOPDPÕúWÕU��%X�QHGHQOH��EX�oDOÕúPDGD��$O-��6L�HVDVOÕ�DODúÕPD�IDUNOÕ�RUDQODUGD�6U�LODYHOHUL� LOH�ELUOLNWH�
IDUNOÕ� NHVPH�KÕ]Õ�� LOHUOHPH�YH� VDELW� NHVPH�GHULQOL÷L�SDUDPHWUHOHULQLQ� WRUQDODPD� LúOHPL� HVQDVÕQGD�NHVPH�
NXYYHWL��\�]H\�S�U�]O�O�÷��YH�WDNÕP�DúÕQPDVÕ��]HULQGHNL�HWNLOHULQLQ�RUWD\D�NRQXOPDVÕ�KHGHIOHQPLúWLU��� 
 
2. MATERYAL VE METOT (MATERIAL AND METHOD) 
 
Al±12Si±0,02Sr, Al±12Si±0,1Sr ve Al±12Si±�6U� DODúÕPODUÕ�� NRNLO� NDOÕED� G|N�P� \|QWHPL\OH� �UHWLOGL��
hUHWLOHQ� $O-Si-6U� DODúÕPODUÕQÕQ� NLP\DVDO� ELOHúLPL�� OLWHUDW�UGHQ� >��-��@� ID\GDODQÕODUDN� EHOLUOHQGL� YH�
�UHWLPOHULQGH�\�NVHN�VDIOÕNWD�WLFDUL�DO�PLQ\XP��VLOLV\XP�LOH�$O-��6U�DODúÕPÕ�NXOODQÕOGÕ��%HOLUWLOHQ�NLP\DVDO�
ELOHúLPOHUL�VD÷OD\DFDN�úHNLOGH��JU�KDVVDVL\HWLQH�VDKLS�ELU�WHUD]LGH�WDUWÕODQ�DODúÕP�ELOHúHQOHUL��IRWR÷UDIÕ�ùHNLO�
�D¶GD�YHULOHQ�RUWD�IUHNDQVOÕ�ELU�LQG�NVL\RQ�RFD÷ÕQGD�HUJLWLOGL��+RPRMHQ�NDUÕúÕPÕQ�VD÷ODQDELOPHVL�DPDFÕ\OD�
HUJLPLú�GXUXPGDNL�VÕYÕ�PHWDOH����������&¶OLN�G|N�P�VÕFDNOÕ÷ÕQGD��oHU�GDNLND�DUD�LOH���¶DU�VDQL\H�NDUÕúWÕUPD�
LúOHPL�X\JXODQGÕ��%X�LúOHP�EHú�NH]�WHNUDUODQGÕ�YH�D\UÕFD�DODúÕP�ELOHúLPOHULQLQ�GLI�]\RQXQD�]DPDQ�YHUPHN�
DPDFÕ\OD� VÕYÕ� PHWDO� G|N�P� VÕFDNOÕ÷ÕQGD� ��� GDNLND� EHNOHWLOGL�� (UJLPLú� GXUXPGDNL� DODúÕP� NDUÕúÕPODUÕ�
\XNDUÕGD�EHOLUWLOHQ�G|N�P�VÕFDNOÕ÷ÕQGDQ�RGD�VÕFDNOÕ÷ÕQGD� WXWXODQ�����PP�WDEDQ�YH�����PP�D÷Õ]�oDSÕQD�
VDKLS� ���� PP� \�NVHNOL÷LQGHNL� ELU� NRNLO� NDOÕED [13-15] G|N�OHUHN� NDWÕODúWÕUÕOGÕ�� 6$(� ����� oHOL÷LQGHQ�
\DSÕOPÕú�RODQ�EX�NDOÕEÕQ�IRWR÷UDIÕ��ùHNLO��E¶GH�YHUilmektedir.  

  

  
ùHNLO����$ODúÕPODUÕQ��UHWLPLQGH�NXOODQÕODQ�HNLSPDQODU��D��øQG�NVL\RQOX�HUJLWPH�RFD÷Õ�YH�E��$ODúÕPODUÕQ�

NDWÕODúWÕUÕOPDVÕQGD�NXOODQÕODQ�NDOÕS 

hUHWLOHQ�DODúÕPODUÕQ�NLP\DVDO�ELOHúLPOHUL�� LQG�NWLI�RODUDN� HúOHúPLú�SOD]PD�HPLV\RQ�VSHNWURPHWULVL-optik 
emisyon spektrometresi (ICP-2(6��WHNQL÷L�LOH�Lo�\DSÕODUÕ�LVH�VWDQGDUW�PHWDORJUDILN�\|QWHPOHUOH�KD]ÕUODQDQ�
QXPXQHOHULQ� RSWLN� PLNURVNRSWD� LQFHOHQPHVL� \ROX\OD� EHOLUOHQGL�� øo\DSÕ� QXPXQHOHUL�� ���î��� PP�
ER\XWODUÕQGD�WDODúOÕ�LPDODW�LOH�DODúÕP�N�OoHOHULQGHQ�HOGH�HGLOGL��%X�QXPXQHOHULQ�LQFHOHQHFHN�\�]H\OHUL��LON�
DúDPDGD� VÕUDVÕ\OD� ����� ����� ����� ����� YH� ����� QXPDUDOÕ� ]ÕPSDUDODU� LOH� ]ÕPSDUDODQGÕ�� =ÕPSDUDODPD�
LúOHPLQGHQ�VRQUD�LVH�V|]�NRQXVX�\�]H\OHU��VÕUDVÕ\OD���YH���ȝP¶OLN�HOPDV�YH������ȝP¶OLN�6L22 V�VSDQVL\RQODU�
LOH�SDUODWÕOGÕ��1XPXQHOHULQ�SDUODWÕOPÕú�\�]H\OHUL��GD÷ODPD�LúOHPL�X\JXODQPDGDQ�PLNURVNRELN�LQFHOHPH\H�
WDEL� WXWXOGX� YH� IRWR÷UDIODQGÕ�� hUHWLOHQ� DODúÕPODUÕQ� VHUWOLN� GH÷HUOHUL�� %ULQHOO� VHUWOLN� |OoPH� \|QWHPL\OH�
belirlendL��%X�|Oo�POHU��WHNQLN�UHVPL�ùHNLO��D¶GD�YHULOHQ�QXPXQHOHU��]HULQGH������NJîI�\�N�DOWÕQGD�����PP�
oDSÕQGD� ELO\H� Xo� NXOODQÕODUDN� JHUoHNOHúWLULOGL��+HU� ELU� DODúÕP� |UQH÷L� �]HULQGH� HQ� D]� RQ� EHú� DGHW� |Oo�P�
JHUoHNOHúWLULOHUHN�HOGH�HGLOHQ�|Oo�OHULQ�DULWPHWLN�RUWDODPDVÕ�DOÕQPDN�VXUHWL\OH�DODúÕPODUÕQ�VHUWOLN�GH÷HUOHUL�
EHOLUOHQGL��dHNPH�GHQH\OHUL����î���PP¶OLN�|Oo��ER\XWODUÕQD�VDKLS�VLOLQGLULN�Lú�SDUoDODUÕ��]HULQGH���-3 s-

1¶OLN�GHIRUPDV\RQ�KÕ]Õ�úDUWODUÕ�DOWÕQGD�JHUoHNOHúWLULOGL��ùHNLO��E���+HU�ELU�DODúÕP�LoLQ�DOWÕ�DGHW�|UQHN��]HULQGH�
|Oo�P�JHUoHNOHúWLULOGL�YH�|Oo�OHQ�GH÷HUOHULQ�DULWPHWLN�RUWDODPDVÕ�KHVDSODQDUDN�DODúÕPÕQ�DNPD�YH�oHNPH�
PXNDYHPHWL�LOH�NRSPD�X]DPDVÕ�GH÷HUOHUL�EHOLUOHQGL. 

a) b) 
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                     a) b) 
ùHNLO����0HNDQLN�|]HOOLNOHULQ�EHOLUOHQPHVLQGH�NXOODQÕODQ�QXPXQHOHULQ�WHNQLN�UHVLPOHUL��D��6HUWOLN�YH�E��

dHNPH�GHQH\�QXPXQHVLQLQ�WHNQLN�UHVPL��gOo�OHU�PP¶GLU� 
 

hUHW൴OHQ� DODúÕPODUÕQ� ൴úOHQPHV൴� HVQDVÕQGD� NHVPH� NXYYHW൴Q൴Q� |Oo�OPHV൴� ൴o൴Q� NXOODQÕODQ� GHQH\VHO� G�]HQHN�
ùHN൴O� �¶WH� YHU൴OP൴úW൴U�� %X� G�]HQHNWH�� )[�� )\� YH� )]� NXYYHW� V൴Q\DOOHU൴� .൴VWOHU� G൴QDPRPHWUH� ൴OH� DOÕQDUDN�
\�NVHOWHFH�YH�'\QRZDUH�\D]ÕOÕPÕ�൴OH�JUDI൴NOHUH�DNWDUÕOPDNWDGÕU��+HU��o�NXYYHW�E൴OHúHQ൴Q൴Q�E൴OHúNHV൴�DOÕQDUDN�
NHVPH�NXYYHW൴�WHVS൴W�HG൴OPHNWHG൴U��� 
 

 
ùHN৻O����.HVPH�NXYYHW৻�|Oo�P��৻o৻Q�GHQH\VHO�G�]HQHN 

 
øúOHPH�GHQH\OHULQGH�7DEOR��¶GH�WHNQLN�|]HOOLNOHUL�YHULOHQ�6DQGYLN�PDUND�'&07���7���-MM kodlu kesici 
Xo�NXOODQÕOPÕúWÕU��øúOHPH�WHVWOHUL� LoLQ�Lú�SDUoDVÕ�|Oo�OHUL���[����PP�RODUDN�NXOODQÕOÕUNHQ�NHVPH�úDUWODUÕ�
LoLQ� NHVLFL� WDNÕP� �UHWLFL� ILUPD� GH÷HUOHUL� GLNNDWH DOÕQDUDN� 7DEOR� �¶GH� YHULOHQ� SDUDPHWUH� YH� VHYL\HOHU�
NXOODQÕOPÕúWÕU� 
 

7DEOR����.HV৻F৻�Xo�WHNQ৻N�|]HOO৻NOHU৻ 

.DSODPD�W�U� Kaplama 
metodu 

.DSODPD�VHUWOL÷L�
(HV) 

.DSODPD�NDOÕQOÕ÷Õ�
��P� 

Tane 
boyutu %D÷OD\ÕFÕ 

TiCN/Al2O3/TiN CVD 1500 4,5 M L 
 

7DEOR����.HVPH�SDUDPHWUHOHU৻ 
.HVPH�KÕ]Õ��P�GDN�-V øOHUOHPH��PP�GHY��I .HVPH�GHU൴QO൴÷൴��PP��DS 

������������� 0,05; 0,1; 0,15 ��� 
 

øúOHQPLú�\�]H\OHULQ�\�]H\�S�U�]O�O�÷��� ,62������VWDQGDUGÕQGD�EHOLUWLOHQ�NULWHUOHUH�J|UH�RUWDODPD�\�]H\�
S�U�]O�O�÷���5D��GH÷HUOHUL�|Oo�OHUHN� WHVSLW�HGLOPLúWLU��0DKU�3HUWKRPHWHU� L]OH\LFL�XoOX�S�U�]O�O�N�FLKD]Õ�
NXOODQDUDN� KHU� ELU� \�]H\� LoLQ� IDUNOÕ� QRNWDODUGDQ EHú� DGHW� |Oo�P� DOÕQPÕú� YH� EX� |Oo�POHULQ� DULWPHWLN�
RUWDODPDVÕ� LOH� 5D� GH÷HUOHUL� EHOLUOHQPLúWLU�� .HVLFL� XoODUGD� ROXúDQ� DúÕQPDODU� LVH� 'LQR-Lite marka ve 
$0����=7�PRGHO�GLMLWDO�PLNURVNRS�LOH�WHVSLW�HGLOPLúWLU������ 
 
3. 6218d/$5�YH�7$57,ù0$ (RESULTS AND DISCUSSIONS) 
 
Al-12Si-0,02Sr, Al-12Si-0,1Sr ve Al-12Si-�6U�DODúÕPODUÕQÕQ�NLP\DVDO�ELOHúLPOHUL��7DEOR��¶WH��DODúÕPODUÕQ�
Lo\DSÕVÕQÕ�J|VWHUHQ�PLNURJUDIODU�LVH�ùHNLO��¶WH�YHULOPHNWHGLU� 
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Tablo 3. hUHWLOHQ�DODúÕPODUÕQ�NLP\DVDO�ELOHúLPOHUL 

$ODúÕP 

 .�WOHFH�HOHPHQW�RUDQÕ���� 

$ODúÕP�.RGX Silisyum Stronsiyum 
Fe, P, V, Zn, vb. 

�VDIVÕ]OÕN�
elementleri) 

$O�PLQ\XP 

Al-12Si-0,1Sr  A 12,4 0,02 0,30 
Kalan Al-12Si-0,02Sr B 12,3 0,11 0,31 

Al-12Si-1Sr C 12,1 1,02 0,35 
 
ùHNLO� �¶WHNL� PLNURJUDIODU�� B DODúÕPÕQÕQ� Lo\DSÕVÕQÕQ� DO�PLQ\XPFD� ]HQJLQ� Į� ID]Õ�� |WHNWLN� VLOLV\XP�
SDUoDFÕNODUÕQÕQ�LQFH�N�UHVHO�úHNLOOL�ROGX÷X�|WHNWLN�DO�PLQ\XP-VLOLV\XP�ID]�E|OJHVL�YH�LQWHUPHWDOLN�$O-Fe-
6L� �į�� ID]Õ� LOH� SULPHU� VLOLV\XP� SDUoDFÕNODUÕQGDQ� ROXúWX÷XQX� J|VWHUPHNWHGLU� �ùHNLO� �a). A DODúÕPÕQÕQ�
Lo\DSÕVÕQGD�LVH�B DODúÕPÕQGD�J|]OHQHQ�ID]ODUD�LODYH�RODUDN�$O-Sr-6L�ID]Õ�RUWD\D�oÕNPÕúWÕU��ùHNLO��E���.�WOHFH�
��� RUDQÕQGD� 6U� LoHUHQ� C DODúÕPÕQGD� LVH� A DODúÕPÕQGDQ� IDUNOÕ� RODUDN� VDGHFH� $O-Sr-Si (Al46U�� ID]ÕQÕQ�
E�\�G�÷��YH�YH\D�EX�ID]�SDUoDFÕNODUÕQÕQ�VD\ÕVÕQÕQ�DUWWÕ÷Õ�J|]OHQPLúWLU��ùHNLO��F���$O-Si-6U�DODúÕPODUÕQÕQ�
Lo\DSÕVÕQGD� EX� ID]ODUÕQ� ROXúXPX� GDKD� |QFHNL� oDOÕúPDODUGD� DODúÕPODUÕQ� VR÷XPD� GDYUDQÕúODUÕQD�
GD\DQGÕUÕODUDN�GHWD\OÕ�ELU�úHNLOGH�RUWD\D�NR\XOPXúWXU�>13-20@��$ODúÕPODUÕQ�Lo\DSÕODUÕQÕQ�incelenmesinden 
HOGH�HGLOHQ�EXOJXODUÕQ�EX�NRQXGD�GDKD�|QFHGHQ�\DSÕOPÕú�oDOÕúPDODU�LOH�X\XPOX�ROGX÷X�J|]OHQPLúWLU� 
 

  

 
ùHNLO��� Al-12Si-6U�DODúÕPODUÕQÕQ�Lo\DSÕVÕQÕ�J|VWHUHQ�PLNURJUDIODU��D��$O-12Si-����6U��%�DODúÕPÕ���

b) Al-12Si-���6U��$�DODúÕPÕ��YH�F��$O-12Si-�6U��&�DODúÕPÕ� 

 

 

 

a) b) 

c) 
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hUHWLOHQ� DODúÕPODUÕQ� VHUWOLN�� oHNPH� GD\DQÕPÕ� YH� NRSPD� X]DPDVÕ� GH÷HUOHUL� LOH� EX� GH÷HUOHULQ� VWURQVL\XP�
RUDQÕQD�J|UH�GH÷LúLPLQL�J|VWHUHQ�H÷ULOHU�ùHNLO��¶WH�YHULOPHNWHGLU��A DODúÕPÕ��B DODúÕPÕQGDQ�D]GD�ROVD�VHUWOLN�
EDNÕPÕQGDQ�\�NVHN�ELU�GH÷HU�VHUJLOHUNHQ��C alDúÕPÕ�EX�LNL�DODúÕPGDQ�GDKD�G�ú�N�VHUWOLN�GH÷HUL�VHUJLOHPLúWLU��
hUHWLOHQ� DODúÕPODU� LoHULVLQGH� HQ� \�NVHN� oHNPH� PXNDYHPHWL� GH÷HUL� A DODúÕPÕQGDQ�� HQ� G�ú�N� oHNPH�
PXNDYHPHWL�GH÷HUL�LVH�C DODúÕPÕQGDQ�HOGH�HGLOPLúWLU��$O-12Si-6U�DODúÕPODUÕQÕQ�NRSPD�X]DPDVÕ�GH÷HUOeri 
LVH�DUWDQ�VWURQVL\XP�RUDQÕ�LOH�V�UHNOL�D]DOPÕúWÕU��ùHNLO�����6HUWOLN�|OoPH�YH�PHNDQLN�GHQH\OHUGHQ�HOGH�HGLOHQ�
EXOJXODU��GDKD�|QFH�EX�NRQXGD�\DSÕODQ�oDOÕúPDODU�LOH�X\XPOX�ROGX÷X�J|]OHQPLúWLU��$O-12Si-6U�DODúÕPODUÕQÕQ�
VHUWOLN�� PXNDYHPHW� YH� NRSPD� X]DPDVÕ� GH÷HUOHUL� �]HULQGH� VWURQVL\XPXQ� HWNLVLQL� LIDGH� HGHQ� GDKD� |QFH�
\DSÕODQ�oDOÕúPDODUGD�>��-��@�GHWD\OÕ�RODUDN�LUGHOHQHUHN�RUWD\D�NR\XOPXúWXU���/LWHUDW�UGHNL�EX�oDOÕúPDODUGD��
V|]� NRQXVX� DODúÕPODUÕQ� VHUWOLN� YH� PXNDYHPHWLQGH� VWURQVL\XP� NDWNÕODUÕQÕQ� QHGHQ� ROGX÷X� DUWÕú�� |WHNWLN�
VLOLV\XP� SDUoDFÕNODUÕQÕQ� N�o�O�S� N�UHVHOOHúHUHN� DODúÕPÕQ� Lo\DSÕVÕQGD� GDKD� KRPRMHQ� ELU� úHNLOGH�
GD÷ÕOPDVÕQD�������6U�RUDQÕQGDQ�VRQUD�EX�GH÷HUOHUGH�J|]OHQHQ�D]DOPD�LVH�į�ID]ÕQÕQ�PRUIRORML�GH÷LúWLUPHVL�
YH�YH\D�Lo\DSÕGDNL�LQWHUPHWDOLN�$O46U�ID]ÕQÕQ�PLNWDUÕQÕQ�DUWPDVÕQD�GD\DQGÕUÕODUDN�DoÕNODQPÕúWÕU��/LWHUDW�UGH�
[21-��@�� DODúÕPODUÕQ� NRSPD� X]DPDVÕ� ELU� EDúND� GH\LúOH� V�QHNOLN� GH÷HUOHULQGH�PH\GDQD� JHOHQ� D]DOPD� GD�
DO�PLQ\XPFD� ]HQJLQ� GHQGULWOHUGHNL� PRUIRORML� GH÷LúLNOL÷LQH� YH� GHQGULWOHU� DUDVÕ� E|OJHOHUGH� ROXúDQ�
intermetalik Al46U�ID]ÕQÕQ�HWNLVLQH�GD\DQGÕUÕOPÕúWÕU�� 

 
ùHNLO��� Al-12Si-6U�DODúÕPODUÕQÕQ�VHUWOLN��oHNPH�PXNDYHPHWL�YH�NRSPD�X]DPDVÕ�GH÷HUOHULQLQ�

VWURQVL\XP�RUDQÕQD�J|UH�GH÷LúLPLQL�J|VWHUHQ�H÷ULOHU 
  

$��%�YH�&�DODúÕPODUÕQÕQ� ൴úOHQPHV൴�HVQDVÕQGD�VDE൴W� ൴OHUOHPHGH����������YH�����P�GDN�NHVPH�KÕ]ODUÕ� ൴o൴Q�
|Oo�OHQ�NHVPH�NXYYHW൴�YH�\�]H\�S�U�]O�O�÷��JUDI൴NOHU൴��ùHN൴O��¶GD�YHU൴OP൴úW൴U��%X�JUDI൴NOHUH�J|UH�NHVPH�
KÕ]ÕQÕQ� DUWPDVÕ� ൴OH� W�P� DODúÕPODUGD� NHVPH� NXYYHW൴� YH� \�]H\� S�U�]O�O�÷�� GH÷HUOHU൴Q൴Q� D]DOGÕ÷Õ� WHVS൴W�
HG൴OP൴úW൴U�� .HVPH� KÕ]ÕQÕQ� DUWPDVÕ�� E൴U൴QF൴O� YH� ൴N൴QF൴O� GHIRUPDV\RQ� E|OJHV൴QGH� VÕFDNOÕN� ROXúXPXQX�
DWWÕUPDNWDGÕU�� %X� GXUXP�� NHVPH� E|OJHV൴QGH�PDO]HPHQ൴Q� DNPD�PXNDYHPHW൴Q൴� D]DOWDUDN� NHVPH� ൴úOHP൴Q൴�
NROD\ODúWÕUPDNWDGÕU��%|\OHO൴NOH��NHVPH�NXYYHW൴�D]DOÕUNHQ� ൴úOHQP൴ú�\�]H\�NDO൴WHV൴�GH�DUWPDNWDGÕU� >��������
��@�� 

  

b) a) 
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ùHN৻O����6DE৻W�৻OHUOHPHGH�NHVPH�NXYYHW৻�YH�\�]H\�S�U�]O�O�÷���]HU৻QGH�NHVPH�KÕ]ÕQÕQ�HWN৻V৻��D��I�������

PP�GHY��E��I������PP�GHY�YH�F��I�������PP�GHY 
 

7�P�DODúÕPODUÕQ�VDE൴W�NHVPH�KÕ]ÕQGD�����������YH������PP�GHY�൴OHUOHPH�GH÷HUOHU൴QGH�൴úOHQPHV൴�VRQXFXQGD�
|Oo�OHQ�NHVPH�NXYYHW൴�YH�\�]H\�S�U�]O�O�÷��JUDI൴NOHU൴��ùHN൴O��¶GH�YHU൴OP൴úW൴U�� 

  

 
ùHN৻O����6DE৻W�NHVPH�KÕ]ÕQGD�NHVPH�NXYYHW৻�YH�\�]H\�S�U�]O�O�÷���]HU৻QGH�৻OHUOHPHQ৻Q�HWN৻V৻��D��9������

P�GDN��E��9������P�GDN�YH�F��9������P�GDN 
 

ùHNLO� �¶WHNL� JUDILNOHUGH� VDELW� NHVPH� KÕ]Õ� GH÷HUOHULQGH� LOHUOHPH� RUDQÕQÕQ� DUWPDVÕQD� ED÷OÕ� RODUDN� NHVPH�
NXYYHWL�YH�\�]H\�S�U�]O�O�÷�Q�Q�W�P�DODúÕPODUGD�DUWWÕ÷Õ�J|]OHQPLúWLU��%X�GXUXPXQ��DUWDQ�LOHUOHPH�LOH�ELULP�
]DPDQGD�NDOGÕUÕODFDN�WDODú�KDFPLQLQ�YH�NHVLFL�WDNÕP-WDODú�DUD�\�]H\�DODQÕQÕQ�DUWPDVÕQGDQ�ND\QDNODQGÕ÷Õ�
G�ú�Q�OPHNWHGLU�>���29-��@��'L÷HU�ELU�LIDGH�LOH�Ra=f 2/32r HúLWOL÷LQH�J|UH�LOHUOHPH�KÕ]ÕQÕQ�\�]H\�S�U�]O�O�÷��
LOH�GR÷UX�RUDQWÕOÕ�ROGX÷X�YH�LOHUOHPH�KÕ]ÕQÕQ�DUWPDVÕ�LOH�\�]H\�S�U�]O�O�÷�Q�Q�GH�DUWDFD÷Õ�J|U�OPHNWHGLU��
%X�HúLWOLNWH��Ra��RUWDODPD�\�]H\�S�U�]O�O�÷���f��LOHUOHPH�KÕ]Õ�YH�r��NHVLFL�Xo�\DUÕoDSÕQÕ�LIDGH�HWPHNWHGLU�>��@��

c) 

c) 

 

a) b) 
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ùHNLO���YH��¶GH�VDELW�NHVPH�úDUWODUÕ�DOWÕQGD��$O-��6L�DODúÕPÕQD������RUDQÕQGD�6U� LODYHVL� �A DODúÕPÕ�� LOH�
������6U�LODYHOL�DODúÕPD��B DODúÕPÕ��J|UH�NHVPH�NXYYHWL�YH�\�]H\�S�U�]O�O�÷�Q�Q�D]DOGÕ÷Õ�J|]OHQPLúWLU��
Bu durumun, A DODúÕPÕQÕQ�NRSPD�X]DPDVÕQGD�PH\GDQD�JHOHQ�D]DOPDGDQ�ND\QDNODQGÕ÷Õ�G�ú�Q�OPHNWHGLU��
/LWHUDW�UGH� \DSÕODQ� oDOÕúPDODUGD�������� 6U� RUDQÕQGDQ� VRQUD� NRSPD� X]DPDVÕQGDNL� D]DOPDQÕQ� GHQGULWLN�
\DSÕGDNL�GH÷LúLPH�YH�GHQGULWLN�E|OJHOHUGH�$O46U�ID]ÕQÕQ�ROXúPDVÕQD�ED÷OÕ�ROGX÷X�LIDGH�HGLOPLúWLU��$\UÕFD��
GHQGULWLN�Į��$O��ID]�KDFPLQLQ�D]DOPDVÕ�YH�LQWHUGHQGULWLN�E|OJHOHUGH�LQWHUPHWDOLN�ELOHúLNOHULQ�ROXúPDVÕQGDQ�
GROD\Õ� DO�PLQ\XP� HVDVOÕ� DODúÕPODUGD� NRSPD� X]DPDVÕQÕQ� D]DOGÕ÷Õ� ELOLQPHNWHGLU� >���� ���� ��@�� $O-12Si 
DODúÕPÕQD����RUDQÕQGD�6U�LODYHVL��C DODúÕPÕ��LOH�A DODúÕPÕQD�J|UH�NHVPH�NXYYHWL�YH�\�]H\�S�U�]O�O�÷�Q�Q�
DUWWÕ÷Õ�J|]OHQPLúWLU��%X�GXUXP��\DSÕVDO�LQFHOHPH�VRQXFXQGD�$O-12Si-6U�DODúÕPODUÕQGD������RUDQÕQGD�6U�LOH�
o|NHOPH\H� EDúOD\DQ� $O46U� ID]ÕQÕQ� ����6U� RUDQÕQGDQ� VRQUD� GDKD� NDED� ELU� \DSÕ\D� G|Q�úPHVLQGHQ�
ND\QDNODQPÕú�RODELOLU�>��@��øo\DSÕGD�NDED�ELU�\DSÕ\D�G|Q�úHQ�Al46U�ID]Õ��NHVPH�LúOHPL�HVQDVÕQGD�SODVWLN�
GHIRUPDV\RQX� ]RUODúWÕUDUDN� NHVPH� NXYYHWLQL� DUWWÕUGÕ÷Õ� YH� LúOHQPLú� \�]H\� NDOLWHVLQL� D]DOWWÕ÷Õ�
G�ú�Q�OPHNWHGLU��$ODúÕPODUÕQ�WRUQDGD�LúOHQPHVL�HVQDVÕQGD�NHVLFL�XoWD�\Õ÷ÕQWÕ�WDODúÕQ��<7��ROXúWX÷X�WHVSLW�
HGLOPLúWLU��ùHNLO�����<7�ROXúXPX��NHVPH�KÕ]ÕQÕQ�DUWPDVÕ�LOH�D]DOGÕ÷Õ�J|U�OP�úW�U�>34]. %X�GXUXPXQ�DúÕUÕ�
GHIRUPH�ROPXú�\DSÕQÕQ�\HQLGHQ�NULVWDOOHúPHVL�YH�\XPXúDPDVÕQÕ�VD÷OD\DQ�ÕVÕQÕQ�DUWPDVÕQGDQ�ND\QDNODQGÕ÷Õ�
G�ú�Q�OPHNWHGLU� >35-3�@�� 'L÷HU� ELU� LIDGH� LOH� NHVPH� E|OJHVLQGH� ROXúDQ� VÕFDNOÕ÷ÕQ� DUWPDVÕ� LOH� SODVWLN�
GHIRUPDV\RQ� ROXúXPX� YH� NHVPH� LúOHPL� NROD\ODúPDNWDGÕU�� øOHUOHPHQLQ� DUWPDVÕQD� ED÷OÕ� RODUDN� <7�
ROXúXPXQXQ�DUWWÕ÷Õ�WHVSLW�HGLOPLúWLU��ùHNLO�����%X�GXUXPXQ�DUWDQ�WDODú�NHVLWLQH�ED÷OÕ RODUDN�WDNÕP-WDODú�DUD�
\�]H\�DODQÕQÕQ�DUWPDVÕQGDQ�ND\QDNODQGÕ÷Õ�G�ú�Q�OPHNWHGLU�>��-40]��ùHNLO��¶GD�VDELW�NHVPH�úDUWODUÕ�DOWÕQGD�
DODúÕPODUÕQ�LúOHQPHVLQGH�NHVLFL�XoWD�<7�ROXúXPXQD�DLW�J|U�QW�OHU�YHULOPLúWLU��%X�J|U�QW�OHUGH�HQ�D]�<7�
ROXúXPXQXQ�A DODúÕPÕQGD �ùHNLO��E��YH�HQ�ID]OD�<7�ROXúXPX�LVH�B DODúÕPÕQGD�J|]OHQPLúWLU��ùHNLO��D���%X�
GXUXP��DODúÕPODUÕQ�V�QHNOLN�|]HOOLNOHULQH�YH\D�NRSPD�X]DPDVÕ�GH÷HUOHULQH�GD\DQGÕUÕODUDN�DoÕNODQPDNWDGÕU�
�ùHNLO�����/LWHUDW�UGHNL�oDOÕúPDODUGD��PDO]HPHOHULQ�V�QHNOLN�|]HOOL÷LQGHNL�DUWÕúÕQ�NHVPH�HVQDVÕQGD�NHVLFL�
XoWD�ROXúDQ�NDUDUVÕ]�\DSÕGDNL�<7�H÷LOLPLQL�DUWWÕUGÕ÷Õ�YH� LúOHQPLú�\�]H\�NDOLWHVLQL�D]DOWWÕ÷Õ�ELOLQPHNWHGLU�
[41, 43-47]. 

��� 

  

  
ùHN৻O����)DUNOÕ�NHVPH�NRúXOODUÕQGD�$�DODúÕPÕQÕQ�৻úOHQPHV৻QGH�NHV৻F৻�XoWD�<7�ROXúXPX��D��9�����P�GDN�YH�
I������PP�GHY��E��9�����P�GDN�YH�I������PP�GHY��F��9�����P�GDN�YH�I������PP�GHY�YH�G��9�����P�GDN�YH�

I������PP�GHY 
 

a) 

 

b) 

 

c) 

 

d) 

 

YT 
YT 

YT YT 
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ùHN৻O����6DE৻W�NHVPH�NRúXOODUÕQGD�DODúÕPODUÕQ�৻úOHQPHV৻QGH�NHV৻F৻�XoWD�<7�ROXúXPX��9�����P�GDN�YH�I�����

PP�GHY���D��%�DODúÕPÕ��E��$�DODúÕPÕ�YH�F��&�DODúÕPÕ 
 

4. 6218d/$5��&21&/86,216� 
 
$O�6൴� HVDVOÕ� DODúÕPODU�� RWRPRW൴Y� HQG�VWU൴V൴QGH�PRWRU� EOR÷X�� MDQW� YH� S൴VWRQ� J൴E൴� E൴OHúHQOHUGH� \D\JÕQOÕNOD�
NXOODQÕOPDNWDGÕU�� '|N�P� \|QWHP൴� ൴OH� �UHW൴OHQ� EX� DODúÕPODUÕQ� PHNDQ൴N� V൴VWHPOHUGH� Q൴KD൴� �U�Q� RODUDN�
NXOODQÕODE൴OPHV൴� ൴o൴Q� WDODúOÕ� ൴PDODW� SURVHVOHU൴� X\JXODQPDNWDGÕU��hUHW൴P� YHU൴PO൴O൴÷൴�� �U�Q� VHUY൴V� |PU�� YH�
NDO൴WHV൴�EDNÕPÕQGDQ�EX�DODúÕPODUÕQ�KDVVDV�E൴U�úHN൴OGH�൴úOHQPHV൴�JHUHNPHNWHG൴U��%X�oDOÕúPDGD��$��%�YH�&�
DODúÕPODUÕQÕQ�WRUQDODQPDVÕ�HVQDVÕQGD�IDUNOÕ�6U�൴ODYHOHU൴�YH�NHVPH�SDUDPHWUHOHU൴Q൴Q�NHVPH�NXYYHW൴�YH�\�]H\�
S�U�]O�O�÷���]HU൴QGHN൴�HWN൴OHU൴�DUDúWÕUÕOPÕúWÕU��dDOÕúPD�VRQXoODUÕQGDQ�HOGH�HG൴OHQ�EXOJXODU�DúD÷ÕGDN൴�J൴E൴�
VÕUDODQDE൴O൴U� 
 
x %�DODúÕPÕQÕQ�൴o\DSÕVÕ�DO�P൴Q\XPFD�]HQJ൴Q�Į��|WHNW൴N�V൴O൴V\XP�SDUoDFÕNODUÕQÕQ�൴QFH�N�UHVHO�úHN൴OO൴�ROGX÷X�

|WHNW൴N�DO�P൴Q\XP�V൴O൴V\XP�YH� ൴QWHUPHWDO൴N�$O�)H�6൴� �į�� ID]ODUÕ� ൴OH�SU൴PHU�V൴O൴V\XP�SDUoDFÕNODUÕQGDQ�
ROXúPDNWDGÕU�� 

x $�DODúÕPÕ��%�DODúÕPÕQGD�J|]OHQHQ�ID]ODUD�൴ODYH�RODUDN�$O�6U�6൴��$O�6U��ID]ÕQÕ�GD�൴oHUPHNWHG൴U��&�DODúÕPÕ�
GD�$�DODúÕPÕ� ൴OH�D\QÕ� ID]ODUGDQ�ROXúPDNWDGÕU��$QFDN��&�DODúÕPÕQÕQ� ൴o\DSÕVÕQGDN൴�$O�6U�6൴� �$O�6U�� ID]�
SDUoDFÕNODUÕ��$�DODúÕPÕQGDN൴OHUH�J|UH�GDKD�NDED�úHN൴OO൴�YH�ID]ODGÕU� 

x $��%�YH�&�DODúÕPODUÕ�൴oHU൴V൴QGH�HQ�\�NVHN�VHUWO൴N�YH�PXNDYHPHW൴�$�DODúÕPÕ��HQ�\�NVHN�NRSPD�X]DPDVÕ�
GH÷HU൴Q൴�൴VH�%�DODúÕPÕ�VHUJ൴OHPHNWHG൴U� 

x .HVPH� KÕ]ÕQÕQ� DUWPDVÕQD� ED÷OÕ� RODUDN� NHVPH� NXYYHW൴� YH� \�]H\� S�U�]O�O�÷�� D]DOPÕúWÕU�� øOHUOHPHQ൴Q�
DUWPDVÕ�VRQXFXQGD�DUWPÕúWÕU� 

x 6DE൴W� NHVPH� úDUWODUÕ� DOWÕQGD� HQ� G�ú�N� NHVPH� NXYYHW൴� YH� \�]H\� S�U�]O�O�÷�� GH÷HUOHU൴� $� DODúÕPÕQÕQ�
൴úOHQPHV൴QGH�|Oo�O�UNHQ��HQ�\�NVHN�GH÷HUOHU�൴VH�&�DODúÕPÕQGD�|Oo�OP�úW�U�� 

x $ODúÕPÕQ� ൴úOHQPHV൴�HVQDVÕQGD�NHV൴F൴�NHQDUGD�<7¶Q൴Q�ROXúWX÷X��\�NVHN�NHVPH�KÕ]Õ�YH�G�ú�N� ൴OHUOHPH�
NRPE൴QDV\RQX�൴OH�<7¶Q൴Q�D]DOGÕ÷Õ�WHVS൴W�HG൴OP൴úW൴U� 

x .HVPH�HVQDVÕQGD�NHV൴F൴�XoWD�HQ�D]�<7�ROXúXPX�$�DODúÕPÕQGD�J|]OHQ൴UNHQ��HQ�ID]OD�<7�ROXúXPX�൴VH�%�
DODúÕPÕQGD�J|]OHQP൴úW൴U� 
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 Graphical/Tabular Abstract 

In this study, a new active cooling system was designed and prototyped for automobiles. In order 
to examine the results obtained from the experimental and numerical studies in more detail, points 
were defined in the seating area and the temperature values at these points were examined. 

 

 
(a) (b) 

Figure A. The temperature values of the points defined in the seating area in the 180th second of 
the (a) experimental (b) numerical study 

Purpose: The main purpose of this study is to provide the desired thermal comfort conditions at 
the hot seating area, especially in summer conditions by using the designed and prototyped active 
cooling system.   

Theory and Methods: The study consists of two main parts, experimental and numerical. In the 
H[SHULPHQWDO� VWXG\�� DIWHU� WKH� VHDW� ZDV� KHDWHG� XS� WR� ���&� LQ� D� FOLPDWLF� FDELQ�� WHPSHUDWXUH�
measurements were made from the defined points on the seat with the help of a thermal camera 
when the seat cooling system was active. In the numerical study, only the sitting area of the seat 
was modeled, and CFD analyzes were performed under similar conditions of the experimental 
study when the seat cooling system was both active and passive. 

Results: When the temperature distribution of the seat removed from the cabin is examined, it 
FDQ�EH�VHHQ�WKDW�DOPRVW�DOO�VXUIDFHV�DUH�DW�D�WHPSHUDWXUH�RI������&� In the process of time, it was 
observed that the surface temperature value approached the ambient temperature value. However, 
there were faster decreases in the blowing areas due to the air blown to the surface by the fan. 
The porous structure of WKH� VHDW� VXUIDFH� GHFUHDVHG� WR� ���&� LQ� WKH� ��WK� VHFRQG� DQG� WKH� RWKHU�
VXUIDFHV�ZHUH�DURXQG����&��Although there were areas on the seat that did not cool down until 
the 180th VHFRQG�� DIWHU� WKLV� WLPH� WKH� DOPRVW� HQWLUH� VHDW� VXUIDFH�ZDV� QHDUO\� ���&� In the CFD 
analysis, the air flow provided by the fan entered the seat model with a velocity of about 2 m/s 
and increased up to 4.5 m/s in the porous region. 
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Conclusion: In this study, a new active cooling system for automobiles was designed and 
prototyped to quickly cool the overheated seat surfaces in hot summer conditions. This system 
uses the indoor air conditioned by the vehicle air conditioning (AC) system and can provide more 
effective cooling with an additional cooling unit if desired. In the numerical study, the porous 
structure area added to the seat surface to obtain a homogeneous air distribution. When the results 
of the analysis, in which the fan effect is disabled and only natural convection cooling is realized, 
are compared with the results of the systems with fans, it is seen that at 60th seconds, the average 
VHDW�VXUIDFH�WHPSHUDWXUH�GHFUHDVHG�WR����&�ZLWK�RQO\�QDWXUDO�FRQYHFWLRQ��2Q�WKH�RWKHU�KDQG��WKLV�
YDOXH�LV�DSSUR[LPDWHO\����DQG����&�IRU�WKH�H[SHULPHQWDO�DQG�QXPHULFDO�VWXG\��UHVSHFWLYHO\��ZKHn 
the fan is activated. $W�WKH�HQG�RI�WKH�H[SHULPHQW��WKHVH�YDOXHV�DUH�DSSUR[LPDWHO\����&�IRU�WKH�
QDWXUDO�FRQYHFWLRQ�PRGHO��ZKLOH�WKH\�DUH�DSSUR[LPDWHO\����&�IRU�WKH�IDQQHG�PRGHOV� In addition, 
the experimental and numerical study results are in good agreement. 
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 Abstract 

Increasing technology in the automotive sector offers users more advanced comfort conditions. 
While the desired levels of thermal comfort in automobile seats are provided by seat heating 
systems in winter conditions, it is achieved by cooling the hot seat surfaces by using seat cooling 
systems in summer conditions. In this study, a new active cooling system was designed and 
prototyped for automobiles. This system uses the indoor air conditioned by the vehicle air 
conditioning (AC) system and can provide more effective cooling with an additional cooling unit 
if desired. The seating area of this developed seat design is modelled for three-dimensional (3D) 
Computational Fluid Dynamics (CFD) analysis. Experimental and numerical studies were carried 
out with the seats produced and modelled under conditions that would comply with both the 
automotive manufacturer's standards and the studies in the literature. The porous structure area 
added to the seat surface for a KRPRJHQHRXV�DLU�GLVWULEXWLRQ�GHFUHDVHG�WR����&�LQ�WKH���WK�VHFRQG�
DQG�WKH�RWKHU�VXUIDFHV�ZHUH�DURXQG����&��,Q�WKH�&)'�DQDO\VLV��WKH�DLU�IORZ�SURYLGHG�E\�WKH�IDQ�
entered the seat model with a velocity of about 2 m/s and increased up to 4.5 m/s in the porous 
region. The experimental and numerical study results are in good agreement. When the results of 
the analysis, in which the fan effect is disabled and only natural convection cooling is realized, 
are compared with the results of the systems with fans, it iV�VHHQ�WKDW�ORZHU�YDOXHV�RI�XS�WR���&�
are obtained on the seat surface with the active seat cooling system. It is thought that this 
developed system will contribute to the provision of thermal comfort conditions, especially in hot 
summer conditions. 

OtomobLOOHUGH�<HQLOLNoL�+DYD�.DQDOOÕ�.ROWXN�7DVDUÕPÕQÕQ�
'HQH\VHO�YH�6D\ÕVDO�2ODUDN�øQFHOHQPHVL 

g] 

2WRPRWLY�VHNW|U�QGH�DUWDQ� WHNQRORML�NXOODQÕFÕODUD�GDKD�JHOLúPLú�NRQIRU�NRúXOODUÕ� VXQPDNWDGÕU��
2WRPRELO�NROWXNODUÕQGD�ÕVÕO�NRQIRU�DoÕVÕQGDQ�DU]X�HGLOHQ�VHYL\HOHU�NÕú�NRúXOODUÕQGD�NROWXN�ÕVÕWPD�
VLVWHPOHUL\OH� VD÷ODQÕUNHQ�\D]�NRúXOODUÕQGD�NROWXN� VR÷XWPD� VLVWHPOHUL� NXOODQÕODUDN� VÕFDN�NROWXN�
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\�]H\OHULQLQ� VR÷XWXOPDVÕ\OD� VD÷ODQÕU�� %X� oDOÕúPDGD� RWRPRELOOHU� LoLQ� \HQL� ELU� NROWXN� VR÷XWPD�
VLVWHPL� WDVDUÕPÕ� \DSÕOPÕú� YH� SURWRWLSL� �UHWLOPLúWLU�� *HOLúWLULOHQ� EX� DNWLI� KDYDODQGÕUPDOÕ� NROWXN�
VLVWHPL� WDúÕW� LNOLPOHQGLUPH� VLVWHPL� WDUDIÕQGDQ� úDUWODQGÕUÕODQ� Lo� RUWDP� KDYDVÕQÕ� NXOODQÕ\RU� ROXS�
LVWHQLOGL÷LQGH� LODYH� ELU� VR÷XWXFX� �QLWH� LOH� GDKD� HWNLQ� ELU� VR÷XWPD� GD� VD÷OD\DELOLU�� $\UÕFD�
JHOLúWLULOHQ�EX�NROWXN�WDVDUÕPÕQÕQ�RWXUPD�E|OJHVL��o-boyutlu  �'�� +HVDSODPDOÕ�
$NÕúNDQODU�'LQDPL÷L��+$'��DQDOL]OHUL�\DSÕOPDN��]HUH�PRGHOOHQPLúWLU��hUHWLOHQ�YH�PRGHOOHQHQ�
NROWXNODUOD� KHP�RWRPRWLY� �UHWLFL� VWDQGDUWODUÕQD� KHP�GH� OLWHUDW�UGH� \HU� DODQ� oDOÕúPDODUD� X\JXQ�
RODFDN� NRúXOODU� DOWÕQGD� GHQH\VHO� YH� VD\ÕVDO� oDOÕúPDODU� JHUoHNOHúWLULOPLúWLU�� .ROWXN� \�]H\LQH�
homojHQ�ELU�KDYD�GD÷ÕOÕPÕ�LoLQ�HNOHQHQ�J|]HQHNOL�\DSÕ�E|OJHVLQLQ�VÕFDNOÕ÷Õ�����VDQL\HGH����&¶\H�
G�úW�÷�� YH� GL÷HU� \�]H\OHULQ� ���&� FLYDUÕQGD� ROGX÷X� J|U�OP�úW�U�� +$'� DQDOL]� VRQXoODUÕ�
LQFHOHQGL÷LQGH� LVH� IDQ� YDVÕWDVÕ\OD� VD÷ODQDQ� KDYD� DNÕPÕ� \DNODúÕN� ��P�V� KÕ]OD� NROWXk modeline 
JLUPLú� YH� J|]HQHNOL� E|OJHGH� ���� P�V¶\H� NDGDU� \�NVHOPLúWLU�� 'HQH\VHO� YH� VD\ÕVDO� oDOÕúPD�
VRQXoODUÕQÕQ�X\XP�LoLQGH�ROGX÷X�J|]OHQPLúWLU��)DQ�HWNLVLQLQ�GHYUH�GÕúÕ�EÕUDNÕOGÕ÷Õ�YH�VDGHFH�GR÷DO�
WDúÕQÕPOD� VR÷XPDQÕQ� JHUoHNOHúWL÷L� DQDOL]� VRQXoODUÕ� IDQOÕ� VLVWHPOHULQ� VRQXoODUÕ� LOH�
NDUúÕODúWÕUÕOGÕ÷ÕQGD�LVH�DNWLI�NROWXN�VR÷XWPD�VLVWHPL\OH�NROWXN�\�]H\LQGH�\DNODúÕN���&¶\H�NDGDU�
GDKD�G�ú�N�GH÷HUOHULQLQ�HOGH�HGLOGL÷L�J|U�OP�úW�U��*HOLúWLULOHQ�EX�VLVWHPLQLQ�|]HOOLNOH�VÕFDN�\D]�
NRúXOODUÕQGD�ÕVÕO�NRQIRU�úDUWODUÕQÕQ�VD÷ODQPDVÕQD�NDWNÕ�VD÷OD\DFD÷Õ�G�ú�Q�OPHNWHGLU� 

 
 

���*ø5øù��,1752'8&7,21� 

*�QO�N�KD\DWÕPÕ]GD�\D\JÕQ�ELU�úHNLOGH�NXOODQGÕ÷ÕPÕ]�WDúÕWODUÕQ�SHUIRUPDQVODUÕ\OD�ELUOLNWH�NRQIRU�NRúXOODUÕ�
GD� DUWPDNWDGÕU�� 2WRPRELOOHUGH� EXOXQDQ� |]HOOLNOHULQ� NXOODQÕFÕ� WDUDIÕQGDQ� DU]X� HGLOHQ� VHYL\HOHUH�
JHWLULOHELOPHVL� NRQIRUXQ� HQ� |QHPOL� IDNW|UOHULQGHQGLU�� 7DúÕW� NRQIRU� SDUDPHWUHOHULQLQ� EDúÕQGD� JHOHQ� ÕVÕO�
NRQIRU� WHPHO� RODUDN� RUWDPGDQ� GX\XODQ� ÕVÕO� PHPQXQL\HW� RODUDN� WDQÕPODQDELOLU� >�@�� ,VÕO� NRQIRU� NLúLQLQ�
PHWDEROLN�DNWLYLWH�G�]H\L�YH�JL\LQPHGHQ�ROXúDQ�NLúLVHO�IDNW|UOHU�YH�RUWDP�VÕFDNOÕ÷Õ��RUWDP�ED÷ÕO�QHPL��RUWDm 
KDYD� KÕ]Õ� YH� RUWDODPD� ÕúÕQÕP� VÕFDNOÕ÷ÕQGDQ� ROXúDQ� oHYUHVHO� IDNW|UOHU� ROPDN� �]HUH� LNL� WHPHO� IDNW|UGHQ�
ROXúPDNWDGÕU� >�-�@�� 2WRPRELOOHULQ� GL÷HU� WDúÕWODUD� J|UH� GDKD� VÕQÕUOÕ� ELU� KDFPH� VDKLS� ROPDVÕQGDQ� GROD\Õ�
LoHULVLQGHNL� KDYD� KÕ]Õ� YH� VÕFDNOÕN� GD÷ÕOÕPODUÕ� GH÷LúNHQOLN� J|VWHUPHNWH� YH� GROD\ÕVÕ\OD� WDúÕW� LoHULVLQGH�
EXOXQDQODUÕQ�ÕVÕO�NRQIRUX�HWNLOHQPHNWHGLU��'L÷HU�\DQGDQ�ÕVÕO�NRQIRU�|]HOOLNOH�X]XQ�PHVDIHOL�\ROFXOXNODUGD�
J�YHQOL�ELU�V�U�ú�LoLQGH�|QHPOL�IDNW|UOHUGHQGLU�>�@�� 

7DúÕW�LNOLPOHQGLUPH�VLVWHPOHUL\OH�WDúÕW�LoHULVLQGH�KDYDQÕQ�VÕFDNOÕN��QHP�YH�KÕ]Õ�NRQWURO�DOWÕQGD�WXWXODUDN�ÕVÕO�
NRQIRU�úDUWODUÕ�HOGH�HGLOHELOPHNWHGLU��$QFDN�VR÷XN�NÕú�D\ODUÕQGD�\D�GD�VÕFDN�\D]�D\ODUÕQGD�WDúÕW�LoHULVLQGH�
\HU�DODQ�RWXUPD�DODQODUÕQÕQ�VÕFDNOÕNODUÕ�GD�ÕVÕO�NRQIRUX�HWNLOH\HQ�SDUDPHWUHOHUGendir. Rusya, Danimarka gibi 
VR÷XN�LNOLP��ONHOHULQGH�VWDQGDUW�KDOLQH�JHOPLú�RODQ�NROWXN�ÕVÕWPD�VLVWHPOHUL��ONHPL]�JLEL�GDKD�ÕOÕPDQ�LNOLPH�
VDKLS��ONHOHUGH�LVH�NXOODQÕFÕ�WHUFLKLQH�EÕUDNÕOPÕúWÕU�>�@��.ROWXN�ÕVÕWPD�LúOHPL�LVH�JHQHO�RODUDN�WDúÕW�+HDWLQJ��
VentilDWLRQ�DQG�$LU�&RQGLWLRQLQJ��+9$&��VLVWHPLQGHQ�ID\GDODQÕODUDN�\D�GD�WHUPRHOHNWULNOL�FLKD]ODU��7('��
\DUGÕPÕ\OD�JHUoHNOHúWLULOPHNWH�ROXS� LNLQFL�VHoHQH÷LQ�KHP�WDúÕW� ÕVÕWPD�VLVWHPLQLQ�NDUDUOÕ�KDOH�JHOPHVLQLQ�
V�UH�DOPDVÕ�KHP�GDKD�EDVLW�X\JXODQDELOLUOL÷H�VDKLS�ROPDVÕ�KHP�GH�PDOL�DoÕGDQ�GDKD�X\JXQ�ROPDVÕ�GDKD�oRN�
WHUFLK�HGLOPHVLQL�VD÷ODPDNWDGÕU�>�@��7HUPRHOHNWULNOL�VLVWHP�DOWHUQDWLI�VLVWHPLQH�J|UH�GDKD�KDILI�ROPDVÕQGDQ�
GROD\Õ�WDúÕW�HPLV\RQXQD�GD�NDWNÕGD�EXOXQPDNWDGÕU�>�@��.ROWXN�VR÷XWPD�LúOHPL�LQFHOHQGL÷LQGH\VH�\LQH�ÕVÕWPD�
VLVWHPOHULQGH�ROGX÷X�JLEL�WDúÕW�LNOLPOHQGLUPH�VLVWHPLQH�ED÷OÕ�ELU�úHNLOGH�oDOÕúDELOHQ�VLVWHPOHU�YH�7('�NROWXN�
KDYDODQGÕUPD�VLVWHPOHUL�PHYFXWWXU��øNLQFL�VLVWHPGH�NROWX÷D�\HUOHúWLULOHQ�IDQGDQ�oÕNDQ�KDYDQÕQ�NROWXN�|Q�
\�]H\LQGH�EHOLUOHQHQ�QRNWDODUGDQ�oÕNPDVÕ\OD�NROWXN�VR÷XWPD�LúOHPL�JHUoHNOHúWLULOPHNWHGLU��%X�VLVWHP�KHP�
GDKD�KDILI�\DSÕVÕ�KHP�GH�GDKD�D]�PDOL\HWOL�ROPDVÕ�GROD\ÕVÕ\OD�GDKD�oRN�WHUFLK�HGLOPHNWHGLU�>�@��.DULPL�YH�
DUN�� LVH� 7('� NROWXN� VR÷XWPD� VLVWHPLQLQ� LQVDQODU� �VW�QGHNL� NRQIRU� SDUDPHWUHOHULQe etkilerini 
LQFHOHPLúOHUGLU��*HUoHNOHúWLUGLNOHUL�GHQH\VHO�oDOÕúPDGD�IDUNOÕ�ER\��NLOR�YH�\Dú�JUXEXQD�DLW����NLúL�����HUNHN�
YH� ��� NDGÕQ�� \HU� DOPÕú�ROXS� KHU� ELU� NLúLQLQ� Y�FXGXQGD� JHUoHNOHúHQ� VÕFDNOÕN� GH÷LúLPOHUL� Y�FXGXQ� IDUNOÕ�
QRNWDODUÕQGDNL����DGHW�ÕVÕO�oLIW�LOH�J|]OHQPLúWLU�>�@��6X�YH�DUN��LVH�WDúÕW�+9$&�VLVWHPL\OH�HQWHJUH�oDOÕúDQ�
NROWXN�VR÷XWPD�VLVWHPLQLQ�WDúÕW�SHUIRUPDQVÕQD�YH�\DNÕW�W�NHWLPLQH�RODQ�HWNLVLQL�GHQH\VHO�YH�VD\ÕVDO�RODUDN�
LQFHOHPLúOHUGLU�>�@��/HH�YH�/HH�EX�KHU�LNL�VLVWHPL�GH�NXOODQDUDN�GHQH\VHO�ELU�oDOÕúPD�JHUoHNOHúWLUPLúOHUGLU��
���&¶\H� NDGDU� ÕVÕWÕODQ� NROWX÷XQ� �]HULQGH� EHOLUOHQHQ� �� QRNWDGD� JHUoHNOHúHQ� VÕFDNOÕN� GH÷LúLPOHULQL�
LQFHOHPLúOHUGLU��6RQXo�RODUDN�LVH�KHU�LNL�VLVWHPLQ�GH�EHQ]HU�VR÷XWPD�SHUIRUPDQVODUÕ�J|VWHUGL÷LQL�DQFDN�WDúÕW�
HVAC sistemiyOH� HQWHJUH� oDOÕúDQ� NROWXN� VR÷XWPD� VLVWHPLQLQ� WDúÕW� V�U�ú� SHUIRUPDQVÕQÕ� GD� HWNLOHGL÷LQL�
J|]OHPOHPLúOHUGLU�� 7DúÕW� V�U�ú� SHUIRUPDQVÕQGD� J|U�OHQ� EX� GH÷LúLPGHQ� GROD\Õ� 7('� NROWXN� VR÷XWPD�
VLVWHPLQLQ�NXOODQÕPÕQÕ�|QHUPLúOHUGLU�>�@� 
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%X�oDOÕúPDGD�LVH�\XNDUÕGD�EDKVHGLOHQ�NROWXN�VR÷XWPD�VLVWHPOHULQGHQ�IDUNOÕ�RODUDN�IDQ�YH�J|]HQHNOL�\DSÕQÕQ�
JLULú� NHVLWLQGH� WDúÕW� LNOLPOHQGLUPH� VLVWHPL� WDUDIÕQGDQ� úDUWODQGÕUÕODQ� Lo� RUWDP� KDYDVÕQÕQ� NXOODQÕOGÕ÷Õ�
GROD\ÕVÕ\OD�LODYH�ELU�VR÷XWPD�VLVWHPLQGHQ�ID\GDODQÕOPDGÕ÷Õ�DQFDN�DU]X�HGLOGL÷LQGH LODYH�ELU�VR÷XWXFX��QLWH�
LOH� GDKD� HWNLQ� ELU� VR÷XWPDQÕQ� VD÷ODQDELOHFH÷L� DNWLI� KDYDODQGÕUPDOÕ� NROWXN� VLVWHPL� WDVDUODQPÕú�� SURWRWLS�
LPDODWÕ� JHUoHNOHúWLULOPLú� YH� KHP�RWRPRWLY� �UHWLFL� VWDQGDUWODUÕQD� KHP�GH� OLWHUDW�UGH� \HU� DODQ� oDOÕúPDODUD�
X\JXQ� RODFDN� NRúXOODU DOWÕQGD� GHQH\VHO� oDOÕúPDODU� JHUoHNOHúWLULOPLúWLU�� $\UÕFD� �UHWLOHQ� NROWX÷XQ� VD\ÕVDO�
RODUDN� GD� LQFHOHQHELOPHVL� LoLQ� �'� PRGHOOHQHUHN� GHQH\OHUOH� EHQ]HU� NRúXOODU� DOWÕQGD� DQDOL]OHUL�
JHUoHNOHúWLULOPLúWLU��/LWHUDW�UGH�\HU� DODQ�NROWXN� VR÷XWPD�PHWRWODUÕQGDQ� IDUNOÕ� RODUDN�GLUHN� WDúÕW� Lo�RUWDP�
KDYDVÕQGDQ�ID\GDODQÕODUDN�GDKD�G�ú�N�PDOL\HWOL�ELU�VLVWHP�WDVDUÕPÕ�|QHULOPLú�ROXS�\D]�D\ODUÕQGD�|]HOOLNOH�
J�QHú�ÕúÕQODUÕQD�GR÷UXGDQ�PDUX]�NDOPÕú�NROWXN�\�]H\OHULQGH�V�U�F��YH�\ROFXODU�LoLQ�GDKD�L\L�ÕVÕO�NRQIRU�
úDUWODUÕQÕQ�VD÷ODQDELOPHVL�KHGHIOHQPLúWLU� 

 

2. MATERYAL VE METOTLAR (MATERIALS AND METHODS) 

2.1. 'HQH\VHO�dDOÕúPD (Experimental Study) 

%X�oDOÕúPD�NDSVDPÕQGD�JHUoHNOHúWLULOHQ�GHQH\OHU�\D]�NRúXOODUÕQGD�J�QHú�DOWÕQGD�NDOPÕú�ELU�WDúÕW�NROWX÷X�
LoLQ�EHQ]HU�RUWDP�úDUWODUÕ�HOGH�HGLOHUHN�JHUoHNOHúWLULOPLúWLU��%X�NDSVDPGD�WDúÕW�NROWX÷X�ùHNLO��¶GH�J|U�OHQ�
NOLPDWLN�NDELQ�LoHULVLQH�\HUOHúWLULOPLú�ROXS�EX�NDELQLQ�Lo�RUWDP�VÕFDNOÕ÷Õ����&¶\H�NDGDU�\�NVHOWLOPLúWLU��%X�
NDELQLQ� WHNQLN� |]HOOLNOHUL� 7DEOR� �¶� GH� VXQXOPXú� ROXS� NDELQ� Lo� \�]H\OHUL \DOÕWÕPOÕGÕU�� .DELQ� Lo� RUWDP�
EDúODQJÕo� VÕFDNOÕ÷ÕQÕQ� ���&� RODUDN� EHOLUOHQPHVLQGH� RWRPRWLY� �UHWLFL� VWDQGDUWODUÕ� J|]� |Q�QGH�
EXOXQGXUXOPXúWXU��%X�NDSVDPGD�EDúODQJÕo�DQÕQGD����&�RODQ�NROWXN�\�]H\�VÕFDNOÕ÷ÕQÕQ���GDNLND�VRQUDVÕQGD�
���&�VÕFDNOÕN�GH÷HULQLQ�DOWÕQD�G�úPHVL�EHNOHQPHNWHGLU� >�@��$\UÕFD� OLWHUDW�UGH�\HU�DODQ�J�QHú� ÕúÕQÕPÕ\OD�
LOJLOL� oDOÕúPDODU� LQFHOHQGL÷LQGH� J�QHú� ÕúÕQODUÕ� DOWÕQGD� NDOPÕú� RODQ� WDúÕW� NROWXN� RWXUPD� \�]H\� VÕFDNOÕN�
GH÷HUOHULQLQ���-���&�PHUWHEHOHULQH�NDGDU�\�NVHOGL÷L��WDúÕW�NDELQ�Lo�RUWDP�VÕFDNOÕ÷ÕQÕQ���-���&�GH÷HUOHULQGH�
ROGX÷X�J|]OHQPLú�YH�oDOÕúPDGD�EHOLUOHQHQ�VÕQÕU�úDUWODUÕQÕQ�OLWHUDW�UOH�GH�X\XPOX�ROGX÷X�J|U�OP�úW�U�>��@��
.ROWXN��NDELQ�LoHULVLQGH����GN�EHNOHWLOLS��]HULQGH�KRPRMHQ�ELU�VÕFDNOÕN�GD÷ÕOÕPÕ�HOGH�HGLOGLNWHQ�VRQUD�RUWDP�
VÕFDNOÕ÷ÕQD�oÕNDUWÕOPÕú��RWXUPD�YH�VÕUW�NÕVÕPODUÕQD�\HUOHúWLULOPLú�RODQ�N�o�N�VDO\DQJR]�IDQODU�oDOÕúWÕUÕODUDN�
V�QJHU� LoHULVLQH� NRQXODQ� GLI�]|U� \DUGÕPÕ\OD� NROWXN� VR÷XWPD� LúOHPLQH� EDúODQPÕúWÕU�� %X� HVQDGD� NROWXN�
�]HULQGH�JHUoHNOHúHQ�VÕFDNOÕN�GH÷LúLPOHUL�LVH��������o|]�Q�UO�÷H�VDKLS�-���LOH������&�DUDVÕQGD������&�
KDVVDVL\HWOH�VÕFDNOÕN�|OoHELOHQ�)OLU�PDUND�WHUPDO�NDPHUD�LOH�J|]OHQPLúWLU� 

 

  
(a) (b) 

 

ùHNLO��� 'HQH\OHUGH�NXOODQÕODQ��D��NOLPDWLN�NDELQ�YH��E��NRQWURO�SDQHOL 
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Tablo 1. Klimatik kabin teknik |]HOOLNOHUL 
6ÕFDNOÕN�|Oo�P�DUDOÕ÷Õ -���&«�����& (�����&� 
*HQLúOLN 2.6 m 
Derinlik 2 m 
<�NVHNOLN 2 m 
Hacim 10.4 m3 

 

'HQH\OHUGH�NXOODQÕODQ�NROWXN��]HULQH�NDQDO�DoÕODUDN�\HUOHúWLULOHQ�VDO\DQJR]�IDQ�ùHNLO��¶GH�J|U�OPHNWHGLU��
.XOODQÕODQ� IDQ� ���� JU� D÷ÕUOÕ÷ÕQGD� ROXS� ��9� LOH� oDOÕúWÕUÕOPDNWDGÕU� YH� WHNQLN� |]HOOLNOHUL� 7DEOR� �¶� GH�
VXQXOPXúWXU� 

 

 
ùHNLO����'HQH\VHO�oDOÕúPDGD�NROWX÷D�\HUOHúWLULOHQ�VDO\DQJR]�IDQ 

 

Tablo 2. 6DO\DQJR]�IDQ�WHNQLN�|]HOOLNOHUL� 

Boyut 30x30x10 mm 
+DYD�DNÕú�KÕ]Õ� 5.5 CFM 
$÷ÕUOÕN� 8.6 g 
Devir  9500 rpm 
dDOÕúPD�VÕFDNOÕN�DUDOÕ÷Õ -10 - �����& 
Ses seviyesi 23 dB 

 

'HQH\VHO� oDOÕúPDGD� NXOODQÕODQ� NROWXN� ùHNLO� �� �D�¶GD� J|U�OHELOPHNWHGLU�� %X� NROWX÷XQ� VD\ÕVDO� oDOÕúPDGD�
NXOODQÕODELOPHVL�LoLQ�PRGHOOHQPLú�KDOL�LVH�ùHNLO����E�¶GH�J|U�OHELOPHNWHGLU� 
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(a) (b) 

ùHNLO�����D��'HQH\VHO�oDOÕúPDGD�NXOODQÕODQ�NROWXN��E��KDYDODQGÕUPD�VLVWHPL�HNOHQPHPLú�NROWXN�&$'�
modeli 

 

.ROWX÷XQ�RWXUPD�NÕVPÕQGD�KDYDQÕQ�GDKD�HIHNWLI�ELU�úHNLOGH�\D\ÕODELOPHVL�LoLQ�RWXUPD�E|OJHVLQGH�D÷ÕUOÕ÷ÕQ�
JHOGL÷L�DODQ�VHoLOHUHN�NROWXN�V�QJHUL� WDVDUÕPÕ�\DSÕOPÕúWÕU��'LNNDW�HGLOPHVL�JHUHNHQ�QRNWDODUGDQ�ELULVL�GH�
NROWXN�V�QJHUL��]HULQGH�\DSÕODFDN�RODQ�LúOHPOHUGHQ�VRQUD�NROWX÷XQ�NRQIRU�QRNWDVÕ�RODUDN�ELOLQHQ�NROWXN�YH�
DUDo�WDVDUÕPÕQGD�|]HOOLNOH�GLNNDW�HGLOHQ�+�QRNWDVÕQÕQ�GH÷LúPHPHVLGLU��+�QRNWDVÕ�NROWXN��]HULQH�RWXUDQ�\ROFX�
\D�GD�V�U�F�Q�Q�NDOoD���VW�EDFDN�YH�J|YGHQLQ�ELUOHúWL÷L�\HU�RODUDN�WDQÕPODQPDNWDGÕU�>�@��.ROWXNWD�EX�NRQXP�
VDELW� WXWXODUDN� �]HULQGH� JHUHNOL� WDVDUÕP� oDOÕúPDODUÕ� \DSÕOPDNWDGÕU�� %X� QRNWDQÕQ� |Oo�P��� \DSÕODQ� LQVDQ�
PRGHOL� WDVDUÕPODUÕ� LOH� |Oo�OPHNWHGLU��2WXUPD� V�QJHUL� ��� >JU�GP3@� \R÷XQOXNWDGÕU��$\UÕFD� RWXUPD� YH� VÕUW�
V�QJHUOHULQH�GHOLN�DoÕOGÕNWDQ� VRQUD� IDQ� oDOÕúWÕUÕOGÕ÷ÕQGD�KRPRMHQ�ELU� úHNLOGH�GD÷ÕOÕP� VD÷ODQPDVÕ� LoLQ�|Q�
\�]H\OHUH�GLI�]|U�HNOHQPLúWLU��'HQH\VHO�oDOÕúPDGD�NXOODQÕODQ�NROWXN�JHRPHWULVLQGH�ED]Õ�VDGHOHúWLUPHOHUH�
JLGLOHUHN�VD\ÕVDO�oDOÕúPDGD�NXOODQÕODFDN�RODQ�NROWXN�PRGHOL�ROXúWXUXOPXúWXU��ùHNLO���. 

 

 
ùHNLO��� 6D\ÕVDO�oDOÕúPD�LoLQ�NROWXN�PRGHOLQLQ�VDGHOHúWLULOPHVL 
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ùHNLO��¶WH�VDGHFH�NROWXN�V�QJHU�\DSÕVÕ�\HU�DOPDNWDGÕU���ùHNLO��¶WH�LVH�EX�NROWXN�WDVDUÕPD�LODYH�RODUDN�RWXUPD�
\�]H\LQGH�ERúOXN�J|U�QHQ�\DSÕ\D�J|]HQHNOL�ELU� \DSÕ�HNOHQPLú�KDOL� GH�J|U�OHELOPHNWHGLU��%X�HNOHQWLQLQ�
DPDFÕ�LVH�KHP�NROWXN�VWLO�\�]H\LQLQ�ER]XOPDPDVÕ�KHP�GH�V�U�F��YH\D�\ROFX�RWXUGX÷XQGD�PHYFXW�ERúOX÷X�
KLVVHWPHPHVL�DPDoODQPÕúWÕU��$\UÕFD�HQ�GÕú�\�]H\H�LVH���PP�NDOÕQOÕ÷ÕQGD�ELU�NXPDú�HNOHQHUHN�JHUoHN�NROWXN�
\�]H\L�PRGHOOHQPH\H�oDOÕúÕOPÕúWÕU� 

 

 
ùHNLO����6DGHOHúWLULOPLú�NROWXN�PRGHOLQGH�RWXUPD�\�]H\L��U�Q�D÷DFÕ 

 

6D\ÕVDO� oDOÕúPDGD� NXOODQÕODFDN� NROWXN� V�QJHUL�� NROWXN� NÕOÕIÕ�� J|]HQHNOL� \DSÕ� YH� KDYDQÕQ� JLUHFH÷L� KDYD�
NDQDOÕQGDQ�ROXúDQ�NROWXN�RWXUPD�PRGHOLQLQ�&XW&HOO�NXOODQÕODUDN�ROXúWXUXOPXú��������HOHPDQGDQ�ROXúDQ�
D÷� \DSÕVÕ� ùHNLO� �¶GD� J|U�OHELOPHNWHGLU�� 6D\ÕVDO� oDOÕúPDGD� NXOODQÕODQ� GL÷HU� VÕQÕU� úDUWODUÕ� LVH� 7DEOR� �¶WH�
VXQXOPXúWXU. 

 

 
ùHNLO����2WXUPD�\�]H\L�D÷�\DSÕVÕ�WDVDUÕPÕ 
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Tablo 3. 6D\ÕVDO�oDOÕúPDGD�NXOODQÕODQ�VÕQÕU�úDUWODUÕ 

2WXUPD�E|OJHVL�\�]H\�VÕFDNOÕ÷Õ ����& 
'Õú�RUWDP�VÕFDNOÕ÷Õ ����& 
*LULú�PHQIH]�VÕFDNOÕ÷Õ ����& 
*LULú�PHQIH]�KÕ]Õ 2.88 m/s 
2WXUPD�E|OJHVL�GÕú�\�]H\OHU 2GD�VÕFDNOÕ÷ÕQD�ED÷OÕ�WDúÕQÕP�VÕQÕU�úDUWÕ 
<DNÕQVDPD�NULWHUL 10-6 
%DVÕQo-+Õ]�LOLúNLOHQGLULOPHVL SIMPLE 
$\UÕNODúWÕUPD�PHWRGX��%DVÕQo� Standart 
$\UÕNODúWÕUPD�PHWRGX��$NÕú��HQHUML�YH�GL÷�� ��GHUHFHGHQ�8SZLQG�\|QWHPL 

 

*|]HQHNOL� \�]H\� RODUDN� PRGHOOHQHQ� NÕOÕIÕQ� DNÕú� \|QOHUL�� GLUHQo� NDWVD\ÕODUÕ� YH� JHoLUJHQOLN� NDWVD\ÕVÕ�
WDQÕPODQPÕúWÕU��'DKD� VRQUD� LVH� LoHULVLQGH� EXOXQDQ� GLUHQo� NDWVD\ÕODUÕ� LVH� DúD÷ÕGDNL� IRUP�OOHU� \DUGÕPÕ\OD�
EXOXQPXúWXU�>��@. BuradD�\HU�DODQ�J|]HQHNOL�\�]H\�KDYD�JHoLUJHQOLN�NDWVD\Õ� ���YH�J|]HQHNOL�\DSÕ�|Oo��
(Dp��GH÷HUOHUL�VÕUDVÕ\OD������YH�������P�DOÕQPÕúWÕU��%X�GH÷HUOHULQ�EHOLUOHQPHVLQGH�LVH�GHQH\VHO�oDOÕúPDGD�
NXOODQÕODQ�NROWXN�PDO]HPHVLQLQ�|]HOOLNOHUL�J|]�|Q�QGH�EXOXQGXUXOPXúWXU�  

 

Viskoz direnci;  

ߙ ൌ
ଶܦ

ͳͷͲ
߳ଷ

ሺͳ െ ߳ሻଶ
 1 

Atalet direnci;  

ܿଶ ൌ
͵ǡͷ
ܦ

ሺͳ െ ߳ሻ
߳ଷ

 2 

 

6D\ÕVDO�oDOÕúPDODUGD�NXOODQÕODQ�NRUXQXP�GHQNOHPOHUL�LVH�DúD÷ÕGD�YHULOPLúWLU�>��@. 

ߩ߲
ݐ߲

 ሬܸԦ൯ߩ൫ ൌ ܵ 
 

3 

 

%X�GHQNOHPGH�\HU�DODQ�6P�ND\QDN�WHULP�úHNOLQGH�LIDGH�HGLOLU��6LVWHPH�HNOHQHQ�N�WOH\L�LIDGH�HGHU��gUQH÷LQ�
ID]� GH÷LúLPL� VÕUDVÕQGD� EXKDUODúPD� VRQXFXQGD� HNOHQHQ� N�WOH� PLNWDUÕQÕ� J|VWHULU�� 0RPHQWXP� YH� HQHUML�
GHQNOHPOHUL�LVH�DúD÷ÕGDNL�JLEL�LIDGH�HGLOPLúWLU. 

 

߲ሺݑߩሻ
ݐ߲

ൌ ሬܸԦ൯ݑߩ൫ ൌ െ
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ݔ߲

 ሻݒߤሺ  ܵெೣ 4 
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 ሻݓߤሺ  ܵெ 6 
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Kartezyen koordinat sisteminde ifade edilen denklemlerde; ߩ \R÷XQOX÷X�� ሬܸԦ KÕ]�YHNW|U�Q���X��Y�YH�Z�KÕ]�
YHNW|UOHULQLQ�VÕUDVÕ\OD�[��\�YH�]�ELOHúHQOHULQL��6P�N�WOH�ND\QDN�WHULPLQL��60�PRPHQWXP�ND\QDN�WHULPLQL��S�
EDVÕQFÕ�� 6H� HQHUML� ND\QDN� WHULPLQL�� ĭ� LVH� GLVLSDV\RQ� �\D\ÕQÕP�� WHULPLQL� WHPVLO� HWPHNWHGLU�� %XUDGDNL�
disipasyon terimi enHUML�ND\EÕQÕ�LIDGH�HWPHNWHGLU��$\UÕFD�VD\ÕVDO�KHVDSODPDODUGD�OLWHUDW�UGH�\HU�DODQ�EHQ]HU�
VD\ÕVDO� oDOÕúPD� VRQXoODUÕQÕQ� NDUDUOÕOÕ÷Õ� J|]� |Q�QGH� EXOXQGXUXODUDN� VWDQGDUW� N-İ� W�UE�ODQV�PRGHOL� WHUFLK�
HGLOPLúWLU�>��]. 

 

3. %8/*8/$5�9(�7$57,ù0$ (RESULTS AND DISCUSSIONS) 

.OLPDWLN�NDELQ� LoHULVLQH�NRQXPODQGÕUÕODQ�NROWXN��NDELQ� LoHULVLQGH����GN�EHNOHWLOGLNWHQ�VRQUD�GÕú�RUWDPD�
DOÕQPÕú�YH� WHUPDO� NDPHUD\OD� NROWX÷XQ� VR÷XPD� LúOHPL� LQFHOHQPLúWLU��.ROWXN� \�]H\� VÕFDNOÕ÷ÕQÕQ� ]DPDQOD�
GH÷LúLPL� ùHNLO� �¶GH� VXQXOPXúWXU�� .DELQ� LoHULVLQGHQ� oÕNDUÕODQ� NROWX÷XQ� LON� DQGDNL� VÕFDNOÕN� GD÷ÕOÕPÕQD�
EDNÕOGÕ÷ÕQGD�QHUHGH\VH�W�P�\�]H\OHULQ�������&�VÕFDNOÕN�GH÷HULQGH�ROGX÷X�J|U�OHELOPHNWHGLU��%X�HVQDGD�
VDGHFH� NROWX÷XQ� VÕUW� YH� RWXUPD� E|OJHOHULQH� \HUOHúWLULOHQ� YH� LoHULVLQGH� KDYD� EXOXQDQ� J|]HQHNOL� \DSÕQÕQ�
EXOXQGX÷X� DODQODUGD� N�o�N� ORNDO� E|OJHOHULQ� VÕFDNOÕ÷ÕQÕQ� ELU� PLNWDU� G�ú�N� ROGX÷X� J|]OHQPLúWLU�� *HoHQ�
]DPDQOD� ELUOLNWH� NROWXN� \�]H\� VÕFDNOÕN� GH÷HULQLQ� RUWDP� VÕFDNOÕN� GH÷HULQH� GR÷UX� \DNODúWÕ÷Õ� DQFDN� IDQ�
YDVÕWDVÕ\OD� \�]H\H� �IOHQHQ� KDYD� VD\HVLQGH� �IOHPH� DODQODUÕQGD� GDKD� KÕ]OÕ� G�ú�úOHU� ROGX÷X� GD� UDKDWOÕNOD�
J|U�OHELOPHNWHGLU��g]HOOLNOH����VDQL\H�JHoWL÷L�KDOGH�NROWXN�\�]H\LQLQ�E�\�N�ELU�oR÷XQOX÷XQXQ����&¶QLQ�
�]HULQGH�ROPDVÕQD�UD÷PHQ�RUWDP�KDYDVÕQÕQ��IOHQGL÷L�J|]HQHNOL�E|OJH�VÕFDNOÕ÷ÕQÕQ�\DNODúÕN����&¶\H�NDGDU�
G�úW�÷��J|]OHQPLúWLU��%XQXQ�GÕúÕQGD������VDQL\HGH�LVH�NROWXN�\�]H\�VÕFDNOÕ÷ÕQGD�G�ú�úOHU�J|]OHQPHVLQH�
UD÷PHQ����&�PHUWHEHVLQGH�DODQODUÕQ�ROGX÷X��KDYD��IOHQHQ�E|OJHGHNL�G�ú�N�VÕFDNOÕNOÕ�DODQGD�KLVVHGLOLU�DUWÕú�
ROGX÷X�J|U�OHELOPHNWHGLU�������YH������VDQL\HOHU�DUDVÕQGD�LVH�NROWXN�\�]H\�VÕFDNOÕN�PHUWHEHOHUL�QHUHGH\VH�
HúLW� ROPDNOD� EHUDEHU� J|]HQHNOL� \DSÕQÕQ� EXOXQGX÷X� DODQÕQ� \DNODúÕN� WDPDPÕ� ���&� VÕFDNOÕN� PHUWHEHVLQH�
HULúPLúWLU� 

6D\ÕVDO�oDOÕúPDODUGDQ�HOGH�HGLOHQ�KÕ]�GD÷ÕOÕP�VRQXoODUÕ�LQFHOHQGL÷LQGH�J|]HQHNOL�\DSÕ�E|OJHVLQGH�IDQGDQ�
\DNODúÕN� �� P�V� KÕ]OD� oÕNDQ� KDYD� J|]HQHNOL� \DSÕ� E|OJHVLQGH� \DNODúÕN� ���� P�V� KÕ]� PHUWHEHOHULQH� NDGDU�
\�NVHOPLúWLU��)DQ��IOHPH�DODQÕQGD�HQ�\�NVHN�KÕ]�GH÷HULQGH�ROXS�EX�E|OJHGHQ�X]DNODúWÕNoD�\�NVHN�KÕ]OÕ�
DODQÕQ�D]DOGÕ÷Õ�J|U�OHELOPHNWHGLU��ùHNLO���. 
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180 sn 240 sn 300 sn 

   
ùHNLO����7HUPDO�NDPHUD�LOH�|Oo�OP�ú�NROWXN�\�]H\�VÕFDNOÕN�GD÷ÕOÕPODUÕ 

 

 
ùHNLO����.ROWXN�RWXUPD�E|OJHVLQGH�J|]HQHNOL�\DSÕ�LoLQGH�KDYDQÕQ�KÕ]��P�V��GD÷ÕOÕPÕ 

 

'HQH\VHO�YH�VD\ÕVDO�oDOÕúPDGDQ�HOGH�HGLOHQ�VRQXoODUÕ�GDKD�GHWD\OÕ�ELU�úHNLOGH�LQFHOH\HELOPHN�DGÕQD�NROWXN�
RWXUPD�E|OJHVLQH�QRNWDODU�WDQÕPODQPÕú�YH�EX�QRNWDODUGDNL�VÕFDNOÕN�GH÷HUOHUL� LQFHOHQPLúWLU� �ùHNLO�����%X�
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QRNWDODUGDQ�6S��YH�6S�¶QÕQ������VDQL\H�LoLQ�NDUúÕODúWÕUÕOPDVÕ�LVH�ùHNLO���¶GD�YHULOPLú�ROXS�EX�QRNWDODUGDNL�
VÕFDNOÕN�GH÷HUOHULQLQ�ROGXNoD�X\XPOX�oÕNWÕ÷Õ�J|U�OP�úW�U� 

 

 

 
(a) (b) 

ùHNLO���������VDQL\HGH��D��GHQH\VHO��E��VD\ÕVDO�oDOÕúPDGD�\HU�DODQ�NROWXN�RWXUPD�E|OJHVLQH�WDQÕPODQPÕú�
QRNWDODUÕQ�VÕFDNOÕN�GH÷HUOHUL 

 

 
ùHNLO���� �����VDQL\HGH�6S��YH�6S��QRNWDODUÕ�VÕFDNOÕN�GH÷HUOHULQLQ�NDUúÕODúWÕUÕOPDVÕ 

 

TDQÕPODQDQ�EX�QRNWDODUGDNL�VÕFDNOÕN�GH÷HUOHULQLQ�DULWPHWLN�RUWDODPDVÕ�DOÕQDUDN�IDUNOÕ�]DPDQ�DGÕPODUÕQGD�
GHQH\VHO�YH�VD\ÕVDO�oDOÕúPDGDQ�HOGH�HGLOHQ�VRQXoODU�NDUúÕODúWÕUÕOPÕúWÕU��ùHNLO��1���øON����VDQL\H�GHQH\VHO�
oDOÕúPDGDQ�HOGH�HGLOHQ�RUWDODPD�VÕFDNOÕN�GH÷HUOHUL�GDKD�\�NVHN�JHOPLúWLU��*HoHQ�]DPDQOD�ELUOLNWH�DUDGDNL�
IDUNÕQ�D]DOGÕ÷Õ�YH������VDQL\HGHQ�VRQUD�QHUHGH\VH�HúLW�GH÷HUOHU�DOGÕ÷Õ�J|U�OPHNWHGLU��*HQHO�RODUDN�JUDILNWH�
\HU�DODQ�VRQXoODU�LQFHOHQGL÷LQGH�LVH�GHQH\VHO�YH�VD\ÕVDO�oDOÕúPDODUÕQ�VRQXoODUÕQÕQ�X\XP�LoHULVLQGH�ROGX÷X�
UDKDWOÕNOD�V|\OHQHELOLU.  
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ùHNLO���� .ROWXN�RWXUPD�E|OJHVLQGH�]RUODQPÕú�WDúÕQÕP�HWNLVLQGH�RODQ�QRNWDODUGD�VD\ÕVDO�YH�GHQH\VHO�HOGH�

HGLOHQ�RUWDODPD�VÕFDNOÕN�GH÷HUOHULQLQ�NDUúÕODúWÕUÕOPDVÕ 

 

.ROWXN� \DSÕVÕQD� HNOHQHQ� VDO\DQJR]� IDQÕQ� VR÷XWPD� LúOHPLQH� HWNLVLQL� J|]OHPOH\HELOPHN� LoLQ� ROXúWXUXODQ�
NROWXN�PRGHOL�IDQ��IOHPHVLQLQ�DNWLI�ROPDGÕ÷Õ�GXUXPGD�VDGHFH�GR÷DO�WDúÕQÕPOD�VR÷XWXOPD\D�EÕUDNÕOPÕúWÕU��
%X�VD\ÕVDO�oDOÕúPD�HVQDVÕQGD�GL÷HU�W�P�VÕQÕU�úDUWODUÕ�IDQOÕ�PRGHO�LOH�D\QÕ�RODFDN�úHNLOGH�VHoLOPLúWLU��(OGH�
HGLOHQ� VRQXoODU� LQFHOHQGL÷LQGH� LVH� ��� VDQL\H� JHoWL÷LQGH� VDGHFH� GR÷DO� WDúÕQÕPOD� RUWDODPD� NROWXN� \�]H\�
VÕFDNOÕ÷ÕQÕQ�DQFDN����&¶\H�NDGDU�G�úW�÷���IDQOÕ�PRGHOOHUGH�LVH�GHQH\VHO�YH�VD\ÕVDO�oDOÕúPDODUGD�VÕUDVÕ\OD�
\DNODúÕN����YH����&¶\H�NDGDU�G�úW�÷��J|]OHQPLúWLU��ùHNLO��2���%X�GH÷HUOHU�oDOÕúPDQÕQ�VRQXQGD�LVH�VDGHFH�
GR÷DO� WDúÕQÕPOÕ�PRGHO� LoLQ�\DNODúÕN����&� LNHQ� IDQOÕ�PRGHOOHU� LoLQ�\DNODúÕN����&¶GLU��.ROWXNWD�\HU� DODQ�
VDO\DQJR]�IDQ�LOH�JHUoHNOHúWLULOHQ�VR÷XWPD�LúOHPL�VD\HVLQGH�NROWXN�\�]H\L�RUWDODPD�VÕFDNOÕN�GH÷HUOHULQLQ�
\DNODúÕN���&�GDKD�G�ú�N�ROGX÷X�J|]OHQPLúWLU. 

 
ùHNLO�����.ROWXN�RWXUPD�E|OJHVLQGH�]RUODQPÕú�YH�GR÷DO�WDúÕQÕP�HWNLVLQGH�RODQ�QRNWDODUGD�VD\ÕVDO�YH�

GHQH\VHO�HOGH�HGLOHQ�RUWDODPD�VÕFDNOÕN�GH÷HUOHULQLQ�NDUúÕODúWÕUÕOPDVÕ 

 

4. 6218d/$5 (CONCLUSIONS) 

%X�oDOÕúPDGD�RWRPRELOOHU� LoLQ�PHYFXW� OLWHUDW�UGH�\HU� DODQ�NROWXN� VR÷XWPD� VLVWHPOHULQGHQ� IDUNOÕ� RODUDN��
NROWXN� VR÷XWPD� VLVWHPL� NDSVDPÕQGD� NROWX÷D� HNOHQHQ� IDQ� YH� J|]HQHNOL� \DSÕQÕQ� JLULú� NHVLWLQGH� LODYH� ELU�
VR÷XWPD�VLVWHPLQGHQ�ID\GDODQÕOPDNVÕ]ÕQ�GLUHN�WDúÕW�LNOLPOHQGLUPH�VLVWHPL�WDUDIÕQGDQ�úDUWODQGÕUÕODQ�Lo�RUWDP�
KDYDVÕQÕQ� NXOODQÕOGÕ÷Õ� DQFDN� DU]X� HGLOGL÷LQGH� LODYH� ELU� VR÷XWXFX� �QLWH� LOH� GDKD� HWNLQ� ELU� VR÷XWPDQÕQ�
VD÷ODQDELOHFH÷L�DNWLI�KDYDODQGÕUPDOÕ�NROWXN�VLVWHPL�WDVDUÕPÕ�\DSÕODUDN�SURWRWLSL��UHWLOPLú�YH�EX�NROWX÷XQ�
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RWXUPD� E|OJHVLQLQ� ���� |OoHNWH� �'�+$'�PRGHOL� VDGHOHúWLUPHOHUH� JLGLOHUHN� ROXúWXUXOPXúWXU��hUHWLOHQ� YH�
modellenen koltuNODU�LOH�KHP�RWRPRWLY��UHWLFL�VWDQGDUWODUÕQD�KHP�GH�OLWHUDW�UGH�\HU�DODQ�oDOÕúPDODUD�X\JXQ�
RODFDN�NRúXOODU�DOWÕQGD�GHQH\VHO�YH�VD\ÕVDO�oDOÕúPDODU�JHUoHNOHúWLULOPLúWLU��'HQH\VHO�oDOÕúPDGD�NROWXN�|QFH�
���&� NOLPDWLN� NDELQ� LoHULVLQGH� KRPRMHQ� ELU� VÕFDNOÕN� GD÷ÕOÕPÕ� HOGH� HGLOHELOPHVL� LoLQ� ��� GN� ER\XQFD�
EHNOHWLOPLú�VRQUDVÕQGD�LVH�RUWDP�VÕFDNOÕ÷ÕQGD�NROWXN�LoHULVLQH�\HUOHúWLULOHQ�IDQ�\DUGÕPÕ\OD�VR÷XWXOPXúWXU��
%X�HVQDGD�NROWXN�\�]H\�VÕFDNOÕN�GH÷LúLPOHUL� WHUPDO�NDPHUD\OD�LQFHOHQPLúWLU��6R÷XWPD�LúOHPLQGH�IDQGDQ�
gelen hDYDQÕQ� NROWXN� DUD� \�]H\LQGH� KRPRMHQ� ELU� úHNLOGH� GD÷ÕODELOPHVLQL� VD÷ODPDN� LoLQ� J|]HQHNOL� \DSÕ�
NXOODQÕOPÕúWÕU��.ROWXN�RWXUPD�E|OJHVL��]HULQGH�QRNWDODU�WDQÕPODQDUDN�EX�QRNWDODUGDNL�VÕFDNOÕN�GH÷HUOHUL�LOH�
GHQH\VHO�YH�VD\ÕVDO�oDOÕúPDODUÕQ�VRQXoODUÕ�NDUúÕODúWÕUÕOPÕúWÕU��6RQXoODU�LQFHOHQGL÷LQGH�LVH�JHQHO�RODUDN�IDQ�
\DUGÕPÕ\OD�VR÷XWXODQ�J|]HQHNOL�\DSÕQÕQ�EXOXQGX÷X�DODQODUGD�GL÷HU�NROWXN�\�]H\OHULQH�J|UH�GDKD�KÕ]OÕ�ELU�
VR÷XPD� ROGX÷X� J|U�OP�úW�U��'HQH\H� EDúODQGÕNWDQ� ��� VDQL\H� VRQUDVÕQGD� NROWX÷XQ� J|]HQHNOL� E|OJHVLQLQ�
VÕFDNOÕ÷Õ�\DNODúÕN����&¶\H�NDGDU�G�úHUNHQ�GL÷HU�\�]H\OHULQ�VÕFDNOÕN�GH÷HUOHUL����&�PHUWHEHOHULQGH�ROGX÷X�
J|]OHQPLúWLU������VDQL\H�YH�VRQUDVÕQGD�LVH�NROWXN�\�]H\�VÕFDNOÕNODUÕQGD�oRN�E�\�N�GH÷LúLPOHU�J|]OHQPHPLú�
YH� IDQ� \DUGÕPÕ\OD� KDYDQÕQ� GRODúWÕ÷Õ� J|]HQHNOL� E|OJHQLQ� QHUHGH\VH� WDPDPÕ� ���&�GH÷HUOHULQH�XODúPÕúWÕU��
+$'�DQDOL]�VRQXoODUÕ�LQFHOHQGL÷LQGH�LVH�IDQ�YDVÕWDVÕ\OD�VD÷ODQDQ�KDYD�DNÕPÕ��NROWXN�PRGHOLQH�\DNODúÕN���
P�V�ELU�KÕ]OD�JLUPLú�YH�J|]HQHNOL�\DSÕ�LoHULVLQGH�\DNODúÕN�����P�V�GH÷HUOHULQH�NDGDU�\�NVHOPLúWLU. Koltuk 
\�]H\LQH�WDQÕPODQDQ�QRNWDODUÕQ�GHQH\VHO�YH�VD\ÕVDO�oDOÕúPDODUGDQ�HOGH�HGLOHQ�RUWDODPD�VÕFDNOÕN�GH÷HUOHUL�
NDUúÕODúWÕUÕOGÕ÷ÕQGD� LON� ��� VDQL\HGH� G�ú�N� PHUWHEHGH� IDUNOÕOÕNODU� J|U�OPHNOH� ELUOLNWH� ���� VDQL\H� YH�
VRQUDVÕQGD�QHUHGH\VH�HúLW�VRQXoODUÕQ�HOGH�HGLOGL÷L��KHU�LNL�oDOÕúPDQÕQ�VRQXoODUÕQÕQ�GD�X\XP�LoLQGH�ROGX÷X�
J|]OHQPLúWLU��.ROWXN�\�]H\LQLQ�IDQ�HWNLVL\OH�VR÷XWXOPDVÕQÕQ�HWNLVLQL�J|UHELOPHN�DPDFÕ\OD�+$'�PRGHOL�LOH�
IDQ� HWNLVLQLQ� GHYUH� GÕúÕ� EÕUDNÕOGÕ÷Õ� YH� VDGHFH� GR÷DO� WDúÕQÕPOD� VR÷XPDQÕQ� JHUoHNOHúWL÷L� Dnalizler 
JHUoHNOHúWLULOPLúWLU������VDQL\HGH�VDGHFH�GR÷DO�WDúÕQÕPOD�NROWXN�\�]H\LQLQ�RUWDODPD�VÕFDNOÕN�GH÷HUL�\DNODúÕN�
���&¶\H� NDGDU� G�úHUNHQ� IDQ� HWNLVLQLQ� GHYUHGH� ROGX÷X� GHQH\VHO� YH� VD\ÕVDO� oDOÕúPDODUGD� VÕUDVÕ\OD� ��� YH�
���&¶\H�NDGDU�G�úP�úW�U��%X�GH÷HUOHU�oDOÕúPDQÕQ�VRQXQGD�IDQ�HWNLVLQLQ�ROPDGÕ÷Õ�GXUXPGD�\DNODúÕN����&�
LNHQ�IDQ�GHYUH\H�DOÕQGÕ÷ÕQGD�JHUoHNOHúWLULOHQ�oDOÕúPDODUGD�\DNODúÕN����&�RODUDN�J|]OHQPLúWLU��%X�oDOÕúPD�
NDSVDPÕQGD��NDELQ�Lo�RUWDP�KDYDVÕQGDQ�ID\GDODQÕODUDN�NROWXN�\�]H\LQL�VR÷XWDELOPHN�LoLQ�JHOLúWLULOHQ�DNWLI�
NROWXN�VR÷XWPD�VLVWHPL\OH�NROWXN�\�]H\LQGH�\DNODúÕN���&�GDKD�G�ú�N�VÕFDNOÕN�GH÷HUOHULQLQ�HOGH�HGLOGL÷L��
EX�GH÷HULQ�ED]Õ�DQODUGD�\DNODúÕN���&¶\H�NDGDU�\�NVHOGL÷L�J|U�OP�úW�U��$\UÕFD�JHOLúWLULOHQ�EX�DNWLI�NROWXN�
VR÷XWPD� VLVWHPLQLQ� |]HOOLNOH� VÕFDN� \D]� G|QHPOHULQGH� \ROFX� \D� GD� V�U�F�OHU� LoLQ� ÕVÕO� NRQIRU� úDUWODUÕQÕQ�
VD÷ODQPDVÕQD�NDWNÕ�VD÷OD\DFD÷Õ�G�ú�Q�OPHNWHGLU. 

7(ù(..h5��$&.12:/('*0(176� 

0DUWXU�)RPSDN�,QWHUQDWLRQDO¶D�GHVWHNOHULQGHQ�GROD\Õ�WHúHNN�U�HGHUL]� 

SEMBOLLER VE KISALTMALAR (NOMENCLATURE) 

Semboller $oÕNODPD 
p  EDVÕQo       [Pa] 
ǻ  delta operator      - 
Se  enerji kaynak terimi     - 
�  dinamik viskozite      [Pas] 
ĭ  GLVLSDV\RQ��\D\ÕQÕP�WHULPL�    - 
c2  J|]HQHNOL�\DSÕ�DWDOHW�GLUHQFL    [1/m] 
Dp  J|]HQHNOL�\DSÕ�|Oo�V�     [m]  
 -  J|]HQHNOL�\�]H\�KDYD�JHoLUJHQOLN�NDWVD\ÕVÕ  
V  KÕ]       [m/s] 
u,v,w  KÕ]�YHNW|UOHUL      - 
Sm  N�WOH�ND\QDN�WHULPL     - 
 -     �DSODFLDQ�RSHUDW|U/  
SM  momentum kaynak terimi    - 
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Į  viskoz direnci      [1/m2] 
 R÷XQOXN      [kg/m3]\  ߩ
x,y,z  \|Q�YHNW|UOHUL      - 
 
.ÕVDOWPDODU $oÕNODPD 
AC  Air Conditioning 
CFD  Computational Fluid Dynamics 
HVAC  Heating, Ventilation And Air Conditioning 
HAD  +HVDSODPDOÕ�$NÕúNDQODU�'LQDPL÷L 
SIMPLE Semi-Implicit Method For Pressure Linked Equations 
TED  Termoelektrikli Cihazlar 
3D  ho�%R\XWOX 
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 Abstract 

Titanium alloys are one of the materials that are difficult to process due to their high strength, 
high hardness and low thermal conductivity, wherefore low tool life and surface quality and high 
energy consumption are involved in shaping them with traditional manufacturing methods. In 
particular, special tool geometries are required for the machining of complex geometry parts 
including helical groove, keyseat, micro-holes, etc. with traditional manufacturing methods, 
which leads to increases in machining costs. In such cases, non-traditional alternative processing 
methods are preferred. In this study, keyseat shaping procedures were performed according to 
DIN 6885 standard in the electro (die-sinking) erosion machine for Ti-4Al-6V alloy. As a result 
of experiments conducted in copper electrode and Belone EDM F dielectric fluid environment, 
the effects of different processing parameters (discharge current, pulse on time and pulse off time) 
on measuring accuracy were investigated. In addition, the effects of 3D surface and SEM images 
and processing parameters on the accuracy of the coordinate measurement were evaluated. With 
the low discharge current, less thermal energy is transferred to the workpiece and smaller particles 
are removed from the workpiece, obtained in closer results to the targeted values. The biggest 
difference between the targeted keyseat depth, width and length and the measured value was 
18.13%, 4.24% and 0.625%, respectively. The results closest to the specified standard keyseat 
GLPHQVLRQV�ZHUH�REWDLQHG�LQ�,S �$��7RQ ���ȝV��7RII ���ȝV�SURFHVVLQJ�SDUDPHWHUV� 
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1. INTRODUCTION 

Key and keyseat are widely used in power transfer operations. It is very important that it is done with the 
characteristics and precision to withstand the forces formed during the power transfer [5-6]. The dimensions 
of the keyseat are determined according to the diameter of the shaft. If the keyseat is not made within the 
intended dimensions, it can cause serious problems. Therefore, it is important that the keyseat is produced 
within the intended size limits and from high strength material. The fact that the machined parts will be 
used in important places such as movement and power transmission by working at high temperature and 
speed increases the importance of processing parameters even more. In this context, in the studies on the 
processing of titanium alloy with the EDM method, Verma et al. investigated the effects of different 
machining parameters by die-sinking electro-erosion on the machining of titanium alloy using copper 
electrodes. In the experiments, they used to pulse on time, pulse off time, dielectric pressure, and voltage 
parameters as processing parameters. In their studies, they achieved higher material removal rate in the use 
of high voltage, high pulse on time and medium dielectric pressure. Increasing the pulse on time caused an 
increase in microcracks on the machined surfaces. In addition, dielectric flow pressure has played an 
important role in increasing the material removal rate. They observed that when dielectric flow pressure 
was low, it was inadequate to remove debris [7]. Klocke et al. [8] compared the effect of polarity in 
processing Ti-6Al-4V titanium and 42CrMo4 iron alloy with die-sinking electro erosion. Bhaumik et al. 
[9] The effect of titanium G6 alloy on the material removal rate (MRR) and tool wear rate (TWR) of 
different tool materials such as copper, brass, and zinc during EDM performance they have evaluated. They 
obtained higher MRR with brass and zinc tools than copper team. However, copper electrode performed 
better in tool wear. Singh et al. [10] have attempted different flushing methods to improve the flushing 

http://dergipark.gov.tr/gujsc
https://orcid.org/0000-0002-3120-1599


78                           5DPD]DQ�d$.,52ö/8���GU J Sci, Part C, 10(1): 77-85 (2022) 

 

action during EDM. They used copper tools with and without holes. They observed that flushing using 
compressed argon gas from perforated tools had a positive effect on MRR and TWR throughout.  Prakash 
et al. [11] investigated the dimensional accuracy of the processing depth by processing AISI 1035 material 
with EDM. In their study, they used discharge current, pulse on time and pulse off time as processing 
variables. Gambling et al. [12] investigated the surface integrity and dimensional accuracy of P91 steel in-
EDM processing. Sanchez et al. [13] investigated the effects of the parameters used in the EDM method on 
dimensional accuracy and optimized the result. After the literature research, it was observed that there was 
no comprehensive study to machining keyseat in standard sizes determined by mile diameter with EDM.  

In this study, electro-erosion machining experiments were carried out in different processing parameters in 
order to machining keyseat in DIN 6885 standard for Ti-6Al-4V alloy with cylindrical geometry. As a result 
of the experiments, keyseat dimensions were measured with CMM device. In addition, the effects of 3D 
surface and SEM images and processing parameters on the accuracy of the measurement were analyzed. 

2.MATERIALS AND METHODS 

2.1. Experimental Equipment 
The main purpose of this study is to determine the effects of processing parameters on the completeness of 
the measurement in the process of machining the keyseat with EDM to the Ti-6Al-4V alloy. In this study, 
Ti-4Al-6V titanium alloy with a diameter of 14 mm was used as the workpiece material. For the specified 
diameter, the DIN 6885 standard is set to be keyseat dimensions width (b) 5mm, depth (h) 5mm, keyseat 
depth (t1) 3mm and length (L) 20mm. Keyseat sizes according to DIN 6885 standard are given in Figure 
1.  

 

Figure 1. Keyseat dimensions according to DIN 6885 standard 

Copper material with 99.5% purity was preferred as a tool (electrode). The tools were prepared by cutting 
on a wire erosion bench based on the keyseat dimensions. In Figure 2, the dimensions of the workpiece and 
tool, and the processing principle are shown. The experiments were carried out on the Furkan compact 1 
Z-NC type die-sinking electro erosion bench. Belone EDM F liquid with high flash point and low viscosity 
was used as dielectric fluid.  
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Figure 2. a) Dimensions of the workpiece and tool (electrode), b) processing principle and keyseat 
dimensions 

2.2. Experimental design 
As a result of preliminary experiments and literature review, three different discharge currents (Ip), three 
different pulse on times (Ton) and two different pulse off times (Toff) were determined as variable 
parameters. Table 1 shows the levels of variable processing parameters and the parameters kept fixed. 

Table 1. Processing parameters 

Processing Parameters Levels 
Variable parameters 1 2 3 
Discharge current, A 9 12.5 15 
WƵůƐĞ�ŽŶ�ƚŝŵĞ͕�ʅƐ 150 200 250 
WƵůƐĞ�ŽĨĨ�ƚŝŵĞ͕�ʅƐ 100 120 --- 
Fixed parameters    
Dielectric pressure, kgf/cm2 0.4   
Retract distance, mm 4.5   
Workpiece material Ti-6Al-4V   
Workpiece polarity Negative   
Tool (Electrode) material Copper   
Tool polarity Positive   
Dielectric fluid BELONE EDM F   
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Figure 3. Experimental setup and workflow 

Dimensional measurements of keyseats obtained after the experiments were made with Global Classic 
091508 model coordinate measuring machine (CMM). Before the measurements, the calibration process 
was performed at the angle of A90B-90. The plane formed from the ground surface of the workpiece was 
leveled and the position of the workpiece was fixed by verifying with the "line" formed from one side of 
WKH�NH\VHDW��³W�´�PHDVXUHPHQW�UHVXOWV�ZHUH�REWDLQHG�E\�FDOFXODWLQJ�WKH�SODQH�RQ�WKH�JURXQG�DQG�WKH�H[WUHPH�
point of the outer diameter. The "b" measurement results were obtained with the lines obtained by 
contacting two points on the side surfaces of the keyseat. Radius (R) measurements were obtained with 
circles created by touching three points, and the distance measurement between the circles and the "L" 
dimension were checked. Perpendicular to the ground "line" was formed from the side walls of the keyseat, 
and perpendicularity checks were made with the plane on the floor. All calibration and measurement 
SURFHVVHV�ZHUH�FDUULHG�RXW�DW���ႏ��7KH�H[SHrimental setup and workflow are shown in Figure 3. 

3.RESULTS 

In this study, experiments were carried out according to the Taguchi L18 experimental design, which was 
created according to different machining parameters for keyseat machining in DIN 6885 standard on Ti-
6Al-4V alloy by EDM method. As a result of the experiments, dimensional measurements of the keyseat 
were made and the results are given in Table 2. 

Table 2. Experimental design 

Experiment 
No. 

Discharge 
current 

Ip 

Pulse on 
time 
Ton 

Pulse off time 
Toff 

Depth 
 

t1 

Width 
 

b 

Length 
 
L 

Radus 
 

ravg 
1. 9 150 100 2.952 5.153 20.075 2. 5680 
2. 9 200 100 2.946 5.191 20.124 2. 5800 
3. 9 250 100 2.704 5.212 20.117 2. 5810 
4. 12.5 150 100 2.459 5.150 20.066 2. 5670 
5. 12.5 200 100 2.851 5.167 20.112 2. 5805 
6. 12.5 250 100 2.914 5.169 20.100 2. 6205 
7. 15 150 100 2.570 5.132 20.092 2. 5590 
8. 15 200 100 2.597 5.173 20.118 2. 5620 
9. 15 250 100 2.891 5.202 20.125 2. 5865 

10. 9 150 120 3.014 5.042 20.080 2. 5780 
11. 9 200 120 2.950 5.166 20.094 2. 5945 
12. 9 250 120 2.890 5.175 20.118 2. 6070 
13. 12.5 150 120 2.700 5.161 20.094 2. 5675 
14. 12.5 200 120 2.830 5.182 20.105 2. 5650 
15. 12.5 250 120 2.872 5.184 20.125 2. 5815 
16. 15 150 120 2.456 5.161 20.079 2. 5640 
17. 15 200 120 2.763 5.145 20.070 2. 6065 
18. 15 250 120 2.695 5.182 20.097 2. 5900 
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Figure 4. Keyseat depth 

 

Figure 5. Keyseat width 

 

Figure 6. Keyseat length 

Figure 4-6 shows the graphs created according to the keyseat values obtained as a result of machining Ti-
6Al-4V alloy with different machining parameters. When Figure 4 is examined, the closest value to the 
targeted keyseat depth was obtaiQHG�LQ�H[SHULPHQW�QR������,S �$��7RQ ����V��7RII ����V���7KH�GLIIHUHQFH�
between the average keyseat depth of 3.014 mm and the keyseat depth obtained as a result of this experiment 
was calculated as 4.10%. The biggest difference between the target value and the measured values was 
18.13% in the test condition no. 4. It is thought that these changes in depth are caused by the machining 
process and tool wear depending on the machining parameters. When the discharge current and the pulse 
on time are high, the chip removal rate increases, but the high temperature caused causes faster tool wear 
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[14]. On the other hand, it can be said that the sticking of chips from the machined material to the tool 
causes irregularity in arc formation, reducing the chip removal rate and thus moving away from the target 
value in depth. As a matter of fact, the deviation is higher due to the reasons mentioned in the experiments 
where the discharge current and pulse duration are high (Table 2). 

Figure 5 and Figure 6 show the changes in keyseat width and length, respectively, according to the 
machining parameters. The average of the keyseat width and length values are 5.0819 and 20.0497, 
respectively. The largest difference between the targeted keyseat width and the measured value was 4.24%, 
while the deviation between the keyseat length was 0.625% at most. These values indicate that the deviation 
in keyseat width is larger. This result is mainly due to the large surface area falling on the keyseat width 
and thus the formation of chips and sparks on the larger surface. On the other hand, it is thought that the 
increasing arc gap [15] with the increase of thermal energy in experiments with high pulse duration causes 
an increase in the amount of deviation from the target value. However, less thermal energy is transferred to 
the workpiece with a low discharge current and chip removal in smaller particles from the workpiece 
resulted in closer results to the targeted values (Table 2). In addition, the low pulse on time and high pulse 
off time reduced the rate of spark falling on the workpiece surface per unit time [16]. Thus, less melting 
and evaporation processes, less pits and less crater formations increased the accuracy of measurement. 

 

Figure 7. 3D topographies of processed surfaces 

Figure 7 shows the 3D surface topographies taken from the base of the keyseat. Considering that the pulse 
on time (Ton) remains the same, the formation of irregular structures consisting of high peaks and valleys 
on the machined surface in Figure 7a draws attention, while in Figure 7b it is seen that the machined surface 
has a relatively more homogeneous structure. High Ip and low Toff values caused deterioration of the 
homogeneous structure on the surface and had a negative effect on both surface roughness and measurement 
accuracy. By increasing the impact dwell time, that is, when the metal removal rate is reduced, shallower 
craters were formed on the workpiece surface [17]. In order to examine these formations more clearly, SEM 
images were taken from the machined keyseats for the same machining conditions (Figure 8). 
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Figure 8. SEM images of corner radius and cross section 

It is very important to clean the residues in the processing area accurately and quickly in reducing the 
amount of error in the geometric dimensions of the machined surfaces. Removal of debris from the keyseat 
cavity is necessary to achieve stable machining performance. If residues cannot be removed from the 
machined area, it can lead to unstable machining performance and poor geometric dimensions [18±20]. The 
desired edge radius depending on the machining geometry and the SEM images obtained after 
metallographic polishing on the cross-section of the processed samples are given in Figure 8. It is seen that 
the craters and keyseat profile lines on the machined surfaces change depending on the machining 
parameters. As can be seen from the cross-section pictures (Figure 8b), deeper and wider craters due to 
machining parameters that provide high metal removal rate increased the deviation from the dimensions. 
At the same time, sparks will occur on the larger surface, as possible adhesions on the tool surface disrupt 
the tool geometry [21]. It is thought that this process enlarges the removed surface area, causing both 
deviations from the keyseat profile and an irregular form of surface quality. 

In the light of all the results, it has been observed that in the machining of parts with complex geometry by 
electro-erosion, deviations may occur in different sizes due to arc formation according to the profile-tool 
surface area. It has been revealed that the most important parameters affecting the material removal rate 
and surface integrity in EDM of Ti-6Al-4V alloy are flow and pulse on time. On the other hand, the fact 
that no residues stick to the machined surfaces indicates that the dielectric fluid and application pressure 
used in the experiments were chosen correctly. When electro-erosion machining is required on parts 
produced from Ti-6Al-4V alloys, it is recommended to use low current, medium pulse on time and high 
pulse off time in order to achieve the desired dimensions and surface qualities. 

4.CONCLUSIONS 

In this study, a comprehensive evaluation of the dimensional measurement results obtained as a result of 
keyseat forming into Ti-4Al-6V alloy with different machining parameters in EDM was made. The findings 
obtained as a result of the study are presented below: 

ͻ By transferring less thermal energy to the workpiece with low discharge current and 
removing chips from the workpiece in smaller particles, results closer to the targeted values 
were obtained. 

ͻ High Ip and Ton and low Toff values caused deterioration of the homogeneous structure on 
the machined surface and had a negative effect on the measurement accuracy. 
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ͻ 2SWLPXP�SDUDPHWHUV�ZHUH�REWDLQHG�DV�,S �$��7RQ ����V��7RII ����V�IRU�NH\VHDW�FXWWLQJ�
into Ti-4Al-6V alloy. In this context, the closest keyseat depth to the target value was 
measured as 3.014 mm. 

ͻ The largest deviations between the targeted keyseat depth, width and length and measured 
values were 18.13%, 4.24% and 0.625%, respectively. 

ͻ It has been observed that correct and rapid cleaning of the residues in the processing area is 
an important factor in reducing the amount of errors in the geometric dimensions of the 
surfaces processed by electro-erosion. 
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 Graphical/Tabular Abstract 

This article presents the variation in the thermal properties of Bi-Ga partial substitution in Bi1,8-

xGaxPb0,2Sr2CaCu2Oy (BSCCO) glass ceramic structures. The experimental steps of BSCCO 
glass ceramic samples are specified. The samples were produced with Bi-Ga partial substitution 
at different ratio using the melt casting method. Thermal properties were analyzed using the 
differential thermal analysis (DTA) method. The mass gain in the samples was investigated by 
the thermogravimetric analysis (TGA) method.  

. Figure 1 Schematic representation of experimental processes of  Bi1,8-

xGaxPb0,2Sr2CaCu2Oy samples 

 

Purpose: The aim is to examine the effect of Bi-Ga partial substitution on the thermal properties 
of the BSCCO glass ceramic structure.  

Theory and Methods: First, the heat treatment stage of the powder samples was specified. Then, 
the process of transforming the molten material into glass was performed (Figure 1). Finally, the 
effect of partial substitution ratio of Ga in the Bi1,8-xGaxPb0,2Sr2CaCu2Oy on thermal properties 
using DTA and TGA measurements. 

Results: In the DTA curves of all samples, it is seen that as the heating rate is increased, it shifts 
to the high temperature regions at the glass transition temperature and crystallization temperature. 
Avrami parameters were calculated for each sample using the crystallization peaks in the DTA 
curves. The Avrami parameters of samples were calculated as 3,45; 2,82; 2,25 and 2,58 for A, B, 
C and D respectively. Compared to the A, the activation energy of the B increased by 1-2 kJ/mol, 
but this energy level started to decrease as the substitution ratio increased. When the graphs are 
examined for all samples, it is seen that the crystallization rate increases with the increase in the 
substitution ratio.  

Conclusion: Since the required energy range for crystallization will be lower at low temperatures, 
there will be sufficient time for nucleation. However, as the higher heating rates are increased, 
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 the required energy range is exceeded rapidly and there will be no time required for nucleation, 
and the crystallization temperature will increase proportionally. Volumetric nucleation from the 
surface inwards in all samples shows that the surface nucleation is more dominant than the 
volumetric nucleation as the substitution ratio increases. It can be said that samples with high 
energy level are thermally more stable than samples with low energy levels. 
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Investigation of Thermal Properties of Bi1,8-xGaxPb0,2Sr2CaCu2Oy 
Glass Ceramics  

Abstract 

In this study, the effect of Bi-Ga partial substitution at x = 0,0; 0,025; 0.1; 0,2 on the thermal 
properties of the Bi1,8-xGaxPb0,2Sr2CaCu2Oy structure. Experimental nucleation ratios were 
analyzed in terms of nucleation theory using Arvami parameters as a function of temperature and 
partial displacement. The activation energies of the first crystallization peak in the Bi1,8-
xGaxPb0,2Sr2CaCu2Oy structure were calculated using non-isothermal Kissinger, Takhor and 
Augis-Bennet methods. By using the thermogravimetric analysis (TG) method, the effect of Bi-
Ga partial substitution on the mass change mechanism was investigated in oxygen gas flow.  
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&DPODU�L]RWURSLN��KRPRMHQ��úHIIDI�YH�NLP\DVDOODUD�GLUHQoOL�DQFDN�NÕUÕOJDQ�VHUW�PDGGHOHUGLU��&DPODUÕQ�DWRP�
GL]LOLPOHUL��NULVWDOOHUGH�ROGX÷X�JLEL�X]XQ�PHVDIH�G�]HQL�GH÷LO��DNVLQH�NÕVD�PHVDIH�GL]LOLP�VHUJLOHU��&DPODUÕQ�
DWRPLN�YH�PROHN�OHU�\DSÕ�ELULPOHUL�NULVWDOOHUOH�D\QÕ�ROPDODUÕQD�UD÷PHQ�EX�ELULPOHU�G�]HQOL�GH÷LOGLUOHU�>�@��
&DPODUÕQ� DWRPLN� G�]HQL�� NULVWDO� \DSÕGDNL� JLEL� ��� QP¶GHQ� E�\�N� ROPDGÕ÷ÕQGDQ� YH� UDVWJHOH� \HUOHúPLú�
G�]HQGH� ROGXNODUÕQGDQ� [-ÕúÕQODUÕ� NÕUÕQÕP� GHVHQL� LQFHOHQGL÷LQGH� �T ���� FLYDUÕQGD� JHQLú� ELU� WHSH�
J|]OHPOHQLU��&DPÕQ�úHIIDIOÕN�|]HOOL÷L�GH�WDQHFLN�VÕQÕUODUÕQÕQ�ROPDPDVÕQGDQ�ND\QDNODQPDNWDGÕU�>�@�� 

&DP� VHUDPLN� PDO]HPHOHU�� X]D\� YH� KDYDFÕOÕN� VDQD\LVLQGH�� HOHNWURQLN� VDQD\LVLQGH�� PDO]HPH� NDSODPD�
WHNQRORMLVLQGH��PHGLNDO�X\JXODPDODUGD��LQúDDW�VHNW|U�QGH��V�SHULOHWNHQ�PDO]HPH��UHWLPLQGH�NXOODQÕOÕU�>�-
�@��<�NVHN�GLHOHNWULN�VDELWLQH�VDKLS�PDO]HPHOHULQ��UHWLPLQGH�EDúWD�ROPDN��]HUH��oHúLWOL�PDO]HPHOHUH�NÕ\DVOD�
NRUR]\RQ�YH�DúÕQPD�GD\DQÕPÕ���VW�Q�GDUEH�GLUHQFL�YH�WRNOXN�|]HOOLNOHULQGHQ�GROD\Õ�SHN�oRN�DODQGD�WHUFLK�
edilmektedirler. 

&DP�VHUDPLN�PDO]HPH��UHWLPLQGH�HQ�\D\JÕQ�NXOODQÕODQ�\|QWHP�NDWÕ�KDO�WHSNLPH��VRO�MHO�YH�HULWPH�G|N�P�
\|QWHPOHULGLU��(ULWPH�G|N�P�\|QWHPL \DSÕ�LoHULVLQGHNL�J|]HQHNOHUL�D]DOWDUDN�\�NVHN�\R÷XQOXNWD�KRPRMHQ�
|UQHNOHULQ�KD]ÕUODQPDVÕQD�RODQDN�VD÷ODPDNWÕU��%|\OHFH�SDUoDFÕNODU�DUDVÕ�ED÷ODQWÕODU�DUWPDNWD�YH�YDU�RODQODU�
kuvveWOHQPHNWHGLU�� %XQXQ� VRQXFXQGD� GD� |UQHNOHULQ� HOHNWULNVHO�� \DSÕVDO� YH� PHNDQLN� |]HOOLNOHUL 
GH÷LúPHNWHGLU��%DúND�ELU�DYDQWDMÕ�GD�IDUNOÕ�úHNLO�YH�E�\�NO�NWH�|UQHN�KD]ÕUODQDELOPHVLGLU��%X�\|QWHPGH�HQ�
|QHPOL�QRNWD��\�NVHN�VÕFDNOÕNODUGD�SRWD�LOH��UHWLOHQ�PDGGH�DUDVÕQGD�ROXúDELOHFHN�NLP\DVDO�UHDNVL\RQODUGÕU��
%X�UHDNVL\RQODUÕ�|QOHPHN�LoLQ�JHQHOOLNOH�\�NVHN�HULPH�VÕFDNOÕ÷ÕQD�VDKLS�SODWLQ�NUR]HOHU�NXOODQÕOPDNWDGÕU�
[8].  

&DP�VHUDPLN�\DSÕODUGDQ�%6&&2�VLVWHPLQLQ�JHQHO� IRUP�O���%L2Sr2Can-1CunO2n+4+y úHNOLQGHGLU��Q ��������
GH÷HUOHUL�NXOODQÕODUDN�HOGH�HGLOHQ�VLVWHPOHU�%L��6U��&D�YH�&X�HOHPHQWOHULQLQ�DOW�LQGLVOHUL�NXOODQÕODUDN�VÕUDVÕ\OD�
������ �����YH� �����NULVWDORJUDILN� \DSÕ� RODUDN� WDQÕPODQÕUODU��&DP� VHUDPLN��UHWLP�\|QWHPL� NXOODQÕODUDN�
BSCCO (Bi-Sr-Ca-Cu-2�� \DSÕVÕ� �]HULQH�JHUoHNOHúWLULOHQ� LON� oDOÕúPD�.RPDWVX� YH� DUNDGDúODUÕ� WDUDIÕQGDQ�
�����\ÕOÕQGD�\DSÕOPÕúWÕU�>�@��%6&&2�\DSÕVÕ�FDP�|UQHN�HOGH�HWPH\H�X\JXQ�YH�EDVLW�ELU�VLVWHPGLU��$QFDN��
%6&&2� FDP� VHUDPLN� �UHWLOLUNHQ�� EDúODQJÕo� PDO]HPHOHULQ� VWRNL\RPHWULN� RUDQOÕ� NDUÕúÕPODUÕ�� KD]ÕUODma 
PHWRWODUÕ��VLQWHUOHPH�VÕFDNOÕ÷Õ�YH�V�UHVL�J|]�|Q�QGH�EXOXQGXUXOPDOÕGÕU�� 

*D
QÕQ�VÕUDVÕ\OD������c�YH������c�L\RQLN�\DUÕoDSOÕ�*D����YH\D�*D����GXUXPXQGD�YH\D�EXQODU�DUDVÕQGDNL�
GXUXPGD�RODELOHFH÷LQH�LQDQÕOPDNWDGÕU��%DúODQJÕo�ELOHúLPLQGH�*D����
�Q�NXOODQÕOGÕ÷Õ�YDUVD\ÕOÕUVD��*D
QÕQ�
GH÷HUOLN� GXUXPX�� ÕVÕO� LúOHP� VÕUDVÕQGD� PH\GDQD� JHOHQ� ID]� JHoLúOHUL\OH� GH÷LúHELOLU�� EX� GD� FDP� VHUDPLN�
PDO]HPHQLQ� |]HOOLNOHULQL� GR÷DO� RODUDN� HWNLOH\HELOHFH÷L� LIDGH� HGLOPHNWHGLU� >��@�� $NVDQ� YH� DUNDGDúODUÕ�
WDUDIÕQGDQ�\DSÕODQ�oDOÕúPDGD��%6&&2�PDO]HPHOHUGH�*D�NDWNÕVÕ�YH\D�NÕVPL�\HU�GH÷LúWLUPH�GH��JDO\XPXQ�
FDP� \DSÕFÕ� L\RQ� RODUDN� KDUHNHW� HWWL÷L� EHOLUOHQPLúWLU�� � %X� oDOÕúPDGD�� %L-*D� NÕVPL� \HU� GH÷LúWLUPHVLQLQ�
PDQ\HWLN�|]HOOLNOHUL��]HULQGHNL�ROXPOX�HWNLVLQL�YH�NULWLN�DNÕP�\R÷XQOX÷XQD�HWNLVL�LQFHQPLúWLU�>��@��'LPHVVR�
ve ark. BiSrCaCu2GaxOy VLVWHPLQGH�ZLVNHU�\DSÕODUÕQÕQ��UHWLPLQL�YH�E�\�PH�PHNDQL]PDVÕQÕ�DUDúWÕUGÕ��&DP�
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PDO]HPHOHULQ�WHUPDO�|]HOOLNOHULQLQ�*D�NRQVDQWUDV\RQXQD�ED÷OÕ�ROGX÷X�EXOXQGX��:LVNHU�\DSÕODUÕQÕQ�VDGHFH�
�����&
GH�ÕVÕO�LúOHP�J|UP�ú [�� ������PDO]HPHGH��UHWLOGL÷LQL�J|VWHUGLOHU�>��@��%DOFÕ�YH�DUNDGDúODUÕ��%6&&2�
QXQ��IDUNOÕ�ID]ODUÕ�LoLQ��IDUNOÕ�RUDQODUÕQGD�3E�YH�*D2O3 NDWNÕVÕ�LoLQ�RNVLWOHQPH�PHNDQL]PDODUÕQÕ�LQFHOHPLú�
YH�RSWLPXP�RNVLWOHQPH�VÕFDNOÕ÷ÕQÕ�DUDúWÕUPÕúODUGÕU�>��@� 

%X�oDOÕúPDGD��HULWPH�G|N�P�\|QWHPL�NXOODQÕODUDN�%L-*D�NÕVPL�\HU�GH÷LúWLUPH�RUDQÕ�[� ��������������������
olan Bi1,8-xGaxPb0,2Sr2CaCu2Oy cam |UQHNOHU�KD]ÕUODQPÕúWÕU��[� ��������������������NÕVPL�\HU�GH÷LúWLUPH�
RUDQODUÕQD�VDKLS�|UQHNOHU�VÕUDVÕ\OD�$��%��&��YH�'�RODUDN�LVLPOHQGLULOPLú�YH�NÕVPL�\HU�GH÷LúWLUPHOHULQ�termal 
|]HOOLNOHU� �]HULQH� HWNLVL�'7$� \|QWHPL� LOH� NULVWDOOHúPH� YH� oHNLUGHNOHQPH�PHNDQL]PDODUÕQD� DLW�� $YUDPL�
SDUDPHWUHVL�LQFHOHQPLúWLU��.ULVWDOOHúPH�DNWLYDV\RQ�HQHUMLVL��.LVVLQJHU��7DNKRU�YH�$XJLV-Bennet \|QWHPOHUL�
NXOODQÕODUDN� KHVDSODQPÕúWÕU�� 7*$� \|QWHPL� NXOODQÕODUDN� GD� |UQHNOHUGHNL� N�WOH� GH÷LúLPL�� RNVLMHQ� JD]Õ�
DNÕúÕQGD�LQFHOHQPLúWLU�� 
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%X�oDOÕúPDGD��PDO]HPH��UHWLPL�DoÕVÕQGDQ�QLVSHWHQ�GL÷HU�\|QWHPOHUGHQ�GDKD�NROD\�YH�LúOHP�EDVDPDNODUÕ�
NRQWURO� HGLOHELOHQ� ELU� \|QWHP� RODQ� HULWPH� G|N�P� LOH� FDP� �UHWLPL� VHoLOPLú� YH�%6&&2�PDO]HPHOHULQLQ�
KD]ÕUODQÕúÕ�KDNNÕQGD�GHWD\OÕ�ELOJL�YHULOPLúWLU� 

2.1.  gUQHN�+D]ÕUODPD 

Bi1,8-xGaxPb0,2Sr2CaCu2Oy FDP�\DSÕ�LoHULVLQGH�[ �������������������RUDQODUÕQGD�%L-*D�NÕVPL�\HU�GH÷LúWLUPH�
\DSÕODFDN�|UQHNOHUL�KD]ÕUODPDN�LoLQ��\�NVHN�VDIOÕNWD����������%L2O3, PbO, SrCO3, CaCO3, Ga2O3 ve CuO 
WR]ODUÕ�KDVVDV�WHUD]LGH�VWRNL\RPHWULN�RUDQODUGD�WDUWÕOGÕ�YH�DJDW�KDYDQGD�|÷�W�OG���7R]�|UQHNOHU�\�NVHN�ÕVÕ\D�
GD\DQÕNOÕ�Į-Al2O3 �DO�PLQD��SRWDODUD�NRQXODUDN��RUWDODPD�ÕVÕWPD�KÕ]Õ����.GN-1 RODFDN�úHNLOGH������.¶\H�
NDGDU�N�O�IÕUÕQGD�ÕVÕWÕOGÕ�������.�GH����GN�EHNOHWLOHQ�|UQHNOHU��IÕUÕQ�VÕFDNOÕ÷Õ������.¶\H�oÕNDUÕODUDN�����GN�
EHNOHWLOGL� YH� HUL\LN� |UQHNOHU� HOGH� HGLOGL�� (UL\LN� KDOH� JHWLULOHQ� |UQHNOHU�� IÕUÕQGDQ� DOÕQDUDN� |UQHNOHULQ�
NULVWDOOHúPHVLQL� |QOHPHN� LoLQ� |QFHGHQ� VR÷XWXOPXú� LNL� EDNÕU� SODNDQÕQ� DUDVÕQD� G|N�OHUHN� KÕ]OÕ� VR÷XWPD�
\DSÕOGÕ��%X�LúOHPOHU�VRQXFXQGD��NDOÕQOÕ÷Õ�\DNODúÕN����-����PP�RODQ�VL\DK�FDP�QXPXOHU�HOGH�HGLOGL��ùHNLO�
1).  

 

 

ùHNLO����%L1,8-xGaxPb0,2Sr2CaCu2Oy |UQH÷LQL��UHWPHN�LoLQ�NXOODQÕODQ�LúOHP�EDVDPDNODUÕ 
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2.2.  7HUPDO�$QDOL]�<|QWemleri 

Termal DQDOL]�\|QWHPL� LOH�PDO]HPHOHULQ�VÕFDNOÕ÷D�ED÷OÕ�RODUDN��NULVWDOOHúPH�VÕFDNOÕNODUÕ�� oHNLUGHNOHQPH��
FDP�JHoLú�VÕFDNOÕ÷Õ��HULPH�VÕFDNOÕ÷Õ��ER]XOPD��HQWDOSL��HQWURSL�JLEL�SDUDPHWUHOHU�KHVDSODQDELOLU��(OGH�HGLOHQ�
|UQHNOHU� �]HULQGHNL� NLQHWLN� oDOÕúPDODU�� L]RWHUPDO� ROPD\DQ� WHNQLNOH� (;67$5� ����� '7$�7*� FLKD]Õ�
NXOODQÕODUDN�\DSÕOGÕ��gUQHNOHULQ�ȕ = 5, 10, 15, 20 K dk-1 ÕVÕWPD�KÕ]ODUÕQGD�DOÕQDQ�'7$�H÷ULOHUL�NXOODQÕODUDN��
NULVWDOOHúPH�YH�oHNLUGHNOHQPH�PHNDQL]PDODUÕQD�DLW��DYUDPL�SDUDPHWUHVL���o�IDUNOÕ�\|QWHPOH�NULVWDOOHúPe 
DNWLYDV\RQ�HQHUMLVL�GH÷HUOHUL��7*$�\|QWHPL� LOH�GH��RNVLMHQ�JD]Õ�DNÕúÕ�DOWÕQGD�|UQHNOHUGHNL�N�WOH�ND]DQFÕ�
hesaplanarak, Bi-*D�NÕVPL�\HU�GH÷LúWLUPHVLQLQ�HWNLVL�LQFHOHQGL��ùHNLO��D�GD�WLSLN�'7$�H÷ULVL�J|U�OPHNWHGLU��
'7$� H÷ULOHULQGH� PDO]HPHOHULQ� |]HOOLNOHULQe ED÷OÕ� RODUDN�� ÕVÕWÕOPDVÕ\OD� HQGRWHUPLN� YH\D� HN]RWHUPLN�
UHDNVL\RQD� NDUúÕOÕN� JHOHQ� SLNOHU� ROXúDELOLU�� %X� SLNOHU� \DUGÕPÕ\OD� |UQH÷LQLQ� VÕFDNOÕN� SDUDPHWUHOHUL� RODQ�
NULVWDOOHúPH\H� EDúODGÕ÷Õ� VÕFDNOÕN� �7s��� NULVWDOOHúPH�SLN� VÕFDNOÕ÷Õ� �7p��� NULVWDOOHúPHQLQ� ELWLú� VÕFDNOÕ÷Õ� �7f) 
KDNNÕQGD�ELOJL�DOÕQDELOLU��ùHNLO��E�LQFHOHQGL÷LQGH�ÕVÕWPD�KÕ]ODUÕQD�ED÷OÕ�RODUDN�HN]RWHUPLN�SLNLQ�úLGGHWLQLQ�
DUWWÕ÷Õ� YH� SLN� PDNVLPXP� GH÷HULQLQ� \�NVHN� VÕFDNOÕNODUD� GR÷UX� ND\GÕ÷Õ� J|U�OPHNWHGLU�� %X� ND\PDGDQ�
yararlanarak, Avrami parametresi, entDOSL�GH÷LúLPL�YH�DNWLYDV\RQ�HQHUMLOHUL�KHVDSODQDELOLU [14]. 

 

 

ùHNLO����'7$�(÷ULOHUL�D��7LSLN�'7$�H÷ULVL�E��)DUNOÕ�ÕVÕWPD�KÕ]ODUÕQGDNL�'7$�H÷ULOHUL 

Avrami Parametresi 

(OGH�HGLOHQ�NULVWDOOHúPH�SLNOHULQGHQ� ID\GDODQÕODUDN�KHVDSODQDQ�$YUDPL�parametresi (n��� FDP�|UQHNOHUGH�
NULVWDO�E�\�PHVL�KDNNÕQGD�|QHPOL�ELOJLOHU�YHULU��+HVDSODPDODU�VRQXQFXQGD�HOGH�HGLOHFHN�RODQ�Q�GH÷HUOHUL�
IDUNOÕ�NULVWDOOHúPH�PHNDQL]PDODUÕQD�NDUúÕOÕN�JHOLU��;LH�YH�*DR¶\D�J|UH��Q ���\�]H\VHO�oHNLUGHNOHQPH�YH�WHN�
ER\XWWD��Q ���KDFLPVHO�oHNLUGHNOHQPH�YH�WHN�ER\XWWD��Q ���KDFLPVHO�oHNLUGHNOHQPH�YH�LNL�ER\XWWD��Q ���
KDFLPVHO�oHNLUGHNOHQPH�YH��o�ER\XWWD��E�\�PH�ROGX÷X�DQODPÕQD�JHOPHNWHGLU�>�5@��Q�GH÷HUOHUL�� 

 

݊ ൌ െௗሾ୪୬ሺି ୪୬ሺଵିIሻሻሿ
ௗሺఉሻ

         (1) 

(ú���¶GHNL�2]DZD�(úLWOL÷L¶QGHQ�KHVDSODQDELOLU�>��]. Burada ȕ ÕVÕWPD�KÕ]ÕGÕU���������������.�GN-1���'|Q�ú�P�
RUDQÕ�RODUDN�DGODQGÕUÕODQ�I LVH��ùHNLO��¶GHNL�JLEL�IDUNOÕ�ÕVÕWPD�KÕ]ODUÕQGDNL�NULVWDOOHúPH�SLNOHULQGHQ�NH\IL�
RODUDN�DOÕQDQ�RUWDN�ELU�VÕFDNOÕN�GH÷HULQH�NDGDU�RODQ�DODQÕQ��Ax���SLNLQ�WRSODP�DODQÕQD��$��RUDQÕ��I=Ax/A) 
úHNOLQGH�KHVDSODQDELOLU��$\UÕFD�2]DZD�(úLWOL÷L¶QGHNL�OQ�-ln(1-I���NDUúÕOÕN�OQȕ�JUDIL÷LQLQ�H÷LPL��n GH÷HULQL�
verir [15]. 

Aktivasyon enerjisi 

Ax

Ts Tf

A

Tp

(a)

Tx

(b)

,VÕWPD�KÕ]Õ��

,VÕWPD�KÕ]Õ��

,VÕWPD�KÕ]Õ��



ù�NU��d$9'$5��'XUDN�%8/87��6HOoXN�ø=0ø5/ø��1HVOLKDQ�785$1��+DOXN�.25$/$<�GU J Sci, Part C,10(1):86-102(2022) 91  

 

)DUNOÕ� ÕVÕWPD� KÕ]ODUÕ� LOH� HN]RWHUPLN� SLN� VÕFDNOÕN� GH÷HUOHULQGHNL� ND\PDODU� DNWLYDV\RQ� HQHUMLVL�
hesDSODPDODUÕQGD�NXOODQÕODELOLU�>��@��.ULVWDOOHúPH�DNWLYDV\RQ�HQHUMLVLQL�KHVDSODPDN�LoLQ�.LVVLQJHU��7DNKRU�
ve Augis-%HQQHW�\|QWHPOHUL�NXOODQÕOPÕúWÕU���%X��o�\|QWHP�GH�-RKQVRQ-Mehl-$YUDPL�HúLWOL÷L�HVDV�DOÕQDUDN�
geOLúWLULOPLúWLU�>��@��+D]ÕUODQDQ�|UQHNOHULQ�DNWLYDV\RQ�HQHUMLOHUL�.LVVLQJHU�\|QWHPL�LOH� 

 
ௗሺ ഁ

మ
ሻ

ௗሺ భ

ሻ
ൌ െ ாೌ

ோ ்
        (2) 

HúLWOL÷L�NXOODQÕODUDN�KHVDSODQÕU�>��,20]. Burada Ea, aktivasyon enerjisi, R gaz sabitidir (R=8,314 j/molK). 
ln(ȕ/Tp

2) nin 1000/Tp¶\H�NDUúÕOÕN�JUDIL÷LQLQ�H÷LPL�DNWLYDV\RQ�HQHUMLVLQH�HúLW�RODFDNWÕU�� 

$NWLYDV\RQ�HQHUMLVLQL�KHVDSODPDN�LoLQ�GL÷HU�ELU�\|QWHP�LVH�7DNKRU�\|QWHPLGLU��7DNKRU¶D�J|UH�DNWLYDV\RQ�
enerjisi; 

 ௗሺఉሻ
ௗሺ భ


ሻ
ൌ ாೌ

ோ
         (3) 

HúLWOL÷L� LOH� KHVDSODQÕU� [21]. Burada da lnȕ¶QLQ� - (1000/Tp�¶\H� NDUúÕOÕN� JHOHQ� GR÷UXQXQ� H÷LPL� 7DNKRU�
PHWRGXQD�J|UH�DNWLYDV\RQ�HQHUMLVLQL�YHUPHNWHGLU�� 

'L÷HU�ELU�DNWLYDV\RQ�HQHUMLVL�KHVDSODPD�\|QWHPL�LVH�$XJLV-%HQQHW¶WLU��%X�\|QWHPH�J|UH�DNWLYDV\RQ�HQHUMLVL�
ise; 

 
ௗሺ ഁ

షబ
ሻ

ௗሺ భሻ
ൌ െாೌ

ோ
        (4) 

HúLWOL÷L� LOH� KHVDSODQÕU� >��]. Buradaki T0 PXWODN� VÕFDNOÕNWÕU��%X�\|QWHPGH� GH� OQ�ȕ/(Tp-T0�¶ÕQ� ������7p�¶H�
NDUúÕOÕN�JHOHQ�GR÷UXQXQ�H÷LPL�DNWLYDV\RQ�HQHUMLVLQL�YHUPHNWHGLU� 

2.3. Termogravimetrik Analiz  

7*$¶GD��|UQH÷LQ�ÕVÕWÕOPDVÕ�\D�GD�VDELW�ELU�VÕFDNOÕNWD�WXWXOPDVÕ�VÕUDVÕQGD�N�WOHVLQGHNL�GH÷LúLNOLNOHU��]DPDQÕQ�
YH\D�VÕFDNOÕ÷ÕQ�ELU�IRQNVL\RQX�RODUDN�|Oo�O�U��gOo�POHUGH�N�WOH�GH÷LúLNOLNOHUL�|UQHNWH�ROXúDQ�EXKDUODúPD��
V�EOLPOHúPH�� D\UÕúPD�� RNVLWOHQPH�� JD]� DOÕúYHULúL� JLEL� ROD\ODU� LOH� ROXúDQ� HN]RWHUPLN� YH\D� HQGRWHUPLN�
UHDNVL\RQODUÕQ�VRQXFXQGD�ROXúDELOLU� 

7RSODP�N�WOH�ND]DQFÕ�7*$�H÷ULVLQLQ�PDNVLPXP�ROGX÷X�GH÷HU�LOH�PLQLPXP�ROGX÷X�GH÷HU�DUDVÕQGDNL�IDUNWÕU��
0DO]HPH\H�DLW�ELULP�VÕFDNOÕN�EDúÕQD�N�WOH�ND]DQFÕ��¨P�¨7���ELULP�]DPDQGD�N�WOH�ND]DQFÕ��¨P�¨W��RODUDN�
KHVDSODQDELOLU�� (÷HU� PDO]HPHGH� N�WOH� DUWÕúÕ� V|]� NRQXVX� LVH� YH� EX� N�WOH� DUWÕúÕQÕQ� RNVLWOHQPHGHQ�
ND\QDNODQGÕ÷Õ� ELOLQL\RUVD�� ELULP� VÕFDNOÕN� YH� RNVLMHQ� DWRPX� EDúÕQD� N�WOH� ND]DQFÕ� ��¨P�¨7��PO2), birim 
zaman ve oksijen atomu EDúÕQD�N�WOH�ND]DQFÕ�GD���¨P�¨W��PO2) olarak hesaplanabilir [13]. 

%X� oDOÕúPDGD�� ��-���PJ� DUDVÕQGD� $�� %�� &� YH� '� \Õ÷ÕQ� |UQHNOHULQLQ� WHUPDO� |]HOOLNOHUL�� (;67$5� �����
'7$�7*�FLKD]Õ�LOH�RNVLMHQ�JD]Õ�DNÕúÕ�DOWÕQGD�LQFHOHQPLúWLU� 

 

3. %8/*8/$5�9(�7$57,ù0$��5(68/76�	�'ISCUSSION) 

$�|UQH÷LQLQ���������������.GN-1 ÕVÕWPD�KÕ]ODUÕQGD�DOÕQPÕú�'7$�H÷ULOHUL�ùHNLO��¶WH�J|U�OPHNWHGLU��,VÕWPD�KÕ]Õ�
DUWÕUÕOGÕ÷ÕQGD� 7s, Tp�� SLN� JHQLúOL÷L� YH� SLN� \�NVHNOL÷LQLQ� DUWWÕ÷Õ� J|U�OPHNWHGLU�� %X� DUWÕú�� ELULP� ]DPDQGD�
YHULOHQ� \�NVHN� PLNWDUGDNL� HQHUMLQLQ� |UQHN� LoHULVLQGHNL� DWRPODUÕQ� KDUHNHWOLOL÷LQL� DUWÕUPDVÕQGDQ�
ND\QDNODQPDNWDGÕU��$\UÕFD�ÕVÕWPD�KÕ]ODUÕ�DUWÕUÕOGÕ÷ÕQGD�SLN�QRNWDVÕQÕQ�\�NVHN�VÕFDNOÕNODUD�GR÷UX�ND\GÕ÷Õ�
J|U�O�U��%X�GXUXPXQ��|UQH÷LQ�oHNLUGHNOHQPH�RUDQÕQGDQ�GROD\Õ�ND\QDNODQGÕ÷Õ�V|\OHQHELOLU� <DQL�� ÕVÕWPD�
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KÕ]ÕQÕQ�G�ú�N�ROGX÷X�GXUXPODUGD�HQHUML�GHSRODPD�V�UHVL�DUWDFD÷ÕQGDQ��|UQHNWHNL�oHNLUGHNOHQPH�RUDQÕ�GD�
DUWDFDNWÕU��%XQXQOD�ELUOLNWH�ÕVÕWPD�KÕ]Õ�\�NVHN�ROGX÷XQGD�LVH�oHNLUGHNOHQPH�LoLQ�JHUHNOL�RODQ�HQHUML�V�UHVL�
KÕ]OÕ�ELU�úHNLOGH�JHoLOHFH÷L�LoLQ�oHNLUGHNOHQPH�RUDQÕ�D]DODFDNWÕU��%|\OHFH��|UQHNWH�NULVWDOOHúPH�LoLQ�JHUHNOL�
RODQ�HQHUMLQLQ�GDKD�\�NVHN�VÕFDNOÕNODUGD�VD÷ODQDFD÷Õ�LIDGH�HGLOHELOLU��� 

 

 

ùHNLO��� $�|UQH÷LQLQ�IDUNOÕ�ÕVÕWPD�KÕ]ODUÕQGDNL�'7$�H÷ULOHUL 

$��%��&�YH�'�|UQHNOHULQGH�PH\GDQD�JHOHQ�NULVWDOOHúPH�SLN�VÕFDNOÕ÷ÕQÕQ�GH÷LúLPLQL�LQFHOHPHN�LoLQ�|UQHNOHUH�
ait 20 Kdk-1 ÕVÕWPD�KÕ]ÕQGDNL�'7$�H÷ULOHUL�ùHNLO��¶WH�J|U�OPHNWHGLU��%XUDGD��&�|UQH÷LQGH�LKPDO�HGLOHELOHFHN�
GHUHFHGHNL�N�o�N�ELU�G�ú�ú�KDULFLQGH�JHQHO�RODUDN�\HU�GH÷LúWLUPH�RUDQÕ�DUWWÕNoD�NULVWDOOHúPH�VÕFDNOÕ÷ÕQÕQ�
DUWWÕ÷Õ�J|]OHPOHQPLúWLU� 

 

ùHNLO����$��%��&�YH�'�|UQHNOHUL�LoLQ����.GN-1 ÕVÕWPD�KÕ]ÕQGD�'7$�H÷ULOHUL 

m
V

(K
.b

)  
   

   
   

   
   

   
   

  E
kz

o
 

m
V

(K
.b

)  
   

   
   

   
   

   
   

  E
kz

o
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'7$� |Oo�POHULQGHQ� HOGH� HGLOHQ� NULVWDOOHúPH� SLN� VÕFDNOÕN� GH÷HUOHUL� NXOODQÕODUDN� KHVDSODQDQ� $YUDPL�
SDUDPHWUHVL��FDP�|UQHNOHULQ�NULVWDOOHúPH�V�UHFLQGH�NULVWDO�E�\�PHOHUL�KDNNÕQGD�ELOJL�YHULU��(ú���¶GH�YHULOHQ�
2]DZD�HúLWOL÷LQH�J|UH��ln(-ln(1-I))¶\H�NDUúÕOÕN�JHOHQ�lnȕ JUDIL÷L�oL]LOGL÷LQGH��HOGH�HGLOHQ�GR÷UXQXQ�H÷LPL�
$YUDPL�SDUDPHWUHVLQL�YHULU��$�|UQH÷L�LoLQ�$YUDPL�SDUDPHWUHVL�������ùHNLO�5���%�|UQH÷L�LoLQ�������&�|UQH÷L�
LoLQ� ����� YH� '� |UQH÷L� LoLQ� LVH� ����� RODUDN� KHVDSODQPÕúWÕU�� %X� VRQXoODUD� J|UH�� $� |UQH÷LQGH� KDFLPVHO�
oHNLUGHNOHQPH�YH��o�ER\XWOX�E�\�PH�JHUoHNOHúLUNHQ��%��&�YH�'�|UQHNOHULQGH�LVH�Kacimsel oHNLUGHNOHQPH�
YH�LNL�ER\XWOX�E�\�PH�JHUoHNOHúWL÷L�J|]OHPOHQPLúWLU� Bu da bize, Bi-*D�NÕVPL�\HU�GH÷LúWLUPH�RUDQÕ�DUWWÕNoD�
JHQHO�RODUDN�\�]H\VHO�oHNLUGHNOHQPHQLQ�KDFLPVHO�oHNLUGHNOHQPHGHQ�GDKD�EDVNÕQ�ROGX÷XQX�J|VWHUPHNWHGLU�� 

 

ùHNLO����2]DZD�\|QWHPLQH�J|UH�$�|UQH÷L�LoLQ�ln(-ln(1-I))-OQȕ�JUDIL÷L 

 

$��%��&�YH�'�|UQHNOHULQH�DLW�'7$�H÷ULOHULQGHQ�HOGH�HGLOHQ�WHUPDO�SDUDPHWUHOHU�7DEOR��¶GH�J|U�OPHNWHGLU��
,VÕWPD�KÕ]ÕQÕQ�DUWPDVÕ\OD�E�W�Q�|UQHNOHULQ�7s ve Tp GH÷HUOHULQLQ�\�NVHN�VÕFDNOÕNODUD�ND\GÕ÷Õ�J|U�OPHNWHGLU���
%� |UQH÷L� KDULo�$��&� YH�'� |UQHNOHULQGH� ÕVÕWPD� KÕ]Õ\OD� EHUDEHU� SLNLQ� JHQLúOHGL÷L�� D\QÕ� ÕVÕWPD� KÕ]ODUÕQGD�
|UQHNOHU� ELUELUL� LOH� NÕ\DVODQGÕ÷ÕQGD� %� |UQH÷L� KDULo�� 7s, Tp GH÷HUOHUL� \HU� GH÷LúWLUPH� RUDQÕQÕQ� DUWPDVÕ\OD�
DUWPDNWDGÕU��� 

%LU� |UQHNWH� NULVWDOOHúPHQLQ� JHUoHNOHúHELOPHVL� LoLQ� JHUHNOL� RODQ� PLQLPXP� G�]H\GHNL� HQHUML� PLNWDUÕQD�
NULVWDOOHúPH� DNWLYDV\RQ� HQHUMLVL� GHQLU�� 7DEOR� �¶GH� YHULOHQ�'7$� DQDOL]� VRQXoODUÕ� NXOODQÕODUDN�.LVVLQJHU��
Takhor, Augis-%HQQHW� \|QWHPOHUL� \DUGÕPÕ� LOH� $�� %�� &� YH� '� |UQHNOHULQH� DLW� DNWLYDV\RQ� HQHUMLOHUL�
KHVDSODQPÕúWÕU�� 

gUQHNOHULQ�.LVVLQJHU�\|QWHPLQH�J|UH�DNWLYDV\RQ�HQHUML�GH÷HUOHUL�(ú����NXOODQÕODUDN��'7$�DQDOL]�VRQXoODUÕQD�
J|UH� ln(ȕ/Tp

2)-1000/Tp JUDIL÷L� oL]LOGL÷LQGH�� NDUúÕOÕN� JHOHQ� GR÷UXQXQ� H÷LPLQGHQ� DNWLYDV\RQ� enerjisi 
KHVDSODQPÕúWÕU��*UDILNOHUGH�G|UW�ÕVÕWPD�KÕ]ÕQGD�GD�ln(ȕ/Tp

2)-1000/Tp DUDVÕQGD OLQHHU�ELU�LOLúNL�ROGX÷X�DoÕNoD�
J|U�OPHNWHGLU��.LVVLQJHU�\|QWHPL�NXOODQÕODUDN��ùHNLO��¶GDNL�H÷ULOHULQ�H÷LPLQGHQ�$�|UQH÷LQLQ�DNWLYDV\RQ�
enerjisi 378,83 kJ/mol olarak hesaSODQPÕúWÕU�� <LQH� D\QÕ� \|QWHP� LOH� %�� &�� '� |UQHNOHULQLQ� DNWLYDV\RQ�
HQHUMLOHUL�VÕUDVÕ\OD�������������������������N-�PRO�RODUDN�KHVDSODQPÕúWÕU�� 

 

7DEOR����$��%��&�YH�'�|UQHNOHUL�LoLQ�'7$�H÷ULOHULQGHQ�KHVDSODQDQ�SDUDPHWUHOHU 

ln
(-l

n(
1-
I)

) 

ln(˟) 
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gUQHNOHU ȕ 
(Kdk-1) 

Ts 
(K) 

Tp 
(K) 

I=Ax/A Avrami 
Parametresi 

(n) 

A 

5 732,6 742,4 0,94 

3,45 10 738,3 750,2 0,40 
15 739,8 755,1 0,11 
20 742,4 759,1 0,02 

B 

5 730,7 744,3 0,05 

2,82 10 740,2 751,8 0,16 
15 745,2 756,6 0,70 
20 746,6 761,1 0,93 

C 

5 734,6 741,5 0,52 

2,52 10 738,8 749,0 0,14 
15 743,6 754,4 0,06 
20 745,0 758,7 0,02 

D 

5 744,2 750,3 0,60 

2,58 10 749,2 757,6 0,09 
15 752,0 763,8 0,09 
20 754,9 768,0 0,02 

 

 

ùHNLO��� .LVVLQJHU�\|QWHPLQH�J|UH�$�|UQH÷L�LoLQ�OQ�ȕ�7p
2)-1000/Tp JUDIL÷L 

$NWLYDV\RQ�HQHUMLVL�KHVDSODQPDVÕQGD�NXOODQÕODQ�GL÷HU�ELU�\|QWHP�RODQ�7DNKRU�\|QWHPL�LOH�(ú����NXOODQÕODUDN�
$��%��&�YH�'�|UQHNOHUL�LoLQ�HQHUML�GH÷HUOHUL�KHVDSODQPÕúWÕU��7�P�|UQHNOHU�LoLQ�D\UÕ�D\UÕ�OQ�ȕ�-1000/Tp JUDIL÷L�
oL]LOGL÷LQGH��NDUúÕOÕN�JHOHQ�GR÷UXQXQ�H÷LPLQGHQ�DNWLYDV\RQ�HQHUMLOHUL�KHVDSODQPÕúWÕU��7DNKRU�\|QWHPLQH�
J|UH��ùHNLO��¶GHNL�H÷ULQLQ�H÷LPLQGHQ�$�|UQH÷LQLQ�DNWLYDV\RQ�HQHUMLVL��������N-�PRO�RODUDN�KHVDSODQPÕúWÕU��
<LQH�D\QÕ�\|QWHP�LOH�%��&�YH�'�|UQHNOHULQLQ�DNWLYDV\RQ�HQHUMLOHUL�VÕUDVÕ\OD����������78,07; 372,04 kJ/mol 
RODUDN�KHVDSODQPÕúWÕU� 
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ùHNLO��� 7DNKRU�\|QWHPLQH�J|UH�$�|UQH÷L�LoLQ�OQ�ȕ�-1000/Tp JUDIL÷L 

Augis-%HQQHW�\|QWHPL\OH�(ú����NXOODQÕODUDN�HQHUML�GH÷HUOHUL�KHVDSODQPÕúWÕU��$��%��&��'�|UQHNOHUL�LoLQ�W�P�
ÕVÕWPD� KÕ]ODUÕQGD� OQ�ȕ/Tp-T0)-1000/Tp¶\H� NDUúÕOÕN� JHOHQ� GR÷UXQXQ� H÷LPLQGHQ� DNWLYDV\RQ� HQHUMLOHUL�
KHVDSODQPÕúWÕU�� $XJLV-%HQQHW� \|QWHPLQH� J|UH�� ùHNLO� �¶GHNL� H÷ULQLQ� H÷LPLQGHQ�$� |UQH÷LQLQ� DNWLYDV\RQ�
HQHUMLVL��������N-�PRO�RODUDN�KHVDSODQPÕúWÕU��%��&�YH�'�|UQHNOHULQLQ�DNWLYDV\RQ�HQHUMLOHUL�VÕUDVÕ\OD����������
���������������N-�PRO�RODUDN�KHVDSODQPÕúWÕU�� 

 

ùHNLO��� Augis-%HQQHW�\|QWHPLQH�J|UH�$�|UQH÷L�LoLQ�OQ�ȕ�7p-T0) - 1000/Tp JUDIL÷L 

 

7DEOR��¶GH�.LVVLQJHU��7DNKRU�YH�$XJLV-%HQQHW�\|QWHPOHUL�LOH�'7$�H÷ULOHULQGHNL�NULVWDOOHúPH�SLNOHUL�LoLQ�
DNWLYDV\RQ� HQHUML� GH÷HUOHUL� OLVWHOHQPLúWLU�� %X� DNWLYDV\RQ� HQHUMLOHULQGH�� .LVVLQJHU� YH� $XJLV-Bennet 
\|QWHPOHUL����kJ/mol¶O�N�ELU�GH÷HUOH�ELUELULQH�\DNÕQ�VRQXoODU�YHUPHVLQH�UD÷PHQ��7DNKRU�\|QWHPLQGHQ�HOGH�
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HOGHQ�GH÷HUOHUGH�.LVVLQJHU¶H�J|UH�\DNODúÕN�RODUDN����kJ/mol, Augis±%HQQHW¶H�J|UH�LVH��-10 kJ/mol kadar 
ELU�DUWÕú�KHVDSODQPÕúWÕU��+HU�\|QWHP�LoLQ�KHVDSODPDODU�NHQGL�DUDVÕQGD WXWDUOÕOÕN�YH�SDUDOHOOLN�J|VWHUPHNWHGLU�� 

<DSÕODQ�KHVDSODPDODUGD��$�|UQH÷LQH�J|UH�%�|UQH÷L�KHU�\|QWHPGH�GH��-��N-�PRO�DUWÕú�J|VWHUPLúWLU��%X�GD�%�
|UQH÷LQLQ�$¶\D�J|UH�oRN�D]�GD�ROVD�WHUPDO�RODUDN�NDUDUOÕ�\DSÕGD�ROGX÷XQX�YH�NULVWDOOHúPH�LoLQ��-2 kJ/mol 
kadaU� GDKD� ID]OD� HQHUML\H� LKWL\Do� GX\DFD÷ÕQÕ� J|VWHUPHNWHGLU�� 'L÷HU� WDUDIWDQ�� $� |UQH÷LQH� J|UH� &� YH� '�
|UQHNOHULQLQ�HQHUML�GH÷HUOHULQGH�G�ú�ú�\DúDQPÕúWÕU��%XUDGDQ�GD�&�YH�'�|UQHNOHULQLQ�$�YH�%¶\H�J|UH�WHUPDO�
RODUDN� GDKD� NDUDUVÕ]� \DSÕGD� ROGX÷X� YH� NULVWDOOHúPH� LoLQ GDKD� D]� HQHUML\H� LKWL\Do� GX\DFD÷Õ� VRQXFX�
oÕNDUÕODELOLU�>�����].  

6RQXo�RODUDN��%�|UQH÷L�LoLQ�DNWLYDV\RQ�HQHUMLVL�D]�GD�ROVD�DUWÕú�J|VWHUPLú�YH�%L-*D�NÕVPL�\HU�GH÷LúWLUPH�
DUWWÕNoD�DNWLYDV\RQ�HQHUMLVL�G�úPH\H�EDúODPÕúWÕU��&DPODUGD��NULVWDOOHúPH�YH�FDP�JHoLú VÕFDNOÕ÷Õ�DUDVÕQGDNL�
IDUN�� FDP� NDUDUOÕOÕ÷ÕQÕ� YHUGL÷L� ELOLQGL÷LQH� J|UH� DNWLYDV\RQ� HQHUMLVLQLQ� \�NVHN� ROPDVÕ� |UQHNWHNL� ID]ÕQ�
NDUDUOÕOÕN�GHUHFHVLQL�J|VWHUPHNWHGLU�>��@��%XUDGD�%�|UQH÷L�GL÷HUOHULQH�J|UH�GDKD�NDUDUOÕ�\DSÕ\D�VDKLSWLU��%�
|UQH÷LQLQ� N�o�N� RUDQGDNL DUWÕúÕ� J|]� DUGÕ� HGLOGL÷LQGH� *D� \HU� GH÷LúWLUPH� PLNWDUÕ� DUWWÕ÷ÕQGD� DNWLYDV\RQ�
HQHUMLVLQLQ�D]DOGÕ÷Õ�J|U�OP�úW�U��(OGH�HGLOHQ�VRQXoODUÕQ�OLWHUDW�U�LOH�X\XPOX�ROGX÷X�J|U�OP�úW�U�>�3,24]. 

Tablo 2. $��%��&��'�|UQHNOHUL�LoLQ�DNWLYDV\RQ�HQHUML�GH÷HUOHUL 

gUQHNOHU Kissinger 
Metodu 
(kJ/mol) 

Takhor  
Metodu 
(kJ/mol) 

Augis-Bennet 
Metodu 

 (kJ/mol)  
A 378,83 391,31 381,50 
B 380,41 392,92 383,10 
C 365,60 378,07 368,26 
D 359,42 372,04 362,18 

 

(OGH�HGLOHQ�GH÷HUOHU�GDKD�|QFH�\DSÕODQ�oDOÕúPDODU�LOH�NDUúÕODúWÕUÕOGÕ÷ÕQGD��NDWNÕVÕ]�|UQHNOHUGHNL�DNWLYDV\RQ�
HQHUMLOHULQLQ� HQ� \�NVHN� ROGX÷X�� 3E6H� YH� 3E2�6H� NDWNÕODPD� oDOÕúPDODUÕQGD� DNWLYDV\RQ� HQHUMLOHULQ� NDWNÕ�
DUWWÕNoD� D]DOGÕ÷Õ� >�����@� YH� 5X3E� NDWNÕODPD� oDOÕúPDVÕQGD� LVH� LON� NDWNÕ\OD� ELUOLNWH� NDWNÕVÕ]� |UQH÷H� J|UH�
D]DOGÕ÷Õ��DQFDN�NDWNÕ�DUWWÕNoD�DUWPD\D�EDúODGÕ÷Õ�>��@�J|U�OPHNWHGLU��%XUDGDNL�oDOÕúPDODUGD�GD��J|U�O�\RU�NL�
NDWNÕOÕ�|UQHNOHU�NDWNÕVÕ]�|UQHNOHUH�J|UH�GDKD�NDWNÕ\D�J|UH�GDKD�NDUDUVÕ]�\DSÕGD�RODELOLU�� 

+D]ÕUODQDQ�|UQHNOHU�LoLQ�IDUNOÕ�ÕVÕWPD�KÕ]ODUÕQGD�VÕFDNOÕ÷ÕQ�ELU�IRQNVL\RQX�RODUDN�ùHNLO��¶GDNL�$�|UQH÷LQLQ�
NULVWDOOHúPH� NHVUL� H÷ULVL� LQFHOHQGL÷LQGH�� NULVWDOOHúPH� E�W�Q� ÕVÕWPD� KÕ]ODUÕQGD� \DNODúÕN� RODUDN� D\QÕ�
VÕFDNOÕNODUGD�EDúODPDVÕQD�UD÷PHQ�NULVWDOOHúPHQLQ�VRQD�HUGL÷L�VÕFDNOÕN�GH÷HUOHUL�ÕVÕWPD�KÕ]ÕQÕQ�DUWPDVÕ�LOH�
GDKD�\�NVHN�VÕFDNOÕNODUD�oÕNWÕ÷Õ�J|U�OP�úW�U�� 
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ùHNLO��� $�|UQH÷L�LoLQ�IDUNOÕ�ÕVÕWPD�KÕ]ODUÕQGD�VÕFDNOÕ÷ÕQ�ELU�IRQNVL\RQX�RODUDN�NULVWDOOHúPH�NHVUL 

6ÕFDNOÕ÷ÕQ�ELU�IRQNVL\RQX�RODUDN�YHULOHQ�ùHNLO���¶GDNL�$�|UQH÷LQLQ�NULVWDOOHúPH�KÕ]Õ�H÷ULOHUL LVH�EL]H��\�NVHN�
ÕVÕWPD�KÕ]ODUÕQGD�NULVWDOOHúPHQLQ�GDKD�KÕ]OÕ�ROGX÷XQX�J|VWHUPHNWHGLU�%X�VRQXoODU�OLWHUDW�UGHNL�oDOÕúPDODUOD�
da uyumludur [29,30].  

6ÕFDNOÕ÷ÕQ�IRQNVL\RQX�RODUDN�NULVWDOOHúPH�KÕ]Õ�JUDILNOHUL�W�P�|UQHNOHU�LoLQ�LQFHOHQGL÷LQGH�LVH��%L-*D�NÕVPL 
\HU�GH÷LúWLUPH�RUDQÕQÕQ�DUWPDVÕ\OD�NULVWDOOHúPH�KÕ]ÕQÕQ�GD�DUWÕ÷Õ�J|U�OP�úW�U��ùHNLO����� 

 

 

ùHNLO���� $�|UQH÷L�LoLQ�IDUNOÕ�ÕVÕWPD�KÕ]ODUÕQGD�VÕFDNOÕ÷ÕQ�ELU�IRQNVL\RQX�RODUDN�NULVWDOOHúPH�KÕ]Õ 
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ùHNLO� ���� $�� %�� &�� '� |UQHNOHUL� LoLQ� �� Kdk-1 IDUNOÕ� ÕVÕWPD� KÕ]ÕQGD� VÕFDNOÕ÷ÕQ� ELU� IRQNVL\RQX� RODUDN�
NULVWDOOHúPH�KÕ]Õ 

gUQHNOHULQ���������������.GN-1 ÕVÕWPD�KÕ]ODUÕQGDNL�\�]GHVHO�RODUDN�N�WOHOHULQGHNL�GH÷LúLP��7*�-T) tespit 
HGLOPLúWLU��gUQHNOHULQ�EDúODQJÕoWDNL�N�WOHOHUL������RODUDN�DOÕQÕUVD�DUWDQ�VÕFDNOÕN�LOH�N�WOHGH�\�]GH�RODUDN�
DUWPD�\D�GD�D]DOPD�RODFDNWÕU��$QDOL]OHULQ�RNVLMHQ�DNÕúÕ�DOWÕQGD�\DSÕOGÕ÷ÕQGDQ�GROD\Õ�|UQHNOHULQ�RNVLWOHQPHVL�
LOH�ELUOLNWH�|UQHNOHUGH�N�WOHVHO�ELU�DUWÕú�RODFDNWÕU� 

ùHNLO�����GH����.GN-1 VDELW� ÕVÕWPD�KÕ]ÕQGD�$��%��&��'�|UQHNOHULQH�DLW� (TG%-7��H÷ULOHULQGHQ�HOGH�HGLOHQ�
VD\ÕVDO�YHULOHU�NXOODQÕODUDN�\DSÕODQ�KHVDSODPD�VRQXoODUÕ�7DEOR��¶GH�YHULOPLúWLU��ùHNLO�����LQFHOHQGL÷LQGH�$��
%��&��'�|UQHNOHUL�N�WOH�ND]DQFÕQD�VÕUDVÕ\OD���������������������.�FLYDUÕQGD�EDúOD\ÕS������������������������
.¶GD�VRQD�HUPLúWLU��'L÷HU�ÕVÕWPD�KÕ]ODUÕQGD�|UQHNOHULQ�GDYUDQÕúODUÕ�LQFHOHQGL÷LQGH��|UQHNOHU�RUWDODPD�RODUDN�
���� .� FLYDUÕQGD� RNVLWOHQPH� LOH� N�WOH� ND]DQFÕQD� EDúODGÕ÷Õ� YH� ����� .� FLYDUÕQGD� GD� N�WOH� ND\EHWPH\H�
EDúODGÕ÷Õ�V|\OHQHELOLU� $\UÕFD��$��%��&�YH�'�|UQHNOHUL�LoLQ���������������.GN-1 ÕVÕWPD�KÕ]ODUÕQdaki toplam 
N�WOH�ND]DQFÕ��¨P���ELULP�VÕFDNOÕNWD�WRSODP�N�WOH�ND]DQFÕ��¨P�¨7���ELULP�]DPDQGD�WRSODP�N�WOH�ND]DQFÕ�
�¨P�¨W���ELULP�]DPDQGD�ELULP�RNVLMHQ�DWRPXQGD�WRSODP�N�WOH�ND]DQFÕ���¨P�¨W��PO2) ve ELULP�VÕFDNOÕNWD�
biULP�RNVLMHQ�DWRPXQGD�N�WOH�ND]DQFÕ���¨P�¨7��PO2) VRQXoODUÕ�7DEOR��¶GH�YHULOPLúWLU� 

<DSÕODQ�KHVDSODPDODU�VRQXFXQGD��$�|UQH÷L���.GN-1 ÕVÕWPD�KÕ]ÕQGDNL�WRSODP�N�WOH�ND]DQFÕ�����[��-3g, 20 
Kdk-1 ÕVÕWPD�KÕ]ÕQGD�LVH������[��-3 J��ROGX÷X�J|U�OP�úW�U��'L÷HU�WDUDIWDQ��%��N�WOH�ND]DQFÕQGD�$�|UQH÷LQH�
J|UH�G�ú�ú�\DúDUNHQ��%L-*D�NÕVPL�\HU�GH÷LúWLUPH�RUDQÕQÕQ�DUWÕUÕOGÕ÷Õ��&�YH�'�|UQHNOHULQGH� WRSODP�N�WOH�
ND]DQoODUÕQGD�DUWÕú�ROGX÷X�J|U�OPHNWHGLU��%XUDGDQ�GD�JHQHO�RODUDN��\HU�GH÷LúWLUPH�RUDQÕ�LOH�ELUOLNWH�ÕVÕWPD�
KÕ]Õ�DUWÕUÕOGÕ÷ÕQGD�WRSODP�N�WOH�ND]DQFÕQGD�ELU�DUWÕú�ROGX÷X�V|\OHQHELOLU� 

gWH�\DQGDQ��|UQHNOHULQ�ELULP�VÕFDNOÕNWD�WRSODP�N�WOH�ND]DQFÕ��ELULP�]DPDQGD�WRSODP�N�WOH�ND]DQFÕ��ELULP�
]DPDQGD�ELULP�RNVLMHQ�DWRPXQGD�WRSODP�N�WOH�ND]DQFÕ YH�ELULP�VÕFDNOÕNWD�ELULP�RNVLMHQ�DWRPXQGD�N�WOH�
ND]DQFÕQGD�GD�%�|UQH÷L�$�|UQH÷LQH�J|UH�G�ú�ú�\DúDUNHQ�\HU�GH÷LúWLUPH�YH�ÕVÕWPD�KÕ]ÕQÕQ�DUWPDVÕ\OD�EX�
VRQXoODUGD�GD�DUWPD�ROGX÷X�J|U�OPHNWHGLU�� 
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ùHNLO�����$��%��&��'�|UQHNOHUL�LoLQ����.GN-1 ÕVÕWPD�KÕ]ÕQGD�7*$�H÷ULOHUL� 

Tablo 3. $��%��&��'�|UQHNOHUL�LoLQ�7*$�VRQXoODUÕ 

gUQHN 
 

,VÕWPD�
+Õ]Õ��ȕ� 

Toplam 
.�WOH�
.D]DQFÕ�
¨P�J� 
(x10-3) 

Birim 
6ÕFDNOÕN�
%DúÕQD�
.�WOH�
.D]DQFÕ�
¨P�¨7�
(g/K) 
(x10-3) 

Birim 
Zamanda 
.�WOH�
.D]DQFÕ�
¨P�¨W��J�V� 
(x10-3) 

Birim 
6ÕFDNOÕNWD�
Birim O2 

$WRPX�%DúÕQD�
.�WOH�.D]DQFÕ�
�¨P�¨7��0R2 
(Atom/K) 
(x10-26) 

Birim 
Zamanda 
Birim O2 
$WRPX�%DúÕQD�
.�WOH�.D]DQFÕ�
�¨P�¨W��0R2 
(Atom/s) 
(x10-26) 

A 

5 3,06 0,31 1,49 0,83 3,95 
10 3,89 0,24 3,16 0,65 8,41 
15 3,64 0,24 3,50 0,63 9,31 
20 5,79 0,35 6,89 0,92 18,34 

B 

5 2,46 0,18 0,92 0,48 2,46 
10 2,50 0,22 2,29 0,57 6,10 
15 4,19 0,37 5,74 0,98 15,27 
20 6,24 0,43 9,31 1,14 24,77 

C 

5 2,88 0,42 2,17 1,11 5,76 
10 5,30 0,52 5,46 1,38 14,53 
15 6,78 0,63 8,37 1,67 22,27 
20 5,05 0,37 8,02 0,98 21,32 

D 

5 2,63 0,43 2,27 1,15 6,03 
10 6,41 0,76 8,01 2,03 21,31 
15 5,89 0,50 7,96 1,33 21,17 
20 7,51 0,57 12,52 1,52 33,29 
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4. 6218d��&21&/86,21) 

%X� oDOÕúPDGD�� %L1,8-xGaxPb0,2Sr2CaCu2Oy  �[ � ��� ������� ����� ����� |UQHNOHUL� ��� ���� ���� ���.GN-1  ÕVÕWPD�
KÕ]ODUÕQGD�WHUPDO�|]HOOLNOHULQL�LQFHOHPHN��]HUH�'7$�H÷ULOHUL�HOGH�HGLOGL��%�W�Q�|UQHNOHULQ�'7$�H÷ULOHULQGH�
ÕVÕWPD� KÕ]ÕQÕQ� DUWPDVÕ\OD� NULVWDOOHúPH� VÕFDNOÕ÷ÕQGD� \�NVHN� VÕFDNOÕN� E|OJHOHULQH� ND\PD� J|U�OG��� '7$�
H÷ULOHULQGHNL�NULVWDOOHúPH�SLNOHUL�NXOODQÕODUDN�KHU�|UQHN�LoLQ�D\UÕ�D\UÕ�KHVDSODQDQ�$YUDPL�SDUDPHWUHVLQGH��
$� |UQH÷L� LoLQ� ������%� LoLQ� ������&� LoLQ� ����� YH�'� |UQH÷L� LoLQ� LVH� ����� RODUDN� KHVDSODQGÕ��%X� VRQXoODU�
QHWLFHVLQGH�$�|UQH÷LQGH�\�]H\GHQ� LoH�GR÷UX�KDFLPVHO�oHNLUGHNOHQPH�YH��o�ER\XWOX�E�\�PH��GL÷HU�W�P�
|UQHNOHUGH� LVH� \LQH� \�]H\GHQ� LoH� GR÷UX� KDFLPVHO� oHNLUGHNOHQPH� YH� LNL� ER\XWOX� E�\�PH� JHUoHNOHúWL÷L�
J|]OHPOHQPLúWLU�� Bi-*D� NÕVPL� \HU� GH÷LúWLUPH� RUDQÕ� DUWWÕNoD� \�]H\VHO� oHNLUGHNOHQPHQLQ� KDFLPVHO�
oHNLUGHNOHQPHGHQ�GDKD�EDVNÕQ�ROGX÷X�J|U�OG��� �$\UÕFD�GD�&�YH�'�|UQHNOHULQLQ�$�YH�%¶\H�J|UH� WHUPDO�
RODUDN� GDKD� NDUDUVÕ]� \DSÕGD� ROGX÷X� YH� NULVWDOOHúPH� LoLQ� GDKD� D]� HQHUML\H� LKWL\Do� GX\DFD÷Õ� VRQXFX�
oÕNDUÕODELOLU�>�����]. 6ÕFDNOÕ÷ÕQ�ELU�IRQNVL\RQX�RODUDN�oL]LOHQ $�|UQH÷LQLQ�NULVWDOOHúPH�KÕ]Õ�H÷ULOHUL�LVH�EL]H��
\�NVHN� ÕVÕWPD� KÕ]ODUÕQGD� NULVWDOOHúPHQLQ� GDKD� KÕ]OÕ� ROGX÷XQX� J|VWHUPHNWHGLU� %X� VRQXoODU� OLWHUDW�UGHki 
oDOÕúPDODUOD�GD�X\XPOXGXU�>�����].  

DTA H÷ULOHULQGHNL� NULVWDOOHúPH� SLNOHUL� \DUGÕPÕ� LOH�$NWLYDV\RQ� HQHUMLVL� KHVDEÕQGD� NXOODQÕODQ�.LVVLQJHU��
Takhor ve Augis-%HQQHW�\|QWHP�VRQXoODUÕQÕQ�NHQGL�LoHULVLQGH�WXWDUOÕOÕN�YH�SDUDOHOOLN�J|VWHUGL÷L�J|U�OG����
+HU��o�\|QWHPGH�$�|UQH÷LQH�J|UH��%�|UQH÷LQLQ�DNWLYDsyon enerjisi 1-2 N-�PRO�NDGDU�DUWÕú�J|VWHUPLú�DQFDN�
Bi-*D�NÕVPL�\HU�GH÷LúWLUPH�RUDQÕ�DUWWÕNoD�EX�HQHUML�VHYL\HVL�G�úPH\H�EDúODPÕúWÕU��%X�D]DOPDQÕQ�VHEHEL�
RODUDN��\�NVHN�HQHUML�VHYL\HVLQH�VDKLS�RODQ�|UQHNOHULQ�G�ú�N�HQHUML�VHYL\HVLQH�VDKLS�RODQ�|UQHNOHUH�J|UH�
WHUPDO� RODUDN� GDKD� NDUDUOÕ� \DSÕGD� ROGX÷X� V|\OHQHELOLU�� $OÕQDQ� 7*$� GH÷HUOHULQGHQ� LVH� KD]ÕUODGÕ÷ÕPÕ]�
|UQHNOHUGH�N�WOH�ND]DQFÕ�ROGX÷X�J|U�OP�úW�U��%XQXQ�VHEHEL�LVH�%6&&2�\DSÕVÕ�LoHULVLQGH�RNVLMHQ�WXWPD\D�
HOYHULúOL� DWRPODUÕQ� EXOXQPDVÕGÕU�� 7*$� H÷ULOHULQGHQ� Bi-*D� NÕVPL� \HU� GH÷LúWLUPH� RUDQÕ� YH� ÕVÕWPD� KÕ]Õ�
DUWWÕUÕOGÕ÷ÕQGD�N�WOH�ND]DQFÕQGD�ELU�DUWPD�ROGX÷X�V|\OHQHELOLU� 

7(ù(..h5 

%X� oDOÕúPD� �������-��� QR¶OX� SURMH� LOH� *D]L� hQLYHUVLWHVL� %LOLPVHO� $UDúWÕUPDODU� %LULPL� WDUDIÕQGDQ�
GHVWHNOHQPLúWLU�� 
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 Abstract 

In this study, an innovative indirect evaporative cooler is presented and experimentally 
analysed.  Although there are many evaporative cooler designs, this study proposes a unique M-
cycle type evaporative cooler with newly designed heat exchanger to enhance the cooling 
performance of indirect evaporative coolers. The prototype was assembled for the experimental 
investigation of the system and tested in the laboratory environment under the conditions of 
constant air flow rate of 350 m3�K��FLUFXODWLQJ�ZDWHU�WHPSHUDWXUHV�RI�����&�DQG�����&��LQOHW�DLU�
WHPSHUDWXUHV�RI�����&�DQG�����& and lastly inlet air humidity of 9g/kg and 13g/kg, respectively. 
Based on the data obtained during the experiments, calculations were performed for the cooling 
capacity, cooling efficiency, energy efficiency and exergy efficiency of the system for each 
case. The findings showed that the highest wet bulb effectiveness, dew point effectiveness and 
EER of evaporative cooler were found to be 0.91, 0.62, and 0.77, respectively. 
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1. INTRODUCTION 

The ever-increasing use of technology and the desire to live in more comfortable environments 
substantially increase the use of air conditioning systems around the world. Consequently, excessive use 
of air conditioning systems is responsible for approximately 50% of the energy consumption in the 
building sector, which has a significant share of 30%-40%  energy consumption [1]. Therefore, it is now 
more crucial to attempt to develop and use more efficient and environmentally friendly processes in air 
conditioning sector ever before. To reduce emissions from cooling processes and protect the ecosystem, 
high-HQHUJ\� HIILFLHQF\� ³*UHHQ�&RROLQJ´� WHFKQRORJLHV��ZKLFK� XVHV� QDWXUDO� IOXLGV� VXFK� DV�ZDWHU� DQG�DLU��
should be widespread [2±4]. 

There are great quanta of studies have been performed in the existing literature showing that evaporative 
coolers are highly energy efficient and very environmentally friendly systems compared to conventional 
mechanical vapor compression cooling systems [5±6]. Although evaporative coolers are used in 
residential air conditioning, they can also be effectively used in foundries, livestock farms and 
greenhouses that needed moist air [7]. Evaporative cooling systems have  simple principle based on the 
evaporation of water introduced into the air. In these systems, the latent heat required for the evaporation 
of water is taken from the sensible heat of the air. Due to heat and mass transfer, that decrease the air 
temperature, the cooling process is performed. Structurally, evaporative cooling systems are divided into 
two types as direct evaporative cooling (DEC) and indirect evaporative cooling (IEC) according to 
whether the product air is exposed to water or not [1]. 

Since the air is directly cooled in direct evaporative coolers, wet bulb effectiveness is usually high (80%-
90%) in such systems [8]. Although the efficiency of DEC systems is relatively high, their 
implementations are limited especially in humid areas. They are less preferred due to reasons such as 
increasing the ambient humidity, causing corrosion of the materials and unsuccessfully meeting the 
human comfort conditions [9]. However, it is suitable for use in arid climatic regions as it provides 
comfort by humidifying the air [3]. Indirect evaporative coolers, on the other hand, can provide air-
cooling without adding moisture to the product air. Unlike DEC systems, IEC systems have secondary 
channels and separate the air flow from the water flow. This advantage allows IEC systems to be used in 
humid areas. However, wet bulb efficiencies are relatively lower (55%-65%) than DEC systems [8]. In 
this context, to increase the efficiency of IEC systems and eliminate this drawback, a new type of heat 
exchanger design was introduced by Maisotsenko [10,11]. This design can cool the product air at levels 
close to the dew point below the wet bulb temperature, and known as M-cycle [12±14]. 

There are many studies have been conducted on M-cycle evaporative coolers. To exemplify a few, Zhao 
et al. [15] introduced an M-cycle based counter-flow heat and mass exchanger. In this design, part of the 
product air is directed to the wet channels through the holes at the end of the flow channels. It was 
observed that the cooling efficiency was substantially improved. The wet bulb effectiveness and the dew 
point effectiveness of the system were reached 1.3 and 0.9, respectively. Also, in another study, they 
presented a performance comparison of M-cycle type cross and counter flow indirect evaporative coolers. 
The results showed that the counter-flow system yielded 20% more cooling capacity, 15% higher wet 
bulb effectiveness, and 23% higher dew point effectiveness compared to the cross-flow system [16]. 
Additionally, a feasibility study of this proposed system was conducted for different regions of China and 
England. Because of these studies, it was stated that the M-cycle indirect evaporative cooling system can 
be used in regions where the relative humidity level is below 70% [17±18]. Zhan et al. [19] compared an 
M-cycle cross-flow cooler with a conventional cross-flow indirect evaporative cooler in a numerical 
study. It was proved that the wet bulb effectiveness and the cooling capacity of the M-cycle system were 
16.7% and 15.7% higher, respectively. Rogdakis et al. [20] conducted a theoretical and experimental 
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study to evaluate the performance of an M-cycle indirect evaporative cooler under the prevailing climatic 
conditions of Greece. The findings revealed that the system with a wet bulb effectiveness between 97% 
and 115% can be used in most of the cities of Greece. Riangvilaikul et al. [21] presented changes in the 
cooling efficiency of an evaporative cooler system according to different temperatures and humidity 
YDOXHV�LQ�WKHLU�QXPHULFDO�VWXG\��)RU�����&�RI�DPELHQW�DLU�WHPSHUDWXUH������J�NJ�RI�KXPLGLW\�OHYHO��WKH\�
found the wet bulb effectiveness as 1.09 and the dew point effectiveness as 0.86 and confirmed their 
results experimentally. Lei et al. [22] performed the exergy efficiency analysis of a counter-flow 
evaporative cooler operating on the M-cycle principle. Findings demonstrated that the exergy efficiency 
ZDV� ���� IRU� ��P� GXFW� OHQJWK� DQG� �����P� GXFW� ZLGWK�� ����� �&� DLU� LQOHW� WHPSHUDWXUH�� DQG� �����-g/kg-
specific humidity. Aydin et al. [23] evaluated the use of evaporative coolers with dryers in regions where 
the ambient relative humidity is more than 50%. It was decided that the system with the dryer offers 40% 
a more specific cooling capacity than the system without a dryer. 

This work introduces and experimentally investigates a new type of M-cycle evaporative cooler. The 
system is unique in terms of its newly designed heat exchanger having M cycle applied to the system. The 
proposed evaporative cooler was tested in a laboratory environment, and wet bulb effectiveness, dew 
point effectiveness and EER of the system performance were determined. In this context, this study is 
thought to be important in terms of its potential contribution to the current literature and efforts in the 
field of evaporative cooling technologies. 

2. DESCRIPTION OF THE DEW POINT EVAPORATIVE COOLER 

Evaporative cooling has mainly two configurations as direct evaporative cooler (DEC) and indirect 
evaporative cooler (IEC). DEC systems cool the air entering the system via pads, which are kept constant 
wet (Figure 1). However, since the air is in direct contact with water, the humidity of the incoming air 
increases significantly (70%-90%) [24]. However, IEC systems have separate water and air channels. 
Heat transfer arises through the surface between these two channels. Since air and water flows do not 
come into direct contact, cooling is performed by means of latent heat and without a significant increase 
in the humidity of the product air (Figure 2). 

 
Figure 1. Direct evaporative cooling (DEC) [25] 

 
Figure2. Indirect evaporative cooling (IDEC) [25] 

In this study, an evaporative cooler with an improved M-cycle heat exchanger design that can effectively 
cool with an insignificant increase in humidity has been introduced [10]. M-cycle evaporative coolers also 
have two separate dry and wet channels. However, unlike IEC systems, part of the product air entering 
the system from the dry channel is transferred at the end of each dry channel to the wet channels (working 
air) (see Figure 3). The process air loses its heat to the end of the dry channel and is transferred to the wet 
channel, thereby increasing the cooling efficiency of the system. Working air flowing in the opposite 
direction to the inlet air causes the water on the surface of the wet channel to evaporate, allowing heat to 
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be absorbed from the channel walls. While the working air flowing in the wet channel is exhausted from 
the system as exhaust air, the inlet air that is not directed into the wet channel is used as a product air for 
cooling. As a result, the system can achieve 85% dew point efficiencies, thanks to the working air that 
passes through the wet channel after pre-cooling [15]. 

 

Figure3. M-cycle indirect evaporative cooler [25] 

 

2. EXPERIMENTAL SETUP 

The prototype of the proposed system assembled is shown in Figure 4. Holes are drilled at the end of each 
channel to introduce the working air from the dry channel to the wet channel (see Figure 4a). The 
channels are stacked on top of each other thanks to the bends on the edges of the wet and dry channels 
(see Figure 4b). Additionally, plates with equilateral triangle geometry were placed between each wet and 
dry channels to increase cooling efficiency and the heat exchanger was fitted and sealed. Then, the heat 
exchanger was placed inside the construction so that it could stand in the right position and the necessary 
fittings were retained. A fan was incorporated into the system, ensuring that the inlet air is transferred to 
the dry channels. Additionally, a blower fan provides that fraction of the inlet air (working air) in the dry 
channels passes through the holes to the wet duct and is discharged from the heat exchanger as exhaust 
air. The pump in the system maintains the circulation of the cooling water from the reservoir to the wet 
channels. A 25-L capacity reservoir is used to collect the circulating water. A completely assembled and 
insulated system, with all mechanical and electrical connections, is seen in Figure 4b.  

 
Figure 4. (a) Dry and wet channels 
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Figure 4. (b) Assembly and test setup of the proposed system 

The wet and dry channels of the system and flows inside the channels are shown in the schematic diagram 
of the heat exchanger (see Figure 5). As can be seen in the figure, the air entering from the lower left-
hand side of the heat exchanger moves along the dry channel and fraction of the air passes into the wet 
channels at the end of each channel (working channel). The air passing through the wet duct, which has a 
continuous water flow from above, flows in the opposite direction to the inlet air and exits as exhaust air 
from the lower right-hand side of the heat exchanger. The process air that enters the system and does not 
pass into the wet duct is blown to the air-conditioned area (product air). 

 
Figure 5. Schematic view of the M-cycle heat exchanger 

7KH�SURSRVHG�HYDSRUDWLYH�FRROHU�KDV�D�IDQ�ZLWK�D�PD[LPXP�IORZ�UDWH�RI�����Pñ�K�IRU�SURFHVV�DLU�LQOHW�DQG�
D�EORZHU�ZLWK�D�IORZ�UDWH�RI�����Pñ�K�DQG����:�SRZHU�IRU�H[KDXVW�DLU��$�SXPS�ZLWK�D�IORZ�UDWH�RI���Pñ�K�
was also used for water circulation. Additionally, ENDA ESHT-102-W-50 temperature and humidity 
VHQVRU� ZLWK� �� �&� WHPSHUDWXUH� DQG� ��� KXPLGLW\� VHQVLWLYLW\� LV� XVHG� WR� PHDVXUH� WKH� WHPSHUDWXUH� DQG�
humidity values of the process, product and exhaust air. A VFA float type flowmeter with a measuring 
range of 100±3000 l/h was used to measure the flow of water. Air velocities entering and leaving the 
cooler were measured manually using the CEM DT-���� DQHPRPHWHU� ZLWK� ������ P�V� VHQVLWLYLW\�� $Ol 
related data were recorded at a sampling rate of 10s by Novus data logger with 8 analog and digital 
channels each. A direct link between data logger and PC was provided to save and export data on Excel 
spreadsheet. The technical details of the components and measuring devices used are presented in Table 
1. 
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Table 1. Technical specifications of system components and measuring devices 

Blower fan (exhaust air) Power 80 W 
 Voltage 220 V 
 Revolutions Per Minute 2325 
 Max. flow rate ����Pñ�K 
Fan (for inlet air) Power 210 W 
 Voltage 220 V 
 Revolutions Per Minute 2800 
 Max. flow rate ����Pñ�K 
Circulation pump Power 750 W 
 Voltage 220 V 
 Max. flow rate ��Pñ�K 
Anemometer Range 0.4±30 m/s 
 Accuracy �������P�V 
Hum. and Temp. 
transmitter 

Temperature -����&�WR�������& 

 Accuracy ������-�����&� 
  ��������-�����&� 
  2% RH 
Datalogger 
 
 

# of channels 
Analog input types 

8 digital, 8 analog 
Thermocouples, V, 
mV, mA, Pt100 

 

3.PERFORMANCE ANALYSIS 

A numerical model suitably tailored to the configuration of the proposed system was adapted to simulate 
the thermal performance of the system. For the sake of simplicity, several assumptions were considered 
during the thermodynamic analysis of the system as follows; 

��7KH�KHDW�LV�transferred vertically to the partition plate, 
��$LU�IORZ�UDWH�LV�FRQVWDQW�WKURXJKRXW�WKH�GXFW� 
��7KHUH�LV�DOZD\V�ZDWHU�RQ�WKH�ZHW�VXUIDFHV�RI�WKH�FKDQQHOV� 
��$LU�LV�FRQVLGHUHG�DV�LQFRPSUHVVLEOH�VLQFH�WKH�0DFK�QXPEHU�RI�WKH�DLU�IORZ�UDWH�LV�OHVV�WKDQ����� 
�� $V� WKH� WKLFNQHVV� RI� WKH� SDUWLWLRQ� SODWH� LV� ORZ�� WKH� WHPSHUDWXUH� GLIIHUHQFH� EHWZHHQ� WKH� GU\� DQG� ZHW�
surfaces of the partition plate can be neglected. 
 

4.ENERGY ANALYSIS 

To evaluate the system performance of M-cycle evaporative coolers, wet bulb and dew point 
effectiveness values are examined. These efficiency values are calculated according to the temperature 
values of the air entering and leaving the system. The wet bulb effectiveness, as seen in Equation 1, is the 
ratio of the dry bulb temperature difference in the inlet and outlet air to the inlet dry bulb temperature and 
the inlet wet bulb temperature difference [22]. 

௪ߝ ൌ � ்್ǡభି்್ǡమ
்್ǡభି்ೢ್ǡభ

               (1) 

The dew point effectiveness, on the other hand, is the ratio of the dry bulb temperature difference in the 
inlet and outlet air to the inlet dry bulb temperature and the inlet dew bulb temperature difference, as seen 
in Equation 2. 



(NUHP�g='(1, 0DKPXW�6DPL�%h.(5�/ GU J Sci, Part C, 10(1): 103-117 (2022) 109 

 

୮ୢߝ ൌ � ்್ǡభି்್ǡమ
்್ǡభି்ౚ౦ǡభ

               (2) 

The cooling capacity of the evaporative cooler is calculated using the following equation. Here, cp,a is the 
VSHFLILF�KHDW�RI�WKH�LQOHW�DLU��ȡa is the density of the air, ሶܸ  is the volumetric flow rate of the air, Tin is the 
temperature of the inlet air and Tout is the outlet temperature of the process air [22]. 
ሶܳ  ൌ ܿǡߩ ሶܸ ሺ ܶି ܶ௨௧ሻ                        (3) 

The Energy Efficiency Ratio (EER) of the evaporative cooler is calculated using the following equation. 
EER is found by the ratio of the cooling capacity to the total power consumption of the cooler. It is 
preferred instead of COP in cooling systems, which provides insight about how much cooling capacity 
could be obtained from a specific amount of energy used. EER requires the calculation of electrical power 
consumption by fan and water pump in the system [22].  

ܴܧܧ ൌ ொሶ 
ೌ

                            (4) 

Where Ptotal is the total energy consumed instantly by each device in the system and it is determined by 
measurement. 

5.EXERGY ANALYSIS 

The exergy in the air conditioning process, which reaches thermal, mechanical and chemical equilibrium 
under ambient conditions, can be written as follows [22] 

݁௧ ൌ � ݁௧  ݁  ݁                           (5) 

Air and water are two types of fluids flowing across the evaporative cooler. Wet air can be considered a 
mixture of ideal gas consisting of dry air and water vapor. Then, the exergy of moist air and water can be 
written as [22] 

݁ ൌ ሺܿௗ ܹܿ௩ሻ ܶ ቀ
்

బ்
െ ͳ െ ݈݊ ்

బ்
ቁ  ሺͳ  ͳǤͲͺܹሻܴ ݈ܶ݊


బ
 ܴ ܶ ቂሺͳ  ͳǤͲͺܹሻ݈݊ ଵାଵǤ଼ௐబబ

ଵାଵǤ଼ௐ


ͳ  ͳǤͲͺܹ݈݊ ௐ
ௐబబ

ቃ                        (6) 

݁௪ ൌ ሾ݅௪ሺܶሻ െ ݅௪ሺ ܶሻሿ െ ܶሾݏ௪ሺܶሻ െ ௪ሺݏ ܶሻሿ െ ܴ௩ ݈ܶ݊߮                      (7) 

The definition of the dead state condition is pivotal for exergy analysis. Generally, a stable atmospheric 
conditions are chosen as reference. However, air that is not saturated with moisture under atmospheric 
conditions still has useful energy. Therefore, the dead state is defined as the saturated outside air in the 
study. The exergy of this is, then, expressed as [22] 

൫݉ଵ݁ଵǡ ݉௪ǡ݁௪ǡ൯ ൌ � ൫ ݉݁ଶǡ  ݉ଷ݁ଷǡ൯   (8)           ܫ

Where I is the exergy destruction, which is a measure of resource degradation and specifies where in 
system destruction occurs. The exergy destruction describes the lost work potential and is also called 
irreversibility or exergy loss that occurs mainly due to air leakage, pressure loss and flow friction in 
evaporative cooling systems.   

In the heat and mass transfer process, the moisture added to the air is considered as the amount of water 
inlet. The exergy efficiency of evaporative cooler is defined as the ratio between the useful exergy of 
obtained cooling effect and overall exergy used to drive the evaporative cooling system. The second law, 
exergy, is an important criterion for evaluating cooling performance, and exergy efficiency is defined as 
[22] 

ʉ ൌ ͳ െ ூ
ሺభభǡೌାೢǡ�ೢǡሻ

              (9) 

Uncertainty of the experimental results  

The relative uncertainty in the efficiency and cooling capacity calculations based on the temperature and 
humidity values obtained from the tests can be by [26] 
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                                                                                                                           (10) 

Where x and y refer to the directly measured and calculated parameters. It was found that the relative 
uncertainty of wet bulb thermometer and dew point effectiveness was 7%, while the relative uncertainty 
of the cooling capacity was 9.1%. It is noted that the main parameter affecting the efficiency and cooling 
uncertainty is the sensitivity of the temperature sensors used in the measurements. Utilisation of high 
sensitivity equipment in assessment and evaluation would substantially reduce the uncertainty values 
attained in this study. However, when the results were compared with similar studies in the literature, the 
uncertainties were found reasonable [26]. 

6.EXPERIMENTAL RESULTS AND DISCUSSION 

In this study, an M-cycle counter-flow evaporative cooler was experimentally tested in the Low Carbon 
Technology Laboratories of Science and Technology Research and Application Centre (BITAM) of 
1HFPHWWLQ�(UEDNDQ�8QLYHUVLW\��7KH�WHVWV�ZHUH�FRQGXFWHG�DW�ZDWHU�WHPSHUDWXUHV�RI�����&�DQG�����&��DLU�
LQOHW� WHPSHUDWXUHV� RI� ��� �&� DQG� ��� �&� DQG� DLU� LQOHW� KXPLGLW\� RI� �J�NJ� DQG� ��J�NJ�� UHVSHFWLYHO\�� 7KH�
corresponding data on product and exhaust air were recorded. Wet bulb effectiveness, dew point 
effectiveness, EER, cooling capacity and exergy values related to system performance were calculated 
using the obtained data and evaluations were performed on the basis of these calculations. Therefore, the 
effect of cooling water and inlet air parameters on the performance of an M-cycle evaporative cooler is 
demonstrated. 

In this section, the findings obtained from the laboratory tests of the proposed evaporative cooler are 
evaluated. Temperature and humidity data of product air and exhaust air were recorded in 8 different tests 
performed at different water temperatures, air inlet temperatures and humidity values, and performance 
analyses of the system were conducted in line with the recorded data. Table 2 demonstrates the test 
conditions.  

Table 2. Experimental test conditions 

 ࢋ࢚ࢇ࢘�࢝ࢌ�࢘ࢇ�࢚ࢋࡵ 
�ሺñȀࢎሻ 

 �ࢋ࢛࢚࢘ࢇ࢘ࢋࢋ࢚�࢘ࢋ࢚ࢇࢃ
ሺ�ሻ 

 �ࢋ࢛࢚࢘ࢇ࢘ࢋࢋ࢚�࢘ࢇ�࢚ࢋࡵ
ሺ�ሻ 

 �࢚࢟ࢊ࢛ࢎ�࢘ࢇ�࢚ࢋࡵ
 ሻࢍȀࢍ�ሺ࢚ࢇ࢘

ͳǤ  Ǥ 350 15 30 9ݔܧ
ʹǤ  Ǥ 350 15 30 13ݔܧ
͵Ǥ  Ǥ 350 15 25 9ݔܧ
ͶǤ  Ǥ 350 15 25 13ݔܧ
ͷǤ  Ǥ 350 20 30 9ݔܧ
Ǥ  Ǥ 350 20 30 13ݔܧ
Ǥ  Ǥ 350 20 25 9ݔܧ
ͺǤ  Ǥ 350 20 25 13ݔܧ
 

6.1. 15 �& of Water Temperature 
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Figure 6. )LQGLQJV�IRU�����&�RI�ZDWHU�DQG�����&�RI�LQOHW�DLU�WHPSHUDWXUHV�DW��D����J�NJ�DQG��E�����J�NJ�RI�

inlet air humidity levels 

Figure 6 demonstrates the test results conducted for 9g/kg and 13g/kg moisture levels when the water 
WHPSHUDWXUH�ZDV�����&�DQG�WKH�DLU�LQOHW�WHPSHUDWXUH�ZDV�����&��:KLOH�WKH�KXPLGLW\�RI�WKH�LQOHW�DLU�ZDV�
�J�NJ� �)LJXUH� �D���� WKH� LQOHW� DLU� WHPSHUDWXUH� ���� �&�� GHFUHDVHG� E\� DERXW� �� �&� DW� WKH� RXWOHW� DQG� WKH�
humidity increased by about 1g/kg. While the inlet air humidity was 13g/kg (Figure 6b), the air was 
FRROHG�E\����&�GRZQ�WR�����&��6LPLODUO\��WKH�KXPLGLW\�OHYHO�LQFUHDVHG�E\���J�NJ�DQG�GHSDUWHG�WKH�V\VWHP�
as approximately 13.5 g/kg. 

 
Figure 7. )LQGLQJV�IRU�����&�RI�ZDWHU�DQG�����&�RI�LQOHW�DLU�temperatures at (a) 9 g/kg and (b) 13 g/kg of 

inlet air humidity levels 

:KHQ�WKH�ZDWHU�WHPSHUDWXUH�ZDV�VWLOO�����&�DQG�WKH�DLU�LQOHW�WHPSHUDWXUH�ZDV�VHW�WR�����&��WZR�WHVWV�ZHUH�
conducted for the humidity of 9 g/kg and 13 g/kg. The values of the temperature and humidity at the inlet-
outlet of the system are presented in Figure 7a and 7b. In the test performed for 9g/kg air inlet humidity, 
WKH�LQOHW�DLU�DW�����&�ZDV�FRROHG�E\�DSSUR[LPDWHO\������&��ZKLOH�LW�ZDV�GRZQ�E\�DSSUR[LPDWHO\����&�IRU�
13g/kg air inlet humidity. Moisture levels increased by approximately 1g/kg in both tests. It is seen that 
WKH�DLU�ZDV�FRROHG�PRUH�DW�����&�DLU�LQOHW�WHPSHUDWXUH��)LJXUH����WKHQ�����&�DLU�LQOHW�WHPSHUDWXUH��)LJXUH�
7). 

6.2. 20 �& of Water Temparature 
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Figure 8. )LQGLQJV�IRU�����&�RI�ZDWHU�DQG�����&�RI�LQOHW�DLU�temperatures at (a) 9 g/kg and (b) 13 g/kg of 
inlet air humidity levels 

7KH�UHVXOWV�REWDLQHG�LQ�WKH�WHVWV�ZKHQ�WKH�FLUFXODWLQJ�ZDWHU�WHPSHUDWXUH�LQ�WKH�V\VWHP�ZDV�����&�DQG�WKH�
inlet air temperature was 30 �&�DUH�VKRZQ�LQ�)LJXUH��D�DQG��E��UHVSHFWLYHO\��:KLOH�WKH�ZDWHU�WHPSHUDWXUH�
ZDV�����&��WKH�DLU�LQOHW�WHPSHUDWXUH�ZDV�����&��WKH�DLU�LQOHW�KXPLGLW\�ZDV���J�NJ��WKH�DLU�ZDV�KXPLGLILHG�
E\�DSSUR[LPDWHO\��J�NJ�DQG� LWV� WHPSHUDWXUH�ZDV�UHGXFHG�E\�DURXQG����&� �VHe Figure 8a).  The air was 
FRROHG�E\������&�E\�KXPLGLI\LQJ�DSSUR[LPDWHO\��J�NJ�ZKHQ�WKH�LQOHW�DLU�KXPLGLW\�OHYHO�ZDV����J�NJ� 

 
Figure 9. )LQGLQJV�IRU�����&�RI�ZDWHU�DQG�����&�RI�LQOHW�DLU�WHPSHUDWXUHV�at (a) 9 g/kg and (b) 13 g/kg of 

inlet air humidity levels 

)LJXUH���GHPRQVWUDWHV�WKH�ILQGLQJV�ZKHQ�WKH�ZDWHU�WHPSHUDWXUH�ZDV�����&��DLU�LQOHW�WHPSHUDWXUH�ZDV����
�&�DQG�LQOHW�DLU�KXPLGLW\�OHYHOV�ZHUH���J�NJ�DQG���J�NJ��UHVSHFWLYHO\��,W�KDV�EHHQ�GHWHUPLQHG�WKDW�ZKHQ�
WKH�ZDWHU� WHPSHUDWXUH�ZDV�����&�� FRPSDUHG� WR� WKH�����&�ZDWHU� WHPSHUDWXUH�� WKH� V\VWHP�FRXOG�SHUIRUP�
EHWWHU�DV�VKRZQ�LQ�)LJXUH����:KLOH�WKH�DLU�LQOHW�WHPSHUDWXUH�DQG�DLU�KXPLGLW\�ZHUH�����&�DQG��J�NJ�DQG�
��J�NJ��WKH�DLU�ZDV�FKLOOHG�E\�DSSUR[LPDWHO\������&�DQG������&��UHVSHFWLYHO\��,Q�VRPH�Fases, extra energy 
FRXOG�EH�QHHGHG�WR�VXSSO\�����&�ZDWHU��ZKLFK�FRQWULEXWHV�WR�WKH�LQFUHDVH�LQ�FRROLQJ�FDSDFLW\� 

6.3. Wet Bulb Temperature and Dew Point Effectiveness 
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Figure 10. �D��:HW�EXOE�DQG��E��GHZ�SRLQW�HIIHFWLYHQHVV�DW�����&�ZDWHU�temperature 

 

Figure 11. �D��:HW�EXOE�DQG��E��GHZ�SRLQW�HIIHFWLYHQHVV�DW�����&�ZDWHU�WHPSHUDWXUH 

Dew point and wet bulb effectiveness are decisive parameters in the performance evaluation of 
evaporative cooling systems. The wet bulb and dew point effectiveness depend on the temperature of the 
outlet air (product air) and inlet air, and humidity values as expressed in Eqns. 1 and 2.  The higher the 
wet bulb and dew point effectiveness, the closer the outlet air temperature approaches the inlet air wet 
bulb and dew point temperature. As can be seen in Figures 10 and 11, it is shown that when wet bulb and 
dew point effectiveness increase, the temperature and humidity of the inlet air increase as well. In 
contrast, when the water temperature increases, it is noticed that the wet bulb and dew point effectiveness 
decrease.  

:KLOH�WKH�ZDWHU�WHPSHUDWXUH�ZDV�����&��WKH�LQOHW�DLU�WHPSHUDWXUH�ZDV�����&�DQG�WKH�VSHFLILF�KXPLGLW\�ZDV�
13 g/kg, the highest wet-bulb and dew point effectiveness values were achieved as 0.91 and 0.62, 
UHVSHFWLYHO\��:KLOH�WKH�ZDWHU�WHPSHUDWXUH�ZDV�����&��WKH�LQOHW�DLU�WHPSHUDWXUH�ZDV�����&�DQG�WKH�VSHFLILF�
humidity was 13 g/kg, the highest wet bulb and dew point effectiveness were attained as 0.80 and 0.53, 
respectively. As shown, the cooling effectiveness is highly affected by the inlet air temperature and 
humidity values, while the water temperature has relatively less impact on the cooling effectiveness.  

6.4. Cooling Capacity and EER 
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Figure 12. �D��&RROLQJ�FDSDFLW\�DQG��E��((5�DW�����&�ZDWHU�WHPSHUDWXUH 

 
Figure 13. �D��&RROLQJ�FDSDFLW\�DQG��E��((5�DW�����&�ZDWHU�WHPSHUDWXUH 

In evaporative cooling systems, cooling capacity and EER are also essential in addition to the cooling 
efficiency. The cooling capacity of an evaporative cooler should sufficiently encounter the heat gains in 
the air-FRQGLWLRQHG�VSDFH��((5��RQ�WKH�RWKHU�KDQG��LQGLFDWHV�KRZ�HIILFLHQWO\�WKH�V\VWHP�ZRUNV��)RU�����&�
DQG� ��� �&�ZDWHU� WHPSHUDWXUHV�� WKH� KLJKHVW� FRROLQJ� FDSDFLW\�ZDV� achieved as 574.5 and 460.8 W, and 
KLJKHVW�((5�ZDV�DWWDLQHG�DV�������DQG�������DW�LQOHW�DLU�WHPSHUDWXUH�RI�����&�DQG�VSHFLILF�KXPLGLW\�RI���
g/kg. However, the lowest cooling capacities were recorded as 245.3 and 227.4 W, and the lowest EERs 
were 32.7% and ������ DW� ��� �&� RI� LQOHW� DLU� WHPSHUDWXUH� DQG� ��� J�NJ� RI� VSHFLILF� KXPLGLW\�� ,W� FDQ� EH�
deduced that the cooling capacity and EER decrease as the water temperature and specific humidity 
increase. Yet, as the inlet air temperature increases, the cooling capacity and EER values increase. 
However, note that the EER of the system will decrease if extra energy must cool down the water 
temperature circulating across the system. 

6.5. Exergy Efficiencies and Destruction 
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Figure 14. Exergy efficiencies and exergy GHVWUXFWLRQ�DW��D������&�DQG��E������C water temperatures 

The exergy analyses in line with the data obtained from the tests performed under different water 
temperature and air inlet conditions are shown in Figure 14. Findings reveal that the exergy efficiency and 
exergy destruction increases with the increasing air inlet temperature. Adversely, exergy efficiency and 
destruction decrease as the inlet humidity increases. The highest exergy efficiency was found as 0.46 at 
DLU� LQOHW� WHPSHUDWXUH�RI�����&�DQG�DLU� LQOHW�KXPLGLW\�RI���J�NJ��ZKLOH� WKH� ORZHVW�H[HUJ\�HIILFLHncy was 
�����DW�DLU�LQOHW�WHPSHUDWXUH�RI�����&�DQG�LQOHW�KXPLGLW\�RI����J�NJ�DLU��&RUUHVSRQGLQJ�H[HUJ\�GHVWUXFWLRQ�
was 110 W and 75 W, respectively.  

The energetic and exergetic performance of the investigated M cycle evaporative cooler could be further 
improved by increasing the distance travelled by process air inside the heat exchanger, which would 
increase the cooling capacity. However, the pressure drop due to air friction is a drawback which may be 
overcome through oval channels.  

7. CONCLUSION 

In this study, an experimental investigation on the cooling performance of an innovative M-cycle 
evaporative cooler was conducted. Series of tests were perfRUPHG�DW�GLIIHUHQW�ZDWHU�WHPSHUDWXUHV������&�
DQG�����&��DQG�GLIIHUHQW�DLU�LQOHW�FRQGLWLRQV��LQOHW�WHPSHUDWXUH�RI�����&�DQG�����&�DQG�LQOHW�KXPLGLW\�RI�
9g/kg and 13g/kg). The concluding remarks outlined are as follows: 

x It was noted that the water temperature has a significant impact on the wet bulb and dew point 
effectiveness, that can seriously alter the product air outlet temperature by approximately 2±���&� 
x The inlet air temperature and inlet air humidity has the reverse effect on the wet bulb and dew 
point effectiveness. As such, the wet bulb and dew point effectiveness increase with the increasing inlet 
air temperature and decrease with the increasing inlet air humidity. 
x It was observed that the air inlet humidity increased by about 1 g/kg. This humidity increase is 
minimal comparing to the humidity increase in conventional direct evaporative coolers. 
x The highest wet bulb and dew point efficiencies obtained from the system were attained at the air 
LQOHW�WHPSHUDWXUH�RI�����&�DQG�DLU�LQOHW�KXPLGLW\�RI����J�kg. The highest wet-bulb effectiveness at water 
WHPSHUDWXUHV�RI�����&�DQG�����&�ZDV�IRXQG�WR�EH�������DQG������UHVSHFWLYHO\��ZKLOH�WKH�KLJKHVW�GHZ�
point effectiveness was found to be 62.8% and 53.6%, respectively. 
x The highest EER value was achieved as 76.6�� DW� D� ZDWHU� WHPSHUDWXUH� RI� ��� �&�� DLU� LQOHW�
WHPSHUDWXUH�RI�����&�DQG�DLU�LQWDNH�KXPLGLW\�RI���J�NJ� 
x 7KH�KLJKHVW�H[HUJ\�HIILFLHQF\�ZDV�DFKLHYHG�DV�������DW�����&�ZDWHU�WHPSHUDWXUH������&�DLU�LQOHW�
temperature, and 9 g/kg air inlet humidity. However, the lowest exergy efficiency was attained as 20.3% 
DW�D�ZDWHU�WHPSHUDWXUH�RI�����&��DLU�LQOHW�WHPSHUDWXUH�RI�����&�DQG�DLU�LQWDNH�KXPLGLW\�RI����J�NJ� 
It was also deduced that the performance of the developed M-cycle cooler can be further improved 
substantially through; 
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� sealing each layer of the heat exchanger separately during assembly, 
� constructing an outer case, preventing the system being exposed to the external environment, 
� preserving water temperature by using water storage without exposing the water to the ambient 
temperature 
� and finally utilising blower fans with lower capacities.   
It is inferred that the proposed cooling unit can be used in hot, dry and even humid climates. In humid 
climates, however, a dehumidifier must be integrated into the system so the air humidity level can be 
adjusted to human comfort conditions. 
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 Graphical/Tabular Abstract 

In this study, a cloud-based web application is developed that extracts information such as 
names, phone numbers, e-mail addresses, job titles from physical business cards prepared in 
Turkish using Tesseract-based optical character recognition method (OCR). 

 
Figure A. System architecture of the proposed cloud-based business card reader application 

Purpose: In the literature, there are various applications developed based on Mobile Vision, 
OpenCV and Tesseract for the digitization and extraction of information on paper-based 
business cards in English, Vietnamese, Japanese and Chinese languages. In this study, it is 
aimed to develop a high-accuracy cloud-based business card recognition software 
(TRCardScan) compatible with Turkish language with Tesseract-based OCR in order to extract 
the information from paper-based business cards in Turkish.  

Theory and Methods: The system architecture of the proposed paper-based Turkish business 
card reader application is given in Figure A. As can be seen, firstly, business card photos, are 
taken from the camera or image gallery as input to the application. Then, these photos are 
subjected to character reading process with Tesseract-based OCR method. As a result of the 
OCR process, the read and converted texts such as name, surname, mobile phone, e-mail 
address and contact address on the business card are parsed by algorithms specific to the 
characteristic of the parts in which it is located. In the last stage, the data that is parsed and 
transformed into meaningful information is sent to the web service to be written in the relevant 
field in the database. 

Results: In the analyzes made with 15 paper-based Turkish business cards with different 
features, it was observed that the proposed TRCardScan software was able to extract the 
information from physical business cards with 84.76% accuracy, 96.05% precision, 84.88% 
recall and 90.12% F1 score. In addition, the average extraction time per business card is 1.6 
seconds. 

Conclusion: The proposed TRCardScan can read and parse data from physical business cards 
with an average extraction time of 1.6 seconds and high accuracy of around 85%. These results 
show that the parsing algorithm designed for the Turkish language in the proposed web-based 
application is successful, considering the time and performance criteria. Finally, when 
compared to similar software, TRCardScan is considered to be quite successful with its high 
accuracy rates and reasonable extraction times. 
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 Abstract 

In this study, digital-business card holder software was developed that digitally stores physical 
business cards prepared in Turkish in a cloud-based database. In the proposed software, the 
information on the physical business card is converted into text by optical character recognition 
method (OCR) using business card photos, and then the texts obtained with the help of 
developed algorithms are separated and grouped. Finally, the digitally obtained business card 
data is stored in the cloud-based database for later use. Considering the Turkish business cards, 
it is known that there are a wide variety of complex business cards unique to the country as well 
as the characters specific to the Turkish language. In this context, first of all, a method that 
correctly recognizes Turkish characters has been determined in the study. Later, name, mobile 
phone, e-mail address, company title, position and similar meaningful information were 
separated from the data read. In order to make these decompositions, special methods have been 
developed for each field and more accurate and meaningful data has been obtained with field-
based algorithms. Thanks to the developed cloud-based platform-independent interface, it is 
possible to access data from more than one device with a single user over the internet. The study 
also offers a layered service architecture and database infrastructure that can be used by 
multiple accounts and multiple users connected to it simultaneously from a single platform. In 
the experimental studies, the proposed software can extract the data on 15 physical business 
cards with different features with 84.76% Accuracy, 96.05% Precision, 84.88% Recall, 90.12% 
F1 Score and an average extraction time of 1.6 seconds. 

2WRPDWLN�7�UNoH�.DUWYL]LW�7DQÕPD�LoLQ %XOXW�7DEDQOÕ�:(%�
8\JXODPD�7DVDUÕPÕ�YH�3HUIRUPDQV�'H÷HUOHQGLUPHVL 

g] 

%X� oDOÕúPDGD�� 7�UNoH� KD]ÕUODQPÕú� IL]LNVHO� NDUWYL]LWOHUL�� VD\ÕVDO� RODUDN� EXOXW� WDEDQOÕ�
YHULWDEDQÕQGD� VDNOD\DQ� GLMLWDO-NDUWYL]LWOLN� \D]ÕOÕPÕ� JHOLúWLULOPLúWLU�� gQHULOHQ� \D]ÕOÕPGD�� IL]LNVHO�
NDUWYL]LW��]HULQGHNL�ELOJLOHU�NDUWYL]LW� IRWR÷UDIODUÕQGDQ�RSWLN�NDUDNWHU� WDQÕPD��2SWLFDO�&KDUDFWHU�
5HFRJQLWLRQ�� 2&5�� \|QWHPL� LOH� metne oHYULOPHNWH� GDKD� VRQUD� JHOLúWLULOHQ� DOJRULWPDODU�
\DUGÕPÕ\OD� HOGH� HGLOHQ� PHWLQOHU� D\UÕúWÕUÕODUDN� JUXSODQGÕUÕOPDNWDGÕU�� 6RQ� RODUDN� VD\ÕVDO� RODUDN�
elde edilen kartvizit verileri, daha sonra kullaQÕOPDN� �]HUH� EXOXW� WDEDQOÕ� YHULWDEDQÕQGD�
VDNODQPDNWDGÕU��7�UNoH�NDUWYL]LWOHU�J|]�|Q�QH�DOÕQGÕ÷ÕQGD��7�UN�GLOLQH�|]J�Q�NDUDNWHUOHULQ�\DQÕ�
VÕUD� �ONH\H� |]J�Q� oRN� oHúLWOL-NDUPDúÕN� NDUWYL]LWOHULQ� GH� ROGX÷X� ELOLQPHNWHGLU�� %X� NDSVDPGD�
oDOÕúPDGD� |QFHOLNOL� RODUDN� 7�UNoH� NDUDNWHUOHUL� GR÷UX� WDQÕ\DQ� ELU� \|QWHP� EHOLUOHQPLúWLU�� 'DKD�
sonra okunan verilerden isimler, cep telefonu, e-SRVWD�DGUHVL�� úLUNHW�XQYDQÕ��J|UHYL�YH�EHQ]HUL�
DQODPOÕ� NDUWYL]LW� ELOJLOHULQLQ� D\UÕúWÕUÕOPDVÕ� \DSÕOPÕúWÕU�� %X� D\UÕúWÕUPDODUÕ� \DSDELOPHN� LoLQ� KHr 
DODQ� LoLQ�NHQGLQH�|]HO�\|QWHPOHU�JHOLúWLULOHUHN�DODQ�ED]OÕ�DOJRULWPDODUOD�GDKD�GR÷UX�YH�DQODPOÕ�
YHULOHULQ� HOGH� HGLOPHVL� VD÷ODQPÕúWÕU�� *HOLúWLULOHQ� EXOXW� WDEDQOÕ�� SODWIRUPGDQ� ED÷ÕPVÕ]� DUD\�]�
VD\HVLQGH� LQWHUQHW� �]HULQGHQ� WHN� NXOODQÕFÕ� LOH� ELUGHQ� ID]OD� FLKD]GDQ� YHULOHUH� HULúLOHELOPHVLQH�
RODQDN�VD÷ODQPÕúWÕU��dDOÕúPD�D\QÕ�]DPDQGD�WHN�ELU�SODWIRUPGDQ��ELUGHQ�oRN�KHVDS�YH�RQD�ED÷OÕ�
ELUGHQ� ID]OD� NXOODQÕFÕQÕQ� D\QÕ� DQGD� NXOODQDELOHFH÷L� NDWPDQOÕ� VHUYLV�PLPDULVL� YH� YHULWDEDQÕ� DOW�
\DSÕVÕ� GD� VXQPDNWDGÕU�� <DSÕODQ� GHQH\VHO� oDOÕúPDODUGD�� JHOLúWLULOHQ� \D]ÕOÕP�� IDUNOÕ� |]HOOLNOHUH�
VDKLS� ��� DGHW� IL]LNVHO� NDUWYL]LWWHNL� YHULOHUL�� ������� 'R÷UXOXN�� ������� .HVLQOLN�� �������
'X\DUOÕOÕN�� ������� )�� 6NRUX� YH� RUWDODPD� ���� VQ¶OLN� oÕNDUWÕP� V�UHOHUL\OH� RNX\DUDN�
D\UÕúWÕUDELOPHNWHGLU� 
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7HNQRORMLN� JHOLúPHOHUH� SDUDOHO� RODUDN� J�QO�N� KD\DWWDQ�� Lú� KD\DWÕQD� NDGDU� oHúLWOL� DODQODUGDNL� ELUoRN�
LúOH\LúLQ�� V�UHFLQ� YH\D� X\JXODPDQÕQ� GLMLWDOOHúPHVLQH� UD÷PHQ� ED]Õ� JHOHQHNVHO� NXOODQÕPODU� \D\JÕQOÕ÷ÕQÕ�
NRUXPDNWDGÕU�� %X� WHUFLKOHULQ� VHEHSOHUL� RODUDN� NXOODQÕP� NROD\OÕ÷Õ� YH\D� DOÕúNDQOÕNODU� RODUDN� VÕUDODQDELOLU��
g]HOOLNOH�Lú�KD\DWÕQGD�\D\JÕQ�ELU�úHNLOGH�NXOODQÕODQ�IL]LNVHO�NDUWYL]LWOHU�EX�NXOODQÕP�WHUFLKLQH�|UQHN�RODUDN�
J|VWHULOHELOLU�� .LúLOHULQ� WHOHIRQ�� e-posta DGUHVL� YH\D� GL÷HU� LOHWLúLP� ELOJLOHULQLQ� WRSOX� KDOGH� ELU� DUDGD� \HU�
DOPDVÕ� YH� NÕVD� V�UHGH� SD\ODúPD� LPNkQÕ� WDQÕPDVÕ� IL]LNVHO� NDUWYL]LWOHULQ� \D\JÕQ� RODUDN� WHUFLK� HGLOPH�
VHEHSOHUL�DUDVÕQGDGÕU�� øKWL\Do�GX\XOGX÷X�]DPDQ�NXOODQPDN��]HUH�VDNODQDQ�IL]LNVHO�NDUWYL]LWOHUH�XODúPDN�
]RU� YH\D� LPNkQVÕ]� RODELOPHNWHGLU�� .DUWYL]LWOHULQ� FHS� WHOHIRQX� YH\D� GLMLWDO� DVLVWDQ� JLEL� oHúLWOL� ND\ÕW�
RUWDPODUÕQD�DNWDUÕPÕ��YHUL�JLULúLQLQ�]DPDQ�DOPDVÕ�YH�X÷UDúWÕUPDVÕ�VHEHEL\OH�JHQHOGH�\DSÕOPDPDNWDGÕU��%X�
bilgiler kaydedilse bile ilgili cihazODUÕQ�DUÕ]DODQPDVÕ��\DQOÕúOÕNOD�IRUPDWODQPDVÕ�YH\D�FLKD]�GH÷LúLNOLNOHUL�
JLEL�GXUXPODUGD�EX�ELOJLOHUH�HULúLPLQ�ND\EROPDVÕ�GD�V|]�NRQXVXGXU��)L]LNVHO�NDUWYL]LWOHULQ�NROD\�HULúHELOLU�
ROPDVÕ�� �]HULQGHNL� ELOJLOHULQ� VD\ÕVDOODúWÕUÕODUDN� EXOXW� RUWDPÕQD� DNWDUÕOPDVÕ LOH� P�PN�Q� RODELOLU�� %X�
NDSVDPGD�oDOÕúPDGD��7�UNoH�KD]ÕUODQPÕú�IL]LNVHO�NDUWYL]LWOHUL��VD\ÕVDO�RODUDN�EXOXW� WDEDQOÕ�YHULWDEDQÕQGD�
VDNOD\DQ�NXOODQÕFÕ�GRVWX�GLMLWDO-NDUWYL]LWOLN�\D]ÕOÕPÕ�JHOLúWLULOPLúWLU��gQHULOHQ�\D]ÕOÕPGD�� IL]LNVHO�NDUWYL]LW�
�]HULQGHNL�ELOJLOHU��NDUWYL]LW�J|U�QW�OHULQGHQ�RSWLN�NDUDNWHU�WDQÕPD��2SWLFDO�&KDUDFWHU�5HFRJQLWLRQ��2&5��
\|QWHPL� LOH� metne oHYULOPHNWH� GDKD� VRQUD� JHOLúWLULOHQ� DOJRULWPDODU� \DUGÕPÕ\OD� D\UÕúWÕUÕODQ� PHWLQOHU�
JUXSODQGÕUÕODUDN� EXOXW� WDEDQOÕ� YHULWDEDQÕQGD� VDNODQPDNWDGÕU�� )RWR÷UDIÕ� oHNLOHQ� YH\D� WDUD\ÕFÕ� LOH� WDUDQDQ�
fiziksel kartvizit KHP�UHVLP�KHP�GH�LúOHQHELOLU�YHUL�RODUDN�VDNODQDELOPHNWHGLU��dHYULPLoL�RODUDN�oDOÕúDFDN�
EXOXW� WDEDQOÕ� NDUWYL]LW� X\JXODPDVÕ KHP� VDNODPD� LúOHYLQL� VD÷ODUNHQ KHP� GH� YHUL� JLULúL� HVQDVÕQGD�
kaybedilecek ]DPDQÕ� NÕVDOWPDNWDGÕU�� )L]LNVHO� NDUWYL]LW� �]HULQGHNL� ELOJLOHULQ� VD\ÕVDOODúWÕUÕOPDVÕQGD�
NXOODQÕODQ� 2&5� \|QWHPL�� EDVÕOÕ� YH\D� HO� \D]PDVÕ� PHWLQOHUH� DLW� J|U�QW�OHULQ�� J|U�QW�� LúOHPH� WHNQLNOHUL�
NXOODQDUDN�\D]Õ\D�YH�LúOHP�\DSÕODELOLU�YHUL\H�G|Q�úW�UPH�LúLGLU��2&5�J�QO�N�KD\DWÕPÕ]GD��SODND�WDQÕPD�
VLVWHPOHUL� >�@�� J|UPH� HQJHOOLOHU� LoLQ� GHVWHN� X\JXODPDVÕ� >�@�� EDQNDFÕOÕN� X\JXODPDVÕ� >�@�� RWRQRP� V�U�ú�
X\JXODPDVÕ�>�@�JLEL�ELUoRN�DODQGD�NXOODQÕOPDNWDGÕU�� 

/LWHUDW�UGH�� øQJLOL]FH� >�@��9LHWQDPFD� >�@�� -DSRQFD� >�@��dLQFH� >��� �@� GLOOHULQGH� KD]ÕUODQPÕú� Nk÷ÕW� WDEDQOÕ�
NDUWYL]LWOHUGH�\HU�DODQ�ELOJLOHULQLQ�GLMLWDOOHúWLULOPHVL�YH�oÕNDUÕOPDVÕ�DPDFÕ\OD�0RELOH�9LVLRQ��2SHQ&9�YH�
Tesseract [5-��@� JLEL� oHúLWOL� J|U�QW�� LúOHPH� N�W�SKDQHOHUL� NXOODQDUDN� JHOLúWLULOPLú� X\JXODPDODU� \HU�
DOPDNWDGÕU� %X� NDSVDPGD�� 7KXDQ� YH� DUNDGDúODUÕ� *RRJOH� 9LVLRQ� N�W�SKDQHVLQL� NXOODQDUDN� øQJLOL]FH�
KD]ÕUODQPÕú� Nk÷ÕW WDEDQOÕ� NDUWYL]LWOHU� �]HULQGH� \HU� DODQ� ELOJLOHULQ� 2&5� \|QWHPL� LOH� GLMLWDOOHúWLULOPHVLQL�
JHUoHNOHúWLUPLúWLU�>�@��$\UÕFD�EX�oDOÕúPD�Nk÷ÕW�NDUWYL]LW�ELOJLOHULQL�GLMLWDOOHúWLUPHN�YH�oÕNDUPDN�LoLQ�PRELO�
FLKD]ODU�LoLQ�ELU�$QGURLG�X\JXODPD�VD÷ODPDNWDGÕU��+XQJ�YH�DUNDGDúODUÕ KHP�9LHWQDPFD�KHP�GH�øQJLOL]FH�
NDUWYL]LWOHUGHQ�7HVVHUDFW�DoÕN�ND\QDN�2&5�LOH�LVLP��WHOHIRQ�QXPDUDODUÕ��H-SRVWD�DGUHVOHUL��Lú�XQYDQODUÕ�JLEL�
anODPOÕ�ELOJLOHUL�oÕNDUWDQ�ELU�DQGURLG�X\JXODPD�JHOLúWLUPLúWLU�>�@��dDOÕúPDGD�|QHULOHQ��WDQÕPD�DOJRULWPDVÕ��
NDUWYL]LW� LúOHPH�� PHWLQ� EOR÷X� EXOXFX�� J|U�QW�� LNLOLOHúWLUPH�� 2&5� LúOHPH� YH� GLO� LúOHPH� úHNOLQGH� EHú�
DúDPDGDQ� ROXúPDNtDGÕU��gWH� \DQGDQ�� 6DLJD� YH� DUNDGDúODUÕ� LVH� KHP� IRUPDW� KHP� GH� \D]Õ� WLSL� RODUDN� oRN�
oHúLWOL�-DSRQ�NDUWYL]LWOHULQL�WDQÕ\DQ�GHQH\VHO�ELU�NDUWYL]LW�WDQÕPD�VLVWHPL�|QHUPLúOHUGLU�>�@��$\UÕFD�|QHULOHQ�
VLVWHP�|QFHGHQ�WDQÕPODQPÕú�ELUNDo�NDWHJRULGH�NDUWYL]LW�YHUL�WDEDQÕQÕQ�RWRPDWLN�RODUDN�ROXúWXUXOPDVÕQÕ�GD�
VD÷ODPDNWDGÕU�� &KLRX� YH� DUNDGDúODUÕ�� dLQFH� YH� øQJLOL]FH� GLOLQGH� KD]ÕUODQPÕú� UHQNOL� NDUWYL]LWOHUGHQ��
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PRGHOLQL�NXOODQDQ�ELU�\DNODúÕP�|QHULOPLúWLU�>�@��7DQÕPD�RUDQÕQÕ�L\LOHúWLUPHN�LoLQ�ELU�VRQ�LúOHPH�\|QWHPL��
6DNOÕ� 0DUNRY� PRGHOL\OH� ELUOHúWLULOPLúWLU�� dDOÕúPD� NDSVDPÕQGD�� dLQFH� NDUWYL]LWOHUGHQ� úLUket ve adres 
|÷HVLQLQ�WDQÕQPDVÕ��]HULQH�GHQH\OHU�JHUoHNOHúWLULOPLúWLU��'DQJLZD�YH�.XPDU�L26�FLKD]ODU�LoLQ�7HVVHUDFW
D�
GD\DOÕ�.DUWYL]LW�RNX\XFX�X\JXODPDVÕ�JHOLúWLUPLúOHUGLU� >��@��6KLQGH�YH�DUNaGDúODUÕ� LVH�*RRJOH�9LVLRQ�GLO�
oHYLUL� |]HOOL÷L� NXOODQDUDN� oRNOX� GLO� GHVWHNOL� NDUWYL]LW� RNX\XFX� |QHUPLúOHUGLU� >��@�� g]HOOLNOH� 7�UNoH�
NDUWYL]LWOHUGH�7�UN�GLOLQH�|]J�Q�NDUDNWHUOHULQ�NXOODQÕOPDVÕQÕQ�\DQÕ�VÕUD��ONH\H�|]J�Q�oRN�oHúLWOL-NDUPDúÕN�
NDUWYL]LWOHU�EXOXQPDVÕ�VHEHEL\OH� OLWHUDW�UGH�\HU�DODQ�EX�X\JXODPDODUÕQ�7�UNoH�NDUWYL]LWOHUGH�EDúDUÕPÕQÕQ�
G�ú�N�YH�NXOODQÕPÕQÕQ�]RU�ROGX÷X�J|U�OPHNWHGLU��%X�oDOÕúPDGD��7HVVHUDFW�DoÕN�ND\QDN�2&5�\|QWHPL�LOH�
7�UNoH� KD]ÕUODQPÕú� IL]LNVHO� NDUWYL]LWOHUGHQ� LVLP�� WHOHIRQ� QXPDUDODUÕ�� H-SRVWD� DGUHVOHUL�� Lú� XQYDQODUÕ� JLEL�
DQODPOÕ�ELOJLOHUL�oÕNDUWDQ EXOXW�WDEDQOÕ�:(%�X\JXODPDVÕ�JHOLúWLULOPLúWLU��dDOÕúPDGD�NXOODQÕODQ�DoÕN�ND\QDN�
2&5� \|QWHPL� RODQ� 7HVVHUDFW�� ,RV� YH� $QGURLG� GH� GkKLO� oHúLWOL� LúOHWLP� VLVWHPOHULQGH� NRGODPD� \DSDQ�
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\D]ÕOÕPFÕODU� WDUDIÕQGDQ� WHUFLK�HGLOHQ�ELU�PHWLQ� WDQÕPD�PRWRUXGXU��7HVVHUDFW��+Hwlett-3DFNDUG� WDUDIÕQGDQ�
JHOLúWLULOHUHN� ����-����� \ÕOODUÕ� DUDVÕQGD� �FUHWOL� ELU� DUDo� RODUDN� NXOODQÕFÕODUD� VXQXOPXúWXU�� 'DKD� VRQUD��
�����\ÕOÕQGD�1HYDGD�hQLYHUVLWHVL�YH�+HZOHWW-3DFNDUG�WDUDIÕQGDQ�DoÕN�ND\QDN�RODUDN�SD\ODúÕOPÕúWÕU������-
�����\ÕOODUÕ� DUDVÕQGD�JHOLúWLUPH� V�UHoOHUL�*RRJOH� WDUDIÕQGDQ�GHVWHNOHQHQ�7HVVHUDFW
ÕQ� VRQ� V�U�P�� �/RQJ�
short-WHUP� PHPRU\�� /670� ED]OÕ�� ����� \ÕOÕQGD� \D\ÕQODQPÕúWÕU� >��@�� 7HVVHUDFW�� SL\DVDGDNL� |]J�U�
\D]ÕOÕPODU� DUDVÕQGD� HQ� oRN� WHUFLK� HGLOHQ� YH� HQ� GR÷UX� VRQXo� �UHWHELOHQ� 2&5�PRWRUODUÕndan biri olarak 
kabul edilmektedir [13-19]. 

dDOÕúPDQÕQ�W�P�NDWPDQODUÕQGD�NXOODQÕODQ�EXOXW�ELOLúLP��&ORXG�&RPSXWLQJ��&&) daha az maliyetle, daha 
oRN�ND\QD÷D��GDKD�KÕ]OÕ� XODúPD� LPNkQÕ�YHUHQ�ELU� WHNQRORMLGLU��%XOXW�ELOLúLP�� LKWL\Do�GX\XODQ�ELOJLVD\DU�
kaynaklDUÕQÕ� YH\D� YHULOHULQL�� X]DNWDQ� HULúLPOH� KÕ]OÕ� ELU� úHNLOGH� NXOODQDELOPHN� YH� \|QHWHELOPHNWLU�� �����
\ÕOÕQGD� KL]PHWH� EDúOD\DQ� ³$PD]RQ� 6�´�� JHUoHN� DQODPGD� LON� EXOXW� ELOLúLP� KL]PHWL� RODUDN� NDEXO�
HGLOPHNWHGLU��1HVQHOHULQ�LQWHUQHWL��,R7��YH�\DSD\�]HNkQÕQ��$,��LKWL\Do�GX\GX÷X�ELOLúLP�ND\QDNODUÕ��EXOXW�
ELOLúLP�NXOODQÕPÕQÕ�YH�NXOODQÕP�DODQODUÕQÕ�FLGGL�ELoLPGH�DUWÕUPÕúWÕU�>��@��%XOXW�%LOLúLP¶LQ�WHPHOLQGH�ùHNLO�
��¶GH� J|VWHULOHQ�� <D]ÕOÕP� �6RIWZDUH� $V� $� 6HUYLFH�� 6DD6��� 3ODWIRUP� �3ODWIRUP�$V� $� 6HUYLFH�� 3DD6�� YH�
$OW\DSÕ� �,QIUDVWUXFWXUH� $V� $� 6HUYLFH�� ,DD6�� KL]PHW� NDWPDQODUÕQGDQ� ROXúPDNWDGÕU�� 6DD6� NDWPDQÕQGD��
\D]ÕOÕP� KL]PHWL� VHUYLV� RODUDN� VXQXOPDNWDGÕU�� %X� VHUYLVH� |UQHN� RODUDN� oHYULP� LoL� PDLO� VXQXFXODUÕ�
�*PDLO�FRP��� oHYULP� LoL� |GHPH� VLVWHPOHUL� �3D\3DO�FRP�� YH\D� oHYULP� LoL� PXKDVHEH�� P�úWHUL� LOLúkileri 
\|QHWLPL� �3LUFORXG�FRP�� \D]ÕOÕP� KL]PHWOHUL� YHULOPHNWHGLU�� 3DD6� NDWPDQÕQGD�� \D]ÕOÕP� JHOLúWLULFLOHULQ�
SODWIRUP�RODUDN�NXOODQDELOHFH÷L�ELU�\DSÕ� VXQXOPDNWDGÕU��9HULWDEDQÕ��\D]ÕOÕPÕQ�VXQXODFD÷Õ�ZHE�RUWDPÕ�YH�
EXQODUÕQ� JHUHNVLQLP� GX\DELOHFH÷L� GL÷HU� W�P� \DQ� LKWL\DoODUÕ� LoLQ� DOÕQDQ� KL]PHWOHU� E�W�Q� RODUDN�
WDQÕPODQPDNWDGÕU��:LQGRZV�$]XUH��*RRJOH�$SS�(QJLQH� JLEL� SODWIRUPODU� |UQHN�RODUDN�YHULOHELOLU�� ,DD6��
EXOXW�KL]PHWOHULQGH�LKWL\Do�GX\XODQ�IL]LNVHO�GRQDQÕPÕQ�VXQXOGX÷X�NDWPDQGÕU��.XOODQÕFÕ�LKWL\Do�GX\GX÷X�
GHSRODPD�DODQÕ��LúOHPFL�NDSDVLWHVL��D÷�ND\QD÷Õ�YH�GL÷HU�ELOLúLP�ND\QDNODUÕQÕ�NHQGLVL�\DSÕODQGÕUDELOPHNWH�
YH�X\JXODPD�DODQÕQD�J|UH�LKWL\DFÕ�RODQ�LúOHWLP�VLVWHPL�YH�\D]ÕOÕPODUÕ�\�NOH\HELOPHNWHGLU�>��@� 

 

 
ùHNLO��� BuluW�ELOLúLP�VHUYLV�NDWPDQODUÕ 

 

*HOLúWLULOHQ�\D]ÕOÕP��SODWIRUP�ED÷ÕPVÕ]�ROPDVÕ�LoLQ�EXOXW�WDEDQOÕ�ELU�ZHE�X\JXODPDVÕ�RODUDN�WDVDUODQPÕúWÕU��
%X�VD\HGH�IDUNOÕ�SODWIRUPODUGDQ�YH�GROD\ÕVÕ\OD�oHúLWOL�FLKD]ODUGDQ��WHOHIRQ��WDEOHW��ELOJLVD\DU��DUDo�SDQHOL��
DNÕOOÕ�79�JLEL��NROD\FD�HULúLOHELOHQ�ELU�X\JXODPD�ROPDVÕ�VD÷ODQPÕúWÕU��)RWR÷UDIÕ�oHNLOHQ�YH\D�GDKD�|QFH�
UHVLP� GRV\DVÕ� RODUDN� ND\GHGLOPLú� IL]LNVHO� kartvizitin KHP� J|U�QW�� KHP� GH� LúOHQHELOLU� PHWLQ� �2&5� LOH�
resimden metne G|Q�úW�UPH��RODUDN�EXOXW�WDEDQOÕ�ELU�YHULWDEDQÕQGD�VDNODQPDVÕ�DPDoODQPÕúWÕU��9HULWDEDQÕ�
LúOHPOHULQL�\DSPDN�LoLQ�GH�D\UÕ�ELU�:(%�VHUYLV�\D]ÕOPÕúWÕU�� 

dDOÕúPDGD�� 7HVVHUDFW� DoÕN� ND\QDN� 2&5� \|QWHPL� LOH� NDUWYL]LW� J|U�QW�OHULQGHQ� \D]Õ\D� oHYULOHQ� YHULOHU��
NDUWYL]LW�DODQÕQÕQ�NDUDNWHULVWLN�YH�GLOVHO�|]HOOLNOHULQH�J|UH�JHOLúWLULOHQ�|]J�Q�DOJRULWPDODUOD�D\UÕúWÕUÕOPÕúWÕU���
Bu veriler, telefon, e-SRVWD�� DGUHV�� LVLP�� úLUNHW� YH\D� GL÷HU� DQODPOÕ� ELOJLOHUGHQ� ROXúPDNWDGÕU�� (N� RODUDN��
JHOLúWLULOHQ� \D]ÕOÕPGD�� DOJRULWPD� GÕúÕQGD� NDODQ� YH� D\UÕúWÕUÕODPD\DQ� ELOJLOHU� NXOODQÕFÕ\D� VHoHQHN� RODUDN�
VRUXOXS�G�]HQOHPH�HVQHNOL÷L�GH�VD÷ODQPÕúWÕU. 
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2. *(/øù7ø5ø/(1� %8/87� 7$%$1/,� 2720$7ø.� .$579ø=ø7� 7$1,0$� :(%�
UYGULAMASI: TRCARDSCAN (DEVELOPED CLOUD-BASED AUTOMATIC BUSINESS 
CARD RECOGNITION WEB APPLICATION: TRCARDSCAN) 

%X� E|O�PGH�� JHOLúWLULOHQ� EXOXW� WDEDQOÕ� NDUWYL]LW� WDQÕPD� \D]ÕOÕPÕQÕQ� �75&DUG6FDQ�� JHQHO� \DSÕVÕQD� YH�
JHOLúWLUPH�V�UHoOHULQH�\HU�YHULOPHNWHGLU��gQHULOHQ�Nk÷ÕW WDEDQOÕ�7�UNoH�NDUWYL]LW�RNX\XFX�X\JXODPDVÕQD�DLW�
EORN� GL\DJUDP� ùHNLO� �¶GH� \HU� DOPDNWDGÕU�� %ORN� GL\DJUDPGDQ� GD� J|U�OG�÷�� �]HUH�� LON� RODUDN� NDUWYL]LW�
J|U�QW�OHUL� NDPHUD� YDVÕWDVÕ\OD� X\JXODPD\D� JLUGL� RODUDN� DOÕQPDNWDGÕU�� 'DKD� VRQUD� DOÕQDQ� EX� NDUWYL]LW�
J|U�QW�OHUL�� 7HVVHUDFW� >��@� 2&5� \|QWHPL� LOH� NDUDNWHU� RNXPD� LúOHPLQH� WDEL� WXWXOPDNWDGÕU�� 2&5� LúOHPL�
VRQXFX�RNXQPXú�YH�G|Q�úW�U�OP�ú�PHWLQOHU�D\UÕúWÕUPD�V�UHFLQH� WDEL� WXWXOXU��%X�V�UHoWH� LVLP�� VR\� LVLP��
cep telefonu, e-SRVWD�DGUHVL�YH�LOHWLúLP�DGUHVL�JLEL�YHULOHU�\HU�DOGÕ÷Õ�DODQÕQ�NDUDNWHULVWL÷LQH�|]J��\D]ÕOPÕú�
DOJRULWPDODUOD�D\UÕúWÕUÕOPDNWDGÕU��6RQ�DúDPDGD�LVH�D\UÕúWÕUÕODQ�YH�DQODPOÕ�YHULOHU�KDOLQH�G|Q�úW�U�OHQ�her 
bir bilgi YHUL�WDEDQÕQGDNL LOJLOL�DODQD�\D]ÕOPDN��]HUH�ZHE�VHUYLVLQH�J|QGHULOPHNWHGLU� 

 

 
ùHNLO��� gQHULOHQ�EXOXW�WDEDQOÕ�NDUWYL]LW�RNX\XFX�X\JXODPDVÕQD�DLW�EORN�GL\DJUDP 

 

2.1. 9HULWDEDQÕ�YH�:HE�6HUYLV�7DVDUÕPÕ��Database and Web Service Design)  

dDOÕúPD\D�|]J��RODUDN�06�64/�YHULWDEDQÕ�\|QHWLP�VLVWHPLQGH�KD]ÕUODQDQ�YHULWDEDQÕ��NDUWYL]LW�LúOHPOHUL��
�\HOLN�LúOHPOHUL�YH�VLVWHP�JHUHNVLQLPOHULQL�NDSVD\DQ�ùHNLO��¶WH EHWLPOHQHQ���DGHW�WDEORGDQ�ROXúPDNWDGÕU��
³$FFRXQW´� WDEORVX� �\HOLN� VLVWHPL� LoLQ� KHVDSODUÕQ WXWXOGX÷X�� ³$FFRXQW8VHUV´� WDEORVX� LVH� KHVDED� ED÷OÕ�
NXOODQÕFÕ� ELOJLOHULQLn WXWXOGX÷X� WDEORGXU��*LULú� HNUDQÕQGD� \D]ÕODQ� NXOODQÕFÕ� DGÕ� YH� úLIUH� ³$FFRXQW8VHUV´�
WDEORVX�LOH�NDUúÕODúWÕUÕOPDNWDGÕU� 

 

 
ùHNLO��� gQHULOHQ�EXOXW�WDEDQOÕ�NDUWYL]LW�RNX\XFX�X\JXODPDVÕQD�DLW�YHULWDEDQÕ�YDUOÕN�LOLúNL�GL\DJUDPÕ 
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³%XVVLQHV&DUG,QIR´� WDEORVX� NDUWYL]LW� ELOJLOHULQLQ� WXWXOGX÷X� WDEORGXU�� 2&5� \DUGÕPÕ� LOH� RNXQDQ� YH�
D\UÕúWÕUÕODQ�YHULOHU�EX�WDEORGDNL�LOJLOL�DODQODUD�\D]ÕOPDNWDGÕU��$\UÕFD�GDKD�VRQUD�LKWL\Do�GX\XOPDVÕ�KDOLQGH 
NXOODQÕOPDN� �]HUH� KDP� YHUL� GH� EX� WDEORGD� VDNODQPDNWDGÕU�� ³&RQILJ'DWD´� NXOODQÕFÕ� YH� KHVDS� ED]OÕ�
SDUDPHWULN�ROPDVÕ�JHUHNHQ�D\DUODUÕQ�VDNODGÕ÷Õ�VLVWHP�WDEORVXGXU��³/RJLQ/RJ´�WDEORVX��LVWDWLVWLNVHO�ELOJL�YH�
NXOODQÕFÕ� J�YHQOL÷LQL� VD÷ODQPDN� LoLQ� JLULú� ELOJLOHULQLQ� WXWXOGX÷X� VLVWHP� WDEORVXGXU�� ³(UURU/RJ´� WDEORVX��
NXOODQÕFÕODUÕQ�DOGÕ÷Õ�KDWDODUÕQ�VDNODQGÕ÷Õ�WDEORGXU� 

9HUL�WDEDQÕ�LúOHPOHUL�LoLQ�ZHE�X\JXODPDVÕ�YH�YHUL�WDEDQÕ�DUDVÕQGD�KDEHUOHúPH\L�VD÷OD\DFDN�ELU�ZHE�VHUYLV�
WDVDUODQPÕúWÕU�� ùHNLO� ��¶GH� 6LVWHP� PLPDULVL� GL\DJUDPÕQGD� EHOLUWLOGL÷L� JLEL� NXOODQÕFÕ� \D� GD� X\JXODPD�
GR÷UXGDQ�YHUL�WDEDQÕQD HULúHPH]��%X�\DSÕ�YHUL�J�YHQOL÷L LoLQ�X\JXODQDQ�EXOXW�PLPDULVLQGH�WHUFLK�HGLOHQ�
ELU�\DSÕGÕU��$\QÕ� ]DPDQGD� WUDIL÷LQ�SD\ODúÕOPDVÕ�YH�ND\QDNODUÕQ�YHULPOL�NXOODQÕOPDVÕ�DoÕVÕQGDQ�GD� ID\GD�
VD÷ODPDNWDGÕU��:HE� VHUYLV�� NXOODQÕFÕ� \HWNL� NRQWUROOHUL�� YHUL� HNOHPH�� YHUL� G�]HQOHPH�� YHUL� VLOPH� YH� YHUL�
lLVWHOHPH� JLEL� ELUoRN� YHUL� WDEDQÕ� LúOHPOHULQL� \DSDQ� PHWRWODUÕ� LoHUPHNWHGLU�� %X� PHWRWODUÕQ� X\JXODPD�
WDUDIÕQGD�HULúLPLQH�RODQDN�WDQÕ\DQ�Xo�QRNWDODU�\DUGÕPÕ�LOH�NXOODQÕODELOPHNWHGLU�  

 

 
ùHNLO�4. gQHULOHQ�EXOXW�WDEDQOÕ�NDUWYL]LW�RNX\XFX�X\JXODPDVÕQD�DLW�VLVWHP mimarisi 

 

2.2. $UD\�]�7DVDUÕPÕ�YH�8\JXODPD (Interface Design and Implementation) 

dDOÕúPDGD�Nk÷ÕW� WDEDQOÕ�NDUWYL]LW�J|U�QW�OHUL��ùHNLO��¶WH�\HU�DODQ�VLVWHP�PLPDULVLQH�J|UH��ZHE�DUD�\�]��
DUDFÕOÕ÷Õ� LOH� 75&DUG6FDQ� X\JXODPDVÕQD� DNWDUÕOPDNWDGÕU��.DUWYL]LW� J|U�QW�OHUL� NDPHUD� \ROX� LOH� IRWR÷UDIÕ�
oHNLOHUHN� VLVWHPH� J|QGHULOHELOHFH÷L� JLEL� YDU� RODQ� ELU� UHVLP� JDOHULVLQGHQ� VHoLOHUHN� GH� VLVWHPH�
DNWDUÕODELOPHNWHGLU��6LVWHPLQ�J�YHQOLN�GXYDUÕ��JHOHQ�LVWHNOHUL�NDUúÕOD\DUDN�\HWNLOL�NXOODQÕFÕQÕQ�LVWH÷LQL�ZHE�
uygulama sunucusuna LOHWPHNWHGLU�� *|QGHULOHQ� LVWHN� 75&DUG6FDQ� X\JXODPDVÕQD� HQWHJUH� HGLOPLú�
7HVVHUDFW� 2&5� PRWRUX� VD\HVLQGH� LúOHQHELOLU� metne oHYULOPHNWHGLU�� .DUWYL]LW� J|U�QW�OHULQGHQ�
G|Q�úW�U�OP�ú�KDP�YHUL�PHWLQ�D\UÕúWÕUPD�DOJRULWPDODUÕ�DUDFÕOÕ÷Õ\OD�DODQODUD�D\UÕúWÕUÕOPDNWDGÕr. Bu alanlar 
NDUWYL]LWLQ�LoHUL÷LQGH�EXOXQDQ� LVLP��VR\� LVLP��FHS�WHOHIRQX��H-SRVWD�DGUHVL��XQYDQÕ-J|UHYL�� LOHWLúLP�DGUHVL�
YE��DODQODUÕ� LoHUPHNWHGLU��0HWLQ�D\UÕúWÕUPD� LúOHPLQGHQ�VRQUD�DQODPOÕ�YHULOHU�KDOLQH�G|Q�úW�U�OHQ�DODQODU�
'%�ZHE�VHUYLV�DUDFÕOÕ÷Õ\OD�06 SQL YHUL�WDEDQÕQD \D]ÕOPDNWDGÕU��.XOODQÕFÕ�GDKD�|QFH�VLVWHPH�ND\GHWWL÷L�
NDUWYL]LWOHUL� J|U�QW�OHPHN� LoLQ� ZHE� DUD� \�]�Q�� NXOODQDUDN�� |QFH� ZHE� X\JXODPD� VXQXFXVXQD� LVWHN�
J|QGHUPHNWHGLU��8\JXODPD�VXQXFXVX��\D]ÕOÕP�DUDFÕOÕ÷Õ\OD�JHOHQ�NULWHUOHUH�X\JXQ�YHUL\L�'%�web servisten 
oHNHUHN�ZHE�DUD�\�]�QH�J|QGHUPHNWHGLU��*HOLúWLULOHQ�75&DUG6FDQ�X\JXODPDVÕQD�DLW�JLULú�VD\IDVÕ�DUD\�]�
J|U�QW�V��ùHNLO��¶WH�\HU�DOPDNWDGÕU��*|U�OG�÷���]HUH�X\JXODPD�DUD�\�]���NXOODQÕFÕ�GR÷UXODPD�VD\IDVÕ�LOH�
EDúODPDNWDGÕU�� %X� VD\IDGD� NXOODQÕFÕ� DGÕ� YH� úLIUH� DODQODUÕ� JLULOHUHN� NXOODQÕFÕ� NRQWURO�� \DSÕOPDNWD� YH�
GH÷HUOHU� GR÷UX� LVH� DQD� VD\ID\D� \|QOHQGLULOPHNWHGLU�� 'DKD� |QFH� KHVDS� ROXúWXUPDPÕú� NXOODQÕFÕODU� LoLQ�
³+HVDS�2OXúWXU´�YH�úLIUHVLQL�KDWÕUODPD\DQ�NXOODQÕFÕODU�LoLQ�LVH�³ùLIUHPL�8QXWWXP´�EXWRQODUÕ�Ga bu sayfada 
\HU�DOPDNWDGÕU� 
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ùHNLO��� gQHULOHQ�EXOXW�WDEDQOÕ�NDUWYL]LW�RNX\XFX�X\JXODPDVÕQD�DLW�JLULú�VD\IDVÕ�J|U�QW�V� 

 

.XOODQÕFÕ� NRQWURO�� VRQUDVÕ� DoÕODQ� DQD� VD\ID� J|U�QW�V�� ùHNLO� �¶GD� YHULOPLúWLU�� %X� VD\IDGD� NXOODQÕFÕQÕQ�
ND\GHWWL÷L VRQ� �� NDUWYL]LW� |Q� L]OHPH� úHNOLQGH� OLVWHOHQPHNWHGLU�� $\UÕFD� \HQL� NDUWYL]LW� RNXPD� LúOHPL�
\DSDELOPHN�LoLQ�NDUWYL]LW�\�NOHPH�DUDFÕ�GD�EX�DUD\�]�LOH�JHOPHNWHGLU��.DUWYL]LWOHU�VD\IDVÕQGD�GDKD�|QFH�
ND\GHGLOHQ�NDUWYL]LWOHU� LOH� LOJLOL� LúOHPOHU�\DSÕOPDNWDGÕU��/LVWH� LoLQGH� DUDPD��\HQL�ND\ÕW� HNOHPH��YDU�RODQ�
ND\ÕWWD�J�QFHOOHPH��VLOPH�JLEL�LúOHPOHU�EX�VD\IDGDQ�\DSÕODELOPHNWHGLU��h\HOLN�LúOHPOHUL�VD\IDVÕQGD�Kesap 
ELOJLOHUL� YH� NXOODQÕFÕ� ELOJLOHUL� LOH� LOJLOL� LúOHPOHU� \DSÕODELOPHNWHGLU�� ùLIUH� GH÷LúWLUPH�� KHVDS� ELOJLOHULQL�
J�QFHOOHPH��\HQL�NXOODQÕFÕ�WDQÕPODPD�JLEL�LúOHPOHU�GH�EX�VD\IDGDQ�\DSÕODELOPHNWHGLU� 

 

 
ùHNLO�6. gQHULOHQ�EXOXW�WDEDQOÕ�NDUWYL]LW�X\JXODPDVÕQD�DLW�DQD�VD\ID�J|U�QW�V� 

 

2.3. .DUWYL]LW�*|U�QW��øúOHPH (Business Card Image Processing) 

dDOÕúPDGD� UHVLP� LúOHPH� YH�PHWQH� oHYLUPH� LúOHPOHUL� 7HVVHUDFW� 2&5�PRWRUX� NXOODQDUDN� \DSÕOPDNWDGÕU��
7HVVHUDFW¶ÕQ� YDUVD\ÕODQ� GLOL� øQJLOL]FH� ROGX÷XQGDQ� KHUKDQJL ELU� J�QFHOOHPH� \DSÕOPDGDQ� NXOODQÕOGÕ÷ÕQGD�
|]HOOLNOH� LVLP� YH� DGUHV� NÕVÕPODUÕQGDNL� 7�UNoH� NDUDNWHUOHULQ� DOJÕODQPDGÕ÷Õ� J|U�OP�úW�U�� 7HVVHUDFW�
PRWRUXQGD� KHU� GLO� LoLQ� \DSÕOPÕú� H÷LWLP� YHULOHUL� EXOXQPDNWDGÕU�� 7�UNoH� H÷LWLP� YHULOHUL� ³WXU�WUDLQHGGDWD´�
dosyaVÕnda bXOXQPDNWDGÕU� >��@�� <D]ÕOÕPGD� ³WXU�WUDLQHGGDWD´� GRV\DVÕ� ³WHVVGDWD´� NODV|U�� LoHULVLQH�
NRS\DODQPDVÕ�JHUHNPHNWHGLU��7HVVHUDFW�PRWRUX�oD÷ÕUÕOÕUNHQ�GH�GLO�SDUDPHWUHVL�RODUDN�7�UNoH� LoLQ�³WXU´��
øQJLOL]FH�LoLQ�³HQJ´�GH÷HUL�J|QGHULOPHOLGLU�� 

ùHNLO� �¶GH� ELU� 7�UNoH� NDUWYL]LWH� DLW� 7HVVHUDFW�2&5� LOH� WDQÕPD� VRQXoODUÕQD� \HU� YHULOPHNWHGLU�� 7HVVHUDFW�
PRWRUX� 7�UNoH� oD÷ÕUÕOGÕ÷ÕQGD� H-SRVWD� DGUHVLQGH� |]HOOLNOH� ³#´� LúDUHWLQLQ�� WHOHIRQ� QXPDUDODUÕQGD� ³�´�
úHNOLQGHNL�NDUDNWHUOHULQ�DOJÕODQPDGÕ÷Õ�J|]OHPOHQPLúWLU��7HVVHUDFW�LOH�KHP�7�UNoH�KHP�GH�øQJLOL]FH�WDUDPD�
VRQXoODUÕ� VDWÕU� VDWÕU� NDUúÕODúWÕUÕOPÕú�� WDUDPD� EDúDUÕPÕ� \�NVHN� RODQ� GLO� UHIHUDQV� DOÕQDUDN� DODQODUÕQ�
D\UÕúWÕUÕOPDVÕ� JHUoHNOHúWLULOPLúWLU�� gWH� \DQGDQ�� IRWR÷UDIÕ� oHNLOHQ� YH\D� NODV|UGHQ� VHoLOHQ� NDUWYL]LW�
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J|U�QW�OHUL� 7HVVHUDFW� 2&5� LOH� LúOHQHELOLU� PHWLQOHU� úHNOLQGH� YHULWDEDQÕQGD� VDNODQÕUNHQ�� ùHNLO� ��¶GH�
J|U�OG�÷��JLEL�%DVH���IRUPDWÕQGD�UHVLP�RODUDN�GD�ND\GHGLOPHNWHGLU� 

 

 
ùHNLO�7. 7HVVHUDFW�2&5�LOH�|UQHN�ELU�7�UNoH�NDUWYL]LWLQ�WDQÕPD�VRQXoODUÕ 

 

 
ùHNLO�8. 8\JXODPDGD�ND\ÕWOÕ�|UQHN�NDUWYL]LWH�DLW�HNUDQ�J|U�QW�V��YH�D\UÕúWÕUÕOPÕú�DQODPOÕ�ELOJLOHU 

2.4. 0HWLQ�$\UÕúWÕUPD�YH�$ODQODUÕQ�7HVSLWL (Text Parsing and Fields Detection) 

Kartvizitte bulunan her alan (isim, soy isim, cep telefonu, sabit telefon, adres vb.) kendi karakteristik 
|]HOOLNOHULQL� WDúÕGÕ÷Õ� LoLQ� D\UÕúWÕUPD� YH� DODQ� WHVSLW� \|QWHPOHUL� IDUNOÕOÕN� J|VWHUPHNWHGLU�� $\UÕFD� NDUDNWHU�
WDQÕPD� LúOHPLQLQ� GDKD� YHULPOL� ROPDVÕ� YH� GR÷UXOXN� RUDQÕQÕQ� DUWÕUÕOPDVÕ� LoLQ� GDKD� |QFH� NXOODQÕOPÕú� ED]Õ�
\|QWHPOHUGHQ�GH� ID\GDODQÕOPDNWDGÕU��$\UÕúWÕUPD� LúOHPL�HQ�NROD\�D\UÕúWÕUÕODFDN�DODQODUGDQ�HQ�]RUD�GR÷UX�
ELU�VÕUDODPD�LOH�\DSÕOPDNWDGÕU��%XQD�J|UH�NROD\GDQ�]RUD�GR÷UX��ZHE�DGUHVL��H-posta adresi, cep telefonu, 
VDELW�WHOHIRQ��J|UHYL-XQYDQÕ��DGÕ�VR\DGÕ��DGUHV�YH�úLUNHW�XQYDQ�ELOJLOHUL�úHNOLQGH�D\UÕúWÕUÕOPDNWDGÕU� 

2.4.1. :HE�DGUHVL�D\UÕúWÕUPD (Web address parsing) 

:HE� DGUHVLQLQ� PHWLQ� LoHULVLQGH� EHOLUOHQHELOPHVL� GL÷HU� DODQODUD� J|UH� GDKD� NROD\GÕU�� 0HWLQ� LoHULVLQGH�
³ZZZ´�YH\D�³KWWS´�LIDGHOHUL�YH�QRNWD�³�´�NDUDNWHULQLQ�D\QÕ�DQGD�JHoWL÷L�VDWÕUÕ�EHOLUOH\LS�R�VDWÕUGDNL�GH÷HU��
ZHE� DGUHVL� RODUDN� DOÕQDELOPHNWHGLU�� :HE� DGUHVLQGH� RNXPD� KDWDVÕ� VRQXFX�� QRUPDO� úDUWODUGD� ROPDPDVÕ�
JHUHNHQ� ³!<) (´� YE�� NDUDNWHUOHULQ� JHOGL÷L� J|]OHPOHQPLúWLU�� %X� NDUDNWHUOHUL� WHPL]OHPHN� �]HUH� \D]ÕOÕPD�
HNOHQHQ�NRG�EOR÷X�LOH�GDKD�GR÷UX VRQXoODU�HOGH�HGLOPHNWHGLU�  
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2.4.2. :HE�DGUHVL�D\UÕúWÕUPD (Web address parsing) 

E-SRVWD�DGUHVLQLQ�PHWLQ�LoHULVLQGH�EHOLUOHQHELOPHVL�GH�GL÷HU�DODQODUD�J|UH�GDKD�NROD\GÕU��%XQXQ�LoLQ�³#´�
NDUDNWHUL�YH�QRNWD�³�´�NDUDNWHULQLQ�D\QÕ�DQGD�JHoWL÷L�VDWÕU�EHOLUOHQLS�� LOJLOL�VDWÕUGDNL�GH÷HU�H-posta adresi 
RODUDN� D\UÕúWÕUÕODELOPHNWHGLU�� (-3RVWD� DGUHVLQGH� QRUPDO� úDUWODUGD� ROPDPDVÕ� JHUHNHQ� ³!<) (´� YE��
NDUDNWHUOHULQ�JHOGL÷L�J|]OHPOHQPLú�YH�NDUDNWHUOHUL� WHPL]OHPHN�LoLQ�GH�ZHE�DGUHV�E|O�P�QGHNL�\DNODúÕP�
NXOODQÕODUDN�GDKD�GR÷UX�WDQÕPD�JHUoHNOHúWLULOPLúWLU�  

2.4.3. Cep YH�VDELW�WHOHIRQ�QXPDUDVÕ�D\UÕúWÕUPD��Mobile and line phone number parsing) 

&HS� WHOHIRQXQXQ� �¶GDQ� VRQUD� LON� �o� KDQHVLQLQ� EHOLUOH\LFL� ROGX÷X� ELOLQPHNWHGLU�� .DUWYL]LWWHQ� 2&5� LOH�
oÕNDUWÕODQ�PHWLQOHUGHQ�FHS� WHOHIRQX�YHULVLQL�EHOLUOH\HELOPHN� LoLQ�%LOJL�7HNQRORMLOHUL�YH� øOHWLúLP�.XUXPX�
�%7.���WDUDIÕQGDQ�G�]HQOHQHQ�YH�7�UNL\H¶GHNL�W�P�RSHUDW|UOHULQ�DODQ�NRGX�ELOJLVLQLQ�\HU�DOGÕ÷Õ�³7�UNL\H�
XOXVDO� QXPDUDODQGÕUPD� SODQÕ´� NXOODQÕOPDNWDGÕU�� %X� NRGODU� ELU� GL]L\H� \D]ÕODUDN� NDUúÕODúWÕUPD� LoLQ�
NXOODQÕOPÕúWÕU��%D]Õ�GXUXPODUGD��o�KDQHOL�NRGXQ�EDúND�PHWLQOHULQ�LoLQGH�GH�JHoHELOGL÷L�WHVSLW�HGLOPLúWLU��
d|]�P�LoLQ�IDUNOÕ�ELU�DOJRULWPD�GDKD�NXUJXODQPÕúWÕU��%XQD�J|UH��RNXQDQ�PHWLQGH�\DQ�\DQD����DGHW�VD\ÕVDO�
NDUDNWHU� YDU� YH� VÕIÕUGDQ� VRQUDNL� LON� �� UDNDP�RSHUDW|UOHULQ� NRGODUÕ� LOH� HúOHúL\RUVD� R� VDWÕUGDNL� GH÷HUL� FHS�
WHOHIRQX�ELOJLVL�RODUDN�WHVSLW�HGLOPHNWHGLU��&HS�WHOHIRQXQGD�ROGX÷X�JLEL��H÷HU�RNXQDQ�PHWLQGH�\DQ�\DQD����
NDUDNWHU�� VD\ÕVDO� NDUDNWHU� LVH� YH� VÕIÕUGDQ� VRQUDNL� LON� �o� UDNDP� úHKLU� NRGODUÕ� LOH� HúOHúL\RUVD�� R� VDWÕUGDNL�
GH÷HU�VDELW�WHOHIRQ�ELOJLVL�DODQÕQD�\D]ÕOPDNWDGÕU� 

2.4.4. øú�XQYDQÕ� J|UHYL�D\UÕúWÕUPD��Job title/ task parsing) 

øú� XQYDQODUÕ� YH\D� J|UHYL� NDUWYL]LWOHUGHQ� RNXQDQ� PHWLQOHUGHQ� D\UÕúWÕUÕOPDVÕ� GL÷HU� ELOJLOHULQ�
D\UÕúWÕUÕOPDVÕQGDQ� QLVSHWHQ� GDKD� ]RUGXU�� 8QYDQODUÕQ� NÕVDOWÕOPÕú� KDOOHUL� \D]ÕOGÕ÷Õ� JLEL� ED]Õ� GXUXPODUGD�
\D\JÕQ� NXOODQÕOPD\DQ� NÕVDOWPDODUÕQ� GD� \DSÕOGÕ÷Õ� J|]OHPOHQPLúWLU�� %D]Õ� NDUWYL]LWOHUGH� XOXVODUDUDVÕ�
ILUPDODUGD�\D\JÕQ�RODUDN�NXOODQÕODQ�YH��ONHPL]GH�GH�NDEXO�J|UP�ú�&(2��&72��&)2�JLEL�NÕVDOWPDODU�GD�
NXOODQÕOPDNWDGÕU��%D]Õ�GXUXPODUGD�SR]LV\RQ��J|UHY��U�WEH�JLEL�XQYDQODUÕQ�GD�NXOODQÕOGÕ÷Õ�J|]OHPOHQPLúWLU��
Bu durumlara u\JXQ�RODUDN�HQ�GR÷UX�D\UÕúWÕUPD\Õ�\DSDELOPHN�LoLQ�NDSVDPOÕ�ELU�HúOHúWLUPH�OLVWHVL�YH�VÕUDOÕ�
NDUúÕODúWÕUPD�PDQWÕ÷Õ�NXUJXODQPDVÕ�JHUHNPHNWHGLU�� 

%X�NDSVDPGD��HQ�\D\JÕQ�NXOODQÕODQ�øQJLOL]FH�NÕVDOWPDODUÕQ�OLVWHVL�ELU�GL]L\H�HNOHQHUHN�LON�NDUúÕODúWÕUPD�EX�
dizi LOH�\DSÕOPÕúWÕU��.ÕVDOWPD�OLVWHOHULQGH�HúOHúPH�EXOXQDPDPDVÕ�KDOLQGH�ELU�VRQUDNL�NDUúÕODúWÕUPD�OLVWHVLQH�
JHoLOPHNWHGLU�� %X� OLVWH� XQYDQODUGD� HQ� oRN� JHoHQ� NHOLPHOHUL� LoHUHQ� ELU� OLVWHGLU�� /LVWH\L� ROXúWXUPDN� LoLQ�
7�UNL\H¶GH� \D\JÕQ� RODUDN� NXOODQÕODQ� LQVDQ� ND\QDNODUÕ� VLWHVLQGHQ� ID\GDODQÕOPÕúWÕU��.ÕVDOWÕOPÕú� EX� OLVWHGH�
³0�G�U´�� ³%DúNDQ´�� ³8]PDQ´�� ³(OHPDQ´�� ³$PLU´�� ³8VWD´� JLEL� ELUoRN� XQYDQGD� JHoPHVL� PXKWHPHO�
NHOLPHOHU�YDUGÕU��6ÕN�NXOODQÕODQ�XQYDQODU� OLVWHVLQGH�GH� HúOHúPH�EXOXQDPDGÕ\VD�GDKD� ID]OD�ELOJL\L� LoHUHQ�
tam uQYDQ� OLVWHVL� LOH� NDUúÕODúWÕUPD� \DSÕOPDNWDGÕU�� /LVWH� LoHUL÷L� |UQH÷LQ�� $FLO� 7ÕS� 8]PDQÕ�� $NDGHPLN�
3HUVRQHO�� %LOLúLP� 7HNQRORMLOHUL� g÷UHWPHQL�� *UDILN� 7DVDUÕPFÕ�� .DOLEUDV\RQ� 8]PDQÕ�� .|úH� <D]DUÕ� JLEL�
\DNODúÕN� ����� SR]LV\RQ� LVPL� \HU� DOPDNWDGÕU�� ho� OLVWHGHQ� KHUKDQJL� ELUL\OH� HúOHúHQ� VDWÕU� EHOLUOHQLS� R�
VDWÕUGDNL�GH÷HU��XQYDQ�DODQÕ�RODUDN�EHOLUOHQPHNWHGLU� 

2.4.5. $GÕ�YH�soyDGÕ D\UÕúWÕUPD (Parsing name and surname) 

Ad ve soyad ELOJLVLQLQ� PHWLQ� LoHULVLQGH� EHOLUOHQHELOPHVL� LoLQ� D\UDo� RODUDN�� 7�UNL\H¶GH� NXOODQÕODQ� W�P�
isimOHULQ� OLVWHVL� NXOODQÕOPÕúWÕU� >���� ��@�� /LVWH�� \D]ÕOÕP� LoHULVLQGH� ELU� VÕQÕI� ROXúWXUXODUDN� NDUúÕODúWÕUPD�
\DSÕOPDN��]HUH�GL]L\H�DNWDUÕOPÕúWÕU��%X�OLVWHGH�\DNODúÕN��������LVLP�EXOXQPDNWDGÕU��(÷HU�RNXQDQ�GH÷HU��
LVLP�OLVWHVL�LOH�HúOHúL\RUVD�R�VDWÕUGDNL�GH÷HU��DGÕ�VR\DGÕ�DODQÕQD�DWDQPDNWDGÕU� 

2.4.6. Adres D\UÕúWÕUPD (Address parsing) 

$GUHV� ELOJLVLQLQ� PHWLQ� LoHULVLQGH� EHOLUOHQHELOPHVL� LoLQ� D\UDo� RODUDN� LNL� IDNW|UO�� ELU� NDUúÕODúWÕUPD�
\DSÕOPÕúWÕU�� %XQXQ� LoLQ� 7�UNL\H¶GHNL� úHKLUOHUH� YH� DGUHVWH� JHoPHVL� PXKWHPHO� NHOLPHOHUH� LKWL\Do�
GX\XOPXúWXU�� ùHKLU� LVLPOHULQLQ� ROGX÷X� ELU� VÕQÕI� ROXúWXUXODUDN� LVLPOHU� GL]L\H� \D]ÕOPÕúWÕU�� $\UÕFD� oHúLWOL�
NDUWYL]LWOHU� LQFHOHQHUHN� DGUHVWH� JHoPHVL� PXKWHPHO� NHOLPHOHU� GH� EHOLUOHQPLúWLU�� gUQHN� RODUDN� PDKDOOH��
sokak, cadde, no, apartman, blok, bina, SRVWD�NXWXVX�YE��NHOLPHOHUL�YH�EXQODUÕQ�³DSW�´��³PDK�´��³FDG�´�JLEL�
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NÕVDOWPDODUÕ YHULOHELOLU��$\UÕúWÕUPD�LúOHPLQGH�VDWÕUGD��úHKLU�LVPL�JHoL\RU�YH�D\QÕ�]DPDQGD�PDKDOOH��VRNDN�
JLEL�DGUHV�EHOLUWHQ�NHOLPHOHU�JHoL\RUVD�R�VDWÕUGDNL�GH÷HU�DGUHV�DODQÕ�RODUDN�EHOLUOHQPLúWLU� 

2.4.7. ùLUNHW�XQYDQÕ�D\UÕúWÕUPD��Company title parsing) 

'L÷HU�DODQODUD�J|UH�D\UÕúWÕUPDVÕ�YH�WHVSLW�HGLOPHVL�HQ�]RU�úLUNHW�XQYDQÕ�DODQÕGÕU��ùLUNHW�8QYDQÕ�ELOJLVLQLQ�
PHWLQ�LoHULVLQGH�EHOLUOHQHELOPHVL�LoLQ�XQYDQ�LoHULVLQGH�NXOODQÕODQ�NHOLPHOHUH�LKWL\Do�GX\XOPDNWDGÕU��gUQHN�
NDUWYL]LWOHU� LQFHOHQHUHN� ³$QRQLP´�� ³ùLUNHWL´�� ³6DQD\L´�� ³2UWDNOÕ÷Õ´�� ³.RPDQGLW´�� ³.ROHNWLI´��
³.RRSHUDWLI´�� ³7LFDUHW´�� ³+L]PHWOHUL´�� ³3D]DUODPD´�� ³<DWÕUÕP´�� ³hQLYHUVLWHVL´�� ³)DN�OWHVL´� JLEL�
NHOLPHOHULQ� YH� EXQODU� LoLQ� NXOODQÕODQ� ³ùWL�´�� ³$�ù�´�� ³$�2�´�� ³6DQ�´�� ³7LF�´�� ³/WG�´� JLEL� NÕVDOWPDODUÕQ�
NXOODQÕOGÕ÷Õ�J|]OHPOHQPLúWLU��%X�NHOLPHOHU�YH�NÕVDOWPDODUÕ�LoLQ�ELU�VÕQÕI�ROXúWXUXODUDN��KHU�ELUL�ELU�GL]L\H�
DNWDUÕOPÕúWÕU�� $\UÕúWÕUPD� LúOHPLQGH� VDWÕUGD�� EX� OLVWHGHNL� D\UDoODUGDQ� KHUKDQJL� ELUL� JHoL\RUVD� R� VDWÕUGDNL�
GH÷HU� úLUNHW� XQYDQÕ� DODQÕ� RODUDN� EHOLUOHQPLúWLU��%X� DODQÕ� D\UÕúWÕUPDQÕQ� ]RU� ROPDVÕQÕQ� HQ� |QHPOL� VHEHEL��
VÕNOÕNOD�úLUNHWH�DLW�WDP�XQYDQ�NXOODQPDN�\HULQH�úLUNHW�ORJRVXQXQ�NDUWYL]LWOHUGH�NXOODQÕOPDVÕGÕU� 

2.5. *|]OHP�YH�'H÷Hrlendirilmesi (Observation and Evaluation) 

*HOLúWLULOHQ�\D]ÕOÕPÕQ��NDUWYL]LW�RNXPD�YH�PHWLQ�D\UÕúWÕUPD�SHUIRUPDQVÕQÕ�GH÷HUOHQGLUPHN�LoLQ�ùHNLO��¶GD�
\HU�DODQ�DUD\�]�NXOODQÕODUDN����DGHW��IDUNOÕ�NDUDNWHULVWLN�|]HOOLNOHUH�VDKLS�7�UNoH�NDUWYL]LW�NXOODQÕODUDN�Eir 
GL]L�WHVW�oDOÕúPDVÕ�JHUoHNOHúWLULOPLúWLU��7HVW�oDOÕúPDVÕ�QHWLFHVLQGH�HOGH�HGLOHQ�DODQ�ED]OÕ�YH�NDUW�ED]ÕQGDNL�
D\UÕQWÕOÕ� GR÷UXOXN� VRQXoODUÕ� VÕUDVÕ\OD� 7DEOR� �� YH� 7DEOR� �¶GH� \HU� DOPDNWDGÕU�� � dDOÕúPD� NDSVDPÕQGD�
JHOLúWLULOHQ� 7�UNoH� NDUWYL]LW� WDQÕPD� \D]ÕOÕPÕQÕQ� IL]LNVHO� NDUWYL]LWLQ� W�P� DODQODUÕ� GLNNDWH� DOÕQGÕ÷ÕQGD�
RUWDODPD� ���¶OLN� ELU� GR÷UXOXNWD� RNXPD� YH� D\UÕúWÕUPD� \DSWÕ÷Õ� WHVSLW� HGLOPLúWLU�� $\UÕúWÕUÕODQ� DODQODUÕQ�
GR÷UXOXN� RUDQODUÕ�� DGÕ� VR\DGÕ� ����� H-SRVWD� DGUHVL� ����� FHS� WHOHIRQX� ����� ZHE� DGUHVL� ����� J|UHYL� � 
XQYDQÕ������úLUNHW�DGÕ������SRVWD�DGUHVL�����RUDQODUÕQGD�KHVDSODQPÕúWÕU��gWH�\DQGDQ��NDUWYL]LW� LúOHPH�
V�UHVL�� NDUWYL]LWLQ� o|]�Q�UO�÷�QH�� LoHUGL÷L� ELOJLOHULQ� NDUPDúÕNOÕ÷ÕQD� YH� VDWÕU� VD\ÕVÕQD� J|UH� GH÷LúNHQOLN�
J|VWHUGL÷L�J|]OHPOHQPLúWLU� 

 

 

ùHNLO��. Fiziksel NDUWYL]LW�RNXPD�YH�PHWLQ�D\UÕúWÕUPD�DUD\�]� 
 

0HWLQ� D\UÕúWÕUPD�DOJRULWPDODUÕQÕQ�ELUoRN�NDUWYL]LW� LoLQ�GR÷UX�oDOÕúWÕ÷Õ�J|]OHPOHQPLúWLU��%XQXQOD�ELUOLNWH�
RNXQDPD\DQ� PHWLQOHULQ�� WHVSLW� HGLOHPH\HQ� DODQODUÕQ� GD� ROGX÷X� J|]OHPOHQPLúWLU�� .DUDNWHUOHULQ� \D� GD�
metinlHULQ�RNXQDPDGÕ÷Õ�GXUXPODU�oR÷XQOXNOD�o|]�Q�UO�÷��G�ú�N�� ÕúÕN�YH�SDUODNOÕ÷ÕQ�N|W��ROGX÷X��NR\X�
DUND� SODQ� NXOODQÕOPÕú� NDUWYL]LW� J|U�QW�OHULQLQ� LúOHQPHVLQGH� J|]OHPOHQPLúWLU�� .DUDNWHUOHUL� RNXQGX÷X� YH�
metne oHYULOGL÷L�KDOGH�KHUKDQJL�ELU�DODQOD�HúOHúWLULOHPH\HQ�ELOJLOHU��oR÷XQOXNOD�D\QÕ�VDWÕUGD�ELUGHQ�ID]OD�
DODQD�DLW�ELOJLQLQ�\HU�DOGÕ÷Õ� VDWÕUODUGDQ�ND\QDNODQPDNWDGÕU��$\QÕ� VDWÕUGD�|UQH÷LQ�ZHE�VD\IDVÕ�YH�H-posta 
DGUHVL� \DQ� \DQD� \D]ÕOPÕúVD� VDGHFH� ELU� WDQHVL� LOH� HúOHúWLULOHELOGL÷L� J|]OHPOHQPLúWLU�� (NVLN� HúOHúWLULOHQ�
DODQODUGD� LVH� VRUXQ�� oR÷XQOXNOD� D\QÕ� DODQ� YHULVLQLQ� ELUGHQ� ID]OD� VDWÕUGD� \D]ÕOPÕú� ROPDVÕ� GXUXPXQGD�
NDUúÕODúÕOPÕúWÕU� 
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Tablo 1. .DUWYL]LW�RNXPD�YH�D\UÕúWÕUPD�GR÷UXOXN�DQDOL]L 

'R÷UX��'��<DQOÕú��<�2NXQDPDGÕ��î����9HUL�Yok: -  

SN Kartvizit $GÕ�
6R\DGÕ 

E-Posta 
Adresi 

Telefon 
Nu. 

Web 
Adresi 

*|UHY�
8QYDQÕ 

ùLUNHW�
$GÕ 

Posta 
Adresi 

'R÷UXOXN�
% 

1 
 

D D D - D - D 100 

2 
 

D D D D D D D 100 

3 
 

D D D - D Y D 83 

4 
 

D D î î - î D 43 

5 
 

î D D D Y Y Y 43 

6 
 

D D D D D - D 100 

7 
 

D D î - D - D 80 

8 
 

D î D - - î D 60 

9 
 

D D D - D D î 83 

10 
 

D D D D D - î 100 

11 
 

D D D D D Y D 86 

12 
 

D D D D D î î 71 

13 
 

D D D D D D D 100 

14 
 

D D D D D - D 100 

15 
 

D - D - - - D 75 
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       Tablo 2. $\UÕúWÕUÕODQ�DODQODUD�J|UH�GR÷UXOXN�RUDQÕ�WDEORVX 

$\UÕúWÕUPD�\DSÕODQ�
DODQ�DGÕ 

'R÷UXOXN�2UDQÕ�� 
(15 Kartvizit) 

1- $GÕ�6R\DGÕ %93 
2- E-Posta Adresi %93 

3- Cep / Sabit Telefon %87 
4- Web Adresi %89 

5- *|UHYL���8QYDQÕ %92 
6- ùLUNHW�$GÕ %33 

7- Posta Adresi %73 
 

7DEOR��¶GH�\HU�DODQ����DGHW�NDUWYL]LWLQ�W�P�DODQODUÕ�LoLQ�EDúDUÕPÕ�GH÷HUOHQGLULOGLNWHQ�VRQUD��KHPHQ�KHPHQ�
W�P�NDUWYL]LWOHUGH�\HU�DODQ�LVLP��WHOHIRQ�YH�SRVWD�DGUHVL�JLEL�RUWDN�DODQ�ELOJLOHULQLQ�oÕNDUWÕP�EDúDUÕPÕ�GD�
GH÷HUOHQGLULOPLúWLU��%X�GH÷HUOHQGLUPHGH�³%DúDUÕOÕ´� WDQÕPODPDVÕ� LOJLOL� DODQD�DLW�NDUWYL]LW�ELOJLVLQLQ�GR÷UX�
ELU� úHNLOGH� oÕNDUWÕOGÕ÷ÕQÕ�� ³%DúDUÕVÕ]´� WDQÕPODPDVÕ� LVH� LOJLOL� DODQD� DLW� NDUWYL]LW� ELOJLVLQLQ� oÕNDUWÕODPDGÕ÷Õ�
YH\D�\DQOÕú�oÕNDUWÕOGÕ÷Õ�DQODPÕQD�JHOPHNWHGLU��7DEOR��¶WHQ�J|U�OG�÷���]HUH��75&DUG6FDQ�\D]ÕOÕPÕ��LVLP��
WHOHIRQ� QXPDUDVÕ� YH� H-postD� DGUHVL� ELOJLOHULQL� VÕUDVÕ\OD� ����� ���� YH����� RUDQODUÕQGD� EDúDUÕOÕ� ROGX÷X�
WHVSLW�HGLOPHNWHGLU�� �%LUoRN�NDUWYL]LWWH�\HU�DODQ�EX�RUWDN�DODQODUÕQ�EDúDUÕOÕ�ELU�úHNLOGH�oÕNDUWÕPÕ�RUWDODPD�
���¶GLU�� � /LWHUDW�UGH� \HU� DODQ� oDOÕúPDODUOD� NÕ\DVODQGÕ÷ÕQGD� EX� RUDQÕQ� PDNXO� YH� NDEXO� HGLOHELOLU�
VHYL\HOHUGH�ROGX÷X�GH÷HUOHQGLULOPHNWHGLU�>�-11]. 

 

         Tablo 3. .DUWYL]LW�RNXPD�YH�D\UÕúWÕUPD�GR÷UXOXN�DQDOL]L 

.DUWYL]LW�$ODQÕ 
Okuma Toplam Kartvizit (%) 

$GÕ�
6R\DGÕ 

&� 14 93 
'� 1 7 

Telefon 
1XPDUDVÕ 

&� 13 87 
'� 2 13 

E-posta 
Adresi 

&� 13 93 
'� 2 7 

&��%DúDUÕOÕ��'��%DúDUÕVÕ] 
 

75&DUG6FDQ� \D]ÕOÕPÕQÕQ� 7DEOR� �¶GH� \HU� DODQ� ��� DGHW� IL]LNVHO� NDUWYL]LWLQ�� oHúLWOL� DODQODUÕQÕ� RNXPD� YH�
D\UÕúWÕUPD� EDúDUÕPÕQÕ� GH÷HUOHQGLUPHN� LoLQ� ùHNLO� ��¶GD� \HU� DODQ� NDUPDúÕNOÕN� PDWULVOHUL� DúD÷ÕGDNL�
DoÕNODPDODU� oHUoHYHVLQGH� ROXúWXUXOPXúWXU�� %XQD� J|UH� TP, FN, FP ve TN HOHPDQODUÕ� DúD÷ÕGDNL� JLEL�
WDQÕPODQPDNWDGÕU� 

TP��*HUoHNWH�IL]LNVHO�NDUWYL]LWWH�LOJLOL�DODQ�ELOJLVL�var iken��7HVVHUDFW�2&5�WDEDQOÕ�75&DUG6FDQ�\D]ÕOÕPÕ�
bu bilgiyi GR÷UX�RODUDN�EXOPDNWDGÕU��7DEOR��¶GH�³'´�LOH�J|VWHULOHQ�³'R÷UX�2NXGX´�YHULVi burada 
dH÷HUOHQGLULOPHNWHGLU� 

FN��*HUoHNWH�IL]LNVHO�NDUWYL]LWWH�LOJLOL�DODQ�ELOJLVL�var iken��7HVVHUDFW�2&5�WDEDQOÕ�75&DUG6FDQ�\D]ÕOÕPÕ�
bu bilgiyi GR÷UX� RODUDN� EXODPDPDNWDGÕU�� 7DEOR� �¶GH� ³î´� LOH� J|VWHULOHQ� ³2NXQDPDGÕ´� YHULVLQLQ�
WDPDPÕ�YH�³<´�LOH�J|VWHULOHQ�³<DQOÕú 2NXQGX´�YHULVLQLQ�ELU�NÕVPÕ�EXUDGD�GH÷HUOHQGLULOPHNWHGLU�� 

FP��*HUoHNWH�IL]LNVHO�NDUWYL]LWWH�LOJLOL�DODQ�ELOJLVL�yok iken��7HVVHUDFW�2&5�WDEDQOÕ�75&DUG6FDQ�\D]ÕOÕPÕ�
bu alanla ilgili bilgiyi EXOPDNWDGÕU��7DEOR��¶GH�³Y´�LOH�J|VWHULOHQ�³<DQOÕú�2NXQGX´�YHULVLnin kalan 
NÕVPÕ�EXUDGD�GH÷HUOHQGLULOPHNWHGLU�� 

TN��*HUoHNWH�IL]LNVHO�NDUWYL]LWWH�LOJLOL�DODQ�ELOJLVL�yok iken��7HVVHUDFW�2&5�WDEDQOÕ�75&DUG6FDQ�\D]ÕOÕPÕ�
bu alanla ilgili bilgiyi EXODPDPDNWDGÕU�� 7DEOR� �¶GH� ³-´� LOH� J|VWHULOHQ� ³9HUL� <RN´� ELOJLVL� EXUDGD�
GH÷HUOendirilmektedir.  
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ùHNLO�����.DUWYL]LW�DODQODUÕ�LoLQ�NDUPDúÕNOÕN�PDWULVOHUL���D��$GÕ��6R\DGÕ���E��7HOHIRQ�1XPDUDVÕ�� 

(c) E-posta adresi ve (d) 7�P�DODQODU 

 

%LOLQGL÷L��]HUH��GR÷UXOXN��Accuracy, A), kesinlik (Precision, P���GX\DUOÕOÕN��5HFDOO��R) ve F1 skoru gibi 
SHUIRUPDQV�PHWULNOHUL�DúD÷ÕGDNL�JLEL�KHVDSODQPDNWDGÕU�� 

ܣ ൌ
ܶܲ  ܶܰ

ܶܲ  ܶܰ  ܰܨ  ܲܨ
 (1) 

ܲ ൌ
ܶܲ

ܶܲ  ܲܨ
 (2) 

ܴ ൌ
ܶܲ

ܶܲ  ܰܨ
 (3) 

ͳܨ ൌ ʹ כ
ܲ כ ܴ
ܲ  ܴ

 (4) 

gQHULOHQ�7HVVHUDFW�2&5�WDEDQOÕ�75&DUG6FDQ�\D]ÕOÕPÕQÕQ�SHUIRUPDQV�PHWULN�GH÷HUOHUL���-4) denklemleri 
LOH� KHVDSODQPÕú� YH� 7DEOR� �¶WH OLVWHOHQPLúWLU�� *|U�OG�÷�� �]HUH� |QHULOHQ� 75&DUG6FDQ� \D]ÕOÕPÕ���������
'R÷UXOXN���������.HVLQOLN���������'X\DUOÕOÕN�YH��������)� 6NRUX� LOH� IL]LNVHO�NDUWYL]LWOHUGHQ�� VD\ÕVDO�
NDUWYL]LW�YHULOHULQL�oÕNDUDELOGL÷L�J|U�OPHNWHGLU��%X�RUDQODU��|QHULOHQ�7HVVHUDFW�2&5�WDEDQOÕ�75&DUG6FDQ�
\D]ÕOÕPÕQÕQ� IL]LNVHO� NDUWYL]LWOHUGHQ�� VD\ÕVDO� NDUWYL]LW� YHULOHULQLQ� oÕNDUÕPÕQGD� NDEXO� HGLOHELOLU� RUDQODUGDNi 
EDúDUÕPD�VDKLS�ROGX÷XQX�GR÷UXODPDNWDGÕU�� 

TRCardScan
( 7HOHIRQ�1XPDUDVÕ )

Okudu 2NXPDGÕ

Fi
zi

ks
el

K
ar

tv
iz

it 
V

er
is

i

V
ar TP

(13)
FN
(2)

Y
ok FP

(-)
TN
(-)

TRCardScan
�$GÕ�6R\DGÕ�

Okudu 2NXPDGÕ

Fi
zi

ks
el

K
ar

tv
iz

it 
V

er
is

i

V
ar TP

(14)
FN
(1)

Y
ok FP 

(-)
TN
(-)

TRCardScan
( 7�P�$ODQODU��

Okudu 2NXPDGÕ

Fi
zi

ks
el

K
ar

tv
iz

it 
V

er
is

i

V
ar TP 

(73)
FN
(13)

Y
ok FP

(3)
TN
(16)

TRCardScan
( E-posta adresi )

Okudu 2NXPDGÕ

Fi
zi

ks
el

K
ar

tv
iz

it 
V

er
is

i

V
ar TP

(13)
FN
(1)

Y
ok FP

(-)
TN
(1)

(a) (b)

(c) (d)
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     Tablo 4. .DUWYL]LW�RNXPD�YH�D\UÕúWÕUPD�GR÷UXOXN�DQDOL]L 

 0HWULN�'H÷HUOHUL 
Kartvizit 
$ODQODUÕ 

'R÷UXOXN�
(A) 

Kesinlik 
(P) 

'X\DUOÕOÕN�
(R) 

F1 
3XDQÕ 

$GÕ�6R\DGÕ 0,9333 1 0,9333 0,9654 
Telefon No. 0,8666 1 0,8666 0,9285 
E-posta Adresi 0,9333 1 0,8666 0,9285 
7�P�$ODQODU 0,8476 0,9605 0,8488 0,9012 

 

gQHULOHQ�7U&DUG6FDQ�\D]ÕOÕPÕQÕQ��7DEOR��¶GH�\HU�DODQ����DGHW�IL]LNVHO�NDUWYL]LW�LoLQ�øQJLOL]FH�YH�7�UNoH�
PRGHOOHUL�NXOODQÕODUDN�NDUWYL]LW�DODQODUÕQÕQ�RNXPD�YH�D\UÕúWÕUPD�V�UH�DQDOL]OHUL�ùHNLO���¶GH�\HU�DOPDNWDGÕU��
*|U�OG�÷�� �]HUH�� øQJLOL]FH� PRGHO� NXOODQÕODUDN� JHUoHNOHúWLULOHQ� oÕNDUWÕP� V�UHOHUL�� 7�UNoH� PRGHOH� J|UH�
RUWDODPD������� VDQL\H� GDKD� KÕ]OÕGÕU��.DUPDúÕN� ROPD\DQ� YH� D]� YHUL� RODQ� NDUWYL]LWOHUGH� RNXPD�KÕ]Õ� IDUNÕ�
\DNODúÕN� ����� VDQL\H� LNHQ� GDKD� NDUDQOÕN� RUWDPGD� oHNLOPLú�� NR\X� UHQNOL� YH� GDKD� oRN� \D]Õ� LoHUHQ�
kDUWYL]LWOHUGH�LVH�RNXPD�KÕ]�IDUNÕ������VDQL\H�RODUDN�WHVSLW�HGLOPLúWLU��7�UNoH�2&5�LúOHPLQLQ�GDKD�\DYDú�
ROPDVÕ�� WHPHOGH�� øQJLOL]FH� GLOLQGH� ROPD\DQ� 7�UNoH� GLOLQH� |]J�� ³o�� ÷�� |�� ú�� Õ�� ��� d�� ö�� g�� ù�� ø�� h´�
NDUDNWHUOHULQ� NXOODQÕOPDVÕGÕU�� %X� NDUDNWHUOHU�� 2&5� PRWRUODUÕQÕQ� YDUVD\ÕODQ� H÷LWLP� YHULOHULQGH� WDQÕPOÕ�
ROPDGÕ÷Õ�LoLQ�\D�NHQGLQH�HQ�\DNÕQ�KDUI�RODUDN�DOJÕODQPDNWD�\D�GD�D\UÕúWÕUÕODQ�PHWLQOHUGH�IDUNOÕ�NDUDNWHUOHU�
(><,)�����JLEL��RODUDN�WHVSLW�HGLOPHNWHGLU��2NXPD�YH�D\UÕúWÕUPD�LúOHPL�7�UNoH�GLOL�LoLQ�KD]ÕUODQPÕú H÷LWLP�
YHULOHUL� NXOODQÕODUDN� \DSÕOGÕ÷ÕQGD� LVH� PHWLQ� D\UÕúWÕUPD� DOJRULWPDVÕQD� GDKD� GR÷UX� YHUL� LOHWLOGL÷L� LoLQ�
PHWLQOHULQ�GR÷UX�úHNLOGH�WHVSLW�HGLOHUHN�LOJLOL�DODQOD�HúOHúWLUPH�RUDQODUÕ�GD�DUWPDNWDGÕU� 

 

 
ùHNLO�����gQHULOHQ�7U&DUG6FDQ�\D]ÕOÕPÕQ�øQJLOL]FH�YH 7�UNoH�H÷LWLP�PRGHOOHUL�LoLQ����DGHW�NDUWYL]LWWHNL�

oÕNDUWÕP�V�UHOHUL�� 

 

gWH�\DQGDQ�JHOLúWLULOHQ�\D]ÕOÕPÕQ��OLWHUDW�UGH�\HU�DODQ�HULúLPH�DoÕN�\D]ÕOÕPODUOD�LOJLOL�NDUWYL]LW�DODQODUÕQÕQ�
oÕNDUWÕP� EDúDUÕPODUÕ� YH� oDOÕúPD� KÕ]ODUÕ� DoÕVÕQGDQ� NDUúÕODúWÕUPDODUÕ� VÕUDVÕ\OD� ùHNLO� ��� YH� 7DEOR� �¶WH�
VXQXOPDNWDGÕU�� *|U�OG�÷�� �]HUH�� ��� DGHW� NDUWYL]LW� LoLQ� HOGH� HGLOHQ� RUWDODPD� GR÷UXOXN� RUDQODUÕ�
TRCardScan, Google Cloud Vision API ve Abby\�%&5�0RELOH�X\JXODPDODUÕ�LoLQ�VÕUDVÕ\OD�������������
YH�����GÕU��$\UÕFD�7DEOR��¶WH�YHULOHQ�RUWDODPD�RNXPD�YH�D\UÕúWÕUPD�V�UHOHULQH�J|UH�HQ�KÕ]OÕ�$EE\\�%&5�
0RELOH�X\JXODPDVÕ�LNHQ��|QHULOHQ�7U&DUG6FDQ�\D]ÕOÕPÕ��NDUW�EDúÕQD�RUWDODPD�����VQ¶OLN�oÕNDUWÕP�V�UHVLQH�
VDKLSWLU�� *RRJOH¶ÕQ� VD÷ODPÕú� ROGX÷X� 2&5� $3,� LVH� ����� VQ¶OLN� ELU� V�UHGH� NDUWYL]LW� YHULOHULQL�
VD\ÕVDOODúWÕUDELOPHNWHGLU��%X�VRQXoODUD�J|UH�|QHULOHQ�75&DUG6FDQ�\D]ÕOÕPÕ�EHQ]HUOHUL�LOH�NÕ\DVODQGÕ÷ÕQGD�
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\�NVHN� GR÷UXOXN� RUDQODUÕQGD� PDNXO� oÕNDUWÕP� V�UHOHUL� LOH� IL]LNVHO� NDUWYL]LWOHUGHNL� YHULOHUL� EDúDUÕOÕ� ELU�
úHNLOGH�RNX\DUDN�D\UÕúWÕUDELOPHNWHGLU� 

 

 
ùHNLO�����gQHULOHQ�7U&DUG6FDQ�\D]ÕOÕPÕQÕQ��OLWHUDW�UGH�\HU�DODQ�EHQ]HU�NDUWYL]LW�RNX\XFXODUÕ�LOH�

NDUúÕODúWÕUÕOPDVÕ�� 

 

Tablo 5. gQHULOHQ�7U&DUG6FDQ�\D]ÕOÕPÕQÕQ��OLWHUDW�UGH�\HU�DODQ�EHQ]HU�NDUWYL]LW�RNX\XFXODU�LOH�RUWDODPD�
YHUL�oÕNDUÕP V�UHOHUL� 

 TrCardScan  
(Tesseract-OCR) 

Google Cloud 
Vision API 

Abbyy BCR  
Mobile 

Kartvizit Tarama  
6�UHVL��s) 1,60 5,30 1,37 

 

Tablo 6. gQHULOHQ�75&DUG6FDQ�YH�OLWHUDW�UGH�\HU�DODQ�EHQ]HU�oDOÕúPDODUÕQ�GH÷HUOHQGLUPH�VRQXoODUÕ 

Referans .XOODQÕODQ�
<|QWHP Dil gUQHN�

6D\ÕVÕ 'R÷UXOXN���� 

7KXDQ�YH�GL÷��>�@ Google Vision øQJLOL]FH 
Vietnamca 170 

$GÕ�6R\DGÕ������ 
Telefon N : 93,5 
E-posta : 94,7 
Ortalama : 88,4 

Hung ve Linh [6] Tesseract øQJLOL]FH 
Vietnamca 54 

$GÕ�6R\DGÕ��80,0 
Telefon N : 96,7 
E-posta :    - 
Ortalama : 88,6 

Dangiwa ve Kumar [10] Tesseract øQJLOL]FH 55 

$GÕ�6R\DGÕ������ 
Telefon N : 100 
E-posta : 83,3 
Ortalama : 79,0 

TRCardScan Tesseract øQJLOL]FH 
7�UNoH 15 

$GÕ�6R\DGÕ������ 
Telefon N : 87,0 
E-posta : 93,0 
Ortalama : 84,7 
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TRCardScan Tesseract-OCR

Google Cloud Vision API

Abbyy BCR Mobile
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Son RODUDN�� |QHULOHQ� \D]ÕOÕPÕQ� OLWHUDW�UGHNL� \HULQL� YH� NDWNÕVÕQÕ� RUWD\D� NR\PDN� LoLQ� EHQ]HU� \D]ÕOÕPODUOD�
NÕ\DVODQPÕú�YH�IL]LNVHO�NDUWYL]LW�DODQODUÕQÕQ�oÕNDUWÕP�SHUIRUPDQVODUÕ�7DEOR��¶GD�VXQXOPXúWXU��*|U�OG�÷��
�]HUH��|QHULOHQ�7HVVHUDFW�2&5�WDEDQOÕ�\D]ÕOÕP�$GÕ�6R\DGÕ��7HOHIRQ�1XPDUDVÕ��(-SRVWD�DGUHVL�DODQODUÕQÕQ�
oÕNDUÕPÕQGD�\�NVHN�GR÷UXOXN�RUDQODUÕ�LOH�EDúDUÕOÕ�ELU�SHUIRUPDQV�VHUJLOHPHNWHGLU� 

3. 6218d/$5�9(�g1(5ø/(5 (CONCLUSIONS AND RECOMMENDATIONS) 

dDOÕúPD�NDSVDPÕQGD��J�QO�N�KD\DWWD�\D\JÕQ�RODUDN�NXOODQÕODQ�7�UNoH�GLOLQGH�WDVDUODQPÕú�NDUWYL]LWOHUH�DLW�
J|U�QW�OHULQ�2&5� \|QWHPL� LOH� LúOHQHELOLU� DQODPOÕ� ELOJLOHULQ� HOGH� HGLOHUHN� D\UÕúWÕUÕOPDVÕ� YH� EX� ELOJLOHULQ�
EXOXW�WDEDQOÕ�ELU�YHULWDEDQÕQGD�VDNODQPDVÕ�LoLQ�ELU�\D]ÕOÕP�JHOLúWLULOPLúWLU��*HOLúWLULOHQ�\D]ÕOÕPGD��NDUWYL]Lt 
J|U�QW�OHULQGHQ� LúOHQHELOLU� ELOJLOHULQLQ� HOGH� HGLOPHVL� 7HVVHUDFW� N�W�SKDQHVL� NXOODQÕODUDN�
JHUoHNOHúWLULOPLúWLU�� dDOÕúPDGD� NDUWYL]LW� ELOJLOHUL� G|UW� DúDPDOÕ� ELU� DNÕú� LOH� D\UÕúWÕUÕOPÕúWÕU�� øON� DúDPD��
NDUWYL]LWLQ�VLVWHPH�DNWDUÕOPDVÕ�� LNLQFL�DúDPD�7HVVHUDFW�2&5�PRWRUX�DUDFÕOÕ÷Õ\OD�NDUDNWHUOHULQ�RNXQPDVÕ��
�o�QF�� DúDPDGD� PHWLQ� D\UÕúWÕUPD�� G|UG�QF�� YH� VRQ� DúDPDGD� LVH� D\UÕúWÕUÕODQ� YH� DQODPOÕ� YHULOHU� KDOLQH�
G|Q�úW�U�OHQ�KHU�ELU�DODQÕQ�YHULWDEDQÕQGD \D]ÕOPDVÕ�úHNOLQGHGLU� 

$QDOL]� YH� GH÷HUOHQGLUPH� LoLQ� ��� DGHW� IDUNOÕ� |]HOOLNWHNL� NDUWYL]LW� LOH� \DSÕODQ� oDOÕúPDODUGD� |QHULOHQ�
75&DUG6FDQ�\D]ÕOÕPÕ���������'R÷UXOXN���������.HVLQOLN���������'X\DUOÕOÕN�YH��������)��6NRUX� LOH�
IL]LNVHO� NDUWYL]LWOHUGHQ�� VD\ÕVDO� NDUWYL]LW� YHULOHULQL� oÕNDUDELOGL÷L� J|]OHPOHQPLúWLU�� øVLP�� VR\LVLP�� WHOefon 
QXPDUDVÕ�� H-SRVWD� DGUHVL�� JLEL� ELUoRN� NDUWYL]LWWH� \HU� DODQ� RUWDN� DODQODUÕQ� EDúDUÕOÕ� ELU� úHNLOGH� oÕNDUWÕPÕ�
RUWDODPD� ���
ÕQ� �]HULQGHGLU�� %X� VRQXo� LOJLOL� DODQODU� LoLQ� NXUJXODQDQ� D\UÕúWÕUPD� DOJRULWPDVÕQÕ� EDúDUÕOÕ�
ROGX÷XQX�J|VWHUPHNWHGLU��ùLUNHW�DGÕ�oÕNDUWÕP�DOJRULWPDVÕ�����RUDQOD�HQ�G�ú�N�GR÷UXOXN�RUDQÕQD�VDKLSWLU��
%X� VRQXo� EX� DODQOD� LOJLOL� IDUNOÕ� DOJRULWPDODU� ROXúWXUXOPDVÕ� JHUHNWL÷LQL� J|VWHUPHNWHGLU�� 6RQUDNL�
oDOÕúPDODUGD� oÕNDUÕP� EDúDUÕP� RUDQÕ� G�ú�N� RODQ� NDUWYL]LWOHU� YH� DODQODU� GDKD� GHWD\OÕ� LQFHOHQHUHN�
algRULWPDODUÕQ�L\LOHúWLULOHELOLU�YH�\HQL�DOJRULWPDODU�JHOLúWLULOHUHN�GDKD�L\L�VRQXoODU�HOGH�HGLOHELOLU��(N�RODUDN�
75&DUG6FDQ��EHQ]HU�\D]ÕOÕPODUOD�NÕ\DVODQGÕ÷ÕQGD�RUWDODPD�����VQ¶OLN�PDNXO�oÕNDUWÕP�V�UHOHUL�LOH�IL]LNVHO�
NDUWYL]LWOHUGHNL�YHULOHUL�\�NVHN�GR÷UXOXN�RUDQODUÕQGD�RNX\DUDN�D\UÕúWÕUDELOPHNWHGLU� 

$\UÕFD�JHOHFHN�oDOÕúPDODU�NDSVDPÕQGD, HúOHúPH\HQ�NDUWYL]LW�YHULOHU� LoLQ�ELU�DOJRULWPD� LOH�NHQGL�NHQGLQH�
NDUDU�YHUHELOHFHN�YH�NXOODQÕFÕ\D�|QHULOHUGH�EXOXQDELOHFHN�DNÕOOÕ�ELU�VLVWHP�WDVDUODQPDVÕ�KHGHIOHQPHNWHGLU�  

7(ù(..h5��$&.12:/('*0(176� 

'H÷HUOL�\RUXPODUÕ�LoLQ�LVLPVL]�KDNHPOHUH�WHúHNN�UOHULPL]L�VXQDUÕ]. 
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 Graphical/Tabular Abstract 

In this study, the premixed combustion performance and emission characteristics of coke oven 
gas, which is a by-product of coal coking, were numerically investigated. 

 
Figure A. Experimental system, numerical modeling and results 

Purpose: In order to meet our ever-increasing energy needs, it may not be convenient to directly 
use the coal reserves. Gases obtained from coal exposed to heat treatment in an oxygen-free 
environment, on the other hand, would be more appropriate to consume because it is requires a 
simple and small burner, and especially forms less pollutant emissions. 

Theory and Methods: A premixed burner pre-mixing the fuel and air, and introducing the 
mixture to the combustion chamber was used to burn the coke oven gas. The fuel-air mixture was 
consumed as premixed at excess air UDWLRV�RI�Ȝ ����DQG�Ȝ ����under lean combustion conditions. 
In the study presented, the amount of fuel corresponding to a power of 10 kW was introduced to 
the combustion chamber. The experimental setup in which the measurements were made was 
modeled as three-dimensional through a commercial code ANSYS-Fluent. Combustion modeling 
was carried out by integrating the Eddy Dissipation Concept into the combustion model by 
creating 21, 27, 78, 162 and 239-step reactions for the coke oven gas and end-of-combustion ��ଡ଼ 
estimations with the help of GRI-Mech 3.0 chemical kinetics as a combustion model. P-1 was 
chosen as the radiation model, and 3 different turbulence models were used to determine the effect 
of the turbulence model. 

Results: It was observed that the number of reaction steps did not significantly affect the 
temperature, but significantly affected the NO emission estimation values. 

Conclusion: The obtained temperature and ��ଡ଼ profiles were compared with the experimental 
data and it was determined that there was a satisfactorily good agreement, it was seen that the 
162-step reaction was sufficient. 
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 Abstract 

In order to meet our ever-increasing energy needs, it may not be convenient to directly use the 
coal reserves, which are abundant in our country, because it is difficult to transport, requires large 
volumes of combustor, leaves wastes such as ash and slag, and especially due to the high pollutant 
emissions. Gases obtained from coal exposed to heat treatment in an oxygen-free environment, 
on the other hand, would be more appropriate to consume because it is easy to transport, requires 
a simple and small burner, and requires less air during combustion, and especially forms less 
pollutant emissions. In this study, the premixed combustion performance and emission 
characteristics of coke oven gas, which is a by-product of coal coking, were numerically 
investigated. A premixed burner pre-mixing the fuel and air, and introducing the mixture to the 
combustion chamber was used to burn the coke oven gas. The fuel-air mixture was consumed as 
SUHPL[HG�DW�H[FHVV�DLU�UDWLRV�RI�Ȝ ����DQG�Ȝ ����XQGHU�OHDQ�FRPEXVWLRQ�FRQGLWLRns. In the study 
presented, the amount of fuel corresponding to a power of 10 kW was introduced to the 
combustion chamber. The experimental setup in which the measurements were made was 
modeled as three-dimensional through a commercial code ANSYS-Fluent. Combustion modeling 
was carried out by integrating the Eddy Dissipation Concept into the combustion model by 
creating 21, 27, 78, 162 and 239-step reactions for the coke oven gas and end-of-combustion ��ଡ଼ 
estimations with the help of GRI-Mech 3.0 chemical kinetics as a combustion model. P-1 was 
chosen as the radiation model, and 3 different turbulence models were used to determine the effect 
of the turbulence model. The obtained temperature and ��ଡ଼ profiles were compared with the 
experimental data and it was determined that there was a satisfactorily good agreement, it was 
seen that the 162-step reaction was sufficient. 

gQ�.DUÕúÕPOÕ�%LU�<DNÕFÕGD�.RN�)ÕUÕQÕ�*D]Õ�<DQPD�
.DUDNWHULVWLNOHULQLQ�6D\ÕVDO�2ODUDN�øQFHlenmesi 

g] 

+HU�JHoHQ�J�Q�GDKD�GD� DUWDQ� HQHUML� LKWL\DFÕPÕ]Õ� NDUúÕODPDN� LoLQ��ONHPL]GH�GH� oRNoD�EXOXQDQ�
N|P�U� UH]HUYLQL� GR÷UXGDQ� NXOODQPDN�� JHUHN� WDúÕQPDVÕQÕQ� ]RU� ROPDVÕ�� JHUHN� E�\�N� KDFLPOL�
\DNÕFÕ\D� LKWL\Do� GX\PDVÕ� JHUHNVH� GH� N�O�� F�UXI� JLEL� DWÕNODU� EÕUDNPDVÕ� YH� |]HOOLNOH� NLUOHWLFL�
HPLV\RQODUÕQÕQ� ID]OD� ROPDVÕ� QHGHQL\OH� GR÷UXGDQ� NXOODQÕOPDVÕ� HOYHULúOL� ROPD\DELOLU��2NVLMHQVL]�
RUWDPGD�ÕVÕO�LúOHPH�PDUX]�NDODQ�N|P�UGHQ�HOGH�HGLOHQ�JD]ODU�LVH�KHP�WDúÕQPDVÕ�NROD\��KHP�EDVLW�
YH�N�o�N�\DNÕFÕ\D�LKWL\Do�GX\PDVÕ�KHP�GH�\DNPD�VÕUDVÕQGD�GDKD�D]�KDYD\D�LKWL\Do�GX\PDVÕ�YH�
|]HOOLNOH�GDKD�D]�NLUOHWLFL�HPLV\RQ�ROXúWXUPDVÕ�QHGHQL\OH�EX�JD]�\DNÕWÕQ�W�NHWLOPHVL�GDKD�X\JXQ�
RODFDNWÕU��%X� oDOÕúPDGD��N|P�U�Q�NRNODúWÕUPD�\DQ��U�Q��RODQ�NRN� IÕUÕQÕ� JD]ÕQÕQ�� |Q-NDUÕúÕPOÕ�
olarak yanma perfRUPDQVÕ�YH�HPLV\RQ�NDUDNWHULVWLNOHUL� VD\ÕVDO�RODUDN� LQFHOHQPLúWLU��.RN� IÕUÕQÕ�
JD]ÕQÕ�\DNPDN�LoLQ�\DNÕWÕ�YH�KDYD\Õ�|QFHGHQ�NDUÕúWÕUÕUDUDN�\DQPD�RGDVÕQD�J|QGHUHQ�|Q-NDUÕúÕPOÕ�
ELU� \DNÕFÕ�NXOODQÕOPÕúWÕU��<DQPD�NRúXOODUÕQGD� IDNLU� NDUÕúÕP�E|OJHVLQGH�NDOÕQDUDN�KDYD� ID]ODOÕN�
NDWVD\ÕVÕ� Ȝ ���� YH� Ȝ ���� NRúXOODUÕQGD� \DNÕW-KDYD� NDUÕúÕPÕ� |Q-NDUÕúÕPOÕ� RODUDN� W�NHWLOPLúWLU��
dDOÕúPDGD����N:�J�FH�NDUúÕOÕN�JHOHQ�\DNÕW�PLNWDUÕ�\DQPD�RGDVÕQD�J|QGHULOPLúWLU��gOo�POHULQ�
\DSÕOGÕ÷Õ�GHQH\�G�]HQH÷L�$16<6-)OXHQW�WLFDUL�NRGX�LOH��o�ER\XWOX�RODUDN�PRGHOOHQPLúWLU��<DQPD�
modeli olarak GRI-0HFK�����NLP\DVDO�NLQHWL÷L�\DUGÕPÕ\OD�NRN�IÕUÕQÕ�JD]Õ�YH�\DQPD�VRQX���ଡ଼ 
WDKPLQOHUL�LoLQ�����������������YH�����EDVDPDNOÕ�UHDNVL\RQODU�ROXúWXUXOPDVÕ\OD�(GG\�'LVVLSDWLRQ�
Concept yanma modeline entegre edileUHN�\DQPD�PRGHOOHQPHVL�JHUoHNOHúWLULOPLúWLU��5DG\DV\RQ�
modeli olarak P-��VHoLOPLú�ROXS��W�UE�ODQV�PRGHOLQLQ�HWNLVLQL�EHOLUOHPHN�LoLQ�GH���IDUNOÕ�W�UE�ODQV�
PRGHOL�NXOODQÕOPÕúWÕU��(OGH�HGLOHQ�VÕFDNOÕN�YH���ଡ଼ SURILOOHUL�GHQH\VHO�YHULOHUOH�NDUúÕODúWÕUÕOPÕú�YH�
ROGXNoD�L\L�ELU�X\XP�ROGX÷X�VDSWDQPÕú������EDVDPDNOÕ�UHDNVL\RQXQ�\HWHUOL�ROGX÷X�J|U�OP�úW�U� 
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���*ø5øù�(INTRODUCTION) 

(QHUML\H�RODQ� LKWL\Do�ELUoRN� IDUNOÕ�ND\QDNODUGDQ�VD÷ODQPDNWDGÕU��*�Q�P�]GH�DOWHUQDWLI�ND\QDNODUD�RODQ�
\|QHOLP�DUWVD�GD�KDOD�HQHUML�LKWL\DFÕQÕQ�E�\�N�oR÷XQOX÷X�IRVLO�ND\QDNODUGDQ�VD÷ODQPDNWDGÕU�YH��ONHPL]GH�
N|P�U�UH]HUYOHUL�ID]OD�ROGX÷XQGDQ�VDKLS�ROGX÷XPX]�HQHUML�SRWDQVL\HOLPL]�\�NVHNWLU��)DNDW��IRVLO�\DNÕWODU�
|]HOOLNOH�GH��ONHPL]GH�EXOXQDQ� ÕVÕO�GH÷HUOHUL�G�ú�N�N|P�U�UH]HUYOHULQLQ�oRN�PLNWDUGD� LQRUJDQLN�PDGGH�
EDUÕQGÕUPDVÕ�YH�LoHULVLQGHNL�D]RW�YH�N�N�UW�PDGGHOHULQGHQ�GROD\Õ�GR÷UXGDQ�NXOODQÕOPDVÕ�GXUXPXQGD�ID]ODFD�
NLUOHWLFL�HPLV\RQODU�ROXúWXUPDNWDGÕU�>�@��%X�oDOÕúPDGD�HOYHULúOL�ROPDVÕ�DoÕVÕQGDQ�N|P�U�Q�NRNODúWÕUPD�\DQ�
�U�Q��NRN�IÕUÕQÕ�JD]Õ�\DNÕW�RODUDN�NXOODQÕOPÕúWÕU��<DQPD�úDUWODUÕQÕQGD�|]HOOLNOH�UHDNVL\RQ�EDVDPDN�VD\ÕVÕQÕQ�
HWNLVL��]HULQGH�GXUXOPXúWXU��$oÕ÷D�oÕNDQ�\DQPD��U�QOHULQGHQ�12X GH÷HUOHULQLQ�EHOLUOHQPHVL�YH�EX�NLUOHWLFL�
emisyonXQ�G�ú�U�OPH�\ROODUÕ�DUDúWÕUÕOPÕúWÕU��%X�DODQGD�\DSÕODQ�oDOÕúPDODUGDQ�ED]ÕODUÕ�DúD÷ÕGD�EHOLUWLOPLúWLU� 

øOEDú� YH�.DU\H\HQ� �������� KLGURMHQ� LoHUHQ� \DNÕWODUGDQ� úHKLU� JD]Õ� YH� NRN� IÕUÕQÕ� JD]ÕQÕQ� |Q-NDUÕúÕPOÕ� ELU�
\DNÕFÕGD�GHQH\VHO�RODUDN�\DQPDVÕQÕ�LQFHOHPLúOHUGLU��<DQPD�RGDVÕQÕQ�HNVHQHO�YH�UDG\DO�|Oo�P�VRQXoODUÕQÕ�
EHOLUOHPLúOHUGLU��(NVHQHO�YH�UDG\DO�|Oo�POHULQ��6ÕFDNOÕN����ଡ଼, ��ଶ ve ����\DNODúÕN�oR÷XQOX÷XQGD�NRN�IÕUÕQÕ�
gazÕQÕQ�GH÷HUOHULQLQ�\�NVHN�ROGX÷X��|]HOOLNOH�úHKLU�JD]ÕQGD�KDFLPFH�GDKD�ID]OD��ଶ JD]Õ�ROPDVÕQD�UD÷PHQ�
yanma sonucu daha az ��ଡ଼ ROXúPDVÕQÕQ�QHGHQL�EX�JD]ÕQ�NDORUL�GH÷HULQLQ�GL÷HU�JD]GDQ�GDKD�D]�ROPDVÕQGDQ�
ND\QDNODQGÕ÷Õ�EHOLUWLOPLúWLU�>�@� 

Ortiz vd. (2021), meWDO� \�]H\LQH� oDUSWÕUÕOPÕú�NÕVPL�|Q-NDUÕúÕPOÕ�ELU�PHWDQ�DOHYLQLQ�GHQH\VHO�YH� VD\ÕVDO�
DQDOL]LQL� \DSPÕú�� IDUNOÕ� J�oOHUGH� \DNÕODQ� PHWDQ� DOHYLQLQ� VÕFDNOÕN� YH� �� HPLV\RQ� GH÷HUOHULQL�
NDUúÕODúWÕUPÕúWÕU�� 5DG\DO� RODUDN� VÕFDNOÕN� |Oo�POHULQLQ� JHQHOGH� GHQH\VHO� YHULOHUH X\JXQ� RODUDN� D]DOGÕ÷Õ��
PHUNH]GHNL�VÕFDNOÕ÷ÕQ����PP�X]D÷ÕQGDNL�DOHY�VÕFDNOÕ÷ÕQGDQ�G�ú�N�ROPDVÕ�|Q-NDUÕúÕPOÕ�DOHYGH�PH\GDQD�
JHOHQ�V�U�NOHQPH�DODQÕQÕQ�ROXúWXUGX÷X�NRQLGHQ�ROXúWX÷X�>�@��DOHY�KÕ]Õ�\|Q�QGHQ�VD\ÕVDO�oDOÕúPDGD�\DSÕODQ�
k-RPHJD�W�UELODQV�PRGHOL�LOH GHQH\VHO�VRQXoODUÕQ�X\XPOX�ROGX÷X��\DNÕW�J�F�Q�Q�DUWÕUÕOPDVÕ�JLULú�KÕ]ÕQÕQ�
DUWPDVÕ\OD�NRQL�NÕVPÕQÕQ�JHQLúOHPHVLQH�\RO�DoWÕ÷Õ�EX�QHGHQOH�UDG\DO�RODUDN�PHUNH]�NRQXPGDNL�VÕFDNOÕ÷ÕQ�
KÕ]OD�WHUV�RUDQWÕOÕ�ROGX÷X�EHOLUWLOPLúWLU���� GH÷HULQLQ�LVH�J�F�Q�DUWPDVÕ\OD�DUWWÕ÷Õ�YH�PHUNH]GHQ�X]DNODúWÕNoD�
D]DOGÕ÷Õ�YXUJXODQPÕú��\DNÕW�KDYD�JLULú�oDSÕQÕQ�GH÷LúWLULOPHVL\OH�IDUNOÕ�J�oOHUGH��� YH�VÕFDNOÕN�GH÷HUOHUL�GH�
LQFHOHQPLú��EX�GXUXPD�J|UH����-����:�DUDOÕ÷ÕQGD�PDNVLPXP�WHUPDO�YHULPOLOLN�VD÷ODQPDVÕQD�UD÷PHQ��� 
GH÷HULQLQ�GH�ID]OD�ROGX÷X�J|VWHULOPLúWLU�>�@� 

=KHQ�YG�� �������� JLULú� KDYDVÕQÕQ� VÕFDNOÕ÷Õ� DUWÕUÕODUDN�ROXúWXUXODQ�%XQVHQ�DOHYLQLQ� ÕVÕ� WUDQVIHULQH� HWNLOHUL�
GHQH\VHO� RODUDN� DUDúWÕUÕOPÕú�� ��ସ-�ଶ, ��ସ-�ଶ-�ଶ ve ��ସ-�ଶ-��ଶ¶GHQ� ROXúDQ� IDUNOÕ� \DNÕWODU� �]HULQGH�
\DSÕODQ� GHQH\VHO� |Oo�POHUGH� JLULú� VÕFDNOÕNODUÕQÕQ� DUWÕUÕOPDVÕ\OD� KHSVLQLQ� DG\DEDWLN� VÕFDNOÕNODUÕQÕQ� YH�
ODPLQDU�DOHY�KÕ]ODUÕQÕQ�DUWWÕ÷Õ�EHOLUWLOPLú����ସ-�ଶ-��ଶ ve ��ସ-�ଶ-�ଶ DOHYLQGH�ROXúDQ�V�U�NOHQPH�DODQÕQÕQ�
ROXúWXUGX÷X NRQL� \�NVHNOL÷LQLQ� \DNÕW� JLULú� VÕFDNOÕ÷ÕQÕQ� DUWÕUÕOPDVÕ\OD� WHUV� RUDQWÕOÕ� RODUDN� D]DOGÕ÷Õ�
J|VWHULOPLú�� \LQH� EX� �o�\DNÕWÕQ� JLULú� VÕFDNOÕ÷ÕQÕQ� DUWÕUÕOPDVÕ\OD� \DQPD� VRQXFX�ROXúDQ���ଡ଼ GH÷HULQLQ�GH�
DUWWÕ÷Õ��EX�GH÷HUOHUGHQ�HQ�\�NVH÷LQLQ���ସ-�ଶ \DNÕWÕQGD�ROGX÷X��orta seviyede ��ସ-�ଶ-�ଶ \DNÕWÕQGD�ROGX÷X��
HQ�D]ÕQÕQ�LVH�GL÷HUL�RODQ���ସ-�ଶ-��ଶ \DNÕWÕQGD�PH\GDQD�JHOGL÷L�|Oo�OP�ú��D\QÕ�GHQH\��� LoLQ�GH�\DSÕOPÕú�
YH�EX�VHIHU�HQ�\�NVHN��� GH÷HULQH�VDKLS�RODQ�\DNÕWÕQ���ସ-�ଶ-��ଶ¶GH�PH\GDQD�JHOGL÷L��RUWD�VHYL\HGH���ସ-
�ଶ-�ଶ¶GH PH\GDQD� JHOGL÷L� HQ� D]ÕQÕQ� LVH� ��ସ-�ଶ \DNÕWÕQGD� ROGX÷X� J|VWHULOPLúWLU�� ��ସ-�ଶ \DNÕWÕ� LoLQ�
QR]XOGDQ�X]DNODúWÕNoD�ÕVÕ�WUDQVIHU�RUDQÕQÕQ�D]DOGÕ÷Õ����ସ-�ଶ-��ଶ \DNÕW�KDYD�NDUÕúÕPÕQÕQ�IDUNOÕ�JLULú�VÕFDNOÕN�
GH÷HUOHULQGHNL� |Oo�POHUGH� JLULú� KDYD� VÕFDNOÕ÷ÕQÕQ� DUWÕUÕOPDVÕ\OD� ÕVÕ� WUDQVIHU� RUDQÕQÕQ� GD� DUWWÕ÷Õ� |Oo�P�
VRQXoODUÕ\OD�J|VWHULOPLúWLU�>�@���� 

Salem (2018), ��ସ, �ଶ ve �� \DNÕWODUÕQÕQ������YH����EDVDPDNOÕ�UHDNVL\RQGD�|Q-NDUÕúÕPOÕ�\DQPD�úDUWODUÕ�
LQFHOHQPLú�� � UHDNVL\RQ� EDVDPDN� VD\ÕVÕ� DUWWÕNoD� PDNVLPXP� VÕFDNOÕ÷ÕQ� G�úW�÷�� J|VWHULOPLúWLU�� $\UÕFD�
&KHPNLQ�NRGX��]HULQGH�GH�\DQPD��U�Q�PRO�GH÷LúLP�VRQXoODUÕ�SD\ODúÕOPÕúWÕU��)DUNOÕ�RUDQODUGD�NDUÕúWÕUÕODQ�
��ସ-�ଶ \DNÕWÕQÕQ� \LQH� IDUNOÕ� KDYD-\DNÕW� RUDQODUÕQGD� \DQPDVÕQÕQ� DOHY� KÕ]Õ� VRQXoODUÕ� LUGHOHQPLú� YH���ସ 
LoHULVLQH� HNOHQHQ��ଶ RUDQÕ� DUWÕUÕOGÕNoD� DOHY� KÕ]ÕQÕQ� DUWWÕ÷Õ� YH� EX� KÕ]ÕQ� VWRNL\RPHWULN� \DQPD� úDUWODUÕQGD�
PDNVLPXP�ROGX÷X�EHOLUWLOPLúWLU��<LQH�KDYD�ID]ODOÕN�NDWVD\ÕVÕQÕQ�ELU�ROGX÷X�GXUXPGD�PDNVLPXP�VÕFDNOÕ÷ÕQ�
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HQ�\�NVHN�ROGX÷X��HNVHQHO�X]DNOÕN�DUWWÕNoD�LVH�\�NVHN�VÕFDNOÕ÷ÕQ�KDYD�ID]ODOÕN�NDWVD\ÕVÕQÕQ�ELU�EXoXN�ROGX÷X�
úDUWODUD�GR÷UX�ND\GÕ÷Õ�J|VWHULOPLúWLU��$\UÕFD����EDVDPDNOÕ�UHDNVL\RQGD��ଶ-�� \DNÕWÕQÕQ�IDUNOÕ�\DNÕW-hava 
\DQPD�úDUWODUÕQGD�GHQH\VHO�YH�VD\ÕVDO�RODUDN�\DQPD�VRQXoODUÕQÕQ�DG\DEDWLN�VÕFDNOÕN�NÕ\DVODPDVÕ�\DSÕOPÕú�
YH�HQ�L\L�X\XPOX�VRQXFXQ�VWRNL\RPHWULN�\DQPD�úDUWODUÕQGD�ROGX÷X�J|VWHULOPLúWLU�>�@� 

Zhai vd. (2021), ��ସ ve �ଶ NDUÕúÕPOÕ \DNÕWÕQ��NÕVPL�|Q-NDUÕúÕPOÕ�\DNÕFÕGD�\DNÕOPDVÕ�VRQXFX�DOHY�ER\XWX�YH�
UHQJL� �]HULQGH� GXUXOPXú�� |QFHOLNOH� KLGURMHQ� JD]ÕQÕQ� \R÷XQOX÷XQD� EDNÕOPDNVÕ]ÕQ� JLULú� KDYD� PLNWDUÕ�
arWÕUÕOGÕNoD� V�U�NOHQPH� DODQÕQÕQ� N�o�OG�÷�� \DQL� NRQL� \�NVHNOL÷LQLQ� D]DOGÕ÷Õ� EHOLUWLOPLú�� �ଶ JD]ÕQÕQ�
artÕUÕOPDVÕ\OD�|]HOOLNOH�ID]OD�KDYD�JLULúOL�\DQPDODUGD�GDKD�EHOLUJLQ�ROPDN��]HUH�DOHY�ER\XQXQ�N�o�OG�÷��YH�
DOHY�SDUODNOÕ÷ÕQÕQ�D]DOGÕ÷Õ�J|VWHULOPLúWLU�>�@� 

-LDQJ�YG����������|Q-NDUÕúÕPOÕ�ELU�\DNÕFÕGD�ELRJD]ÕQ�\DQPDVÕ�LQFHOHQPLú��ELRJD]ÕQ�LoHUL÷LQGH�EXOXQDQ���ସ, 
��ଶ, �ଶ ve �ଶ JD]ODUÕ�PLNWDUÕ��]HULQGH�GH÷LúLNOLN�\DSÕODUDN���IDUNOÕ�\DNÕW�ROXúWXUXOPXú�YH�EX�\DNÕWODUÕQ�
\DQPD�VRQXoODUÕ��]HULQGH�NÕ\DVODPD�\DSÕOPÕúWÕU��&KHPNLQ�NRGX��]HULQGH�ODPLQHU�ELRJD]�DOHYL�VLP�ODV\RQX�
\DSÕOPÕú�� VÕFDNOÕN� YH� \DNÕW� LOH� \DQPD� �U�QOHULQLQ� N�WOHVHO� GH÷LúLPOHUL� J|VWHULOPLúWLU�� 6RQXoODUD� J|UH�
tamamen ��ସ¶WHQ�ROXúDQ�ELRJD]�VÕFDNOÕ÷ÕQÕQ�GDKD�\�NVHN�ROGX÷X��ELRJD]�LoHUL÷LQGHNL���ଶ PLNWDUÕ�DUWWÕNoD�
VÕFDNOÕ÷ÕQ�G�úW�÷���ELRJD]�LoHUL÷LQGH�EXOXQDQ���ଶ PLNWDUÕQÕQ�ELU�NÕVPÕQÕQ��ଶ LOH�GH÷LúWLULOPHVL�GXUXPXQGD�
VÕFDNOÕN� ER\XWXQGD� |QHPOL� GH÷LúLNOL÷LQ� ROPDGÕ÷Õ� J|VWHULOPLúWLU�� /DPLQHU� DOHY� KÕ]Õ� NRQXVXQGD� WDPDPHQ�
��ସ¶WHQ�ROXúDQ�ELRJD]�\DNÕWÕQGD�HQ�\�NVHN�ROGX÷X��ELRJD]�LoHUL÷LQGHNL���ଶ PLNWDUÕ�DUWWÕNoD�ODPLQHU�DOHY�
KÕ]ÕQÕQ�D]DOGÕ÷Õ��ELRJD]�LoHUL÷LQGHNL���ଶ PLNWDUÕQÕQ�ELU�NÕVPÕQÕQ��ଶ LOH�GH÷LúWLULOPHVL�GXUXPXQGD�ODPLQHU�
DOHY�KÕ]ÕQÕQ�GD�DUWWÕ÷Õ�J|VWHULOPLúWLU��7HN�ER\XWOX�ELU�VLPLODV\RQ�oDOÕúPDVÕQGD�ELRJD]�ODPLQHU�DOHY��]HULQGH�
PHWDQ�NRQVDQWUDV\RQXQXQ�|QHPOL�ELU�HWNLVLQLQ�ROGX÷X�EHOLUWLOPLúWLU�>�@� 

-ȩ]VD�YG����������E�WRQDO�NDUÕúÕPOÕ�GL]HO�\DNÕWÕQ�VÕFDNOÕN�NRQWUROO��JLUGDSOÕ�\DNÕFÕGD�\DNÕOPDVÕ�LQFHOHQPLú��
HúGH÷HUOLN�RUDQÕ������ LOH������DUDVÕQGD�RODFDN� úHNLOGH�3,'�NRQWURO�\OH�\DNÕFÕ\D�JHOHQ�KDYDQÕQ�VÕFDNOÕ÷Õ�
GH÷LúWLULOPLú��EDVÕQo�NRQWURO�\OH�GH�\DNÕW�YH�KDYD�PLNWDUÕ�NRQWURO�HGLOPLú��KDYD�GHELVLQL�NRQWURO�HGHQ�EDVÕQo�
GH÷HUL�DUWÕUÕOGÕNoD�DOHY�UHQJLQLQ�GH÷LúWL÷L�YH�UHQN�ND\EHWWL÷L��D\QÕ�]DPDQGD�NLUOHWLFL�12�SSP��YH�&2�SSP��
VHYL\HOHULQLQ�D]DOGÕ÷Õ��\DNÕW�LoHULVLQGHNL�E�WDQÕQ�DUWÕUÕOPDVÕ\OD�DOHY�NDOÕQOÕ÷ÕQÕQ�D]DOGÕ÷Õ��J|U�Q�P��LWLEari 
LOH�VDGHFH�GL]HO�\DNÕWWD�2+�UHDNVL\RQODUÕQÕQ�DUWWÕ÷Õ��IDNDW�\DNÕW�LoHULVLQH�E�WDQ�LODYH�HGLOGL÷LQGH�2+�DUD��U�Q�
\R÷XQOX÷XQXQ�D]DOGÕ÷Õ��J�U�OW��VHYL\HVLQLQ�GH�\DNODúÕN����G%�FLYDUÕQGD�D]DOGÕ÷Õ�J|VWHULOPLúWLU�>�@� 

.RQYDQVL\RQHO�YH\D�oRN�ELOHúHQOL�\DNÕWODUÕQ�\DQPD�úDUWODUÕQÕ�DUDúWÕUDQ�oRN�VD\ÕGD�OLWHUDW�U�YDUGÕU��IDNDW�|Q-
NDUÕúÕPOÕ� RODUDN� W�NHWLOPH�NRúXOODUÕQGD� DOHY� YH� UHDNVL\RQ�EDVDPDN� VD\ÕVÕ� HWNLOHúLPL�� EDVDPDN� VD\ÕVÕQÕQ�
\DQPD�VRQX��U�QOHULQH�HWNLVL�NRQXODUÕ\OD�LOJLOL�NULWLN�VRUXODU�KDOD�GHYDP�HWPHNWHGLU��$\UÕFD�|Q-NDUÕúÕPOÕ�
\DNÕFÕODUGD��KDYD�LOH�\DNÕW�\DQPD�E|OJHVLQH�JHOPHGHQ�|QFH�NDUÕúWÕ÷Õ�LoLQ�|Q-NDUÕúÕPVÕ]�\DNÕFÕODUD�J|UH�GDKD�
KRPRMHQ�ELU�\DNÕW-KDYD�NDUÕúÕPÕ�VD÷ODPDNWDGÕU��%X�QHGHQOH�|Q-NDUÕúÕPOÕ�\DNÕFÕODUGD�ROXúDQ�12�HPLV\RQ�
VHYL\HVL� |Q-NDUÕúÕPVÕ]� \DNÕFÕODUD� J|UH� GDKD� D]� ROPDNWDGÕU� >��@�� 'DKD� WHPL]� HQHUML� HOGH� HWPHN� WHPHO�
PRWLYDV\RQ�ND\QD÷ÕPÕ]�ROGX÷X�LoLQ�EX�oDOÕúPDGD�|Q-NDUÕúÕPOÕ�\DQPD�úDUWODUÕ�LQFHOHQPLúWLU� 

 

2. MATERYAL VE METOT (MATERIAL and METHOD) 

<DNÕWODU�� NLP\DVDO� UHDNVL\RQOD� ÕVÕ� �UHWLPLQGH� HOYHULúOL� PDGGHOHUGLU�� <DNÕWODUGD� &�� +�� 6� JLEL� \DQÕFÕ�
HOHPHQWOHU� LOH� EHUDEHU� 2� YH� 1� JLEL� GL÷HU� HOHPHQWOHU� GH� EXOXQXU�� )L]LNVHO� |]HOOLNOHULQH� J|UH� \DNÕWODUÕ�
VÕQÕIODQGÕUGÕ÷ÕPÕ]GD�WDú�N|P�U���HVPHU�N|P�U��WXUE��RGXQ�JLEL�GR÷DO�YH�NRN�YH�RGXQ�N|P�U� gibi yapay 
RODQ�NDWÕ�\DNÕWODU�� WDú�YH�HVPHU�N|P�U�Q�JD]ODúWÕUÕOPDVÕQGDQ�YH\D�RGXQXQ�NDUERQL]DV\RQXQGDQ��UHWLOHQ�
NDWUDQ�YH\D�DONRO�JLEL�VÕYÕ�\DNÕWODU�LOH�GR÷DO�RODQÕ�\HU�JD]Õ�\DSD\�RODQODUÕ�LVH�KDYD�JD]Õ��VX�JD]Õ��NXYYHW�JD]Õ��
NRN�JD]ODUÕ��PHWDQ��DVHWLOHQ� E�WDQ�JLEL�JD]�\DNÕWODU�GD�YDUGÕU�>11].  

.DWÕ� \DNÕWODU� NDSDOÕ� RUWDPGD� ÕVÕO� LúOHPGHQ� JHoLULOLUVH� NRNODúWÕUÕOPÕú� ROXUODU� YH� VÕYÕ� LOH� JD]� \DNÕWODUD�
G|Q�ú�UOHU��H÷HU������&�GHUHFHOHUH�NDGDU�ÕVÕO�LúOHP�\DSÕOÕUVD�NDWUDQ�HOGH�HGLOLU��H÷HU�������&�GHUHFH\H�NDGDU�
ÕVÕO� LúOHPGHQ�JHoHUOHUVH�NDWUDQGDQ� WDPDPHQ� WHPL]OHQPLú� ID]OD�RUDQGD�NDUERQ� LoHUHQ�NRN�HOGH�HGLOLU��EX�
LNLQFL�DúDPDGD�JD]�YHULPL�GDKD� ID]ODGÕU��<DSÕODQ� ÕVÕO� LúOHPGH� VÕFDNOÕ÷ÕQ�DUWÕú�KÕ]Õ� |QHPOLGLU��(÷HU�KÕ]OÕ�
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VÕFDNOÕN� DUWÕúÕQD� PDUX]� NDOÕUVD� JD]ODúPD� DúDPDVÕ VÕFDNOÕ÷ÕQ� \�NVHN� ROGX÷X� NHVLPOHUH� ND\PDNWDGÕU��
+LGURNDUERQFD�\�NVHN�JD]�HOGH�HWPHN�LoLQ�DOoDN�VÕFDNOÕN�NRNODúWÕUPDVÕ��KLGURMHQFH�\�NVHN�JD]�HOGH�HWPHN�
LoLQ� \�NVHN� VÕFDNOÕN� NRNODúWÕUPDVÕ� \DSÕOÕU��.RNODúWÕUPD\D�KHU�N|P�U� X\JXQ�GH÷LOGLU� >��@��gUQH÷LQ� DOHY�
k|P�U���JD]�N|P�U��YH�\D÷VÕ]�N|P�UOHU�HOYHULúOL�ROPD\ÕS��\D÷OÕ�N|P�U�HOYHULúOLGLU��%DúOÕFD�RODUDN�\�]H\�
ÕVÕWPDOÕ�� \ÕNDPD� JD]OÕ�� DNÕúNDQODúWÕUÕOPÕú� \DWDN� YH� SQ|PDWLN� NRNODúWÕUPD� \|QWHPOHUL� LOH� N|P�UOHU�
JD]ODúWÕUÕOPDNWDGÕU�� .|P�U�Q� JD]ODúWÕUÕOPDVÕ� VRQXFX� HOGH HGLOHQ� NRN� IÕUÕQ� JD]ÕQÕQ� LoHUGL÷L� ELOHúHQOHU�
DúD÷ÕGDNL�WDEORGD�J|VWHULOPLúWLU�� 

Tablo 1. .RN�)ÕUÕQ�*D]Õ�øoHUL÷LQLQ�+DFLPFH�%LOHúHQOHUL [1] 

 

 

%X�oDOÕúPDGD������ଶ, %27��ସ, %6��, %2��ଶ ve %10�ଶ LoHUL÷LQH�VDKLS�������NFDO�P3 ÕVÕO�GH÷HU�YH�
\DNODúÕN�0,45 kg/m3 \R÷XQOX÷XQGDNL�NRN�IÕUÕQÕ JD]Õ�NXOODQÕOPÕúWÕU�>�@� 

<XNDUÕGD� EHOLUWLOHQ� JD]Õ� \DNPDN� LoLQ� GHQH\� G�]HQH÷LQGH� NXOODQÕODQ� \DQPD� RGDVÕ�� SDVODQPD]� oHOLNWHQ�
�UHWLOPLú����FP�oDSÕQGD�YH���PHWUH�\�NVHNOL÷LQGH�VLOLQGLULN�úHNLOGHGLU��<DQPD�RGDVÕQÕQ�\DQ�WDUDIÕQGD��EHOOL�
DUDOÕNODUOD�GL]LOPLú����FP����FP����FP����FP�YH���FP��GHQH\VHO�|Oo�POHULQ�\DSÕODELOGL÷L�WRSODP���DGHW�
|Oo�P�QRNWDODUÕ�EXOXQPDNWDGÕU��gQ�WDUDIÕQGD�GD�DOHYLQ�J|U�OHELOHFH÷L�J|]OHP�SHQFHUHVL�EXOXQPDNWDGÕU�� 

 

ùHNLO 1. <DQPD�RGDVÕ�YH�|Q�NDUÕúÕPOÕ�\DNÕFÕ [1-2] 

%X�\DQPD�RGDVÕQÕQ�DOW�NÕVPÕQGD�WDNÕOÕ�RODQ�|Q-NDUÕúÕPOÕ�\DNÕFÕ�����PP�oDSÕQGDNL�SDVODQPD]�oHOLN��]HULQH�
EHOOL� DUDOÕNODUOD� DoÕOPÕú��� DGHW����PP�oDSÕQGDNL�GHOLNOHUGHQ�ROXúPDNWDGÕU��gQ-NDUÕúÕPOÕ�\DNÕFÕQÕQ�NHVLW�
J|U�Q�P��DúD÷ÕGDNL�UHVLPGH�J|VWHULOPLúWLU� 

.RN�)ÕUÕQ�*D]Õ�%LOHúHQOHUL Hacimce(%) 
�ଶ 55 ± 60 
��ସ 23 ± 27 
�� 5 ± 8 
��ଶ 1 ± 2 
�ଶ 3 ± 6 
�ଶ�ସ 1 ± 1,5 
�ଶ� 0,5 ± 0,8 
�ଷ�଼ ������ 
�ଶ� �����(-5 
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ùHNLO 2. gQ-NDUÕúÕPOÕ�\DNÕFÕQÕQ�NHVLW�J|U�Q�P� [1-2] 

 

3. SAYISAL MODELLEME (NUMERICAL MODELLING) 

<DNÕWODUGD�&��+��6��2�YH�1�DWRPODUÕ� EXOXQGX÷XQGDQ�YH�\DQPD� LoLQ�RNVLWOH\LFL�RODUDN�KDYD� �22 ve N2) 
kullaQÕOGÕ÷ÕQGDQ�\DQPD�VRQXFX�&2��12X JLEL�KDYD\Õ�NLUOHWLFL�JD]ODU�ROXúPDNWDGÕU��%X�oDOÕúPDGD�|]HOOLNOH�
��ଡ଼ kirletiFLOHUL� �]HULQGH� GXUXOPXúWXU�� 12X, NO, NO2, N2O, N2O3 ve N2O5 ROPDN� �]HUH� �� DGHW� JD]�
ELOHúHQLQLQ� JHQHO� LVPLGLU�� %XQODUGDQ� �o�� RODQ� 12�� 122 ve N2O DVÕO� |QHPH� VDKLS� ROXS� toplam NOX 
ROXúXPXQXQ�GD�E�\�N�oR÷XQOX÷XQX�12�ROXúWXUPDNWDGÕU��12X¶LQ� IDUNOÕ�PHNDQL]PDODUOD�ROXúWX÷X�NDEXO�
edilir�� %XQODUGDQ� ÕVÕO� �=HOGRYLFK�� 12X ROXúXP� PHNDQL]PDVÕ�� KDYD-\DNÕW� RUDQÕ� \�NVHN� RODQ� \DQPD�
úDUWODUÕQGDNL�12�\DQPD��U�Q��ROXúXPXQGD�|QHPOL�UHDNVL\RQODUGÕU [12]. Ani ��ଡ଼ ROXúXP�PHNDQL]PDVÕQGD�
LVH�12�ROXúXPXQXQ�\DUÕGDQ�ID]ODVÕ�KDYD-\DNÕW�RUDQÕ�G�ú�N�RODQ�\DQPD�úDUWODUÕQGD�PH\GDQD�JHOPHNWHGLU��
6RQXQFX�RODQ�\DNÕW���ଡ଼ ROXúXPX�GD�\DNÕW�LoHULVLQGH�EXOXQDQ�ED÷ÕO�D]RWXQ�RNVLGDV\RQXQGDQ�PH\GDQD�JHOLU 
[13].  

YaQPD�� ]LQFLUOHPH� NLP\DVDO� UHDNVL\RQODUGD� JLUHQOHU� LOH� �U�QOHU� DUDVÕQGDNL� G|Q�ú�PGH� DoÕ÷D� oÕNDQ�
enerjidir.  

%X�NLP\DVDO�UHDNVL\RQODU�DúD÷ÕGDNL�JLEL�J|VWHULOLUVH� 

ܣܽ݊  �ܤܾ݊� ՞ ܥܿ݊�   (1)                                                 ܦ݀݊�

݊ܽ, ܾ݊, ݊ܿ, ݊݀: 5HDNVL\RQD� JLUHQ� HOHPHQWL� \DGD� PROHN�OOHULQ� VWRNL\RPHWULN� NDWVD\Õ� GH÷HUL���������������������������������������������������
A, B, C, D          ��5HDNVL\RQD�JLUHQ�YH\D�oÕNDQ�HOHPHQW�\DGD�PROHN�OOHU����������� 

%X�UHDNVL\RQGDNL�JLUHQ�YH\D��U�QOHULQ�NRQVDQWUDV\RQ�GH÷LúLPL�LVH�DúD÷ÕGDNL�JLEL�J|VWHULOLUVH� 

െ ଵ
ೌ

ௗሾሿ
ௗ௧

ൌ �െ ଵ
್

ௗሾሿ
ௗ௧

ൌ �െ ଵ


ௗሾሿ
ௗ௧

ൌ �െ ଵ


ௗሾሿ
ௗ௧

ൌ �݇ሾܣሿ௫ሾܤሿ௬                       (2) 

k    ��+Õ]�VDELWL��x ve y: reaksiyon derecesi, 

%X�GHQNOHPL�$UUKHQLXV�IRUPDWÕQGD�DúD÷ÕGDNL�JLEL�J|VWHULOHELOLU� 

݇ ൌ ሺെݔ݁ܣ ா
ோ்
ሻ                                                          (3) 

T��6ÕFDNOÕN�.���R: Universal gaz sabiti (cal/mol.K), E: Aktivasyon enerjisi (cal/mol), A��$UUKHQLXV�IDNW|U�� 

Buradaki A terimi yani Arrhenius fDNW|U�Q��ܶ VÕFDNOÕN��VWHO�IDNW|U��LOH�oDUSDUVDN� 

݇ ൌ Ǥܣ ܶ݁ݔሺെ ா
ோ்
ሻ                                                       (4) 

'HQNOHP� �¶GHNL� JLEL� $QV\V� &KHPNLQ� NRGX� LoLQ� NLP\DVDO� UHDNVL\RQ� JLULú� SDUDPHWOHUL� HOGH� HGLOPLú�
ROPDNWDGÕU��&KHPNLQ�IRUPDWÕ�LoLQ�DúD÷ÕGDNL�WDEORGD�ED]Õ���ଡ଼ ROXúXP�UHDNVL\RQODUÕ�J|VWHULOPLúWLU� 
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Tablo 2. GRI-Mech 3.0 NLP\DVDO�NLQHWL÷LQH�J|UH bD]Õ�ܱܰܺ oOXúXP rHDNVL\RQODUÕ 

Reaksiyon 
6D\ÕVÕ 

Kimyasal Reaksiyon Arrhenius 
)DNW|U� 

6ÕFDNOÕN�hVWHO�
'H÷HUL 

Aktivasyon 
Enerjisi 

1. �  �� ൏ൌ �ଶ  � 2.70E+13 0.0 355.0 
2. �  �ଶ ൏ൌ �� � 9.00E+09 1.0 6500.0 
3. �  �� ൏ൌ ��  � 3.36E+13 0.0 385.0 
4. ��  �ଶ ൏ൌ ���  � 3.12E+09 0.9 20130.0 
5. ��  �ଶ� ൏ൌ ��� �� 8.00E+12 0.0 7460.0 
6. �  �� ൏ൌ ��  � 1.90E+13 0.0 0.0 
7. �ଶ�ሺ�ሻ ൏ൌ �ଶ  �ሺ�ሻ 7.91E+10 0.0 56020.0 
8. �ଶ�  � ൏ൌ ʹ�� 2.90E+13 0.0 23150.0 
9. ��ଶ  �� ൏ൌ ��ଶ  �� 2.11E+12 0.0 -480.0 

10. ��ଶ  � ൏ൌ �� �� 1.32E+14 0.0 360.0 
 

7DEOR� �¶GHNL� ��� YH� ��� UHDNVL\RQODU� �=HOGRYLFK�� LOH� ��� 5HDNVL\RQ� �/DYRLH� YH� DUN��� ÕVÕO� ��ଡ଼ ROXúXP�
UHDNVL\RQODUÕGÕU� >��@��%X�ROXúXPODU�JHQHOOLNOH�\�NVHN�DOHY� VÕFDNOÕNODUÕQGD� ������.¶GDQ� ID]OD��PH\GDQD�
JHOPHNWHGLU��'L÷HUL�RODQ�DQL���ଡ଼ ROXúXP�PHNDQL]PDVÕ�LoLQ��������YH����UHDNVL\RQODU�J|VWHULOHELOLU��=HQJLQ�
\DNÕW-KDYD�NDUÕúÕPODUÕQGD�ID]ODFD�PH\GDQD�JHOPHNOH�ELUOLNWH�GL÷HU�LNL���ଡ଼ ROXúXP�PHNDQL]PDVÕQD�J|UH�
GDKD�D]GÕU��<DNÕW���ଡ଼ ROXúXPX�����YH���� UHDNVL\RQODUGD�PH\GDQD�JHOHQ�&1�YH�+&1�JLEL�PROHN�OOHULQ�
RNVLMHQOH�EXOXúPDVÕ\OD���ଡ଼¶LQ�ROXúPDVÕGÕU�>��-��@��'L÷HU�UHDNVL\RQODUGD�GD�J|VWHULOGL÷L�JLEL�IDUNOÕ���ଡ଼ 
W�UOHULQLQ���ଶ�, ��ଶ JLEL��ROXúXP�PHNDQL]PDODUÕ�GD�YDUGÕU�� 

'DKD�HNRQRPLN�YH�HQHUML�WDVDUUXIX�DoÕVÕQGDQ�\DQPD�VLP�ODV\RQODUÕ�NXOODQPDN�\HQL�EXOJXODUD�NÕODYX]OXN�
VD÷OD\DELOLU��%X�DPDoOD�GHQH\�G�]HQH÷L� WLFDUL�ELU�KHVDSODPDOÕ�DNÕúNDQODU�GLQDPL÷L�NRGX� �$QV\V�)OXHQW��
\DUGÕPÕ\OD��o�ER\XWOX�RODUDN�PRGHOOHQPLúWLU� �<DQPD�RGDVÕQÕQ� ÕVÕO� LOHWNHQOLN�NDWVD\ÕVÕ�N ������:�P.���
.RN�IÕUÕQÕ�JD]Õ�LoLQ�3678 kcal/m3 ÕVÕO�GH÷HU UHIHUDQV�DOÕQDUDN����N:�ÕVÕO�J�FH�NDUúÕOÕN�JHOHQ�\DNÕW�GHELVL�LOH�
KDYD� ID]ODOÕN� NDWVD\ÕVÕ� Ȝ ���� \DQPD� úDUWODUÕQGDNL� KDYD� GHELVL� WRSODQDUDN� JLULú� \DNÕW-hava debisi elde 
HGLOPLúWLU��%X�GHEL�ùHNLO��¶GH�J|VWHULOHQ�|Q-NDUÕúÕPOÕ�\DNÕFÕQÕQ�DNÕúNDQ NHVLW�DODQÕQD�RUDQODQDUDN�VÕQÕU�úDUWÕ�
RODQ� JLULú� KÕ]Õ� HOGH� HGLOPLúWLU�� 'HQH\LQ� \DSÕOGÕ÷Õ� úDUWODUGDNL� JLEL� JLULú� \DNÕW-KDYD� VÕFDNOÕ÷Õ� ���� .¶GLU�
�'LQDPLN�YLVNRVLWH�ȝ ����H-��NJ�PV��ÕVÕO�LOHWNHQOLN�N �������:�P.���,VÕ�WDúÕQÕP�NDWVD\ÕVÕ�K ���ܹȀ݉ଶܭ 
ve ortam VÕFDNOÕ÷Õ� ����.� VÕQÕU� úDUWODUÕQGD� VD\ÕVDO� o|]�POHPH� \DSÕOPÕúWÕU�� (OGH� HGLOHQ� VD\ÕVDO� VRQXoODU�
EXOJXODU� E|O�P�QGH� LUGHOHQPLúWLU�� 6D\ÕVDO� PRGHOOHPHQLQ�PDWHPDWLNVHO� DOW� \DSÕVÕ� N�WOH�� PRPHQWXP� YH�
HQHUML�NRUXQXPX�GHQNOHPOHULQH�GD\DQPDNWDGÕU��.�WOH�NRUXQXPX�GHQklemi (Denklem 5) [17]; 

డఘ
డ௧
 డሺఘ௨ሻ

డ௫
 డሺఘ௩ሻ

డ௬
 డሺఘ௪ሻ

డ௭
ൌ Ͳ                                               (5) 

ɏ��$NÕúNDQÕQ�\R÷XQOX÷X��t: Zaman, u, v, w��5HIHUDQV�HNVHQLQH�J|UH�KÕ]ODU 

Momentum korunumu denklemi (Denklem 6, 7, 8) [18-19]; 

ߩ ௨
௧

ൌ డሺఛೣೣି˓ሻ
డ௫

 డఛೣ
డ௬

 డሺఛೣ
డ௭

 ௫ܨ ൌ Ͳ                                       (6) 

ߩ ௩
௧
ൌ డሺఛି˓ሻ

డ௫
 డఛೣ

డ௬
 డሺఛ

డ௭
 ௬ܨ ൌ Ͳ                                       (7) 

ߩ ௪
௧

ൌ డሺఛି˓ሻ
డ௫

 డఛೣ
డ௬

 డሺఛ
డ௭

 ௫ܨ ൌ Ͳ                                       (8) 

ɪ: %DVÕQo� ᆔ��9LVNR]�JHULOLP�WHQV|U�� F: Kuvvet,  

3DUoDFÕN�ER\XWXQGD�HQHUML�NRUXQXPX�GHQNOHPL�(Denklem 9) [6]; 

ߩ ொ
௧

ൌ െ݀݅ݒሺܸߩሻ  డሺ௩ఛೣೣሻ
డ௫

 డ൫௩ఛೣ൯
డ௬

 డሺ௩ఛೣሻ
డ௭

 డ൫௩ఛೣ൯
డ௫

 డ൫௩ఛ൯
డ௬

 డ൫௩ఛ൯
డ௭

           (9)       
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డሺ௩ఛೣሻ
డ௫

 డ൫௩ఛ൯
డ௬

 డሺ௩ఛሻ
డ௭

 ሻܶ߂ሺ݇ݒ݅݀  ܳ ൌ Ͳ                                                                                

V��+Õ]� k��,VÕ�LOHWLP�NDWVD\ÕVÕ� T��6ÕFDNOÕN� 

6LOLQGLULN�YH�VLPHWULN�\DQPD�RGDVÕ�JHRPHWULVL�LoLQ�WUDQVIHU�GHQNOHPL�(Denklem 10) [1]; 

డሺఘ᳤ሻ
డ௧

 డሺఘ௩ೕ᳤ሻ
డ௫

ൌ డ
డ௫

ቂʒ᳤
డ᳤
డ௫

ቃ  ʳ᳤                                          (10) 

ʳ᳤��7DúÕPD�GHQNOHPL�LoLQ�ND\QDN�WHULP��வ��%D÷ÕPOÕ�GH÷LúNHQ� ݒ��%D÷ÕPOÕ�GH÷LúNHQ�ཕ¶\H�NDUúÕOÕN�JHOHQ�
KÕ]� ʒ��'H÷LúNHQ�LoLQ�GLI�]\RQ�NDWVD\ÕVÕ� 

=LQFLUOHPH� NLP\DVDO� UHDNVL\RQODUÕQ� JHUoHNOHúWL÷L� DQGD� DOHYLQ� \D\ÕOPDVÕ� DúD÷ÕGDNL� IRUP�OOHUOH�
WDQÕPODQDELOLU�YH�W�UE�ODQVOÕ�DOHY�KÕ]Õ�KHVDEÕ�LoLQ�IRUP�O�DúD÷ÕGD�J|VWHULOPLúWLU�(Denklem 11, 12, 13) [3-15-
20]. 

డሺఘ௫ሻ
డ௧

 ሻݔݒߩሺ ൌ ቀ ఓ
ௌ௫

ቁݔߘ   ௫                                         (11)ܵߩ

௫ܵߩ ൌ  ȁ                                                         (12)ݔ௨ܵ௩ȁοߩ

ܵ௩ ൌ ᇱሻଷȀସݒሺܣ ܸ
ǡହʒିǡଶହܺ௧

ǡଶହ ൌ ᇱݒܣ ቀఛ
ఛೣ
ቁ
ǡଶହ

                                  (13) 

ܵ௩�� 7�UE�ODQV� DOHY� KÕ]Õ�� ܸ ǣ /DPLQHU� DOHY� KÕ]Õݒ��ᇱǣ 506� KÕ]Õ��A: Model sabiti, ߩ௨ǣ <DQPÕú� NDUÕúÕPÕQ�
\R÷XQOX÷X��ʒ��<DQPDPÕú�NDUÕúÕPÕQ�GLI�]\RQ�NDWVD\ÕVÕ��ܺ௧��7�UE�ODQV�X]XQOXN�|OoH÷L��߬௧߬�݁ݒ�௫��7�UE�ODQV�
]DPDQ� |OoH÷LGLU�� %XUDGDNL� [� WHULPL�� &)'�PRGHOLQGH� ELU� VÕQÕU� úDUWÕGÕU� YH� JLULúWH� [ �� �\DQPDPÕú��� [ ��
�\DQPÕú��DQODPÕQGDGÕU� 

 

4. %8/*8/$5�YH�7$57,ù0$��5(68/76�DQG�',6&866,21� 

gQ-NDUÕúÕPOÕ alevler |Q-NDUÕúÕPVÕ] DOHYOHUGHQ�IDUNOÕGÕU��gQ-NDUÕúÕPVÕ] DOHYOHUGH�\DNÕW�LOH�KDYD�ELUOHúPHVL�
HVQDVÕQGD�\DQPD�LúOHPL�EDúODPDVÕQD�UD÷PHQ�|Q-NDUÕúÕPOÕ DOHYOHUGH��KDYD�YH�\DNÕW�NDUÕúWÕNWDQ�EHOOL�ELU�V�UH�
VRQUD� \DQPD� LúOHPL� PH\GDQD� JHOPHNWHGLU�� +DYD� YH� \DNÕW� |QFHGHQ� NDUÕúÕPOÕ� \DNÕFÕ� LOH� \DQPD� RGDVÕQD�
J|QGHULOPHVL�DNabinde belirli bir V�UH�V�U�NOHQmeden VRQUD�UHDNVL\RQODU�EDúODU��KDYD�YH�\DNÕWÕQ�|QFHGHQ�
EXOXúPDVÕ�YH�\DQPD�DODQÕQD�GD�V�U�NOHQHUHN�NDUÕúPDVÕ�NLUOHWLFL�HPLV\RQ�ROXúXPXQGD�D]DOPD�VD÷OD\DELOLU�
[10]. RHDNVL\RQODUÕQ�EDúODGÕ÷Õ�EX�DODQ�JHQHOGH�NRQL�úHNOLQL�ROXúWXUXU��EX�NRQLQLQ�\�NVHNOL÷L�YH�JHQLúOL÷L�
\DNÕW� YH� KDYDQÕQ� \DQPD� RGDVÕQD� J|QGHULOPH� KÕ]ÕQD� ED÷OÕGÕU�� .RQL� Lo� NÕVPÕQGD� \DQPD� �UHDNVL\RQODU��
ROPDGÕ÷ÕQGDQ�VÕFDNOÕN�G�ú�NW�U��<DQPD �UHDNVL\RQODU��NRQLQLQ�GÕú�NÕVPÕQGD�PH\GDQD�JHOGL÷LQGHQ�VÕFDNOÕN�
DUWÕúÕ� EX�NÕVÕPda meydana gelmektedir. %X�VD\HGH�\DNÕFÕ� HNLSPDQÕQ� ]DUDU�J|UPHVL�GH�|QOHQHELOLU��gQ-
NDUÕúÕPOÕ alevlerin rengi GL÷HULQGHQ IDUNOÕ�ROPDNWDGÕU��$OHY�UHQJL�\DNÕW-KDYD�NDUÕúÕPÕQGDNL�KDYD�PLNWDUÕQD�
YH�\DNÕWÕQ�ELOHúHQOHUL�JLEL�ELUoRN�HWNHQH�ED÷OÕGÕU� $\UÕFD�|Q-karÕúÕPOÕ \DNÕFÕODUGD�\DQPD�VRQXFX�\DQPD�
RGDVÕQGD�ROXúDQ�GLQDPLN�EDVÕQo�GH÷LúLPOHUL�|Q-NDUÕúÕPVÕ]�\DNÕFÕ\D�J|UH�GDKD�D]GÕU�>��@. Bu nedenle deney 
G�]HQH÷LQGH� NXOODQÕODQ� |Q-NDUÕúÕPOÕ� \DNÕFÕ� D\UÕFD� HPLV\RQ� VHYL\HVLQdH� D]DOWPD� HWNLVL� J|VWHUHFH÷L�
G�ú�Q�OPHNWHGLU�  

DHQH\LQ� \DSÕOGÕ÷Õ� úDUWODU� UHIHUDQV� DOÕQDUDN� ��� N:� J�FH� NDUúÕOÕN� JHOHQ� NRN� IÕUÕQÕ� JD]Õ ve KDYD� ID]ODOÕN�
NDWVD\ÕVÕ�Ȝ ��� RUDQÕQGDNL�KDYD�PLNWDUÕ�\DQPD�RGDVÕQD�J|QGHULOPLúWLU��%X�VÕQÕU�úDUWODUÕQGD��IDUNOÕ�UHDNVL\RQ�
EDVDPDN� VD\ÕODUÕQGD, PRGHOOHPHQLQ� \DSÕOGÕ÷Õ� WLFDUL� NRG� �]HULQGH� o|]G�U�OP�úW�U�� 5DG\DO� VÕFDNOÕN�
|Oo�POHUL�\DQPD�RGDVÕQÕQ����FP�����FP�YH����FP¶GHNL�QRNWDODUÕQGDQ�|Oo�OG�÷�QGHQ [2], bu noktalardaki 
radyal VÕFDNOÕN SURILOOHUL�YH����FP�����FP�����FP�����FP�YH����FP¶GHNL�HNVHQHO VÕFDNOÕN�|Oo�P�VRQXoODUÕ 
IDUNOÕ� UHDNVL\RQ� EDVDPDN� VD\ÕODUÕQGDNL� VD\ÕVDO� YHULOHUOH� NDUúÕODúWÕUÕOPÕúWÕU�� 12� HPLV\RQ� HNVHQHO� |Oo�P�
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VRQXoODUÕ� >�@� GD� \LQH� IDUNOÕ� UHDNVL\RQ� EDVDPDN� VD\ÕODUÕQGDNL VD\ÕVDO� VRQXoODU LOH� NDUúÕODúWÕUÕOPDVÕ�
J|VWHULOPLúWLU��ùHNLO���YH�ùHNLO���� 

 

ùHNLO��. RDG\DO�VÕFDNOÕN�VRQXoODUÕQÕQ�NDUúÕODúWÕUÕOPDVÕ 

<DQPD�VÕUDVÕQGD�HQ�\�NVHN�VÕFDNOÕN�VWRNL\RPHWULN�\DQPD�úDUWODUÕQGD�PH\GDQD�JHOPHNWHGLU��6WRNL\RPHWULN�
\DQPD�úDUWODUÕQGDQ�X]DNODúWÕNoD�UHDNVL\RQD�NDWÕOPD\DQ�ID]OD�KDYDQÕQ�\DQPD�RGDVÕQGDQ�D\UÕOÕUNHQ�VÕFDNOÕ÷Õ�
da EHUDEHULQGH�J|W�UPHVL�VRQXFX�VÕFDNOÕ÷ÕQ�D]DOGÕ÷Õ�ELOLQPHNWHGLU��<DQPD�VÕUDVÕQGD�\DNÕWÕQ�KHSVL�WDPDPHQ�
��ଶ veya �ଶ� G|Q�úPHGL÷LQGHQ�� \DQPD� VÕUDVÕQGD� ROXúDQ� DUD� �U�QOHU� GH� VÕFDNOÕ÷ÕQ� G�úPHVLQH� QHGHQ�
ROPDNWDGÕU��<DQL�\DQPD�ELU�EDVDPDNOÕ�UHDNVL\RQGDQ�ROXúPD\ÕS zincirleme biroRN�EDVDPDNOÕ�UHDNVL\RQGDQ�
ROXúPDNWDGÕU�� ùHNLO� �¶tH� J|U�OG�÷�� JLEL� |Oo�OHQ� GHQH\VHO� VRQXoODUÕQ VD\ÕVDO� YHULOHUOH� uyumunun 
VD÷ODQDELOPHVL LoLQ� VDGHFH� GHQH\LQ� \DSÕOGÕ÷Õ� RUWDP� YH� \DNÕW� KDYD� JLULú� YHULOHULQL� KHVDSODPDOÕ� DNÕúNDQ�
GLQDPL÷L� NRGX��]HULQGH� oDOÕúWÕUPDN�\HWHUOL� GH÷LOGLU��$UD� �U�Q� VD\ÕVÕQÕ� \DQL� UHDNVL\RQ�EDVDPDN� VD\ÕVÕQÕ�
DUWÕUDUDN�VD\ÕVDO�o|]�POHPH�\DSPDN�GD�JHUHNPHNWHGLU�� 
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ùHNLO��¶WH�\DQPD�RGDVÕQÕQ�HNVHQHO�RODUDN����FP�����FP�YH����FP¶GHNL�|Oo�P�QRNWDODUÕQGDQ�|Oo�OHQ�UDG\DO�
VÕFDNOÕN� VRQXoODUÕ� >�@� LOH� VD\ÕVDO�PRGHOOHPH�VRQXoODUÕ��GRI-0HFK�����NLP\DVDO�NLQHWL÷L�\DUGÕPÕ\OD�NRN�
IÕUÕQÕ� JD]Õ� YH� 12X LoLQ� ROXúWXUXODQ� �� IDUNOÕ� UHDNVL\RQ� EDVDPDN� VD\ÕVÕQGD� DQDOL] HGLOPLúWLU�� %DVDPDN�
VD\ÕVÕQÕQ� VRQXoODUD� RODQ� HWNLVLQLQ� GDKD� EHOLUJLQ� RODUDN� J|UPHN� LoLQ� HNVHQHO� 12� VRQXoODUÕ� ùHNLO� �¶WH�
J|VWHULOPLúWLU� 

 

ùHNLO 4. Eksenel NO VRQXoODUÕQÕQ�NDUúÕODúWÕUÕOPDVÕ 

ùHNLO� �¶WH� GH� J|U�OG�÷�� JLEL� *5,-Mech ���� NLP\DVDO� NLQHWL÷L� \DUGÕPÕ\OD� NRN� IÕUÕQÕ� JD]Õ� YH� 12X LoLQ�
ROXúWXUXODQ� �� IDUNOÕ� UHDNVL\RQ� EDVDPDN� VD\ÕVÕQGDNL� HNVHQHO� 12� �SSP�� HPLV\RQ� VD\ÕVDO� VRQXoODUÕ� LOH�
GHQH\VHO� |Oo�P� VRQXoODUÕQÕQ� >�@� NDUúÕODúWÕUÕOPDVÕ� \DSÕOGÕ÷ÕQGD�� UHDNVL\RQ� EDVDPDN� VD\ÕVÕ� DUWÕUÕOGÕNoD�
GHQH\VHO� VRQXoODUOD� GDKD� L\L� ELU� X\XP� ROGX÷X� J|U�OPHNWHGLU�� g]HOOLNOH� ���� EDVDPDNOÕ� YH� GDKD� ID]OD�
UHDNVL\RQ�NLQHWL÷LQLQ�NXOODQÕOGÕ÷Õ�NLP\DVDO�NLQHWLNOHU�LOH�HOGH�HGLOHQ�VRQXoODUÕQ��GDKD�G�ú�N�UHDNVL\RQODU�
LOH�\DSÕODQ�PRGHOOHPHOHUH�J|UH�L\L�VRQXoODU�YHUGL÷L�YH�GHQH\VHO�YHULOHUOH�E�\�N�|Oo�GH�KHP�GH÷HU�KHPGH�
H÷LOLP�EDNÕPÕQGDQ�X\XPOX�ROGX÷X�V|\OHQHELOLU��$OHY�E|OJHVLQGHQ��[�' ������HOGH�HGLOHQ�12�YHULOHULQLQ�
GH�E�\�N�|Oo�GH�WXWDUOÕ�ROPDVÕ�ROGXNoD�|QHPOL�ELU�ND]DQÕPGÕU��%X�VRQXoODUÕQ�WHPHO�QHGHQLQLQ��GDKD�fazla 
DUD�UHDNVL\RQXQ�GLNNDWH�DOÕQPDVÕQÕQ�GDKD�JHUoHNoL�ROPDVÕQGDQ�ND\QDNODQPDNWDGÕU� 

ùHNLO��¶H�J|UH�UHDNVL\RQ�EDVDPDN�VD\ÕVÕQÕQ�DUWPDVÕ�VÕFDNOÕN�YHULOHULQGH�ID]OD�ELU�GH÷LúLNOL÷H�QHGHQ�ROPDVD�
GD�12��SSP��HPLV\RQ�YHULOHULQGH�ROGXNoD�IDUNOÕOÕN�J|VWHUPHVL�QHGHQL�LOH��\DQL�ùHNLO���YH�ùHNLO���ELUOLNWH�
GH÷HUOHQGLULOGL÷LQGH��162 reaksiyon basamak VD\ÕVÕQÕQ�NRN�IÕUÕQÕ�JD]ÕQÕQ�JHUoHNoL�PRGHOOHPHVL�LoLQ�\HWHUOL�
RODFD÷Õ�VRQXFXQD�YDUÕOPÕúWÕU��dDOÕúPDQÕQ�EXQGDQ�VRQUDNL�E|O�P�QGH�JHUoHNOHúWLULOHFHN�PRGHOOHPHOHUGH�GH�
����EDVDPDNOÕ�UHDNVL\RQ�NLQHWL÷L�NXOODQÕOPÕúWÕU��  

6D\ÕVDO� VRQXoODUÕQ�GR÷UXOX÷XQX�HWNLOH\HQ�GL÷HU�|QHPOL�ELU� IDNW|U�GH� W�UE�ODQV�PRGHOL� ROXS��� IDUNOÕ� N-İ�
W�UE�ODQV�PRGHOLQLQ� �6WDQGDUG�� 51*� YH� 5HDOL]DEOH�� HNVHQHO� 12� YH� UDG\DO� VÕFDNOÕN� GD÷ÕOÕPODUÕQD� RODQ�
HWNLOHUL�ùHNLO���YH�ùHNLO��¶GD�J|VWHULOPLúWLU� 
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ùHNLO 5. 7�UE�ODQV modelinin eksenel NO profiline etkisi   

 

ùHNLO 6. 7�UE�ODQV�PRGHOLQLQ�UDG\DO�VÕFDNOÕN�SURILOLQH�HWNLVL 
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ùHNLO���YH�ùHNLO��¶GD���IDUNOÕ�W�UE�ODQV�PRGHOL�LoLQ�GHQH\VHO�>�@�YH�VD\ÕVDO�HNVHQHO�12��SSP��HPLV\RQ�YH�
UDG\DO� VÕFDNOÕN� SURILOOHUL� NDUúÕODúWÕUÕOPÕú� ROXS�� \LQH� VÕFDNOÕN� GH÷HUOHULQGH� |QHPOL� GHUHFHGH� IDUNOÕOÕ÷ÕQ�
ROPDPDVÕQD�NDUúÕ�12��SSP��HPLV\RQ�GH÷HUOHULQGH�� W�UE�ODQV�PRGHO�HWNLVLQLQ�|QHPOL�GHUHFHGH� IDUNOÕOÕN�
ROXúWXUGX÷X� J|U�OP�úW�U�� $QFDN� \LQH� GH�� |]HOOLNOH� VWDQGDUG k-İ� YH� 51*� N-İ� W�UE�ODQV� PRGHOOHPHOHUL�
NXOODQÕODUDN�HOGH HGLOHQ�12��SSP��GD÷ÕOÕPODUÕQÕQ�GHQH\VHO�|Oo�P�VRQXoODUÕ�LOH�GDKD�L\L�ELU�X\XP�LoLQGH�
ROGX÷X�VDSWDQPÕú�ROXS��JHQHO�RODUDN��GDKD�ID]OD�QRNWDGDNL�12�GH÷HUOHULQL�\DNDOD\DELOGL÷L�LoLQ�VWDQGDUG�N-
İ�W�UE�ODQV�PRGHOL��|Q-NDUÕúÕPOÕ�ELU�\DNÕFÕGD��WRSODP�����EDVDPDNOÕ�UHDNVL\RQ�LOH�\DSÕODQ�NRN�IÕUÕQÕ�JD]Õ�
PRGHOOHPHVL�LoLQ�GDKD�X\JXQ�ROGX÷X�VRQXFXQD�YDUÕOPÕúWÕU�� 

 

 

ùHNLO 7. +DYD�ID]ODOÕN�NDWVD\ÕVÕQÕQ�UDG\DO�VÕFDNOÕN�YH�12�GD÷ÕOÕPODUÕQD�RODQ�HWNLVL 
dDOÕúPDQÕQ� EX� E|O�P�QH� NDGDU� \DSÕODQ� PRGHOOHPHOHUGH�� |QFHOLNOH� IDUNOÕ� EDVDPDN� VD\ÕOÕ� UHDNVL\RQ�
NLQHWLNOHULQLQ�YH�W�UE�ODQV�PRGHOOHULQLQ�|Q-NDUÕúÕPOÕ�ELU�\DNÕFÕGDNL�NRN�IÕUÕQÕ�JD]Õ�PRGHOOHPHOHULQH�RODQ�
HWNLOHUL�DUDúWÕUÕOPÕú�ROXS��oDOÕúPDQÕQ�GHYDPÕQGD�LVH��KDYD�ID]ODOÕN�NDWVD\ÕVÕQÕQ�\DQPD�VRQX�VÕFDNOÕN�YH�12�
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HPLV\RQ�GD÷ÕOÕPODUÕQD�RODQ�HWNLOHUL�VD\ÕVDO�RODUDN�DUDúWÕUÕOPÕúWÕU��%X�DPDo�GR÷UXOWXVXQGD��ùHNLO��¶GH������YH�
����KDYD�ID]ODOÕN�NDWVD\ÕODUÕ�LoLQ�\DQPD�VRQX�VÕFDNOÕN�YH�12�GD÷ÕOÕPODUÕ�J|VWHULOPLúWLU��<DQPD RGDVÕ�JLULú�
NÕVPÕQGDQ� \DQPD� RGDVÕ� oÕNÕúÕQD� GR÷UX� JLGLOGLNoH� VÕFDNOÕN� GH÷HUOHUL� D]DOPÕú�� EXQD� ED÷OÕ� RODUDN� GD� 12�
ROXúXPODUÕ� �ÕVÕO� 12X�� D]DOPD� J|VWHUPLúWLU�� $\UÕFD�� KDYD� ID]ODOÕN� NDWVD\ÕVÕ� ���¶GHQ� ���¶H� oÕNDUÕOGÕ÷ÕQGD��
|]HOOLNOH� DOHY� E|OJHVLQGHNL� VÕFDNOÕN� GH÷HUOHULQLQ� ELU� PLNWDU� G�úW�÷�� J|]OHPOHQPLúWLU�� +HP� VÕFDNOÕN�
G�ú�ú�QH�KHP�GH�UHDNVL\RQ�KÕ]ÕQÕQ�\DYDúODPDVÕQD�ED÷OÕ�RODUDN�12�GH÷HUOHULQGH�ND\GD�GH÷HU�ELU�G�ú�ú�
J|]OHPOHQPLúWLU�� ���� KDYD� ID]ODOÕN� NDWVD\ÕVÕ� LoLQ� \DQPD� RGDVÕ� oÕNÕúÕQÕQ� PHUNH]LQGH� \DNODúÕN� ��� Spm 
GROD\ODUÕQGD� RODQ� 12� VD\ÕVDO� WDKPLQ� GH÷HUL�� ���� KDYD� ID]ODOÕN� NDWVD\ÕVÕ� LoLQ� ��� SSP¶LQ� DOWÕQD� NDGDU�
G�ú�U�OP�úW�U� 

 

5. 6218d��&21&/86,21� 

gQ-NDUÕúÕPOÕ� ELU� \DNÕFÕ� YH� ED÷OÕ� ROGX÷X� \DQPD� RGDVÕQÕ� LoHUHQ� ELU� \DQPD� VLVWHPL� LoLQ�� |QFHOLNOH� \DQPD�
VÕUDVÕQGD� ROXúDQ� DUD� �U�QOHULQ� VD\ÕVÕ� DUWÕUÕODUDN� \DQL� UHDNVL\RQ�EDVDPDN� VD\ÕVÕ� DUWÕUÕODUDN� VD\ÕVDO� \DQPD�
VRQXoODUÕ�GHQH\VHO�YHULOHU� LOH�NDUúÕODúWÕUÕOPÕúWÕU�����EDVDPDNOÕ� UHDNVL\RQ�\DQPD�VRQXoODUÕQGD�PDNVLPXP�
VÕFDNOÕN������.�VHYL\HVLQGH�LNHQ�����EDVDPDNOÕ�UHDNVL\RQ�\DQPD�VRQXoODUÕQGD������.�VHYL\HVLQH�NDGDU�
JHULOHPHVLQH�UD÷PHQ�PDNVLPXP�12�HPLV\RQ�VHYL\HVL������SSP�VHYL\HVLQGHQ����SSP�VHYL\HVLQH�NDGDU�
G�úP�úW�U�� 5HDNVL\RQ� EDVDPDN� VD\ÕVÕQÕQ� VÕFDNOÕ÷Õ� |QHPOL� |Oo�GH� HWNLOHPHPHVLQH� NDUúÕQ� 12� HPLV\RQ�
WDKPLQ�GH÷HUOHULQL�|QHPOL�|Oo�GH�HWNLOHGL÷L�VRQXFXQD�YDUÕOPÕúWÕU��.RN�IÕUÕQÕ�JD]Õ�LoLQ���IDUNOÕ�EDVDPDN�VD\ÕOÕ�
UHDNVL\RQ� NLQHWL÷L� LOH� JHUoHNOHúWLULOHQ� \DQPD� PRGHOOHPHOHUL� QHWLFHVLQGH� HOGH� HGLOHQ� VÕFDNOÕN� YH� 12�
SURILOOHULQH�J|UH������EDVDPDNOÕ�UHDNVL\RQ�NLQHWL÷LQLQ�PRGHOOHPH�VRQXoODUÕ�LoLQ�\HWHUOL�ROGX÷X�VRQXFXQD�
YDUÕOPÕúWÕU� 

dDOÕúPDQÕQ�GL÷HU�E|O�P�QGH�LVH��|Q-NDUÕúÕPOÕ�NRN�IÕUÕQÕ�JD]Õ�\DQPD�PRGHOOHPHOHUL�LoLQ�W�UE�ODQV�PRGHOLQLQ�
HWNLVL� DUDúWÕUÕOPÕúWÕU�� %X� DPDo� GR÷UXOWXVXQGD� PRGHOOHULQGHQ� VWDQGDUG�� 51*� YH� UHDOL]DEOH� W�UE�ODQV�
PRGHOOHUL�NXOODQÕODUDN�VÕFDNOÕN�YH�12�GD÷ÕOÕPODUÕ�GH÷HUOHQGLULOPLú�YH�GHQH\VHO�|Oo�POHUOH�HQ�L\L�X\XPXQ�
standard k-ڙ W�UE�ODQV�PRGHOLQLQ�NXOODQÕOGÕ÷Õ�PRGHOOHPH�LOH�XODúÕOGÕ÷Õ�VRQXFXQD�YDUÕOPÕúWÕU�� 

dDOÕúPD�NDSVDPÕQGD�VRQ�RODUDN�KDYD�ID]ODOÕN�NDWVD\ÕVÕQÕQ�HWNLVL�DUDúWÕUÕOPÕúWÕU��%X�DPDoOD�Ȝ ����YH�Ȝ ����
KDYD�ID]ODOÕN�NDWVD\ÕODUÕ�LoLQ�\DQPD�PRGHOOHPHOHUL�JHUoHNOHúWLULOPLú�YH�\DQPD�RGDVÕ�ER\XQFD�VÕFDNOÕN�YH�
12�GD÷ÕOÕPODUÕ� NDUúÕODúWÕUÕOPÕúWÕU�� (OGH� HGLOHQ� EXOJXODUD� J|UH� ���� SSP�RODQ�12� HPLV\RQ� VHYL\HVLQLn 6 
SSP¶H� NDGDU� G�úPHVL��� KDYD� ID]ODOÕN� NDWVD\ÕVÕQÕQ�� |]HOOLNOH� 12� GD÷ÕOÕPODUÕQÕ� |QHPOL� |Oo�GH� HWNLOHGL÷L�
VRQXFXQD�YDUÕOPÕúWÕU��)DNLU�\DQPD�úDUWODUÕ�LoLQ��KDYD�ID]ODOÕ÷Õ�QHGHQL\OH��|]HOOLNOH�ID]OD�RNVLMHQ�YH�D]RWXQ�
\DQPD�UHDNVL\RQODUÕQD�NDWÕOPDGDQ�\DQPD�RGDVÕQÕ�WHUN�HGHUNHQ�GH�RUWDP�ÕVÕVÕQÕ�EHUDEHULQGH�J|W�UG�÷���EX�
QHGHQOH�ELU�PLNWDU�VÕFDNOÕN�G�ú�ú�QH�VHEHS�ROGX÷X��G�ú�N�VÕFDNOÕN�QHWLFHVLQGH�GH�12�ROXúXPXQX�D]DOWWÕ÷Õ�
J|]OHPOHQPLúWLU� 
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Ek: 

Reaksiyon 
6D\ÕVÕ 

Kimyasal Reaksiyon Arrhenius 
)DNW|U� 

[mol-cm-sn-K] 

6ÕFDNOÕN�
hVWHO�
'H÷HUL 

Aktivasyon 
Enerjisi 
[kal/mol] 

1. 2O+M<=>O2+M 1.20E+17 -1.0 0.0 
2. O+H+M<=>OH+M 5.00E+17 -1.0 0.0 
3. O+H2<=>H+OH 3.87E+04 2.7 6260.0 
4. O+HO2<=>OH+O2 2.00E+13 0.0 0.0 
5. �  �ʹ�ʹ ൏ൌ ��  ��ʹ 9.63E+06 2.0 4000.0 
6. �  �� ൏ൌ �  �� 5.70E+13 0.0 0.0 
7. �  ��ʹ ൏ൌ � ��� 8.00E+13 0.0 0.0 
8. �  ��ʹሺ�ሻ ൏ൌ �ʹ  �� 1.50E+13 0.0 0.0 
9. �  ��ʹሺ�ሻ ൏ൌ �  ��� 1.50E+13 0.0 0.0 

10. �  ��͵ ൏ൌ �  ��ʹ� 5.06E+13 0.0 0.0 
11. O+CH4<=>OH+CH3 1.02E+09 1.5 8600.0 
12. O+CO(+M)<=>CO2(+M) 1.80E+10 0.0 2385.0 
13. O+HCO<=>OH+CO 3.00E+13 0.0 0.0 
14. O+HCO<=>H+CO2 3.00E+13 0.0 0.0 
15. O+CH2O<=>OH+HCO 3.90E+13 0.0 3540.0 
16. O2+CO<=>O+CO2 2.50E+12 0.0 47800.0 
17. O2+CH2O<=>HO2+HCO 1.00E+14 0.0 40000.0 
18. H+O2+M<=>HO2+M 2.80E+18 -0.9 0.0 
19. H+2O2<=>HO2+O2 2.08E+19 -1.2 0.0 
20. H+O2+H2O<=>HO2+H2O 1.13E+19 -0.8 0.0 
21. H+O2+N2<=>HO2+N2 2.60E+19 -1.2 0.0 
22. H+O2+AR<=>HO2+AR 7.00E+17 -0.8 0.0 
23. H+O2<=>O+OH 2.65E+16 -0.7 17041.0 
24. 2H+M<=>H2+M 1.00E+18 -1.0 0.0 
25. 2H+H2<=>2H2 9.00E+16 -0.6 0.0 
26. 2H+H2O<=>H2+H2O 6.00E+19 -1.2 0.0 
27. 2H+CO2<=>H2+CO2 5.50E+20 -2.0 0.0 
28. H+OH+M<=>H2O+M 2.20E+22 -2.0 0.0 
29. H+HO2<=>O+H2O 3.97E+12 0.0 671.0 
30. H+HO2<=>O2+H2 4.48E+13 0.0 1068.0 
31. H+HO2<=>2OH 8.40E+13 0.0 635.0 
32. H+H2O2<=>HO2+H2 1.21E+07 2.0 5200.0 
33. H+H2O2<=>OH+H2O 1.00E+13 0.0 3600.0 
34. H+CH<=>C+H2 1.65E+14 0.0 0.0 
35. H+CH2(+M)<=>CH3(+M) 6.00E+14 0.0 0.0 
36. H+CH2(S)<=>CH+H2 3.00E+13 0.0 0.0 
37. H+CH3(+M)<=>CH4(+M) 1.39E+16 -0.5 536.0 
38. H+CH4<=>CH3+H2 6.60E+08 1.6 10840.0 
39. H+HCO(+M)<=>CH2O(+M) 1.09E+12 0.5 -260.0 
40. H+HCO<=>H2+CO 7.34E+13 0.0 0.0 
41. H+CH2O<=>HCO+H2 5.74E+07 1.9 2742.0 
42. H2+CO(+M)<=>CH2O(+M) 4.30E+07 1.5 79600.0 
43. OH+H2<=>H+H2O 2.16E+08 1.5 3430.0 
44. 2OH(+M)<=>H2O2(+M) 7.40E+13 -0.4 0.0 
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45. 2OH<=>O+H2O 3.57E+04 2.4 -2110.0 
46. OH+HO2<=>O2+H2O 

Declared duplicate reaction 
1.45E+13 0.0 -500.0 

47. OH+H2O2<=>HO2+H2O 
Declared duplicate reaction 

2.00E+12 0.0 427.0 

48. OH+H2O2<=>HO2+H2O 
Declared duplicate reaction 

1.70E+18 0.0 29410.0 

49. OH+C<=>H+CO 5.00E+13 0.0 0.0 
50. OH+CH<=>H+HCO 3.00E+13 0.0 0.0 
51. OH+CH2<=>H+CH2O 2.00E+13 0.0 0.0 
52. OH+CH2<=>CH+H2O 1.13E+07 2.0 3000.0 
53. OH+CH2(S)<=>H+CH2O 3.00E+13 0.0 0.0 
54. OH+CH3<=>CH2+H2O 5.60E+07 1.6 5420.0 
55. OH+CH3<=>CH2(S)+H2O 6.44E+17 -1.3 1417.0 
56. OH+CH4<=>CH3+H2O 1.00E+08 1.6 3120.0 
57. OH+CO<=>H+CO2 4.76E+07 1.2 70.0 
58. OH+HCO<=>H2O+CO 5.00E+13 0.0 0.0 
59. OH+CH2O<=>HCO+H2O 3.43E+09 1.2 -447.0 
60. 2HO2<=>O2+H2O2 

Declared duplicate reaction 
1.30E+11 0.0 -1630.0 

61. 2HO2<=>O2+H2O2 
Declared duplicate reaction 

4.20E+14 0.0 12000.0 

62. HO2+CH2<=>OH+CH2O 2.00E+13 0.0 0.0 
63. HO2+CH3<=>O2+CH4 1.00E+12 0.0 0.0 
64. HO2+CO<=>OH+CO2 1.50E+14 0.0 23600.0 
65. HO2+CH2O<=>HCO+H2O2 5.60E+06 2.0 12000.0 
66. C+O2<=>O+CO 5.80E+13 0.0 576.0 
67. CH+O2<=>O+HCO 6.71E+13 0.0 0.0 
68. CH+H2<=>H+CH2 1.08E+14 0.0 3110.0 
69. CH+H2O<=>H+CH2O 5.71E+12 0.0 -755.0 
70. CH2+O2=>OH+H+CO 5.00E+12 0.0 1500.0 
71. CH2+H2<=>H+CH3 5.00E+05 2.0 7230.0 
72. CH2+CH4<=>2CH3 2.46E+06 2.0 8270.0 
73. CH2(S)+N2<=>CH2+N2 1.50E+13 0.0 600.0 
74. CH2(S)+AR<=>CH2+AR 9.00E+12 0.0 600.0 
75. CH2(S)+O2<=>H+OH+CO 2.80E+13 0.0 0.0 
76. CH2(S)+O2<=>CO+H2O 1.20E+13 0.0 0.0 
77. CH2(S)+H2<=>CH3+H 7.00E+13 0.0 0.0 
78. CH2(S)+H2O<=>CH2+H2O 3.00E+13 0.0 0.0 
79. CH2(S)+CH4<=>2CH3 1.60E+13 0.0 -570.0 
80. CH2(S)+CO<=>CH2+CO 9.00E+12 0.0 0.0 
81. CH2(S)+CO2<=>CH2+CO2 7.00E+12 0.0 0.0 
82. CH2(S)+CO2<=>CO+CH2O 1.40E+13 0.0 0.0 
83. CH3+O2<=>OH+CH2O 2.31E+12 0.0 20315.0 
84. CH3+H2O2<=>HO2+CH4 2.45E+04 2.5 5180.0 
85. CH3+HCO<=>CH4+CO 2.65E+13 0.0 0.0 
86. CH3+CH2O<=>HCO+CH4 3.32E+03 2.8 5860.0 
87. HCO+H2O<=>H+CO+H2O 1.50E+18 -1.0 17000.0 
88. HCO+M<=>H+CO+M 1.87E+17 -1.0 17000.0 
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89. HCO+O2<=>HO2+CO 1.34E+13 0.0 400.0 
90. N+NO<=>N2+O 2.70E+13 0.0 355.0 
91. N+O2<=>NO+O 9.00E+09 1.0 6500.0 
92. N+OH<=>NO+H 3.36E+13 0.0 385.0 
93. N2O+O<=>N2+O2 1.40E+12 0.0 10810.0 
94. N2O+O<=>2NO 2.90E+13 0.0 23150.0 
95. N2O+H<=>N2+OH 3.87E+14 0.0 18880.0 
96. N2O+OH<=>N2+HO2 2.00E+12 0.0 21060.0 
97. N2O(+M)<=>N2+O(+M) 7.91E+10 0.0 56020.0 
98. HO2+NO<=>NO2+OH 2.11E+12 0.0 -480.0 
99. NO+O+M<=>NO2+M 1.06E+20 -1.4 0.0 
100. NO2+O<=>NO+O2 3.90E+12 0.0 -240.0 
101. NO2+H<=>NO+OH 1.32E+14 0.0 360.0 
102. NH+O<=>NO+H 4.00E+13 0.0 0.0 
103. NH+H<=>N+H2 3.20E+13 0.0 330.0 
104. NH+OH<=>HNO+H 2.00E+13 0.0 0.0 
105. NH+OH<=>N+H2O 2.00E+09 1.2 0.0 
106. NH+O2<=>HNO+O 4.61E+05 2.0 6500.0 
107. NH+O2<=>NO+OH 1.28E+06 1.5 100.0 
108. NH+N<=>N2+H 1.50E+13 0.0 0.0 
109. NH+H2O<=>HNO+H2 2.00E+13 0.0 13850.0 
110. NH+NO<=>N2+OH 2.16E+13 -0.2 0.0 
111. NH+NO<=>N2O+H 3.65E+14 -0.5 0.0 
112. NH2+O<=>OH+NH 3.00E+12 0.0 0.0 
113. NH2+O<=>H+HNO 3.90E+13 0.0 0.0 
114. NH2+H<=>NH+H2 4.00E+13 0.0 3650.0 
115. NH2+OH<=>NH+H2O 9.00E+07 1.5 -460.0 
116. H+NO+M<=>HNO+M 4.48E+19 -1.3 740.0 
117. HNO+O<=>NO+OH                            2.50E+13     0.0 0.0 
118. HNO+H<=>H2+NO                             9.00E+11     0.7       660.0 
119. HNO+OH<=>NO+H2O                       1.30E+07     1.9   -950.0 
120. HNO+O2<=>HO2+NO                        1.00E+13 0.0     13000.0 
121. CN+O<=>CO+N                                  7.70E+13     0.0   0.0 
122. CN+OH<=>NCO+H                             4.00E+13 0.0 0.0 
123. CN+H2O<=>HCN+OH                        8.00E+12     0.0 7460.0 
124. CN+O2<=>NCO+O 6.14E+12 0.0 -440.0 
125. CN+H2<=>HCN+H 2.95E+05     2.5      2240.0 
126. NCO+O<=>NO+CO                            2.35E+13     0.0         0.0         
127. NCO+H<=>NH+CO 5.40E+13     0.0 0.0 
128. NCO+OH<=>NO+H+CO                     2.50E+12     0.0         0.0         
129. NCO+N<=>N2+CO                             2.00E+13     0.0         0.0         
130. NCO+O2<=>NO+CO2   2.00E+12     0.0 20000.0 
131. NCO+M<=>N+CO+M                          3.10E+14     0.0     54050.0 
132. NCO+NO<=>N2O+CO                       1.90E+17    -1.5       740.0 
133. NCO+NO<=>N2+CO2                        3.80E+18    -2.0       800.0 
134. HCN+M<=>H+CN+M 1.04E+29    -3.3    126600.0 
135. HCN+O<=>NCO+H                             2.03E+04     2.6 4980.0 
136. HCN+O<=>NH+CO                             5.07E+03     2.6      4980.0 
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137. HCN+O<=>CN+OH                             3.91E+09     1.6     26600.0 
138. HCN+OH<=>NH2+CO                        1.60E+02     2.6 9000.0 
139. C+N2<=>CN+N                                   6.30E+13     0.0 46020.0 
140. CH+N2<=>HCN+N                              3.12E+09     0.9 20130.0 
141. CH2+N2<=>HCN+NH                         1.00E+13     0.0 74000.0 
142. CH2(S)+N2<=>NH+HCN                    1.00E+11     0.0     65000.0 
143. C+NO<=>CN+O     1.90E+13     0.0         0.0         
144. C+NO<=>CO+N                                  2.90E+13     0.0         0.0         
145. CH+NO<=>HCN+O                             4.10E+13     0.0 0.0 
146. CH+NO<=>H+NCO                             1.62E+13     0.0 0.0 
147. CH+NO<=>N+HCO                             2.46E+13     0.0 0.0 
148. CH2+NO<=>OH+HCN                        2.90E+14    -0.7       760.0 
149. CH2(S)+NO<=>OH+HCN                   2.90E+14    -0.7       760.0 
150. CH3+NO<=>HCN+H2O                      9.60E+13     0.0   28800.0 
151. CH3+N<=>HCN+H2                            3.70E+12     0.1       -90.0 
152. NH+CO2<=>HNO+CO                        1.00E+13     0.0     14350.0 
153. CN+NO2<=>NCO+NO   6.16E+15    -0.8       345.0 
154. NCO+NO2<=>N2O+CO2                    3.25E+12     0.0      -705.0 
155. N+CO2<=>NO+CO                             3.00E+12     0.0     11300.0 
156. O+CH3=>H+H2+CO                           3.37E+13     0.0         0.0         
157. OH+HO2<=>O2+H2O    

Declared duplicate reaction                      
5.00E+15     0.0     17330.0 

158. OH+CH3=>H2+CH2O 8.00E+09     0.5     -1755.0 
159. CH+H2(+M)<=>CH3(+M)                    1.97E+12     0.4      -370.0 
160. CH2+O2=>2H+CO2                            5.80E+12     0.0      1500.0 
161. CH2+O2<=>O+CH2O                         2.40E+12     0.0      1500.0 
162. CH2(S)+H2O=>H2+CH2O                  6.82E+10     0.2      -935.0 
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 Abstract 

Failures can occur from seepage failure in the downstream slope of an earth-fill dam. The 
excessive pore pressures and seepages must be controlled to achieve the desired safety level 
in such dams. This safety can be provided with a horizontal drainage cover design. The 
essential goal of drainage system design is to increase system efficiency in reducing pore 
water pressures and seepage. Several calculations were made with a downstream slope cover 
design and downstream horizontal drainage length for homogeneous earth-fill dams. The 
minimum and maximum effective length of the filtered drainage system was obtained after 
the analyses. Moreover, the factor of safety regarding the downstream slope was calculated 
for the drainage system with different geometries. The results showed that the horizontal 
drainage length affects system performance and the seepage behavior of the dam. 
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1.INTRODUCTION 

Despite the remarkable development of the dam industry and the application of modern methods and 
equipment in dam constructions, homogeneous earth-fill dams are still in use thanks to their ease of 
application, environmental compatibility, local material usage, and availability to be built on a low-
strength foundation [1]. Therefore, homogeneous earth-fill dams are one of the most common types [2]. 

Homogeneous earth-fill dams are hydraulic structures made of impermeable material built along a river 
to form an upstream reservoir to hold water for various purposes. The purposes of impoundment may 
include irrigation, hydropower generation, flood control, shipping, and fishing. Dams can be built to 
meet any of the purposes mentioned above or constructed to achieve more than one purpose [3].  

The homogeneous earth-fill dam is designed with relatively fewer slopes to stay safe while being built. 
(Generally, 1:3 on upstream side and 1:2 on downstream side) [4]. The design differs due to dam location 
and the material variety in the construction. Furthermore, the building purpose of the dam also affects 
the design. It is not possible to present a general design criterion for earth-fill dams [5]. But each design 
criteria should include the following design aspects.  

x Stability of embankments and foundations in critical conditions such as earthquakes and floods 
x Seepage and pressure check for both filling and foundations 
x Erosion control methods 

Critical conditions such as earthquakes, overflows, and unexpected increases in seepage must be 
overcome with control structures such as filter-protected stack drains, horizontal drains, relief wells, and 
edge drainage [6,7]. 

http://dergipark.gov.tr/gujsc
https://orcid.org/0000-0001-9380-9439
https://orcid.org/0000-0002-5212-4318
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Figure 1 illustrates that the drains are divided into horizontal, triangular toe, chimney, and combined 
drain based on their location and geometry [8]. 

 

Figure 1. Different types of drainage in homogeneous earth dams, (a) Horizontal drain, (b) Triangular 
toe drain, (c) Chimney drain, (d) Combined drain.  

The horizontal drainage method is a cost-effective and widespread method for seepage design. These 
drains dissipate excess pore water pressure, causing equipotential lines to become closer to the ground 
surface and more horizontal. They also have a very substantial effect on the stability of the upstream 
slope during a rapid drawdown. The efficiency of the horizontal drainage system is a function provided 
by several factors such as soil properties, slope geometry, drainage location, length, and spacing [8].  

There is limited scholarship to describe several parameters that control horizontal drainage design or 
evaluate the feasibility of using a horizontal drainage system to reduce groundwater levels [9-11]. 
Moreover, Rahardjo et al. (2002) analyzed the effectiveness of horizontal drainage for slope stability in 
dams [12,13].  

Properly designed horizontal drainage can provide dam safety by shortening the seepage flow length 
[14]. Therefore, it is essential to design a drainage system long enough to hold the water surface within 
the dam structure and short enough to prevent excessive seepage volume [15]. 

Horizontal drains are commonly used in medium-height homogeneous dams up to 50 m high [16]. This 
drainage should have adequate length and thickness to channel the water safely from the dam body. The 
recommended drain thickness is at least 1 meter [17]. The upper limit for the length of the drain is 
defined in the USBR (1987). The limitations indicate that the distance between the dam's centerline and 
the upstream end of its horizontal drainage should not be less than H+1.55 m, where H is the height of 
the dam. Furthermore, the drain should be placed in such a way that no capillary rise above the waterline 
is visible on the downstream slope [18-20]. 

This study includes an analysis on horizontal drainage systems applied in homogeneous earth-fill dams. 
The data from the literature, drainages of different lengths were designed, and the stability and pore 
water pressures on the downstream side of the dam were detailed.  
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2.MATERIAL AND METHODS 
 
2.1. Materials 

The slope stability and pore water pressures varying along the slip surface were examined under the 
conditions of drainage systems with different geometry of a homogeneous earth-fill dam. The sample 
dam considered from the literature data was defined according to the USBR (1987) criteria. 

Since the properties of the dam material largely determine the seepage and stability behavior of the dam, 
these properties were collected from sources containing actual data in the literature. Therefore, the soil 
properties of the homogeneous earth-fill dam investigated are available in Table 1, while the dam model 
used in the analysis is detailed in Figure 2 [21,22]. 

Table 1. Properties of materials used in seepage and stability analyses 

  c (kPa) ĭ�
(degree) 

ȥ�
(degree) 

Ȗunsat 
(kN/m3) 

Ȗsat 
(kN/m3)  E (kPa) k 

(m/s) 
Homogeneous Earth-fill 
Dam 20 30 0 18 19.2 0.30 6000 10-7 

Impervious Foundation 25 40 10 19 22 0.32 73200 10-10 
Horizontal Filter Drain 0 35 5 17.8 20.9 0.25 12250 4x10-3 

 

 

Figure 2. The general section of a homogenous earth dam with a horizontal filter drain 

 

2.2. Methods 

Numerical models were used to analyze how the dam stability is affected under seepage conditions. It 
is possible to mathematically model the physical process of water flowing through the environment with 
numerical modeling by creating a mathematical simulation of an actual physical process. It is also purely 
mathematical, in this regard, and very different from scale physical modeling in the laboratory or full-
scale field modeling [23]. Limit equilibrium approach modeling is a well-known method regarding 
stability analysis problems. This method considers the force or moment balance of the soil mass above 
a possible failure surface.  

Figure 3 shows the simulation steps. This process includes creating geometric models and mesh, 
defining material properties and boundary conditions, solving boundary conditions and governing 
equations, and finally, visualizing and interpreting the results. 
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Figure 3. Simulation process of the study 

2.3. Governing equation 

The equations are two-dimensional diffusion equations in the unstable state.  The general partial 
differential water flow equation for seepage, derived from the combination of Darcy's law and the mass 
conservation equation, can be detailed as follows [24]. 

ሺ�Ǥ �ሻ ൌ �ୱ
డ୦
డ୲

(1) 

The sum of elevation head (z) and pressure head is called piezometric head. 

k: the hydraulic conductivity 

h: the piezometric head 

Ss: specific storage and t is time 

The two-dimensional form of equation (1) can be formulated as [1] 

డ
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2.4. Seepage and Stability Solutions 

The purpose of the analysis is to define the pore water pressures in the dam-downstream system needed 
for slope stability and calculations. The analyzes were performed through the SLIDE module of the 
Rocscience geotechnical software package. 

Figure 3 shows the boundary conditions and mesh at the dam and around the horizontal drainage system. 
A tight mesh was applied around the drainage system and in the dam body. 
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Figure 4. Initial conditions for the dam as it is designed in Rocscience Slide [25]. 

The upstream and downstream boundaries are defined as the water height behind the reservoir and the 
water height in the tail-water region. It should be noted that the boundary condition is assumed to be 
load-free since there is no water downstream of the dam. 

The Bishop method, one of the limit equilibrium methods, was applied to analyze the slope safety in the 
downstream region of drainage systems with different geometries. The Bishop method is prevalent in 
practice for circular cutting surfaces. It uses the interslice normal forces while omitting the interslice 
shear forces [26-27]. 

 

3.ANALYSES 

It is critical to evaluate the embankment body, upstream and downstream slope at the end of construction 
before analyzing the pore water pressures that may occur in seepage cases. Therefore, displacements 
that may occur on the downstream side of the drainage system were examined through FEM-based 
PLAXIS 2D software after the construction of the homogeneous earth-fill dam (Fig. 7 (28) 

 

 

Figure 5. Total displacements during the end of construction using FEM (downstream-45 m drain) 

The geological section was placed in the Rockscience Slide 6.0 software. Moreover, the stability 
analysis and the maximum and minimum pore water pressure values varying along the slip surface were 
calculated. 

Horizontal drainage lengths of 15, 20, 25, 30, 35, 40, and 45 meters were included and applied to the 
dam geometry, respectively. Factors of safety on the downstream side were calculated for each drainage 
length. In contrast, the minimum and maximum pore water pressures after the seepage along the slip 
surfaces were calculated (Figure 6). 
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Figure 6. FoS and pore-water pressure for various lengths of the drain (15-20-25-30 m) 

The results obtained showed that the lowest factor of safety belonged to the 15-meter horizontal drainage 
system. A linear correlation was observed between the horizontal increase in drainage lengths and the 
factor of safety. However, after a certain length (35-40-45 m), it was found that the factor of safety did 
not change much (Table 2). This might be rooted in the idea that exceeding the horizontal drainage 
length specified in the design at certain levels will not affect the safety of the dam.  

Table 2. The Pore water pressures and factor of safety for various lengths of the blanket drain. 

Horizontal 
Filter Drain 
Lengths (m) 

Factor of 
Safety 

Along Surface Minimum and Maximum Pore Water Pressure 

Minimum Maximum 

15 1.249 -40,720 93,671 
20 1.369 -32.309 85.452 
25 1,474 -24,444 65.603 
30 1.563 -22.525 50.070 
35 1.637 -36.501 24.643 
40 1.673 -60.400 8.269 
45 1.673 -64.728 8.270 

 

Figure 7 shows the pore water pressure variation along the slip surface beside the correlation between 
the horizontal drainage length and downstream stability. Considering the length variation of the 
horizontal drainage system, it was found that the drainage geometry affects the reduction of pore water 
pressure after 25-30 meters for both combinations. 
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Figure 7. Pore water pressure distribution and factor of safety 

However, it cannot be asserted that increasing the length beyond 35 meters significantly affects pore 
water pressure. This might be rooted in the fact that the horizontal drain length should be increased in 
length to reduce pore water pressure, and the design length should be considered.  

The analyses for the critical loading situation revealed that the drainage systems of different lengths do 
not meet all the requirements of the United States Army Corps of Engineers (USACE), British Dam 
Society (BDS), and Canadian Dam Association (CDA) recommendations. This is detailed in Table 3 
[21]. 

Table 3. Summary slope stability analysis results 

 

The data obtained from the SLIDE program was used in the analysis through the SEEP/W software with 
the design system of the maximum drainage length (45 m). SEEP/W software is a finite element program 
that can simulate groundwater flow in soils. Different materials and boundary conditions can be modeled 
two-dimensionally under saturated or unsaturated conditions for steady-state or transient analysis. It is 
widely used for groundwater flow modeling by several scholars. 

Graphic data showing the variation of soil permeability and volumetric water content with matric suction 
pressure in the seepage analyses made according to soil mechanics principles are available in Figure 8. 

 

Condition FoS (USACE) FoS (BDS) FoS (CDA) Length (m) FoS Status
15 1.249  x
20 1.369  x
25 1.474  x
30 1.563 9
35 1.637 9
40 1.673 9
45 1.673 9

 1.5  1.3-1.5  1.5Steady-State



160                                                $KPHW�(5'$ö��3ÕQDU�6H]LQ�g]W�UN�.$5'2ö$1���*8�-�6FL��3DUW�&�����������3-163 (2022) 
 

 

 

Figure 8. Soil±water characteristic curve and permeability function for soil materials 

The analysis performed in the SEEP/W program was applied to the design with a horizontal drainage 
length of 45 meters [29]. As in the Rocscience Slide analysis, the seepage analysis was performed, while 
the maximum water was assumed to be 27 m above the foundation level. The pore water pressure 
distribution in the downstream region of the dam was obtained (Figure 9) through the seepage analysis. 

 

Figure 9. Pore water pressure contours of the Dam (45 m) 

Figure 10 shows the variation of pore water pressure by the distance along the critical slip circle in the 
downstream slope. The graph shows that the pore water pressure is negative due to suction at the heel 
of the downstream slope, increasing towards the phreatic line. The critical sliding surface is zero when 
it intersects the phreatic line. The pore water pressure rises to the maximum ordinate of the slices from 
the phreatic line and begins to decrease towards the end of the downstream slope. 
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Figure 10. Pore-water pressure and distance for the 45-meter drainage system. 

 

4.RESULTS 

Seepage control in earth-fill dams is crucial for the safe and sustainable operation of constructed dams. 
The effects of horizontal drainage systems with various lengths on stability and seepage properties were 
analyzed with the Geotechnical software. The length of the downstream drainage on the seepage in 
homogeneous earth-fill dams was evaluated for seven different cases. 

The main findings of this study can be summarized below: 

1- It was observed that the increases in drainage length caused decreases in the pore water 
pressures passing through the body. Downstream slope protection is essential to the safety of 
the dam, but the use of drainage provides improved safety against seepage effects.  

2- The downstream drainage system shifts the waterline away from the downstream slope, thereby 
preventing downstream slope failure. It also quickly removes the seeping water and reduces the 
pore water pressure inside the dam. 

3- The drain length extending beyond the point of intersection with the critical failure surface does 
not provide a significant change in the factor of safety. 

4- It was found that the maximum length has a more significant effect on the safety factor for the 
overall length combination when different horizontal drainage length combinations are applied 
for the full reservoir level and the steady-state condition regarding the fill dams. 

5- The water discharged by the horizontal drain is impeded to rise in the filling on the drain. 
Suppose the horizontal drain does not have sufficient capacity. In that case, the upstream line 
will reach the downstream embankment, reducing the stability of the downstream slope and also 
potentially causing pipe collapse in the downstream fill. 

6- The basic guidelines for drainage design were also provided, and particular suggestions were 
propounded on evaluating their performance by the seepage properties. 

 
In the study, the effect of climatic conditions on the dam was ignored. These effects can be included in 
a future analysis. In addition, the effect of the water level change that may occur on the upstream side 
of the dam model used in this study (eg rapid drawndown) on the drainage filter and dam stability can 
be examined and can be an example for future studies. 
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