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ABSTRACT

K-Means clustering is commonly used for data clustering, but it suffers from limitations
such as being prone to local optima and slow convergence, particularly when handling large
medical files. The literature recommends employing metaheuristic algorithms in clustering
studies to address these issues. This study aims to accurately diagnose diseases in four
medical datasets (Dermatology, Diabetes, Parkinson's, and Thyroid) and increase the rate
of correct diagnosis of diseases. We utilized optimization algorithms to assign weights to
input parameters determining diseases in these datasets, thereby improving clustering
performance. Our proposed model incorporates the Crow Search Algorithm, Tree Seed
Algorithm, and Harris Hawks Optimization algorithms in a hybrid structure with K-Means.
We conducted statistical evaluations using performance metrics. The study demonstrated
that the hybrid Harris Hawks Optimization algorithm achieved the highest accuracy rate
(97.19%) among the tested algorithms on the Dermatology dataset. The hybrid Crow
Search Algorithm obtained a 96.29% accuracy rate on the Thyroid dataset, while the hybrid
Tree Seed Algorithm achieved a 95.32% accuracy rate on the Dermatology dataset. This
study offers significant benefits, including reduced staff workload, lower test costs,
improved accuracy rates, and faster test results for detecting various diseases in medical
datasets.

Kiimeleme Analizi icin Meta-sezgisel
Algoritmalarin K-Means ile Hibritlenmesi: Tibbi

Veri Kiimeleri Uzerine Bir Inceleme

0Z

K-Means kiimeleme, veri kiimeleme i¢in yaygin olarak kullanilan bir yéntemdir. Ancak
ozellikle biiytik tibbi verilerle ¢alisirken yerel optimuma takilmak ve yavas yakinsama gibi
sorunlarla Kkarsilasilabilir. Literatiirde bu tiir sorunlar1 ele almak i¢in kiimeleme
calismalarinda metasezgisel algoritmalarin kullanilmasinin 6nerildigi goértilmektedir. Bu
calisma, dort farkl tibbi veri kiimesi lizerinde (Dermatoloji, Diyabet, Parkinson ve Tiroid)
hastaliklarin dogru teshisini koymay1 ve hastaliklarin dogru teshis oranini artirmayi
amaclamaktadir. Bu veri kiimelerindeki hastaliklar1 belirleyen girdi parametrelerine agirhik
atamak i¢cin optimizasyon algoritmalarini kullandik ve sonu¢ olarak kiimeleme
performansim artirdik. Onerilen modelimiz, Karga Arama Algoritmasi, Aga¢ Tohum
Algoritmas1 ve Harris Hawks Optimizasyon algoritmalarin1 K-Means ile hibrit bir yapida
birlestirmektedir. Performans metrikleri kullanarak istatistiksel degerlendirmeler yaptik.
Sonuglar hibrit Harris Hawks Optimizasyon algoritmasinin Dermatoloji veri kiimesinde test
edilen algoritmalar arasinda en yiliksek dogruluk oranina (%97,19) ulastigini
gostermektedir. Ayrica hibrit Karga Arama Algoritmasi, Tiroid veri kiimesinde %96,29
dogruluk orani elde ederken, hibrit Aga¢ Tohumu Algoritmasi Dermatoloji veri kiimesinde
%95,32 dogruluk orani elde etmistir. Bu ¢alisma, tibbi veri kiimelerinde ¢esitli hastaliklar:
tespit etmek i¢in daha az personel is ytikii, daha diisiik test maliyetleri, gelismis dogruluk
oranlari ve daha hizli test sonuclari gibi 6nemli faydalar sunmaktadir.

To cite this article: S. Dorterler, H. Dumluy, D. Ozdemir and H. Temurtas “Hybridization of Meta-
heuristic Algorithms with K-Means for Clustering Analysis: Case of Medical Datasets,” Gazi Journal of
Engineering Sciences, vol. 10, no.1, pp.1-11, 2024. doi:10.30855/gmbd.0705N01



1. Introduction

The grouping of data with similar characteristics in a dataset is called clustering [1]. Clustering
operations are used in statistical data analysis, data mining, vector quantization, and data compression
[2,3]. The clustering process brings problems along with its advantages [4]. The multidimensionality
and large size of the data can cause time costs. In addition, when using distance-based clustering, it is
difficult to determine the linked cluster in multidimensional space when it is impossible to measure
the distance between clusters. Results from clustering processes can be interpreted differently due to
the differences in the structure of clustering methods. [5]. Two categories, supervised and
unsupervised, are typically used to categorize the classification process. The main task of supervised
classification is to put unclassified data in the most appropriate class. Unsupervised classification aims
to create meaningful subsets from the unclassified data in a cluster [6]. The unsupervised classification
approach is used to assess the clustering process. Fraley and Raftery [7] classified clustering into two
categories: hierarchical and partitional. Without notice, the top-down or bottom-up division of the
number of clusters in a tree structure creates hierarchical clustering. In contrast, partitional clustering
splits data into groups without regard to hierarchy and with a predetermined number of clusters. The
Euclidean distance is the basis of the partitional clustering. Calculating the distance between each
cluster and each point, then including that point in the cluster that minimizes this distance, is how the
Euclidean distance is stated. There are many different clustering methods available. K-Means,
Hierarchical clustering, and Gaussian mixture models (GMMs) for clustering are the most well-known
ones [8].

Clustering analysis is used in fields such as field of medicine [9-14], machine learning [15],
identification of images [16], data mining [17,18], market and consumer segmentation [19-21], biology
[22], statistics [23], and pattern recognition [24]. K-Means is a popular center-based, straightforward,
and quick clustering algorithm [25]. The K-Means algorithm is used in marketing [26,27], chemistry
[28], geographic systems [29], meteorological phenomena [30], and social sciences [31], and it has been
extensively utilized in scientific and industrial fields, particularly in the field of medicine. Liu et al. [26]
performed customer classification and market analysis using the K-Means algorithm with retail
company data. Heil et al. [32] classified the agricultural lands in West Africa using data based on
geological and climatic parameters and the K-Means algorithm. Additionally, they demonstrated how
the fuzzy K-Means algorithm is superior to the standard K-Means algorithm. Similarly, Tang et al. [28]
used the K-Means algorithm to classify industrial polymers. Xiaoying et al. [33] analyzed the chemical
molecules in rice and classified rice according to geographical origin. Anderson [34] used the K-Means
algorithm and kernel density calculation to determine the points where traffic accidents are most
intense. Bacao et al. [35] studied K-Means for self-organizing maps. Kanthan and Sujantha [30]
clustered raindrops with the K-Means algorithm. Chakraborty et al. [36] suggested a methodology for
weather forecasting with K-Means. Kurniawan and Fatulloh [37] used the K-Means algorithm and
geographic information system data to classify the social life conditions of a city in Indonesia. Zhou et
al. [38] clustered crime points using real case data. Evans et al. [39] examined the risks and negative
consequences of medicines used in medicine on people. They utilized the K-Means method in order to
classify medicines. They concluded that high-risk characteristics included the patient's age, weight,
gender, and medicine dosage. A study conducted in the field of dentistry investigated whether
psychological and social changes have an effect on the case of acute pain after surgery. The K-Means
algorithm was used to cluster the patients into groups based on their psychological characteristics and
symptoms. In conclusion, it was observed that patients who were female, depressed, and anxious
experienced more pain after surgery [40]. In a different research project in the psychiatric field [41],
various personality inventories were used for cluster analysis. By analyzing the clusters, the differences
between the two groups were revealed. Thus, unknown aspects of psychopathy were tried to be
discovered. Likewise, Kim et al. [42] used K-Means to divide the 888 instances submitted to the Korean
emergency service into two categories. It was found that 85% of suicide attempts were impulsive, and
15% were planned based on a variety of demographic and clinical factors. Studies in the field of genetics
have also used the K-Means algorithm. Shai et al. [43] revealed molecular subtypes of unknown
pathological kinds and classes using the K-Means algorithm. Bertucci et al. [44] used hierarchical
clustering to describe five breast cancer subtypes. According to research and observations of Ushizawa
et al. [45], animal embryo gene profiles were examined using cDNA microarray, and the K-Means
method was utilized to cluster genes. Doctors in the medical field diagnose patients by using a variety
of tests, observations, and information about the patient's past. In the health sector, decision support
systems are developed with various techniques to help doctors [46-51]. The K-Means algorithm has
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the drawback of being stuck to local optima despite performing fast and effective clustering [52].
Results from the K-Means technique are based on the initial clustering reference points. In other words,
the search always converges to the closest local optimum from the initial point. Researchers solve the
optimum local problem using hierarchical, artificial intelligence-based, partition-based, and density-
based clustering techniques. The dataset is divided into a fixed number of partitions in partition-based
clustering [53]. Each point shifts its center until it is closest to its cluster center. This method is most
advantageous when the dataset is homogeneous [54]. In density-based clustering, clusters are formed
from areas with high data density [55]. This approach clusters data points based on their density. It is
advantageous when dealing with heterogeneous datasets [54]. The partition-based clustering method
focuses on specific parts, while the density-based clustering method determines clusters based on their
density. Examples of the techniques used are as follows: Graph Theory [56], Artificial Neural Networks
[57], Statistical methods [58], and heuristic algorithms [19, 59-64]. These techniques were used to
avoid being stuck with the local optimum and to increase the clustering success rate.

In this study, the meta-heuristic algorithms Crow Search Algorithm (CSA), Harris Hawks Optimization
(HHO), and Tree Seed Algorithm (TSA) are used together with the K-Means algorithm to improve
clustering performance. Three new algorithms, Hybrid CSA (H-CSA), Hybrid HHO (H-HHO), and Hybrid
TSA (H-TSA), were developed from the hybrid use of the algorithms. By identifying the significance of
parameter values used in diagnosing diabetes, dermatology, Parkinson's, and thyroid diseases,
heuristic algorithms have improved clustering success. In summary, if any parameter in a disease is
more important, the importance coefficient of that parameter is increased. Thus, a more accurate
diagnosis is provided. Likewise, if any parameter is less critical in a disease, the importance of this
parameter is lowered. Thus, we planned to prevent misdiagnoses. Thus, the K-Means algorithm being
stuck to the local optimum has been resolved. In addition, the relevant coefficients have been correctly
optimized to increase the clustering success.

2. Materials and Methods

In this study, the K-Means algorithm was combined with CSA, TSA, and HHO algorithms to obtain H-
CSA, H-HHO, and H-TSA algorithms that demonstrate superior clustering integrity performance. The
developed model utilized four distinct medical datasets, Dermatology, Diabetes, Parkinson's, and
Thyroid, as input parameters. The datasets were obtained from the UCI Machine Learning Repository
and additional sources [65-69]. Figure 1 shows a summary of our methodology in the study.

Used Datasets Math.ematlcal Used Algorithms Evaluation :?nd Error
Regression Models Metrics

eDermatology elineer *CSA e Accuracy
*Diabetes eExponential eHHO .Reca!]lr o
eParkinson eQuadratic *TSA 'SPEC" e (%)
. e Precision
eThroid *K-Means eF1-Score

Figure 1. A brief summary of methodology

2.1. K-Means Algorithm

The K-Means algorithm, initially proposed in 1967 by James MacQueen, is a widely used and efficient
clustering technique in machine learning, data exploration, and data mining [70]. The algorithm aims
to group data in a dataset based on similarities and divides them into distinct clusters. The clusters are
formed around the k initial cluster centers that the algorithm selects, and data are assigned to the
clusters closest to these centers. Then, the centers of the clusters are recalculated, and the data is
reassigned to the corresponding clusters. This step is repeated until the data distribution is corrected.
This process aims to sort the data into clusters that best reflect their similarity. Equation 1 defines the
objective function.

- 2
j= E;\'{=1 Z?:l“xi(]) - Cj” (1)
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(

. 2 .
Where ||xi(1) - c]-|| is the distance between xi’) and the ¢; (center of cluster). The goal is to find the

lowest ] [8]. Thus, xl.(j ) belongs to the ¢; centered cluster for minimum J value.

A method has yet to be presented to determine the number of clusters (K) in the K-Means algorithm.
This is a disadvantage besides the simplicity and popularity of the K-Means algorithm. K-Means cannot
guarantee convergence to a global optimum using its iteratively optimal procedure. Additionally, the
K-Means technique is susceptible to outliers and noisy data. The deformation of cluster geometries is
an additional problem because it attempts to include an object in a cluster even if it is far from one [70].

2.2. Harris Hawks Algorithm

The Harris Hawk Algorithm emulates the rabbit hunting approach of the intelligent Harris hawk. Before
hunting, the leader and other flock members conduct reconnaissance flights. Following prey detection,
the hunting process commences. Heidari presented a mathematical model outlining these
characteristics of the Harris hawk in 2019 [71].

Exploration phase: When Harris hawks roam randomly, they use two exploration strategies. These
strategies are as in Equation 2. The probability value q here indicates which tactic will be in use.

Xrana(t) = 171 [Xpgna (t) — 21,x(¢)|, ¢ = 0.5

(Xrappic (£) — xm(®)) — 15(LB + 1, (UB — LB)), q < 0.5 (2)

x(t+1)={

Here x(t + 1) is the position vector of Harris in each iteration. The position vector of the prey is
xrabbit(t). The current position of the hawk is x(t). r1, r2, 13, r4, and q are random numbers (0,1). The
lower value and the upper value, respectively, are denoted by LB and UB. x,4,4(t) shows a hawk
randomly chosen from the current population. x,,(t) is the average position of the current hawk
population. The average position is found using Equation [71].

MOEEIIEAC (3)

Here, t denotes the number of iterations, and N denotes the number of hawks. After completing the
exploration process, the exploitation phase is presented in Equation 4.

E=2E,(1-7) @

Here E is the total energy of the escaped prey, the prey's initial energy is E, is the maximum iterations
number.

Exploitation phase: Four different strategies are used to simulate the exploitation phase. Soft besiege,
hard besiege, soft besiege with progressive rapid dives and hard besiege with progressive rapid dives.

At the soft besiege stage, the Harris hawk makes misleading jumps so that reduce energy of prey (r =
0.5, E =2 0.5). This soft encirclement strategy is mathematically given in Equations 5 and 6. Here, r is the
chance of catching the escaped prey. E is the energy of the rabbit. Ax(t) is the difference between the
current position in the t.th iteration and the current position of the prey (rabbit). For the purpose of
simulating natural rabbit movement, J is a value that changes with each iteration.

x(t+1) =Ax(t) — ElJXrappic () — x(£)] (5)
Ax(t) = Xpappic (£) — x(t) (6)

In the Hard Besiege strategy, the energy of the prey is considerably reduced (r 2 0.5, |E| < 0.5). This
situation is mathematically modeled as in Equation 7.

x(t + 1) = Xeappie(t) — E|Ax(D)] ()

Soft besiege with progressive rapid dives stage, it is thought that the Hawks decided their next move
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according to Equation 8 before starting the soft besiege.

Y = Xrappie(®) — El/Xrappic(t) — x(2)| 8

Harris Hawks dive fast and compare to their previous dives. If the new dive situation is not suitable,
the hawks continue to fast dive into their prey. A Levy Flight based motion structure is used while
deciding this. Equation 9 describes this condition.

Z =Y + SxLF(D) 9)

Here D is the problem size. S is a random vector of size 1xD. Y determines the position of the prey
relative to its decreasing energy. Z is the variable that decides whether the hawks will attack its prey.
Equation 10 gives the levy function, abbreviated LF.

. (B
LF(x) = 0.01x (’“”1’ ),c - I%l (10)

1 B-1
|ulB l‘(#)xﬁxz(T)

Where u is the random number between v (0,1) and S is 1.5. The hawks' current locations are updated
during the soft besiege phase using Equation 11.

[ YIfFQY) < f(x(®)
x(t+1)= { Zif F(Z) < F(x(t))

(11)
Y and Z are found using Equations 8 and 9.
Hard besiege with progressive rapid dives stage, the prey lacks the energy to escape. The Harris hawk

makes a hard besiege before a surprise attack to catch its prey. The hard besiege condition is found
using Equation 12.

, _( YIifFQY') < f(x())
¥+ _{ 7'if F(Z') < F(x(t)) (12)

Where Y' and Z' are found by Equations 13 and 14.

Y' = Xeappie (6) — E|/Xpappic(t) — xm (©)] (13)

Z I

Y' + SxLF(D) (14)
2.3. Tree Seed Algorithm

Kiran [72] introduced the Tree Seed Algorithm (TSA) in 2015, a new metaheuristic optimization
algorithm that addresses continuous optimization problems. The TSA is based on the inherent
relationship between trees and seeds in nature. Tree seeds are spread in the soil and grow into trees
over time [73]. The position of trees and seeds indicates potential solutions for persistent issues when
tree soils are considered in the research field [74]. As a result, the significance of seed sites in the
formation of trees has grown. The search space is described by two equations. The first is the procedure
for producing seeds for the best tree population placement. This strengthens the algorithm's ability to
perform local searches. For the purpose of creating a new seed, the other equation uses two alternative
tree places [72].

Sij =T+ (a,;)x(B; =T ) (15)
Sij=Tyj+ (a;;j)x(Ty; —Tj) (16)
where, Si; isjth dimension of ith seed that will be produced ith tree,Tijis the jth dimension of ith
tree, Bjis the jth dimension of best tree location obtained so far, Tr;is the jth dimension of rth tree

randomly selected from the population, the scaling factor is a which is randomly produced in range of
[-1,1] and iand r are seperate indices.
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Equation 17 is used to generate the initial tree locations, which are potential solutions to the
optimization problem, at the beginning of the TSA search.

Tij = Ljmin + 7i,j (Hj max — Ljmin) (17)

where, Ljmin is the lower bound of the search space, Hjmax is the higher bound of the search space
and rij is a random number produced for each dimension and location, in range of [0, 1].

Equation 18 is used to choose the best solution from the population for minimization.
B =min{f(T)}i = 1,2,..,N (18)
N is the total population of trees.

The maximum number of function evaluations (Max_FEs) is chosen as the termination condition, and
it is set using the function's dimensionality given in Equation 19.

Maxggs = Dx10.000 (19)
2.4. Crow Search Algorithm

Crows live in flocks and have a powerful memory [75]. They store the food they find and return to their
hiding place when needed. Crows can also follow each other to learn the location of food stores and
steal each other's food. Crows can take precautions against this by flying to different places to confuse
other crows. Inspired by this intelligent behavior of crows, Askarzadeh developed the Crow Search
Algorithm to solve the optimization problem [75]. The algorithm consists of 4 steps.

Step 1: Initial values are given to algorithm parameters. Then, N crows are randomly placed in the d-
dimensional search space. In the initialization phase, all crows store their food in the positions in which
they are randomly placed. The fitness values of all positions are calculated, and their memory holding
their best position is initialized.

Step 2: Each crow randomly chooses a crow and follows it to find the crow's food. New positions are
created depending on whether the jth crow knows or does not know that it is being followed by the ith
crow Equation 20.
xi,itr+1 _ {xi,itr + T X fli,itr X (mj,itr _ xi,itr)’ 7 > Apj,itr (20)
a , otherwise
Here x“*" denotes the position of the ith crow in itrth iteration. r; is a randomly distributed random
number between 0-1, m (memory) is the variable that holds the best position of the crow, and a is the
random position. f1 (flight length), the algorithm's adjustment parameters are called AP (awareness
probabilities). f1 is the range at which the crow can fly, and AP represents the probability of the crow
noticing that it is being followed.

Step 3: The feasibility of the new locations found is checked. The crows' positions may be changed as
necessary to create new ones. Otherwise, the crow position will not be changed.

Step 4: All positions' fitness values are calculated, and the memories of the crows are updated according
to Equation 21.
mi,itr+1 _ {xi,itr+1 f(xi,itr+1)l-s better than f(mi,itr) (21)

mbitr otherwise

Here f(x“"*1) shows the fitness value of the ith crow. If the fitness value of the new position is better
than the fitness value of the location that was previously memorized, the update takes place according
to the new position. If the stopping requirement is not met, iteration continues. The position of the
crow with the best fitness value is selected, and the algorithm is terminated.
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2.4. Proposed model

The K-Means algorithm works effectively when the distribution of objects in the dataset is normally
distributed. However, if the distribution of objects in the dataset is non-normally distributed, the
algorithm may become ineffective. Similarly, suppose there are significant or minimal differences
between the properties of the objects in the data set. In that case, the K-Means algorithm will not work
effectively and may not give what is expected [76,77]. K-Means approach and heuristic algorithms
(CSA, HHO, and TSA) were combined in this study to improve clustering performance. Meta-heuristic
algorithms were utilized for weighting various health data used in diagnosing Dermatology, Diabetes,
Parkinson's, and Thyroid ailments. In summary, high or low-impact data in determining the disease
were found with meta-heuristic algorithms, increasing diagnostic success and making more accurate
diagnoses. Thus, the classical K-Means algorithm was prevented from being stuck at local optimum
points. Clustering success was increased by optimizing the disease coefficients according to the degree
of importance, thus preventing misdiagnoses. First, a W pool is created to rate all dimensions of health
data.

W = [wy,wy, ..., wp] (22)

W are the weight values that the optimization algorithm will optimize. Each w value is weighted by the
optimization algorithm according to its importance in the diagnosis of the disease. All dimensions (X»)
are multiplied by a weight parameter (Wm). Thus, the coefficient of the importance of the relevant data
(dimension) in determining the disease is found.

Xom =Wy *Xym, n=1,.,N, m=1,..,M, n<N, m<M, M<N (23)

where N represents the total amount of data and M represents the total number of data attributes. To
generate a new X,m pool, each characteristic is multiplied by Wm. After that, Equation 24 is used to
determine the centers of all the data in this pool.

_ z:£VL=1 An k*Xn _ {1 Yn = k _
Ce= S5 R e =g " oo k=12,..,K (24)

Here K represents the number of clusters, y» represents the data set, and a represents a variable
consisting of 1 or 0. The actual value of the data is compared with the first set (k.). If a match is achieved
as aresult of the comparison, a takes the value of 1, and the (k.) elements of the relevant set are added.
This way, the cluster's center point in the k row is found. The center points of all clusters are found in
this way. Then, using Equation 25, the class of the data is found according to the center points.

fo =k, if min(|x, — ¢1l, [xn = Cal, o [ = ckl,) (25)

fnis found values that represent data sets. The data is assigned to the f, variable to belong to whichever
center pointis closer. Then, the weight values that give the optimum result are found with the proposed
meta-heuristics by processing the available data. The objective function used is shown in Equation 26.

maxf@) =100« Dby, bu={o B TR (26)

Here, N is the number of data, and b is the variable that takes the value 0 or 1. If the found value and
the actual value are equal, b is given the value 1; otherwise, it is given the value 0. These steps continue
until the number of iterations is completed. Then, the weight values that give the optimum fitness value
are found. An illustration of these procedures is shown in a flow chart in Figure 2.
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2.6. Dataset

Four distinct medical datasets were employed in this research: Dermatology, Diabetes, Parkinson's,
and Thyroid. The datasets were obtained from several sources, including the UCI Machine Learning
Repository, and 70% of the data was allocated for training purposes, while the remaining 30% was
reserved for testing [65-69].

2.6.1 Dermatology dataset

The dermatology dataset was obtained from UCI Machine Learning Repository [65,69]. There are 34
attributes in the dataset. There are 358 sample data and six different classes (Pityriasis Rubra Pilaris,
Psoriasis, Seborrheic Dermatitis, Pityriasis Rosea, Lichen Planus, Chronic Dermatitis).

2.6.2. Diabetes dataset

The diabetes dataset was obtained from the National Institute of Diabetes and Digestive and Kidney
Diseases [66]. The dataset has eight attributes. These are age, blood pressure, pregnancy, skin
thickness, glucose, insulin, BMI and diabetes pedigree function. This dataset contains 768 records. It is
divided into two results: diabetic or not.

2.6.3. Parkinson dataset

This dataset is taken from the UCI Machine Learning Repository [65,67]. It consists of different
biomedical sound measures obtained from 195 Parkinson's disease patients. This dataset contains 22
attributes, and there are two groups of outcomes: "1" if Parkinson's disease is present and "0" if not.

2.6.4. Thyroid function dataset

The thyroid dataset was taken from the UCI Machine Learning Repository [65,68]. This dataset has
7200 records and 20 attributes, including sex, age, query_on_thyroxine, on_thyroxine,
on_antithyroid_medication, pregnant, sick, thyroid_surgery, 1131 _treatment, query_hyperthyroid,
query_hypothyroid, tumor, lithium, psych, goiter, hypopituitary, T3, TSH, T4U, TT4. There are three
classes in the result set. These are not-hypothyroid (normal), subnormal function and hyperfunction.

Table 1. Datasets of study

Type of Feature Datasets Inputs Classes Instances
Numeric Dermatology Dataset 34 6 358
Numeric Diabetes Dataset 8 2 768
Numeric Parkinson Dataset 22 2 195
Numeric Thyroid Function Dataset 20 3 7200

2.7. Statistical performance metrics

The models used in the current study were evaluated with performance measurement metrics.
Formulas of performance metrics are given in Equations 27, 28, 29, 30, and 31 [78-80].

Accuracy = S L — (27)
TP+FN+TN+FP
Recall = —= (28)
TP+FN
Specificity = —-"— (29)
Precision = —— (30)
TP+FP
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F1Score = 2 X PresicionxRecall (31)

Precision+Recall
Some abbreviations are used in the equations. True Positive (TP) represents a sick person as sick, False

Positive (FP) represents a healthy as sick (which is incorrect), True Negative (TN) represents a healthy
person as not sick, False Negative (FN) represents healthy to the person who is sick.

3. Experimantal Results

In this study, CSA, HHO, TSA, and K-Means algorithms were hybridized to create H-CSA, H-HHO, and H-
TSA algorithms and were used to diagnose four different diseases. The algorithm was run on a
computer with an Intel Core i7, 2.4 GHz CPU, and 8 GB RAM with Windows® 11 operating system, using
MATLAB 2022b programming language. The parameter settings used in the algorithms are given in

Table 2.
Table 2. Parameter settings
Algorithm Parameter Settings Iteration Number Population Number
CSA *AP=0.1; *FL=2 100 40
HHO *R=1.5 100 40
TSA *ST=0.1 100 40

* AP (Awareness Probability), FL (Flight Length), 8 (Beta), ST (Search Tendency)

The termination criterion of the proposed hybrid model is the number of iterations. The proposed
model runs for 100 iterations and then terminates and finds the weight values that give the best result.
In this way, the algorithms are run 20 times, and the weight values that give the best fitness value are
found. The weight values obtained for the dermatology, diabetes, Parkinson's, and thyroid datasets are
presented in Table 3. Furthermore, Table 4 presents the statistical results of mean runtime, Standard
Deviation, Average Fitness, Worst Fitness, and Best Fitness values. Each dataset has been evaluated
separately, and better results produced are shown in bold.

The hybrid models proposed for each dataset are separately evaluated in Table 4, and the values that
yield superior results are shown in bold. The H-HHO algorithm found more successful fitness values in
the Dermatology dataset than other algorithms regarding the worst and best fitness values. On the
other hand, the H-CSA algorithm produced better values than other algorithms in terms of average
fitness, worst fitness, and mean runtime values. In terms of standard deviation, H-TSA produced better
results. H-CSA and H-HHO Diabetes found the best fitness values in the dataset. The best values in
average fitness and standard deviation were obtained from the H-TSA algorithm. In the Parkinson's
dataset, the H-TSA algorithm found the best fitness with 81.03%. Similarly, the most successful
algorithm regarding the average fitness value is H-TSA. For the Thyroid dataset, the H-HHO algorithm
gave the best values in Standard Deviation, Average Fitness, Best Fitness, and Worst Fitness. The H-
CSA algorithm was found to have the lowest average runtime when evaluating the statistical results in
terms of mean time. Table 5 shows the fitness values and runtime results of the K-Means Algorithm for
each data set separately.

Analyzing the results in Tables 4 and 5, it is evident that the H-CSA, H-HHO, and H-TSA models
outperform K-Means in terms of best fitness values. However, hybrid algorithms use two algorithms,
so the proposed models run slower than the K-Means algorithm. However, the high achievements show
that hybrid algorithms can make this speed difference tolerable and advantageous, especially when
problem complexity and dataset characteristics are considered. In addition, the complexity matrices of
the algorithms using the test dataset are presented and statistical performance results are given. Table
6 shows the values of the results for the Dermatology test dataset.
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Table 3. Coefficient of Dermatology, Diabetes, Pakinson’s, and Thyroid dataset

Dermatology Diabetes Parkinson’s Thyroid

CSA HHO TSA CSA HHO TSA CSA HHO TSA CSA HHO TSA
w1 0.99955 0.68342 0.02798 0.29578 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
w2 0.99926 0.48179 0.48179 0.74054 0.28513 0.67698 0.0 0.03168 0.0 0.0 0.0 0.06567
w3 1.0 1.0 0.37077 0.37931 0.0 0.34710 0.0 0.0 0.0 0.0 0.0 0.03777
w4 0.99963 1.0 0.62532 0.52302 0.0 0.32596 0.0 0.0 0.27688 0.0 0.0 1.0
w5 0.95734 1.0 0.66528 0.00028 0.0 0.05182 0.0 1.0 1.0 0.0 0.0 0.27827
weé 0.99987 1.0 0.84918 0.99960 0.73997 0.77061 1.0 0.0 1.0 0.0 0.0 0.07903
w7 0.88161 1.0 1.0 0.60541 0.28964 0.72123 0.0 1.0 0.30304 0.0 0.0 0.34065
w8 0.95635 1.0 0.86321 0.98806 0.39522 0.83784 1.0 1.0 0.0 0.0 0.0 0.94969
w9 0.99971 1.0 0.83405 N/A N/A N/A 0.0 0.0 0.90080 0.00136 0.0 1.0
w10 0.99922 0.53874 0.15785 N/A N/A N/A 0.0 0.0 0.09686 0.47101 0.0 0.76311
w11 0.99999 1.0 0.69349 N/A N/A N/A 1.0 0.18872 0.21580 0.0 0.0 0.17567
w12 0.99974 0.30981 1.0 N/A N/A N/A 0.0 1.0 0.21538 0.0 0.0 0.21051
w13 0.99955 0.65322 0.57133 N/A N/A N/A 0.0 0.0 0.11129 0.0 0.0 0.0
w14 0.99967 1.0 0.83357 N/A N/A N/A 0.80071 1.0 0.63166 0.0 0.0 0.84297
W15 1.0 1.0 0.99547 N/A N/A N/A 1.0 1.0 0.41264 1.0 0.0 0.42849
w16 0.99962 0.61753 0.46498 N/A N/A N/A 0.0 0.0 0.01859 0.04365 0.0 0.0
w17 0.99988 0.70193 0.52315 N/A N/A N/A 0.0 1.0 0.20289 0.0 0.00513 0.79203
w18 0.99925 0.29884 0.95313 N/A N/A N/A 1.0 0.0 0.47236 0.0 0.0 0.95175
w19 0.99922 0.85027 0.41822 N/A N/A N/A 1.0 0.48010 0.07504 0.0 0.0 0.97276
W20 1.0 1.0 0.11431 N/A N/A N/A 1.0 1.0 0.75772 0.18877 0.0 0.47394
w21 0.99916 1.0 0.12406 N/A N/A N/A 1.0 1.0 0.16217 1.0 0.0 0.99125
w22 0.02495 1.0 0.85538 N/A N/A N/A 1.0 0.21911 0.18336 N/A N/A N/A
w23 1.0 1.0 0.0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
w24 0.02037 1.0 0.0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
w25 0.99949 1.0 0.19679 N/A N/A N/A N/A N/A N/A N/A N/A N/A
w26 0.74203 1.0 1.0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
w27 0.99938 1.0 0.58594 N/A N/A N/A N/A N/A N/A N/A N/A N/A
w28 0.99986 1.0 0.80334 N/A N/A N/A N/A N/A N/A N/A N/A N/A
w29 0.55448 0.19703 1.0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
w30 0.99974 1.0 0.82548 N/A N/A N/A N/A N/A N/A N/A N/A N/A
w31 0.99993 1.0 0.76806 N/A N/A N/A N/A N/A N/A N/A N/A N/A
w32 0.99995 0.43120 0.36214 N/A N/A N/A N/A N/A N/A N/A N/A N/A
w33 0.0 1.0 0.42506 N/A N/A N/A N/A N/A N/A N/A N/A N/A
w34 0.0 0.04693 0.05681 N/A N/A N/A N/A N/A N/A N/A N/A N/A

Table 4. Comparison of fitness values and running times of hybrid algorithms

Dermatology Dataset Diabetes Dataset Parkinson’s Dataset Thyroid Dataset
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H-CSA H-HHO H-TSA H-CSA H-HHO H-TSA H-CSA H-HHO H-TSA H-CSA H-HHO H-TSA
Best Fitness 96.2616  97.1962 95.3271 73.4782 73.4782 73.0434 79.3103 79.3103 81.0344 96.2962 96.9907 90.3703
Worst Fitness 93.4579 93.4579 93.4579 69.5652 69.5652 69.5652 67.2413 70.6896 70.6896 86.2962 94.9537 87.3611
Average Fitness 95.9532 95.0934 94.4859 71.4565 71.5217 71.6086 72.5000 74.3965 77.3275 90.3842 95.5671 88.0092
Standard Deviation 1.0677 1.0879 0.7365 1.2238 1.2418 0.8707 3.6883 2.3913 3.0266 3.9746 0.5241 1.0684
Mean Runtime(ms) 1.6550 3.0765 11.8207 1.0888 1.9590 7.3823 0.4759 0.8472 3.2175 12.4584 22.1137 87.0473

Table 5. Fitness values and runtime scores of the K-Means Algorithm for medical data sets

Dermatology Dataset Diabetes Dataset Parkinson’s Dataset Thyroid Dataset
Best Fitness 0.051248 0.040272 0.037009 0.022738
Mean Runtime (ms) 44.8598% 61.7391% 68.9655% 43.4259%

Table 6. Performance results of hybrid algorithms and K-Means algorithm for Dermatology dataset (Acc:Accuracy, Rcl:Recall, Spc:Specificity, Pre:Precision, F1s:F1-Score)

H'C_SA H'H.HO H'TSA K-Means Algorithm
Train Score: 99.6015% Train Score: 98.8047% Train Score: 100.0% Train Score: 45.0199%
Test Score: 96.2616% Test Score: 97.1962% Test Score: 95.3271% Test Score: 44.8598%
I I I I
s £ s £ s £ s £
« o S © <
s 3 E g g e - s 3 e - g g £ =
» E < S » £ < S » £ = S » £ = S
) o=} = i) a 2 ) [Th=) = i) a i) ) [Th=) - i) a i) ) [T - i) a i)
7 T B A 17} o 7] A ] A 7] 9 7] A ] A 7] 9 7] 7 =] A 7] [ 7]
g 5 - E £f § 5E p £ E £f £ 5E CR - E £f £ 5 g p £ £ £
5 55 i = E 25 35 3 2 E 2S5 3 3% Tz E ozE ¢ 35 g Z E 28
a “Q = [ (=] s & “ = [ (=] [N "R “Q = [ (=] [ & “a = [ (=] R
Acc(%) 1.0 0.9626 1.0 0.9626 1.0 1.0 0.9813 0.9906 0.9719 1.0 1.0 0.9532 1.0 0.9532 1.0 0.8411 0.7102 0.6635 0.9158 0.9158 0.8504
Rel (%) 1.0 0.8500 1.0 0.9090 1.0 1.0 0.9500 0.9545 0.9090 1.0 1.0 0.8000 1.0 0.9090 1.0 0.4687 0.2500 0.5454 0.2727 0.3076 1.0
Spc (%) 1.0 0.9885 1.0 0.9687 1.0 1.0 0.9885 1.0 0.9791 1.0 1.0 0.9885 1.0 0.9583 1.0 1.0 0.8160 0.6941 0.9895 0.8367
Pre(%) 1.0 0.9444 1.0 0.7692 1.0 1.0 0.9500 1.0 0.8333 1.0 1.0 0.9411 1.0 0.7142 1.0 1.0 0.2380 0.3157 0.7500 0.3600
F1s(%) 1.0 0.8947 1.0 0.8333 1.0 1.0 0.9500 0.9767 0.8695 1.0 1.0 0.8648 1.0 0.8000 1.0 0.6382 0.2439 0.400 0.4000 0.4705 0.5294
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The test dataset results for the dermatology classification of disease types were evaluated separately
for each disease type. Algorithms that make more successful classification are shown in green for
Psoriasis, blue for Seborrheic Dermatitis, red for Lichen Planus, purple for Pityriasis Rosea, orange for
Chronic Dermatitis, and brown for Pityriasis Rubra Pilaris. The H-HHO algorithm was more successful
than the H-CSA and H-TSA algorithms, with a 97% success rate for the Dermatology dataset. The H-
HHO algorithm has the highest accuracy rate in 5 disease types: Seborrheic Dermatitis, Psoriasis,
Chronic Dermatitis, Pityriasis Rosea, and Pityriasis Rubra Pilaris. In Lichen Planus disease, it has a very
high accuracy rate, with a value of 0.9719, close to 1. H-CSA and H-TSA algorithms have an accuracy
score of 1 in diagnosing Lichen Planus disease. It has succeeded in diagnosing Psoriasis, pityriasis
rubra, and chronic dermatitis diseases with an accuracy of 1.0 in all three algorithms. When the test
metrics are evaluated, although the H-HHO algorithm finds relatively more successful scores in 6
disease types than the H-CSA and H-TSA algorithms, the test metrics of all three optimization
algorithms are high and can be used successfully to diagnose this disease. The test score of the K-Means
algorithm was examined, and a low success rate of approximately 45% was found. The success rate
increased significantly when the K-Means algorithm was used in a hybrid way with optimization
algorithms. It was approximately 95% for all three optimization algorithms. In Figure 3, matrices of
dermatology dataset confusion of the four algorithms are given.
a) b)
H-CSA - Dermatology Dataset H-HHO - Dermatology Dataset

Psoriasis 0 0 0 0 30 Psoriasis

Seboreic Dermatitis - 3 0 0 Seboreic Dermatitis- 0 1 o 0
20 20
b Lichen Planus- 0 0 0 0 b Lichen Planus- 0 1 o 0
k-1 k-1
5 5
[] 15 ] 15
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Figure 3. Confusion matrix results of hybrid algorithms and K-Means algorithm for Dermatology dataset

Compared to the optimization algorithms, the disease classification performance of the K-Means
algorithm is weak. Hybrid algorithms achieved high performance in classifying all disease types
compared to K-Means. Diabetes test results are given in Table 7 as follows. Algorithms with more
successful classifications are shown in bold.

Table 7. Performance results of hybrid algorithms and K-Means algorithm for Diabetes dataset
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H-CSA H-HHO H-TSA K-Means Algorithm

Algorithm Train Score: 81.7518%  Train Score: 81.7518%  Train Score: 81.7518%  Train Score: 73.7226%

Test Score: 79.3103% Test Score: 79.3103% Test Score: 81.0344% Test Score: 68.9655%
Accuracy (%) 0.7931 0.7931 0.8103 0.6896
Recall (%) 1.0 0.8333 0.8333 0.6875
Specificity (%) 0.7391 0.7826 0.8043 0.6904
Precision (%) 0.5 0.5 0.5263 0.4583
F1-Score (%) 0.6666 0.6250 0.6451 0.5500

H-CSA and H-HHO algorithms achieved the same result in classifying diabetes disease and produced
more successful results than H-TSA. The proposed H-CSA and H-HHO models correctly classified
diabetes with approximately 74% accuracy. Compared to the other two optimization algorithms, the
H-TSA algorithm is also classified with very close accuracy. Accordingly, the H-TSA model is also
classified with approximately 73% accuracy. However, the H-CSA and H-HHO algorithms achieved
higher performance than the H-TSA algorithm according to accuracy, specificity, precision, and F1-
score values. The hybrid algorithms performed about 20% more accomplished classifications than the
K-Means algorithm. In Figure 4, confusion matrices taken using the diabetes dataset are shown.
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Figure 4. Confusion matrix results of hybrid algorithms and K-Means algorithm for Diabetes dataset

Parkinson's Dataset test results are given in Table 8. Algorithms with more successful results are
shown in bold.

Table 8. Performance results of hybrid algorithms and K-Means algorithm for Parkinson’s dataset
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H-CSA H-HHO H-TSA K-Means Algorithm

Algorithm Train Score: 81.7518% Train Score: 81.7518% Train Score: 81.7518%  Train Score: 73.7226%

Test Score: 79.3103% Test Score: 79.3103% Test Score: 81.0344% Test Score: 68.9655%
Accuracy (%) 0.7931 0.7931 0.8103 0.6896
Recall (%) 1.0 0.8333 0.8333 0.6875
Specificity (%) 0.7391 0.7826 0.8043 0.6904
Precision (%) 0.5 0.5 0.5263 0.4583
F1-Score (%) 0.6666 0.6250 0.6451 0.5500

The H-TSA algorithm achieved the highest performance in the Parkinson's dataset, with an accuracy of
about 81%. In addition, the H-TSA algorithm received the highest scores in the specificity and precision
metrics. The H-TSA algorithm was followed by the H-CSA and H-HHO algorithms with a 79% accuracy
score. According to the recall and F1-score metrics, the H-CSA algorithm is ahead of other algorithms.
In summary, all three hybrid algorithms achieved a successful classification with scores close to each
other. On the other hand, the K-Means algorithm lags far behind the hybrid algorithms, with an
accuracy rate of about 68%. In Figure 5, confusion matrices obtained using the Parkinson's dataset are

given.
a)
H-CSA - Parkinson's Dataset
- - 12 0

]

=)

3

w

I

=

o 12
1
Predicted Label
c)
H-TSA - Parkinson's Dataset

_ 10 2
ol
=}
3
[
2
E

o - ]

Predicted Label

-15

True Label

-10

b)

H-HHO - Parkinson's Dataset

10

10

Predicted Label

d)

K-Means - Parkinson's Dataset

35

30

25

20

True Label

-15

-10

Predicted Label

-15

-10

30

25

20

-15

-10

Figure 5. Confusion matrix results of hybrid algorithms and K-Means algorithm for Parkinson’s dataset

In Table 9, error metrics results for the Thyroid dataset are shown.

Table 9. Performance results of hybrid algorithms and K-Means algorithm for Thyroid dataset
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H-CSA H-HHO H-TSA K-Means Algorithm
Algorithm Train Score: 96.9444% Train Score: 97.8373% Train Score: 92.0238% Train Score: 43.1151%
Test Score: 96.2962% Test Score: 96.9907% Test Score: 90.3703% Test Score: 43.4259%
Subnor
Not Hyper | Not Hyper Subnorm  Not Hyper Subnorm Not Hyper Subnorm
ma
Status Hypert Functio E Hypert Functio al Hypert Functio al Hypert Functio al
unctio
hyroid n hyroid n Function  hyroid n Function hyroid n Function
n
Accuracy (%) 0.9847 0.9652 0.9759 0.9847 0.9722 0.9828 0.9847 0.9097 0.9129 0.9171 0.4986 0.4527
Recall (%) 0.5423 0.8750 0.9803 0.5423 0.9732 0.9824 0.5423 0.3839 0.9436 0.3389 0.6160 0.4268
Specificity (%) 0.9971 0.9702 0.9239 0.9971 0.9721 0.9883 0.9971 0.9384 0.5555 0.9333 0.4921 0.7543
Precision (%) 0.8421 0.6163 0.9933 0.8421 0.6566 0.9989 0.8421 0.2544 0.9610 0.1250 0.0622 0.9528
F1-Score (%) 0.6597 0.7232 0.9868 0.6597 0.7841 0.9906 0.6597 0.3060 0.9523 0.1826 0.1130 0.5895

Types of thyroid disease were examined in the Not Hyperthyroid, Hyperfunction, and Subnormal
Function categories. The successful algorithms were shown in green, blue, and red according to the
diseases, respectively. H-CSA, H-HHO, and H-TSA algorithms produced the same value with 0.9847
accuracy in classifying not-hyperthyroid disease. The H-HHO algorithm succeeded in diagnosing
hyperfunction and Subnormal Function disease types. It achieved high success in all disease types with
an accuracy rate exceeding 90% in all three algorithms. For the Thyroid dataset, the H-HHO algorithm
with the highest scores in all measurement metrics is relatively more successful than the other two
hybrid algorithms. When the H-HHO algorithm is compared with the K-Means algorithm, the accuracy
of the H-HHO algorithm is about 7% more successful in classifying Hyperthyroid disease, 97% in
classifying Hyper Function disease, and 117% in classifying Subnormal Function disease. In Figure 6,
confusion matrices taken using the thyroid dataset are given.
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Figure 6. Confusion matrix results of hybrid algorithms and K-Means algorithm for Thyroid dataset
4. Conclusion and Discussion

In the present study, we address the local optimum issue caused by randomly generated initial centroid
values in the clustering process of the K-Means algorithm, as well as provide a solution to the challenges
in handling large files. We enhance the clustering accuracy by utilizing a metaheuristic algorithm to
determine the parameter values for disease diagnosis. In other words, the study aimed to achieve a
more precise diagnosis by adjusting the significance level of highly influential parameters. In addition,
it sought to prevent false diagnoses by reducing the weight of parameters with minimal impact on the
disease diagnosis, with the goal of eliminating false diagnoses by minimizing the effect of irrelevant
parameters. By optimizing the coefficients, we aimed to address the issue of the K-Means approach
getting trapped in the local optimum and enhance the clustering technique's precision.

The study utilized a hybridized framework that integrated the CSA, TSA, and HHO algorithms and the
K-Means method. This approach successfully detected diseases using four distinct medical datasets:
dermatology, diabetes, Parkinson's, and thyroid. Additionally, we statistically evaluated the
performance measures of the three hybrid algorithms (H-CSA, H-HHO, and H-TSA) and the K-Means
algorithm. Among the datasets and optimization algorithms we used in our H-HHO study, the H-HHO
algorithm generally achieved higher performance than other algorithms in Diabetes, Dermatology, and
Thyroid datasets. On the other hand, the H-CSA achieved the same success rate as H-HHO in the
diabetes dataset, although H-HHO produced close results. On the other hand, the H-TSA achieved the
highest performance only in the Parkinson's dataset compared to other algorithms. However, H-TSA,
in other datasets, is in the last place. We found that the H-CSA algorithm is the fastest of all four data
sets used for mean runtime. Despite this, we have concluded that all three algorithms are consistent by
producing results that are similar to each other.
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The suggested hybrid three metaheuristic algorithm in the Dermatology dataset was detected with
100% success in Psoriasis, Pityriasis Rubra Pilaris, and Chronic Dermatitis disease types. In other
disease types in this group (Lichen Planus, Seborrheic Dermatitis, and Pityriasis Rosea), the H-HHO
algorithm has been the most successful in the Dermatology dataset, which has six disease types since
it has the lowest error value. Test results with the K-Means algorithm demonstrated that the hybrid
models were almost half as successful. The results of all three metaheuristic algorithms proposed in
the diabetes dataset were determined with the lowest success rate (an average of 73%) compared to
the results of other datasets. We predict that this situation is due to the structure of the dataset and the
number of input parameters. The H-CSA and H-HHO algorithms produced the same detection value in
this dataset and became equivalent algorithms. On the other hand, the K-Means algorithm achieved
less success than about 20% of our suggested hybrid algorithms. In the Parkinson's dataset, the H-TSA
algorithm, which had a low success rate in other datasets, was the algorithm that produced the most
successful diagnosis result. The H-CSA and H-HHO algorithms detected the equal disease in this dataset.
In addition, the K-Means algorithm has achieved less success than approximately 12% of the hybrid
algorithms we recommend.

The three metaheuristic algorithms proposed in detecting disease Not Hyperthyroid, the subcategory
of thyroid disease, achieved the same result with a success rate of 98%. In diagnosing disease types of
Hyper Function and Subnormal Function, the H-HHO algorithm achieved higher diagnostic success.
Besides, the K-Means algorithm achieved half the diagnostic success of the algorithms we suggested in
diseases Hyper Function and Subnormal Function, excluding disease Not Hyperthyroid. The presented
study offers significant advantages such as test accuracy rate, staff workload, test costs, and waiting
time for the test results detection of different types of diseases in medical datasets. In future research,
new studies can be carried out using datasets of different diseases in the health field and different
metaheuristic algorithms or deep learning methods.
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ABSTRACT

Keywords: FDM, Charpy impact In the study, the rates of impact energy absorption of Acrylonitrile Butadiene Styrene (ABS)
test, Build orientation, Notch, fractures produced by the Fused Deposition Modeling (FDM) method were examined.
Deep learning, Extreme learr.ling Charpy impact test results were determined using layer thickness, printing speed, support
machines angle, build orientation, notch type, and unfill type. Box-behnken experimental design

- design in the study. Notch impact samples are produced on an ABS Three-dimensional
_ Inonu University, Malatya O1Z Printer (3DP). Then, charpy impact tests were performed on the impact test device. Data
Vocational School, Malatya / Tiirkiye . L. X
Orcid: 0000-0002-4745-9164 were evaluated using the Minitab 21 program. Later, Deep Learning (DL) and Extreme
‘e mail: mehmet.altug@inonu.edu.tr Learning Machines (ELM) file models were created based on this development. The best
results were obtained as 0.844 kJ/m?2 with a layer thickness of 0.09 mm. At 60 mm/s
printing speed and 30° support angle, the impact energy absorption is 0.803 kJ/m2. The
extinction edge of the highest impact energy is 0.841 kj/m2. The most effective impact
absorption was obtained as 0.827 k]/m2 in the U notch type. In the full infill type, impact
energy absorption is obtained as 0.777 kJ/m2. In DL, man is the programming and tanh is
the activation function. DL, Mean Squared Error (MSE) value was calculated as 0.000923, r2
was calculated as 0.97427. In ELM, the activation function is sigmoidal at the input and
linear at the output.

3D-FDM'de Charpy Darbe Testinin Yapay Zeka ile
Optimizasyonu
0Z

Calismada FDM yontemiyle iiretilen ABS parcalarin darbe enerjisi emilim oranlari

incelenmistir. Charpy darbe testi sonuglari, katman dagilimi, yazdirma hizi, destek agisi, yapi

yoni, centik tipi ve dolgu tip kullanilarak belirlendi. Calismada Box-behnken deneysel

tasarim tasarimi kullanildi. Centik darbe numuneleri 3D yazicida ABS malzemeden {iretildi.

Daha sonra darbe test cihazinda charpy darbe testleri yapildi. Veriler Minitab 21 programi

kullanilarak degerlendirildi. Daha sonra bu sonuglara dayanarak DL ve ELM modelleri

olusturuldu. En iyi sonuglar 0,09 mm katman kalinhiginda 0,844 Kk]J/m?2, 60 mm/s baski

hizinda ve 30° destek agisinda darbe enerjisi emilimi 0,803 kJ/m2 olarak belirlendi. En

. yliksek darbe enerjisinin edge yoniinde 0,841 kj/m?2, U g¢entik tipinde 0,827 kJ/m?, full

Charpy darbe testh, 4 oulu tipinde 0,777 k] /m? olarak elde edildi. DL'de adam optimi Igori h
Konumlandirma, centik tipi, gulu tipinde 0, J/m2 olarak elde edildi. e adam optimizasyon algoritmasi, tan

Derin 63renme, Asir1 dgrenme ise aktivasyon fonksiyonudur. DL, MSE degeri 0,000923, r2 ise 0,97427 olarak hesaplandi.

makineleri ELM'de aktivasyon fonksiyonu giriste sigmoid, ¢ikista ise dogrusaldir.
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1. Introduction

There are malny researchers and studies working on Additive Manufacturing (AM) and Reverse
Engineering (RE) related issues. Three-dimensional (3D) printing has brought some advantages in its
own way. These are design flexibility, high precision and less material usage. FDM and polyjet are
widely used in 3D printing methods. Since the mechanical, and rheological properties of the parts in
additive manufacturing are relatively low, their printing potential is quite weak [1-4].

Pattnaik et al. He evaluated the advantages and disadvantages of the limitations in production sound
in AM. Thus, it has been observed that high costs and long periods of time have been reduced in some
critical sectors [5]. Anwer and his colleagues developed simulations with computer-aided tolerance
systems to model the effects of tolerances [6]. Chiu et al minimized the time required for repeatability
fabrications by optimizing 3D fabrication parameters [7]. Alvarez et al. studied the effect of filler
density on the impact and tensile strength of ABS samples [8]. Martinez-Garcia et al. surveyed the effect
of different AM techniques on the mechanical properties of polymer parts. Some other researchers have
investigated the dimensional and shape changes in Polyjet samples printed by different techniques [9].
In their study, Aroca and colleagues introduced 3D parts with a robot to enable low-cost mass
production [10]. Cheng et al. They conducted a theoretical and experimental study for efficient
optimization of the density of the cellular structure in AM [11].

Harynska et al. With the outstanding printability of Polylactic acid (PLA)/TPS, they investigated the
characterization of self-produced bio-based PLA and TPS tailored for 3D printing technology [12].
Castro et al. They examined the mechanical properties of sandwich panels produced by AM [13].
Andrzejewski et al. investigated that the addition of TPS and PBAT greatly improved impact strength
and elongation [14]. Tanveer et al. They studied the effect of filler density on the impact and tensile
strength of PLA samples [15]. Caminero et al. They examined the effect of layer thickness on impact
performance in nylon samples [16]. According to Feket et al., rubber was used to increase the ductility
of PLA filaments and provide deformability compared to samples prepared using 3DPAR filler [17].
Korga et al. They studied the relationship between the percentage filling of the sample and the
absorbed energy in AM [18]. Hadid et al. P430 investigated the effect of layer-by-layer shot peening on
the low-speed impact properties of ABS parts and demonstrated high toughness and impact strength
[19]. Sood et al. The effect of production parameters such as layer thickness and scanning angle on the
mechanical properties of 3D parts produced by the FDM method was investigated and it was stated
that they had an effect on the strength [20]. Ameri et al. the fracture behavior of 3D printed structures
under dynamic loading conditions was investigated [21]. Hetrick et al. Investigated the effect of AM
fabricated Kevlar fiber reinforced Onyx composites on impact energy absorption [22]. Kontarova et al.
He worked on improving the mechanical and thermal properties of PLA-PHB mixtures [23]. Leon et al.
Charpy tested polycarbonate and nylon+carbon fiber samples. According to the results, they found that
the absorbed energy was higher for PA+CF material [24]. Velarde et al. They found that adding agave
fibers to the filaments improved their crystallinity, impact strength and absorption values [25]. Ning et
al. Tensile strengths of carbon fiber reinforced plastic composite parts produced by FDM method were
examined and the effect of layer thickness on yield and tensile strength was examined [26]. Sa'ude et
al. He investigated the mechanical properties of copper powder added ABS materials produced by FDM
method and revealed that they had a significant positive effect [27]. Also ABS etc. There are other
studies examining mechanical tests using polymer filaments [28”-30]. These were made with different
3D printers and the results regarding mechanical properties were compared [31,32].

In the literature, there are many Deep Artificial Neural Network (ANN) studies involving convolutional
neural networks (CNNs) created in computer vision and image recognition [33], [34] [35]. Ma et al.
trained a deep convolutional neural network based on DeepLab. In their study, they applied a
symmetric overlap-square strategy and a local processing method based on symmetric correction to
increase the accuracy of the results with 3D information [36]. Oborski and Wysocki (2022) examined
the quality control system with DL and revealed that the neural network created for visual quality
control worked with 99.820% accuracy [37]. Lin et al. investigated to achieve high accuracy prediction
performance using one-dimensional convolutional neural network, Fast Fourier Transform Long
Short-Term Memory Network and Fast Fourier Transform-Deep Neural Networks. [38]. Pan et al. They
worked on the accuracy rate of estimating surface roughness with deep learning [39]. Li et al.
introduced a modeling approach to predict the ra (surface roughness) of AM-produced parts. It has
shown that 3D printed components can predict the surface roughness with high accuracy [40].
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Dimitriou et al. they propose a system that automates diagnostics with ANN [41]. Yun et al. (2020)
established a vision-based defect inspection system using defect images obtained from the metal
production line. They stated that the proposed method showed an effective performance [42]. Zhang
et al. presented a data-based prediction model with deep learning in the FDM method and stated that
it performed better than other machine learning techniques [43]. Essien and Giannetti worked on the
model consisting of DL and Deep convolutional LSTM encoder-decoder architecture [44]. Serin et al.
have tried to monitor the team status with the DL method [45]. Wang et al. worked on a DL model for
welding processes [46]. Cardoso et al. They stated that with the Machine Learning approach, useful
results can be produced that will assist in providing appropriate resources, decision-making and
operation of the system [47]. Klein et al. used random forests (RF) machine learning to estimate the
size and surface quality characteristics of holes [48].

ELM was first introduced as a learning scheme for single-layer feedforward networks (SLFNs) and was
stated to be able to estimate nonlinear function through random hidden neurons. In particular, the
parameters of hidden neurons occur randomly and the activation function is a nonlinear continuous
function. ELM was originally designed to solve the supervised learning problem. Later it is used in
regression and classification problems [49-53]. The equation of a single hidden layer and feedforward
neural network with n number of hidden nodes is shown as in Eq 2. The ai and bi in the equation are
the learning parameters. Bi, i. are the weights of the hidden node. G(x) is the activation function [49,50].

f N (x)=)_(i=1)"NB_i,G((a_i,b_i,x),xe R,a_i €R) (D

Looking at the literature, ABS etc. There are also studies examining the mechanical properties of
filaments. In this study, notch impact specimens were produced from ABS material in a 3D printer using
the experimental design box behnken-RSM method in the first stage. Then, charpy tests were carried
out on the AOB impact tester and statistical analyzes of all data obtained were performed in the Minitab
21 program. A model was created with DL and ELM methods through the data obtained in the second
stage.

When the literature is examined, there are studies examining the mechanical properties of ABS etc.
filaments. In the first stage of this study, notch impact specimens were produced from ABS material on
a 3D printer. In the production of these specimens, the Response Surface Methodology (RSM)-Box
behnken method, which is rarely encountered in the literature on the mechanical properties of
filaments, was used as an experimental design. In addition, another important point that stands out
differently from the literature is that Al models were created with DL and ELM methods depending on
the data obtained in the experimental results.

2. Material and Methods

Box-Behnken RSM method, one of the surface response methods, was used in the study. Box-Behnken
presents a data-driven relationship between the independent variable and the response function. In
this context, the model is a first-order model if it shows a predictive result on the response surface as
a linear func. of the independent variables (Equation 2). In case of degree of curvature in the response
surface, it is a second-order model as in Equation 3.

y=PBo+ Bixy +Brx;+ -+ BPi + ¢ (2)
Y= Bo Xty Bi Xy + X0 B X + Xieo Xy Bij XiXj + & (3)

(Table 1) below presents additive manufacturing parameters and levels. The results were analysed in
Minitab 21 software. Sample production according to the parameters was made using the FDM method
on a Zortrax M200 (Figure 1) 3D printer. Charpy impact specimens were fabricated using layer
thickness, print speed, support angle as continuous factors and build orientation, notch type and filler
type as categorical factors (Table 1). Here, the levels of 0.09 mm, 0.14 mm and 0.19 mm were selected
for layer thickness on the 3D printer. For printing speed, 40, 60 and 80 mm/s, for support angle 20, 30
and 40 were selected. These choices were made by considering the literature. In the same way, flat,
edge and upright production build orientation were selected for build orientation (Fig. 2a). The notch
type, which is another important parameter of the study, was selected as U, V and Kh (Figure 2b), and
full and mesh methods were selected for the fill type. ABS was used as the filament material. Charpy
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impact test specimens (Figure 2) were produced in conformity with ASTM 6110 standard. Charpy
impact energy were performed 1] on the AOB impact test device (Figure 3a) and the test sample and
post-test sample status are given (Figure 3b).

Table 1. Box-behnken parametres and levels
Level values

Continuous Factors

Low High

Layer thickness (mm) 0,09 0,19
Print speed (mm/s) 40 80
Support angle (°) 20 40

. Level values
Categorical Factors

1. 2. 3.
Build Orientation Flat Edge Upright
Notch type 1% U Kh
Infill type Full Mesh

After obtaining the experimental data, artificial intelligence based DL and ELM models were tried to be
created. recommended prediction model was created with ELM and DL for the Charpy impact test data.
Artificial intelligence based analyses of the results were realised in Anaconda-Python 3.9.

Figure 1. 3D printer in the study
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Figure 2. Charpy impact test specimens a) build orientations b) notch type
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Figure 3. a) Charpy impact test device in the study and b) samples

3. Results and Discussion
3.1 Response surface method (RSM)

This study, which was measured with the RSM method, the Box behnken method was used as the design
of experiment (DOE). In accordance with this experimental design, notch impact samples were
produced on the 3D printer. Charpy tests were performed on a Shimadzu brand impact tester and all
the data obtained were processed (Table 2). The data achieved after the charpy test were analyzed in
Minitab-21 software. Box-benhken analysis and Analysis of Variance (ANOVA) test were performed
here. Additionally, figures and graphs were drawn to explain this study more effectively.

Table 2. Box-behnken design and results

Layer

Run Pt Blocks thickness Print speed Support Build Notch  Infill Data
Order Type (mm) (mm/s) angle (°) orientation type type (kj/m?2)
1 2 1 0,19 80 30 Edge s Mesh 0,539
2 2 1 0,14 40 20 Upright Kh Mesh 0,451
3 2 1 0,09 60 40 Edge Kh Full 0,951
4 2 1 0,14 40 20 Edge v Full 0,660
5 2 1 0,09 60 20 Edge v Mesh 0724
6 2 1 0,09 80 30 Edge \' Mesh 0,736
7 2 1 0,19 60 40 Upright U Mesh 0636
264 2 1 0,19 60 20 Flat ] Mesh 0,657
265 2 1 0,09 60 20 Edge Kh Full 0,973
266 2 1 0,14 80 40 Upright Kh Full 0,517
267 2 1 0,09 40 30 Edge U Mesh 1,081
268 2 1 0,14 80 40 Upright U Full 0,622
269 2 1 0,14 40 40 Flat U Mesh 0,726
270 2 1 0,09 80 30 Edge Kh Full 0,984

The effects of continuous and categorical parameters on the charpy impact test are demonstrate in
(Figures 4&5). The impact strength data is inversely proportional to the layers thickness. It was
concluded that the main reason behind this is that the smaller the diameter of the filament at the nozzle
exit, the stronger the adhesion will be, as the surface area of adhesion to the previous layers will
increase. Also, a thinner filament will create a tighter texture. In terms of charpy impact energy
absorption, the high-odrer value charpy impact energy absorption was achieved with a layer thickness
of 0.09 mm. In terms of layer thickness, the lowest impact energy absorption values were obtained at
alayer thickness of 0.19 mm. The highest impact energy value absorption was obtained as 0.844 kj/m2
at 0.09 mm layer thickness. The results regarding the layer thickness are compatible with the searches
in the literature [32,54,55].

When the effects of print speed on the charpy impact test data were commented and seen that most
noteworthy results was at the median value of 60 mm/s. It was concluded that the main reason behind
this is that the slow and fast writing process affects the adhesion and therefore the impact test value
due to the cooling of the surface. The maximal charpy impact energy absorption was obtained as 0.803
kj/m2 at 60 mm/s printing speed. The results regarding the layer thickness are compatible with the
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searches in the literature [54,55].

When the support angle values were commented and seen that the best outcomes were achieved at 30°
degrees. The difference between the support angle of 20° and 40° with the filament reveals the fact that
the adhesion decreases. The highest charpy impact energy absorption was obtained as 0.803 kj/m2 at
60 mm/s printing speed.

The energy absorbed by the specimens

Layer thickne Print speed Support angle

0,85

0,80

Energy absorbed
=
=1
h

=
)
=

0,65

0,60

0,00 0,14 0,19 40 60 30 20 30 40

Figure 4. Main effects plot for continious parameters

When the effect of categorical parameters is examined in Fig. 5, it gave extremely good results on
the edge charpy impact test data from the build orientation values. Here, when the build orientation
is considered together with the notch type, the edge gave good results because it is the surface that
meets the impact load. Flat positioning followed this. Upright, where the samples were produced
vertically, gave the weakest impact values due to both the oscillations during production and the
elevation on a low cross-sectional area. The maximal charpy impact energy absorption was obtained
as 0.841 kj/m? at edge position. The results regarding the build orientation are compatible with the
searches in the literature [22,29,56].

When notch type was examined, the highest charpy impact values were obtained in U type samples.
This result can be explained as U-section absorbs the impact force by spreading it over a wide
surface. The keyhole cutout also gave relatively good results. Again, the section where the impact
force is distributed has gained importance here as well. The highest impact energy absorption was
obtained as 0.827 kj/m? at U notch type. The results regarding the layer thickness are compatible
with the searches in the literature [18].

When the filling type is examined, as expected, the full filling type revealed the best results compared
to the mesh filling type. The highest impact energy absorption was obtained as 0.777 kj/m? at full
infill type. The results regarding the layer thickness are compatible with the searches in the
literature [18,22].
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The energy absorbed by the specimens

Build orientation Notch type Infill type

Energy absorbed

0,60
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Figure 5. Main effects plot for categorical parameters

The r2 value of the model emerging with the Box-behnken method is 0.9529. However, the estimated
and adjusted r? values were revealed as 0.9454 and 0.9377. These numerical results demonstrated that
there is a statistical highly remarkable fit in the box behnken model (Table 3).

Table 3. Model R results
S R:sq R:sq(adj) R:sq(pred)
0,0453935 95,29% 94,54% 93,77%

ANOVA after charpy test is presented in (Table 4). The F result of the model obtained in ANOVA was
126.81 and a remarkable effect rate of 95.29% was obtained. In addition, with p values of the model
being <0.05, it was unveiled that the model was statistically significant in terms of both linear and
square values, with all continuous and categorical variables. According to ANOVA, the most effective
parameters on the charpy results were build direction (24.69%) and notch type (17.81%).

Table 4. ANOVA for Process Parameters

Source DF Adj:SS Adj:MS F:Value P:Value Contribution
Model. 37 9,6682 0,26130 126,81 0,000 95,29%
Linear. 8 6,9118 0,86398 419,29 0,000 68,12%
Layer thickness 1 1,3926 1,39260 675,83 0,000 13,73%
Print speed 1 0,3111 0,31109 150,97 0,000 3,07%
Support angle 1 0,2878 0,28783 139,69 0,000 2,84%
Build orientation 2 2,5055 1,25277 607,97 0,000 24,69%
Notch type 2 1,8066 0,90331 438,38 0,000 17,81%
Infill type 1 0,6081 0,60814 295,13 0,000 5,99%
Square 3 2,7054 0,90179 437,64 0,000 26,66%
Layer thickness*Layer thickness 1 0,0100 0,00995 4,83 0,029 0,73%
Print speed*Print speed 1 1,4164 1,41642 687,39 0,000 11,96%
Support angle*Support angle 1 1,4178 1,41777 688,05 0,000 13,97%
2-Way Interaction 26 0,0510 0,00196 0,95 0,536 0,50%
Layer thickness* Print speed 1 0,0003 0,00028 0,14 0,713 0,00%
Layer thickness* Support angle 1 0,0023 0,00235 1,14 0,287 0,02%
Layer thickness* Build orientation 2 0,0019 0,00096 0,46 0,629 0,02%
Layer thickness* Notch type 2 0,0009 0,00044 0,21 0,807 0,01%
Layer thickness*Infill type 1 0,0000 0,00000 0,00 0,975 0,00%
Print speed*Support angle 1 0,0046 0,00462 2,24 0,135 0,05%
Print speed*Build orientation 2 0,0061 0,00307 1,49 0,227 0,06%
Print speed*Notch type 2 0,0118 0,00590 2,86 0,059 0,12%
Print speed*Infill type 1 0,0024 0,00236 1,15 0,286 0,02%
Support angle*Build orientation 2 0,0034 0,00169 0,82 0,441 0,03%
Support angle*Notch type 2 0,0004 0,00020 0,10 0,907 0,00%
Support angle*Infill type 1 0,0006 0,00059 0,29 0,592 0,01%
Build orientation*Notch type 4 0,0012 0,00030 0,15 0,965 0,01%
Build orientation*Infill type 2 0,0133 0,00667 3,24 0,041 0,13%
Notch type*Infill type 2 0,0017 0,00086 0,42 0,659 0,02%
Error 232 0,4781 0,00206 4,71%
Lack-of-Fit 196 0,3451 0,00176 0,48 0,999 3,40%
Pure Error 36 0,1329 0,00369 1,31%
Total 269 10,1462 100,00%
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3.2 Optimization with artificial intelligence (Al)

Using these experimental data, ELM and DL prediction models were created. Before starting the
analysis, dependent variables were not normalized, but independent variables were normalized in
the [0,1] range. Normalization was applied to the data in both methods (DL and ELM). Sigmoid was
applied as activation function in ELM. In ELM, the number hidden layer is set as 1. Eight different
values were set for the number of neurons in the hidden layers (Table 5). 90% of the data was utilised
for training the models and the of those who remain 10% was reserved for testing (Table 5). In DL,
adam and rmsprop were applied as optimization algorithms, tanh, sigmoid and relu were applied as
activation functions. In DL, the number of hidden layer is 3 and the number neurons in each hidden
layer is 6 and 12. In DL, as in ELM, 90% of the data was utilised for training the models and the of
those who remain 10% was reserved for testing. Epochs was set to 1000 (Table 5).

Table 5. DL and ELM parameters

Al Parameters DL Basic ELM P/ELM OP/ELM
Optimization Adam and B B )
Algorithms Rmsprop

nglnoﬁlzatlon Min/Max Scaling Min/Max Scaling Min/Max Scaling Min/Max Scaling
Activation Function Relu, tanh, siemoid siemoid siemoid
for Input Layer sigmoid g g 8
Activation Function - linear linear linear
for Output Layer

Input Layer Neurons 6 6 6 6

Output Layer 1 6 6 6
Neurons

Hidden Layers 3 1 1 1
Hidden-1 Layer 6;12 6;12;18;24 30;60;90;120 30;60;90;120
Neurons

Hidden-2 Layer 6:12 B B )
Neurons

Hidden-3 Layer 6:12 ) ) )
Neurons

DL Learning Rate 0,001

Batch Size 16

Training data size 0,9 0,9 0,9 0,9

Test data size 0,1 0,1 0,1 0,1
Epochs for DL 1000 - - -

In this Al analysis, 96 trial runs were performed with DL parameters and 45 trial runs were
performed with ELM parameters. The architectures of the Al (DL and ELM) models proposed as a
result of these runs are presented in (Figures 6&7).

The max. dynamic results of DL were determined by the mean square error. Here, the best results
were obtained under the following conditions. Adam as the optimization algorithm, tanh as the
activation function, the number of hidden layers 3 and the number of neurons 6, 6 and 6. The
architectural design of the DL model is shown in (Figure 6).
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Figure 6. DL architecture of this study

The ELM model used in the research is demonstrated in (Figure 7). In ELM, the activation function is
sigmoid at the input layer and linear at the output. In ELM, the best MSE results were obtained with
180 neurons in the hidden layer Optimally Pruned Extreme Learning Machine (OP-ELM).
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Figure 7. ELM architecture of this study

In this study, prediction models for ELM and DL were created using the Charpy test. The optimal MSE
value in ELM was calculated as 0.00173 and r squared value as 0.96178. These results were obtained
by using OP-ELM as the optimization algorithm and sigmoid as the activation function. The best MSE
value in DL was calculated as 0.000923, and the r? as 0.974274. These results were obtained using
adam as the optimization algorithm and tanh as the activation function. Some of the other activation
functions were also tried in ELM. However, since remarkable results are usually obtained in the
sigmoid function, the results of other activation functions were not taken into account. Therefore,
sigmoid was included in all ELM trials. All results are demonstrated in (Table 6).

For the models presented in this study, it is demonstrated that both DL and ELM give very successful
prediction results as efficient optimization, although DL results are relatively better. The proper choice
of model for further research and analyses will vary depending on the data set and print parameters.

Depending on the results obtained, it has revealed that that different artificial intelligence optimization
practice can be applied in optimizing the outputs obtained with different parameters. More importance,
it has become clear that Al-based optimizations give remarkable predictions as all the results obtained
in additive manufacturing.
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Table 6. Result of DL and ELM

Method 0;1:::-:2::;“ 1?1‘::::; Activation function =~ MSE Training  MSE Test r2
Reluy, Relu, Relu 0,014889 0,008906 0,78231
(6,6,6) Sigm., Sigm., Sigm. 0.018986 0.014021 0.609101
tanh, tanh, tanh 0.001104 0.000923 0.974274
Reluy, Relu, Relu 0,001835 0,004677 0,88568
(6,12,12) Sigm., Sigm., Sigm. 0.01895 0.013402 0.626372
tanh, tanh, tanh 0.001177 0.001948 0.945683
Adam Reluy, Reluy, Relu 0,00273 0,006389 0,84384
(12,6,6) Sigm., Sigm., Sigm. 0.015924 0.012803 0.643054
tanh, tanh, tanh 0.00096 0.001744 0.951383
Relu, Relu, Relu 0,001431 0,005228 0,87221
(12,12,12)  Sigm,, Sigm., Sigm. 0.017581 0.012305 0.656941
Deep tanh, tanh, tanh 0,000768 0,001786 0,95020
Learning Reluy, Reluy, Relu 0,009848 0,011644 0,7154
(6,6,6) Sigm., Sigm., Sigm. 0.018496 0.014314 0.60093
tanh, tanh, tanh 0.003434 0.003451 0.903795
- Reluy, Relu, Relu 0,008579 0,010829 0,73532
_E (6,12,12) Sigm., Sigm., Sigm. 0.01887 0.014302 0.601273
2 tanh, tanh, tanh 0.002399 0.00294 0.918035
8 RmsProp
= Reluy, Relu, Relu 0,002074 0,003994 0,90237
2 (12,6,6) Sigm., Sigm., Sigm. 0.017955 0.012302 0.657039
_‘E tanh, tanh, tanh 0.001972 0.002593 0.927714
c Reluy, Relu, Relu 0,002517 0,010966 0,73196
(12,12,12)  Sigm,, Sigm., Sigm. 0.019488 0.01361 0.620579
tanh, tanh, tanh 0,003791 0,004205 0,88277
6 0.014242 0.012677 0.646567
12 0.012794 0.012072 0.663446
Basic ELM 18 Sigmoid 0.007343 0.003898 0.891334
24 0.009754 0.010598 0.704544
48 0.001341 0.002177 0.94304
30 0.006035 0.007112 0.801723
Extreme 60 0.001037 0.002518 0.929812
Learning P-ELM 90 Sigmoid 0.001004 0.002458 0.94548
Machines 120 0.001161 0.003248  0.909447
180 0.002334 0.003001 0.916346
30 0.006506 0.00452 0.873975
60 0.001254 0.002273 0.936618
OP-ELM 90 Sigmoid 0.000908 0.004553 0.873054
120 0.000539 0.002201 0.938638
180 0.000563 0.00173 0.96178

Comparisons of the predicted values achieved in the ELM and DL models with the values achieved
in the experiments are displayed in (Figures 8&9). In the graphs, Red-dashed line demonstrate the
predicted data of the best model, and black-solid line demonstrate the actual data. When figures are
analyzed in detail, the data of the proposed models revealed results very close to the original data.

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 21



Gazi Muhendislik Bilimleri Dergisi: 10(1), 2024

] 5 10 15 20 25

Figure 8. DL's original data vs. model output comparison chart in terms of best test MSE Value

12— — VoSt
H st

Figure 9. OP-ELM's original data vs. model output comparison chart in terms of best test MSE Value

4. Conclusion

In the study, charpy impact tests were investigated out to determine the energy absorption of the
specimens produced by the 3D-FDM method. In this study, notch impact specimens were produced
from ABS material in a 3D printer using the experimental design box behnken RSM method in the first
stage. Then, charpy tests were performed on the AOB brand impact tester and all the data achieved
were analyzed in the Minitab-21 software program. In the context of these conclusions achieved in the
next stage, a model is presented with DL and ELM methods from these data. All the conclusions of the
research are as follows;

e Charpy impact test data decreased with the increase in layer thickness values. A thinner filament is
expected to produce a tighter texture. Among all experiments, the maximal charpy impact energy
absorption was obtained as 0.844 kj/m? at a layer thickness of 0.09 mm.

« The effects of printing speed on the charpy impact test data were analysed and It has been seen that
the best impressive result was obtained at 60 mm/s. It is thought that the slow and fast printing process
affects the adhesion and thus the impact test value due to the cooling of the surface. The maximal
charpy impact energy absorption was obtained as 0.803 kj/m? at 60 mm/s printing speed.

¢ Support angle values were analysed and the optimal results were achieved at 30°. The maximal
charpy energy absorption was obtained as 0.803 kj/m? at 30° support angle.

« Build orientation values showed extremely effective results on edge charpy impact test data. When
the build orientation is considered together with the notch type, the good results of the edge can be
explained more because it is the surface that meets the impact load. The maximal charpy impact energy
absorption was obtained as 0.841 kj/m? at edge position.

¢ When Notch type was examined, the highest charpy values were obtained in U type samples. The
keyhole cut out also gave relatively good results. The maximal charpy impact energy absorption was

obtained as 0.827 kj/m? at U notch type.

« As the filling type, the full filling type showed the best results compared to the mesh filling type. The
maximal charpy impact energy absorption was obtained as 0.777 kj/m? at full infill type.

e In DL, adam was applied as the optimization algorithm and tanh as the activation func. The number
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of hidden layer in the runs that gave good results in the analysis was 3. 10% of the data was used for
testing. DL, MSE value was calculated as 0.000923 and r square value as 0.97427.

« The activation func. utilized in ELM is sigmoid for input and linear for output. In ELM, the best (MSE)
results were obtained with 180 neurons in the hidden layer (OP-ELM). In ELM, the best MSE result was
calculated as 0.00173 and r? value as 0.96178. The results showed that the OP-ELM optimization
algorithm resulted in an effective ELM model when the activation function was in the sigmoid.

« For the models put forward this study, although the DL results are relatively better, it shows that both
DL and ELM give very successful prediction results as the effective optimization. It is concluded that
different artificial intelligence methods can be applied to optimize the outputs obtained with different
parameters in each case.
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ABSTRACT

In the current landscape, product prices exhibit significant variations across diverse e-
commerce platforms. Numerous price comparison websites have emerged to aid users in
finding their desired products at the best prices. However, these systems face challenges
such as irrelevant search results, outdated product prices, and accuracy issues. This study
seeks to address these challenges by developing a user-friendly system. Our system
comprises two components. JSoup is employed for data collection, while TF-IDF, SVD, and
Cosine Similarity are integrated for product offerings. The proposed platform gathers data
from reputable retailers, analyzes it to extract product information, and presents the
findings to consumers. We evaluated the system's performance using real data obtained
from various marketplaces. The results demonstrate that our system achieved an
acceptable accuracy rate when compared to similar industrial solutions and relevant
literature. Consequently, users are empowered to make more informed purchasing
decisions, leveraging the capabilities provided by the proposed system.

Fiyat Karsilastirma Sistemi Girisimi

07/

Mevcut ortamda, irin fiyatlar1 cesitli e-ticaret platformlarinda o6nemli farkliliklar
gostermektedir. Kullanicilarin istedikleri iiriinleri en iyi fiyatlarla bulmalarina yardimci
olmak i¢in ¢ok sayida fiyat karsilastirma web sitesi ortaya ¢ikmistir. Ancak bu sistemler
alakasiz arama sonuglari, giincel olmayan iriin fiyatlar1 ve dogruluk sorunlar gibi
zorluklarla karsi karsiyadir. Bu ¢alisma, kullanici dostu bir sistem gelistirerek bu
zorluklarin iistesinden gelmeyi amacglamaktadir. Sistemimiz iki bilesenden olugsmaktadir.
Veri toplama i¢in JSoup kullanilirken, trin teklifleri icin TF-IDF, SVD ve Kosiniis benzerligi
entegre edilmistir. Onerilen platform, saygin perakendecilerden veri toplamakta, iiriin
bilgilerini ¢ikarmak icin analiz etmekte ve bulgular tiiketicilere sunmaktadir. Sistemin
performansini cesitli pazar yerlerinden elde edilen gercek verileri kullanarak
degerlendirdik. Sonuglar, sistemimizin benzer endiistriyel ¢6ziimler ve ilgili literatiirle
karsilastirildiginda kabul edilebilir bir dogruluk oranina ulastigini géstermektedir. Sonug
olarak, kullanicilar dnerilen sistem tarafindan saglanan yeteneklerden yararlanarak daha
bilingli satin alma kararlar1 verme konusunda gii¢lendirilmistir.
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1. Introduction

When it comes to buying products from e-commerce websites, it can be a troublesome for customers
to find the cheapest product across various markets. In recent years, many Price Comparison Websites
(PCW) have appeared to make this task easier. In Tiirkiye, there are a few examples of PCW: while
Akakce [1] and Cimri [2] compare e-commerce products, Trivago [3] offers the cheapest hotel prices
worldwide. Both Akakce and Cimri provide various recommendation options, including unit price
sorting, trends and top-rated offerings, to ensure customer satisfaction.

In order to PCW to provide such services, they need to gather up-to-date product data from several
sources. The accuracy of product data, covering stock availability, the precision of price information,
and exact matching of requested products, is of utmost importance. Additionally, the website's search
mechanism holds a major role in its successful operation. Furthermore, tracking the price trends of
products over time, allowing users to observe price changes across months, enhances the user
experience.

The prominent tools such as web scrappers and web crawlers are used to gather current product
information as raw data. In prior studies, diverse approaches have been employed both for web
scraping and product matching. For web scraping, researchers such as Nagaraj et al., Shah et al,, and
Asawa et al. utilized the effective web scraping library BeautifulSoup4 [4-6]. Alternatively, Alam et al.
employed the Python library Scrapy [7].

Table 1. Popular Scraper/Crawler Libraries

Library Programming Type Strengths Weaknesses
Language

+ Full featured web crawling
library. - limited capability with

Scrapy Python Crawler + Has detailed crawling abilities Javascript (JS)
like spiders and link extractors.
+ Comprehensive web crawling
framework - Setting up an Apache Nutch
+ Has its own data structure project is complicated when
Apache Nutch  Java Crawler called Apache Hadoop. compared with other Java
+ Can work with additional crawlers.
related Apache libraries.
- Required additional
Crawler4] Java Crawler * Has some of the crawling developer written code in
methods demand.
- Not up to date.
+ ]S based scraper so easily can - focuses on JS only
Puppeteer Node.js Scraper be implemented in JS projects if - there are unofficial ports
there’s no backend. for Python and PHP
+ A simple parser for PHP
. projects. - slow when working with
Simple HTML : . .
DOM PHP Scraper + quick and easy manipulation oflarge documents or many
HTML elements on small amountelements
of element

+ HTML/XML Parser library for

Python with additional scraping
Beautiful Soup Python Scraper features.

+ Has its own data structure to

manipulate scraped data.

+ A simple HTML parser for Java

- It doesn’t have any crawling
ability.

projects.
Jaunt/Jauntium Java Scraper + Jauntium version can handle - No crawling features.
pages with Javascript using - Not up to date.
Selenium (actually it is same but
built in).
- Less selector support
+ Has detailed parsing abilities. compared to other scraper
Jsoup Java Scraper It uses Document Object Model libraries.
(DOM). - [t doesn’t have any crawling
abilities.
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Prasetyo opted for the Java library Jaunt for the scraping process and utilized the collected data in a K-
means algorithm with varying cluster numbers. Notably, the use of ten clusters yielded superior results
compared to five clusters [8]. Wang et al. harnessed Jsoup to collect web data, subsequently applying
Pearson correlation to the scraped data, although, yielding a weak correlation [9]. In later works,
Harikirshnan et al. studied Support Vector Machine (SVM) and compared their performance against
Decision Trees and Random Forest algorithms [10]. Additionally, some studies explored alternative
data delivery methods for web scraping and product similarity discovery, as demonstrated by Julian et
al. [11]. Table 1 includes a comprehensive comparison of the common web scraping and crawler
approaches. After analyzing the pros and cons, we conclude that the JSoup is most suitable Scraper
library to integrate into our system when we consider the target market and amount of retrieved data.

Existing PCWs, exhibit shortcomings in providing accurate product information to users. Our testing
revealed instances where the products offered by the seller market were either unavailable in source
PCW or substantially differed from the user's expectations. Furthermore, when a user searches for a
certain product, PCWs might list the wrong item, an item with a different price from the original market,
or they might list sold-out products, as shown in Figure 1. Therefore, for PCW, there are certain open
challenges namely irrelevant search results, outdated product prices, and accuracy issues that should
be addressed in future work.
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Figure 1. Issue for current PCWs in tested December 2023

The main goal of this study is to address the prevalent deficiencies observed in existing platforms.
These deficiencies encompass inaccurate product availability listings, substantial discrepancies
between listed and actual products, and the presentation of unreliable trend prices, all which
compromise user confidence and satisfaction. In particular, we aim to develop a user-friendly price
comparison system that provides accurate product information, an in-depth product trend analysis
and ensures user satisfaction through the provision of precise product offerings.
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2. Methods

In the design of the proposed system, there are two phases: Data Collection and Product Offering. Data
collection process is handled by Java Spring backend. Meanwhile, the product offering is achieved by
using Term Frequency - Inverse Document Frequency (TF-IDF), Singular Value Decomposition (SVD),
and cosine similarity. The overall structure of the system from scraping process to product offering
level is presented in the following subsections.

2.1. Data Collection

We used Jsoup to scrape products from three popular e-commerce websites: Trendyol
(www.trendyol.com), A101 (www.a101.com.tr) and Migros (www.migros.com.tr). The pseudo code of
our scraping service is stated in algorithm 1.

JSoup is used to index the categories and subcategories of each market. After the indexing process is
completed, scraping is applied to extract products from subcategory pages. Each market has its own
CSS selectors for product cards, which is why the scraper code is implemented individually for each
market.

Since Migros and Trendyol heavily utilize JavaScript on their websites, JSoup was insufficient for
scraping product information from the pages that had been crawled because such markets load price
information by using frontend programming, which makes it hard to get price data from the website
without running JavaScript code before the scrapping process. JSoup does not have a built-in web
driver to run ]S code. In that scenario, Selenium was used to execute JavaScript code on the page
sources, and JSoup was employed to retrieve the page content afterward.

Algorithm 1: Web Scraping Pseudo Code

1 for each market in markets do

2 for each category in market.categories do

3 for each sub-category in category.subCategories do

4 page <- JSoup.connect(market)

5 products <- page.select(market.productCardCssSelectror)

6 for each product in sub-category.products do

7 new Product();

8 Product.setProductName(product.select(marketSpecificNameSelector));
9 Product.setProductLink(product. select(marketSpecificLinkSelector));
10 Product.setProductPrice(product. select(marketSpecificPriceSelector));
11 Product.setProductlmage(product. select(marketSpecificlmgSelector));
12 Product.setSubCategory(sub-category);

13 Product.setTimestamp(currentTimestamp);

14 Product.save(Products);

15 end for

16 end for

17 end for

18 end for

The Data Access Layer utilizes Java Persistence API (JPA) to efficiently store product information within
the PostgreSQL database. This integration ensures effective data management and retrieval. Figure 2
is the database diagram that provides a visual representation of the project’s data structure, illustrating
the relationships and organization of the stored information.
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Figure. 2 ER Diagram of proposed system
2.2. Product Offering

The offering phase initiates with a product request submitted by the user. The requested product ID is
subsequently forwarded to the Python backend, which in turn retrieves the top 10 similar items
associated with the requested product.

Algorithm 2: Recommendation Pseudo Code

TFIDF = fit(product_data_with_features)

svd= SVD.fit(TFIDF,10)

similarities = cosine_similarity(svd)

sorted = sort(similarities)

for i, product in enumerate(products):
similarProducts = GetTopSimilarindices(sorted, 20)
top10[product] = similarProducts

return top10

NN WN =

The product offering described in Algorithm 2, utilizes, TF-IDF and SVD [12]. TF-IDF is employed to
convert product information, including product names, prices, and categories, into numerical
representations. The obtained numerical representations are then used to calculate similarities and
identify the top 10 most similar products in the database by SVD and cosine similarity [13].

To compute similarities, the Cosine Similarity Metric [14] is favored for its proven effectiveness in
handling high-dimensional textual data. Its inherent capability to evaluate similarities while adjusting
for variations in scale within product descriptions establishes it as an efficient measure for product
matching tasks. The proficiency of this metric in identifying similarities based on orientation rather
than magnitude in numerical representations aligns seamlessly with the diverse nature of product
attributes.
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Figure 3. Product offering process using TF-IDF and SVD

An example of this process is illustrated in Figure 3 with real data. To retrieve best match, TF - IDF
calculates numerical metrics for “Pinar Yarim Yagh 1 Lt Siit” milk, then SVD weights the most important
part of the product and cosine finds the similarities between the grabbed products within the system.
We prefer only 10 matches to test. It is worth noting that increasing the pool size may lead to improved
results in specific cases. However, in general, it can result in irrelevant product offerings due to the

variations of product description.

2.3. System Architecture

The architecture is illustrated in Figure 4. The proposed system incorporates two distinct backend
systems. In the initial step, Java is responsible for gathering product data from various markets and
storing this data in the database. This process iterates until all market data has been collected, ensuring

the continuous updating of product information.

- T
PostgreSQL
API
I—
SAL Query
Product Offering

Figure. 4 Proposed system architecture

Meanwhile, users engage with the front end to search for a product. In the second step, products
retrieved by the backend are presented to the user. In the third step, the selected product's identifier

is transmitted to Python via a Java API.

(TF-IDF + Cos)

AP
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Python, in the fourth step, Python is used to develop our data offering algorithm to recommend
products that are similar to the previously selected item. The identifiers of these generated products
are returned to Java. Subsequently, in the fifth step, the product information for these similar products
is gathered and then relayed to the frontend. So, a user finds intended products list.

The front-end portal showcased in Figure 5 represents the result of the user search. Our system offers
users access to both price trends and the identification of the most cost-effective products available.

Price Change Graph

165
160
155
150
145
140

135

July August  September  October  November  December

Figure 5. User interface

3. Results and Discussion

The proposed system was evaluated through a comparative performance analysis with two of
Tirkiye's most popular PCWs, namely Akakce and Cimri. For testing purposes, we selected Amazon's
top-selling products list from September 18th to September 24th and conducted individual product
searches on each of the websites.

For our evaluation, distinct performance metrics were measured to gauge the effectiveness of our
system compared to Akakce and Cimri. These metrics encompassed several key aspects:
o the "first place match," denoting when a product recommended by the platform appeared as
the primary suggestion;
e "match," indicating any instance of product alignment across search result pages;
e "outdated product,” evaluating discrepancies in product information such as stock availability
or pricing accuracy; and
e "missing product,” signifying products untraceable on the platform.

Figure 6 illustrates that the product matching algorithms employed by both Akak¢e and Cimri yield
very close matching ratios, in contrast to our system. This outcome was derived from human testing,
involving the manual search for selected products on each comparison website. While Akakge exhibits
the highest first-place product matching rate, exceeding 75 percent, all systems maintain a nearly 90
percent matching rate.
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Figure 6. Matching Rates

Table 2 has success rates of previous studies. Those rates stand for the system’s overall performance.
Success rate in this study is the match rate of the searched products.

Table 2. Success rate comparison of previous studies

Author Success Rate (%)
Ketki Gupte et al. [10] 68.34
Vincentius Riandaru Prasetyo [5] 73.80
Evan Shieh et al. [12] 83.00
Zhixiang Lin etal. [11] 90.12
Harikirshnan K. Et al. [7] 93.00
Proposed approach 84.00

Upon examining the timeliness and accuracy of product data from previously matched products (as
shown in Figure 7), our system consistently provides the most recent and accurate product
information, minimizing false directives. However, we should note that our system has data from only
three markets while others have over ten suppliers.
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Figure 7. Data Accuracy

To address mismatched products, we further investigated whether these items were included in the
respective comparison websites or were absent from their databases. Figure 8 reveals that 17.5

percent of the mismatched items in Cimri were present in their system but remained undiscoverable
by users.
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o %]

o n
1 1
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1
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2.5 1
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T
akakce cimri proposed approach
Price Comparison Websites

Figure 8. Outdated Data Results

Finally, Figure 9 presents an assessment of the system's efficiency which is calculated by comparing
the price shown on PCW and on the actual website of the market, specifically its ability to identify the

most cost-effective products. As depicted, our system's performance falls between that of Akakce and
Cimri.
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Figure 9. Cheapest Product Rate

While the results affirm the competitiveness of the proposed approach against its counterparts, further
research may lead to clarify its strengths and identify areas for enhancement. The initial objective
entails an expanded product database and market inclusion, prioritizing user-centric objectives. This
strategic expansion aims to ensure a comprehensive product availability, thereby enhancing the overall
user experience within the PCW. Another crucial facet of future works involves augmenting the product
matching algorithms. The envisaged increase in market diversity, and subsequently in product volume,
may poses a challenge to the current SVD modelling. As a response, alternative algorithms, such as
Random Forest, will be explored to ascertain their viability and comparative performance against the
existing models.

4. Conclusion

This study introduced an alternative price comparison system. Our proposed system consists of two
main components, data collection and product offering. The former deploys Jsoup scraper library and
the later integrates TF - IDF, SVD, and cosine similarity. The proposed system was evaluated, and its
performance compared with existing academic research and industrial PCWs. When it is compared
with literature, the success rate reached 84% percentage which is reasonable. Furthermore, our system
achieved acceptable efficiency and accurate product offering compared to Akak¢e and Cimri.

While our system demonstrates promising results in delivering current and accurate product
information, it indicates opportunities for enhancing its performance from different aspects. Future
research endeavors aim to verify the system's strengths by diversifying the market, including more
products, and exploring alternative matching algorithms, such as Random Forest. These strategies will
be pivotal in enhancing the system's competitiveness and user-centric functionality within the price
comparison landscape.
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ABSTRACT

Effective and efficient energy consumption, environmental sensitivities, climate change, and
global warming are significant issues that the world is currently focusing on. Industrial
refrigerators are the devices that have significant effects under the mentioned headings.
Environmental sensitivities should be valued when improving innovative designs for effective and
efficient energy consumption in industrial refrigerators. Moreover, with both international and
national regulations recently, designs to be made at this point have become an obligation rather
than a necessity. This study aims to use energy effectively and efficiently, creating an energy
efficiency factor in industrial refrigerators; various aspects, such as components, insulation,
refrigerant, control technique, ambient conditions, cooling cycle, and airflow were studied from
different perspectives and grouped, and the outputs obtained as a result of the studies were
compiled. The grouped and compiled outputs were presented title-based and optimum solutions
in terms of energy efficiency were discussed. The presented outputs will be used as effective design
inputs in the studies carried out by researchers and product manufacturers, thus, as a result of
innovative studies that create energy efficiency, designs with substantial environmental
sensitivity, especially carbon emissions, will emerge. In addition, it thought that innovative and
efficient designs would make direct and indirect contributions to the economy.

Endiistriyel Sogutucularda Enerji Verimliligini

Arttirmaya Yonelik Cesitli Yontemler

0z

Enerjinin etkin ve verimli kullanilmasi, ¢evresel hassasiyetler, iklim degisimi ve kiiresel 1sinma
gilincel olarak tiim diinyanin tizerinde durdugu 6nemli bagliklardir. Endiistriyel sogutucular da
bahsedilen basliklar i¢inde 6nemli etkilere sahip cihazlardir. Endistriyel sogutucularda enerjinin
etkin ve verimli kullanimina iligkin yenilik¢i tasarimlar gelistirirken gevresel hassasiyetler de goz
ard1 edilmemelidir. Ayrica, son zamanlarda gerek uluslararas: gerekse de ulusal diizenlemelerle
bu noktada yapilacak tasarimlar gereklilikten ziyade bir zorunluluk haline gelmistir. Enerjinin
etkin ve verimli kullanilmasini amag edinen bu ¢alismada, endiistriyel sogutucularda enerji
verimliligi unsuru yaratan; komponentler, yalitim, sogutucu akiskan, kontrol teknigi, ortam
sartlarl, sogutma c¢evrimi ve hava akigt bazli farkli perspektifteki caligmalar incelenerek
gruplandirilmis ve ¢aligmalar sonucunda ortaya konulan ¢iktilar derlenmistir. Gruplandirilan ve
derlenen ¢iktilar baglik temelli sunularak enerji verimliligi agisindan optimum ¢oziimler
tartistlmistir. Sunulan ¢iktilar, aragtirmaci ve iiriin iireticilerinin gergeklestirecekleri caliymalarda
etkin tasarim girdileri olarak kullanilacak boylelikle enerji verimliligi yaratan yenilikgi
¢alismalarin sonucunda da karbon salinimi bagta olmak {izere ¢evresel hassasiyeti giigli
tasarimlar ortaya ¢ikacaktir. Ayrica yenilik¢i ve verimli olarak gelistirilen tasarimlarin ekonomiye
de dogrudan ve dolayli katkilar verecegi diigiiniilmektedir.
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1. G1r1§ (Introduction)

Diinya’da enerji talebi; niifus artisi, teknoloji gelisimi ve tiiketim aligkanliklarinda yasanan degisime baglh
olarak gilinden giine artis gostermektedir. Enerji talebinin karsilanabilmesi i¢cin de bagta fosil yakitlarin
kullanilmas: olmak tizere gevreye ciddi boyutta zarar verilmektedir. Bu siiregte, olusan zararlar1 minimize
etmek i¢in; enerjinin etkin ve tasarruflu olarak kullanilabilmesini amaglayan enerji verimliligi kavrami 6ne
¢ikmaktadir.

Enerji tiiketimi 6zellikle endiistride oldukg¢a fazla oldugundan verimlilik ¢aligmalarinda endiistriyel cihazlara
ayrica 6nem verilmesi gerekir. Sogutma sektoriinde kullanilan endiistriyel sogutucular da diinya enerji
tilketiminde ciddi paya sahip cihazlardir. Salehy ve arkadaglar tarafindan yapilan ¢caligmada (2020), sogutma
sistemlerinin diinyadaki enerji talebinin yaklasik %17’sini tiikettigi ve yine bu sistemlerin diinya sera gazi
emisyonunun yaklasik %8’inden sorumlu oldugu belirtilmistir [1].

Sogutma sistemleri icerisinde yer alan endiistriyel sogutucular, tiriinlerin muhteviyatlarina gore, 6zelliklerini
koruyarak belirli bir sicaklik ve nem altinda muhafaza edilmesini saglayan sistemlerdir. Endistriyel
sogutucular, depolama veya teshir amagh tasarlanirken konuya iligkin detayl siniflandirma TS EN ISO 23953
numarali standart uyarinca yapilmaktadur. {lgili standart dahilinde endiistriyel sogutucular igerisinde; chiller
gruplari, sogutmali vitrin ve teshir dolaplari, profesyonel kullanim i¢in sok sogutucular, dondurma tezgahlari,
sogutmali otomatlar, buz yapicilar gibi bir¢ok farkli {iriin gami bulunmaktadir. Endiistriyel sogutucular;
sogutma amaci, ortama bagli gereklilikler, diisiikk ya da orta sicaklik uygulamalar1 gibi kriterlere gore
segilirken, sogutma yiikii ihtiyac1 dogrultusunda ¢ok genis iiriin yelpazesine sahip iirtinlerdir.

Endiistriyel sogutucularin olduk¢a genis yer buldugu konumlardan birisi de siipermarketlerdir.
Siipermarketler icerisinde Ozellikle teshir tipi endiistriyel sogutucular siklikla tercih edilmekte olup bu
sogutucu ¢esidi, muhafaza sicakligina gore siniflara ayrilmaktadir. Tablo 1.de teshir tipi endistriyel
sogutucularin sicaklik siniflandirilmasina yer verilmistir [2].

Tablo 1. Teshir tipi endiistriyel sogutucularin siniflandirma parametreleri [2] (Classification parameters of industrial display refrigerator)

Sogutucu En sicak iiriin paketinin en En soguk tiriin paketinin en diigitk En sicak iiriin paketinin en diigitk

Sinifi yiiksek degeri, (°C) degeri, (°C) sicaklik degeri, (°C)

L1 -15 - -18

L2 12 - _18

L3 12 ; 15

M1 +5 -1

M2 +7 -1

H1 +10 +1

H2 +10 -1

S Ozel siniflandirma

Endiistriyel sogutucu kullanimina dogrudan etkisi olan siipermarketler ile alakals, sektorel aragtirmalar yapan
bir firmanin verilerine gére; 2010-2017 yillarin arasinda discount marketlerin magaza sayis1 %285, sube sayus1
en az 5 ve iizeri olan market zincirlerinin toplam magaza sayis1 %178 ve yerel market zincirlerine ait magaza
sayis1 %77 oraninda arti§ gostermistir. Ayrica Tirkiye'de organize zincir market sayisinin 2024 yili sonunda,
44 bin adete ulagmasi beklenmektedir [3]. Glinlimiizde stipermarket sayisinda yasanan artis birlikte ulusal
enerji titketiminde de ciddi talep artiglar1 meydana gelmektedir. Diinya genelinde sayilar1 git gide artan
stipermarketler de ulusal enerji titketiminde 6nemli bir titketim noktas: olarak karsimiza ¢ikmaktadir. Bu
konuda; Kauko ve arkadaglar1 yapmis olduklar1 ¢aligmada (2017), diinya genelinde tiretilen toplam enerjinin
yaklagik %3-4’tiniin stipermarketlerde kullanildigini ortaya koymuslardir [4].

Stipermarket sayisinda yaganan artig beraberinde teshir tipi endistriyel sogutucularin sayisinin da artmasini
saglamaktadir. Stipermarketlerde yer alan teshir tipi enddistriyel sogutucularin, siipermarketlerin toplam
enerji titketiminin biyitk bir kismindan sorumlu oldugu yapilan ¢alismalarda goriilmektedir. Bu konuda;
M.R. Braun ve arkadaslar1 (2014), ingiltere’nin kuzeyinde orta 6l¢ekli bir siipermarketi referans alarak yapmis
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olduklar1 ¢alismada, siipermarketin elektrik enerjisi tiiketiminin yaklagik %66’sinin sogutma sistemlerinden
kaynaklandig1 sonucuna ulagmstir [5]. Tassou ve arkadaglar1 tarafindan yapilan bagka bir ¢alismada (2011),
Birlesik Krallik’ta bulunan stipermarketlerin enerji tiiketimlerinden kaynakli olarak, iilkedeki sera gazi
emisyonlarinin yaklagik %1’inden sorumlu olduklar1 ortaya konulmustur. Bununla birlikte; bu bolgede
toplam elektrik tiiketiminin, %3-5 aras: siipermarketlerden kaynaklandigi, endisstriyel sogutucularin ise
stipermarketlerin toplam elektrik enerjisi titketiminin yaklasik %35-50’sini olusturdugunu belirtmislerdir [6].
Yapilan caligmalar, ozellikle stipermarketlerde bulunan teshir tip endstriyel sogutucularin ulusal elektrik
enerjisi titketimi ve sera gaz1 emisyonuna olan etkisini agik¢a gostermektedir.

Yapilan bu ¢caligma ile;

« Teshir tip endiistriyel sogutucularda etkinlik katsayisinin yiikseltilmesini saglayan, enerji verimliligi arttiran
ve karbon salinimini azaltan bazi 6nemli ¢aligmalar incelenip derlenmesi,

« Yeni yapilacak tasarimlar igin enerji verimliligi agisindan girdi olugturacak parametrelerin sunulmasi,

o Arastirmaci ve endiistriyel sogutucu ireticilerinin faydalanabilecegi farkli perspektiflerden beslenen bir
kaynak ortaya ¢ikartilmasi amaglanmigtir.

2. Endiistriyel Sogutucularda Yapilan Cesitli Iyilestirme Caligmalari (various Improvement
Studies on Industrial Refrigerators)

Endistriyel sogutucularda; tasarim, sistem komponenti, sogutucu akiskan ve dig ortam sartlar1 baz alinarak
bilimsel ¢aliymalarda yapilan cesitli iyilestirmeler sonucunda ortaya konan ciktilar bashik bazinda
sunulmustur.

2.1. Endiistriyel sogutucularda komponent bazl ¢alismalar (Component based studies on industrial refrigerators)

Endiistriyel sogutucular, buhar sikistirmali sogutma ¢evrimi dahilinde ¢aligmaktadir. Bu ¢evrimin en temel
bilesenleri; kompresér, kondenser, genlesme valfi ve evaporatérdiir. Bu kisimda komponentlerde
gerceklestirilen gesitli iyilestirme ve cevrimde yapilan eklemelere ait ¢alismalara yer verilmistir.

Shaban ve arkadaslar1 (2020), teshir tipi endiistriyel sogutucularda enerji ve ekserji verimliligine yonelik bir
calisma gergeklestirmislerdir. Gergeklestirilen caligmada iki ayri sistem kiyas edilmis olup; birinci sistemde
sabit hizli klasik ag/kapa kompresér ve mekanik genlesme valfi kullanilirken ikinci sistemde degisken hizli
kompresor ve elektronik genlesme valfi kullanilmistir. Yapilan yeni tasarim sonucunda konvansiyonel
sisteme gore, %32 oraninda enerji verimliligi saglanirken ekserji yikimi %76 oraninda azalmistir [7].

Unal ve arkadaglar1 (2016), Sekil 1.‘de tasarim semast sunulan, cift buharlagtiriciya sahip bir sogutma
sistemine ejektor entegre ederek yeni nesil bir tasarim ortaya koymusglardir. Yapilan tasarimda, R134a
akiskani ve bu akigkana muadil olarak gelistirilen R1234yf akiskan: kullanilmistir. Gergeklestirilen analiz
caligmasi sonucu ejektor entegreli sistemin klasik sisteme gore R134a akiskani igin %15, R1234yf i¢in ise %17
daha fazla etkinlik katsayisina sahip oldugunu tespit etmislerdir. Ayrica caligmada sistemde genlesme vanasi
yerine ejektor kullanildigi durumda ekserji kaybinda da azalma meydana geldigi goriilmiistiir. Bu kaybin
azalma miktarinin, R134a sogutkani igin %17, R1234yf akiskant igin ise %19 oldugu hesaplanmustir [8].
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Yogusturucu

Swi

i e = =

t Ejektor 1. Buhartagtinc

2. Buharlastine: I

Genlegme Valfi
Sekil 1. iki buharlastiricili ejektérlii sogutma sistemi [8]
(Cooling system with ejector and two evaporators)

Ocak ve arkadaslar1 (2023), yapmis olduklar1 ¢aligmada teshir tipi endiistriyel sogutucularda kompresor
seciminin enerji titkketimine olan etkisini aragtirmislardir. Bunun i¢in, R290 sogutucu akigkanina sahip iki
6zdes sogutma sisteminin birinde sabit devirli kompresér kullanilirken digerinde degisken hizli kompresor
secimi yapilmigtir. Yapilan deneysel ¢aliyma sonucunda; 1.sistemin elektrik enerjisi titketimi 11,2 kWh/giin
olurken 2. sistem 8,3 kWh/giin elektrik enerjisi titketmistir. Kompresor se¢iminin etkisiyle, enerji titketiminin
%25,9 azalmasiyla birlikte sogutma sisteminin enerji etiketi degeri “C” seviyesinden “B” seviyesine
ylikselmistir [9].

Bilir Sag ve arkadaslar1 (2015), yapmus olduklar1 ¢aliyjmada sogutma ¢evriminde ayni ortam sartlarinda,
genlesme valfi yerine ejektér kullanmanin COP ve ekserji yikimu iizerine etkisini incelemislerdir. Yapilan
calisma neticesinde sisteme ejektor entegre edilmesiyle birlikte COP degeri %7,34-12,87 oraninda, ekserji
verimi ise %6,6-11,24 oraninda artmigtir [10].

Knabben ve arkadaslar1 (2020), sogutma sistemlerinde elektronik genlesme valfi kullaniminin enerji
titketimine etkisini aragtirmigladir. Yapilan ¢alisma sonucunda, sogutma sistemlerinde kapiler boru yerine
elektronik genlesme valfi kullaniminin toplam enerji titkketimini %4-9 oraninda azaltti31 sonucuna ulagilmistir
[11].

Dogan ve arkadaslar1 (2021) yapmus olduklar: ¢caligmada, sogutucularda enerji titketimi ve sogutucu akigkan
sarjini azaltmak amaciyla yeni bir kondenser tasarimi gergeklestirmislerdir. Sogutucu tasariminda, $ekil 2.’de
gorselleri sunulan, geleneksel telli borulu tip kondenser yerine mini kanalli kondenser kullanmiglardur.
Calismada yapilan kiyaslama esnasinda 2800, 3300 ve 3800 mm uzunluklarinda ti¢ farkli uzunlukta kapiler
boru kullanilmistir. Calismada en iyi sonug, yeni nesil kondenser tasarimi kullanimiyla birlikte 3300 mm
uzunlugundaki kapiler boru kullanimiyla; %5,7 oraninda enerji tasarrufu saglanarak ve sogutkan sarjinda
%10,7 oraninda azalma yaganarak gerceklestirilmistir [12].

b.

v
Sekil 2. a-Telli borulu tip kondenser, b- Mikro kanalli kondenser [12]

(a-wire tube condenser, b- micro channel condenser)
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Patil (2012), bir sogutma sisteminde performans katsayisini arttirmak amaciyla kondenser tasarimina iligkin
¢aligmalarda bulunmugtur. Yapilan ¢aligmada; sogutma sisteminde U tip bir kondenser yerine mikro telli
kondenser kullanilmigtir. Caligma sonucunda, sogutma kapasitesi %10 artarken COP degerinde ise %17’lik
bir artis gerceklesmistir [13].

Zhang ve arkadaglar1 (2017), evaporatér tinitesine kurutucu entegre karlanma yasanmayan bir sogutma kabini
tasarimu gergeklestirmislerdir. Bu yenilik¢i 151 degistirici sadece karlanmay1 6nlemekle kalmamakla birlikte
ayni zamanda yiiksek verimlilige de sahip yapidadir. Yiiksek verimli olmasinin temel sebebi de ortam havasina
atilan yogusma 1s1s1 yoluyla kurutucunun verimli bir sekilde ¢alismasindan kaynaklanmaktadir. Sistemde
evaporator doniis hava sicaklig1 ve bagil nem sirasiyla 12 °C ve 0,6 iken giinliik elektrik enerjisi titketimi 3,1
kWh ve sistem COP degeri 3,2 olarak hesaplanmaktadir. Caligmada ayrica evaporator doniis havas: ve bagil
nem degisiminin COP degeri tizerinde 6nemli bir etkisi oldugu da vurgulanmistir. Bu noktada evaporator
doniis havast sicakligs 8°C’den 14 °Cye ciktiginda COP degeri %115; bagil nem 0,5 ten 0,8 e ¢iktiginda ise
COP degeri %35 artmustir [14].

Vidrih (2014), aligveris merkezlerinde kullanilan teshir tipi endistriyel sogutucularin elektrik tiiketiminin
distirilmesi amaciyla bir ¢alisma gerceklestirmistir. Calismada, yapilan bitiinsel stratejilerle elektrik
titketiminde %30,2 diisiis gerceklesmistir. Bu stratejiler incelendiginde; elektrik tiiketimini diisiiren en bityitk
etkenin %10,7 ile endistriyel sogutucuya kap: takilmasi olmustur. Bunu, %7,7 diisiis ile kapaklara 1sitict
entegresi, %4 ile sicak gaz ile defrost yontemine gegilmesi, %3,6 ile LED aydinlatma kullanimi, %2,23 ile
cevredeki hareketlere gore aydinlatma sisteminin optimize edilmesi ve %2,0 ile kabin igerisinde olusan 1s1y1
yansitan Ust yiizey kaplamasi takip etmistir [15].

Heidinger ve arkadaglar1 (2016), kapali teshir tip sogutucularda kapilar arasi bosluk olan ve olmayan
durumlarda, elektromanyetik ve elektronik fanlarla deneysel bir ¢aliyma gerceklestirmislerdir. Calismada,
kapilar arasinda hava boslugu kaldig: durumda 1s1 yiikii yaklagik %10 oraninda artmistir. Ayrica ¢aligmada,
elektromanyetik fan kullanildiginda 1s1 yiikii elektronik fan kullanilma durumuna gére %4 artmustir. Caligma
sonucunda, kapilar arasi bogluklar birakilmamas: ve elektronik fan kullanimi 1s1 yiikiiniin azaltilmasini
sagladig1 goriilmektedir [16].

IIR tarafindan 42. Sogutma Teknolojileri konferansinda olusturulan bilgilendirme notunda (2021),
endiistriyel sogutma sistemlerinde yag gerektirmeyen kompresor kullaniminin 6neminden bahsedilmistir.
Yaglama yaglarinin, 1s1 transferini zayiflatabilecegi, sistem performansini diisiirebilecegi ve sistem
konfigiirasyonunu karmagik hale getirebilecegi vurgulanmistir. Yaglama yag1 gerektirmeyen kompresorler
ise; manyetik yatak, gaz yatag1 ve seramik yatak kompresorler olarak iige ayrilmakta her birinin kapasitesi ve
uyumlu oldugu akiskanlar ¢aligmada ifade edilmigstir [17].

Rauss ve arkadaglar1 (2008), teshir tipi endiistriyel sogutucularda aydinlatma sistemlerinin enerji titketimine
etkisini incelemiglerdir. Yapilan calismada, soguk katotlu floresan, LED ve fiber optik aydinlatma
sistemlerinin enerji titketim tahminleri kiyas edilmistir. Hesaplamada teshir tipi sogutucunun 24 saat tam
yikte calisacagi baz alinmigtir. Bu dogrultuda, soguk katotlu floresan, LED ve fiber optik aydinlatma
sistemleri i¢in sirasiyla sogutucu basina yillik enerji tiiketimleri; 444 kWh, 314 kWh ve 556 kWh olarak
tahmin edilmigtir [18].

IIR tarafindan 42.Sogutma Teknolojileri konferansinda olusturulan bilgilendirme notunda (2021), iklim
degisikligi stireclerinde sogutucu akigkan miktarinin azaltilmasini belirten eylem planlarina uyum saglamak
i¢in sogutma sistemlerinde Sekil 3’te gosterilen diisey film evaporatér tipinin kullanilmasi 6nerilmektedir. Bu
evaporatdr cesidi, diger evaporatdrlere gore daha yiiksek 1s1 transfer katsayisina sahipken cevreye olan
zarariin da digitk oldugu vurgulanmistir. Calismada, Midea Grup tarafindan tanitilan bir sistemde, diigen
film evaporatdr kullanilmasiyla sogutucu sarj miktarinda %40 azalma meydana geldigi vurgulanmstir [17].
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Sekil 3. Diigey film evaporator yapist [17]
(Falling film evaporatdr structure)

2.2. Endiistriyel sogutucularda yalitim bazli ¢aligmalar (Insulation based studies on industrial refrigerators)

Sicak ya da soguk havanin 1s1 kopriileri vasitasiyla sistemin i¢ine girmesini ya da digina ¢ikmasini engellemek
amaciyla yapilan igler biitiiniine yalitim denir. Enerji verimliligi stirecinin en kritik noktalarindan birisi olan
yalitim, endiistriyel sogutma sistemleri verimi igin de olduk¢a 6nemlidir. Bu kisimda endiistriyel sogutma
sistemlerinde gergeklestirilen yalitim ¢aligmalarina ait ¢iktilara yer verilmistir.

Jadhav ve arkadaslar1 (2021) yaptiklar: ¢aligmada, agik teshir tip bir endiistriyel sogutucuda PVC serit perde
kullanilmigtir. Yapilan ¢alismada, Sekil 4.’te gosterilen PVC serit perde kullanimi, kabin sicakhigini -2°C ila
+6°C arasinda, gida tiriin sicakligini ise 0°C ila 6°C arasinda tutmustur. PVC perde kullanilmadig: durumda
ise, kabin sicaklig1 +6°C ila +9 °C arasinda, gida tiriini sicaklig +12°C ila +22°C arasinda kalmigtir. Kabin ile
hava arasinda yapay bir kap1 gorevi tistlenen PVC serit sayesinde enerji tiikketimi 1,63 kWh/giin degerinden
1,12 kWh/giin degerine diismiistiir [19].

Enerji
Olger

PVC
Serit

Sekil 4. PVC serit ile donatilan enddistriyel sogutucu [19]
(Industrial refrigerator equipped with PVC strip)

Orlandi ve arkadaslar1 (2015), kapal teshir tip endiistriyel sogutucularda yapmis oldugu simiilasyon analizi
ile, sogutucuda enerji tiiketimi dagilimlarini ortaya koymustur. Yapilan ¢alismada, kapi arasi boglugun termal
ylike, sogutucunun fazla kullanilmadig1 gece anlarinda %23, yogun kullanimda ise %15 gibi biiyiik bir oranda
etki ettigini ortaya koymustur. Bu anlamda yapilacak tasarimlarda, termal yiikiin ve dolayisiyla enerji
tilketiminin azaltilmasi amaciyla bosluk miktari olabildigince azaltilmasi gerekmektedir [20].

Liu ve arkadaglar1 (2021), kapali tip enddistriyel sogutucularda contanin 1s1 yalitimi icin olduk¢a 6nemli
olduguna dikkat ¢eken bir ¢aligma gerceklestirmislerdir. Bazi tasarimlarda, conta kaynakli 1s1 sizintisinin,
toplam 1s1 yiikiiniin %15-20’sini olusturdugu vurgulanan c¢aligmada, 2019 senesi baz almarak conta
tasarimlarinda yapilacak iyilestirmeler sayesinde; 2025 yilinda %3, 2030 yilinda ise %5’e kadar enerji tasarrufu
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saglanacagi hedeflendigi belirtilmistir. Belirlenen hedefin ger¢eklesebilmesi i¢in ¢esitli kriterler belirlenmigtir.
Bunlar incelendiginde; sogutucu 6zelinde conta tasarimi yapilmasi, diisiik sicakliga dayanikli PVC conta
tiretimi, yiiksek esneklige sahip termoplastik elastomer kullanimi, contalarin dogru termal-mekanik baglant:
simiilasyonu modellemesinin yapilmasi gibi kriterler siralanmigtir [21].

Agaro ve arkadaslar1 (2021), dikey teshir tip endiistriyel sogutucu kapaklarinda kullanilan anti-fog
kaplamalarin agiya bagli olarak bugulanmay1 6nleme durumlarini aragtirmiglardir. Kullanilan anti-fog filmin
camla temas agisin1 90°'den 30°'ye diigiiren film sayesinde cam kapaklarda olusan yogusmanin %50’ye kadar
azaldig1 tespit edilmistir. Ayrica, 30 saniyelik kapi agilma siiresinden sonra bugu giderme isleminin
tamamlanmas: icin gereken siire, anti-fog filmli camda ¢iplak camin ihtiya¢ duydugu siireden yaklasik %30
daha az oldugu ¢alismada vurgulanmugtir [22].

Ander tarafindan yapilan bir aragtirmada (2014), 6zellikle caligma saatleri diginda endiistriyel sogutucularin
tizerinin aliiminyum perde ile kaplanmasi 6nerilmigtir. $ekil 5.’te agiklandig: tizere; aliminyum kaplamanin
yliksek yansiticiligi ve iyi 1s1 yalittmima sahip olmasi, radyasyon ve iletim yoluyla olusan 1s1 transferinin
azalmasini saglamaktadir. Yapilan ¢calismada 3 farkli senaryo tizerinde durulmus, ilk senaryoda marketin agik
ve kapali oldugu hicbir saatte aliiminyum perde kullanilmamus, ikinci senaryoda marketin kapali oldugu 6
saatlik periyotta aliminyum perde kullanilmis ve tigiincii senaryoda ise marketin tatil oldugu bir giinde
stirekli aliiminyum perde kapali tutulmugtur. Calisma neticesinde; sogutma yiikleri ilk senaryoya gore, ikinci
senaryoda %8,5, li¢lincii senaryoda ise %41 oraninda azalmistir. Enerji tiiketimleri ilk senaryoya gore; ikinci
senaryoda %9, li¢lincii senaryoda ise %36 oraninda diisiis gostermistir [23].

Sogutulnus [lik Ortam
Hava
Havasi
V\f'iizeyden
Gelen
Radyasyon

Sekil 5. Sogutulan alanda 151n1m ve iletkenle 1s1 transferinin azaltilmasi [23]
(Reducing radiation and conductive heat transfer to the cooled area)

Chaomuanga ve arkadaslar1 (2019), yapmis olduklar1 ¢alismada kapali teshir tip sogutucularin ¢alisma
kogullar1 hakkinda bir aragtirma yapmuglardir. Yapilan calismada, kapali tip kabinler sayesinde,
sogutuculardan dig ortama daha az soguk hava yayildig1 ve bu durumun magaza termal konfor sartlart
agisindan da olumlu oldugu vurgulanmistir. Bunun yaninda galisma igerisinde, kapali tip kabinlerin %20-70
arasinda enerji verimliligi sagladig1 ve hava sizma sorununu 6nledigi belirtilmistir ve kapali kabinlerin tiim
bu olumlu 6zellikleriyle birlikte sayilarinin arttig1 bahsedilmistir [24]. Fransa’da, devlet otoriteleri ile biiyiik
stipermarket Ureticileri arasinda yapilan anlagma dogrultusunda, acik tip kabinlerin %75’inin kapali tip
kabinlere doniistirilmesi amaglanmigtir [25].

Pedersen ve arkadaslari (2018), kabin yaliimiyla ilgili bir ¢aliyjma ger¢eklestirmisler ve kabin yaliim
kalinliginin arttirilmasinin 1s1 képriisit olusumunu azalttigini vurgulamislardir. Calismada, bir endiistriyel
sogutucuya 2 cm daha politiretan kopiik yalitim malzemesi eklemenin 1s1 képriisii olusumunu %95 oraninda
azalttig1 sonucuna ulagmislardir [26].
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Humar ve arkadaglar1 (2022), kapali teshir tip sogutucu dolap kapaklarinda olusan bugulanmay1 6nlemek
amactyla kullanilan 1siticilarla ilgili arastirmalarda bulunmuslardir. Caliymada, dolap kapag: ve cergevelere
1s1tict entegresi sayesinde ¢ig noktas: sicakhiginin degismesi, enerji titketiminde %84,6 azalma saglanacag: bu
wsiticinin dogrudan cama takilmasi durumunda ise, enerji titketiminin 1sitici olmayan duruma gore %90,1
oraninda azalacag ifade edilmistir [27].

2.3. Endiistriyel sogutucularda sogutkan bazli ¢aligmalar (Refrigerant based studies on industrial refrigerators)

Sogutkanlar, endiistriyel sogutucularda hem sistemin termodinamik ozelliklerine uyum ve sogutucu
verimliligi agisindan hem de cevresel hassasiyetler acisindan olduk¢a 6nemli bir parametredir. Bu kisimda
endiistriyel sogutma sistemlerinde sogutkanlar hususunda yapilan ¢aligmalara yer verilmistir.

Gil ve Kasperski (2018), R134a kullanilan ejektorlii bir sogutma sistemine yeni nesil alternatif sogutkan
entegre etmek amaciyla calismalarda bulunmuslardir. Calismada, 3 farkli buharlasma-yogusma sicaklig ikilisi
tizerinden ¢alisilmig olup (0°C-25 °C, 6°C-30°C ve 9°C-40°C) bu sicakliklarda maksimum COP degerleri
sirasiyla e 0.35, 0.365, ve 0.22 olarak hesaplanmistir. Caligmada en biyiik verim HFO-1243zf ve HFO
1234ze(E) akigkanlarindan alinmasina karsin bu akigkanlarin genis enjektor sicakliklarinda ¢alismaya uygun
olmadig1 vurgulanmis, HFO-1233zd(E) ve HFO-1224yd(Z) akigskanlarin optimum ¢alisabilmeleri i¢in 130
°Cnin tizerinde buharlagma sicaklarina ihtiyag bulundugu, HFO-1243zfnin kullanildiginda ise, diisiik
buharlagsma sicakliklarinin (yaklasik 60 °C'den 88 °C'ye) sogutma kapasitesini arttiracagi vurgulanmustir [28].

Yildirnm ve Sahin (2020), yapmis oldugu calismada iki kademeli sogutma sistemi i¢in farkl akigkanlar
kullanarak sistemin analizlerini gerceklestirmigtir. R32, R290, R410A, R245fa, R717, R407C, R507A, R1234yf
ve R1234ze sogutucu akiskanlarinin kullanildigr ¢aligmada, Sekil 6.’da sunuldugu tizere COP degerleri
hesaplanmigtir. Hesaplamada, en yiiksek COP degeri R717 akigkanu ile 5,358 olarak hesaplanirken en diisiik
COP degeri ise R407C sogutkani ile 4,165 olarak hesaplanmigtir. Ekserji analizlerinin de yapildig: calismada
en yliksek ekserji verimi 0,7069 degeri ile R717 sogutkani ile saglanirken en diisiik ekserji verimi ise 0,5496
degeri ile yine R407C akigkani kullanildiginda hesaplanmistir. Sistem komponentlerinin ekserji analizine
bakildiginda ise, en yiiksek ekserji yikiminin %80 ile evaporatdrde en diisiik ekserji ytkiminin ise ara sogutucu
ol

tnitesinde gerceklestigi tespit edilmistir [29].
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Sekil 6. Calismada kullanilan sogutucu aklskanlarm COP degerleri karsilagtiriimas [29]

(COP values comparison of refrigerants used in the study)

R245fa

Katircioglu ve arkadaglar1 (2020), sogutma sistemlerinde performans katsayisinin belirlenmesi esnasinda
kiziltesi goriintii isleme teknikleri kullanmis ve sogutma sisteminde, R22 sogutkanmna alternatif olarak
R438A ve R417A sogutucu akiskanlarini incelemis, ticari sogutma sistemleri i¢in her iki akigkanin analizini
gerceklestirmislerdir. Sogutma sisteminde kizil6tesi kamera ile gergeklestirilen performans katsayisi analizleri
soncunda; R22, R438A ve R417A akigkanlarinin COP degerleri sirasiyla, 3,623, 3,565 ve 2,961 olarak
hesaplanmuigtir. Bu baglamda kullanimi 6nce sinirlandirilip daha sonra yasaklanan HCFC grubu sogutkanlar
icerisinde en ¢ok kullamlan akigkanlardan birisi olan R22 sogutkanina, ticari sogutma sistemlerinde,
termodinamik 6zellikler bakimindan R438A akiskaninin iyi bir alternatif olacag: ortaya konulmustur [30].
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Banjo ve arkadaglar1 (2020), sogutma sistemlerinde KIP ve ODP degeri diisiik olan sogutkanlarin kullanimina
yonelik bir ¢aligma gerceklestirmislerdir. Bu baglamda R134a kullanilan bir sisteme alternatif olarak R606a
akigkani kullanarak deneysel bir caligma gerceklestirmislerdir. Sogutma sisteminde 46 gram R606a ve 70 gram
R134a sogutkani ile yapilan kiyaslama sonucunda; COP degerinin %32,2 arttig1 ve enerji titketiminin %4,5
oraninda azaldig1 gorillmiistiir. Ayrica -21°Clik buharlagma sicakligina R606a akigkani 1 saatte ulasirken,
R134a akigkaninda bu siire 2 saat 15 dakikayr bulmugtur [31].

Sethi ve arkadaglar1 (2016), enddistriyel sogutucularda diigiik KIP degerine sahip, 3943 KIP degerine sahip
R404A sogutkanina alternatif bir sogutucu akigkan kullanimini gelistirmek amaciyla bir ¢alisma
gergeklestirmislerdir. Calismada, KIP degeri 1273 olan ve yanici olmayan R448A sogutkani ile KIP degeri 146
olan ve hafif yanici sogutucu R455A sogutkani tizerinde durulmugtur. Deneysel siireg, piyasada R404A
akiskanina uygun olarak satilan bir sogutucu kullanarak yapilmis olup alternatif olarak goriilen her iki akigkan
da termodinamik olarak R404A ya benzer oOzellikler gostermistir. Kompresoriin ¢alisma siireleri
incelendiginde; R448A sogutkanina sahip sistemin kompresorit %9, R455A sogutkanina sahip sistemin
kompresorii ise %6 daha az ¢aligmistir. Bu durum hem dogrudan hem de dolayli emisyonlari azaltan bir faktor
olarak gorillmiustiir. Testler ayrica, bir gomme sogutucu i¢in de R448A ve R404A sogutkanlar: kullanilarak
kiyaslandi. Kiyaslama sonucunda, R448A sogutkanini, dis ortam sicakligina bagh olarak yaklagik %9'dan
%20'ye kadar daha fazla enerji tasarrufuyla sonuglandig: vurgulanmstir [32].

Besagni ve arkadaslar1 (2018), sogutma sistemlerinde diisiik kiiresel 1sinma potansiyeline sahip alternatif
akigkanlar belirlemek amaciyla ¢aligmalarda bulunmuglardir. Caligmalar sonucunda; disiik sicaklik
uygulamalarinda, R32 sogutkaninin yiiksek COP degerlerine ulastigi, R290, R152a ve R1243yf genis calisma
kogullar1 araligina sahip oldugu ve bu aralikta R152a sogutkaninin R290 ve R1234yf ile kargilagtirildiginda
daha yiiksek performans gosterdigi, R1234yf'ni iyi bir performans gosteren bir sogutkan oldugu, R152a ve
R290 ile karsilagtirildiginda daha az yanici oldugu ve R152a ile karsilastirildiginda daha diisiik KIP a sahip
oldugu sonuglarma ulagilmigtir. Ayrica ¢alismada, sogutkandan bagimsiz olarak jenerator ve evaporator
sicakliklarinin yiikselmesinin COP degerini arttirdigi, kondenser sicakligi artisinin ise enjektorlii sogutma
sistemlerinde enjektor performansini diisiirdiigi belirtilmistir [33].

Hmood ve arkadaglari (2021), F-Gaz yonetmeligi dogrultusunda KIP degeri 150°den biiyiik olan
sogutkanlarin kullanimdan asamali olarak kaldirilmasina yo6nelik, sogutma sistemlerinde R134a'nin yerine
gecme olanaklari olan ¢evre dostu sogutucu akiskanlar konusunda ¢aligma gergeklestirmislerdir. Calismada,
yeni sistem tasarimi aninda kullanilabilecek alternatifler, mevcut kullanilan sistemlerde sogutucu akigkanin
degistirilmesi gibi parametreler diisiiniilmiistiir. Calismalar sonucunda; R134a sogutkanina en uygun muadil
olabilecek ¢evre dostu akiskanlarin R1234yf, R152a, R450A ve R513A oldugunu goérilmiistiir. R290, R600 ve
R600a, sogutkanlarinin ise yaniciik sorununun istesinden gelinerek yani mevcut sogutma sistemi
tasariminda baz1 degisiklikler yapilarak R134a'nin yerini alabilecegi vurgulanmistir [34].

Oh ve arkadaslar1 (2016), endiistriyel sogutucularda saf bir sogutkan yerine birden fazla sogutkan kullanimia
olanak saglayan bir tasarim fizerinden enerji verimlilii miktarini simiilasyon ¢alismasi iizerinden
incelemislerdir. Yapilan ¢aligmada, mevcut sistemde 6nemli yapisal degisiklikler yapilmasina gerek olmadan
sogutucu akigkan karigimi ile enerji tasarrufu saglanabilecegi goriilmiis olup farkli tasarimlar {izerinden,
%16,3-27,2 arasinda enerji verimliligi saglanabilecegi sonucuna ulagilmistir [35].

Yilmaz ve Erding (2019), farkhi sogutucu akiskanlar kullanarak ejektor entegre edilen bir sistemde asir1
sogutma prosesini de iceren bir tasarim gerceklestirmiglerdir. Yedi farkli sogutucu akigkanin kullanildig
(R32, R1234yf, R290, R134a, R717, R600a ve R245fa) sistemde her bir sogutkan i¢in enerji ve ekserji analizleri
gerceklestirilmistir. Gergeklestirilen yenilik¢i tasarimin, klasik sogutma tasarimina gore en iyi performans
arttirdig akigkan R1234yf olmustur. R1234yf sogutkan ile ¢aligan yenilikgi tasarimda konvansiyonel tasarima
gore COP degeri %21, ekserji degeri ise %18 artmigtir. Meydana gelen artigin 6nemli sebeplerinden birisinin
sistemde genlesme valfi yerine ejektor kullanilmasi oldugu vurgulanmugtir. Ayrica, yeni tasarimda en yiiksek
COP ve ekserji degeri R245fa sogutucu akigkani ile saglanmigtir. Konvansiyonel sistemde en yiiksek COP ve
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ekserji degeri ise R717 sogutkani ile saglanmustir [36].

2.4. Endustriyel sogutucularda ortam sartlar1 ve kontrol teknigi bazli ¢alismalar (Environmental conditions and

control techniques based studies on industrial refrigerators)

Endiistriyel sogutucular ortam sartlarindan kolayca etkilenebilmekte ve bu durum verimliliklerine
yansimaktadir. Ayrica, endiistriyel sogutucular i¢in yapilan optimizasyonlarin dogru ve etkin yapilmas: da
verimliliklerini etkileyen bir bagka unsurdur. Bu kisstmda hem ortam sartlar1 hem de kontrol parametrelerinin
endiistriyel sogutuculara olan etkilerini belirten ¢aligmalar sunulmustur.

Belman-Flores ve arkadaglar1 (2019), teshir tipi sogutucuya ait dolap kapag: ve kompresor hizi arasindaki
iligkiyi bulanik mantik ydéntemiyle analiz eden bir kontrol yontemi tasarlamislardir. Aragtirmacilar, bu
tasarimui yaparken sogutucu igerisindeki gida maddelerinin sicakligini olabildigince referans degerlerde sabit
tutmak isterken ayni zamanda enerji tasarrufu saglamayr amaglamislardir. Calisma sonucunda toplam
elektrik enerjisi titketiminde %3’liik bir tasarruf saglanirken besin maddelerinin sicakliklar1 daha stabil
kalmigtir [37].

Kasera ve arkadaslar1 (2020), R290 akiskani kullanan bir endiistriyel sogutucuda, fotovoltaik paneller ile
beslenen degisken hiza uyum saglayabilen DC kompresorii deneysel olarak test etmislerdir. Giines enerjisi
destegine tam uyum gosteren bu kompresér maksimum giigte ve degisken devirde kiyaslanmistir. Sistem
maksimum gligte iken 210,9 W enerji harcarken degisken hizda bu deger 162,5 W seviyelerine kadar
diigmistiir. Deneysel ¢alismalar sonucunda, degisken hizda kontrol edilen kompresoriin yaklasik %30
oraninda daha az enerji tiikettigi ortaya konulmustur [38].

Yu ve Chan (2008), sogutma sistemlerinde COP artis1 i¢in optimum kondenser fani kontroliine iligkin bir
calisma gergeklestirmislerdir. Gelistirilen kontrol mekanizmasi sayesinde; sistem kompresérleri ve kondenser
fanlariin optimize edilmis giig iligkileri ile yogusma sicakliginin optimum ayar noktasinin belirlenmesini ve
kondenserlerin hava akiginin ve 1s1 transfer alaninin arttirilmasi amaglanmistir. Ortam ve yiik kogullarina
bagli olarak kontrol mekanizmasi istenildigi gibi c¢alistiginda COP artismmin %11,4-237,2 arasinda
gerceklesebilecegi modellenmistir [39].

Jensen ve arkadaslar1 (2021) yaptiklari ¢calismada, endiistriyel sogutucularda kompresér kontrol stratejilerinin
enerji verimlili§ine olan etkisini aragtirmiglardir. Calismada, yedi farkh tasarim gesidiyle ag-kapa, degisken
hizli kompresor ve adaptif enerji optimizasyonu modelleri ile aragtirmalar yapilmistir. Kompresor boyutunda
yaganan kiiciilme gii¢ titketimini azaltirken, ortalama tiriin sicaklik degerini de diistirmiistiir. Adaptif enerji
optimizasyonu yontemi de ¢alismalarda boyutu kiiciik bir kompresér davranislar: gostermistir. Hem degisken
hizli kompresor yontemi de adaptif enerji optimizasyonu modeli a¢-kapa kompresorlere gore enerji
tiketiminde Onemli azalmalar yasatmis fakat bu yontemler iriin sicakhiginda bazi dalgalanmalarin
olugsmasina da neden olmugtur [40].

Bahman ve arkadaslar1 (2012), teshir tipi endustriyel sogutucularin operasyonel kosullarda iklimlendirme
verilerinin sogutucu davraniglarina olan etkilerini incelemislerdir. Normal kogsullarda agik teshir tip
sogutucular 24 °C ve %55 bagil nemde derecelendirilmektedir. Yapilan ¢aliymada, bagil nem orani yaklasik
%5 azaltilarak %51 seviyelerinde tutulmus ve diger kosullar sabit birakilmistir. Bunun sonucunda, kabin
sogutma yiikiiniin %9,25 oraninda azaldig1 ve bunun toplam magaza enerji yiikiinde %4,84Tiik bir azalmay1
beraberinde getirdigi ortaya konulmustur [41].

Kosan ve arkadaslar1 (2022), R290A sogutucu akigkani kullanan bir endiistriyel sogutma sisteminde fan
kontrol teknigi ile enerji verimlilik indeksi degerini arttirici, ¢evre dostu bir tasarim gergeklestirmislerdir.
Yapilan yeni kontrol tasariminda hem evaporat6r hem de kondenser fanlar1 kontrol edilmis bu sayede enerji
tiketiminde %25,2’lik bir azalma yasanirken, enerji verimlilik etiketi “E” simifindan “D” sinifina diigmiigtiir
[42].
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Cirera ve arkadaslar1 (2020), endiistriyel sogutma sistemlerinde stokastik yiik davranigini optimize eden
veriye dayali tahminlerde bulunan bir yiik yonetim sistemi geligtirmiglerdir. Deneysel olarak yapilan ¢aligma
sonucunda gelistirilen bu yéntem ile birbirine paralel olarak bagh ¢alisgan kompresorlerin ¢caligma siiresi %77
oraninda azalmis, bu azalma da %17 oraninda elektrik enerjisi tasarrufunu beraberinde getirmis ve bunun
yaninda kompresorlerin ¢aligma saatinin azaltilmasi da sistem kullanim O6mriinii uzatan bir gelisme
yaratmigtir [43].

Ben-Abdallah ve arkadaslar1 (2020), endisstriyel sogutma sistemlerine faz degistirici madde entegresi ve PV
paneller kullanarak sogutma sisteminin enerji tilketim durumunu incelemislerdir. Ayrica ¢aligma igerisinde
ortam sicakligl ve fan giicii tasarim parametreleri de incelenmistir. Tasarimda fan giici 25 W’tan 70 W
seviyesine yiikselince kabinlere digaridan hava girisi azalarak infiltrasyon olay1 azalmis; ortam sicakhiginin 16
°C'den 26 °C'ye artmast ise faz degistirici madde icin, %20 daha fazla sarj siiresi gerektirmis ve %50 daha az
desarj siiresi olusturmustur. Faz degistirici madde entegresi, tasarimda PV panel kullanilmadig1 durumlarda
enerji talebini %8 azaltirken PV panellerin kullanildigi durumlarda bu azalmanin oram %13 olarak
belirtilmistir [44].

2.5. Endiistriyel sogutucularda sogutma ¢evrimi bazli ¢aligmalar (Cooling cycle based studies on industrial refrigerators)

Endiistriyel sogutucularda sistem biyiikligiine, buhar sikigirmali sogutma ¢evriminde yapilacak cesitli
ekleme ve degisiklikler ile tasarim yapilar1 degisebilmektedir. Bu kisimda, endiistriyel sogutucu tasariminda
gerceklestirilen gesitli caligmalar sunulmugtur.

Zubair (1990), sogutma sistemlerinde enerji verimliligi kapsaminda gergeklestirmis oldugu ¢aligmada, agir
sogutma uygulamasi yapmis ve sistem performansinin yogunlasma ve buharlagma sicakliklar: arasinda alt
doyma noktasinda zirve yaptigimi belirtmistir. Gergeklestirilen simiilasyonlarda, yiiksek yogusma
sicakliklarinin oldugu donemlerde sistem performansinin asir1 sogutma sistemi kullanilarak %20’ye kadar
artabilecegini ve klasik ¢evrime gore, yiiksek sicaklikli ve diisiik sicaklikli sogutma sistemlerinde sirasiyla %20-
40 arasinda enerji tasarrufunun saglanabilecegi belirtilmistir [45].

Sanchez ve arkadaslar1 (2018), R134A akigkan: kullanilan direk sogutmali bir sistemin iki dongiilii ve ikincil
sistemde R134a, R152a ve R1234ze(E) akigkanlarinin kullanildig: bir sisteme doéntstiiriilmesinin enerji
tiketimine etkisini aragtirildigi bir ¢alisma gerceklestirmislerdir. Deneysel olarak gerceklesen caligmada
kapal1 tip endiistriyel sogutucu kabinin sicakligi 25 °C ve bagil nemi %55’te sabit tutulmusgtur. Tasarimda
gerceklestirilen bu degisim sayesinde; enerji tiiketimi degerleri ikincil sistemde kullanilan sogutkana gore;
R134a akigkani i¢in %21,8, R152a akigkan: i¢in %18,7 ve son olarak R1234ze(E) akiskan igin ise, %27,2
azalmugtir. Ayrica tasarim degisikligi sayesinde; sogutucu akigkana sarj miktary, ikincil sistem akiskanina gore;
R134a i¢in %42,5, R152a i¢in %62,0 ve son olarak R1234ze(E) i¢in %52,3 oraninda azalmistir [46].

Llopis ve arkadaslar1 (2016), transkritik ¢cevrimin mekanik agir1 sogutma ¢evrimi ile kombinasyonunu yaparak
bir calisma gergeklestirmigtir. Ana sogutma ¢evriminde CO,, agir1 sogutma ¢evriminde ise R1234yf sogutkan:
kullanilarak 0 °C ve 10 °C evaporatdr sicakliklari ile 24,0 °C, 30,2°C ve 40,0 °C kondenzasyon sicakliklarinda
sistem optimize edilmeye ¢alisilmis ve veriler deneysel olarak kiyaslanmigtir. Sistemde agir1 sogutma gevrimi
kullanilmasiyla birlikte; 6lclilen maksimum COP kosullarinda kapasitedeki artiglar, 0,0 °C buharlagma
seviyesinde %23,1 ile %39,4 arasinda ve -10,0 °C'de %24,2 ile %55,7 arasinda artis gostermistir [47].

Roy ve Mandal (2018), asir1 sogutma cevrimiyle entegre edilmis buhar sikigtirmali sogutma ¢evrimi tasarimi
gerceklestirmisler, bu sistemin enerji ve ekserji analizlerini yapmuglar sonrasinda ise bu sistemi geleneksel
buhar sikistirmali sogutma ¢evrimi ile kiyaslamiglardir. Asir1 sogutma kullanilan ve kullanilmayan her iki
sistemde de sogutkan olarak R134a akigkani kullanilmistir. Agir1 sogutma ¢evrimi kullanildiginda, sistemin
sogutma yiikii yaklasik %11 artmustir. Sistemin COP artigi, asir1 sogutma ile evaporator sicakliklar: 0 °C ve -
10 °C oldugunda sirastyla %11,4 ve %16 olarak hesaplanmigtir. Asir1 sogutma entegresi ile, ekserji yikimu ise
belirtilen evaporator sicakliklari igin sirasiyla %17,8 ve %8,8 oraninda azalmigtir [48].
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Yu ve arkadaglar1 (2009), merkezi sogutma sistemleri ile plug-in sogutma sistemleri kiyaslanmistir. Yapilan
caligmada, merkezi sistem tasarimiyla hava perdesi hizi kontroliiniin daha kolay saglandig, kabin i¢ yapisinin
daha rahat tasarlanabildigi, kabin igerisinde karlanmanin azaldigi, buna bagl olarak defrost siire araliklarinin
arttirilarak, 6 saatten 9 saate gikarabilecegi, maksimum tiriin sicaklik farkinin 3 °C'den 2 °C'ye diistiriilebilecegi
sonuglarina ulagilmistir [49].

Gullo (2019), Diinya’da cevresel hassasiyetler sonucu ¢ikan regiilasyonlarin etkisiyle endiistriyel sogutma
sistemlerinde yenilik¢i tam entegre R744 sogutkanmi kullanan bir tasarim gergeklestirmistir. Yapilan
tasarimda, dogrudan alan 1sitma ve sogutma, kabinlerde iiriin sogutmas: yapilarak ¢ok enjektérlic CO,
sogutkanina tam entegre bir yap: olusturulmus ve bu sayede siipermarketlerde yayginlasmasi diisiiniilen bir
yapt kurgulanmigtir. Caligmada, bu yontemin 6zellikle hava sicakligi yiiksek olan sehirlerde, HFC temelli
sistemlere gore enerji titketiminde ve karbon ayak izinde meydana getirecegi diisiisiin; sirastyla %33,3 ve
%89,5 olacag1 tahmin edilmistir [50].

Sun ve Wang (2022), endiistriyel sogutucularda kaskad tip sogutma tasarimiyla enerji verimliligini arttirmak
amaciyla bir ¢aligma gergeklestirmiglerdir. Yapilan ¢aliymada, R1150/R717 sogutucu akigkanlarini kullanan
iki dongulii bir endiistriyel sogutucu ile R1150/R41/R717 sogutucu akigkanlarini kullanan ti¢ dongilii bir
endiistriyel sogutucu sistem tasarimi kiyaslanmugtir. Cin’e ait 5 farkh iklim bolgesinde yapilan kiyaslama
calismasi sonrasinda; iki dongiilii sistemin kompresériiniin giris giiciiniin ti¢ dongiilii sisteme gore 1,45-1,61
kW daha diisiik oldugu, iki dongiilii sistemin COP degerlerinin ti¢ dongiilii sisteme gore her bolgede daha
yliksek oldugu ve iki dongiilii sistemin enerji titketiminin ti¢ dongiilii sisteme gore bolgesel bazda yillik %8,6-
10,2 oraninda yiiksek oldugu hesaplanmis ve iki dongiilii sistemi ti¢ dongiilii sistem yerine kullanilmasinin
daha fizibil oldugu tespit edilmistir [51].

Karampour ve Sawalha tarafindan (2017), Isveg’te yer alan bir siipermarketteki entegre CO, transkritik
sisteminin enerji verimliligi degerlendirmesi gergeklestirilmistir. Calismada, ortam ve sicak su 1s1tma, ortam
sogutma (klima) ve teshir tipi dolaplarda iiriin sogutma uygulamas: gerceklestirildigi komplike bir sistem
tasarimi yapilmistir. Yapilan tasarimin enerji verimliligi agisindan gerceklestirilen simiilasyon temelli
degerlendirmesinde; sistemin, Kuzey Avrupa'da iiriin sogutma, 1sitma ve klima i¢in bagimsiz geleneksel HFC
¢oziimlerine kiyasla yaklagik %11 daha diisiik miktarda elektrik enerjisi tiiketecegi tahmin edilmistir [52].

2.6. Endustriyel sogutucularda hava akigi bazl ¢aligmalar (Airflow based studies on industrial refrigerators)

Endiistriyel sogutucularda 6zellikle gida maddelerinin istenilen sicaklikta, homojen sicaklik gradyaniyla
muhafaza edilmesi hem iiriin sagligi hem de {iriin dayanimu igin olduk¢a 6nemlidir. Sicaklik dagiliminin
sogutma kabini igerisinde dengeli dagilimi, istenilen tiriin muhafaza sicakliklarinin en verimli sekilde
korunabilmesi amaciyla hava perdesi ve kabin geometrisi temelli yapilan ¢alismalar bu kisimda sunulmustur.

Yuan ve arkadaglari (2022), agik teshir tip bir endiistriyel sogutucuya kanatcik entegresinin sistem
performans: ve enerji tiiketimine etkisini deneysel olarak incelemiglerdir. Yapilan c¢aligmada, kabinin
kanat¢ikh sekilde tasarlanmasiyla, kabin icerisindeki maksimum sicaklik farki 0.6°C azalmus, 1s1 siiriiklenme
faktorii %38,7-50 oraninda diigmiis ve toplam enerji titketiminde ise %21,7 oraninda azalma saglanarak
faydali bir tasarim ortaya konulmustur [53].

Lin ve arkadaglar1 (2023), agik teshir tipi bir sogutucunun kabin geometrisinin, sogutma performanst {izerine
olan etkisini incelemiglerdir. Caligmada, sogutma kabini arka panelinde yer alan hava deliklerinin sogutucu
kabin icerisindeki hava akisina etkisi aragtirilmisgtir. Hava deliklerinin sogutma kabinin alt kismina dogru
yerlestirilmesinin paketli gidalarin sicaklik kontrolii i¢in daha uygun olacagi sonucuna ulagilmistir. Ayrica
calismada gida ambalajlarinin kullanildigi malzemelerin hava akisi igin 6nemli bir etken oldugundan da
bahsedilmektedir [54].

Tsamos ve arkadaslar1 (2019), agik teshir tipi endiistriyel sogutucu raflarinin 6n yiizeyinde hava yonlendirici
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kanatgiklar kullandiklar: yeni nesil bir tasarim ile geleneksel tasarimi simiilasyon ortaminda kiyasladiklar: bir
caligma gerceklestirmislerdir. Geleneksel tasarim 42 kWh/giin enerji harcarken gerceklestirilen kanat¢ikl
tasarimin enerji titketimi 25,3 kWh/giin olmustur. Bu baglamda kabine yapilan bu entegre sayesinde yaklagik
%60 oraninda enerji tasarrufu gerceklestirilmigtir [55].

Li ve arkadaglar1 (2022), acik teshir tip endiistriyel sogutucularda bir hava perdesi yerine iki hava perdesi
kullanarak bir ¢aligma gerceklestirmislerdir. Calismada, hava perdesi hizinin kontrolsiiz artiginin operasyon
i¢in olumsuz oldugu, kabinin hava tahliye 1zgaras: agisinin tasarim igin 6nemli oldugu agiklanmis ve buna
gore farkh operasyonlar gerceklestirilmistir. Caligmalarin sonucunda, ¢ift hava perdeli sogutucu tek hava
perdeli sogutucuya gore her zaman daha iyi performans sergilemis ve yapilan ¢calismalarda, %29-41,6 arasinda
enerji tasarrufu saglandig hesaplanmugtir [56].

Wu ve arkadaslar1 (2014), dikey acik teshir tipi endiistriyel sogutucularda kabinin arka panel yapisinin akig
ve 1s1 transferi {izerine etkisini inceledikleri bir caligma gerceklestirmislerdir. Caligmada, arka panelde yer alan
deliklerin sayist ve farkli konumlara yerlestirilmesi sonucunda arka panel ve hava perdesi akis1 arasindaki
karakteristik incelenmistir. Caligmada, %3’ten daha az gozenekli yapinin akis igin olumlu oldugu, delik
konumlarmin ise driinlerin sicaklik dagilimi Gzerine kiigiik bir etkisi oldugu belirtilmistir. Raflardaki
gozenekli yapinin optimizasyonu sayesinde tiriinler arasindaki maksimum sicaklik farki sapmasi %49’a kadar
iyilestirilmigtir [57].

Nikitin (2020), agik teshir tip bir endiistriyel sogutucuda tek hava perdesi yerine iki hava perdesi kullandig:
¢alisma verilerini kiyaslamigtir. Eklenen hava perdesinin ¢ok biiyiik bir tasarimsal degisiklik gerektirmedigi
ve tasarim maliyetini fazla arttirmadig: belirtilen caligmada, yapilan simiilasyon sonucunda, iki hava perdeli
tasarimin, kullanilabilir etkin hacmi %13 oraninda arttirabilecegi belirtilmistir [58].

Hammond ve arkadaslar1 (2016), teshir tipi endistriyel sogutucularda kullanilan hava perdesi yaklagimlarina
iligkin bir caligma ger¢eklestirmislerdir. Yapilan calismada, geleneksel teshir tipi dolaplarinda bulunan tek
stitun seklinde dagilan hava perdesi yerine $ekil 7.’de gorsel tasarimi sunulan raflar arasina kisa mesafeli hava
perdesi tasarimi yaklagimi ortaya konulmugtur. Kisa hava perdesinin sicaklik dagiliminin daha homojen
olmasini saglama ve daha verimli bir sogutma ortaya koyacag: diisiintilerek gergeklestirilen ¢aligmada, enerji
tiketimi 47,63 kWh/giin’den 30,54 kWh/giin degerine diismiis ve sicaklik stabilitesinin %67 oraninda daha
fazla gelistirildigi sonuglarina ulagilmistir [59].

Sekil 7. a- Kisa mesafeli hava perdesi tasarim, b- Raflar arasindaki hava akisi detay: [59] (a- Short distance air curtain design, b- Air flow
detail between shelves)

XueHong ve arkadaslar1 (2017), acik teshir tip bir sogutucu icerisinde faz degistirici madde gecen yeni nesil
kompozit bir raf tasarlamiglar ve bunu geleneksel raflarla kiyaslamiglardir. Kompozit raflarda geleneksel
raflara gore iiriinlerin daha homojen sicaklik egilimi gosterdigi ve maksimum sicaklik farklarinin %13.7-32
oraninda diistiigii, defrost siireci boyunca ise raflarda bulunan besinlerin sicaklik dalgalanmalarinin %53,3-
83,3 oraninda azaldig ortaya konulmustur [60].

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 50



Sensoy & Aktas Gazi Mihendislik Bilimleri Dergisi: 10(1), 2024

Jouhara ve arkadaslar1 (2017) agik teshir tip sogutucu raflarina, diiz 1s1 borusu teknolojisiyle yeni bir tasarim
gerceklestirmisler ve tasarimin enerji titketimi, gida muhafaza kosullarina olan etkisini arastirmuslar,
konvansiyonel ticari raflarla bu raf tipini belirtilen degiskenler tizerinden kiyaslamislardir. Deneysel
¢aligmalarda, 1s1 borulu yenilik¢i raflarinin kullaniminin, iriinlerin sicaklik profilini homojenlestirdigi ve
raflar ile iirtinler arasindaki 1s1 transferini iyilestirebildigi gostermistir. Bunun yaninda bu yenilikgi tasarim
sayesinde endiistriyel sogutucunun enerji titketimi yaklagik %12 oraninda azalmistir [61].

Chaomuanga ve arkadaglar1 (2019), kapali tip endiistriyel sogutucular1 agik tip sogutucularla kiyasladiklar:
bir ¢alisma gerceklestirmiglerdir. Endiistriyel sogutucularda kabinlerin 6n kismui daha yitksek sicakhiga
sahipken arka taraflarda sicaklik daha diisiik olmaktadir. Bu durum sicaklik heterojenligine yol agarken,
sogutucularda kapt kullanmanin bu duruma etkisi gézlemlenmek istenmistir. Yapilan deneysel ¢alismada,
kap1 kullanilan durumlarda kabinin muhtelif yerleri arasindaki maksimum sicaklik farklar: 2,1 °C iken kap1
kullanilmadig1 durumlarda ise bu fark 4,9 °C’e kadar ¢ikmistir. Bu yonden tiriin sicakliklarinin homojenligi
kap1 kullanilarak daha iyi bir noktaya ¢ikarilmistir. Ayrica ¢alismada, kabinin yitklenme durumunun hava
akigina etkisi de incelenmis ve yiikleme yiizdesinin, delikli plakadan gegen hava akis hizin1 6nemli dl¢tide
etkilemedigi vurgulanmigtir [62].

Sun ve arkadaglar1 (2017), agik teshir tip sogutucularda hava akiginin saglikli olabilmesi maksadiyla yaptiklar:
yeni tasarima simiilasyon analizleri gerceklestirmislerdir. Yapilan ¢alismada, Sekil 8. de gosterildigi tizere
endiistriyel sogutucuda hava kilavuz seritleri kullanmanin, hava perdesi etkisini dikey olarak kuvvetlendirdigi
ve ortam havasinin kabin igerisine sizmasini 6nledigi, serit kullaniminin kabindeki hava sicakligini 4,9 °C
distirdiigii ve bu diistisiin gerekli sogutma kapasitesini %34 oraninda azalttig1 sonuglarina ulagilmistir [63].

ANSYS

b. i o

Sekil 8. a- Geleneksel sogutma kabini yapisi, b- Yenilik¢i kabin yapist [63] (Traditional cooling cabinet structure, b- Innovative cabinet
structure)

Wang ve arkadaslar1 (2021), cift sicaklikh agik teshir tip endiistriyel sogutucular tzerine bir ¢aliyma
gerceklestirmistir. Yapilan caligmada ortaya konulan tasarimla, teshir tip sogutucu depolanan tiriinlerin hem
sogutulmasini hem de 1sitilmasini saglayabilmektedir. Calisma esnasinda, ¢ift sicaklikli agik tip endiistriyel
sogutucunun arka panel deliklerinin yiiksekligi ve fan boyutlandirilmas: temel alinarak tasarim optimize
edilmeye calisgilmistir. Caligmada, agik teshir tip endiistriyel sogutucularda biyiik bir fan kullanmanin
yalnizca hava perdesi akis hizini arttiracagi bunun diginda hava perdesi yapisina bir etkide bulunmayacagi
belirtilmistir. Bunun yaninda sogutma havasinin yaklagik %25’ arka panellerdeki deliklerden saglandigindan,
deliklerin konumu ve yiiksekligi hava perdesine ciddi oranda etki ettigi ve bunlarin her bir dolap 6zelinde
optimize edilmesinin olduk¢a 6nemli oldugu belirtilmistir [64].
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3. Tart1§ma (Discussion)

Endiistriyel sogutucularin diinya genelindeki enerji tiikketimine bakildiginda, diinyada tiiketilen elektrik
enerjisinin %6’s1 gibi ciddi bir orana sahip olduklar1 goriilmektedir [65]. Bu oranin ekonomik yansimalar1
hem son tiiketici bazinda isletmelere hem de ulusal bazda devletlere azimsanmayacak bir maliyet
¢ikarmaktadir. Bunun yaninda gerek kiiresel boyutta yapilan uluslararasi sozlesmeler gerekse de lokal
diizenlemeler endiistriyel sogutucularin hem elektrik enerjisi titkketimi hem de sogutkan salinimi yonlerinden
gevreye olan etkilerinin azaltilmasini gerekli hale getirmistir.

Giinden giine sayilar1 artan siipermarketlerin icerisinde yer alan endiistriyel sogutucularin verimliliklerinin
artmasinin ve ¢evreye olan tahribatlarmin azaltilmasinin kiimiilatif faydalarinin olacagi ¢ok agiktir. Bu
sebeple, endiistriyel sogutucu tasarimlarinda ve sogutucularin operasyon kosullarinda gergeklestirilecek her
iyilestirme siirdiirtilebilirlige katk: saglayacaktir.

Gergeklestirilen bu ¢alismada, endiistriyel sogutma sistemlerinde yapilabilecek iyilestirmeler gruplandirilarak
stirece olabildigince farkli perspektiflerden bakilmaya c¢aligilmigtir. Bu baglamda; endiistriyel sogutucu
komponentleri, yalittim ¢aligmalari, endiistriyel sogutucularin dis ortam sartlari ve sogutucularda kontrol
yontemleri, kullanilan sogutkan gesitleri, sogutma ¢evriminde yapilan iyilestirmeler ve hava akigi konularinda
gerceklestirilen 6nemli ¢aligmalar incelenerek, ¢iktilar: sunulmustur.

Endiistriyel sogutucular icerisinde yer alan komponentlerin her birinin son teknolojik gelismelere uyum
saglayabilmeleri, verimliliklerinin yiiksek olmas: ve uzun siire kullanilma imkanina sahip olmalar1 oldukg¢a
onemlidir. Bu baslik altinda dikkat ¢eken en 6nemli sistem bilesenlerinden birisi siiphesiz kompresorlerdir.
Kompresorler, sogutma sistem ekipmanlari igerisinde en fazla enerji tiiketimine sahip olduklarindan,
yapilacak iyilestirmeler sistemin biitiiniine olumlu katkilar vermektedir. Kompresorler 6zelinde, ag/kapa tip
kompresorler yerine degisken devirli kompresor kullanimin, kompresorlerde dogru yaglama yaglar: segimi
yapilmasinin, sogutma kapasitesine uygun tipte bir kompresor se¢imi gergeklestirmenin, kompresor giicii ve
kompresor sayisinin sogutma yiikiine uygun olmasinin, kompresérlerin olabildigince sabit basing ve sicaklik
degerleri iizerinden galismasinin ve sistemde kullanilan sogutkanin termodinamik olarak kompresore uygun
olmasinin enerji titketimi agisindan oldukga fazla 6nemi oldugu goriilmektedir.

Endiistriyel sogutma sistemlerinde kullanilan 6énemli diger ekipman kondenserdir. Tasarimlarda kullanilan
kondenserlerin mikro kanal yapida tercih edilmesi genellikle 1s1 transferi stirecini olumlu hale getirmektedir.
Bunun yaninda bu tip kondenserlerin kirli ortamlarda kullanimi mikro kanallar icerisine biriken c¢esitli
partikiiller sebebiyle ¢evrime zarar da verebilmektedir. Kondenser se¢imi yapilirken sogutucu akiskan sarji
miktarin1 minimum degere indirebilecek tasarimlar yapilmali, tasarimlarda 1s1 iletim katsayisi yiiksek
malzemeler kullanilmali, ekipman temizligi diizenli olarak saglanmali, gerektiginde ve 6zellikle mevsim gegisi
zamanlarinda sisteme olumlu katkilar verecek dinamik kondenzasyon uygulamas: tercih edilmelidir.

Sogutma ¢evriminde kullanilan bir diger ekipman da genlesme valfleridir. Endiistriyel sogutma sistemlerinde
verim arttirici galismalar esnasinda; kontrol sistemlerine daha iyi adapte olmasi nedeniyle mekanik genlesme
valfi ve kapiler borular yerine elektronik genlesme valfi kullanimi, genlesme valfi yerine ise kompresor
yikiiniin kii¢iiltmesini saglamanin yaninda daha kiigiik evaporatér ve kondenser boyutlar1 kullanimina
imkan saglamas: sebepleriyle ejektor kullanimi sik¢a goriilmektedir. Bunun yaninda sogutucu sarji ve elektrik
enerjisi titketimi agisindan genlesme igleminde kullanilan kapiler boru uzunlugu dikkat edilmesi gereken bir
bagka nokta olarak kargimiza ¢ikmaktadir.

Sogumanin fiziksel olarak hissedildigi sistem bileseni olan evaporator iinitesi tasariminda da 6nemli noktalar
bulunmaktadir. Evaporatérlerde dikkat edilmesi gereken en 6nemli nokta karlanmanin kisa siirede defrost
islemiyle ¢oziilmesi islemidir. Karlanmanin yaninda kirlenmenin onlenmesi igin evaporatérlerin temizligi
planh sekilde yapilmalidir. Sistem tasariminda 1sil iletkenlik katsayisi yiiksek, kanat¢ikli yapida evaporator
tasarimu 1s1 transferini kolaylastiracaktir.
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Bunun yaninda endiistriyel sogutucularda aydinlatma sistemleri hem estetik agisindan hem de islevsel agidan
oldukga kritiktir. Aydinlatma sistemleri olarak enerji tasarruf 6zelligi yiliksek ve estetik agidan giiclit LED 151k
kaynag tasarimlari enerji titketimini azaltmanin yaninda dikkat ¢ekici goriintiiler sunmasi nedeniyle satiglar
acisindan ticari olarak da tercih sebebi olmaktadr.

Degerlendirme yapilan bir diger konu bashg da endistriyel sogutucularin yalitimidir. Endiistriyel
sogutucularda en 6nemli yalitim yontemi agik tip sogutuculara kapak takilmasidir. Enerji titketimini ciddi
oranda azalmasmi saglayan kapali tip endistriyel sogutucular stipermarket igerisindeki havalandirma
sisteminin kontrolii agisindan da daha avantajhdir.

Endiistriyel sogutucularda bir diger yalitim yontemi agik tip sogutucularda kullanilan gece perdesidir.
Stipermarketin acik olmadigi zamanlarda ve satisin olmadig: saatlerde kullanilan gece perdeleri sayesinde,
endiistriyel sogutucuya disaridan hava girisi miktar1 azalmakta ve sogutucu daha uzun siire stabil sicakliga
sahip olabilmektedir.

Yalitim siirecinde dikkat edilmesi gereken bir baska nokta da kapali tip sogutucu kapaklarinda kullanilan
contalarin bityiikliigiiniin kapakla uyum gostermesi ve hava kagaklarinin minimum diizeye inmesidir. Bunun
yaninda kapak conta bakimlarinin diizenli olarak yapilmasi da enerji verimliligi i¢in olduk¢a 6nemli bir
parametredir.

Enerji verimliligi yitksek tasarimlarda kullanilan bir diger yontem ise dolap kapaklarinin anti-fog malzeme ile
kaplanarak ¢iylenme noktast sicakligini arttirmak veya kapak gerceve kenarlar1 ve camlar: tizerine rezistans
ekleyerek kapaklarda olusan bugulanmayi 6nlemektir. Olusan bugulanmay: 6nlemek sadece enerji verimliligi
acisindan degil ayni zamanda ticari olarak, tiriin goriilebilirligi ve satislar agisindan da 6nemlidir.

Endiistriyel sogutucularin karbon salimi konusunda sogutkanlar biiyiik sorumluluga sahiptir. Sogutkan
secimi yalnizca sogutkanin dogrudan ¢evreye karbon salimi noktasinda degil, tiim sistemin verimliligi
noktasinda da 6nemli bir etken oldugundan, endiistriyel sogutma sistemi ile termodinamik ve fiziksel olarak
tam uyum gosteren bir sogutucu akiskan se¢imi yapmak tasarim esnasinda oldukea kritiktir. Tasarim ile
uyum igerisinde galisan bir sogutkan enerji verimliligi yaratabileceginden kullanilan elektrik enerjisi miktar:
diisecek ve dolayl olarak da ¢evreye pozitif anlamda katma deger yaratan bir siire¢ ger¢eklesmis olacaktir.
Ozellikle son 20 senede kullanilan sogutkanlara iliskin kiiresel 6lgekte ve yerel diizeyde birgok diizenleme
gerceklestirilmistir. Bu diizenlemeler ile; CFC gazlarin tiiketimi yasaklanmis daha sonrasinda ise, HCFC
gazlarimin kullanimi 6nce siirlandirilmig ardindan tamamen yasaklanmistir. Mevcut durumda, bazi HFC
grubu gazlarin da kullanimi siirlandirilmigtir. Bu yasaklama ve sinirlandirmanin en biiyiik sebebi, ilgili
gazlarin KIP ve ODP potansiyellerinin oldukga yiiksek olmas: olmustur. Endiistriyel sogutma sistemlerinin
tasarim agamasinda, c¢evresel tahribat acisindan KIP ve ODP degerleri diisik akiskan segimi
gerceklestirilmelidir. Bununda yaninda segilecek olan akigkan, yapilacak olan tasarima uyumlu termodinamik
muhteviyatta olmal ve fiziksel agidan da kullanim ortamina uygun 6zellikler barindirmalidir.

Endiistriyel sogutucularda siklikla tercih edilen R134a akiskaninin kullanimmin son zamanlarda
sinirlandirilmaya baglamasiyla birlikte bu akigkana muadil olarak benzer termodinamik o6zellikler
gostermenin yaninda daha gevreci 6zelliklere sahip olan R1234ze ve R1234yf akigkanlar tasarimlarda tercih
edilmektedir. Yine ge¢mis dénemde sik¢a kullanilan R22 akigkanina alternatif olarak ise, R438A ile R417A
akigkanlarinin  kullanimi yayginlasmaktadir. Bunun yaninda tasarimlarda; R410A, R290A ve R404A
akigkanlarinin da siklikla tercih edildigi gorillmektedir. Ayrica ¢alismalarda, akigkan se¢iminin tasarim bazli
ve ¢aligma kosullarina gore yapilmasi gerektigi agik¢a vurgulanmaktadir.

Endiistriyel sogutma sistemlerinde verimlilik arttirici unsurlarda incelenen bir diger bashik da sistemin
kontrol edilebilir tasarima sahip olmas: ve ortam sartlaridir. Endiistriyel sogutucularda kullanilan sistem
bilesenleri belirli sinirlar dahilinde ¢alisan cihazlardir. Bu cihazlarin gartlara ve zamana bagh olarak, zaman
zaman sinir noktalarinin daraltilabilmesi sistemin daha az enerji titkketmesini saglamaya imkan tanir. Ozellikle
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sistem kompresorii ve fanlarin belirli bir algoritma dogrultusunda ¢aligmalarinin optimize edilmesi enerji
verimliligi acisindan son derece olumlu sonuglar vermektedir. Ayrica endiistriyel sogutucular ve 6zellikle
sogutma kabinleri ortam sartlarindan son derece kolay sekilde etkilenebilmektedir. Bu nedenle, ortam
sicakligi ve bagil nem basta olmak {izere sogutma sistemlerinin konumlandirildigi ortamin fiziksel
ozelliklerinin yapilan tasarim kriterlerine uygun ve olabildigince stabil olmas: sistem verimliligi agisindan
olumlu olacaktir.

Buhar sikigtirmali ¢evrimi kullanilan endiistriyel sogutma sistemlerinde verimliliginin arttirilmas: amaciyla
cevrime eklemeler yapilabilmekte ve tasarim tipleri degisebilmektedir. Buhar sikigtirmali sogutma ¢evrimine
en yaygin entegre edilen yontemler, agir1 sogutma ve asir1 kizdirma uygulamalaridir. Agiri sogutma
uygulamasiyla, sogutkanin kondenser ¢ikiginda asir1 sogutularak evaporatorde daha fazla 1s1 gekmesi saglanir
ve boylelikle sistemin COP degeri artar. Ayrica asir1 sogutma uygulamasi, kondenserden ¢ikan sogutucu
akigkanin buhar kabarciklar seklini alarak genlesme valfine girmesi, genlesme valfi kapasitesinin diigmesi ve
buharlagtiriciya giren sogutucu akisgkan miktariin azalmas: gibi etkileri de engellenmektedir. Evaporator
cikisinda gergeklesen agir1 kizdirma uygulamast ise, sogutulan ortamdan daha ¢ok 1s1 enerjisi gekilmesini ve
boylelikle COP degerinin arttirilmasini amaglar. Bunun yaninda bu uygulama sayesinde, kompresore sivi
fazda sogutkan girmesi de onlenir. Her iki yontem de sistem performansini dogrudan etkilemekte, sogutma
kapasitesi ve enerji verimliliginde 6nemli oranda artis saglanabilmektedir.

Bunun yaninda sogutma yiikiine, sogutulacak malzeme ¢esidi, buyukliigii ve sogutma amacina gore farkli
tasarim cesitleri bulunmaktadir. Ozellikle siipermarketlerde, bakim maliyetleri diisitk olan ve hareket
ozgirligii saglayan plug-in endistriyel sogutma sistemleri fazlaca kullanilirken, evaporator iinitesinde
sogutulan havanin gekilen tesisatla, borulama yardimiyla, dagitildigi merkezi sogutma sistemleri de yiiksek
sogutma talebine ihtiya¢ duyulan noktalarda siklikla kullanilabilmektedir. Ayrica, sogutma yiikiiniin daha az
oldugu durumlarda merkezi endiistriyel sogutma sistemlerine alternatif olarak gelistirilen, evaporatérlerin
sogutucu kabinlere nispeten daha yakin konumlandirildigs, béliinmiis tip enddistriyel sogutma sistemleri de
son zamanlarda yaygin sekilde perakendecilik sektoriinde yerini almaktadir.

Endiistriyel sogutucu tasarimlarinda iizerinde durulan son baslik hava akisi olmustur. Sogutma dolaplarinda
saklanan triinlerin maksimum sicaklik farklarinin olabildigince az ve homojen olmasi, enerji tiiketimi ve
triin saghig agisindan oldukga degerlidir. Hava akisinin saglikli olabilmesi i¢in ve tiriin sicaklik dagilimlarinda
homojenligin saglanabilmesi agisindan; endiistriyel sogutma kabinlerinde kompozit malzemeler ve kanatcik
kullanimi son dénemde oldukea yayginlasmistir. Bunun yaninda sogutucu kabinlerin arkasinda yer alan hava
deliklerinin konumu ve sayisinin dogru belirlenmesi, arka panelde kullanilan malzemenin yapisinin gézenekli
olmasi, raflar arasinda kisa mesafeli hava perdesi tasarimlari, kompozit malzeme igerikli raf tasarimlary, gift
hava perdesi kullanilan tasarimlar gibi bir¢ok yontem tasarim bazli kullanilmig ve hava akigina farkh
oranlarda 6nemli katkilar saglanmistir.

Kiiresel ve yerel bazda alinan karbon salinimi 6nlemleri, son kullanicilar ve iilkelerin enerji tiiketimlerinde
verimlilik aray1s1, buna bagli olarak son kullanicilarin girdi maliyetlerini azaltma gabalary, {ilkelerin bahsedilen
regiilasyonlara uyma zorunlulugu, yogunlukla enerji ithalatcisi iilkelerin enerji titketimlerinde yer alan
verimsiz yonleri bir an 6nce azaltarak cari agiklarini azaltmak istemeleri, 6zellikle Avrupa iilkelerinde enerji
verimliligi siireclerine yonelik {irtin satisin1 kisitlayici standartlarin olusmas: gibi bircok sebep endiistriyel
sogutma sistemlerinde enerji verimliligi ¢aligmalarini hiz kazandirmigtir. Bu konuda 6zellikle, AB iiyesi
tilkelerde 2019 senesinde yiiriirliige girmis olan “Eko Tasarim” gereklilikleri sogutucu cihazlar i¢in de cesitli
zorunluluklar getirmistir. Saklanan triiniin muhteviyat: ve tasarlanan dolabin 6zelliklerine gore tasarim
gereklilikleri ayrintili sekilde agiklanan diizenlemede, A ve G arasinda yapilan simiflandirma ile enerji
verimlilik endeks degeri belirlenmektedir. Piyasaya yeni siiriillecek olan endiistriyel sogutucular i¢in ilgili
diizenlemeyle, 1 Mart 2021°den itibaren enerji verimliligi endeksi degerinin 100 degerinden kiigiik olma
zorunlulugu, 1 Eyliil 2023’ten itibaren ise 80 degerinden kiigiik olma zorunlulugu getirilmistir. Gerek AB tiyesi
tilkelerde bulunan gerekse de bu tiilkelere ihracat¢i konumunda olan ve piyasaya riin satmak isteyen
tireticilerin belirtilen enerji etiketi degerine ve eko tasarim gerekliliklerine uygun hareket etmesi ticari olarak
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zorunluluk olugturmustur.

Cevresel olarak bahsedilen gereklilikler yanminda daha uzun vadeli ve genis kapsamli olarak cevreci
yaklagimlarin da gelistirilmesi degerlidir. Bu noktada, piyasaya sunulan endiistriyel sogutucularin LCCP
analizlerinin gerceklestirilerek termodinamik ve eko tasarim gereklilikleri géz ardi edilmeden; malzeme
se¢imi, sogutkan secimi, enerji tiiketimi, operasyonel kogullar ve tiriintin kullanim 6mrii tamamlandiginda
yapilacak bertaraf ¢aligmalar1 da dahil bir¢ok parametre dikkate alinarak miimkiin olan en gevreci tasarim
ortaya konulmalidir. Bu yoniiyle LCCP analizlerinin de uygulandigi bir tasarim, yalnizca sera gazi
emisyonunu azaltmayacak ayni zamanda diinyanin daha siirdiiriilebilir ve yagsanabilir bir alan olmas: amacina
da hizmet edecektir.

Caligmada bagliklar halinde sunulan ve bu kisimda tartigilan yontemlerin bir kisminin uygulanmasi dahi, bu
cihazlarin enerji verimliligini yiikselterek enerji etiket degerlerinin diismesini saglayacaktir. Diinya genelinde
milyonlarca bulunan bu cihazlarda saglanacak en kiigiik verimlilik dahi kiiresel enerji tiiketiminin
azaltilmasini saglayarak cevresel siireclere olumlu katkilar verecektir. Ulkelerin karbon vergisi calismalarini
hizlandirdig: bu dénemde, daha verimli endiistriyel sogutucu kullanimi perakende sektoriinde yer alan zincir
marketler bagta olmak tizere, bircok son kullaniciyr dogrudan ve olumlu yonde etkileyecektir. Bunun yaninda,
tilke enerji titkketiminde yaganacak tasarruf ile ayn1 miktar kurulu gii¢ ve elektrik enerjisi tiretimiyle daha fazla
sistem calisacagindan ilkelerin gelismislik diizeyinin gostergesi olan enerji verimliligi konusunda iilke
genelinde 6nemli bir gelisim yasanabilecek ve bunun dogrudan ve dolayl yansimalari da katma deger
olugturacaktir.

4, SOl'lll(; (Result)

Gergeklestirilen bu ¢aligma ile, endiistriyel sogutucularda enerji verimliligini arttiran, performans katsayisinin
ylikselmesini saglayan ve gevreci yaklagimlar iceren cesitli ¢aligmalar incelenerek derlenmis, farkli bakis
acilarryla endiistriyel sogutucularda enerji verimliligi yaratan yontemler, aragtirmaci ve iriin treticilerine
tasarim girdisi olmasi maksadiyla sunulmustur. Caligmada sunulan bu girdiler dikkate alinarak
gergeklestirilecek yeni nesil tasarimlar ile daha az enerji kullanimi saglayan ve buna bagli daha fazla
performans gosteren verimli endiistriyel sogutucular tiretilebilecek ve bu sayede daha ¢evreci, dogaya karbon
saliimi azalmus, {iriin gruplar olusturulabilecektir.
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Eklemeli Imalat ile Uretilen PLA Parcalarin Yorulma
Omriinde Test Frekansinin Etkileri Uzerine Bir
Calisma

(0 )4

Malzemelerin yorulma testleri, tiim siire¢ dikkate alindiginda diger bir¢ok mekanik teste gore
daha uzun siire gerektirmektedir. Test siiresini etkileyen en 6nemli faktorlerden biri yorulma test
frekansidir. Bu caligmada EI teknigiyle iiretilen PLA pargalara farkli test frekanslarinda yorulma
testi uygulanmus ve test frekansinin etkileri arastirlmistir. Yorulma testlerinde dort farkli gerilme
seviyesi uygulanmus ve testler 2 Hz, 4 Hz, 6 Hz ve 8 Hz olmak iizere dort farkli frekansta
gergeklestirilmistir. Uygulanan gerilme seviyelerine gore degisen test frekanslarinda farkl
yorulma émiirleri bulunmustur. 1. Gerilme seviyesinde artan test frekansiyla yorulma 6mriinde
yaklagik %44 azalma gorilmistir. 3. Gerilme seviyesi ve sonrasi yorulma omrii artan trend
gostermistir. 4. Gerilme seviyesinde test frekansi 2 Hz’den 8 Hz’e degistirildiginde yorulma 6mrii
%45 artmustir. Genel olarak, belirli yorulma 6miir degerinden sonra artan test frekansinin
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yorulma dmriinii arttirma egiliminde oldugu gorilmiistiir.
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1. Introduction

In recent years, interest in additive manufacturing (AM) systems has increased in academic and industrial
fields [1]. The capabilities of the AM method, such as performing fast production, reducing design limitations,
and reducing material consumption [2], have contributed to this situation. In today's manufacturing industry,
the increasing demand for more specialized and highly complex components has led to advances in AM
technologies [3]. Different materials such as polymer, ceramic, metal, and composite can be processed with
the AM method. Polymers are a type of material commonly used in the AM process [4]. The development of
polymers has led to their use in various structural and load-bearing applications [5]. Polymers have recently
been preferred in many industrial applications, and replacing metallic alloys with polymers has become very
important in new technological machines and systems [6]. The fact that polymers are light in weight, easy to
manufacture, and have good mechanical properties such as abrasion resistance [7] can be shown among the
reasons that may contribute to this change.

Different production techniques and methods are used in the AM method. One of them is the fused
deposition modeling (FDM) and its use has increased with the widespread use of 3D printers [8]. Poly lactic
acid (PLA) is one of the most widely used polymers in FDM [9]. PLA can be used in many sectors, such as
medical, biomedical, packaging, agriculture, and automotive industries [10]. Since this material has a
common usage area, it is important to determine the mechanical properties of this material to provide the
desired working performance. The mechanical properties of the polymer parts produced with AM are highly
dependent on the production parameters. Nozzle temperature and speed [11] infill pattern type, build
orientation, and raster angle [12] are examples of these parameters. Although a target part produced in
different parameters with a 3D printer physically provides the same geometric properties in its final form,
mechanical properties may vary due to differences in production parameters. In this respect, studies on the
mechanical properties of parts produced with AM have attracted great interest in recent years [13].

Kaygusuz and Ozering [9] investigated the effect of printing temperature and infill density on the produced
PLA structure. Noting that these two printing parameters significantly affect the mechanical properties, they
found that increasing printing temperature increased the tensile strength. They attributed this increase to
reducing voids in the structure due to high temperature. Kam et al. [14] investigated the effects of vibrations
in the 3D printer on the surface roughness of the produced part. They found that the full honeycomb was the
best result among the parts produced in six different infill structures. With this study, it is understood that
the 3D printer system can also directly affect the properties of the produced part. Istif [7] investigated the
wear behavior of PLA parts produced with FDM. Different wear behavior was observed in two different
sample types produced in vertical and horizontal orientations, indicating that layer orientation plays a vital
role in the wear mechanism. Yavuz et al. [15] applied a three-point bending test to PLA, ABS, and PETG
structures produced in different topologies by 3D printing. They stated that the ABS structure is more ductile
than the PLA structure, and although the PLA structure can withstand higher loads, it exhibits a more brittle
behavior by showing less displacement as a result of bending. In a similar study, Kamer et al. [13] investigated
the flexural properties of structures produced with ABS and PLA at different nozzle and bed temperature
parameters. While the effect of these two parameters on the flexural strength of the samples produced with
ABS is less than in PLA, the table temperature affected the flexural strength very little in the PLA samples.
However, the change in the printing temperature affected the flexural strength.

Parts produced with FDM are affected by mechanical failures throughout their service life. Fatigue is one of
these failures that can cause the component to crack and fracture even at low cyclic stress values [16]. In
addition, fatigue is responsible for 90% of the damage caused by the working of the machine components
[17]. If PLA components produced with AM are used in engineering applications, they should provide
sufficient accuracy and safety regarding fatigue strength [18]. Considering that PLA components produced
with AM can take on a task in structural applications, it is necessary to know these components' fatigue
properties. Gomez-Gras et al. [19] applied a fatigue test to PLA samples produced in different parameters
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with FDM. They stated that infill density had the most significant effect on fatigue performance, followed by
nozzle diameter and layer height. They also found that printing speed had little effect. Azadi et al. [20] applied
a fatigue test to circular cross-section PLA samples produced with FDM in horizontal and vertical build
orientations. They found that at low-stress levels, the effect of the build orientation is greater, and the fatigue
life of specimens produced in the vertical orientation is lower. Bakhtiari et al. [16] conducted a review study
investigating the effect of 3D printing parameters on fatigue properties. Their study discussed the effects of
production parameters according to the fatigue test type. They stated that it is difficult to deduce the overall
effect of each parameter due to the few parametric studies on FDM products in the literature. They also
mentioned that each production parameter can negatively or positively affect fatigue properties depending
on the change in material or load type. Safai et al. [21] stated that the synergy between all printing parameters,
such as build orientation, raster angle, layer height, and infill density, makes it difficult to determine the best
parameters regarding the best fatigue strength.

When the studies in the literature are evaluated, the effects of 3D printing parameters on mechanical
properties have been investigated in general according to the tests applied. Studies about the fatigue properties
were found to be less in number than other studies. It was also stated by some researchers that the studies on
the fatigue properties of AM and PLA materials are few [18,19,22,23]. Considering the operation of polymer
structures under cyclic loading conditions, it is important to determine their fatigue strength. Since the test
parameters are directly effective in evaluating the results, the test conditions can be considered another
important factor, like 3D printing parameters, in determining mechanical properties. Some basic test
parameters applied in fatigue tests are ambient temperature, applied stress level, and test frequency. Each of
these parameters is a factor that can directly change the test results. The most critical factor affecting test times
is fatigue test frequency. Since varying levels of loads must be applied to the test material in determining the
fatigue strength, many samples are used, and thus, the test times can be very long depending on the applied
load. This study investigated the effects of fatigue test frequency on the PLA structure produced by 3D
printing. Fatigue tests at varying test frequencies were applied to the samples produced under the same
conditions. Fatigue tests were carried out with a test machine applying planar bending stress. Investigating
the effects of fatigue test frequency and applying the fatigue test are among the differences in this study. This
study examined both the effects of fatigue test frequency and the fatigue life of PLA structure at different stress
levels.

2. Materials and Methods

The study consist of three stages: specimen production, tensile test, and fatigue test. FDM technique was used
in production, and Ender 6 brand-model 3D printer was used. 1.75 diameter white colored ESUN brand PLA+
filament was used. Printing parameters were kept constant in all productions. The printing parameters used
in the processes are given in Table 1. Two different types of specimens were printed for tensile and fatigue
tests. The printing process is shown schematically in Fig. 1.

Table 1. Printing parameters

Filament diameter (mm) 1.75
Nozzle diameter (mm) 0.4
Nozzle temperature (°C) 205
Bed temperature (°C) 60
Printing speed (mm/s) 80
Layer height (mm) 0.2
Infill density (%) 100
Raster angle (°) 0°
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Figure 1. Schematic representation of the printing process

Tensile tests were applied to determine the tensile strength of PLA structures and specify the load levels for
fatigue tests. Tensile test specimens were printed according to the ASTM D638 type IV standard [24]. The
tests were carried out with a Shimadzu AG 50 kN test machine at a fixed cross head speed of 5 mm/min at
room temperature, and three samples were tested. Tensile test specimen dimensions is given in Fig. 2

115 3.2
33

\J W;—-——

19
6

@

Figure 2. Tensile test specimen dimensions (mm)

Fatigue tests were carried out with a test machine applying planar bending stress. Figure 3 shows the fatigue
testing machine and the test scheme. The fatigue test machine is custom designed and manufactured. The test
specimen is mounted to one end fixed jaw and the other end movable jaw. The movable jaw moves up and
down at a certain frequency (range 0-20 Hz), forcing the specimen to bend. There is a 200 kg capacity load-
cell below the fixed jaw. Load cell performs instant load measurement during the test and the measured value
is read from the screen on the machine instantly. The machine also has a counter that calculates the total cycle
of the sample during testing. By connecting the machine to a computer, instantaneous load changes over time
can be monitored and the data obtained throughout the test is recorded. Samples of different dimensions can
be tested by changing the jaws on the machine or using the existing jaws. The tests were conducted at room
temperature, with all other conditions being the same except for the fatigue test frequency. Since the study
aims to investigate the effect of fatigue test frequency, the tests were applied at four different test frequencies:
2 Hz,4 Hz, 6 Hz, and 8 Hz. Four different stress levels and three specimens for each test frequency were used
for each level. A total of 48 fatigue test specimens were tested for four different stress values, four different
test frequencies, and three replications. Fatigue test specimen dimensions is given in Fig. 4.
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3. Results and Discussions
3.1. Tensile test results

Figure 5 shows the samples after the tensile test. When the rupture regions of the samples are examined, it is
seen that all of them were damaged from a similar region. This failure type is the case with specimens printed
at a 0° raster angle. In the sample printed at this angle, the orientation of deposited material is in the same
direction as the load applied in the tensile test. The stress is concentrated in the region where the flat area on
the specimen ends, the rounding begins, and thus, the rupture occurs in this region.

Figure 5. Specimens after the tensile test
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The stress-strain curves obtained from the tensile tests are given in Fig. 6. Three specimens subjected to the
tensile test showed very similar results in terms of tensile strength and elongation. This situation indicates
that the 3D printing process and the applied test are performed correctly under equal conditions. The average
tensile strength has been calculated as approximately 45 MPa. The tensile strength of 3D-printed PLA parts
is directly related to the printing parameters. In another study, the tensile strength of the PLA part produced
with similar parameters was found to be very close [25]. Since the primary purpose of the tensile test is to
determine the amount of load to be applied in the fatigue test, there was no need for a more detailed evaluation
of the results.
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Figure 6. The stress-strain curves of the specimens
3.1. Fatigue test results

Figure 7 shows the specimens after the fatigue test. Factors such as the applied stress magnitude, temperature,
frequency and manufacturing defects in the sample affect the test results [20]. When Figure 7 is examined, it
can be seen that the samples were damaged in approximately the same area at all the test frequencies. In this
case, when evaluating the test results, it can be said that there is no manufacturing defect that adversely affects
the results.

(2) (b)
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Figure 7. Specimens after the fatigue test a) 2 Hz, b) 4 Hz, ¢) 6 Hz and d) 8 Hz

In the fatigue tests, four different stress amplitudes of approximately 0.30, 0.45, 0.60, and 0.70 times the
average tensile strength (=45 MPa), calculated according to the results of the tensile tests, were applied. The
cycle numbers obtained as a result of the tests at these stress levels are given in Table 2. Two different stress-
numbers of cycle graphs were created with these values. The first is the graph obtained with the results of all
samples in the fatigue test shown in Figure 8. The graph in Fig. 9 is obtained with the average number of cycles
at each fatigue test frequency and each stress level. While calculating the average number of cycles, the total
cycle values of the two closest samples were used.

Table 2. Fatigue test results

Stress Applied Test Number Mean Stress Applied Test Number Mean
Level Stress  Frequency Specimen of Number Level Stress  Frequency Specimen of Number
(MPa) (Hz) Cycle  of Cycle (MPa) (Hz) Cycle  of Cycle
1 1072 1 11656
2 2 1184 1180 2 2 7552 11024
3 1176 3 10392
1 1136 1 12128
4 2 1104 1120 4 2 12176 12152
1 302 3 1368 3 18.6 3 9336
1 1096 1 18096
6 2 904 1112 6 2 14424 14952
3 1128 3 15480
1 864 1 15816
8 2 624 656 8 2 13200 16004
3 688 3 16192
1 4040 1 27008
2 2 2880 2692 2 2 28160 27584
3 2504 3 31384
1 2664 1 34920
4 2 2816 2740 4 2 29144 28444
" 25.9 3 3008 4 143 3 27744
1 2832 1 36672
6 2 3040 2936 6 2 25624 37576
3 6016 3 38480
1 2656 1 38392
8 2 2864 2820 8 2 43424 40908
3 2776 3 30640

Note: In calculating the mean number of cycles, the cycle number of the 2 closest samples were used.
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Figure 9. Stress-Average Number of Cycles plot based on test frequency

When the graph shown in Fig. 9 is examined, it is observed that the fatigue life decreases in general with the
increase of the fatigue frequency at the highest stress level. At the highest stress level, excluding the 8 Hz test
frequency curve, the distance between the curves decreased with increasing test frequency. At the highest
stress value, the fatigue life of the specimens applied with a frequency of 8 Hz remained below 1000. With the
fatigue test frequency decreasing at the highest stress, the fatigue life exceeded 1000, and the highest fatigue
life was obtained at 2 Hz test frequency. When the lowest and highest frequency values are compared at the
Ist stress level, approximately a 44% decrease in fatigue life has been calculated.

When Table 2 and Fig. 9 are examined, it is seen that the average fatigue life with the varying test frequency
at the 2nd stress level is generally close to each other. However, in the graph in Fig. 9, although the number
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of cycles at the 2nd stress level is seen to be coincident, a slight difference in the fatigue life was found. At this
stress level, the mean fatigue life at 4 different frequencies was calculated as 2797 + 107. Besides, the lowest
fatigue life was found in specimens with a test frequency of 2 Hz and the highest in specimens with a test
frequency of 6 Hz. When the test frequencies applied at this level were compared, an approximately 9%
difference in fatigue life was found. It was observed that the fatigue life increased with increasing fatigue test
frequency at the 3rd stress level. Fatigue life increased by approximately 45% when the test frequency
increased from 2 Hz to 8 Hz. When the curves in the graph shown in Fig. 9 are examined, the distances
between the curves have increased significantly towards the applied low-stress levels, and it has been observed
that the fatigue life tends to increase with increasing test frequency. At the 4th level, where the lowest stress
was applied, the highest average fatigue life was 40908 when the test frequency was 8 Hz. The lowest fatigue
life was obtained at a test frequency of 2 Hz, with an average of 27584. By increasing the fatigue test frequency
by 3 times, an increase of approximately 48% in the fatigue life value was observed. According to the trend of
the curves depending on the test frequency, it was deduced that this increase will continue if lower stress is
applied.

The above evaluations were based on the fatigue life results obtained at each stress level. When the test results
obtained in fatigue tests were generally evaluated, the increased test frequency at high-stress value decreased
the fatigue life. When the applied stress value decreases, with increasing test frequency, the fatigue life found
intersects at a point on the graph and then shows an increasing trend. It was observed that the linear variation
of the fatigue test frequency does not tend to increase/decrease the fatigue life linearly. In the graph in Fig. 9,
after the fatigue life of 10*, the effect of test frequency change on the fatigue life is more apparent.

According to the results obtained in the fatigue test, it has been observed that at high-stress levels (=0.60-0.70
X Omax) applied, generally close results can be obtained with varying test frequency in fatigue life. Atlow-stress
levels, it was observed that increasing test frequency generally increased the fatigue life. It has been mentioned
that high test frequency increases the temperature of the test specimen. In this case, it decreases the fatigue
life by causing material flow with increased ductility [26]. Selecting a test frequency of less than 5 Hz is also
recommended to reduce high heat generation [21]. Magri et al. [27] applied a tensile-tensile type fatigue test
at 10 Hz, 40 Hz, and 80 Hz frequencies to the 3D-produced PLA-Graphen sample. During the test, they
measured the sample temperature with a thermal camera and observed a decrease in the fatigue life due to the
heating in the material at an 80 Hz frequency. Ueki [28], conducted a study on fatigue testing of composite
materials. The researcher stated that if the sample temperature is controlled, close results can be found in the
fatigue tests at 1 Hz and 230 Hz frequencies. The researcher also mentioned the possibility of applying external
cooling to the sample. Apart from the mentioned literature results, in this study, when the fatigue test results
at increasing test frequencies were evaluated, there was no decrease in fatigue life in general. In this case, it
was thought that the increased test frequency applied in the study, ranging from 2 Hz to 8 Hz, did not cause
a heating that would reduce fatigue life. Increased fatigue life at high frequency compared to low frequency:
This could be attributed to prolonging the duration of action of low-frequency repetitive stretching and
increasing fatigue damage accumulation under the same stress level [29].

In the literature, it is mentioned that the increasing fatigue test frequency causes heating in polymer materials.
Thus, the tests should be carried out at low frequencies. However, within the parameters used in this study, it
was not concluded that increasing test frequency influenced reducing fatigue life in general. It has been
understood that the frequency values chosen in the study do not cause heating, which reduces the fatigue
strength of the samples, or a different adverse effect that will reduce the fatigue life. In a fatigue test where the
test frequency is chosen as 2 Hz and 8 Hz, there is a difference of approximately 3 times in the total test time
until the same number of cycles is reached. For example, the number of cycles in 4 hours for a test performed
at a frequency of 2 Hz will be reached in 1 hour with a frequency of 8 Hz. Considering the conditions, such as
the test method and material used in the study, in terms of shortening the fatigue tests: In similar fatigue tests,
it has been understood that applying a test frequency of 8 Hz will not have a negative effect and will
significantly accelerate the fatigue test process. However, the possibility of frequency variation causing a
change in fatigue life should be considered in the fatigue test
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3. Conclusions

The general outcomes of this study, in which the bending fatigue test was applied at different test frequencies
to the 3D-printed PLA structure produced with AM, are listed below.

e The average tensile strength of the specimens produced at 0° raster angle was calculated as 45 MPa.

e In the fatigue tests, the damage occurred in approximately the same area in all samples; in this case,
it was concluded that there was no production-related fault in the samples.

e When the test frequency was increased from 2 Hz to 8 Hz at the highest stress level, a 44% decrease
in fatigue life was observed. Depending on the increase in frequency, fatigue life started to increase
after the 2nd stress level.

e  Fatigue life increased with increasing test frequency, except for the highest stress level applied in
fatigue tests since the specimen is subjected to stress in less time at high frequency. When the test
frequency was increased from 2 Hz to 8 Hz at the lowest stress level, a 48% increase in fatigue life
was observed.

e  With increasing fatigue test frequency, there was no decrease in fatigue life due to the heating effect
mentioned in the literature.

e It has been concluded that 8 Hz test frequency can be used for tests to be carried out under similar
conditions where fatigue tests need to be applied faster or achieve quicker results.
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ABSTRACT

Keywords: Deep learning, web page The internet holds a significant role in all aspects of our lives, and its importance continues to
classification, DenseNet, grow each day. Therefore, the usability of the Internet holds great significance. Low data quality
optimization methods and disinformation severely impact the usability of the internet. Consequently, people face

challenges in obtaining accurate and clear information. In the present day, websites
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predominantly feature image-based content like pictures and videos, as opposed to text-based
content. The classification of such content holds immense importance for search engines. As a
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The suggested method yielded the most favourable outcomes when utilizing the Stochastic
Gradient Descent (SGD) optimization method, achieving an accuracy of 0.9737, a recall 0of 0.9474,
an F1 score of 0.9474, and an Area Under the ROC Curve (AUC) value of 0.9649. Furthermore,
the utilization of Deep Learning (DL) led to achieving the most advanced results in web page

classification within the existing literature, particularly on the WebScreenshots dataset.
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Internet hayatimizin her alaninda énemli bir yere sahip ve dnemi her gegen giin artmaya devam
ediyor. Bu nedenle internetin kullanilabilirligi bityiik 6nem tagimaktadir. Disiik veri kalitesi ve
dezenformasyon, internetin kullanilabilirligini ciddi sekilde etkilemektedir. Bu nedenle insanlar
dogru ve temiz bilgiye ulasma konusunda zorluklarla karsilagmaktadir. Giintimiizde web
sitelerinde metin tabanli igerik yerine agirlikli olarak resim ve video gibi gérsel tabanli igerikler
daha ¢ok yer almaktadir. Bu tiir igeriklerin siniflandirilmasi arama motorlar igin biyiik 6nem
tagimaktadir. Sonug olarak web sayfalarinin siniflandirilmas: bilim insanlari i¢in 6nemli bir
aragtirma alani olarak karsimiza g¢ikmaktadir. Bu ¢alisma gorsel tabanli web sayfalarinin
smiflandirilmasina odaklanmaktadir. Web sayfalarini turizm, makine, miizik ve spor olmak iizere
dort ana grupta siniflandirmak igin derin égrenmeye dayal bir yontem onerilmistir. Onerilen
yontem, 0,9737 accuracy, 0,9474 recall, 0,9474 F1-score ve 0,9649 AUC degeriyle en iyi sonuglari
Stokastik Gradyan Inisi (SGD) optimizasyon ydntemi ile elde etmistir. Ayrica, Derin Ogrenmenin

Anahtar Kelimeler: Derin
dgrenme, Web sayfast

siniflandirma,
Densenet,Optimizasyon (DL) kullanilmasi, web sayfasi siniflandirmasinda, 6zellikle WebScreenshots veri kiimesinde,
yontemleri mevcut literatiirdeki en iyi sonuglarin elde edilmesini saglamigtir.
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1. Introduction

The field of the Internet has been profoundly impacted by the advancement of technology. Internet
technology, officially introduced in 1968 and laid out in 1969 as ARPANET, reached a milestone with the
integration of emails into our lives and rapidly expanded worldwide[1,2]. Currently, these advancements and
expansions continue to grow exponentially, permeating nearly every aspect of human life[3]. Another pivotal
moment in the history of the internet was the global proliferation of social media platforms, the integration
of the internet into mobile devices, and the interconnection of all electronic devices through the Internet of
Things (IoT). Presently, the internet holds vital importance across various domains, including health,
education, commerce, and entertainment[4]. Furthermore, it is anticipated that the next significant
breakthrough in the internet realm will involve the Internet of Humans (IOH), further solidifying its crucial
role[5].

The usability of internet technology, which is progressively becoming more significant for individuals, is
growing more challenging due to the escalating data volume and the prevalence of misinformation. Users
often encounter difficulties when searching for specific information or products on the internet. Moreover,
numerous companies aiming to establish a presence in the online market face challenges in attracting
customers to their web pages. It is important to be able to access quickly the required web pages. Text based
search approaches fail to list the web pages users are searching for. Therefore, image-based web page
searching, and classification models are important to address the problem. Consequently, the classification of
web pages has emerged as a complex research area. Although there are attempts within the literature to
address this issue, the number of studies in this field remains relatively limited.

Web pages possess numerous attributes, including URL addresses, text content, hyperlinks, images, domain
names, server information, HTML tags, and semantic web tags. Consequently, the classification methods
developed by researchers are built upon these attributes. In the literature, research on web page classification
appears to be divided primarily into two main categories based on the classification data type: 1) text-based
classification and 2) image-based classification. Text-based classification methods utilize data such as website
content, HTML tags, and domains as inputs for the classification process. Conversely, image-based methods
employ screenshots captured from website pages as inputs [6]. Within these classification groups, three
notable challenges pose difficulties for researchers. The primary challenge revolves around the rapid
expansion of data, rendering analysis increasingly complex. Many classification techniques prove inadequate
and slow in handling this data complexity. Another significant obstacle stems from the abundance of
attributes present on web pages, particularly in text-based classification. Web pages are essentially text files
composed of HTML tags, where both content and design are defined by these tags. The task of segregating
content from design, deciphering the page's language, and eliminating extraneous words demands meticulous
attention and intricate analysis. Inconsistencies between textual and raw data attributes further complicate
the classification of web pages. Lastly, a critical issue pertains to extracting meaningful data for the
classification process. On occasion, the content of a web page might not align with the site's purpose, posing
a significant challenge for accurate classification. This discrepancy, whether intentional or inadvertent,
contributes to the classification problem.

Text-based classifiers are subject to various limitations arising from data complexity and language-related
problems. Given that images possess universal attributes, image-based methods offer a more effective and
globally applicable solution. Additionally, in contemporary times, websites predominantly feature image-
based content such as pictures and videos, as opposed to text-based content. The classification of these media
elements bears immense significance for search engines. In light of the inadequacies of text-based
classification methods, this study adopts a deep learning approach, a method with established success in
various domains, to classify websites using image data. The proposed classification technique is rooted in a
convolutional neural network (CNN) architecture for image analysis. The principal distinction of this novel
model from existing methods in the literature lies in its training and testing using three distinct optimization
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methods. This approach aims to address the challenges of feature extraction and data complexity, which
represent the most formidable obstacles in web page classification. Contributions of the study are listed below:
1- Proposing a image based approach for web page classification,
2-  Addressing to limitations of searching and classification of text based approaches,
3- It guides researchers to choose the best optimization method by comparing image-based
classification methods,
4- It improves the literature results in the field of image-based web page classification.

2. Literature Review

Web page classification is the process of assigning a web page to one of the predetermined categories. These
categories may be two categories such as malignant or benign, or they may consist of multiple categories such
as e-commerce, education, entertainment etc. The increment of use of web pages and the desire to quickly
access valuable data sought on the internet have made the problem of web page classification an important
research topic. In order to overcome this problem, many researchers have tried to find solutions using
different models and techniques. The studies about web page classification the literature going on two main
groups according to the input data used by the researchers. These are 1) text-based, 2) image-based
classification, as mentioned in the previous section. However, it is seen that text-based classification is also
divided into 3 groups depending on the data type. First one is textual classification which is trying to classify
the input data that consists of page contents, titles, HTML tags, domain name. Second one is graph-based
classification, and it uses structural relationships of links and back linked web pages. Last one is named as
other classification types and this types use server information and, semantic web data as input data[6-9].

When the studies are examined, it is seen that the most popular classification type for web page classification
is text-based classification. The large number of features to be used has led researchers to prefer text-based
classification methods. Many studies have been carried out to distinguish between adult and child-oriented
sites by using text-based classification. Alvari et al.[10] used support vector machines to classify adults and
children oriented web page with 12 different textual features. Likewise, Ahmadi et al.[11] used the decision
tree structure for classification of pornographic web pages. Some researchers used both textual and graph-
based data for web page classification. To address web page classification problem, Sun et al.[12], Qi et al.[13],
Tian et al.[14] proposed a system by using support vector machines and, Kwon and Lee[15], Celado et al.[16]
proposed other one by using K-nearest neighbor algorithms. Xia et al.[8] used HTML tag, header information
and URL as input data for classification. They tried to classify five different web page categories which
composed of health to sports. At last decades Deep Learning (DL) methods, which have been achieved state-
of-arts results in many fields[17-22] were also used in web page classification. Lin[23] performed web page
classification with combination of graph-based and text-based data by using recurrent neural networks
(RNN) and deep residual neural networks (ResNet). Buber and Diri [24] reported that they achieved 85%
success on RNNs. Evolution-based genetic algorithms and fuzzy logic methods are other robust methods
which presented in the literature for text-based web page classification problem[25-28]. One of the biggest
limitations of text-based classification methods is that the web page contents are differ according to the
languages of the countries and even local regions. So, this makes language the main problem of the text-based
classification.

Especially at last decades, image data is used as much as text data in web page classification approaches. In
the literature it is seen that image features such as histogram, color information, edge detection and some
other features obtained via image filter, are primarily preferred for classification process. De Boer et al. [29]
used image features such as histogram, color beam, edge histogram information, Gabor filter and Tamura
attributes to classify websites in two categories as beautiful and ugly according to their aesthetic appearance.
They chose the Naive Bayes method as the classification method and reported that they achieved 83% success.
Ugalde [30], which deals with the mobile-based web page classification problem in the thesis study conducted
in 2015, used both text-based and image-based features. As image-based features, he also classified web pages
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by analyzing histogram, color beam, edge histogram information, Gabor filter and Tamura features on WEKA
[30]. In another study which used both text-based and image-based features, the researchers carried out
classification by using deep learning method, on their own dataset that created by themselves. The authors
encoded the text-based features as images and then classified the images. They used the bag of words method
to encode textual data as images and, reported a success rate of 93.7% was achieved [31]. Li et al.[32] captured
the web pages by using their own application, and then they used image features to classify web sites of
gambling and sexual. The authors classified these features by using support vector machines. Susaki et al.[33]
classified the screenshots of the tourism web sites' in order to create a tourism recommendation guide. They
made a classification according to the features that obtained by performing color analysis. In other study,
Abdali et al. [34] used more than 50 thousand images obtained from 500 different sites for classify web pages
by using deep learning network. All this research in literature show that each researcher collected and created
their own dataset independently from each and performed web page classification by using their own dataset.
Moreover, it is seen that they haven’t shared the datasets publicly. Thus, there is no possibility of comparing
results of the methods with each other. It is not also possible for the studies carried out in this way to reveal
their superior sides by comparing them with each other[7]. Only giving obtained results in the studies proves
that they didn’t compare the result with other results in the literature. However, Aydos et al.[6] created and
shared a new web page dataset composed of 20 thousand sites that obtained from Google searches. Name of
the published dataset is WebScreenshots. They tested the dataset by using deep learning methods. The authors
reported that they achieved 94.90% classification success on 4 classes. So, in order to compare the success of
the proposed method with other studies in the literature and then detect the state-of-art study, the
WebScreenshots dataset was used in this study.

3. Proposed Method

In this study, an Artificial Neural Networks (ANN)-based classification system has been proposed for website
classification. The system comprises two main components: feature extraction and the classification process
from images. Initially, a deep neural network system based on Convolutional Neural Networks (CNN) is
utilized to extract image features, followed by the execution of the classification process. While numerous
CNN models exist in the literature, three models have emerged as particularly notable: VGG, ResNet, and
DenseNet. These models have demonstrated considerable success and find applications in various domains.
Research has consistently indicated that the DenseNet model outperforms other CNN models [35]. Therefore,
for the classification phase of this study, the DenseNet121 model was chosen.

After the classification phase, in order to enhance the efficacy of the proposed method, three distinct
optimization methods were employed during the fine-tuning stage. These optimization techniques
encompass Stochastic Gradient Descent (SGD), Adam, and AdaGrad. The architecture of the proposed
system is visually represented in Figure 1.

To best of our knowledge, there is no publicly available data set used by researchers in the literature in this
field. It is seen that each researcher carries out his studies by creating his own database. In this study, a publicly
shared dataset that created by Aydos et al.[6] was used to compare the obtained results and by the way clearly
detect the best accurate web page classification system in the literature.
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Figure 1. Architecture of proposed web page classification system

In the experiments, the success of the system was measured via 4 different metrics: Accuracy, Recall, F1 score
and Area Under Curve (AUC). The classification results were obtained separately for each class. The
definitions and equation of the metrics are shown in equation 1, equation 2, equation 3 and equation 4,
respectively.

Accuracy: It refers to the proportion of correctly detected data in the entire test dataset. It is defined as in
equation 1.

TP+TN
Accuracy = ———————
TP+TN+FP+FN (1)
Recall: It is the ratio of positive samples predicted correctly by the model to all positive samples in the data
set. It is defined as in equation 2.

TP
TP+EN )

Recall =

F1-Score: It is the harmonic mean of Precision and Recall values. The F1-Score formula is as follows in
equation 3.

Fl—Scoresz(

Precision x Recal!)

Precision+Recall

(©)
Area Under Curve (AUC): The area under the ROC curve is expressed as AUC. It is defined as in equation 4.

(1 TP FP
AUC = |§ o U (4)

3.1. Convolutional neural network

The Convolutional Neural Network (CNN), initially introduced by LeCun et al. [36], is an image processing
technique characterized by two core attributes: 1) spatially shared weights and 2) spatial pooling. In 1998, the
same research group advanced this concept by introducing the LeNet-5 architecture, a 7-layer CNN design,
for recognizing handwritten digits on bank check images, which were resized to 32x32 digital images [37].
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Presently, CNN stands as the most prevalent deep learning architecture for feature extraction, particularly in
tasks such as image classification and object recognition. Fundamentally, CNNs [36] constitute a specialized
and enhanced variant of neural networks, boasting multiple layers that have markedly revolutionized the
realm of image processing.

A CNN architecture, illustrated in Figure 2, comprises three primary layers: the convolutional layer, the
subsampling layer (also referred to as the pool layer), and the fully connected layer. This architecture has
ushered in significant advancements in the domain of image processing.

C3: f. maps 16@10x10

C1: feature maps S4: f. maps 16@5x5
INPUT 6@26x28 ps 166

32x32

S2: f. maps

Al =T

’ ‘ Full conrllection ‘ Gaussian connections
Convolutions Subsampling Convolutions  Subsampling Full connection

CS.layer Fg: jlayer OUTPUT
120 s T o

Figure 2. Basic CNN architecture [36]

CNN aims to learn abstract features by applying filters on the input image in the convolution layer and then
subsampling the abstracted data in the pool layer. In the convolution layer, the convolution operation is
performed by shifting the filter data matrix over the input data matrix. Thus, the features of the input data are
obtained. In the first layer, these filters respond and sample edges or spots of color, while in the last layer they
begin to sample shapes and parts of objects [38]. The convolution is carried out as a result of the multiplication
of the input and output matrices and adding a bias term on the result. Figure 3 shows the basic convolution
structure. And the basic formula that represent the convolution process is also given in equation 5. In the
equation, the pixels of the filter (kernel), the pixels of the input image, the pixels of the output image, and the

bias term are represented by w, x, y and b, respectively.

Input Image (5 x5 x 3) (RGB)

Filter (3 x 3 x 3) Feature Map (3 x 3 x 3)

Figure 3. Basic convolution process, the convolution operation is obtained by multiplication of the input data matrix and the filter data
matrix and then adding a bias term on it [39]

9
Yn = Z(xn-wn + by) (5)
n=1

Another layer that CNNs use is the pooling layer, also called the subsampling layer. Pooling [39] is used to
reduce the size of feature obtained from the previous layer by moving into subsamples. The pooling layer
activation function performs the size reduction process by getting maximum or average value of the obtained
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features. The main purpose of the pooling layers is to gradually reduce the feature sizes of the representation
and thus reduce the computational cost of the model by reducing the number of parameters [37].

An activation function is added at the end of each layer, and these functions may differ according to
preference. Generally, Rectified Linear Unit (ReLU) activation is used at the end of the layer. Activation
function aims to normalize result values. The implementation of the ReLU function is that the output of the
function will be 0 if the input is less than 0, otherwise the input value will be sent as the output. That is, if the
input is greater than 0, the output is equal to the input. The function of the basic process of ReLU is given in
equation 6.

0 ifx<0

ReLU(x) = {x ifx>0 (6)

The last layer of a CNN is Fully Connected-(FC) layer. In the FC layer, each neuron at the previous layers is
connected to every neuron in the next layers. FC layers are the basic building blocks of traditional neural
networks. These layers are used to transform the activation feature maps into a one-dimensional feature
vector where each value is associated with an object class. End of the FC layer, SoftMax activation function is
applied to transform the FC layer results into a probability distribution indicating which class they belong to.
By the way, fully connected layers transform the feature map of images into votes that represent the ratio of
belongingness of every classes. These rates are expressed as weight or link strength between each value and
each class [37,38].

3.2. Densenet

In the traditional CNN architecture, the feature map obtained from each convolutional layer is passed along
to the subsequent layer as input. Consequently, every layer can solely glean knowledge from the feature map
of the preceding layer. Unfortunately, this setup results in the latter layers being unable to directly access the
raw features from the initial layers. This limitation poses challenges in effectively learning input data features
and might lead to the loss of numerous features before they ultimately reach the classification layer.

In response to this issue, the ResNet [40] model introduces a novel approach by forwarding the outputs of the
two previous convolutional layers as additional inputs to the current layer. By doing so, each layer gains
insight from the feature maps of its two predecessors. Nevertheless, even within the ResNet framework, the
features of prior layers still struggle to propagate deeply enough, contributing to ongoing feature losses.

In contrast, the DenseNet model refines the structure introduced by ResNet. In the DenseNet model, each
layer possesses the capability to harness the feature maps of all preceding layers. This configuration signifies
a notable improvement over the ResNet architecture, allowing for more efficient and comprehensive feature
utilization across the network.

DenseNet, conceptualized by Huang et al. [41], arose from the insight that classical CNN models could
achieve improved accuracy and efficiency through a reimagining of their design, specifically incorporating
short connections between each preceding layer and the subsequent layers. Similar to ResNet, DenseNet
incorporates these additional short connections, but with a notable distinction: these connections span not
only between the current layer and the previous one but also encompass all layers in the network. This
fundamental redesign aims to mitigate challenges such as the vanishing gradient problem during weight
optimization, while simultaneously enhancing feature extraction, promoting feature reuse, and significantly
curtailing the number of parameters involved.

In the classic N-layer CNN model, there exist N connections linking the layers, excluding the input layer. In
contrast, the DenseNet model introduces a more intricate connectivity pattern, wherein each layer establishes
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connections with all subsequent layers. As a result, every layer receives the feature maps from all preceding
layers as input. This approach effectively tackles the vanishing gradient issue, facilitates robust feature
extraction, and fosters feature sharing across the network. The DenseNet family encompasses several
variations, including models with 121, 169, 201, and 264 layers. For this study, the DenseNet-121 model,
comprising 121 dense layers, was selected. The architecture of the DenseNet model is visually presented in
Figure 4.

Figure 4. The architecture of the DenseNet [33,35]

4. Experiments and Discussion

This section describes the dataset, experimental setup, training and test phases. Subsequently, the results of
the experiments are given and discussed. Finally, the obtained results are compared with the literature.

4.1. Dataset

The WebScreenshots database was developed by Aydos et al.[6] in 2019. The limitation of small databases in
web page classification poses challenges in training complex systems like deep learning, which encompass a
vast number of learning parameters. Additionally, the dynamic nature of web content over time complicates
the comparison of classification results based on search engine-generated search results. To address these
issues, researchers introduced the WebScreenshots database, which serves as an extensive collection of web

pages.

This database comprises datasets for URL, content, and screenshots categorized into various classes. The
screenshot dataset focuses on four distinct classes: machinery, music, sports, and tourism ("machinery,"

"o "o

"music,” "sport,” "tourism"). The process involved listing the web pages from the DMOZ database into classes
based on the screenshot dataset's categories and capturing screenshots of these pages. A total of 5000 web
pages were captured for each class, culminating in a dataset containing 20,000 instances. Notably, the DMOZ
database boasts universality and encompasses diverse web pages in different languages, totaling 44 different
languages. Given that the study specifically pertains to image-based classification, solely the screenshots

dataset was utilized for the research.
4.2. Results

As mentioned before, in the study, the categories of the web pages are estimated from the screenshots of the
web sites. In the study, all experiments were carried out on the WebScreenshots Database, which consists of
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20000 data belonging to 4 classes. There are 4 different subsets in the WebScreenshots database named
Googlel0, Google20, Subset10 and Subset20. In this study, Google20, the most comprehensive data set, was
used. The Google20 data group consists of 20000 data samples. Screenshots of each class are size of
224X224px. Each image is in RGB format. In the study, data augmentation methods such as rotation,
mirroring, shifting, random cropping were used on all data. These methods were used only in the training
phase. Data augmentation was not performed on the test data.

In the experiments, all data were split into two groups as 80% training and 20% testing. Each experiment
carried out 100 epochs and each epoch consist of 32 batch sizes. The 5-fold cross validation (CV) method was
applied in the experiments to reduce randomness and increase reliability. By this way we aimed to tackle of
over fitting problem. Final results were obtained by getting average of the CV results. The study was carried
out on the NVIDIA TITAN XP graphic card using Keras framework. As stated in the previous section, all
experiments were performed on the DenseNet121 model. Experiments were repeated separately for Stochastic
Gradient Descent-SGD, Adam and AdaGrad optimization methods. The success of the system was calculated
separately for each class and each optimization method by using 4 different metrics: Accuracy, Recall, F1 score
and AUC. The obtained results are given in table 1.

Table 1. Experimental results for each class and each optimization method

F1

Cl A Recall AUC
asses ccuracy ec Score
Machinery 0,9754 0,9477 0,9507 0,9662
w Music 0,9685 0,9437 0,9374 0,9602
2
Sport 0,9683 0,9329 0,9364 0,9565
Tourism 0,9825 0,9652 0,9649 0,9767
Average of SGD 0,9737 0,9474 0,9474 0,9649
Machinery 09118 0,8272 0,8243 0,8836
% Music 0,8784 0,7403 0,7527 0,8323
E Sport 0,8731 0,7862 0,7560 0,8442
Tourism 0,9361 0,8452 0,8686 0,9058
Average of ADAM 0,8999 0,7997 0,8004 0,8665
Machinery 0,9776 0,9548 0,9552 0,9700
>
E Music 0,9679 0,9418 0,9361 0,9592
9]
E Sport 0,9669 0,9266 0,9332 0,9534
Tourism 0,9820 0,9654 0,9641 0,9765
Average of ADAGRAD 0,9736 0,9471 0,9471 0,9648

Upon reviewing the obtained results, it becomes evident that the SGD (Stochastic Gradient Descent) and
ADAGRAD optimization methods yielded highly similar outcomes. However, it's noteworthy that the SGD
optimization method achieved the most successful result, albeit with a minor disparity. Specifically, the SGD
method achieved an average AUC (Area Under the ROC Curve) of 0.9649, while ADAGRAD achieved an
average AUC of 0.9648. In contrast, the ADAM optimization method demonstrated the least favorable
performance within the WebScreenshots database.

Notably, the Tourism class emerged as the category with the most impressive results across the entire
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database. This outcome can be attributed to the high distinctiveness observed within the samples belonging
to this particular class. The inherent characteristics of the Tourism class samples appeared to facilitate more
accurate and discerning classification outcomes.

Table 2. Comparison of the results with literature results (Elde edilen sonuglarin literatiir sonuglartyla karsilagtiriimast)

Paper Model Optimization Accuracy Recall F1 Score AUC
Method
Aydos et. al.[6] VGG16 - 0,9035 - - -
Aydos et. al.[6] DenseNet121 - 0,9300 - - -
Aydos et. al. [6] DenseNet169 - 0,9475 - - -
Aydoset.al. [6] DenseNet201 - 0,94450 - - -
Proposed DenseNet121 Average of SGD 0,9737 0,9474 0,9474 0,9649
Proposed DenseNet121 Average of ADAM 0,8999 0,7997 0,8004 0,8665
Proposed DenseNet121 iVDegzg’; D of 0.9736 0.9471 0,9471 0,9648

The comparison of the achieved results with those reported in the literature is outlined in Table 2. Upon
analyzing the existing literature, it becomes evident that only one study has been conducted on the
WebScreenshots database[6]. In this particular study, Aydos et al.[6]attained an accuracy rate of 0.9475 across
the four classes. The authors conducted their experiments using a learning rate of 0.00001. However, they did
not provide information regarding the optimization method employed in their experiments. Moreover, the
authors exclusively presented results based on the accuracy metric, omitting any insights into other evaluation
metrics.

Based on the results obtained in the current study, a clear distinction emerges: the proposed system, leveraging
the SGD and ADAGRAD optimization methods, outperforms the previous study by Aydos et al. [6]. Notably,
the success achieved through the proposed ADAM optimization method falls short of the performance
recorded in the literature.

5. Conclusion

In the study, the classification of web page content was conducted using captured website images, totaling
20,000 images across four distinct classes. This classification task was executed employing a deep learning
approach. Specifically, the DenseNetl121 model, recognized for its success across diverse domains, was
selected for the classification process, wherein it was paired with three different optimization methods: SGD,
ADAM, and ADAGRAD. To ensure robustness and reliability, a 5-fold cross-validation (CV) methodology
was implemented, and the final results were obtained by averaging the outcomes of the CV runs.

Upon analyzing the experimental results, a clear pattern emerges. The SGD optimization method emerged as
the most successful, boasting impressive metrics: an Accuracy of 0.9737, a Recall of 0.9474, an F1 score of
0.9474, and an AUC value of 0.9649. These outcomes reflect the superior performance of the proposed
approach, particularly with the SGD optimization method. Notably, the proposed system achieved state-of-
the-art results within the existing literature concerning the WebScreenshots Database, not only with the SGD
method but also with the ADAGRAD optimization method.
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ABSTRACT

Keywords: Water pollution, point This study aims to examine the effects of pollution coming from point sources within the basin of
sources of pollution, wastewater, Kesikkoprii dam lake, which is considered a source of drinking water supply for Ankara province,
GIS

considering the increasing population between 2022 and 2050, and the wastewater. The point
sources of pollution in a region include domestic and industrial wastewater and solid waste
leachate incoming to the receiving environment. A methodology for calculating total nitrogen
(TN), total phosphorus (TP), biochemical oxygen demand (BOD), chemical oxygen demand
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Dept. of Environmental Engineering (COD), and total suspended solids (TSS) loads, which are pollutant loads coming from point
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divided into 33 sub-basins and point pollution sources in each sub-basin are determined. The
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loads occurring in these sources are calculated according to unit pollution values. In addition to
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treatment is made by 2050, they will increase parallel to the population growth, creating a
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Kesikkoprii Baraj Goli Havzasindaki Noktasal Kirlilik
Kaynaklarinin Etkilerinin Belirlenmesi

(0 )4

Bu ¢alismada, kentlesme ile birlikte artan niifus ve beraberinde olusacak olan evsel atiksu ve kirlilik

yiikleri dikkate alinarak, Ankara ili i¢in igme suyu kaynagi olarak degerlendirilen Kesikkoprii baraj

golii ne havza igerisindeki noktasal kaynaklardan gelen kirliligin 2022-2050 yillar1 arasindaki baski

ve etkilerinin incelenmesi hedeflenmistir. Alici ortama gelen evsel ve endiistriyel atiksular ile katt

atik sizint sular1 bolgedeki noktasal kaynakl: kirleticileri olusturmaktadir. Noktasal kaynaklardan

gelen kirletici yiiklerinden olan toplam azot (TN), toplam fosfor (TP), biyokimyasal oksijen

ihtiyac1 (BOI), kimyasal oksijen ihtiyact (KOI) ve askida kati madde (AKM) yiiklerinin

hesaplanmas1 i¢in bir metodoloji sunulmus ve bolgeye 6zgii bulgu ve sonuglar ortaya

konulmustur. Calisma alani, 33 alt havzaya ayrilmis ve her alt havzada bulunan noktasal kirlilik

kaynaklar tespit edilerek, bu kaynaklarda olusan yiikler birim degerlere gore hesaplanmustir.

Havza igerisinde 2022 yilinda mevcut olan noktasal kirlilik yiikleri yan sira, bolge igin yapilan

niifus projeksiyonuna gore 2022-2050 yillar1 arasinda 5 yillik periyotlar ile yitklerinin degisimi de

tahmin edilmistir. Sonuglarin, alansal dagilimin gosteren tematik haritalar ise ArcGIS 10.8

yazilimi kullanilarak olugturulmustur. Hesaplanan noktasal kaynakli kirlilik yiiklerinin 2050 yilina

Anahtar Kelimeler: Su kirlilig, kadar hicbir iyilestirme yapilmaz ise niifus artisina paralel olarak artarak igme suyu temin edilen
noktasal kirletici kaynaklar, baraj goliinde kirlilik yiikii baskisi olusturacagini ve su kalitesini olumsuz yonde etkileyecegini

atiksu, CBS ortaya koymaktadur.

To cite this article: O. Gulcicek Uysal and K. Cebe, “Determination of Effects of Point
Pollution Sources in Kesikkoprii Dam Lake Basin,” Gazi Journal of Engineering Sciences,
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1. G1r1§ (Introduction)

Temiz ve kullanilabilir suya ulagim, Diinya tizerindeki hizli niifus artigi, sanayilesme ve kentlesme ile giin
gectikce zorlagmaktadir [1]. Su kaynaklari tizerindeki giin gegtikce artan baskilarin degerlendirmesi
yapildiginda, su kaynaklarinin havza dl¢eginde yonetiminin 6nemli oldugu ortaya ¢ikmaktadir. Havza, tiim
dogal kaynaklar i¢inde barindiran akarsuyun baslangicindan dokiildiigii noktaya kadar tiim drenaj alami
kapsayan bir arazi pargasi olarak tanimlanmaktadir ve bu bakimdan ¢ogu zaman idari sinirdan bagimsizdir.
Havza yonetimi ise havza icerisindeki tiim kaynaklarin butiinliik icinde korunmasini saglayacak yonetim
kavrami olarak belirlenmistir [2].

Havzalarin yonetimi, dogru kullanimi, havza i¢indeki gollerin ve rezervuarlarinin islahi ve korunmast,
havzay1 besleyen ylizey sularinin dogal ekosistemlerin korunmasi i¢in anahtardir [3]. Bu nedenle havzalarda
kirlilik olugturan kaynaklarin ortaya konulmas: ve kontrolii olduk¢a 6nemlidir [4]. Kirletici kaynaklarin
kirliligin ortama verilis sekilleri agisindan ikiye ayirmak miimkiindiir. Bunlar, noktasal kirletici kaynaklar ve
yayili (noktasal olmayan) kirletici kaynaklar olarak adlandirilir. Noktasal kaynaklardan gelen kirlilik yiikleri
alic1 ortama belli bir noktadan, dogrudan desarj edilir. Yayili kaynaklardan gelen kirlilik ytikleri ise alict
ortama yayilarak ulagmaktadir. Bu bakimdan, noktasal kirlilik kaynaklarinin kontrolii ve islahi, yayil
kaynaklara gore daha kolaydir. Bu ¢aligma kapsaminda ¢aliyma alanina ait noktasal kirletici kaynaklar:
aragtirilmigtir. Noktasal kirletici kaynaklar evsel atiksu aritma tesisi desarjlarini, endiistriyel atiksu desarjlarini
ve sabit bir noktadan gelen kirleticileri kapsamaktadir. Avrupa Birligi {iye devletleri, nehir havzasi yonetim
plan1 dogrultusunda yaymladiklar1 “Avrupa sular1 durum degerlendirmesi ve baskilar” adli raporunda
noktasal kirlilik kaynaklarinda kentsel atik sularin baskin kirlilik kaynag: oldugunu agiklamislardir [5].

Havza smirlarinda olusan su kaynaklarinin azalmas: ve kirlenmesi, bitki ortiisti kayiplari, niifus artig,
noktasal ve noktasal olmayan kirlilik kaynaklari havzada miidahale gerektiren olaylarin varhigini
gostermektedir. Havzalarda miidahale gerektiren olaylara hizli ¢6ziim tiretebilmek i¢in havzay: olusturan tiim
parcalarin birbirleriyle iliskisinin ortaya konulmas: gereklidir [2, 6, 7]. Havzalarda baslica kirlilige neden olan
unsurlarin envanter ¢aliymasinin yapilmasi ile su kalitesini etkileyen kaynaklarin gozlenmesi ve
degerlendirilmesi, havzadaki potansiyel sorunlar tanimlanmasi agisindan olduk¢a onemlidir [2]. Siurlayic
ve diizenleyici faktorler ilkesine gore, belirli ekolojik siireglerin talebe gore en az arzda bulunan cevresel faktor
tarafindan kontrol edildigini belirtir. Bu fikre gore, durgun sularda ve géllerde azot ve 6zellikle fosfor, sucul
ekosistemlerde birincil tiretim i¢in sinirlayici besin olarak kabul edilmektedir [8]. Arastirmalar, neredeyse
tiim tath sularda birincil tiretimin, fosfat iyonu olarak ortaya ¢ikan fosforun mevcudiyeti ile sinirh oldugunu
gostermistir.

Durgun sular ve gollerde en 6nemli azot kaynaklarindan biri de noktasal kirletici kaynaklarindan su kiitlesine
ulagan kirleticilerdir. Tiirkiye Cumhuriyeti Tarim ve Orman Bakanligina (TOB) ait raporda, Yesilirmak
Havza sinirlarindaki yiizey sularinin kentsel ve endiistriyel desarjlarin neden oldugu 6nemli baskilardan
etkilendigi rapor edilmis olup, cevresel hedeflere ulagma riski diisiik veya kentsel ve endiistriyel atiksular
nedeniyle 6nemli dl¢lide etkilenen 28 su kiitlesi hassas su kiitleleri olarak kabul edilmistir [9].

Erdogan [10] tarafindan, Dogu Karadeniz Havzasi'nda gergeklestirilen arastirmada 2017-2040 yillar1 arasinda
havza niiffusunun tahmin edildigi ve bu dénemde havza i¢indeki noktasal ve yaygin kaynaklardan alici
ortamlara ulasabilen kimyasal oksijen ihtiyac1 (KOI), toplam azot (TN) ve toplam fosfor (TP) yiiklerinin
tahmin edilmesi {izerine odaklanimistir. Calisgmanin sonuglarina gore, kirlilik yiiklerinin kaynaklar1 su
sekildedir: Noktasal azot yiikleri %96 oraninda kentsel kirlilikten kaynaklanmakta, %2 oraninda endiistriyel
kaynaklardan ve %2 oraninda ise kati atik sizint1 sularindan kaynaklanmaktadir. Noktasal fosfor yiikleri
agisindan ise %99'u kentsel kaynaklardan, %1'i ise endiistriyel kaynaklardan kaynaklanmaktadir. Bursa
Uluabat Géli'nde noktasal kirlilik kaynaklar: tizerine Hacisalihoglu ve Karaer tarafindan yapilan ¢aligmada,
bu kaynaklarin golii 6nemli 6lgiide kirlettikleri belirlenmistir [11]. Marmara Havzasi'nda evsel atiksularin su
kaynaklar1 etkileri incelenmis ve havzadaki kirliligin baskin olarak daha ¢ok noktasal kaynaklardan geldigi
ortaya konmustur [12].
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Bu ¢aligma ile Tirkiye’nin en uzun nehri Kizilirmak tizerinde bulunan, elektrik iiretimi ve sulama yaninda
2008 yilindan itibaren Ankara’nin i¢me suyunun karsilanmast i¢in de kullanilan Kesikképrii baraj goluniin,
artan niifusa bagl olarak 2022-2050 yillar1 arasinda maruz kalacag kirlilik yiiklerinin ortaya konulmas:
amaclanmaktadir. Bu amagla, ¢caligma alan 33 alt havzaya ayrilmis ve her alt havzanin noktasal kirlilik
kaynaklar: tespit edilerek, 2022-2050 yillar1 arasinda kirletici yiikleri hesaplamalar1 Atiksu Aritma Tesisleri
Teknik Usuller Tebligi'nde [13] yer alan birim degerlere gore yapilmistir. Elde edilen sonuglarin, alansal
dagilimini gosteren tematik haritalar ise ArcGIS v.10.8 yazilimi kullanilarak olusturulmugtur.

2. Caligma Alani1 (study arca)

Caligma alani, Turkiye'nin ikinci en biiyitk havzasi olan Kizilirmak havzasinda yer almaktadir. Kizilirmak
havzasi I¢ Anadolu Bélgesi’nin dogusunda yer almaktadir. 1.151 km’lik uzunlugu ile Tiirkiye akarsularinin
en uzunu olan Kizilirmak, 82.181 km?lik bir drenaj alanina sahiptir [14]. Kizilirmak iizerinde bulunan
Kesikkoprii baraj golii , Ankara ili Bala ve Sereflikoghisar ilceleri ve Kirsehir ili Kaman il¢esi ile Kirikkale ili
Celebi ilge sinirlari igerisinde bulunmaktadir. S6z konusu Proje alan1 Ankara il merkezinin kus ugusu yaklagik
76 km giineydogusunda ve Kirsehir ilinin yaklagtk 55 km kuzeybatisinda yer almaktadir. Proje alami
Kizilirmak Havzasi-Orta Kizilirmak Alt Havzasi sinirlar: igerisinde yer almakta olup, havzay: temsil eden
Kesikkopri Baraji Golirniin orta noktast ED50 UTM Zone 36 536611 D ve 4359527 K koordinatlarinda
bulunmaktadir. Tiirkiye 1/25.000 6lgekli pafta boliimlemesinde barajin havza alany; J30-b2, J30-b3, J30-b4,
J30-c1J30-c2,J31-al ve J31-a4 paftalari igerisinde yer almaktadir. Baraj havzasinin cografi konumunu gésterir
harita Sekil 1’de verilmistir.

|

_J30b1

cibekir

eqikkopru g :

j uyuk J30 b4

Buyukdampcik x
Serefikoghi A JS:O ¥
erefikochisar 4 i
¥ o Lejant
X e | € HavzaAlani
v

Sekil 1. Kesikkoprii baraj golii havzasi cografi haritas
(Geographical map of Kesikkdprii dam lake basin)

Kizilirmak nehri tizerinde kurulu 11 adet baraj mevcuttur. Bu barajlardan biri olan Kesikkoprii Barajy,
Ankara’ya 120 km mesafededir. Giincel olarak baraj kullanimi; enerji, tarimsal sulama ve igme suyu amaciyla
gerceklesmektedir. 1995 yilinda Ankara ili i¢in gelecekte icme suyu kaynag: olarak onerilen Kapulukaya
Barajr’nin su kalitesinin yetersiz olmasindan dolayi, 2000 yilinda Kesikkdprii Baraji'nin igme suyu amacryla
kullanimi kararlastirilmigtir.

Bu ¢alisma kapsaminda, Kesikkoprii baraj goli havzasi, sinirlarindaki akarsu kollar1 ve baraj goli temel
alinarak 33 alt havzaya ayrilmistir. Bir cografi bilgi sistemi (CBS) yazilimi olan ArcGIS v.10.8 Arc/Hydrology
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programi kullanilarak ¢aligma alani mikro alt havzalara boliinmiis ve baraj goliinii besleyen ana akarsu
kollarinin beslenme alanlari, membadan mansaba dogru siralanarak birlestirilmigtir. Olusturulan alt
havzalarin (KAH) sinirlar1 $ekil 2°de ve alanlari ise Tablo 1°de verilmistir.

I Yerlesim Yerleri

——— Mevsimsel Akigli

Akar Dereler

Kesikkoprii Baraj Goli ¥
Sinin

I:I Alt Havza Sinirlar

Kesikkopru Baraj Golu
Havzasi Sinin

asannnn

50000

Olosh. 11752.000

Sekil 2. Kesikkoprit baraj golii alt havzalar
(Kesikkoprii dam lake sub-basins)

Tablo 1. Kesikkoprii baraj golu alt havzalarinin alanlari (Sub-basin areas of Kesikkdprii dam lake)

Kod Alami (ha) Kod Alani (ha) Kod Alami (ha) Kod Alani (ha)
KAH-1 2.053 KAH-10 6.527 KAH-19 297 KAH-28 102
KAH-2 3765 KAH-11 295 KAH-20 271  KAH-29 384
KAH-3 800 KAH-12 310 KAH-21 147 KAH-30 386
KAH-4 710 KAH-13 208 KAH-22 23 KAH-31 104
KAH-5 267 KAH-14 337 KAH-23 131 KAH-32 84
KAH-6 2.782 KAH-15 261 KAH-24 41 KAH-33 51
KAH-7 1.084 KAH-16 447 KAH-25 6

KAH-8 419 KAH-17 132 KAH-26 41

KAH-9 838 KAH-18 280 KAH-27 87 TOPLAM 24.138

2. Noktasal Kirlilik Kaynaklar 1 (Point sources of pollution)

Kesikkoprii baraj golii havzasinda noktasal kirletici kaynaklar; evsel atiksular, endiistriyel atiksular ve kati
atiklardan kaynakli sizint1 sular olarak {i¢ ana baghga ayrilmistir. Evsel atiksular, atiksu aritma tesislerinde
aritilmig ve/veya aritilmadan dogrudan desarj edilen sular, merkezi fosseptiklerde depolanan sular igerirken;
endiistriyel atiksular ise endiistriyel faaliyetler sonucunda olusan aritilmis ve/veya aritilmamig atik sular
olarak smiflandirlmistir. Kesikkoprii baraj golii havzasindaki noktasal kirletici kaynaklar Sekil 3’te
gosterilmistir.
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Evsel Atiksular Kati atik sizinti suyu Endustriyel Faaliyetler

e Enerji Baraji HES
Fosseptik halde bulunan

/ Tepekdy igme

Kizihrmak Nehri'ne vahsi d@bﬁlama
Dogrudan Degarj alanlan .

Sekil 3. Kesikkoprii baraj golit havzasindaki bashica noktasal kirletici kaynaklar
(Major Point Pollutant Sources in Kesikkoprii Dam Lake Basin)

Noktasal kaynaklardan gelen kirlilik yiikii hesaplari, Kesikkoprii baraj golii havzasini paylasan yerlesim
yerlerinin déhil olduklari alt havzalar bazinda yapilmistir (Agapinar: KAH-1, Tatik, Bugiz KAH-2,
Karginyenice: KAH-7, Kiigiikcamili: KAH-9, Biiyiikcamili, Bektasli, Kiigiikbiyik: KAH-10, kizler: KAH-11,
Tepekoy: KAH-13).

Vefa Mineral

Suyu Aritma

. Mad
Tesisi e

Kirlilik ytikii hesaplamalarinda kisi bagina diisen debi ve kirlilik yiikii hesaplamalar1 yapilabilmesi i¢in,
¢alisma alanindaki yerlesim yerlerinin niifus degerleri 1985, 1990 ve 2000 yillar1 i¢in Kizilirmak Havzas:
Master Plani1 Nihai Raporu’'ndan [15], 2007-2021 yillar1 arasindaki niifus verileri ise Adrese dayali niifus kayit
sisteminden alinmustir. 25 yillik niifus projeksiyonu hesaplamalarinda (2030-2035-2040-2045-2050) iller
Bankast niifus projeksiyon metodu kullanilmigtir.

2.1. Iller Bankas1 metoduna gore niifus projeksiyonu (Population projection by iller Bankas: method)

fller Bankasi Yontemi, artis hizinin gogalma katsayilari ile ifade edildigi ve geometrik arti metodu esasina
gore artisin sinirlandirildigi bir yontemdir. Cogalma katsayilar: Esitlik 1 yardimiyla hesaplanmaktadir [16].

C=(a\/§—z—1>x1oo 1)

Burada, C= Cogalma katsayisi, a=Iki niifus arasinda gegen siire (yil), Ny= Beldenin yeni niifus degeri, Ne=
Beldenin eski niifus degerini ifade etmektedir. Iller Bankast yéntemine gére, niifus artig oraninin agir1 yiiksek
veya diigiik tahmin edilmesinin dniine ge¢ilmesi adina ¢ogalma katsayisinin degeri, C>=3 ise C=3, C<=1 ise
C=1 olarak alinir. Burada yillara gore niifus artig ve disiis gosterdiginden her yil i¢in ayr1 ayr1 ¢ogalma
katsayis1 hesaplanmustir (Tablo 2).

Tablo 2. [ller Bankas1 Artis Metodu ile niifus projeksiyonu

=1 n =3 =3 N © =) o — ~ ) < \n ) N © ) = — %
=] (= [=} (=3 [=1 [=3 — — — — — — — — — — N N
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o~ =) <+ N — (=3 oo [ < — ey O [\ D~ [ wn < N o
: ) N 3 ) < x = o a 0 ] < < v < 0 = el
Z N N S < ) < < ~ ~ < ) i) Rl ~ o) < < o E
It} =3 = ~ © =N = — ~ e ~ ) ) ~ ) N = %
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Al o ¥ g2 ¢ = X 8 Zz B @© ¥ T & 8 = g 3 &
Katsayiss — — — ST ® -~ < o 2 = ® 5 =

Cogalma katsayisinin yillara gore degisiklik gostermesi ve ortalama degerinin 1’den kiigiik olmasi nedeniyle
projeksiyonda C=1 olarak alinmustir. Niifus hesabi Esitlik 2 yardimu ile yapilmigtir.
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Ny = Noxe(145) @

Burada, Ny= Yeni niifus sayim degeri, Ne= Eski niifus sayim degeri, C= Cogalma katsayisi, n= Iki niifus
arasinda gecen siireyi (y1l) ifade etmektedir. Kesikkdprii Baraj Golit Havzasi'nda bulunan yerlesim yerlerinin

niifus projeksiyonu, iller Bankas1 artis metoduna gére hesaplanmistir (Tablo 3).

Tablo 3. Yerlesimlerin Iller Bankas: Metodu ile hesaplanan niifus projeksiyonu

§ 8 ¥ 8§ 8 8 § 2 8
Alt Havza - Yerlegim Yeri / Yillar S o o = o o S P =
IS IS IS I & IS & I I

KAH-1 (Agapmar) 238 246 253 261 302 350 406 471 546

KAH-2 (Tatik-Biigiiz) 303 306 310 313 329 346 363 382 401

KAH-7 (Karginyenice) 824 832 840 849 892 937 985 1036 1088

KAH-9 (Kiigitkcamili) 402 414 427 440 510 591 685 794 921

KAH-10 (Bitytikcamili, Bektagh, Kiigiikbiyik) 963 992 1023 1053 1221 1416 1641 1903 2207
KAH-11 (ikizler) 76 78 80 83 96 111 129 150 174

KAH-13 (Tepekoy) 118 122 125 129 150 173 201 233 271

2.1. Evsel atiksu (Domestic wastewater)

Kesikkoprii baraj golii havzas: noktasal kirlilik yiikii ve atiksu debisi hesaplamalarinda 20.03.2010 tarih ve
27527 sayili Atiksu Aritma Tesisleri Teknik Usuller Tebligi'nde yer alan kisi bagina diigen birim degerler ve
literatiirde bugiine kadar yapilmis caligmalar baz alinarak hesaplamalar yapilmistir [10, 17, 18]. Atiksu Aritma
Tesisleri Teknik Usuller Tebligi [13] icerisinde bulunan Tablo 2.1 yerlesim yerlerinin niifusu ile kisi bagina
diisen ortalama atiksu miktarini gostermektedir. Bu tabloda en diisiik niifus degeri 2000-10.000 kisi degerler
arasinda olup ¢aligma alaninda 2000 kisi altindaki niifusa sahip yerlesim yerleri i¢in birim degerler kabuli
yapilmustir. 2022 yili i¢in hesaplanan kisi bagt atiksu olusumu degerleri 2050 yilina kadar 5 yillik zaman
dilimlerinde kademeli olarak arttirilmstir.

Hesaplanan atiksu debisi sonuglarina sizma debisi de ilave edilmistir. Sizma debisi, yerlesim yerinin sahilde
olup olmamasina, yeralt1 su seviyesine, zemine, kanalizasyon sebekesinin yeni ya da eski olmasina ve
sebekelerdeki kacak orami ile degismekte olup, hesaplamalarda kentsel altyap: sisteminin zamanla
iyilestirilecegi kabulii ile kademeli olarak azaltilmistir.

Buna gore; kisi bast atiksu debisi 2022 yilinda %50, 2025 yilinda %45, 2030 yilinda %40, 2035 yilinda %35,
2040 yiinda %30, 2045 yiinda %25 ve 2050 yilinda %20 oraninda artirilarak toplam atiksu debisi
hesaplanmigtir (Tablo 4). Kesikkoprii baraj golii havzas: evsel atiksular i¢in kirlilik yiikii hesaplamalarinda,
niifusa bagh kisi bag1 olugan kirlilik yiikleri ise Tablo 5’te verilmistir.

Tablo 4. Kigi bag1 atiksu olugumu [10, 13, 17, 18] (Wastewater generation per capita)

i Niifus Atiksu olusumu Sizma debisi Toplam atiksu debi

(kisi) (Vkisi.giin) (Vkisi.giin) (I/kisi.giin)

2000 alts 70 35 105
2022

2000-10.000 80 40 120

2000 alts 85 38 123
2025

2000-10.000 95 43 138

2000 alts 100 40 140
2030

2000-10.000 115 46 161

2000 alts 115 40 155
2035

2000-10.000 135 47 182

2000 alts 130 39 169
2040

2000-10.000 155 47 202

2000 alts 145 36 181
2045

2000-10.000 175 44 219

2000 alts 150 30 180
2050

2000-10.000 195 39 234
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Caligma alani yerlesim yerlerini Kaman ve Bala ilceleri olarak iki bolgeye ayirdigimizda; Bala ilgesinde kalan
5 yerlesim yerinin (Tepekdy, Kiiglikcamili, Biiylikcamili, Bektash, Kiigiikbiyik) kanalizasyon sisteminin
oldugu ve atiksularinin merkezi fosseptiklerde toplandig: tespit edilmistir. Kaman ilgesinde 4 yerlesim yerinin
(Hirfanli, Tatik, Agapinar, Biigiiz) kanalizasyon siteminin oldugu ve atik sularin merkezi fosseptiklerde
toplandigy, 1 yerlesim yerinin (Karginyenice) kanalizasyon sisteminin oldugu ancak toplanan atiksularin
dogrudan Kizilirmak nehrine desarj yapildigy; bir adet yerlesim yerinin (ikizler) ise atik sularimin ferdi
fosseptiklerde toplandig: tespit edilmistir.

Tablo 5. Niifusa bagh kisi bas: kirlilik olusumu [10, 13, 17, 18] (Pollution generation per capita based on population)

il Niifus KOi BOI AKM TN TP

(kisi) (g/kisigin)  (g/kisigin)  (g/kisigin)  (g/kisigin)  (g/kisigin)

2000 altt 50 35 30 4 0,8
2022

2000-10000 55 40 35 5 0,9

2000 altt 51 37 32 4,5 0,85
2025

2000-10000 57 42 36 5 0,9

2000 alt; 53 38 34 ,
2030 alti 5 0,9

2000-10000 62 47 38 5,5 1

2000 altt 55 41 36 5,5 0,95
2035

2000-10000 67 52 40 6 1,1

2000 altt 57 43 38 6 1
2040

2000-10000 72 57 42 6,5 1,2

2 I 4 4 s 1,
2045 000 altt 58 5 0 6,5 05

2000-10000 77 62 44 7 1,3

2 I 4 42 1,1
2050 000 altt 60 7 7

2000-10000 82 67 46 7,5 1,4

Calisma alani iginde bulunan santral ve tesislerden Tepekdy Igme Suyu Aritma Tesisi, Vefa Mineral Maden
Tesisi, HK GES Enerji santralinde olugan evsel atiksularin merkezi fosseptiklerde toplanarak, belirli araliklar
ile havza digina toplandig: tespit edilmistir. Havza sinirina yakin mesafede bulunan, Hirfanl Baraji HES’e ait
evsel atiksular ise dogrudan Kizilirmak Nehri'ne desarj edildigi tespit edilmistir.

Havza icinde yerinde yapilan incelemelerde KAH-10 alt havzasinda yer alan yerlesim yerlerinin (Biiylikcamili,
Bektagl ve Kiigiikbiyik) ve KAH-9 alt havzasinda yer alan Kiigiikcamili yerlesim yerinin merkezi
fosseptiklerinin olduk¢a bakimsiz oldugu goriilmiistiir. Bu alanlarda merkezi fosseptiklerin betonarme
yapisina ragmen atiksuyun dstte bulunan agikliklardan sizarak Kizilirmak’a karistigi, yerinde yapilan saha
¢alismalarinda tespit edildiginden, noktasal kirlilik kaynag: olarak kabul edilmigtir. Bu yerlesim yerlerinden
kaynaklanan atik su debisi ve kirlilik yiikiiniin %50’sinin havza igine desarj edildigi kabul edilerek
hesaplamalara katilmistir.

Yapilan saha ¢aligmalarinda KAH-1 (Agapinar-Karaosman), KAH-2 (Tatik ve Buigiiz) ve KAH-13 (Tepekoy)
alt havzalarinda bulunan yerlesim yerlerinin evsel atik sularinin toplandigr merkezi fosseptiklerin diizenli
bosaltilmadig1 ve bakimsizlig1 nedeniyle, noktasal kirlilik kaynag olarak kabul edilmistir. Ad1 gecen yerlesim
yerlerinden kaynaklanan atik su debisi ve kirlilik yiikiiniin %20’sinin havza i¢ine desarj edildigi kabul edilerek
hesaplamalara katilmigtir. KAH-11 alt havzasinda bulunan ikizler kdyii atik sular1 ferdi fosseptiklerde
toplandigindan dolay:, noktasal kirlilik kaynak olarak degerlendirilmemistir. Kesikkoprii baraj goli
havzasi'nda bulunan Tepekdy Igme Suyu Aritma Tesisi, Kesikkoprii Madencilik isletme ruhsat alaninda
faaliyet gosteren Vefa Mineral Maden Tesis ve HK GES Enerji tesislerin olusturdugu evsel atiksular merkezi
fosseptiklerde toplandigindan dolay: kirlilik yiikii hesabina katilmamigtir. Hirfanl Baraji HES tesisinin evsel
atiksular, tesiste ¢alisan sayis1 dikkate alinarak, toplam evsel kirlilik yiiklerinin %5 oranina arttirilarak déhil
edilmigtir. Oran belirlenirken literatiir verilerinden yararlanilmigtir [10, 17, 18]. Yerlesim yerlerinde tiretilen
kentsel kirlilik yiiklerinin havzaya ulagma siirecinde izledigi yol $ekil 4’te verilmektedir.
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Sekil 4. Evsel atiksu kirlilik ytikii gemast
(Domestic wastewater pollution load diagram)

Evsel kirlilik yiiklerinin hesaplanmasinda yapilan kabuller agagida verilmistir. Buna gore;
. KAH-7 alt havzasinda bulunan Karginyenice kéyiiniin atiksular1 dogrudan desarj yapildigindan
dolay1 debi ve kirletici yiik hesabina katilmistir.

. Evsel atiksuyunu dogrudan Kizilirmak Nehri'ne desarj yapan Hirfanli HES’in debi ve kirlilik ytikleri,
toplam kirlilik yiikiiniin %5 arttirilmas: ile hesaplamalara katilmigtur.

. Havza alani icerisindeki merkezi fosseptik kullanan yerlesim birimlerinin debi ve kirlilik ytikleri
hesaba katilmig olup; KAH-10 alt havzasinda yer alan Bektasli, Kiigiikbiyik ve KAH-9 alt havzasinda
yer alan Kiigiikcamili yerlesim yerlerinin olusturdugu toplam atiksu debi ve kirlilik yiiklerinin %50’si
hesaba katilmistir.

. KAH-1 havzasinda yer alan Agapinar, Karaosman, KAH-2 alt havzasinda yer alan Buigiiz, Tatik ve
KAH-13 alt havzasinda yer alan Tepekdy yerlesim yerlerinin olusturdugu toplam atiksu debi ve
kirlilik yiiklerinin %20’si hesaba katilmugtir.

Yillik toplam evsel atiksu miktari, kisi bagi atiksu miktari ile havzada bulunan yerlesim yerlerinin toplam
niifusu ¢arpilarak hesaplanmus, evsel atiksulardan kaynaklanan yillik toplam kirlilik yiikiintin hesabr ise kisi
bag1 kirlilik ytikleri ile toplam niifus ¢arpilarak bulunmugtur. Giinliik olarak verilen kisi bag1 atiksu ve kirlilik
yukleri yillik toplamlar olarak hesaplanmistir. Projeksiyon yillarinda olusmasi muhtemel toplam atiksu
miktar1 ve toplam kirlilik yiikleri de ayn1 yéntem kullanilarak hesaplanmustir. Projeksiyon yillar1 igin ller
Bankas: Metodu ile hesaplanan niifus degerleri kullanilmigtir.

2.2. Kat1 atik (Solid waste)

Kesikkdprii baraj golii havzasi sinirlari igerisinde yer alan yerlesim yerlerinin Ikizler koyii hari¢ hepsinin kat:
atiklarinin belediye ve Kirsehir il Ozel Idare’ye ait ¢6p konteynerlerinde biriktirildigi ve diizenli araliklar ile
toplanarak havza alani digina tagindig tespit edilmistir. Kesikkoprii baraj golii havzas: sinirlari igerisinde
herhangi bir diizenli kat1 atik depolama sahasi ve transfer istasyonu bulunmamaktadir.
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2.3. End['lstriyel kirleticiler (Industrial pollutants)

Kesikkoprii baraj golii havzasi’na endiistriyel kirleticilerin etkisi olduk¢a azdir. Proje alaninda, Bityiikcamili
ve Karginyenice yerlesim yerlerinde kiigiik 6lgekli besicilik ciftlikleri tespit edilmistir. Alanda biiyiik 6lgekli
bir besi ¢iftligi bulunmamaktadir.

Kesikkoprii baraj golii havzasi icerisinde herhangi bir Organize Sanayi Bolgesi veya Kiigiik Sanayi Sitesi
bulunmamaktadir. 2022 yili Sanayi Sicil Bilgi Sistemi'nde Bala ve Kaman ilgelerinde faaliyet gosteren ve
Sanayi Sicil Bilgi Sistemi’ne kayith 186 firmanin oldugu gorilmiistiir. Bu firmalarin igerisinde Kesikkoprii
baraj golit havzasinda faaliyet gosteren ti¢ isletmenin oldugu anlagilmistir. Bolgede genis bir alana yayili olarak
bulunan maden sahalar1 igerisinde aktif bir maden isletmesi, bir giines enerji santrali (GES) ve Kesikkoprii
baraj g6lit membasinda bulunan Hirfanl hidroelektrik santrali (HES) isletmesi bulunmaktadir. Bu igletmeler
ile ilgili bilgiler Tablo 6’de verilmistir.

Tablo 6. Kesikkoprii baraj golii havzasindaki isletmeler (Industry in Kesikkdprii dam lake basin)

Igletme . - Sio
Ads Koordinat1 Sektbr NACE Endiistriyel Atiksu Desarj Izni/ Atiksu
Kodu Miktar: Kanalizasyon Aritma Tesisi
Zon UTMX UTMY
Vefa .
. . Merkezi
Mineral ~ 36S 540658 4361207  Maden 07.10.01 Desarj yok . Yok
Fosseptik
Maden
. . Merkezi
HK GES 365 546986 4354503 Enerji 35.11.19 Desarj yok . Yok
Fosseptik
Hilanh 306 saaz31 4347374 Enerji 351119 Dearj yok Merkezi Var*
HES 3 nerji 35.11. esarj yo. Fosseptik ar

* Hirfanli HES Isletme Miidiirliigii lojmanlarinda vardir. Havza sinirinin disinda kalmaktadur.

Vefa Mineral Maden igletmesi Biigiiz kdyii sinirlarinda faaliyet gostermektedir. Isletme, tiretim agamasinda
endiistriyel nitelikli atiksu olusturmadigindan, endiistriyel kirlilik yiikii hesabina katilmamistir. Sanayi ve
Teknoloji Bakanligrndan alinan bilgide isletmenin aritma tesisi olmadig1 anlagilmistir. Yetkililerle yapilan
goriismelerde isletmedeki ¢aliganlarin sosyal ihtiyaclar1 dogrultusunda olusacak olan evsel nitelikli atiksularin
sizdirmaz merkezi fosseptiklerde depolanarak, belirli periyotlarda vidanjor yardimiyla cekildigi bilgisi
alinmistir. Bu nedenle maden igletmesi atiksularinin yakinindaki yiizey ve yeralt1 su kaynaklarinin kalitesi
tizerinde etkisi bulunmadig: kabul edilmistir.

Caligma alan1 sinirlar icerisinde Karginyenice kéyii civarinda bir adet isletmede olan 5 MWp giiciinde HK
GES isletmesi bulunmaktadir. Sanayi ve Teknoloji Bakanligindan alinan bilgide isletmenin aritma tesisi
olmadig1 anlagilmistir. Tesis ¢aliganlar: ile yapilan goriismelerde isletmede galisan personel sayisinin az
olmasindan dolay1 olusan evsel nitelikli atiksularin tesis igerisinde sizdirmaz merkezi fosseptikte toplandig:
ve belirli periyotlarla vidanjér yardimiyla ¢ekildigi belirtilmigtir. Bu nedenle isletme atiksularmin yakinindaki
ylizey ve yeralt: su kaynaklariin kalitesine etki etmedigi kabul edilmistir. Bununla birlikte panel yiizeylerinin
yilda ortalama iki kez hava ile temizlendigi bilgisi alinmistir. Panel temizligi ile ilgili su kullanim durumu sz
konusu olmadigindan bu isletmenin havzadaki yiizey ve yeralt: sulari izerinde herhangi bir endiistriyel atiksu
kapsaminda kirlilik etkisi bulunmamaktadir. Bu nedenle bu isletme, endiistriyel atiksu kirlilik yiikii
hesaplamalarina déhil edilmemistir.

Kesikkoprii baraj golit havzast ¢alisma alani smiriin diginda ancak siira oldukg¢a yakinda yer alan ve
igletmesi Elektrik Uretim Anonim Sirketi’ne (EUAS) ait olan yillik iiretim kapasitesi 300 milyon kWh olan
Hirfanh HES bulunmaktadir. Bu igletmeye ait ¢alisanlarin sosyal ihtiya¢lar1 dogrultusunda olusacak olan evsel
nitelikli atiksular, aritim yapilmadan dogrudan Kizilirmak Nehri'ne desarj edilmektedir. Olusan evsel
atiksular noktasal kirlilik olarak ¢alisma icerisinde degerlendirilmistir.

Sonug olarak; caliyma alaninda adi gegen ve yukarida detayli degerlendirilmeleri verilen isletmelerin
prosesleri boyunca endiistriyel atiksu tiretilmedigi tespit edilmis olup, bu isletmeler i¢in endiistriyel kirletici
ylikii hesaplanmamustir.
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3. Bulgular (Findings)

Evsel kirlilik yiikleri hesaplamalarinda desarj edilen yiik, havza icerisinde yasayanlardan kaynaklanan evsel
yiikler ile kentsel alan i¢erisinde bulunan sanayi tesislerinden gelen endiistriyel yiikleri de icermektedir. Havza
icerisindeki yerlesim yerlerinin Iller Bankas1 Metoduna gére hesaplanan niifus projeksiyonlar1 kullanilarak
hesaplanan atiksu debi ve kirlilik yiikleri Tablo 7’de verilmistir.

Kesikkoprii baraj gélii havzasina 2022 yilinda toplamda 65.927,24 m®/yil evsel atiksu ile 31,38 ton/yil KO,

22,30 ton/yil BOI, 18,79 ton/yll AKM, 2,5 ton/yil Toplam Azot ve 0,49 ton Toplam Fosfor yiikii desarjt
yapildig1 ortaya konulmustur ($ekil 5).

2022 yili desarj edilen evsel kirlilik yuka

35,00 31,38
E_ 30,00
=
S 25,00 22,30 -
S 20,00
5 15,00
=
g 10,00
c 2,50
2 0 -y e
0,00
KOI BOI AKM TN TP

Parametre

Sekil 5. 2022 Y1l evsel kirlilik ytikii dagilimi (Domestic pollution load distribution in 2022)

Kesikkdprii baraj golii alt havzalarinda 2022 yili igin hazirlanmis evsel atiksu kaynakli KOI (Kimyasal Oksijen
Thtiyact), BOI (Biyolojik Oksijen Ihtiyac1), AKM (Askida Kati Madde), TN (Toplam Azot) ve TP (Toplam
Fosfor) kirlilik yiikleri haritas: sirasiyla asagida verilmistir (Sekil 6, Sekil 7, Sekil 8, Sekil 9, Sekil 10).

Tablo 7. Yillik toplam evsel atiksu debisi ve evsel kirlilik ytikleri

(Annual total domestic wastewater flow and domestic pollution loads)

Alt Havzalar Degarj Edilen
s Degsarj Edilen Toplam
= Parametre IE‘:I;(;)I IE‘:I;(;)Z KAH-7 I;QI;; Kgg(’)io K(j;,}zl(_);?, Kirlilik Yiikii Kirlilik Yitkii
(%5 Arttirilmis)

Atiksu debi (m*/y1il) 1824 2322 31579 7703 18453 904 62787 65927
KOI (ton/y1l) 0,87 1,10 15,03 3,67 8,79 0,43 29,88 31,38

9 BOIL (ton/y1l) 0,61 0,77 10,84 2,57 6,15 0,30 21,24 22,30

Q AKM (ton/yil) 0,52 0,63 9,02 2,20 5,27 0,26 17,89 18,79
TN (ton /yil) 0,07 0,09 1,20 0,29 0,70 0,03 2,38 2,50
TP(ton/yil) 0,01 0,02 0,24 0,06 0,14 0,01 0,47 0,49
Atiksu debi (m*/yl) 2343 2810 38115 11448 23637 1158 79513 83489
KOI (ton/y1l) 0,97 1,16 15,80 4,10 9,80 0,48 32,31 33,92

9 BOI (ton/y1l) 0,70 0,84 11,46 2,97 7,11 0,35 23,44 24,61

5 AKM (ton/yil) 0,61 0,73 9,91 2,57 6,15 0,30 20,26 21,27
TN (ton /y1l) 0,08 0,10 1,39 0,36 0,86 0,04 2,83 2,98
TP(ton/yil) 0,02 0,02 0,26 0,07 0,16 0,01 0,53 0,55
Atiksu debi (m*/y1l) 3086 3362 45581 13030 31196 1533 97790 102679
KOI (ton/y1l) 1,17 1,27 17,25 4,93 11,81 0,58 37,01 38,86

=4 BOIL (ton/y1l) 0,84 0,91 12,37 3,54 8,47 0,42 26,53 27,86

g AKM (ton/yil) 0,75 0,82 11,06 3,16 7,58 0,37 23,73 24,92
TN (ton /yil) 0,11 0,12 1,62 0,47 111 0,05 3,48 3,65
TP(ton/yil) 0,02 0,02 0,29 0,08 0,21 0,01 0,62 0,65

" Atiksu debi (m*/y1il) 3960 3914 53010 16717 40055 1957 119616 125597

§ KOI (ton/y1l) 1,40 1,39 18,81 593 14,21 0,69 42,44 44,56
BOI (ton/y1l) 1,05 1,03 13,34 3,82 10,60 0,52 30,35 31,86
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AKM (ton/yil) 0,92 0,91 12,31 3,88 9,30 0,45 27,77 29,16
TN (ton /y1l) 0,14 0,14 1,88 0,59 1,42 0,07 4,24 4,45
TP(ton/yil) 0,02 0,02 0,32 0,10 0,25 0,01 0,73 0,76
Atiksu debi (m*/y1l) 5008 4478 60759 19376 50612 2479 142716 149851
KOI (ton/y1l) 1,69 1,51 20,49 7,13 17,07 0,84 48,72 5L15
=] BOI (ton/yil) 1,27 1,14 15,45 5,38 12,88 0,63 36,74 38,58
§ AKM (ton/y1l) 1,13 1,01 13,66 4,75 11,38 0,56 32,48 34,10
TN (ton /y1l) 0,18 0,16 2,15 0,75 1,80 0,09 5,12 5,37
TP(ton/yil) 0,03 0,03 0,36 0,13 0,30 0,01 0,86 0,90
Atiksu debi (m*/y1l) 6223 5047 68443 26227 62860 3078 171881 180475
KOI (ton/y1l) 1,99 1,62 21,93 8,40 20,14 0,99 55,07 57,82
Fa) BOI (ton/y1l) 1,55 1,25 17,01 6,52 15,63 0,76 42,72 44,85
§ AKM (ton/yil) 1,37 1,11 15,12 5,75 13,89 0,68 37,93 39,82
TN (ton /yil) 0,22 0,17 2,45 0,94 2,26 0,11 6,14 6,45
TP(ton/yil) 0,04 0,03 0,40 0,15 0,36 0,02 0,99 1,04
Atiksu debi (m*/y1l) 7174 5269 71481 30254 94249 3560 211990 222590
KOI (ton/y1l) 2,40 1,76 23,87 10,08 33,03 1,19 72,32 75,93
R BOI (ton/yil) 1,87 1,37 18,66 7,90 26,99 0,93 57,71 60,59
5 AKM (ton/y1l) 1,67 1,23 16,67 7,06 18,53 0,83 45,98 48,28
TN (ton /y1l) 0,28 0,20 2,77 1,18 3,02 0,14 7,59 7,96
TP(ton/yil) 0,04 0,03 0,44 0,19 0,56 0,02 1,28 1,35
sanom ssopu ssogo

Evsel Atiksu Kaynakh
Kirlilik Yk

KOi (toniyil)
0

4sa%000

4360000

0-0,5

0,5-1

Sizdiran Fosseptik Desarj
Noktalar

A
@® Dogrudan Desarj Noktasi
~~~~~~~~~ Mevsimsel Akigli Dereler
——— Akar Dereler
l:l Alt Havza Sinirlar
- Kesikkopril Baraji Siniri

Kesikkoprii Baraj Havzas!
Sinirt

el 11100.000 [ 25 5 10 15 20
— —

Sekil 6. Evsel atiksu kaynakli 2022 yili KOI kirlilik yiikit dagilim1

(Distrubution of COD pollution load in 2022 from domestic wastewater)
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Gulcicek Uysal & Cebe

N
W#E
s
Evsel Atiksu Kaynakh
Kirlilik Yiiki
H BOI (ton/yil) H
5 b IE
0
0-0,5
| 0,5-1
| | 15
510
§ g
k Sizdiran Fosseptik Desarj &
Noktalar
Dogrudan Desarj Noktasi
- Mevsimsel Akish Dereler
——— Akar Dereler
|:| Alt Havza Sinirlan
I Kesikkopra Baraji Sinin
E Alt Havza Sinirlan
Kesikkoprii Baraj Havzasi
sinin
Olgek: 14100000 c 25 3 10 iS5 ;n
Sekil 7. Evsel atiksu kaynakl: 2022 yils BOI kirlilik yiikit dagilimi
(Distrubution of BOD pollution load in 2022 from domestic wastewater)
N
W#}E’E
s
Evsel Atiksu Kaynakli
Kirlilik Ylki
g AKM (ton/yil) %
0

4350000
a3sbooo

7 Sizdiran Fosseptik Desarj
Noktalari

@ Dogrudan Desarj Noktas!
-ee-eoo- Mevsimsel Akigh Dereler
—— Akar Dereler
|:| Alt Havza Sinirfan
I Kesikkapri Baraji Sinin

Kesikkaprii Baraj Havzas
Sinin

o 25 5 1 5 20

Sekil 8. Evsel atiksu kaynakli 2022 yih AKM kirlilik yiikii dagilim:
(Distrubution of TSS pollution load in 2022 from domestic wastewater)

Olgek: 11100.000

Kesikkdprii baraj golii havzasinda bulunan alt havzalarda noktasal kaynakli KOi, BOI ve AKM
kirlilik ytiklerinin yillik toplamini gosteren Sekil 6, 7 ve 8’de goriildiigii gibi yillik en fazla noktasal
kirlilik degarjt KAH-7’de gerceklesmektedir. Bu noktasal kirlilik KAH-7 sinirlar igerisinde bulunan
Karginyenice mahallesinden kaynaklanmaktadir. Karginyenice havzadaki en kalabalik yerlesim yeri
olmamasina ragmen atiksular1 dogrudan desarj yapildigindan dolay1 herhangi bir azaltma olmadan
kirletici yiik hesabina katilmistir. Niifusu en fazla olan KAH-10 alt havzas: ise merkezi fosseptik
kullanan yerlesim birimlerine sahip olmasi sebebiyle kirlilik yiiklerinin %50’si toplam yillik noktasal
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ylike dahil edilmistir. $ekilde gri renkte bulunan alt havzalarda ise noktasal kirlilik kaynaklar:
bulunmamaktadir.

N

W £
E

S

Evsel Atiksu Kaynakl
Kirlilik Yukii

TN (ton/yil)
0

| 0-0,03

‘asaBooo

4360000

0,03-0,08
0,080,110
0,10-0,50
0,50-1,0

B 1015

4350000
‘a3sbooo

A Sizdiran Fosseptik Degarj
Noktalar

® Dogrudan Desarj Noktast
<=+ Mevsimsel Akigl Dereler
— Akar Dereler

I:l Alt Havza Sinirian

Kesikképri Baraj Gélu
Simint

Kesikkdprii Baraj Gl
Havzasi Sinin

25 5 10 i 20

Olgek: 1/100.000 “_ S
Sekil 9. Evsel atiksu kaynakl1 2022 yili TN kirlilik yitkti dagilimi
(Distrubution of TN pollution load in 2022 from domestic wastewater)

s3not0 seqp00 s5a000
N
W#E
S
TP (tonlyil)
I 0
H H
| 0-0,02
0,02-0,05
0,05-0,10
. 0,10:0,15
H 12
H E
Sizdiran Fosseptik Desarj
Noktalart
@ Dogrudan Desarj Noktasi
- Mevsimsel Akigh Dereler
——— Akar Dereler
l:l Alt Havza Sinirlan
I Kesikkopri Baraji Siniri
Kesikkoprii Baraj Havzas!
Sinint
Olgek: 1/100.000 [ 25 s 10 15 20

Sekilm Evsekasu kaynakli 2022 yili TP kirlilik ytikti dagilim

(Distrubution of TP pollution load in 2022 from domestic wastewater)

Benzer sekilde Sekil 9 ve 10°da gosterilen TN ve TP kirlilik yiiklerinin dagiliminda da KAH-7 ve KAH-10 en
yogun kirletici degarjina sahiptir. 2022 yilina ait kirlilik yiiklerine ait haritalar (Sekil 6-Sekil 10) incelendiginde
yerlesim yerlerine sahip olan alt havzalardan Kizilirmak Nehri ve nehirden beslenen baraj goliine BOI, KOI,
AKM, Toplam Azot (TN), Toplam Fosfor (TP) agisindan kirlilik yiikii baskilarinin oldugu goriilmektedir.
Kesikkoprii baraj golit havzasi sinirlarinda mevcut kanalizasyon ve fosseptik alt yapisinin 2050 yilina kadar
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degismeyecegi varsayilarak yapilan hesaplamalarda, niifus artisi ile evsel kirlilik ytiklerinin havza i¢i desarj
miktarlarinda artis olacagi ortaya konulmugstur ($ekil 11, Sekil 12, Sekil 13, Sekil 14, Sekil 15).

Toplam desarj edilen KOI (ton/yil)

75.93

0 10 20 30 40 50 60 70 80

m2050 m2045 w2040 w2035 w2030 m2025 m2022

Sekil 11. 2022-2050 yillar1 arasinda KOI yiikii dagilim1 (COD load distribution between 2022-2050)

Toplam desarj edilen BOI (ton/yil)

60.59

0 10 20 30 40 50 60 70

m2050 m2045 w2040 w2035 w2030 m2025 m2022

Sekil 12. 2022-2050 yillar1 arasinda BOI yiikit dagilimi (BOD load distribution between 2022-2050)
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Toplam desarj edilen AKM (ton/yil)

48.28

0 10 20 30 40 50 60

m2050 m2045 w2040 w2035 w2030 m2025 m2022

Sekil 13. 2022-2050 yillar1 arasinda AKM vyiiki dagilimi (TSS load distribution between 2022-2050)

Toplam desarj edilen TN (ton/yil)

1,34

0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6
m2050 W2045 W2040 W2035 m2030 W2025 m2022

Sekil 14. 2022-2050 yillar1 arasinda TN yiikii dagilimi (TN load distribution between 2022-2050)

Toplam desarj edilen TP (ton/yil)

1.34

0 0.2 0.4 0.6 0.8 1 1.2 14 16

m2050 m2045 w2040 w2035 w2030 m2025 m2022

Sekil 15. 2022-2050 yillar1 arasinda TP yiikti dagilimi (TP load distribution between 2022-2050)
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Kesikkoprii Baraj Golit Havzasindaki noktasal kaynakl kirleticiler, atiksu desarjlarindan alic1 ortama ulagan
organik kirleticiler; KOI, BOI, AKM, TN ve TP hesaplanarak degerlendirilmistir. Havzada yapilan
incelemelerde endistriyel kirlilik kaynagi bulunmadigi tespit edildiginden, bu parametrelerin
degerlendirilmesi sadece kentsel kaynakli kirlenmeyi temsil etmektedir.

2022 yilinda mevcut kirlilik yiikleri baz alindiginda (Sekil 11-Sekil 15), hi¢bir iyilestirmenin ve endiistriyel
biiyiimenin yapilmadigi durumda, 2050 yilinda kirletici yiiklerin artig KOI %142, BOI %171,8, AKM
%157,08, TN %219,67, TP %173,46 oraninda tespit edilmistir. Yiizdelik artiglar bazinda degerlendirildiginde,
azot ve fosfor bilesiklerinin oraninin yiiksek oldugu ortaya konulmustur. Yiizey sularinin kalitesinin tehlikeli
boyutlara ulasmasi, 6ncelikli olarak azot ve fosfor bilesikleri olmakla birlikte, besin maddelerinin artan
konsantrasyonlarinin bir sonucudur [20, 21]. Calismada yapilan hesaplamalar ile elde edilen azot ve fosfor
ylklerindeki artig, gelecekte baraj goliiniin su kalitesinin olumsuz yonde etkilenecegini agik¢a ortaya
koymaktadir.

4. Sonuglar ve Tartigsma (Results and discussion)

Kesikkoprii Baraj Golit Havzasi'nda kirletici yiiklerin dogrudan baskisi altinda kalan baraj géliiniin de
ilerleyen yillarda olumsuz etkilenmesi kaginilmazdir. Golii besleyen ana su kaynagi Kizilirmak Nehri'nin,
havza sinirlarinin digindan tasidig: kirlilik yiikiintin de kontrol altina alinmasi ve tespit edilmesi havzanin
korunmasi i¢in 6nemlidir. Kesikkoprii Baraj Goli'niin su kalitesinde golii besleyen su kaynaginin kalitesi ve
suyun goliin igerisinde alikonma siireside etkilidir.

Evsel kirlilik yiiklerinin hesaplanmasinda yapilan kabuller, havzada var olan noktasal kirletici kaynaklarin
havza icerisinde bulunan su kaynaklarina katkisinin ortaya konulmasina yardimecr olan literatiire dayali
kavramsal kabullerden olusmaktadir. Noktasal kirlilikler biityiik ol¢iide atiksu {iretiminde bulunan niifusa
bagli oldugundan en yogun niifusa sahip olan KAH-7 ve KAH-10 alt havzalar1 en yogun kirletici desarjina
sahiptir. Yapilan kabullerin bulgular iizerindeki etkisinin tam olarak ortaya konulabilmesi igin, bolgenin ad1
gecen projeksiyon yillarinda takip ve izleme ¢alismalarinin da yapilmas: ile miimkiin olacaktir.

Caligma alani su kaynaklari kalitesi {izerine birincil baski uygulamakta olan noktasal kirletici kaynak olarak
yerlesim yerlerinden kaynaklanan evsel atiksularin oldugu ortadadir. Havza sinirlart igindeki merkezi
fosseptiklerin bakim ve onarmminin yapilmasi, dogrudan Kizilirmak Nehri'ne yapilan atiksu desarjinin
durdurularak, bolgede ilerleyen yillarda artan niifus da g6z 6niine alinarak, atiksu aritma tesisi yapilmasi
onerilmektedir. Noktasal kirlilik kaynagi olarak evsel atiksularin literatiirde kontrol altina alinmasi
yontemlerinden biri aritma tesislerinin yapilmasi olarak ortaya ¢ikmaktadir.

Onceki ¢aligmalarin sonuglar1 incelendiginde, noktasal kirlilik kaynag: olan evsel atiksularin bulundugu
ortama kirlilik yiikii olarak degerlendirilmesinin 6niine gegilmesi i¢in atiksuyun aritilmasinin zorunlu oldugu
gorilmektedir. Alagehir Cay1 Alt Havzas’'nda noktasal kirletici kaynaklarin iyilestirilmesi amaciyla isletmeye
alinacak atiksu aritma tesisi ile havzaya ulagan KOI yiikiiniin yaklagik %50, TN ve TP yiiklerinin ise %25
oraninda azalmas: 6ngérilmistiir [21]. Eren ve Kaya [22], 2020 yilinda gergeklestirdikleri ¢aligmada, Firat
Dicle Havzasi'nin bir alt havzasi olan Karasu Havzasi'nin korunmasina yonelik olarak Erzurum Biiyiiksehir
Belediyesi tarafindan 2016 yilinda faaliyete gecirilen Kentsel Atiksu Aritma Tesisi'nin (AAT), havza icindeki
su kalitesinin iyilestirilmesine O6nemli bir katki sagladigini belirlemiglerdir. Caligmalarinin sonucunda
AAT’nin faaliyette oldugu yaklagik ti¢ yillik siirede ozellikle debi olgiimleri ve kirlilik yiikleri dikkate
alindiginda AAT’nin Karasu nehrinin su kalitesini korumada biyikk katkisinin oldugunu ortaya
koymuslardur.

Havzalarda mevcut kirliligin ortaya konulmasi ne kadar 6nemliyse; kirlilige sebep olan kaynaklarin tespiti ve
kontrol altina alinmasina yonelik yapilan ¢alismalar da havza koruma ve izlemede veri tabani olusturmak
adina elzemdir.
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Aritilmamus evsel atiksularin, su kaynaklari tizerindeki baglica olumsuz etkileri agagida siralanmaktadir:

e  Evsel atik sularda bulunan biyolojik olarak parcalanabilen organik maddeler desarj edildikleri
alic1 ortamda su kalitesinin en 6nemli gostergelerinden olan oksijenin azalmasina sebep olarak
sucul ekosistemin bozulmasina neden olur.

e  Evsel atiksu desarjlarinda yogun olarak bulunan azot ve fosfor bilegikleri alglerin asir1 artmasina
neden olur. Bu durum 6zellikle durgun sularda su kalitesinin bozulmasina neden olmaktadir. Su
kiitlesinin eski durumuna dondiiriilmesi ise zor, maliyetli ve zaman alan bir siire¢ gerektirir.

e  Evsel atiksularda bulunan, kimyasal ve toksik maddeler alic1 ortamdaki sucul canlilarda kiimilatif
birikimine neden olmaktadir.

e  Evsel atiksulardaki bakteri ve viriisler, kirli suyla temas edilmesi durumunda insanlarda gesitli
saglik sorunlarina neden olabilir.

Tim bu etkileri goz 6niine alarak, caligma alaninin Ankara Ili i¢in igme suyu kaynagi olarak da
kullanilabilirligi degerlendirildiginde, noktasal kirlilik kaynag: olarak alanda birgok soruna neden toplanmast,
uzun vadede ise toplanan atiksularin bolgede yapilacak bir atiksu aritma tesisinde aritilarak baskinin
azaltilmasi gerektigini ortaya koymaktadur.

2000 yilinda Avrupa Birligi tiye tilkeleri tarafindan EC/2000/60 Sayili AB Su Cergeve Direktifi yiiriirliige
girmis olup, tilkemiz de Avrupa Birligi (AB) uyum siireci kapsaminda, bahsedilen direktifin uygulayicist
konumundadir. Suyun entegre olarak yonetilmesi anlayigini benimseyen direktifin iceriginde; nehir havza
yonetimi planlarinin, havzalarda su miktarlarinin tespiti ve 6zellikleri, su kaynaklarinin kirlilik durumunun
belirlenmesi, kirletici kaynaklarin tanimlanmasini icermektedir. Ulkemiz 2009 yilinda, direktife uygun olarak
calismalara baslamis olup, nehir havzalarinda su kaynaklarinin entegre yonetimi adina 6nemli adimlar
atmigtir. Yapilan ve yapilmaya devam eden bu ¢alismalar ile su kaynaklarinin mevcut ve ileriki yillarda
meydana gelebilecek kirlilik senaryolarin ortaya konulmas: amaglanmaktadir.

Bu ¢aligma ile ortaya konulan kirletici kaynaklarin ve bu kaynaklardan meydana gelen mevcut ve gelecek
donem tahminli kirlilik yiikii verilerinin, alanda daha sonra yapilacak olan su kalitesi izleme ve
onlenmesindeki ¢alismalarda, farkl kirlilik senaryolarinin tiretilmesine, Su Cergeve Direktifi uyum siirecinde
tilkemiz adina yapilan ¢aligmalara 151k tutmasi amag¢lanmaktadir.
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ABSTRACT

Keywords: ANOVA, . . . . . .
In this study, two distinc cutting tools, coated carbide and cermet, were used in turning

Cutting temperature,

MQL, nano-MQL, 20NiCrMo2 case-hardened steel. Turning experiments were carried out with these tools at three

Surface roughness, distinc cooling methods (dry, MQL, nano-MQL), three distinc cutting speeds (80, 120, 160

Taguchi analyses m/min) and three distinc feed rates (0.125, 0.167, 0.2 mm/rev) has been carried out. As a result of

the experiments, the effects of cutting parameters, cutting tool type and cooling method type on

*" Duzce University, the average surface roughness (Ra) and cutting zone temperature (Ctemp) were examined. In the

Engineering Faculty, Mechanical study, the Taguchi optimization method was also applied to the experimental Ra and Ctemp
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81620 - Diizce, Tirkiye results. As a result of Taguchi optimization, the most effective cutting parameters on Ra and
Orcid: 0000-0001-8566-3433 Ctemp were determined. This result was confirmed by ANOVA analysis. Optimum parameters
e mail: fuatkara@duzce.edu.tr for Ra; cermet cutting tool, nano-MQL cooling method, 160 m/min cutting speed and 0.12
mm/rev feed rate. Optimum parameters for Ctemp; carbide cutting tool, nano-MQL cooling
method, 80 m/min cutting speed and 0.12 mm/rev feed rate. Ideal numbers for both Ra and
Ctemp were not found in the 18 turning experiments performed. Therefore, the 19th experiment
was conducted for both output parameters. The average surface roughness value for optimum
parameters was measured as 1.08 um.
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Nanopartikiil Takviyeli Minimum Miktarda Yaglama
(MMY) Yonteminin Kesme Performansina Etkisinin

Deneysel ve Istatistiki Arastirilmasi

0z

Bu ¢aligmada, 20NiCrMo2 ¢eliginin tornalanmasinda kaplamali karbiir ve sermet olmak tizere iki
farkli kesici takim kullanilmigtir. Bu takimlar ile ti¢ farkli sogutma yontemi (kuru, MQL, nano-
MQL) tg¢ farkli kesme hiz1 (80, 120, 160 m/dak) ve ii¢ farkli ilerleme hiz1 (0,125, 0,167, 0,2
mm/dev) degerlerinde tornalama deneyleri gergeklestirilmistir. Deneyler sonucunda ortalama
yuzey purizliligi (Ra) ve kesme bolgesi sicakligi (Ctemp) iizerinde kesme parametrelerinin,
kesici takim tiiriiniin ve sogtma yontemi tiriiniin etkileri incelenmistir. Calismada ayrica
deneysel Ra ve Ctemp sonuglarma Taguchi optimizasyon metodu uygulanmistir. Taguchi
optimizasyonu sonucunda Ra ve Ctemp iizerinde en etkili kesme parametreleri tespit edilmistir.
ANOVA analizi ile bu sonug dogrulanmistir. Ra i¢in optimum parametreler; sermet kesici takim,
nano-mql sogutma yontemi, 160 m/dak kesme hizi ve 0,12 mm/dev ilerleme hiz1 olarak
bulunmugtur. Ctemp igin optimum parametreler; karbiir kesici takim, nano-mgql sogutma

Anabtar Kelimeler: Kesme
yontemi, 80 m/dak kesme hizi ve 0,12 mm/dev ilerleme hiz1 olarak bulunmustur. Yapilan 18

sicakligy,
MQL, nano-MQL, tornalama deneyi icerisinde optimum parametrelere ait deneyler yer almadig: i¢in hem Ra hem
Taguchi analizi, de Ctemp igin 19. deneyler yapilmistir. Optimum parametreler i¢in ortalama yiizey purizlilik
Yiizey piiriizliiliigit degeri 1,08 pm olarak o6l¢iillmistiir.
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1. Introduction

Machining is an important process in production and is one of the issues that should be given special attention
in terms of sustainability, as it has a direct impact affect the lifespan and functionality of numerous critical
components as well as the cost of production [1,2]. Cutting fluids are used because of their primary roles in
cooling and lubricating metal goods, which guarantee high production speed throughout the machining
process. Cutting force and temperature rise during machining as a result of friction produced by the chip
moving across the cutting tool's surface and the metal workpiece cutting directly in front of the tool. Cutting
fluids can help minimize cutting forces at lower cutting speeds, enabling machining at relatively higher cutting
speeds. They can also lessen or completely remove the heat created, which has the potential to harm high-
speed cutting tools [3]. As a result, machining time can be reduced by using higher cutting speeds, resulting
in increased production rate. Numerous researchers agree that MQL can be considered a better alternative to
the traditional cooling technique for use in a variety of machining operations, including milling, turning,
grinding, and drilling [4-7]. According to Najiha et al. [2], MQL is regarded as a workable approach for a
cleaner production process since it is an affordable way to apply cutting fluid and ensures worker and
environmental safety. Since very little cutting fluid was used, other researchers have also backed up this
assertion [5,8]. Makhesana et al. [9] were investigated to influence of MoS2 and graphite-reinforced
nanofluid-MQL on surface roughness, tool wear, cutting temperature and microhardness in machining of
Inconel 625. The turning tests are conducted under dry, MQL, and nanofluid-MQL (nMQL) environments,
and the findings are compared considering surface roughness, chip morphology, tool wear, cutting
temperature, power consumption, and microhardness. The sunflower oil blended with MoS2 resulted in 56%,
42%, and 22% improved surface quality compared to dry, MQL, and nMQL (Graphite) conditions. Also, the
efficacy of nMQL with graphite and MoS2 is seen in the form of slower tool wear progression. Also, MQL,
nMQL with MoS2, and nMQL (Graphite) resulted in lower cutting temperatures by 18%, 35%, and 25%,
respectively, compared to dry turning [9].

Rooprai et al. [10] implemented MQL for distinc injection rates in milling En 31 steel. Two distinc cutting
depths, three distinct feed rates and three distinct cutting speeds and three distinc MQL oil flow rates were
used in the experiments. The number of experiments was minimized by performing 18 experiments with
Taguchi analysis instead of 54 experiments with these parameters. In this way, both time and cost were saved.
As output parameters, surface roughness and micro hardness values were examined. ANOVA analysis was
also performed on the experimental results. The most ideal processing conditions were determined by
Taguchi analysis [10]. Ozbek and Saruhan [11] tested tool steel on a lathe under dry and MQL conditions
with two distinc cutting tools with PVD and CVD coating at a constant cutting depth (1 mm) and three distinc
feed rates (60, 90 and 120 m/min). They examined the tool wear, cutting temperature and surface roughness
of the part as a result of machining. As a result of the study, an 88% improvement in Ra values was achieved
during processing with MQL. It has been observed that machining with MQL extends tool life by 267% with
CVD-coated cutting tools and 200% with PVD-coated cutting tools in contrast to dry machining. Cutting
temperatures were reduced using PVD-coated tools compared to CVD-coated tools. Better surface roughness
values were displayed by PVD-coated tools in all cutting circumstances. Likewise, in terms of tool wear, PVD
coated tools exhibited superior wear performance over CVD coated tools at all cutting speeds. They observed
that in dry machining, tool life for PVD-coated tools was four times greater than tool life for CVD-coated
tools. They stated that under MQL machining, PVD-coated tools exhibited three times longer tool life than
CVD-coated tools [11].

Most of the mechanical load and friction used to remove chip from the workpiece is converted into heat
energy. Therefore, one of the most important factors to be considered during machining is the heat generation
and post-heat temperature formation in the cutting zone [12]. The heat generated during the metal cutting
process and the heat removed from the environment determines the temperature increase. The temperature
increase due to the heat generated affects the tool performance and workpiece quality [13]. A product's surface
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roughness is a measurement of its surface texture, profile, irregularities or protrusions that determine the
quality of that product and its compliance with design standards and specifications. The measurement of a
product's surface roughness is so critical that mating parts may not fit properly if their roughness exceeds
allowable limits; therefore such a situation may require rework or disposal as scrap. The probability of a
product functioning well in service is a function of its quality, which is primarily dictated by the level of
accuracy and precision in obtaining the perfect surface. Furthermore, tolerances and surface roughness place
a crucial restriction on the choice of cutting parameter when developing a machining process [14]. Fatigue,
corrosion, wear, warping, and poor dimensional and geometric precision are all encouraged by poor surface
quality, and results in reduced functionality and lifespan of the product [15]. Chips formed at high
temperatures on the surface of the metal can cause surface roughness if not cleaned intermittently. In addition,
if left uncontrolled, the nature and thickness of the chips formed may reduce the surface integrity of the
product [16]. Determining the ideal processing parameter values that will result in a smooth cutting action
and, as a result, permissible surface roughness is necessary since certain cutters can badly break or fail when
exposed to an intermittent rather than continuous operation mode. Past scholars have estimated surface
roughness ratings using a variety of methodologies [17-22]. One of these techniques is the Taguchi
optimization method. The Taguchi method is an acceptable method that can replace traditional methods,
leading to a reduction in cost and time. The Taguchi method is one of the important quality strategies that
minimizes the number of experiments and at the same time takes into account the effects of all controllable
factors. There is a wide range of studies focused on determining the importance of parameters and their
contribution percentages, and there are many studies showing that the Taguchi method is a tool suitable for
application [23-26]. Gokee [27] experimentally and statistically examined the cutting force, drill tip
temperature and burr height in drilling Custom 450 martensitic stainless steel. Within the scope of the study,
Taguchi and Response Surface Methods were applied to the experimental results and the most suitable drilling
parameters were determined. They also applied using an analysis of variance to ascertain the effects and
percentages of drilling parameters on the outputs. A correlation coefficient of over 94 percent was obtained
for both optimization models, thus a successful optimization study was carried out [27].

In this study, the type of cooling method, type of cutting tool, cutting speed and feed rate were investigated in
the turning of 20NiCrMo2 case-hardened steel, which is widely used in the manufacturing of machine parts
such as shafts, gears, chain links, piston pins, discs, chain sprockets and pulleys, rolling bearings and rollers.
Its effects on temperature and surface roughness were evaluated experimentally and statistically, and the most
suitable turning conditions were determined for this purpose.

2. Material and Methods

The 20NiCrMo?2 steel used in the experiments was prepared with a diameter of 50 mm and a length of 500
mm. The chemical composition of the test sample is presented in Table 1. Turning experiments were carried
out on a ZMM BULGARIA CU500 brand universal lathe with 7.5 KW engine power. In the turning
experiments, Taegutec TT8125B coded CVD coated carbide cutting tool and CT 3000 coded cermet turning
inserts were used with PSBNR 2525M 12 turning bar. In the turning experiments, the STN-40 model device,
produced by the Werte Company, was used as the MQL system. The visual of the MQL system used in the
experiments is given in Figure 1. 100% biodegradable vegetable-based SAMNOS ZM22W cutting oil was used
in turning experiments. Single variety nanopowder and nanoparticle-added MQL cutting fluid was prepared
for the turning experiments. Multi-walled carbon nanotubes was used in MQL cutting fluid.

Table 1. Chemical components of 20NiCrMo2 steel
Element C Si Mn Cr Mo Nb
Wt.% 0.17-0.23 Max. 0.40 0.65-0.95 0.35-0.70 0.15-0.25 0.40-0.70

Mahr MarSurf PS 10 model device was used for surface roughness measurements. Surface roughness was
measured from three areas of the turned surfaces, namely the beginning, middle and end, and these results
were averaged, and the average values of surface roughness (Ra) were found. In the turning experiments, the
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temperature data occurring in the cutting zone on the cutting tool was measured with an OPTRIS PI 450
thermal camera. The camera was mounted in a way to see the interaction between the workpiece and the
cutting tool on the universal lathe, and during all turning experiments, the temperature signals were
transferred to the computer with the manufacturer's software and the highest cutting temperature (Ctemp)
was determined. In order to provide the most ideal outputs in experimental studies, optimum design is
necessary. In this study, Taguchi technique was preferred for experimental design and optimization. In this
technique, statistical performance criterions called utilizing the signal-to-noise ratio analyze the outputs and
the resulting experimental results. Surface roughness and cutting zone temperature values acquired as a
consequence of the turning process are converted into S/N ratios. When calculating noise rates; Depending
on the type of characteristic, there are three approaches used: largest is best, nominal is best and smallest is
best [28, 29]. The study's formula for the "smallest is best" tenet, as stated in Equation 1, was preferred for S/N
values.

S/N = —10log (% Z yi2> €))

In the formula; The measured average surface roughness and cutting zone temperature values are expressed
as yi, and the number of experiments performed is expressed as n. Cutting parameters in this study; cutting
tool type (Ct), cooling method type (Cm), feed rate (f), and cutting speed (V). The control factors and control
levels used when turning 20NiCrMo2 steel are given in Table 2. Using Analysis of Variance (ANOVA) and a
95% confidence interval, the factors' levels of impact on Ra and Ctemp were ascertained. Minitab 18 software
was employed in the design of the experiment and Taguchi technique statistical analyses.

Table 2. Turning parameters and levels

Turning parameters Level 1 Level 2 Level 3
Cutting tools (Ct) TT8125B CT3000

Cooling method (Cm) Dry MQL Nano-MQL
Cutting speed - V (m/min) 80 120 160

Feed rate - f (mm/rev) 0.12 0.16 0.20

3. Findings and Discussion
3.1. Optimization of experimental results

The orthogonal array experimental design, which was put forth by Taguchi, can be used to investigate the
impact of numerous variables on the performance characteristic in a concentrated experimental group. Upon
identifying the variables impacting a controllable process, it is important to ascertain the thresholds at which
these parameters ought to be adjusted. A thorough understanding of the procedure, including the parameter's
lowest, maximum, and current values, is necessary to decide which levels of a variable to test. The tested values
may be farther apart or more values may be evaluated if there is a significant discrepancy between the
parameter's minimum and maximum values. If the range of a parameter is small, fewer values may be tested
or the tested values may be closer to each other [30, 31]. The average Ra and Ctemp values acquired as a
consequence of the turning experiments carried out on case-hardened steel based on the Taguchi L18
experimental design, and the S/N ratios computed are given in Table 3.

Table 3. The experimental results and S/N ratios values

Cooli Ra - S/N Ct - S/IN
Exp. Cutting 00ing v f a. / Ctemp cfmp /
no tools (Ct) method (m/min) (mm/rev) Ra (pm) ratio (°C) ratio
- (Cm) v (dB) (dB)
1 TT8125B Dry 80 0.12 4.78 -13.5886 161.2 -44.1473
2 TT8125B Dry 120 0.16 3.95 -11.9319 176.6 -44.9398
3 TT8125B Dry 160 0.20 3.86 -11.7317 224.2 -47.0127
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4 TT8125B Mql 80 0.12 4.18 -12.4235 135.0 -42.6067
5 TT8125B Mql 120 0.16 3.75 -11.4806 174.9 -44.8558
6 TT8125B Mql 160 0.20 3.64 -11.2220 224.2 -47.0127
7 TT8125B Nano-Mgl 80 0.12 371 -11.3875 138.0 -42.7976
8 TT8125B Nano-Mql 120 0.16 3.10 -9.8272 165.1 -44.3549
9 TT8125B Nano-Mql 160 0.20 3.20 -10.1030 131.0 -42.3454
10 Cermet Dry 80 0.12 2.70 -8.6273 206.1 -46.2816
11 Cermet Dry 120 0.16 2.20 -6.8485 222.1 -46.9310
12 Cermet Dry 160 0.20 1.94 -5.7560 230.0 -47.2346
13 Cermet Mgl 80 0.12 2.66 -8.4976 176.9 -44.9546
14 Cermet Mql 120 0.16 1.92 -5.6660 189.7 -45.5613
15 Cermet Mql 160 0.20 1.23 -1.7981 224.4 -47.0205
16 Cermet Nano-Mql 80 0.12 2.36 -7.4582 166.8 -44.4439
17 Cermet Nano-Mql 120 0.16 1.34 -2.5421 154.9 -43.8010
18 Cermet Nano-Mql 160 0.20 1.11 -0.9065 176.0 -44.9103

The S/N response table acquired as a consequence of Taguchi optimization gives the turning parameters that
provide the optimum values of cutting zone temperature and surface roughness and the order of influence of
these parameters. The largest values in the response table show the ideal value for that parameter. The S/N
response table created the outcome of the Taguchi analysis is displayed in Table 4.

Table 4. S/N response tables

Ra Ctemp

Levels Turning parameters

Ct Cm v f Ct Cm v f
Level 1 -11.522 -9.747 -10.330 -7.884 -44.45 -46.09 -44.21 -44.48
Level 2 -5.344 -8.515 -8.049 -8.327 -45.68 -45.34 -45.07 -44.95
Level 3 -7.037 -6.920 -9.089 -43.78 -45.92 -45.78
Delta 6.177 2.710 3.411 1.205 1.23 2.32 1.72 1.30
Rank 1 3 2 4 4 1 2 3

According to Table 4's S/N response table, the optimum parameters for Ra are; Cermet cutting tool, which is
the second kind of cutting tools, nano-mgql, which is the third level of cooling method type, 160 m/min, which
is the third level of cutting speed, and 0.12 mm/rev, which is the first level of feed rate. The optimum
parameters for Ctemp are; The first level of the cutting tool type, coated carbide cutting tool, the third level
of the cooling method type, nano-mq], the first level of the cutting speed, 80 m/min, and the first level, the
feed rate, were determined as 0.12 mm/rev. The order in the bottom row of the table corresponds to the order
of effect of the parameters on the outputs. Effect order of parameters for Ra according to response values;
cutting tool type, cutting speed, cooling method type and feed rate. For Ctemp; cooling method type, cutting
speed, feed rate and cutting tool type. According to Table 4, the most effective turning parameter on Ra is the
cutting tool type, while the type of cooling method is the most effective parameter on Ctemp.

Primary effect diagrams displaying the ideal control factor values, that is, cutting parameters are presented in
Figures 1 and 2. Similar to the results in the response table for S/N in Table 4, the primary effect graph's largest
S/N values show the parameter's ideal level. As a result, the ideal Ra values for feed rate, cutting speed, cooling
technique, and cutting tool type, respectively; cermet cutting tool, nano-mgql cooling method, 160 m/min and
0.12 mm/rev. For the cutting zone temperature; coated carbide cutting tool, nano-mgql cooling, cutting speed
of 80 m/min and feed rate of 0.12 mm/rev. When Table 4 and Figure 1-2 are evaluated together, it is
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noteworthy that the optimum parameters for Ra and the optimum turning parameters for Ctemp vary. While
the cermet tool gave the lowest value for Ra, the carbide cutting tool gave the lowest temperature value for
Ctemp. Similarly, while the ideal result was obtained for Ra at the fastest possible cutting speed value of 160
m/min, the lowest value for Ctemp was found at 80 m/min. The reason for this difference is; Ra values tend
to decrease as the cutting zone's temperature rises to a certain level. Therefore, as the cutting speed increased
from 80 m/min to 160 m/min, the cutting zone temperature increased and due to this increase, thermal
softening occurred at the chip-cutting tool-workpiece interface. Due to this thermal softening, the cutting
process becomes easier. As a result, since the cutting tool shapes the material more easily, the roughness of
the processed surface is better [32,33].

Main Effects Plot for SN ratios-Ra
Ct Cm V (m/min) f (mm/rev)

Mean of SN ratios
®

-10 |

-11

-12-

Carbide  Cermet dry mql nanomql 80 120 160 012 016 0.20
Signal-to-noise: Smaller is better
Figure 1. Main effects plot of S/N ratios for Ra

Main Effects Plot for SN ratios-Ctemp
Ct Cm V (m/min) f (mm/rev)
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Figure 2. Main effects plot of S/N ratios for Ctemp
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Ideal numbers for both Ra and Ctemp were not found in the 18 turning experiments performed. Therefore,
the 19th experiment was conducted for both output parameters. The average surface roughness value for
optimum parameters was measured as 1.08 pm. For optimum parameters, the cutting zone temperature was
measured as 122 °C.

3.2. Variance analyses for experimental results

An experiment's variability can be divided into distinguishable causes of variance as well as the corresponding
degrees of freedom using the analysis of variance technique. The analysis of the significant effects of the
parameters comprising the quality features is done in statistics using the frequency test (F-test) [34]. Table 5
displays the findings of the variance analysis that was done to ascertain the rates at which turning parameters
(type of cutting tool, feed rate, cutting speed, and cooling technique) affected the average surface roughness
and temperature of the cutting zone. In the table; DF, SS, MS, F and PCR correspond to degrees of freedom,
sum of squares, mean of squares, significance level and percentage effect ratio, respectively. ANOV A analysis
was carried out using 5% significant levels and 95% confidence. F values are of great importance to ascertain
the impact of control factors. The effect of turning parameters on the output parameters Ra and Ctemp is
ascertained by contrasting F values. As a result, the cutting parameter with the largest F value is the parameter
that affects the experimental result the most.

Table 5. Ra and Ctemp’s ANOVA table

Source DF SS MS F ratio P PCR (%)
Ra
Ct 1 15.5124 15.5124 360.50 0.000 75.96
Cm 2 1.7782 0.8891 20.66 0.000 8.71
\ 2 2.6646 1.3323 30.96 0.000 13.05
f 2 0.0372 0.0186 0.43 0.660 0.18
Error 10 0.4303 0.0430 2.11
Total 17 20.4228 100.00
Vb
Ct 1 2609 2608.8 10.47 0.009 14.11
Cm 2 7199 3599.5 14.44 0.001 38.95
\ 2 4269 2134.7 8.56 0.007 23.10
f 2 1913 956.3 3.84 0.058 10.35
Error 10 2493 249.3 13.49
Total 17 18483 100.00

According to the ANOVA results in Table 5, it was seen that the primary influencing turning parameter Ra
was the kind of cutting tools with a rate of 75.96%. Then comes the rate of cutting speed of 13.05%, the type
of cooling method with a rate of 8.71% and finally the feed speed with a rate of 0.18%. The turning parameter
that had the most impact on the cutting zone temperature was the cooling method type with a rate of 38.95%.
Then comes cutting speed with 23.10%, cutting tool type with 14.11% and feed rate with 10.35%, respectively.
Within the scope of this study, it was noted that the type of cutting tool was more effective on surface
roughness than the type of cooling method, cutting speed and feed rate parameters. It has been established
that the cooling method has a more significant effect on the cutting zone temperature than other turning
parameters. If an evaluation is made between a cermet cutting tool and a coated carbide cutting tool in turning
case-hardened steel, it is seen that the cermet cutting tool provides lower Ra values. Cutting speed, which is
one of the most effective cutting parameters on Ra, was evaluated as the second effective parameter for both
Ra and Ctemp in this study. It is clearly seen that the feed rate does not have a noteworthy impact on either
output parameter.

3.3. Regression analyses for experimental results

Multiple regression analysis was performed for Ra and Ctemp values obtained after turning experiments.
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Graphs of the regression analysis (Normal Probability Plot, Versus Fits, Histogram, and Versus Order) are
given in Figure 3 and Figure 4.
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Figure 3. Residual plots for Ra
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Figure 4. Residual plots for Ctemp

In Figures 3 and 4 statistical results for Ra and Ctemp are given. In Figure 3 and 4, showing the normal
probability plot vs the residuals of the linearquadratic models, it can be seen that the residuals are arranged
in a relatively straight line. This denoted a normal distribution of errors and signified that the terms stated in
the model were significant. Moreover, a good correlation was found between the experimental vs predicted
Ra and Ctemp values and their close similarity was noted. Multiple regression analysis was used to obtain the
predictive equations (for linear regression model) for Ra and Ctemp, as seen in equations (2) and (3),
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respectively:
Ra (um) = 7.557 - 1.857 Ct - 0.3842 Cm - 0.01127 V (m/min) + 1.35 f (mm/rev) (2)
Ctemp (°C) = 88.4 + 24.08 Ct - 24.03 Cm + 0.470 V (m/min) + 307 f (mm/rev) (3)

The R? values of the equations obtained by the linear regression model for Ra and Ctemp were found to be
0.96 and 0.84, respectively. For reliable statistical analyses, the error values must be less than 20 per cent [28].

4. Conclusions

In this study, 20NiCrMo2 steel was subjected to turning process with distinc cutting tools, distinc cooling
methods and distinc cutting parameters. Coated carbide and cermet cutting tools were preferred as the cutting
tool type. Three distinc cooling methods were used: dry, mql and nano-mgql. As turning parameters, three
distinc cutting speeds (80, 120, 160 m/min) and three distinc feed rates (0.12, 0.16, 0.20 mm/rev) were used.
Taguchi L18 orthogonal array was preferred for experimental design. In addition, analysis of variance was
performed to determine the impact ratios of turning parameters on Ra and Ctemp. The results of the study
are listed below.

e  Asaresult of Taguchi analysis, average surface roughness was determined at the second level of the
cutting tool type (cermet cutting tool), at the third level of the cooling method type (nano-mq]l), at
the third level of the cutting speed of 160 m/min and at the first level of the feed rate of 0.12 mm/rev
parameters. The lowest Ra values were reached.

e  The average surface roughness value for optimum parameters was measured as 1.08 pm.

e  Optimum result for cutting zone temperature; It was obtained at the first level of the cutting tool
type (coated carbide cutting tool), at the third level of the cooling method type (nano-mql), at the
first level of the cutting speed of 80 m/min and at the first level of the feed rate of 0.12 mm/rev.

e For optimum parameters, the cutting zone temperature was measured as 122 °C.

e The type of cutting tool is the most useful parameter for Ra, based on ANOVA data (75.96%),
followed by cutting speed (13.05%), cooling method type (8.71%) and feed rate (0.18%) has been
seen.

e  The turning parameter that had the most impact on the cutting zone temperature was the type of
cooling method with a rate of 38.95%. Then comes cutting speed with 23.10%, cutting tool type with
14.11% and feed rate with 10.35%, respectively.

When all the outcomes are assessed, it can be seen that the most suitable cutting parameters and cooling
method type have been successfully determined for intermediate and finish turning conditions of 20NiCrMo2
steel. We can say that cermet cutting tools should be preferred for low Ra value when material with a hardness
of approximately 30 Brinell is subjected to turning at a cutting speed of 80 to 160 m/min and a feed rate of
0.12 to 0.20 mm/rev. For low Ctemp values, coated carbide cutting tools should be preferred instead of
hardmet tools. The nano-mql method provided the lowest values for both Ra and Ctemp. This result once
again demonstrated the unique value of the study. According to the Taguchi analysis results, it is clearly seen
that a valid optimization has been made for the lowest Ra and Ctemp values. According to all these results, it
can be stated that the study successfully achieved its objectives. In addition to these results, the following
recommendations can be made for future studies.

e  Turning experiments can be performed with the same cutting parameters for higher hardness values
of the workpiece sample.

e Tests can be performed on ceramic and uncoated carbide cutting tools as well as cermet and carbide
cutting tools.

¢ Differences between dry cutting, mql and nano-mgql can be detected with boron oil, which is the
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traditional cooling method.

e  Cutting experiments can be performed for distinc nanoparticle particles.

e  Experiments can be performed for distinc outputs such as tool wear and vibration, as well as cutting
zone temperature and surface roughness.
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ABSTRACT

In this study, structural parameters and optical constants of size dependent zirconium dioxide
(ZrO2) nanostructures were calculated. The effect of particle size was investigated on the
calculated structural and optical parameters/constants. ZrO» nanostructures were produced by
chemical route. To change the grain size of the ZrO. nanostructures, different annealing
temperatures (450-550 °C) were applied. The x-ray diffraction (XRD), scanning electron
microscope (SEM), and ultraviolet/visible region (UV-Vis) spectroscopy measurement results
were used to calculate the structural and optical parameters/constants. The results of XRD
measurement showed the ZrO» nanostructures were crystallized in single tetragonal (cubic) ZrO.
phase. SEM results exhibited dense and homogeneous surfaces and enhanced surface grains with
increased annealing temperature. The compositional formation of ZrO. nanostructures were
proved by electron dissipated x-ray and mapping analysis. Optical measurements were strongly
changed dependent on the grain size (Gs). The calculated structural parameters such as crystallite
size, lattice parameter (a), microstrain, and dislocation density were showed that the powerful
variation according to the Gs. The computed optical constants such as refractive index, extinction
coefficient, reel and imaginer dielectric constants of the ZrO, samples were highly varied upon
the Gs. The variant in these calculated parameters/constant were extremely promising for the
optic and dielectric applications.

Biytikliige Bagli ZrO: Nanoyapilarinin Yapisal
Parametreleri ve Optiksel Sabitlerinin Hesaplanmasi

0 )4

Bu ¢aligmada boyuta bagh zirkonyum dioksit (ZrO2) nanoyapilarinin yapisal parametreleri ve
optik sabitleri hesaplanmustir. Pargactk boyutunun, hesaplanan yapisal ve optik
parametreler/sabitler {izerindeki etkisi arastirild1. ZrO nanoyapilari kimyasal yolla iiretildi. ZrO-
nanoyapilarmin tane boyutunu degistirmek igin farkli tavlama sicakliklari (450-550°C)
uygulandi. Yapisal ve optik parametreleri/sabitleri hesaplamak i¢in x-151m1 kirmnimi (XRD),
taramal1 elektron mikroskobu (SEM) ve ultraviyole/goriiniir bolge (UV-Vis) spektroskopisi
6l¢tim sonuglari kullanildi. XRD 6l¢iimit sonuglari, ZrO: nanoyapilarinin tek tetragonal (kiibik)
ZrO: fazinda kristallestigini gosterdi. SEM sonuglari, yogun ve homojen yiizeyler ve artan tavlama
sicakligiyla sayisi artan yiizey taneleri sergiledi. ZrO, nanoyapilarinin bilesiksel olusumu elektron
dagilimli x-151n1 ve haritalama analizi ile kanitlanmustir. Optik 6lgiimler tane boyutuna (Gs) gore
biyiik olgide degisti. Kristal boyutu, 6rgii parametresi (a), mikro-gerilim ve dislokasyon
yogunlugu gibi hesaplanan yapisal parametreler, Gs'ye bagh olarak ciddi bir degisim gosterdi.
ZrO; numunelerinin kirilma indisi, séniim katsayisi, reel ve sanal dielektrik sabitleri gibi
hesaplanan optik sabitleri Gs'ye bagimli olarak ciddi oranda degisti. Hesaplanan bu
parametrelerdeki/sabitlerdeki degiskenlik, optik ve dielektrik uygulamalar i¢in son derece umut
vericidir.

To cite this article: G. Sahin and S. Goktas “Calculation of Structural Paramaters and Optical
Constants of Size Dependent Zr02,,” Gazi Journal of Engineering Sciences, vol.10, no.1, pp.
114-124, 2024. doi:10.30855/gmbd.0705N10
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1. Introduction

In many practical applications, it is possible to make life easier by using nanostructured thin films. They can
be preferred for making reflective or antireflective filters, circuit candidates, memory disks, memory disc,
biological ceramics, sensors, and lasers [1-5]. In this context, attractive physical characteristics of Zirconia
(ZrO,) thin film such as having a high dielectric constant, a relatively higher melting point (2680°C), high
chemical stability and wide band gap (4.7eV-7.8eV), make it extraordinary metal oxide semiconductors [6].
In addition to, its high thermal stability, high refractive index, and low thermal conductivity capacities lead
to be commercially used as dielectric and insulator in various microelectronic applications viz. dynamic
random-access memory, radio frequency, analog/mixed signal (RF/AMS) integrated circuits, and non-
volatile resistive random-access memory [3,5].

It was reported that ZrO, could have different crystal-like phases such as monoclinic, tetragonal, and cubic
dependent on high temperature reflecting polymorphic structure [7,8]. However, this high temperature
phases can be maintained at room temperature using suitable oxide dopants [9-11]. Even for the pure ZrO,
thin films it can be achieved owing to low crystallite size and compressive stress [12]. But the undoped ZrO,
has deteriorated by some consequential issues. The small crystallization due to low temperature processing
resulted in the enhanced additional leakage currents through the crystal boundaries and creating highly thick
intersectional sheets [13]. In addition to, producing high dielectric constant (k) metal oxide nanostructured
thin films utilizing chemical solution-based method needs a relatively high sintering temperature of over 450
°C due to high pyrolysis and desiccation temperature of prototypical forerunners [14]. Annealing at relatively
high temperatures is an effectual way to remove the defects (like oxygen vacancies) and impurities (like
secondary phases) from metal-based oxide nanomaterials resulting into tolerable discharge and electrical
capacity as well as high crystallization [15,16].

Recently, several fabrication of nanostructured thin films have been followed to product zirconia-based high-
K gate dielectric viz. sol-gel dip/spin coating, atomic layer deposition, spray pyrolysis, chemical vapor
deposition, reactive RF sputtering, and electron beam evaporation [13,17]. Amongest all the solution-based
sol-gel technique is currently becoming the most popular route owing to its clarity, economic, low treating
temperature, practical use, and pile of yield. Some concern study has been outlined about the size dependent
characteristics of sol-gel derived ZrO, thin films. However, a detailed work on the structural and optical
properties, structural parameters, and linear optical constants of the ZrO, is rare. Therefore, in the present
study the grain size dependent structural and optical characteristics, structural parameters and optical
constants have been investigated.

2. Experiment and Calculation Techniques

To prepare ZrO, solution, zirconyl chloride octahydrate (ZrOClL, - 8H,O) was wused for
the parent solution. The molar ratio (0.01M) of chemical powder was utilized as Zr** source and it was
dissolved by mixed solution of methanol (96,15 at. %) and glacial acetic acid (3,85 at .%). The desired ZrO,
solution was get ready via vigorously mixing on the magnetic
stirrer for 30-60 minutes at 50 °C. The final solution bath was aged by stirring at room conditions for 24 hours
to have gel solution, which is essential for highly uniform film structure.
Before coating, the glass facets were rinsed  with deionized  water. It
was then ultrasonically cleaned in an ethanol and acetone ultrasonic bath for 5 minutes. In
cleaning process, the glass surfaces were finally placed in the plasma cleaner to remove waste
organic hanging bonds and precision cleaning. The cleaned glass substrates were immersed in
the resulting solution and covered in air at 350°C. Films grown on the glass surfaces by sol-gel
dip coating method and they were annealed at 450 °C, 500 °C and 550°C for 60 minutes in an air atmosphere
to get desired grain size (Gs).
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The latest emerging ZrO, thin films were constructionaly characterized via X-ray diffraction (XRD) with a
Rigaku Ultima III diffractometer though employing CuK, radiation (A =0.15406 nm) at 30 mA and 40 keV
from 20 to 70°. To calculate the average crystallite size (Dhw), [13] the Debye Sherrer’s equation as following
as:

Dyiu=0.91/P.cos6 1)

where A is the wavelength of X-rays used, 0 is the angle of diffraction and is the full width at half maximum.
Similarly the other structural parameters like dislocation density (8) and micro strain (&) were computed
according to the followed formulas:

6 =1/(Dwa)? (2)

€ = p/4tanb 3)

The lattice parameters, a and c of the tetragonal ZrO; can be obtained according to the equations given below:
a=dnoo h; c=dno (W*+F)"? (4)

In this equation the dyq (dnu=a/((h*+k*+1%)/(ci/a))"?) represents interplanar distance for the tetragonal lattice
and (hkI) shows Miller indices. The morphology, surface, grain size, and atomic analysis and mapping were
recognized using a scanning electron microscope (SEM) equipped by an energy dispersive X-ray (EDX) tool.
To research the optical characteristics like transmittance and absorbance, the UV-Vis (PerkinElmer 45)
spectra was performed. The corresponding transmittance, absorbance and reflectance were than represented
and the band gap energy (E,), refractive index (n), extinction coefficient (k), and reel/imaginer dielectric
constants were computed. To calculate E;and kas well as other related parameters of the nanostructures Beer-
Lambert law [17] was used as following:

I=Le (5)
where I is the intensity of the transmitted light, I is the intensity of the incident light, d shows the thickness
of the nanostructured layer, and a is the linear absorption coefficient of the materials. In equation (5) a can
be calculated as [18]:

a=(1/d) In (1/T) (6)

in that T is the transmittance. The connection between the a and the photon energy (hv) is given as follows
[19]:

(ahv)’ =A(hv-E,; )™ (7)

where A and m are constant coefficients. For indirect transitions, m=2 and for direct transitions n=1/2.
Moreover, k and n can be obtained by using reflectance (R) and a as given in equation of (8) and (9) as below

[20]:
k (A)=ar/4n )
n(A)= ((1+R(A))/(1-R(A)))+((4R(A))/(1+R(A)-I (X)) ©

where A represents of the acted photon wavelength. Finally, the corresponding reel and imaginary dielectric
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constants £, and ; are calculated via using the followed equations [19]:

E.(A)=n(A)*-k(A)? (10)
EiA)=2nA)k()) (11)
3. Results and Discussions

3.1. Calculation of structural parameters by using XRD analysis

The XRD analysis was used to investigate the crystal structure and phase composition of the
deposited nanostructures. The XRD patterns of the ZrO, nanostructures sintered at 450 °C, 500°C, and 550°C
were given in Fig.1. All nanostructured films show the tetragonal phase with highly oriented (101) Miller
crystal plane and polycrystalline nature. The observed other (110), (112), and (211) Miller crystal planes are
also indexed for the tetragonal phase. XRD patterns also show there are no metallic or secondary phases in
the host ZrO; lattice system. The results agree with the research on ZrO, thin film [18]. According to Fig. 1,
the ZrO, nanostructures represent the best crystallization at 550 °C. The average crystallite size (Dp) [13]
calculated using the Debye Sherrer’s equation (1) was given in Table 1. The mean Dyy for thin film samples
turned out to be 21 nm.

Table 1. The full-width half-maximum, diffraction angle, crystallite size, dislocation density,
micro-strain, and lattice parameter of the prepared ZrO; nanostructures having various grain sizes

Annealing temperature (°C) FWHM (B.) 20(deg)  Dwa(nm)  0x10° £x10°  ac(A)

73-450 0.80  30.42 10 10.0 128  0.5106;5.076
73-500 0.53 30.50 15 4.44 8.48  0.5092;5.063
73-550 038  30.52 21 2.26 6.08  0.5089;5.060

To obtain better crystalline quality, namely increased crystallite size, by providing crystallization in ZrO, thin
film samples, annealing was done at different temperatures. Figure 1 shows the XRD patterns of ZrO, thin
film samples annealed at different temperatures. Among all samples, the ZrO, nanostructure sintered at 550
°C has the best crystalline quality.

1100

550°C
101
1000 - (101 — 500 °C

Intensity (a.u)

300

200

100 +
10 20 30 40 50 60 70
2-Theta (degree)

Figure 1. XRD patterns of the deposited ZrO: nanostructures with different grain sizes
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The calculated Dy increases with increasing annealing temperature (Table 1). Considering the analysis of
nanostructured ZrO; thin films prepared at different operating temperatures by Deshmukh and Bari's spray
pyrolysis technique; they found that the structure of the film was completely crystallized with an increase in
annealing temperature. Additionally, grain growth increased in mobility with increasing temperature. Again,
when the literature on the effect of annealing temperature was scanned, it was seen that; Hadi et al., annealed
and analyzed the Li doped (ZrO;) nanostructures produced using the spray pyrolysis (CSP) method at 300°C,
400°C, and 500°C. As a result, they observed that the grain size values, average roughness increased with
increasing in sintering temperature. The lattice parameters, a and c of the ZrO, nanostructures calculated (by
using formula 4) for different annealing temperatures (for 450°C -550°C) were obtained as in Table 1. It was
observed that the aand ¢ values decreased as the Dp)increased. Different ionic sizes in lattice defects,
perfect arrangement of atoms, impurity formations can cause differences in aand ¢ values (see Table
1) dislocation density, (see equation 2), and micro strain (formula 3) as obtained. Different values of § and
€ in Table 1 confirm the variation in lattice parameters. The difference in the lattice parameters, a and ¢ may
also be due to the lattice mismatch between the ZrO, nanostructures and the glass sample holder [21-24].

3.2. Estimation of average grain size from SEM analysis

SEM images and EDX/mapping analysis of ZrO, nanostructures produced at different annealing
temperatures were shown in Figs. 2a-d. The film surfaces have smooth and dense morphology. The grain sizes
changes about 20-200 nm, 30-250 nm, and 20-300 nm were estimated for the ZrO, nanostructures sintered at
temperature range of 450 °C, 500°C, and 550 °C, respectively. This result is highly agreement with the XRD
analysis. Spherical-like grains were observed for the ZrO, nanostructures annealed at different temperatures
of 450 °C, 500 °C and 550 °C. As a result of thermal energy leading simple displacement of atoms and
anisotropic aggregation of crystallites/grains; As seen in Figure 2, annealing temperature affects Gs. The
particle or Gs of the nanostructured films increases due to annealing process. Méndez-Lépez et al. [20]
prepared ZrO, nanostructures by sol-gel dip coating method and investigated the effect of annealing
temperature on the structural and optical properties of the ZrO, nanostructures. The SEM facet patterns of
their nanostructures annealed at 450°C, and 550°C showed the increased Gs of ZrO; nanostructures with
increasing sintering temperature (Figs. 2a-c). AISI 316L stainless steel was coated with nanostructured
zirconia using the sucrose-supported sol-gel dip coating method by Mishra et al. [15]. As a result of SEM
analysis, it was seen that the particle sizes of zirconia thin films increased dependent on enhanced sintering
temperature, raised from 300 °C to 650 °C. The presence of the Zr and O was observed from the EDX and
mapping analysis (red and green colors represent the Zr and O atom, respectively) as seen in Fig. 2d.

3.3. Calculation of optical parameters and constants
3.3.1. Determination of optical band gap and reflectance

Optical transmittance and absorbance spectrum of the prepared nanostructured ZrO, film samples were
exhibited in Figs. 3a and b for the wavelength range of 200-900 nm. As seen in Fig.3a, the transmittance
suddenly reduces as the particle size increases. On the other hand, the opposite trend has been observed as
expected for the absorbance of the nanostructured ZrO, films. The sharp reduction in certain wavelengths
and oscillations in Uv-Vis spectrums show homogeneity and quality

of the fabricated films [15, 22].
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Figure 2. SEM surface images (a-c) and EDX/mapping analysis (d) of the deposited ZrO» nanostructures with different grain sizes

The band gap energy (E,) of the nanostructures is found by extrapolation of the linear part of the curve
between (ahv)? and hv as given in Fig.3¢ (using equations 5, 6, and 7), indicating increment of the E, from
3.96 to 4.24 eV with increase in grain size, accomplished by sintering process. This may be due to the increased
crystallite/grain size or variation in lattice parameters of the film samples as well as the presence of the defects
within the ZrO, lattice system [17,13].
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Figure 3. Transmittance (a), absorbance (b), variation of (ahv)’ dependent on hv (c), and reflectance (d) plots of the deposited ZrO2
nanostructures with different grain sizes

To calculate the optical constants of the presented ZrO; films, the reflectance has been obtained by using the
relationship between the (R=(1-T)"?*e%) reflectance, absorption, and transmittance. Fig. 3d shows the plot of
R upon on wavelength and annealing temperature (T4). It shows decrement via enhanced particle size and
T4. This reduction and low values of R are mainly due to the poor transmission and relatively high absorbance
as seen in Fig. 3a and b. The observations are in good agreement with previously reported studies on ZrO,
nanostructures [13] and [15-24].

3.3.2. Determination of optical constants

It can be said that the nis one of the most main optical parameter, highly related to the electronic polarizability
of ions and the internal field inside substances. On the other hand, the other important optical parameter k is
closely associated to the absorbance of the matter. Their variations with the A (200-900 nm) were presented
Fig. 4 (a-b) for various grain size as determined above. The k of the film samples exhibits an enhancement
with improved D) or Gs. These behaviors can be attributed to the a and hence absorbance as seen in Fig.
3b. Amongst all, the highest k values were observed for the ZrO, nanostructures having grain sizes within the
range of 20-300 nm. On the contrary, the n values show opposite trend with k values, whereas it exhibits the
same behavior with reflectivity. It is obvious that the n values of the ZrO, nanostructures decrease with
increasing Dy or Gs. Increasing or decreasing n is probably related to the compositional modifications due
to the different grain sizes, which result in decrease/increase of the optical quality of the ZrO, nanostructures.
These findings are in accordance with refs. [25] and [26].
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Figure 4. Wavelength depended on the extinction coefficient (a), refractive index (b), reel (c) and imaginary(d) dielectric
constants of the deposited ZrO2 nanostructures with different grain sizes

It is possible to obtain reel and imaginary dielectric constants of the matter by using equations of 10 and 11
for the zirconia nanostructures. Both form the dielectric constant of the matter, representing the linear
reaction of the order to action electromagnetic radiations i.e. interplay between the electrons of the structure
with photons. The plots of both were given in Fig. 4c-d, with respect to the Gsand A. As seen in these Figs.,
the £:(A)values decrease, whereas the £;(A) values increase with increasing G, It is also seen that the £,(A )values
decrease by wavelength at visible region while the £;(A) values increase. In addition to, the trend of £,(A)values
is nearly same with the n, whereas the £;(A) values show the same trend with k. Moreover, £:(A)values are
higher than those of the £;(A) values because of their corresponding n and k values. These results can be
attributed to the change in Gs carried out by sintering temperature, which leads to increase in polarizability
of the system due to variant in charge imbalance, especially in the nanocrystalline structures. The observed
outcomes are in good agreement with the study on ZrO, or oxide-based nanostructures having various Gs
carried out by thickness or sintering temperatures [27,28].

Table 2. A comparison of the certain structural and optical parameters/constants of the sol-gel grown ZrO: thin films with the
previously synthesized ZrO thin films, produced by sol-gel method

GS/Dria(nm) 8x10°3 €x10% Eg(eV) n (at visible range) k (at visible range) er (at visible range)  Ref
(20-200)/10 10.0 30.42 3.96 5.02-5.10 0.039-0.041 24.6-25.7 This study
(30-250)/15 4.44 30.50 4.05 4.98-5.08 0.05-0.063 24.2-25.4 This study
(20-300)/21 2.26 30.52 4.24 4.95-5.07 0.071-0.098 23.4-249 This study
(----)/3-9.9 1.60-240 e e [31]
(----)/10.3 5.72 25 (e — [18]
(----)/15.6 510 e e [32]
(5-12)/--- R e e e e [23]

Table 2 summarizes some recent studies on ZrO, thin films derived by sol-gel technique. The presented
characteristics and parameters are relatively superior to the previously reported studies on the ZrO, thin films.
The observed relatively low E, values and higher n values reflects the influences of different grain/crystallite
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and used chemical precursors as well as experimental conditions. The presented study is also one of the best
examples of the structural and optical properties and parameters/constant of the sol-gel derived ZrO, thin
films at wide range of grain/crystallite size among all the considered ZrO, thin films, whose optical constant
have not been studied in more detail yet, as given in table 2. In addition, this table also reflects the importance
of the presented study accordingly [29,30].

4. Conclusions

In this study, the influences of the grain size (Gs) on the calculated structural and optical parameters and
constants of the zirconia dioxide (ZrO,) nanostructures have been investigated for the first time. The ZrO,
nanostructures crystallized within a tetragonal phase and preferred direction onwards (111) Miller plane.
Crystallite size (Dua) and orientation degree of ZrO, have significantly affected by Gs. As the Gg values rise
the calculated structural parameters Dy increases while computed micro-strain, dislocation density, and
lattice parameter values decrease. The increasing of the Gs has proved by SEM analysis, including EDX and
mapping investigations, showing the existence of Zr and O elements. Uv-Vis spectrophotometer
investigations show decreased absorbance while reflectance and transmittance increase with increasing Gs.
The calculated band gap values increase from 3.85 to 4.05 eV by enhance of Gs. With enhanced Gs the
opposite trend has been observed in the refractive index and the extinction coefficient values. Amongst all the
highest refractive index values have been detected for the lowest Gsdistribution, whereas the lowest extinction
coefficient values have been determined. Like the refractive index values, the reel dielectric constant values of
the ZrO, have also shown the same behavior, while the imaginer dielectric constant values show the same
trend with the extinction coefficient values. The observed variants are possibly because of the disparity in
crystallite/grain size, nanostructure, polarizability, and packing density of the ZrO, nanostructures. These
findings are in good agreement with those issued on ZrO, nanostructures produced by various methods. In
addition to, this research is the first record of the effects of Gs on the computed structural and optical
parameters and constants of ZrO, synthesized by sol-gel dip-coating technique, relatively the most practical
and economical process to fabricate nanostructured materials used for the number of demands in the next
dielectric and optic applications.
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ABSTRACT

In this study, structural parameters and optical constants of size dependent zirconium dioxide
(ZrO2) nanostructures were calculated. The effect of particle size was investigated on the
calculated structural and optical parameters/constants. ZrO» nanostructures were produced by
chemical route. To change the grain size of the ZrO. nanostructures, different annealing
temperatures (450-550 °C) were applied. The x-ray diffraction (XRD), scanning electron
microscope (SEM), and ultraviolet/visible region (UV-Vis) spectroscopy measurement results
were used to calculate the structural and optical parameters/constants. The results of XRD
measurement showed the ZrO» nanostructures were crystallized in single tetragonal (cubic) ZrO.
phase. SEM results exhibited dense and homogeneous surfaces and enhanced surface grains with
increased annealing temperature. The compositional formation of ZrO. nanostructures were
proved by electron dissipated x-ray and mapping analysis. Optical measurements were strongly
changed dependent on the grain size (Gs). The calculated structural parameters such as crystallite
size, lattice parameter (a), microstrain, and dislocation density were showed that the powerful
variation according to the Gs. The computed optical constants such as refractive index, extinction
coefficient, reel and imaginer dielectric constants of the ZrO, samples were highly varied upon
the Gs. The variant in these calculated parameters/constant were extremely promising for the
optic and dielectric applications.

Biiytikliige Bagli Zro, Nanoyapilarinin Yapisal
Parametreleri ve Optiksel Sabitlerinin Hesaplanmasi

0 )4

Bu ¢aligmada boyuta bagh zirkonyum dioksit (ZrO2) nanoyapilarinin yapisal parametreleri ve
optik sabitleri hesaplanmustir. Pargactk boyutunun, hesaplanan yapisal ve optik
parametreler/sabitler {izerindeki etkisi arastirild1. ZrO nanoyapilari kimyasal yolla iiretildi. ZrO-
nanoyapilarmin tane boyutunu degistirmek igin farkli tavlama sicakliklari (450-550°C)
uygulandi. Yapisal ve optik parametreleri/sabitleri hesaplamak i¢in x-151m1 kirmnimi (XRD),
taramal1 elektron mikroskobu (SEM) ve ultraviyole/goriiniir bolge (UV-Vis) spektroskopisi
6l¢tim sonuglari kullanildi. XRD 6l¢iimit sonuglari, ZrO: nanoyapilarinin tek tetragonal (kiibik)
ZrO: fazinda kristallestigini gosterdi. SEM sonuglari, yogun ve homojen yiizeyler ve artan tavlama
sicakligiyla sayisi artan yiizey taneleri sergiledi. ZrO, nanoyapilarinin bilesiksel olusumu elektron
dagilimli x-151n1 ve haritalama analizi ile kanitlanmustir. Optik 6lgiimler tane boyutuna (Gs) gore
biyiik olgide degisti. Kristal boyutu, 6rgii parametresi (a), mikro-gerilim ve dislokasyon
yogunlugu gibi hesaplanan yapisal parametreler, Gs'ye bagh olarak ciddi bir degisim gosterdi.
ZrO; numunelerinin kirilma indisi, séniim katsayisi, reel ve sanal dielektrik sabitleri gibi
hesaplanan optik sabitleri Gs'ye bagimli olarak ciddi oranda degisti. Hesaplanan bu
parametrelerdeki/sabitlerdeki degiskenlik, optik ve dielektrik uygulamalar i¢in son derece umut
vericidir.

To cite this article: G. Sahin and S. Goktas “Calculation of Structural Paramaters and Optical
Constants of Size Dependent Zr02,,” Gazi Journal of Engineering Sciences, vol.10, no.1, pp.
114-124, 2024. doi:10.30855/gmbd.0705N10
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1. Introduction

In many practical applications, it is possible to make life easier by using nanostructured thin films. They can
be preferred for making reflective or antireflective filters, circuit candidates, memory disks, memory disc,
biological ceramics, sensors, and lasers [1-5]. In this context, attractive physical characteristics of Zirconia
(ZrO,) thin film such as having a high dielectric constant, a relatively higher melting point (2680°C), high
chemical stability and wide band gap (4.7eV-7.8eV), make it extraordinary metal oxide semiconductors [6].
In addition to, its high thermal stability, high refractive index, and low thermal conductivity capacities lead
to be commercially used as dielectric and insulator in various microelectronic applications viz. dynamic
random-access memory, radio frequency, analog/mixed signal (RF/AMS) integrated circuits, and non-
volatile resistive random-access memory [3,5].

It was reported that ZrO, could have different crystal-like phases such as monoclinic, tetragonal, and cubic
dependent on high temperature reflecting polymorphic structure [7,8]. However, this high temperature
phases can be maintained at room temperature using suitable oxide dopants [9-11]. Even for the pure ZrO,
thin films it can be achieved owing to low crystallite size and compressive stress [12]. But the undoped ZrO,
has deteriorated by some consequential issues. The small crystallization due to low temperature processing
resulted in the enhanced additional leakage currents through the crystal boundaries and creating highly thick
intersectional sheets [13]. In addition to, producing high dielectric constant (k) metal oxide nanostructured
thin films utilizing chemical solution-based method needs a relatively high sintering temperature of over 450
°C due to high pyrolysis and desiccation temperature of prototypical forerunners [14]. Annealing at relatively
high temperatures is an effectual way to remove the defects (like oxygen vacancies) and impurities (like
secondary phases) from metal-based oxide nanomaterials resulting into tolerable discharge and electrical
capacity as well as high crystallization [15,16].

Recently, several fabrication of nanostructured thin films have been followed to product zirconia-based high-
K gate dielectric viz. sol-gel dip/spin coating, atomic layer deposition, spray pyrolysis, chemical vapor
deposition, reactive RF sputtering, and electron beam evaporation [13,17]. Amongest all the solution-based
sol-gel technique is currently becoming the most popular route owing to its clarity, economic, low treating
temperature, practical use, and pile of yield. Some concern study has been outlined about the size dependent
characteristics of sol-gel derived ZrO, thin films. However, a detailed work on the structural and optical
properties, structural parameters, and linear optical constants of the ZrO, is rare. Therefore, in the present
study the grain size dependent structural and optical characteristics, structural parameters and optical
constants have been investigated.

2. Experiment and Calculation Techniques

To prepare ZrO, solution, zirconyl chloride octahydrate (ZrOClL, - 8H,O) was wused for
the parent solution. The molar ratio (0.01M) of chemical powder was utilized as Zr** source and it was
dissolved by mixed solution of methanol (96,15 at. %) and glacial acetic acid (3,85 at .%). The desired ZrO,
solution was get ready via vigorously mixing on the magnetic
stirrer for 30-60 minutes at 50 °C. The final solution bath was aged by stirring at room conditions for 24 hours
to have gel solution, which is essential for highly uniform film structure.
Before coating, the glass facets were rinsed  with deionized  water. It
was then ultrasonically cleaned in an ethanol and acetone ultrasonic bath for 5 minutes. In
cleaning process, the glass surfaces were finally placed in the plasma cleaner to remove waste
organic hanging bonds and precision cleaning. The cleaned glass substrates were immersed in
the resulting solution and covered in air at 350°C. Films grown on the glass surfaces by sol-gel
dip coating method and they were annealed at 450 °C, 500 °C and 550°C for 60 minutes in an air atmosphere
to get desired grain size (Gs).
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The latest emerging ZrO, thin films were constructionaly characterized via X-ray diffraction (XRD) with a
Rigaku Ultima III diffractometer though employing CuK, radiation (A =0.15406 nm) at 30 mA and 40 keV
from 20 to 70°. To calculate the average crystallite size (Dhw), [13] the Debye Sherrer’s equation as following
as:

Dyiu=0.91/P.cos6 1)

where A is the wavelength of X-rays used, 0 is the angle of diffraction and is the full width at half maximum.
Similarly the other structural parameters like dislocation density (8) and micro strain (&) were computed
according to the followed formulas:

6 =1/(Dwa)? (2)

€ = p/4tanb 3)

The lattice parameters, a and c of the tetragonal ZrO; can be obtained according to the equations given below:
a=dnoo h; c=dno (W*+F)"? (4)

In this equation the dyq (dnu=a/((h*+k*+1%)/(ci/a))"?) represents interplanar distance for the tetragonal lattice
and (hkI) shows Miller indices. The morphology, surface, grain size, and atomic analysis and mapping were
recognized using a scanning electron microscope (SEM) equipped by an energy dispersive X-ray (EDX) tool.
To research the optical characteristics like transmittance and absorbance, the UV-Vis (PerkinElmer 45)
spectra was performed. The corresponding transmittance, absorbance and reflectance were than represented
and the band gap energy (E,), refractive index (n), extinction coefficient (k), and reel/imaginer dielectric
constants were computed. To calculate E;and kas well as other related parameters of the nanostructures Beer-
Lambert law [17] was used as following:

I=Le (5)
where I is the intensity of the transmitted light, I is the intensity of the incident light, d shows the thickness
of the nanostructured layer, and a is the linear absorption coefficient of the materials. In equation (5) a can
be calculated as [18]:

a=(1/d) In (1/T) (6)

in that T is the transmittance. The connection between the a and the photon energy (hv) is given as follows
[19]:

(ahv)’ =A(hv-E,; )™ (7)

where A and m are constant coefficients. For indirect transitions, m=2 and for direct transitions n=1/2.
Moreover, k and n can be obtained by using reflectance (R) and a as given in equation of (8) and (9) as below

[20]:
k (A)=ar/4n )
n(A)= ((1+R(A))/(1-R(A)))+((4R(A))/(1+R(A)-I (X)) ©

where A represents of the acted photon wavelength. Finally, the corresponding reel and imaginary dielectric
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constants £, and ; are calculated via using the followed equations [19]:

E.(A)=n(A)*-k(A)? (10)
EiA)=2nA)k()) (11)
3. Results and Discussions

3.1. Calculation of structural parameters by using XRD analysis

The XRD analysis was used to investigate the crystal structure and phase composition of the
deposited nanostructures. The XRD patterns of the ZrO, nanostructures sintered at 450 °C, 500°C, and 550°C
were given in Fig.1. All nanostructured films show the tetragonal phase with highly oriented (101) Miller
crystal plane and polycrystalline nature. The observed other (110), (112), and (211) Miller crystal planes are
also indexed for the tetragonal phase. XRD patterns also show there are no metallic or secondary phases in
the host ZrO; lattice system. The results agree with the research on ZrO, thin film [18]. According to Fig. 1,
the ZrO, nanostructures represent the best crystallization at 550 °C. The average crystallite size (Dp) [13]
calculated using the Debye Sherrer’s equation (1) was given in Table 1. The mean Dyy for thin film samples
turned out to be 21 nm.

Table 1. The full-width half-maximum, diffraction angle, crystallite size, dislocation density,
micro-strain, and lattice parameter of the prepared ZrO; nanostructures having various grain sizes

Annealing temperature (°C) FWHM (B.) 20(deg)  Dwa(nm)  0x10° £x10°  ac(A)

73-450 0.80  30.42 10 10.0 128  0.5106;5.076
73-500 0.53 30.50 15 4.44 8.48  0.5092;5.063
73-550 038  30.52 21 2.26 6.08  0.5089;5.060

To obtain better crystalline quality, namely increased crystallite size, by providing crystallization in ZrO, thin
film samples, annealing was done at different temperatures. Figure 1 shows the XRD patterns of ZrO, thin
film samples annealed at different temperatures. Among all samples, the ZrO, nanostructure sintered at 550
°C has the best crystalline quality.

1100

550°C
101
1000 - (101 — 500 °C

Intensity (a.u)

300

200

100 +
10 20 30 40 50 60 70
2-Theta (degree)

Figure 1. XRD patterns of the deposited ZrO: nanostructures with different grain sizes
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The calculated Dy increases with increasing annealing temperature (Table 1). Considering the analysis of
nanostructured ZrO; thin films prepared at different operating temperatures by Deshmukh and Bari's spray
pyrolysis technique; they found that the structure of the film was completely crystallized with an increase in
annealing temperature. Additionally, grain growth increased in mobility with increasing temperature. Again,
when the literature on the effect of annealing temperature was scanned, it was seen that; Hadi et al., annealed
and analyzed the Li doped (ZrO;) nanostructures produced using the spray pyrolysis (CSP) method at 300°C,
400°C, and 500°C. As a result, they observed that the grain size values, average roughness increased with
increasing in sintering temperature. The lattice parameters, a and c of the ZrO, nanostructures calculated (by
using formula 4) for different annealing temperatures (for 450°C -550°C) were obtained as in Table 1. It was
observed that the aand ¢ values decreased as the Dp)increased. Different ionic sizes in lattice defects,
perfect arrangement of atoms, impurity formations can cause differences in aand ¢ values (see Table
1) dislocation density, (see equation 2), and micro strain (formula 3) as obtained. Different values of § and
€ in Table 1 confirm the variation in lattice parameters. The difference in the lattice parameters, a and ¢ may
also be due to the lattice mismatch between the ZrO, nanostructures and the glass sample holder [21-24].

3.2. Estimation of average grain size from SEM analysis

SEM images and EDX/mapping analysis of ZrO, nanostructures produced at different annealing
temperatures were shown in Figs. 2a-d. The film surfaces have smooth and dense morphology. The grain sizes
changes about 20-200 nm, 30-250 nm, and 20-300 nm were estimated for the ZrO, nanostructures sintered at
temperature range of 450 °C, 500°C, and 550 °C, respectively. This result is highly agreement with the XRD
analysis. Spherical-like grains were observed for the ZrO, nanostructures annealed at different temperatures
of 450 °C, 500 °C and 550 °C. As a result of thermal energy leading simple displacement of atoms and
anisotropic aggregation of crystallites/grains; As seen in Figure 2, annealing temperature affects Gs. The
particle or Gs of the nanostructured films increases due to annealing process. Méndez-Lépez et al. [20]
prepared ZrO, nanostructures by sol-gel dip coating method and investigated the effect of annealing
temperature on the structural and optical properties of the ZrO, nanostructures. The SEM facet patterns of
their nanostructures annealed at 450°C, and 550°C showed the increased Gs of ZrO; nanostructures with
increasing sintering temperature (Figs. 2a-c). AISI 316L stainless steel was coated with nanostructured
zirconia using the sucrose-supported sol-gel dip coating method by Mishra et al. [15]. As a result of SEM
analysis, it was seen that the particle sizes of zirconia thin films increased dependent on enhanced sintering
temperature, raised from 300 °C to 650 °C. The presence of the Zr and O was observed from the EDX and
mapping analysis (red and green colors represent the Zr and O atom, respectively) as seen in Fig. 2d.

3.3. Calculation of optical parameters and constants
3.3.1. Determination of optical band gap and reflectance

Optical transmittance and absorbance spectrum of the prepared nanostructured ZrO, film samples were
exhibited in Figs. 3a and b for the wavelength range of 200-900 nm. As seen in Fig.3a, the transmittance
suddenly reduces as the particle size increases. On the other hand, the opposite trend has been observed as
expected for the absorbance of the nanostructured ZrO, films. The sharp reduction in certain wavelengths
and oscillations in Uv-Vis spectrums show homogeneity and quality

of the fabricated films [15, 22].
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Figure 2. SEM surface images (a-c) and EDX/mapping analysis (d) of the deposited ZrO» nanostructures with different grain sizes

The band gap energy (E,) of the nanostructures is found by extrapolation of the linear part of the curve
between (ahv)? and hv as given in Fig.3¢ (using equations 5, 6, and 7), indicating increment of the E, from
3.96 to 4.24 eV with increase in grain size, accomplished by sintering process. This may be due to the increased
crystallite/grain size or variation in lattice parameters of the film samples as well as the presence of the defects
within the ZrO, lattice system [17,13].
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Figure 3. Transmittance (a), absorbance (b), variation of (ahv)’ dependent on hv (c), and reflectance (d) plots of the deposited ZrO2
nanostructures with different grain sizes

To calculate the optical constants of the presented ZrO; films, the reflectance has been obtained by using the
relationship between the (R=(1-T)"?*e%) reflectance, absorption, and transmittance. Fig. 3d shows the plot of
R upon on wavelength and annealing temperature (T4). It shows decrement via enhanced particle size and
T4. This reduction and low values of R are mainly due to the poor transmission and relatively high absorbance
as seen in Fig. 3a and b. The observations are in good agreement with previously reported studies on ZrO,
nanostructures [13] and [15-24].

3.3.2. Determination of optical constants

It can be said that the nis one of the most main optical parameter, highly related to the electronic polarizability
of ions and the internal field inside substances. On the other hand, the other important optical parameter k is
closely associated to the absorbance of the matter. Their variations with the A (200-900 nm) were presented
Fig. 4 (a-b) for various grain size as determined above. The k of the film samples exhibits an enhancement
with improved D) or Gs. These behaviors can be attributed to the a and hence absorbance as seen in Fig.
3b. Amongst all, the highest k values were observed for the ZrO, nanostructures having grain sizes within the
range of 20-300 nm. On the contrary, the n values show opposite trend with k values, whereas it exhibits the
same behavior with reflectivity. It is obvious that the n values of the ZrO, nanostructures decrease with
increasing Dy or Gs. Increasing or decreasing n is probably related to the compositional modifications due
to the different grain sizes, which result in decrease/increase of the optical quality of the ZrO, nanostructures.
These findings are in accordance with refs. [25] and [26].
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Figure 4. Wavelength depended on the extinction coefficient (a), refractive index (b), reel (c) and imaginary(d) dielectric
constants of the deposited ZrO2 nanostructures with different grain sizes

It is possible to obtain reel and imaginary dielectric constants of the matter by using equations of 10 and 11
for the zirconia nanostructures. Both form the dielectric constant of the matter, representing the linear
reaction of the order to action electromagnetic radiations i.e. interplay between the electrons of the structure
with photons. The plots of both were given in Fig. 4c-d, with respect to the Gsand A. As seen in these Figs.,
the £:(A)values decrease, whereas the £;(A) values increase with increasing G, It is also seen that the £,(A )values
decrease by wavelength at visible region while the £;(A) values increase. In addition to, the trend of £,(A)values
is nearly same with the n, whereas the £;(A) values show the same trend with k. Moreover, £:(A)values are
higher than those of the £;(A) values because of their corresponding n and k values. These results can be
attributed to the change in Gs carried out by sintering temperature, which leads to increase in polarizability
of the system due to variant in charge imbalance, especially in the nanocrystalline structures. The observed
outcomes are in good agreement with the study on ZrO, or oxide-based nanostructures having various Gs
carried out by thickness or sintering temperatures [27,28].

Table 2. A comparison of the certain structural and optical parameters/constants of the sol-gel grown ZrO: thin films with the
previously synthesized ZrO thin films, produced by sol-gel method

GS/Dria(nm) 8x10°3 €x10% Eg(eV) n (at visible range) k (at visible range) er (at visible range)  Ref
(20-200)/10 10.0 30.42 3.96 5.02-5.10 0.039-0.041 24.6-25.7 This study
(30-250)/15 4.44 30.50 4.05 4.98-5.08 0.05-0.063 24.2-25.4 This study
(20-300)/21 2.26 30.52 4.24 4.95-5.07 0.071-0.098 23.4-249 This study
(----)/3-9.9 1.60-240 e e [31]
(----)/10.3 5.72 25 (e — [18]
(----)/15.6 510 e e [32]
(5-12)/--- R e e e e [23]

Table 2 summarizes some recent studies on ZrO, thin films derived by sol-gel technique. The presented
characteristics and parameters are relatively superior to the previously reported studies on the ZrO, thin films.
The observed relatively low E, values and higher n values reflects the influences of different grain/crystallite
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and used chemical precursors as well as experimental conditions. The presented study is also one of the best
examples of the structural and optical properties and parameters/constant of the sol-gel derived ZrO, thin
films at wide range of grain/crystallite size among all the considered ZrO, thin films, whose optical constant
have not been studied in more detail yet, as given in table 2. In addition, this table also reflects the importance
of the presented study accordingly [29,30].

4. Conclusions

In this study, the influences of the grain size (Gs) on the calculated structural and optical parameters and
constants of the zirconia dioxide (ZrO,) nanostructures have been investigated for the first time. The ZrO,
nanostructures crystallized within a tetragonal phase and preferred direction onwards (111) Miller plane.
Crystallite size (Dua) and orientation degree of ZrO, have significantly affected by Gs. As the Gg values rise
the calculated structural parameters Dy increases while computed micro-strain, dislocation density, and
lattice parameter values decrease. The increasing of the Gs has proved by SEM analysis, including EDX and
mapping investigations, showing the existence of Zr and O elements. Uv-Vis spectrophotometer
investigations show decreased absorbance while reflectance and transmittance increase with increasing Gs.
The calculated band gap values increase from 3.85 to 4.05 eV by enhance of Gs. With enhanced Gs the
opposite trend has been observed in the refractive index and the extinction coefficient values. Amongst all the
highest refractive index values have been detected for the lowest Gsdistribution, whereas the lowest extinction
coefficient values have been determined. Like the refractive index values, the reel dielectric constant values of
the ZrO, have also shown the same behavior, while the imaginer dielectric constant values show the same
trend with the extinction coefficient values. The observed variants are possibly because of the disparity in
crystallite/grain size, nanostructure, polarizability, and packing density of the ZrO, nanostructures. These
findings are in good agreement with those issued on ZrO, nanostructures produced by various methods. In
addition to, this research is the first record of the effects of Gs on the computed structural and optical
parameters and constants of ZrO, synthesized by sol-gel dip-coating technique, relatively the most practical
and economical process to fabricate nanostructured materials used for the number of demands in the next
dielectric and optic applications.
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ABSTRACT

Cancer disease is known as the second highest cause of death in the world. One of the most
common types of this disease is skin cancer. As in almost all cancer diseases, early diagnosis and
treatment of skin cancer is of great importance. In the process of diagnosing cancer, Machine
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created. With these models, benign and malignant lesions were compared and skin cancerous
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mcicapervens  Makine Ogrenmesi Yontemleri Kullanilarak Melanom
Cilt Kanserinin Tahmin Edilmesi

(0 )4

Kanser hastaligi, diinyadaki en yiiksek ikinci 6liim nedeni olarak bilinmektedir. Bu hastaligin en
yaygin tiirlerinden biri de cilt kanseridir. Hemen hemen tiim kanser hastaliklarinda oldugu gibi
cilt kanserinde de erken teshis ve tedavi siirecinde oldukga biiyiik bir 6neme sahiptir. Kanser
hastaliginin teshisi siirecinde, geleneksel ydntemlerin yani sira Makine Ogrenmesi tabanl
yontemler de yaygin olarak kullanilmaktadir. S6zkonusu yontemlerin en 6nemli avantaji, kanser
teshisi siirecinde insan kaynakli dogabilecek hatalar1 ortadan kaldirmasi veya minimize etmesidir.
Bu ¢aligmada, hastalardan alinan goriintiiler kullanilarak K-En Yakin Komgu (KNN), Naive Bayes
(NB), Rastgele Orman (RO), Lojistik Regresyon (LR) ve Yapay Sinir Aglar1 (YSA) yontemleri ile
cilt kanseri hastalig1 teshis edilmistir. Bu algoritmalarda egitim ve test siireci isletilerek sonuglar
analiz edilmis ve modeller olusturulmustur. Bu modeller ile iyi ve kotii huylu lezyonlar
karsilagtirilmig ve cilt kanseri olan lezyonlar tespit edilerek basar1 ytizdeleri ortaya konulmustur.
Sonug olarak, en iyi sonuglar egitim yiizdesi %99.1, test yiizdesi ise %98.6’lik bir oran ile YSA
yontemi kullanilarak elde edilmistir. Olusturulan ve Onerilen YSA modeline farkli girdiler
verildiginde, modelin cilt kanseri hastaligini yiiksek bir dogruluk oraniyla tahmin ettigi
goriilmistir. Elde edilen sonuglar, yapilan ¢aliymanin bagarisimi ve makine Ogrenmesi
yontemlerinin kanser teshisi siirecinde kullanilabilir bir yontem oldugunu ortaya koymugtur.
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Tahmin
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1. G1r1§ (Introduction)

Kanser, farkli organlarda bulunan hiicrelerin kontrol disinda ¢ogalmasindan dolayr meydana gelen bir
hastalik olarak tanimlanir [1]. Kanser hastaligi, hastaliklar icerisinde diinya tizerinde en yiiksek karsilagilan
ikinci 6liim sebebidir [2]. Yaygin goriilen kanser tiirlerinden birisi de cilt kanseridir. Bunun igerisinde en
olimciil olan1 Melanoma Cilt Kanseridir. Cilt kanseriyle ilgili 6liimlerin yaklasik %75’i ise melanomadan
dolayidir [3]. Melanoma tiiriine ait cilt kanseri metastaz yapmak suretiyle diger dokulara yayilmaktadir.
Dolayisiyla bu durum 6liim oranlarimi artirmaktadir [4]. Melanin renk pigmentleri deriye renk vererek,
melanosit adli cilt hiicreleri tarafindan tretilir. Bu hiicrelerin deride kontrolsiiz olarak béliiniip ¢ogalmast ile
meydana gelen cilt kanserine melanom ya da melanoma olarak tanimlanmaktadir [5]. Cilt kanseri, hem
Tiirkiye’de hem de diinyada diger kanser tiirleri gibi artig gostererek biiyiik dikkat ¢eker. En ¢ok melanom
digt deri kanseri beyaz irkta gorillen kanserlerdir. Burada hastanin melonomunda benign (iyi huylu)
malignant (kotit huylu) olarak ifade edilmektedir. Yagam boyunca olugsma oran: erkek bireylerde 33 kiside
birinde iken kadin bireylerde ise 52 kiside birinde rastladig1 goriiliir [6]. Melenomun en biiyiik nedeni ise
ultraviyoleden (UV) kaynaklanan isinlardir. Herkeste cilt kanserine yakalanma riski bulunur. Fakat cildinde
acik ten olan, cildi fazlaca ben ve lekeleri bulunan, uzunca siire giinesin altinda bulunan, ¢ocukluk siirecinde
glines yanig1 olan bireylerin cilt kanseri olma riski daha fazladir [7]. Tedavi siirecinde, hastanin ge¢mis
hayatindan itibaren, kirmizimsi renk, kabarmis, tomografik agidan anormal, biiyiime gosteren, kanamus,
kabuklanmig veya farklilagan lezyonlar tanimlanarak daha sonrasinda gorsel olarak incelenir. Klinik uzman
kontroliinde, stiphe goriilen lezyonlar biyopsiye gore tedavi siirecine karar verilmektedir. $u anda ise
Klinikteki taninin dogrulugunu artirmak i¢in yeni teknolojiler de kullanilmaktadir. Neoplazm doku kitlesi 200
yillik bir ge¢mise dayanarak bir hastalik varlig1 olarak kabul edilmistir. Bundan dolayr melanomun tanisi ve
tedavisi buyiik 6lgiide geligim saglamistir. Fakat hastalarda melanom cilt kanserinin erken teghisinin 6nemi
¢okea anlagilmamaktadir [8]. Melenom cilt kanserinde 6nemli bir problem de lezyon boliitlemesinin yanlis
yapimasi ve lezyondaki kil temizligidir ve, bu durum yanls kanser tanisina sebebiyet vermektedir [9].
Herhangi bir viicutun deri yiizeyinde melanositlerin fazlaca bulundugu zaman melanoma sebep olur.
Dermoskopi muayene teknigi, derideki ylizeylerin mikroskobik olarak incelenerek deride bulunan koyu
renkli lekelere tani koyulmas: i¢in kullanilmaktadir. Melanom kisilerin 6liimiine yol agan bir cilt kanseri
olarak bilinir. Melanom cilt kanserine yakalanmig hastalarin sadece %4'tinii olusturmaktadir. Fakat tiim cilt
kanserindeki 6litmlerin %75'ini olusturur. Uzman dermatologlar melanom tanisi i¢in dermoskopi kullansalar
bile, dogruluk basaris1 %75 ile %84 arasinda tahmini olarak bulunur [10]. Melanom cilt kanseri erken teshis
edilip, tedavi siirecine gegilirse iyilesmenin olumlu yonde sonuglanmasini miimkiin kilar. Ama melanomun
teshisi gec olursa bu sefer derinin daha diplerine dogru bitytime gostererek viicudun diger bolgelerine yayilma
imkan1 dogar. Iste cildin yiizeyindeki diger bélgelerine yayildig1 zaman tedavi siireci daha tehlikeli olabilir.
Diinya da en yaygin sekilde goriilen kanser tiirlerinden biri deri kanseridir ve giderek de artmaktadir [11].
Kisilerin cilt kanserine yakalanma riskinin ultraviyolenin 1sinina maruz kalma, genetik ve gevresel faktorlerin
bir olusumundan kaynaklanir [12].

Deri anatomisinde iki ana katman bulunmaktadir. Bunlar epidermis yani dig katman ve dermis yani ig
katman’dir. Epidermis, diiz, 6lgek benzeri hiicreler ve bazal hiicreler diye adi konulan yuvarlak Squamous
hiicreleri diye ifade edilen hiicrelerden olugsmaktadir. Epidermisin de alt kisminda ise melanositi icermektedir.
Melanositler, epidermisinin tam alt tarafinda bulunmaktadir. Cilt kismina dogal renk vererek pigment olan
melanin {ireten pigment hiicreleridir. Cildin giinesle fazlaca kaldiginda, melanositler daha fazla pigment
tiretir. Boylece cilt yiizeyinin bronzlagsmasi ya da koyulagsmasi gercekleserek melanomlara sebep olmaktadir
[13]. Melanom cilt kanseri ise melanosit malign diye ifade edilen tiimér olarak bilinir. Bu tarz hiicrelerin
¢ogunlukla deri kisminda bulunmaktadir. Fakat bagirsak ve gézde de bulunma durumu goriiliir. Melanom
digerlerine gore goriilme sikhig1 daha azdir. Fakat cilt kanserinden dolay: 6liim vakalarinin tiimiine sebep
olmaktadir. Uzun yillardir devam eden laboratuvar ve klinik aragtirmalarinda, bu tiimorlere uygulanacak
erken cerrahi rezeksiyonu suan da bile en biiyiik tedavi sansini sunar. Melanom en tehlikeli cilt kanseri
tirtidiir ve melanosit diye tanimlanan cilt hiicrelerinde baglamaktadir [14]. Avrupa'da yapilan arastirmaya
gore malign melanom insidansi, 100 bin kisi basina 4 ile 14 hasta arasinda sonug vermektedir [15].
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Guinimiizde cilt kanseri teshisinde geleneksel yontemlerle (dermaskopi, gézle muayene ve cerrahi tabanl)
birlikte goriintii isleme, derin 6grenme ve makine 6grenmesi algoritmalar1 da kullanilmaktadir. Gériintiilerin
temizlenme siirecinde gériintii isleme ve yapay sinir aglar1 gibi tekniklerinden daha yaygin yararlanilmaktadir
[16,17]. Derin Ogrenme ve Goriintii Isleme algoritmalari geleneksel yontemlere gore, insan faktoriinii
ortadan kaldirdig: icin daha giivenilir sonuglar vermektedir. Bu kullanilan algoritmalarla, bir uzman kadar
bagarili sonuglar alinabilmekte ve insan hatasi ortadan kaldirilmaktadir [18]. Kil temizligi tizerine ¢6ziim
getiren ilk ¢aligmalardan biri kil giirdltistinin temizligi i¢in gelistirilen DullRazor algoritmasidir. Bu
algoritma sayesinde thresholding (esikleme) ve morfolojik islemler ile lezyonda kil temizligi yapar ve hizli,
basit olmasindan dolayr bu alanda yapilacak bilimsel ¢aligmalara katki saglamaktadir [19]. Melenom
tespitinde, lezyonun kenarlarini tespit etmek ve dogru boliitleme amaciyla denetimsiz hizli ve basarili bir
algoritma gelistirilmistir [20]. Ayrica, YUV renk uzayinin kullanilmasiyla kil temizligi ve boliitleme i¢in yeni
bir yaklagim gelistirmistir. Bu yaklasim esikleme ve morfolojik islemler ile YUV renk uzayi tizerine
temellenmigtir. Calismada 235 gériintii kullanilmis ve %98’lik basar1 elde edilmistir [3]. Bagka bir ¢aligmada
ise, kil temizleme ve boélitleme ¢alismalarinda sadece goriintii isleme algoritmalarinin yeterli olmadig:
goriilmiistiir. Vnet tabanli derin 6grenme ile bolitleme yapilmis ve %89 basar1 degeri elde edilmistir [21].

Literatiirde, otomatik kodlayici, konusma ve CNN dayali bagka bir yeni model onerilen caliymaya da
rastlanmustir. Kullanilan veri kiimesi, 1800 iyi huylu ve 1497 kétii huylu timér gorintisiinii igeren
Uluslararasi Cilt Goriintiileme I Birligi (ISIC) cilt kanseri ad1 verilen halka agik erigimli bir veri kiimesidir.
Veri kiimesi, onerilen yontemde otomatik kodlayic1 modeli kullanilarak yeniden olusturulmustur. Orijinal
veri setini ve yapilandirilmis veri setini egitmek ve smiflandirmak i¢in artik bloklardan ve artis aglarindan
olusan Mobile Net V2 modeli kullanidmigtir. Calismanin siniflandirma basar1 oranmi %95,27 olarak
gerceklesmistir [22]. Melanomu dogru bir sekilde tespit edip siniflandirabilen bir sinir ag1 olusturmay:
amaglayan bagka bir ¢caligmada, prosediirleri, goriintii gelistirmenin yani sira Maksimum Gradyan Yogunlugu
teknigi kullanilarak killar1 ¢ikarmak i¢in dermoskopik goriintiilerin énceden iglenmesiyle baglamistir. Cilt
lezyonlarin1 goriintiilerden ayirmak igin Otsu Esik algoritmasina dayali bir segmentasyon teknigi
kullanilmustir. Boliimlere ayrilmig goriintiiler daha sonra bir sinir agini egitmek i¢in kullanilan ABCD, GLCM
ve LBP gibi bircok 6zelligi hesaplamak i¢in kullanilmistir. ISIC arsivinin birlesik veri kiimesi ve PH2
dermoskopik goriintii veritabaninda ag %97,7lik bir dogruluk elde edilmistir [23]. Yine, ii¢ sinuf cilt kanseri
goriintilerini tanimak amaciyla 6nceden egitilmis GoogLeNet ve AlexNet modelleri kullanilmigtir. Kullanilan
veri seti, boliitlemesiz veri seti ve boliitlemeli veri seti olmak {izere iki formata ayrilmistir. Siniflandirma bagari
orani boliitlemeli veri seti icin %92.2 ve boliitlemesiz veri seti i¢in % 89.8 olmustur [24]. Bagka bir aragtirmada
ise yazarlar cilt kanseri goriintiilerini Melanoma ve Nevus olarak iki sinifa ayirmigtir. Siniflandirmak amaciyla
ResNet-50 modeli se¢ilmistir. ResNet-50 modeli kullanilirken, sabit bir 6grenme oraninin aksine modelin her
katmanu igin farkli bir 6grenme orani kullanilmigtir. Ayrica, 6grenme hizlarini diisiirmek i¢in kosiniis islevine
dayali yeni yontemler denenmis ve bu yontem ile % 82.3'liikk bir basar1 oran: elde edilmistir [25]. Son olarak,
farkli bir ¢aligmada veri setindeki her bir gériintiiyli veri artirma yontemini kullanarak veri seti arttirilmis ve
transfer 6grenmesi yaklagimi ile siniflandirma iglemi gergeklestirilmistir. Bu yontem ile %95.91’lik basar:
oranina ulagilmistir [26].

Caligmada, gliniimiizde sik¢a goriilen cilt kanseri teshisinde hizli ve dogru tahminde bulunan bir makine
O6grenmesi modelinin tasarlanmasi ve uygulanmas: amaglanmistir. Ulagilmak istenen hedeflerden birisi,
biyoloji alaninda makine 6grenmesi uygulamalarini hayata gegirmektir. Boylece hastalik teshisinde zaman ve
emek kaybini minimuma indirmek ve hastaligi en yiiksek dogruluk oraniyla teshis edebilmek amaglanmistir.
Caligmanin bir baska hedefi ise, olusturulan modelin farkli ve ¢ok sayida verileri kullanarak kendi kendini
egitmesi ve teshis siirecindeki dogruluk oranini veya performansin giderek arttirmasidir. Bu gercevede, ikinci
boliimde ¢alisma kapsaminda kullanilan Materyal ve Yontem, tiglincii boliimde elde edilen Bulgular ve
Tartisma, dérdiincii bliimde ise Sonug ve Oneriler yer almaktadir.
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2. Materyal ve Yontem (Material and Method)

Bu boliimde, ¢alisma siirecinde makine 6grenmesi yontemleri kullanilarak modeller olusturulmus, en ytiksek
performansa sahip model 6nerilmis ve gerceklestirilen tiim adimlar ayrintilariyla birlikte sunulmugtur.
Oncelikle ¢aligmada kullanilan algoritmalar kisaca agiklanmig, daha sonra veriler hakkinda bilgi verilmis (veri
setinin temini ve organize edilmesi), son olarak bu veriler kullanilarak olusturulan modelin ayrintilarina yer
verilmistir. Girdi degeri olarak sisteme cilt lezyonu goriintiisit verilmis ve daha sonra goriintii isleme
yontemleri kullanilarak cilt kanseri varliginin olup olmadig1 hakkinda bir sonug ¢ikarmak amaciyla analizler
yapilmustir.

2.1. Veri seti ve Onigleme (Dataset and preprocessing)

Caligmanin verileri herkese acik bir platform olan https://www.kaggle.com/datasets/fanconic/skin-cancer-
malignant-vs-benign adresinden elde edilmistir. Bu agamada; veriler analiz edilmis ve en yiiksek performans
tiretecek modeller i¢in 6n islemeden gecirilmistir. Ayrica, veri hazirlama, kesifsel veri analizi ve modelleme
gibi stirecler de icra edilmistir. Caliymada kullanilan veriler iyi ve kotii huylu cilt lezyonlarina aittir. Bu veri
setinde toplam 2637 tane cilt lezyonu goriintiileri vardir. Bu goriintiilerin her biri 224x224 yiikseklik ve
genislikle JPG formatinda kaydedilmistir. Verilerin ayrintilarina Tablo 1’de yer verilmistir.

Tablo 1. Caligmada kullanilan veri sayilar: ve yiizdeleri (Data numbers and percentages used in the study)

Kullanim Alam Veri Sayist  Yiizde (%) Iyi Huylu Kot Huylu

Egitim (training) 1977 75 1482 495
Test (testing) 660 25 360 300
Toplam 2637 100 1842 795

2.2. Algoritma se¢imi (Algorithm selection)

Melenom cilt kanserini tespit etmek amaciyla gerceklestirilen ¢alismada, KNN, RO, NB, YSA ve LR
algoritmalarindan faydalanilmigs ve modeller olusturulmustur. Literatiirdeki calismalar incelendiginde,
goriintii siniflandirma ve tahmine y6nelik yaygin olarak kullanilan algoritmalar ¢aliymada yer almustir.
Sozkonusu algoritmalarin kisaca agiklamalarina bu béliimde yer verilmistir.

2.2.1. KNN

En basit makine 6grenmesi algoritmasi olarak kabul edilir ve yaygin olarak kullanilan bir siniflandirma
algoritmasidir. Bu yontemde k sayis1 6nemlidir ve 6ncelikle bu say1 belirlenir. k sayisi, bir nesnenin hangi
sinifta olacagina karar vermek i¢in o nesneye en yakin olan ka¢ tane komsu kullanilacagiyla ilgili bir sayidur.
k sayzs1 icinde en fazla hangi sinifa yakinlik varsa, bilinmeyen nesne o sinifa déhil edilir. Ayrica KNN egitim
agamasina sahip degildir [27-29].

2.2.2.RO

Leo Breiman ve Adele Cutler tarafindan oylama metodu ile gelistirilen bir siniflandirma y6ntemidir. Birden
¢ok karar agacinin birlesmesiyle meydana gelmektedir. Bireysel agaglar tarafindan oylanmasiyla kazanan sinif
belirlenir ve karar agaclarinin olusumunda, birbirinden bagimsiz sekilde ve veri setinden bootstrap teknigi ile
¢ekilen 6rneklerden faydalanilmaktadir. Torbalama ydnteminin gelismis bir sekli olarak kabul edilmektedir
[30].

2.2.3.NB

Bir¢ok alanda yiiksek performans gosteren istatistik tabanl etkili bir tahmin etme teknigidir. Caligma prensibi
olarak verideki nitelikleri sadece belirli bir sinifa bagli olmas: dikkate alinarak en uygun etikete gore
siniflandirma yapma islemini gergeklestirir [31-33].
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2.2.4.YSA

Insan beyninin &zelliklerinden biri olan dgrenmeyi dikkate alarak caligir. Bir noron agi ve bu aglarin
iligkilendirmis agirhk degerleri ve toplama fonksiyonlarindan meydana gelmektedir. Yeni veriler
olusturabilme, tahmin etme ve kesfedebilme gibi yetenekleri, baska hicbir yardim almadan otomatik bir
sekilde gerceklestirebilen bir yontemdir [34-36].

2.25.LR

Bir veriye ait 6geyi gercek degerli tahmin degiskenine eglestirmek amaciyla kullanilmaktadir. Bu fonksiyonun
6grenilmesini kapsar. Temel amag, verinin bilinen bir fonksiyon tipine uymasidir. Regresyon tekniginde
stirecinde verilen veriyi en iyi modelleyen fonksiyon bulunmaya galisilmaktadir. Gergek beklenen degerler ile
tahmin degerleri arasindaki farka gore hangi fonksiyonun en bagarili performansa sahip oldugu belirlenir
[37].

3. Bulgular ve Tart1§ma (Results and Discussion)

Melanom cilt kanserine ait goriintiiler ile cilt beni fotograflar1 kullanilarak modelin egitilmesi saglanmistir.
Modele ait girdi degerlerinin tanimlanmas: yapilmistir. Girdiye ait degerler iyi huylu (benign) ve kétit huylu
(malignant) cilt lezyonlaridir. $ekil 1’de ¢aligmada kullanilan iyi ve koéti huylu cilt lezyon goriintiileri
verilmistir.

f 1 . . re <
Jal NEE
| ' B awl WY

iyi huylu iyi huylu iyi huylu Kéti huylu Koti huylu Koti huylu
. 1
. . o
iyi huylu iyi huylu iyi huylu Koti huylu Koti huylu Koti huylu

iyi huylu iyi huylu iyi huylu Kétii huylu Kétii huylu Kétii huylu

Sekil 1. Iyi ve kétit huylu cilt lezyonlar1 (Benign and malignant skin lesions)

Sekil 2’de hastalarin cilt kanseri teshisi i¢in olusturulan modele yer verilmigtir. Egitim ve test olmak {izere iki
boliimden olugan goriintiiler islenmistir. Goriintiiller VGG-16 ag modeli ile islendikten sonra segilen 5 adet
algoritma ile modeller olusturulmustur. Bu modeller ile test ve skor (score) kisminda bagar1 degerleri tablolar
ile verilmigtir. Daha sonraki kisimda ise test verilerinin algoritmalara gore gorsellestirilmesi yapilmistir. Her
algoritmaya ait ytzdelik dogruluk degerleri, ¢ikis katmanina gore dogruluk ve kayip (hata) grafigi vb.
verilmistir.
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Sekil 2. Calismanin modeli (Model of the study)

Caligmada, en iyi sonug iireten veya en yiiksek performansa sahip modele odaklanilmis olup sadece
sozkonusu modelin genel tasarimina yer verilmistir ($ekil 3). Bu baglamda, yapay sinir agina gelen veriler;
giris, gizli ve ¢ikig katmanlarindan gecerek siniflandirma yapilmus ve cilt lezyonu goriintiisiiniin melanom cilt
kanseri oldugu tespit edilmistir. Sekil 3’te, YSA mimarisine yer verilmistir.

Yeni Veri Tahmin
Egitim Venst C
QEEE = B
R — e Model (Kota Huyh)
HOEE =

Veri Girisi Giris Katman Gizli Katmanlar Gilig Katmani— Veri kgt

Sekil 3. YSA modeli ve siniflandirma (ANN model and classification)

Bu algoritmalarda iyi huylu (benign) ve malignant (kotii huylu) kategorilerine gére Yapay Sinir Aginin en
bagarili sonuglar verdigi goriilmektedir. YSA tekniginde, %98.8 iyi huylu ve %98.4 ile kétii huylu olarak elde
edilmigtir. Tablo 2’de, ¢aligmada kullanilan algoritmalara yonelik Karigiklik Matrisi (Confusion Matrix)

degerleri verilmistir.

Tablo 2. Algoritma modellerinin karigiklik matrisi sonuglari (Confusion matrix results of algorithm models)
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KNN NB
Iyi huylu Koti Huylu Y Iyi huylu Koti Huylu Y
Iyi huylu | %81.4 %15.3 360 Iyi huylu | %83.9 %24.1 360
Koti huylu | %18.6 %84.7 300 Koti huylu | 9%16.1 %%75.9 300
> 385 275 660 > 336 324 660
RO YSA
Iyi huylu Kéti Huylu ¥ Iyi huylu Kéti Huylu 3
fyihuylu | %862 %177 360 fyihuylu | %988 %12 360
Kot huylu | %13.8 %82.3 300 Koti huylu | %1.6 %98.4 300
y 362 238 660 > 362 298 660
LR
Iyi huylu Kotii Huylu >
fyi huylu %84.3 %17.9 360
Kotii huylu %15.7 %82.1 300
> 364 296 660

Tablo 3’te, ¢alismada kullanilan algoritmalarin egitim ve test degerlerine gore ylizdelik degerleri verilmistir.
En basarili sonuglar, YSA yontemi kullanilarak elde edilmis olup Naive Bayes algoritmasi ise, egitim %85.7 ve
%80 test degeri ile en diisiik performansa sahiptir.

Tablo 3. Modellerin kargilagtirilmasi (Comparison of models)

Model Ad1 AUC F1 Skor Kesinlik Duyarhilik
RO 0.920 0.844 0.844 0.844
LR 0.912 0.833 0.833 0.833
KNN 0.899 0.826 0.829 0.827
NB 0.857 0.800 0.803 0.800
YSA 0.991 0.987 0.986 0.986

Buna ilaveten, YSA algoritmasinda bulunan farkli optimizasyonlar kullanilarak en bagarili egitim ve test basar1
yiizdeleri SGD optimizasyonu ile elde edilmistir (Tablo 4).

Tablo 4. YSA’da kullanilan optimizasyon modellerinin karsilagtirilmasi (Comparison of optimization models used in ANN)

Optimizasyon Ad1 Egitim (%) Test (%)
Adam 0.984 0.978
SGD 0.991 0.986
L-BFSG-B 0.988 0.981

Cilt kanseri teshisinde ikili siniflandirma algoritmasi ele alinirsa, bu model ile eldeki veriler 1 ya da 0 olarak
siniflandirilir ve bu iki durumdan hangisine uydugu belirlenir. 1 ya da 0 olma karari, bir esik (threshold)
yardimiyla ele alinir. Esik degerinden diisiik olan veriler 0, esik degerinden biiyiikler ise 1 olarak siniflandirilir.
Denetimli 6grenme tekniginde modelin Ongoriileri eldeki verilerle test edilir ve modelin gegerliligi ve
performansi bu sekilde denenmis olur. Ikili siniflandirma modelinin tahminleri test verisi ile kiyas
yapildiginda asagidaki durum olugmaktadir.

Model 1 olarak tahmin etmis ve test verisi 1 ise: Dogru Pozitif (True Positive) (TP)
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Model 0 olarak tahmin etmis ve test verisi 0 ise: Dogru Negatif (True Negative) (TN)
Model 1 olarak tahmin etmis ve test verisi 0 ise: Yanls Pozitif (False Positive) (FP)
Model 0 olarak tahmin etmis ve test verisi 1 ise: Yanhs Negatif (False Negative) (FN) olarak olusturulur [38].

Buna gore Sekil 4’te hastalarin cilt kanseri teshisinde iyi huyluya gore TP ve FP grafigi ROC analiz grafigi
verilmistir. Caliymada kullanilan algoritmalar i¢cin deneysel sonuglar da Tablo 5’te verilmistir. Duyarlilik orani
0’dan baglamis, 0,986 ya kadar yiikselmistir. En yiiksek dogruluk orani1 YSA yontemi ile elde edilmistir.

Dogru Pozitif Oran (Duyarhilik)

Yanls Pozitif Oran (1-Duyarlilik)

Sekil 4. Iyi Huylu TP (Dogru Pozitif) ve FP (Yanlis Pozitif) ROC analiz grafigi (Benign TP (True Positive) and FP (False Positive) ROC analysis
chart)

Tablo 5. Kullanilan modellerin performanslari (iyi huylu) (Performances of the models used (well-behaved))

Model Dogruluk Orani (%)

KNN 81,4
RO 86,2
NB 83,9
LR 84,8
YSA 98,8

Sekil 5’te, cilt kanserinde kétit huylu olan hastalarin ¢aligmada kullanilan algoritmalara gére ROC analiz
grafigi verilmistir. Deneysel sonuglar da Tablo 6’da verilmistir. Buna gére en yiiksek dogruluk oran1 YSA
yontemi ile elde edilmistir.
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Sekil 5. Kotit huylu TP (Dogru Pozitif) ve FP (Yanlis Pozitif) ROC Analiz Grafigi (Malignant TP (True Positive) and FP (False Positive) ROC
Analysis Graph)

Tablo 6. Kullanilan modellerin performanslari (kotii huylu) (Performances of the models used (malignant))

Model Dogruluk Orani (%)
KNN 84,7
RO 82,3
NB 83,9
LR 82,1
YSA 98,4

Sekil 6’da galismadaki algoritmalara gore, dogruluk ve kayip (hata) grafiginde YSA algoritmasinin hem egitim
hem de test siirecinde %99,1 ve %98,6 oranlar1 ile daha basarili oldugu goriilmektedir.
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120,00
100,00
80,00
60,00
40,00
20,00
’ kNN Naive Bayes YSA RO LR
m Egitim Kayip 10,10 14,30 0,90 8,00 8,80
W Egitim Dogruluk 89,90 85,70 99,10 92,00 91,20
B Test Kayip 82,90 19,70 1,40 15,60 16,70
W Test Dogruluk 17,10 80,30 98,60 84,40 83,30

W Egitim Kayip W Egitim Dogruluk M Test Kayip M Test Dogruluk

Sekil 6. Kullanilan modellerin basar1 oranlari (Success rates of the models used)

Sekil 7°de test verisindeki YSA iyi huylu (benign) ve kotii huylu (malignant) ¢iktilari arasindaki dagilim
diyagrami (Scatter Plot) verilmistir. Bu diyagram araciligiyla, degiskenler arasindaki iligkinin sebebi
goriilemese de ilgili iki degiskenin arasinda direkt olarak bir iligki bulunup bulunmadig: ve bu iliskinin ne
derece giiglii oldugu goriilmektedir.
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Sekil 7. YSA dagilim grafigi (ANN scatter plot)
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Son olarak, onerilen 5 adet algoritma modelleri ile gercek veriler kullanilarak 15 (onbes) farkli test
gerceklestirilmistir. Bu testlerden elde edilen deneysel sonuglar Tablo 7’de verilmistir. Tablo 7’de elde edilen
bulgular incelendiginde, olusturulan YSA modelinin melanom cilt kanserini tahmin etmede diger kullanilan
algoritmalara goére daha yiiksek bir basariya sahip oldugu gériilmektedir.

Tablo 7. Modellerden elde edilen deneysel sonuglar (Experimental results obtained from models)

Hata Hata Hata Hata Hata

No KNN (KNN) RO (RO) NB (NB) LR (LR) YSA (YSA)
1 79,4 20,6 81,1 18,9 80,4 19,6 89,4 10,6 98,7 1,3

2 81,41 18,59 85,3 14,7 80,3 19,7 81,41 18,59 98,5 1,5

3 90,14 9,86 84,8 15,2 83,2 16,8 85,14 14,86 97,6 2,4

4 83,6 16,4 80,6 19,4 82,17 17,83 83,6 16,4 98,8 1,2

5 79,15 20,85 88,81 11,19 81,65 18,35 79,15 20,85 98,6 1,4

6 81,96 18,04 89,3 10,7 80,78 19,22 81,96 18,04 98,7 1,3

7 81,6 18,4 83,5 16,5 79,5 20,5 81,6 18,4 99 1

8 81,6 18,4 85,41 14,59 7824 21,76 81,6 18,4 98,3 1,7

9 85,4 14,6 80,39 19,61 77,53 22,47 954 4,6 98,4 1,6
10 82,6 17,4 86,98 13,02 83,46 16,54 82,6 17,4 98,9 1,1
11 80,56 19,44 81,63 18,37 84,79 15,21 82,56 17,44 98,7 1,3
12 85,8 14,2 86,74 13,26 80,2 19,8 85,8 14,2 98,6 1,4
13 85,04 14,96 81,12 18,88 83,88 16,12 85,04 14,96 98,7 1,3
14 81,96 18,04 85,15 14,85 751 24,9 79,96 20,04 98,7 1,3

15 85,01 14,99 85,27 14,73 80,32 19,68 80,01 19,99 99 1
Ortalama 83,02 16,98 84,41 15,59 80,77 19,23 83,68 16,32 98,61 1,39

Tablo 8, 6nerilen YSA ile literatiirde yer alan diger ¢aligmalar: karsilagtirmayi temsil etmektedir. Tablo 8
incelendiginde, Namozov ve ark. tarafindan gerceklestirilen ¢aliyma sonucu harig, diger ii¢ modelin
birbirine yakin dogruluk oranlarina sahip oldugu, 6nerilen modelin ise diger tiim modellerden daha yiiksek
performansa sahip oldugu agik¢a goriilmektedir.

Tablo 8. Literatiirde elde edilen diger sonuglarla karsilastirma (Comparison with other results obtained in the literature)

Caligma Model Dogruluk
Farooq ve ark., [39] Inception-V3 ve MobileNetV1 86%
Demir [40] MobileNetV2, L1Norm, RD ve DVM 88.35%
Namozov ve ark.,[41] CNN model with keratosis/vascular LeNet approach 95.86%
Harangi ve ark,, [42] CNN as single neural-net architecture 83.8%
Biitiiner ve Calp (Onerilen Metot) YSA teknigi 98.4%

4, Sonuc;lar ve (")ner iler (Conclusions and Recommendations)

Bu ¢aligmada, hastalardan alinan gergek goriintiiler kullanilarak KNN, NB, RO, LR ve YSA yontemleri ile cilt
kanseri hastalig1 tahmin edilmigtir. Bu ¢ercevede, her bir yontem i¢in birer model olusturulmus ve gercek
verilerle test edilmigtir. Olusturulan modeller icerisinden en iyi model belirlenmis ve énerilmistir. Onerilen
model, cilt kanseri tespiti i¢cin hem zamandan hem de maliyetten biiyiik tasarruf saglamaktadir. Ayrica
olusturulan model, ¢ok daha fazla veri setine ulagarak kapsaml bir degerlendirme yapabilen bir model ile
daha saglikli sonuglara ulagilmas: saglanabilir. Bu verilerin kullanilabilmesi, kiiresel, ulusal veya bolgesel ¢capta
cesitli analizlerin ve yeni bilimsel ¢alismalarin yapilmasina siiphesiz katk: sunacaktir.

Bununla birlikte, bu tiir caligmalar saglikla ilgili tiim alanlarda uygulanarak 6nemli gelismelere ve sonuglara
katki saglayacaktir. Calismada, Onerilen makine 6grenmesi tekniklerinin erken melanom cilt kanseri tani
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koymada geleneksel biyopsi yontemlerinden daha etkili oldugu gorilmistiir. Bu noktada, 6zellikle YSA
yontemi ile siniflandirma ve tanima uygulamalarinda karar verme siirecinde ¢ok etkili oldugu kanaatine
varlmigtir. Geligtirilen bu sistemin melanom cilt kanserinin otomatik tanilama amacina hizmet etmesi
beklenmektedir.

Bu ¢alismanin sonraki agamasinda, 6nceden egitilmis modellerle birlikte farkli 6zellik segme yontemleri
kullanilarak diger veri kiimelerinde de benzer basar1 oranlarinin elde edilmesi amaciyla arastirmalar yapilarak
gelistirilecektir. Bu gelistirilecek arastirma veriseti genisletilerek gerceklestirilecek ve elde edilen sonuglar
analiz edilecektir. Sonu¢ olarak yapilan calisma, diigiik hata orani minimum maliyetle tani ve teshisin
saglanabilmesi ve makine 6grenme tekniklerinin saghk alaninda kullanilmasinda etkili oldugunu ortaya
koymugtur.
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ABSTRACT

As a novel innovative approach in the literature, periodic structures can be utilized as vibration
isolators. In this paper, vibration isolation performance of a lightweight periodic structure is
studied. The periodic structure is formed by using inertial amplification mechanisms with
stiffness maximized topologies. First of all, inertial amplification concept is introduced on a
lumped parameter model. Then, a compliant inertial amplification mechanism, which is the
repetitive building block of the periodic structure (ie., unit cell), is presented. Topology
optimization is conducted on this mechanism to attain a stiffness maximized unit cell with
reduced weight. After that, a one-dimensional periodic structure is constructed by attaching the
lightweight inertial amplification unit cells with stiffness maximized topologies to each other.
Finally, vibration isolation performance of the constructed periodic structure is demonstrated via
transmissibility plots. It is observed that the designed topologically optimized lightweight
periodic structure provides high performance vibration isolation for a wider frequency range with
the same stiffness value and less weight, compared to the original structure.

Direngenligin Maksimize Edildigi Topolojilere Sahip
Esnek Atalet Artirimi1 Mekanizmalari ile Diigtik
Agirlikli Periyodik Titresim Yaliticis1 Tasarimi

(0 )4

Periyodik yapilarin titresim yaliticisi olarak kullanilmasi son zamanlarda literatiirde karsilagilan
yenilik¢i bir yaklasimdir. Bu makalede, digiik agirlikli bir periyodik yapinin titresim yalitimi
performans: ¢aliglmistir. Periyodik yapi, direngenligin maksimize edildigi topolojilere sahip
atalet artirimi mekanizmalar1 kullanilarak olusturulmustur. ilk olarak, atalet artirmmi kavrami
toplu parametreli bir model tizerinde tanitilmustir. Ardindan, periyodik yapinin tekrar eden yap1
blogu (birim hiicre) olan esnek baglantili bir atalet artirrmi mekanizmasi sunulmustur.
Direngenligin maksimize edildigi disitk agirlikli bir birim hiicre elde etmek i¢in, bu esnek
baglantili mekanizma iizerinde topoloji eniyilemesi gergeklestirilmistir. Daha sonrasinda,
direngenligin maksimize edildigi topolojilere sahip bu disitk agirhikli atalet artirimi birim
hiicreleri birlestirilerek bir boyutlu periyodik bir yap1 elde edilmistir. Son olarak, titresim
iletkenligi grafikleri vasitasiyla, olusturulan periyodik yapinn titresim yalitimi performansi
gosterilmigtir. Tasarlanan topolojik olarak eniyilenmis digitk agirlikli periyodik yapinin, aym
direngenlikteki eniyileme yapilmamus orijinal yapiya nazaran, daha disiik bir agirlik ile ok daha
genis bir bant araliginda yiiksek performansl: titregim yalitimi sagladig saptanmustr.
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1. Introduction

Achieving vibration control is crucial for mechanical and/or civil engineers, since uncontrolled excitations
can result in catastrophic failure situations such as broken apart machine parts and collapsed mechanical
structures. In order to mitigate undesired oscillations, active [1-6] and passive [7-11] vibration control
methods can be employed. Active control methods require power sources and controllers to deal with
mechanical oscillations. On the other hand, propagating waves can be isolated or absorbed by means of
passive methods, without employing any electronic device, power source and circuit.

As a subgenre of passive methods, in vibration isolation technique, excitation source and target structure to
be protected are separated by an object called vibration isolator. Incoming mechanical waves are directed back
to the source by the isolator, hence target end is protected from exposure to excessive oscillations.
Traditionally, vibration isolators are constructed with employing springs and dampers [12,13]. On the other
hand, as an innovative approach, periodic structures can be utilized as passive vibration isolators, as well [14-
18]. These periodic structures can be Bragg [19,20], local resonance [21,22], or inertial amplification [23,24]

types.

In the literature, by employing inertial amplification type periodic structures, one can obtain high
performance vibration isolators, in which satisfactory levels of isolation can be achieved for wide frequency
ranges. Acar and Yilmaz [25] designed a two-dimensional periodic structure via compliant inertial
amplification mechanisms of rectangular type. On that structure, size optimization was performed to enhance
vibration stop band properties in the low frequency region. Taniker and Yilmaz [26] investigated a three-
dimensional periodic structure constructed with lumped parameter inertial amplification mechanisms in face
centered cubic and body centered cubic formations for the purpose of mitigating incoming mechanical
vibrations for the low frequency band. Yuksel and Yilmaz [27] designed a two-dimensional periodic structure
via shape optimized compliant inertial amplification mechanisms to achieve low frequency vibration
isolation. On that study, superiority of shape optimization over size optimization on vibration stop band
characteristics was also demonstrated. Taniker and Yilmaz [28] designed a three-dimensional octahedron
type periodic structure with triangular type compliant inertial amplification mechanisms for the purpose of
achieving three-dimensional vibration isolation for the low frequency region. Frandsen et al. [29] connected
periodic lumped parameter inertial amplification mechanisms to a continuous beam structure for the purpose
of attaining vibration isolation for a certain frequency band. Taniker and Yilmaz [30] designed a one-
dimensional periodic structure via compliant inertial amplification mechanisms with flexure hinges to obtain
an ultrawide vibration stop band for the mechanical waves coming from one direction. Yuksel and Yilmaz
[31] compared size and topology optimized compliant inertial amplification mechanisms with the same mass
regarding to their vibration stop band characteristics. As one suggests, topology optimized periodic structure
provided better vibration isolation for a wider frequency range. Barys et al. [32] composed periodic structures
with lumped parameter inertial amplification mechanisms and local resonators and they compared these
structures with each other. Besides, efficacy of inertial amplification method over local resonance method was
investigated and discussed. Orta and Yilmaz [33] designed a one-dimensional periodic low frequency
vibration isolator by utilizing compliant inertial amplification mechanisms which converts axial motion to
rotary motion. Li et al. [34], formed a periodic structure with composite sandwich beams, which has a lattice
structure constructed with both translational and rotational springs inside and lumped inertial amplification
mechanisms outside. Yuksel and Yilmaz [35] designed a two-dimensional ultrawide low frequency periodic
vibration isolator with topologically optimized compliant inertial amplification mechanisms with flexure
hinge connections and instant center of rotation. The proposed design provided ultrawide vibration isolation
for the low frequency band, for longitudinal and transverse incoming mechanical waves. Muhammad et al.
[36] studied a one-dimensional periodic beam with variable cross-sectional area and attached lumped
parameter inertial amplification mechanisms, in order to mitigate transverse mechanical vibration
propagation along the structure for a certain frequency range. Yuksel and Yilmaz [37] designed a two-
dimensional broadband periodic structure as a vibration isolator with topologically optimized triangular type
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basic compliant inertial amplification mechanisms. Mizukami et al. [38] designed a two-dimensional periodic
vibration isolator utilizing truss type compliant inertial amplification mechanisms with carbon-fiber
composite material. Xi et al. [39], improved a corrugated-core sandwich panel structure’s vibration properties
by using periodically attached lumped parameter inertial amplification mechanisms with four bar
connections. Mi and Yu [40], added periodic lumped parameter inertial amplification mechanisms to the host
structure in order to enhance sound transmission of a beam. Miniaci et al. [41], discussed the effect of prestress
conditions on vibration isolation stop band properties of a periodic structure constructed with rectangular
type compliant inertial amplification mechanisms. Banerjee et al. [42] investigated a lumped parameter
periodic structure’s vibration isolation band gap properties. The periodic structure was composed of periodic
inclusion of lumped inertial amplification mechanisms coupled with local resonators. Li and Zhou [43]
formed a periodic structure by using scissor-like inertial amplification mechanisms to reduce low frequency
vibration transmission. Er et al. [44], conducted a parametric study on basic rhombus type compliant inertial
amplification mechanism configurations to enhance periodic structure’s vibration isolation performance.
Zeng et al. [45] formed a periodic structure using a distributed parameter inertial amplification model with
levered mass configuration. Li et al. [46], examined a periodic structure constructed with lumped parameter
elastic inertial amplification mechanism building blocks. Li et al. [47] analyzed a periodic structure, which set
up by utilizing a nonlinear lumped parameter inertial amplification mechanism model. Li et al. [48] improved
a double beam structure’s vibration characteristic via periodically employing double inertial amplification
mechanisms throughout the body. Ni and Shi [49] proposed a beam structure with periodically attached
levered mass type lumped parameter inertial amplifiers and they studied vibration transmission properties of
the suggested frame. As can be seen from the literature review, there are numerous designs that consider
vibration isolation properties primarily. However, it is also important for the structure to withstand static
loads, as well. To that end, stiffness based optimized isolator designs should also be addressed.

In this study, a one-dimensional periodic vibration isolator is designed using compliant inertial amplification
mechanisms as unit cells. In order to maximize the structure’s stiffness and reduce the material amount used,
topology optimization is conducted on the compliant mechanism. The vibration isolation performance of the
topologically stiffness maximized lightweight periodic structure is demonstrated via transmissibility plots.

2. Inertial Amplification Method

Inertial amplification [23, 24] is one of the stop band generation methods available in the literature [50]. A
stop band is described as a frequency range (band) in which waves cannot propagate [51]. Hence, a structure
with a stop band can be considered to be used as a vibration isolator for the stop band frequency range. Inertial
amplification is a powerful stop band creation method, so that, one can obtain vibration isolation frequency
bands at low frequency regions without decreasing stiffness or increasing mass of an isolator structure.

2.1. Lumped parameter model

In Figure 1, alumped parameter inertial amplification mechanism model [25,27] is shown. In this mechanism,
masses at two ends (donated with m) are connected with a spring with stiffness k, whereas amplifier mass m,
is connected both of the masses m with rigid links. Rigid links and spring do not possess any mass. At the
same time, all masses do not deform, that is to say, they do not have any stiffness value. Hence, the mechanism
shown in Figure 1 indicates a discrete (lumped parameter) model. The acute angle between the rigid links and
the spring is called as 6. The input vibration yis given from the left side and the output vibration x is received
from the right side of the mechanism. Therefore, for small y, and x values, the horizontal displacement of
amplifier mass m, becomes (x+y)/2 whereas, the vertical displacement is (y-x) cot(6)/2 [52].
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(y — z) cot(6)/2

Figure 1. Lumped parameter inertial amplification mechanism.

The equation of motion of the lumped parameter model provided in Figure 1 can be obtained by employing
the Lagrange method. For this purpose, the kinetic (T) and the potential (V) energies of the system need to

be defined:

N2 S 2
T=§ma [(x:—y) +(yz—xcot9) ] +%m9’cz+%my2 (1)
|4 =§k(x—y)2 (2)

Moreover, the Lagrange function (%) is defined as:

L=T-V 3)

Hence, the Lagrange function of the system shown in Figure 1 becomes:

LN 2 S 2
L=—ma[(x;r—y) +(¥cot9) ]+%m3’c2+%my2 —%k(x—y)2 (4)

Besides, the Lagrange equation for the generalized coordinate x is given as:

i(ﬂ)_a_‘c_o (5)

de \9x ax

Finally, when Equation (5) is solved for Equation (4), the equation of motion is obtained:
[mg (cot? 6 + 1)/4 + m]& + kx = [mg (cot? 8 — 1) /4]y + ky (6)

When the right side of Equation (6) is equated to zero and the left side is solved for the output x, one can

obtain the resonance frequency (wp) as:

k
Wp = \’ mg (cot? 6+1)/4+m 7)

As can be seen from Equation (7), the stiffness value of the system remains as k. On the other hand, by using
displacement amplification mechanism, the single degree of freedom system’s dynamic mass is increased by

mg (cot? 6 + 1) /4 amount compared to the ordinary mass-spring system’s mass m.

Besides, when the left side of Equation (6) is equated to zero and the right side is solved for the input y, one

can obtain the antiresonance frequency (w,) as:

k
“ = freeion ®)

As seen from Equations (7) and (8), mechanism’s resonance frequency (wp) is always lower than its
antiresonance frequency (w,), which implies that the lumped parameter model in Figure 1 is a vibration

isolator of low pass filter type [8]. Vibration transmissibility of this type of isolator can be calculated as a
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function of a given excitation frequency by using input and output displacements (respectively y and x) or

input and output accelerations (respectively ¥ and ¥ ) as [25, 27]:

[x(w)| _ |#(we)l _ |1-(we/w5)?|
TR = = = 9
(@) (el @)l [|1-(we/wp)?| ©)

where w. denotes excitation frequency. When transmissibility value for a given excitation frequency (w.) is
lower than 1, it means less amount of input oscillations sent from one end can arrive to the output end.
Vibration isolation frequency band starts at the frequency limit where the vibration transmissibility value is

equal to 1 [25, 27]:

(10)

For the frequencies, which are higher than the stop band starting frequency wj, vibration transmissibility
value is always lower than 1, hence vibration isolation is achieved. The lumped parameter system in Figure 1
has only one resonance and one antiresonance frequencies. Therefore, vibration stop band created via this

mechanism does not have any upper bound (i.e., semi-infinite stop band).

2.2. Compliant inertial amplification mechanism

In Figure 2, a compliant inertial amplification mechanism [25,27] is presented. In compliant mechanisms,
bearings and hinges are not utilized. Instead, relative motion between the links are achieved as a result of
deflecting flexible members [53]. The compliant inertial amplification mechanism shown in Figure 2 is a
distributed parameter system. Hence, it has multiple resonance and antiresonance frequencies, which imply
that vibration isolation stop band has an upper bound. It has shown in the literature that, inertial amplification
induced vibration stop bands can be created between the first and the second non rigid in plane vibration
modes of the compliant mechanism [25,27]. In Figure 2; I;, I, I, I; denote the lengths and t,, t,, t;, t; denote
the thicknesses of the corresponding beams.

h bt by 13 Ity
/A e i Al B
ét) \\I 8 | é

\ i

17_, h [4, 1y

Figure 2. Compliant inertial amplification mechanism.

In order to perform structural topology optimization on this compliant mechanism, finite element method
needs to be employed. For this purpose, two-dimensional four node eight degrees of freedom square plane
stress finite elements are utilized.

3. Topology Optimization
3.1. General stiffness maximization problem
Topology optimization is the most comprehensive form of structural optimization field since it involves both

size and shape optimization while altering a structure’s topology [54]. For stiffness maximization (i.e.,
compliance minimization) topology optimization problems, for a prescribed loading and boundary
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conditions, the aim is to find the stiffest structure with certain amount of material. The mathematical
description for this kind of optimization problem can be formulated as [55]:

minimize 4 : comp(d) = u’Ku

subjectto : Ku=f (11)
V(d) = aVO
0<d<1

where; u is the global displacement vector, K is the global stiffness matrix, fis the global force vector, V;is the
design domain volume, V(d) is the material volume, a is the volume fraction, dis the design variable vector.
Each finite element constituting the design space has an individual design variable value between 0 (void) and
1 (solid). At the end of the optimization process, the aim is to reach a solid or void type of design.

3.2. Topology optimized compliant inertial amplification mechanism

In the literature it has shown both numerically and experimentally that, various versions of structurally
optimized compliant inertial amplification mechanism given in Figure 2 isolate incoming excitations
effectively for wide frequency bands [25,27,31]. In these optimization studies, vibration isolation frequency
band is increased for a given amount of material, hence for the same mass, vibration isolation is achieved for
wider frequency regions. On the other hand, for some circumstances, it could be desirable for a vibration
isolator to be able to carry load. Therefore, stiffness of a vibration isolator should also be taken into account
in the design process, as well. So far, the effort shown concentrated on increasing the stop band frequency
range. Yet, in this study, another important design criterion, stiffness is considered. In order to observe the
relationship between the stiffness and vibration isolation performance of the compliant mechanism provided
in Figure 2, topology optimization studies are conducted.

Figure 3. Stiffness maximization (compliance minimization) topology optimization problem design space.

In Figure 3, stiffness maximization topology optimization problem design space is shown. A unit static force
is applied on the left side of the mechanism while at the right end pinned boundary condition is employed.
Since, a one-dimensional periodic structure will be formed via incorporating the mechanism in horizontal
alignment, stiffness maximization for this direction is considered. The mechanism has 120 mm length in
horizontal and 60 mm width in vertical dimensions. The finite element discretization of the design space is
120 x 60. That is to say, 7200 four node eight degrees of freedom plane stress elements with 1 mm x 1 mm
dimensions are utilized. Besides, beam dimensions are determined as: ;=4 mm, t; =4 mm, L =4 mm, t,= 1
mm, 3= 48 mm, t; =29 mm, I; = 8 mm, t,= 1 mm. Moreover, the 4th beams connect to the 3rd beams at the
middle. An isotropic material with modulus of elasticity E=210 GPa, Poisson’s ratio v = 0.3 and density p =
7800 kg/m® is considered.
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Figure 4. Compliant inertial amplification mechanism design with 100 % material utilized.

In topology optimization, an open source MATLAB code [55] and a post-processing filter [56] are utilized,
and stiffness maximized inertial amplification mechanisms are obtained for several percent material volume
fraction values. In Figure 4, a design, which has 100 % material utilized, is shown. As can be seen, it is a design
in which the design space in Figure 3 is fully solid. For other material volume fraction values, the optimization
problem presented in Eq. (11) is solved. In Figure 5, several stiffness maximized designs are shown, for which,
100 %, 80 %, 60 % and 40 % material in the design space is utilized. Figure 5, also shows the evolutionary path
of the stiffness maximized mechanism as a function of material percentage utilized. It is important to note
that, optimized structures’ stiffness values almost remain the same. For instance, the difference between the
stiffness values of the mechanism with 100 % material utilized (Figure 5a) and the mechanism with 40 %
material utilized (Figure 5d) is only 0.06 %, which implies that the stiffness values are essentially the same.
Such a result is expected, since the axial stiffness of the mechanism primarily depends on the dimensions of
the flexure hinges (i.e., beams enumarated as 2 and 4) and their connection positions to the remaining parts
(i.e., beams enumarated as 1 and 3) [31,35].

100 % 80 %
(@) (b)
60 % 40 %

(c) (d)

Figure 5. Designs with various material percentages utilized in the design space: (a) design with 100 % material used, (b) design with 80
% material used, (c) design with 60 % material used, (d) design with 40 % material used. To note that, stiffness values for all of the
mechanisms from (a) to (d) are essentially the same (e.g., the difference between the stiffness values for 100 % material utilized design
and 40 % material utilized design is only 0.06 %.)
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Figure 6. Variation of (a) first and (b) second natural frequencies of distributed parameter inertial amplification mechanism model
with respect to % material (volume fraction) of the design space given in Fig. 3. Red cross indicates the values for the topology
optimized design in Fig. 8 and 100 % indicates the values for the design in Fig. 4.

As stiffness of the structure given in Figure 3 essentially remains the same independent of the material amount
used, an optimization process’s rational aim becomes to achieve the widest vibration stop band possible with
the least amount of material utilized. To that end, vibration isolation performance of several stiffness
maximized compliant mechanisms are compared for material volume fraction values of 30 % to 100 %. As the
stop band occurs between the first and the second non rigid in-plane modes of the compliant mechanism [25,
27,31], the lower and the upper limits of vibration isolation frequency region are dictated by these two
frequencies. As a result, in Figure 6 in order to compare stop band widths, the first and the second non rigid
in-plane mode frequency values are tabulated. Moreover, to analyze the stop band width more clearly, the
ratio of these two mode frequencies (i.e., £/f;) are calculated in the literature frequently [25,27,31,57]. In
Figure 7, the variation of £/f; ratio with respect to percent material utilized is shown. As can be seen, the
maximum stop band width is achieved for 78% material volume fraction value with £/f; ratio value of 6.32.
Whereas, for the original mechanism shown in Figure 4 with 100 % material volume fraction value, f/f;ratio
value is found as 5.68. Therefore, as a result of topology optimization, vibration isolation stop band width can
be increased by 11 % by using 22 % less material in the compliant mechanism. The topology optimized
compliant inertial amplification mechanism design with 78 % material volume fraction value is presented in
Figure 8.
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Figure 7. Variation of £/f; ratio with respect to % material (volume fraction). Red cross indicates the values for the design in Figure 8
and 100 % indicates the values for the design in Figure 4.

Figure 8. Topology optimized inertial amplification mechanism, i.e., the design with 78 % material used.

4. Numerical Results

In this section, vibration isolation performance of unit cell and periodic structures are demonstrated via
transmissibility plots and compared.

{.1. Unit cell mechanis

A unit cell is the smallest repeating unit of a periodic structure. The first unit cell considered is the compliant
inertial amplification mechanism design with 100 % material utilized (see Figure 4). The second unit cell is
the topology optimized inertial amplification mechanism with 78 % material used (see Figure 8). The first two
non rigid mode shapes of these two unit cell mechanisms are provided in Figure 9. Both mechanisms perform
similar mode shape motions for their first two modes, which is a result that is in accordance with the literature
[25,27,31]. Note that, for both of the unit cells, vibration isolation stop band starts just above the first natural
frequency and ends just below the second natural frequency, which can be regarded (with small error
introduced) as the stop band limits are f; and £ [25,27,31]. As the stiffness value remains essentially the same,
the first modes appear almost for the same frequency values. The small discrepancy stems from the fact that
topology optimized design has less weight, which shifts the first natural frequency of the topology optimized
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design by a factor of 1/4/m, a result which can be observed in nonlinear behavior seen in Figure 6(a). On the
other hand, as a result of topology optimization, second natural frequency is shifted away for the topology
optimized design compared to the original compliant mechanism.

f,=164.4 Hz f, =176.7Hz
f,=933.2Hz f,=1117.3 Hz

(@ (b)

Figure 9. The first two mode shapes of distributed parameter inertial amplification mechanisms. (a) Compliant mechanism. (b)
Topology optimized mechanism.
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Figure 10. Vibration transmissibility comparison of unit cell compliant (red dotted line) and topology optimized (blue solid line)
inertial amplification mechanisms.
In order to compare the vibration isolation performances of the original (Figure 4) and the topology
optimized (Figure 8) unit cell designs, vibration transmissibility plots for these two mechanisms are provided
in Figure 10. As can be seen, for both of the designs, similar vibration isolation levels (around 20 %) are
achieved for most of the stop band. On the other hand, topology optimized design provides wider vibration
stop band compared to the original compliant mechanism. For the original compliant mechanism in Figure
4 vibration isolation is achieved between 174 Hz — 926 Hz, whereas for the topology optimized compliant
mechanism in Figure 8 vibration isolation is obtained between 186 Hz — 1106 Hz. Therefore, by utilizing 22
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% less construction material, topology optimized design provides vibration isolation for wider frequency band
as compared to the original mechanism.

4.2. Periodic structures

In order to achieve high performance vibration isolation, compliant mechanisms demonstrated in Figure 4
and Figure 8 can be used as unit cells to form periodic structures. It has been shown in the literature that,
vibration isolation starting and ending frequencies will be approximately the same as the unit cell
mechanisms’, whereas vibration isolation levels rise as the number of unit cells (compliant mechanisms)
utilized in the periodic structures is increased [25, 27, 31, 35]. In Figure 11, a sample periodic structure, which
is formed via incorporating 3 original compliant inertial amplification mechanisms in a one-dimensional
array, is shown. Input excitation (y) is provided to this periodic structure from one end and output response
(x) is taken from the other end. Then, vibration transmissibility is calculated with finite element method. The
vibration transmissibility of the periodic structure in Figure 11 is demonstrated in Figure 12 as red dashed
line. As can be seen, between 168 Hz — 931 Hz, vibration isolation is achieved. Moreover, in Figure 12, the
effect of employing more mechanisms (unit cells) in the formation of periodic structures are clearly seen. As
the number of, unit cells utilized increases, vibration isolation levels increase, as well. For instance, the
periodic structure formed via incorporating 8 original compliant inertial amplification mechanisms provide
99.9 % vibration isolation for almost entire of the stop band frequency range between 165 Hz - 933 Hz (blue
solid line in Figure 12). Please note that, as the number of unit cell mechanisms utilized in the periodic
structure increase, stop band starting and ending frequencies closely resemble the first and the second natural
frequencies of the unit cell (i.e., f; = 164.4 Hz, £, = 933.2 Hz; also see Figure 9a).

X

%

y
-

Figure 11. Sample periodic structure constructed with 3 compliant unit cell mechanisms given in Figure 4.
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Figure 12. Vibration transmissibility plots of periodic structures formed with various number of compliant unit cell mechanisms
shown in Figure 4.
With the same methodology, periodic structures by utilizing various number of topology optimized unit cell
mechanisms in Figure 8 can be constructed, as well. A sample one-dimensional periodic structure, formed via
incorporating 3 topology optimized inertial amplification mechanisms, is shown in Figure 13. As for the
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previous case, input excitation (y) is provided from one end and output response (x) is taken from the other
end. Consequently, vibration transmissibility is calculated (the red dashed line in Figure 14). Vibration
transmissibilities of periodic structures, formed using several topology optimized inertial amplification
mechanisms as unit cells, are shown in Figure 14. As can be seen, for all of the periodic structures, vibration
isolation frequency range (stop band) closely resembles the first and the second natural frequencies of the
topology optimized design (see Figure 9b). On the other hand, as the number of unit cell mechanisms utilized
in the periodic structure increase, vibration isolation levels increase, as well. For example, for almost all of the
frequency range between 178 Hz - 1117 Hz, 99 % vibration isolation is achieved by the periodic structure
formed via incorporation of 8 topology optimized compliant inertial amplification mechanisms (see the blue
solid line in Figure 14).

y

— —

Figure 13. Sample periodic structure constructed with 3 topology optimized unit cell mechanisms given in Figure 8.
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Figure 14. Vibration transmissibility plots of periodic structures formed with various number of topology optimized unit cell
mechanisms shown in Figure 8.

As can be observed from Figures 12 and 14, periodic structures formed with topology optimized inertial
amplification mechanisms provide satisfactory vibration isolation for wider frequency range with utilizing
less construction material but having the same axial stiffness value of the original mechanism. In order to
make the comparison more comprehensive, vibration transmissibility plots of two periodic structures formed
with utilizing 8 original and 8 topology optimized mechanisms is shown in Figure 15. As can be seen, topology
optimized periodic structure provides vibration isolation for 11 % wider frequency range by using 22 % less
material. On the other hand, the vibration isolation levels of topology optimized periodic structure is slightly
less than the original periodic structure, i.e., 99 % vs 99.9 %, which is a difference that can be neglected for
practical purposes. Moreover, as the axial stiffness values of the unit cell mechanisms are almost the same,
both periodic structures can withstand the same loading conditions.
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Figure 15. Vibration transmissibility comparison of periodic structures formed with 8 compliant (red dotted line) and 8 topology
optimized (blue solid line) inertial amplification mechanisms.

4.3. Comparison of the results with the literature

Although the compliant inertial amplification mechanism topology represented in Fig. 2 has been studied
before [25,27,28,31,37,58], there is not a study conducted on design of such mechanisms considering stiffness
properties as its main objective function yet. Therefore, this work’s major contribution to the literature is
obtaining a topologically optimized complaint inertial amplification mechanism with maximized stiffness
value. However, a comparison of the results of the current study and the existing ones [27,58] which considers
stiffness as a constraint in their optimization problem formulation can be insightful, as well.

In Yuksel and Yilmaz [27], size optimized and shape optimized mechanisms were designed with each has a
stiffness value of 1000 kN/m. The material selected was steel with modulus of elasticity value of 205 GPa,
Poisson’s ratio value of 0.29 and density value of 7800 kg/m’. Using shell elements in the finite element
analysis, shape optimized design’s fo/f; ratio was calculated as 3.13 whereas, size optimized design has a 2.63
f/f ratio value. Moreover, two dimensional structural area of the designs were each 896 mm?. Again, in Yuksel
and Yilmaz [58], size optimized and shape optimized mechanisms were obtained with each has a stiffness
value of 1000 kN/m. The material selected was steel with modulus of elasticity value of 210 GPa, Poisson’s
ratio value of 0.29 and density value of 7800 kg/m®. Using one dimensional beam elements with eccentricity
in the finite element analysis, shape optimized design’s fi/f; ratio was calculated as 3.34 whereas, size
optimized design has a 2.82 £,/f; ratio value. Besides, two dimensional structural area of the designs were each
961 mm?. As a result, the values obtained for these two studies can be considered as almost identical ignoring
the finite element type utilized and small differences in material area. It should be noted that, in the studies
mentioned in Yuksel and Yilmaz [27] and [58], the objective function was to maximize the ratio of £/fj,
whereas stiffness is given as a constraint of both size and shape optimization problems.

On the other hand, in this study, final topologically optimized design has a stiffness value of 55500 kN/m
which is much higher compared to the designs provided in Yuksel and Yilmaz [27] and [58]. Although the
material properties are similar, the discrepancy stems from thick compliant hinge connections (i.e., 2nd and
4th beams) and the objective function of the topology optimization problem which is stiffness maximization.
Moreover, material area of the current design is 3488 mm?, which is much larger than the structures’ indicated
in Yuksel and Yilmaz [27] and [58]. As a result, a higher value of 6.32 for £/f ratio is achieved. In summary,
a much stiff structure with a broad vibration isolation frequency band is attained with a cost of increased
material area compared to the investigated studies [27,58] that are found in the literature.
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Moreover, as a final comparison with the work of Yuksel and Yilmaz [31] can be done to investigate the
differences between the topologically optimized designs obtained with employment of different objective
functions. In Yuksel and Yilmaz [31], the topology optimization problem’s objective function was the
maximization of the £/f; ratio of the unit cell mechanism. Although the material of construction was steel
with the same modulus of elasticity and Poisson’s ratio values used in this study, the design space was 100
mm by 50 mm, which is significantly smaller than the current study. Since the primary concern was achieving
the highest frequency gap (i.e., vibration stop band) available, fy/f; ratio was obtained as 6.07 as a result of
solution of the dynamic topology optimization problem. f; is achieved at 304.4 Hz whereas £; is achieved at
1847.7 Hz. Material area of the topologically optimized design obtained in Yuksel and Yilmaz [31] is 1512
mm?*which is 56.7 % less than the current design obtained in this study. The discrepancy between the results
obtained from Yuksel and Yilmaz [31] and the current study stems from the fact that, the current study’s
design has much more weight, hence its first natural frequency occurs at 176.7 Hz, which is 41.6 % below than
the design in Yuksel and Yilmaz [31]. In addition to the increase in the weight, the current design is longer
and wider, hence the resulting second frequency is 39.5 % lower than the design in Yuksel and Yilmaz [31].
That, difference makes £,/f; ratio of the design provided in Yuksel and Yilmaz [31] as 3.96 % less than the
current design presented in this study. Moreover, the stiffness value for the design given in Yuksel and Yilmaz
[31] is calculated as 41400 kN/m, which is 25.4 % less than the current design. To sum up, the topologically
optimized mechanism in Yuksel and Yilmaz [31] provides a vibration isolation for a fairly large frequency
range with much less amount of material, which is a result coincides with the objective function of that study,
which is frequency gap maximization. On the other hand, in the current study, the objective function is to
attain the stiffest possible structure, hence a stiffer structure which has approximately the same frequency
range of vibration is achieved at the expense of increasing the optimized mechanism’s weight.

4. Conclusion

In this study, a lightweight periodic structure, which can be used as a high-performance vibration isolator, is
considered. A compliant mechanism’s weight is reduced via topology optimization while stiffness of the
structure is maintained. Among available topology optimized mechanisms, a design which provides vibration
isolation for the widest frequency range possible, is chosen. The selected design has 22 % less weight and
provides vibration isolation for a frequency range which is 11 % higher than the original mechanism. By using
the topology optimized mechanisms, sample periodic structures are formed and vibration transmissibility
plots indicate that high vibration isolation levels can be achieved. It is shown that, a periodic structure formed
with 8 topology optimized mechanisms provide 99 % vibration isolation for almost all of the frequency range
between 178 Hz - 1117 Hz.

Conflict of Interest Statement
The authors declare that there is no conflict of interest

References

[1] S. Daley, F. A. Johnson, J. B. Pearson and R. Dixon, “Active vibration control for marine applications,” Control Engineering Practice,
vol. 12, no. 4, pp. 465-474, 2004. doi:10.1016/S0967-0661(03)00135-7

[2] Y. H. Guan, T. C. Lim and W. S. Shepard, “Experimental study on active vibration control of a gearbox system,” Journal of Sound
and Vibration, vol. 282, no. 3-5, pp. 713-733, 2005. doi:10.1016/j.jsv.2004.03.043

[3] S. M. Kuo, S. Mitra and W. S. Gan, “Active noise control system for headphone applications,” IEEE Transactions on Control Systems
Technology, vol. 14, no. 2, pp. 331-335, 2006. doi:10.1109/TCST.2005.863667

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 168



Yuksel & Turkes Gazi Muhendislik Bilimleri Dergisi 10(1), 2024

[4] S. M. Khot, P. Y. Nitesh, R. Tomar, S. Desai and S. Vittal, “Active vibration control of cantilever beam by using PID based output
feedback controller,” Journal of Vibration and Control, vol. 18, no. 3, pp. 366-372, 2012. doi:10.1177/1077546311406307

[5] O. Yuksel and C. Yilmaz, “Active noise control in a duct with flow,” Journal of Dynamic Systems, Measurement and Control, vol.
136, no. 3, p. 031014, 2014. doi:10.1115/1.4026410

[6] A. Zippo, G. Ferrari, M. Amabili, M. Barbieri and F. Pellicano, “Active vibration control of a composite sandwich plate,” Composite
Structures, vol. 128, pp. 100-114, 2015. doi:10.1016/j.compstruct.2015.03.037

[7] M. Moshrefi-Torbati, A. J. Keane, S. J. Elliott, M. J. Brennan and E. Rogers, “Passive vibration control of a satellite boom structure by
geometric optimization using genetic algorithm,” Journal of Sound and Vibration, vol. 267, no. 4, pp. 879-892, 2003. do0i:10.1016/50022-
460X(03)00192-5

[8] C. Yilmaz and N. Kikuchi, “Analysis and design of passive low-pass filter-type vibration isolators considering stiffness and mass
limitations,” Journal of Sound and Vibration, vol. 293, no. 1-2, pp. 171-195, 2006. doi:10.1016/.jsv.2005.09.016

[9] D. Kamesh, R. Pandiyan and A. Ghosal, “Passive vibration isolation of reaction wheel disturbances using a low frequency flexible
space platform,” Journal of Sound and Vibration, vol. 331, no. 6, pp. 1310-1330, 2012. doi:10.1016/j.jsv.2011.10.033

[10] E. A. Ribeiro, J. T. Pereira and C. A. Bavastri, “Passive vibration control in rotor dynamics: Optimization of composed support using
viscoelastic materials,” Journal of Sound and Vibration, vol. 351, pp. 43-56, 2015. d0i:10.1016/j.jsv.2015.04.007

[11] Z. Wu, X. Jing, B. Sun and F. Li, “A 6DOF passive vibration isolator using X-shape supporting structures,” Journal of Sound and
Vibration, vol. 380, pp. 90-111, 2016. doi:10.1016/j.jsv.2016.06.004

[12] S. S. Rao, “Vibration Control,” Mechanical Vibrations. Upper Saddle River: Prentice Hall, 2011.

[13] D.J. Inman, “Design for Vibration Suppression,” Engineering Vibration. Upper Saddle River: Pearson Education, 2014.

[14] J. Wen, G. Wang, D. Yu, H. Zhao and Y. Liu, “Theoretical and experimental investigation of flexural wave propagation in straight
beams with periodic structures: Application to a vibration isolation structure,” Journal of Applied Physics, vol. 97, no. 11, p. 114907,

2005. doi:10.1063/1.1922068

[15] G. Wang, X. Wen, J. Wen and Y. Liu, “Quasi-one-dimensional periodic structure with locally resonant band gap,” Journal of Applied
Mechanics, vol. 73, no. 1, pp. 167-170, 2006. doi:10.1115/1.2061947

[16]].H. Oh, S. Qi, Y. Y. Kim and B. Assouar, “Elastic metamaterial insulator for broadband low-frequency flexural vibration shielding,”
Physical Review Applied, vol. 8, no. 5, p. 054034, 2017. doi:10.1103/PhysRevApplied.8.054034

[17] R. Prasad and A. Sarkar, “Broadband vibration isolation for rods and beams using periodic structure theory,” Journal of Applied
Mechanics, vol. 86, no. 2, p. 021004, 2019. doi:10.1115/1.4042011

[18] L. D’Alessandro, R. Ardito, F. Braghin and A. Corigliano, “Low frequency 3D ultra-wide vibration attenuation via elastic
metamaterial,” Scientific Reports, vol. 9, p. 8039, 2019. doi:10.1038/s41598-019-44507-6

[19] M. Sigalas and E. N. Economou, “Elastic and acoustic wave band structure,” Journal of Sound and Vibration, vol. 158, no. 2, pp.
377-382,1992. doi:10.1016/0022-460X(92)90059-7

[20] M. Sigalas and E. N. Economou, “Band structure of elastic waves in two dimensional systems,” Solid State Communications, vol. 86,
no. 3, pp. 141-143, 1993. doi:10.1016/0038-1098(93)90888-T

[21] Z. Liu, X. Zhang, Y. Mao, Y. Y. Zhu, Z. Yang, C. T. Chan and P. Sheng, “Locally resonant sonic materials,” Science, vol. 289, no.
5485, pp. 1734-1736, 2000. doi:10.1126/science.289.5485.1734

[22] C. Goffaux and J. Sdnchez-Dehesa, “Two-dimensional phononic crystals studied using a variational method: application to lattices
of locally resonant materials,” Physical Review B, vol. 67, no. 14, p. 144301, 2003. doi:10.1103/PhysRevB.67.144301

[23] C.Yilmaz, G. M. Hulbert and N. Kikuchi, “Phononic band gaps induced by inertial amplification in periodic media,” Physical Review
B, vol. 76, no. 5, p. 054309, 2007. doi:10.1103/PhysRevB.76.054309

[24] C. Yilmaz and G. M. Hulbert, “Theory of phononic gaps induced by inertial amplification in finite structures,” Physics Letters A,
vol. 374, no. 34, pp. 3576-3584, 2010. doi:10.1016/j.physleta.2010.07.001

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 169


https://doi.org/10.1016/j.compstruct.2015.03.037

Yuksel & Turkes Gazi Muhendislik Bilimleri Dergisi 10(1), 2024

[25] G. Acar and C. Yilmaz, “Experimental and numerical evidence for the existence of wide and deep phononic gaps induced by inertial
amplification in two-dimensional solid structures,” Journal of Sound and Vibration, vol. 332, no. 24, pp. 6389-6404, 2013.
doi:10.1016/j.jsv.2013.06.022

[26] S. Taniker and C. Yilmaz, “Phononic gaps induced by inertial amplification in BCC and FCC lattices,” Physics Letters A, vol. 377,
no. 31-33, pp. 1930-1936, 2013. doi:10.1016/j.physleta.2013.05.022

[27] O. Yuksel and C. Yilmaz, “Shape optimization of phononic band gap structures incorporating inertial amplification mechanisms,”
Journal of Sound and Vibration, vol. 355, pp. 232-245, 2015. d0i:10.1016/j.jsv.2015.06.016

[28] S. Taniker and C. Yilmaz, “Design, analysis and experimental investigation of three-dimensional structures with inertial
amplification induced vibration stop bands,” International Journal of Solids and Structures, vol. 72, pp. 88-97, 2015.
doi:10.1016/j.ijsolstr.2015.07.013

[29] N. M. M. Frandsen, O. R. Bilal, J. S. Jensen and M. I. Hussein, “Inertial amplification of continuous structures: Large band gaps from
small masses,” Journal of Applied Physics, vol. 119, p. 124902, 2016. d0i:10.1063/1.4944429

[30] S. Taniker and C. Yilmaz, “Generating ultra wide vibration stop bands by a novel inertial amplification mechanism topology with
flexure hinges,” International Journal of Solids and Structures, vol. 106, pp. 129-138, 2017. doi:10.1016/j.ijsolstr.2016.11.026

[31] O. Yuksel and C. Yilmaz, “Size and topology optimization of inertial amplification induced phononic band gap structures,” in
Proceedings of the ASME International Mechanical Engineering Congress and Exposition, Tampa, Florida, USA, 2017. p. VO13T01A007.
doi:10.1115/IMECE2017-71342

[32] M. Barys, J. S. Jensen and N. M. M. Frandsen, “Efficient attenuation of beam vibrations by inertial amplification,” European Journal
of Mechanics-A/Solids, vol. 71, pp. 245-257, 2018. doi:10.1016/j.euromechsol.2018.04.001

[33] A. H. Orta and C. Yilmaz, “Inertial amplification induced phononic band gaps generated by a compliant axial to rotary motion
conversion mechanism,” Journal of Sound and Vibration, vol. 439, pp. 329-343, 2019. doi:10.1016/j.jsv.2018.10.014

[34]J. Li, P. Yang and S. Li, “Phononic band gaps by inertial amplification mechanisms in periodic composite sandwich beam with lattice
truss cores,” Composite Structures, vol. 231, p. 111458, 2020. doi:10.1016/j.compstruct.2019.111458

[35] O. Yuksel and C. Yilmaz, “Realization of an ultrawide stop band in a 2-D elastic metamaterial with topologically optimized inertial
amplification mechanisms,” International Journal of Solids and Structures, vol. 203, pp. 138-150, 2020. d0i:10.1016/j.ijsolstr.2020.07.018

[36] S. Muhammad, S. Wang, F. Li and C. Zhang, “Bandgap enhancement of periodic nonuniform metamaterial beams with inertial
amplification mechanisms,” Journal of Vibration and Control, vol. 26, no. 15-16, pp. 1309-1318, 2020. doi:10.1177/1077546319895630

[37] O. Yuksel and C. Yilmaz, “Design of a broadband elastic metamaterial via topologically optimized inertial amplification
mechanisms,” in Proceedings of the 11th International Conference on Structural Dynamics, Athens, Greece, 2020. pp. 4125-4138.
do0i:10.47964/1120.9337.19454

[38] K. Mizukami, K. Funaba and K. Ogi, “Design and three-dimensional printing of carbon-fiber-composite elastic metamaterials with
inertial amplification mechanisms,” Journal of Sound and Vibration, vol. 513, p. 116412, 2021. d0i:10.1016/j.jsv.2021.116412

[39] C. Xi, L. Dou, Y. Mi and H. Zheng, “Inertial amplification induced band gaps in corrugated-core sandwich panels,” Composite
Structures, vol. 267, p. 113918, 2021. doi:10.1016/j.compstruct.2021.113918

[40] Y. Mi and X. Yu, “Sound transmission of acoustic metamaterial beams with periodic inertial amplification mechanisms,” Journal of
Sound and Vibration, vol. 499, p. 116009, 2021. doi:10.1016/j.jsv.2021.116009

[41] M. Miniaci, M. Mazzotti, A. Amendola and F. Fraternali, “Effect of prestress on phononic band gaps induced by inertial
amplification,” International Journal of Solid and Structures, vol. 216, pp. 156-166, 2021. doi:10.1016/j.ijsolstr.2020.12.011

[42] A. Banerjee, S. Adhikari and M. I. Hussein, “Inertial amplification band-gap generation by coupling a levered mass with a locally
resonant mass,” International Journal of Mechanical Sciences, vol. 207, p. 106630, 2021. doi:10.1016/j.ijmecsci.2021.106630

[43] Y. Li and W. Zhou, “Bandgap and vibration transfer characteristics of scissor-like periodic metamaterials,” Journal of Applied
Physics, vol. 130, p. 025103, 2021. doi:10.1063/5.0047119

[44] E. Er, E. Tiirkes and O. Yiiksel, “A parametric investigation on various compliant inertial amplification mechanisms for a periodic
vibration isolator design,” Gazi Journal of Engineering Sciences, vol. 8, no. 3, pp. 511-523, 2022. doi:10.30855/gmbd.0705039

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 170



Yuksel & Turkes Gazi Muhendislik Bilimleri Dergisi 10(1), 2024

[45] Y. Zeng, L. Cao, S. Wan, T. Guo, Y. F. Wang, Q. ]. Du, B. Assouar and Y. S. Wang, “Seismic metamaterials: Generating low-frequency
bandgaps induced by inertial amplification,” International Journal of Mechanical Sciences, vol. 221, p. 107224, 2022.
doi:10.1016/j.ijjmecsci.2022.107224

[46] Y. Li, N. Zhao and S. Yao, “Theoretical analysis of 2D meta-structure with inertia amplification,” International Journal of Mechanical
Sciences, vol. 235, p. 107717, 2022. doi:10.1016/j.ijmecsci.2022.107717

[47] Y. Li, N. Zhao and S. Yao, “Nonlinear dynamics of 1D meta-structure with inertia amplification,” Applied Mathematical Modelling,
vol. 118, pp. 728-744, 2023. doi:10.1016/j.apm.2023.01.039

[48] H. Li, Y. Li and X. Liu, “Double-beam metastructure with inertially amplified resonators for flexural wave attenuation,” European
Journal of Mechanics — A / Solids, vol. 97, p. 104794, 2023. doi:10.1016/j.euromechsol.2022.104794

[49] A. Ni and Z. Shi, “Inertial amplified topological metamaterial beams,” Journal of Applied Physics, vol. 133, p. 065105, 2023.
doi:10.1063/5.0140790

[50] Y. F. Wang, Y. Z. Wang, B. Wu, W. Chen and Y. S. Wang, “Tunable and active phononic crystals and metamaterials,” Applied
Mechanics Reviews, vol. 72, no. 4, p. 040801, 2020. doi:10.1115/1.4046222

[51] C. Yilmaz and G. M. Hulbert, “Dynamics of Locally Resonant and Inertially Amplified Lattice Materials,” Dynamics of Lattice
Materials. West Sussex: John Wiley & Sons, 2017.

[52] H. W. Ma, S. M. Yao, L. Q. Wang and Z. Zhong, “Analysis of the displacement amplification ratio of bridge-type flexure hinge,”
Sensors and Actuators A: Physical, vol. 132, no. 2, pp. 730-736, 2006. do0i:10.1016/j.sna.2005.12.028

[53] L. L. Howell, “Introduction to Compliant Mechanisms,” Handbook of Compliant Mechanisms. West Sussex: John Wiley & Sons,
2013.

[54] O. Yiiksel, “An overview on topology optimization methods employed in structural engineering,” Kirklareli University Journal of
Engineering and Science, vol. 5, no. 2, pp. 159-175, 2019. doi:10.34186/klujes.606666

[55] E. Andreassen, A. Clausen, M. Schevenels, B. S. Lazarov and O. Sigmund, “Efficient topology optimization in MATLAB using 88
lines of code,” Structural and Multidisciplinary Optimization, vol. 43, no. 1, pp. 1-16, 2011. doi:10.1007/s00158-010-0594-7

[56] O. Sigmund and K. Maute, “Topology optimization approaches,” Structural and Multidisciplinary Optimization, vol. 48, no. 6, pp.
1031-1055, 2013. doi:10.1007/s00158-013-0978-6

[57] J. S. Jensen and N. L. Pedersen, “On maximal eigenfrequency separation in two-material structures: the 1d and 2d scalar cases,”
Journal of Sound and Vibration, vol. 289, no. 4-5, pp. 967-986, 2006. d0i:10.1016/j.jsv.2005.03.028

[58] O. Yuksel and C. Yilmaz, “Obtaining inertial amplification induced phononic gaps via structural optimization of a compliant
mechanism,” in Proceedings of the 11th International Conference on Vibration Problems, Lisbon, Portugal, 2013. pp. 1-10.

This is an open access article under the CC-BY license

PRINT ISSN: 2149-4916 E-ISSN: 2149-9373 © 2022 Gazi Akademik Yayincilik 171


https://creativecommons.org/licenses/by/4.0/

Research Article/Arastirma Makalesi

/

azi

OURMAL OF ENGINEERING SCIENCES

GAZI

Gazi

JOURNAL OF ENGINEERING SCIENCES

Keywords: Embossing, Cooling,
Tissue paper, Rolling cylinder

‘I[CM Machinery and Engineering,
41040 - Kocaeli, Tiirkiye
Orcid: 0000-0001-7277-1021

‘IcM Machinery and Engineering,
41040 - Kocaeli, Tirkiye
Orcid: 0000-0002-1636-9676

"Kocaeli University

Department of Mechanical and Material
Technologies, Uzunciftlik Nuh Cimento
Campus,

41180 - Kocaeli, Tiirkiye

Orcid: 0000-0002-2310-1088

"Corresponding author:
alikibar@kocaeli.edu.tr

Anahtar Kelimeler: Gofraj,
sogutma, temizlik kagidi, doner
silindir

Cooling of Rubber Embossing Cylinder for Tissue
Paper

Ugur Cem Sari®, Bayram Kesmen?, Ali Kibar™
Submitted: 13.02.2024 Revised: 02.03.202024 Accepted: 18.05.2024 doi:10.30855/gmbd.0705N 14

ABSTRACT

Traditional embossing processes applied to papers generate significant amounts of heat, leading
to the degradation and decreased efficiency of the rubber cylinder, a critical component of the
machine, over time. This study investigates a novel internal cooling system designed to address
this issue and extend the lifespan of the rubber cylinder. Experiments were conducted using tap
water and ethylene glycol aqueous solution as coolants at a machine speed of 350 m/min and a
specified pattern density. The results suggests that the non-cooled cylinder started to deteriorate
at a surface temperature of approximately 46 °C. However, with the implemented cooling system,
the surface temperature was effectively maintained at 4-5 °C below this threshold, significantly
extending the operational life of the rubber cylinder. Therefore, this study emphasizes the
effectiveness of internal cooling in mitigating heat-induced damage and extending the lifespan of
embossing cylinders.

Temizlik Kagidi Gofraj Sistemindeki Lastik Silindirin
Sogutulmasi

(0 )4

Temizlik kagitlarina uygulanan geleneksel gofraj islemleri, makinenin 6nemli bir bileseni olan
kauguk silindirin zamanla bozulmasina ve verimliliginin diiymesine neden olan 6nemli miktarda
1s1 iretir. Bu ¢alismada, bu sorunu ¢6zmek ve kaucuk silindirin 6mriinii uzatmak i¢in tasarlanmg
yeni bir dahili sogutma sistemi incelenmistir. Deneyler, sogutucu olarak musluk suyu ve etilen
glikol sulu ¢ozeltisi kullanilarak 350 m/dakika makine hizi ve belirli bir desen yogunlugu altinda
gergeklestirildi. Sonug olarak, sogutulmayan silindir yaklagik olarak 46 °C yiizey sicakliginda
bozulmaya basladi. Bununla birlikte, uygulanan sogutma sistemiyle, yiizey sicakligi bu esik
degerin 4-5°C altinda etkin bir sekilde korundu ve kauguk silindirin ¢alisma 6mrit 6nemli 6l¢iide
uzatildi. Bu nedenle, bu ¢alismada dahili sogutmanin 1s1 kaynakli hasar1 azaltma ve kabartma
silindirlerinin 6mriinii uzatmada etkili oldugu gosterilmektedir.
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1. Introduction

The embossed pattern on tissue paper is achieved using an embossing machine integrated into the tissue paper
production lines, as shown in Figure 1. This process involves applying pressure between a steel embossing
cylinder with a negative pattern and a rubber cylinder rotating in the opposite direction at the same speed [1].
Consequently, patterns are imprinted on the tissue paper flowing continuously between the two cylinders.
However, the rubber cylinder undergoes wear and deformation over time as the system operates. The extent
of rubber cylinder deformation is primarily driven by excessive surface temperature, which is influenced by
various factors such as machine speed, pattern shape, pressing force, and pattern density.

The rubber cylinder used in the embossing process consists of natural rubber adhered to a steel cylinder with
anegative embossing pattern. The surface temperature of the rubber cylinder increases because of the pressure
applied by the negative pattern embossed steel cylinder [1]. The pressure must surpass a certain threshold to
create patterns, although excessive pressure can accelerate the deformation of the rubber cylinder, thereby
reducing its lifespan [2]. Additionally, the machine operating speed (cylinder revolution speed) and the
pattern density of the steel embossing cylinder also affect the temperature increase on the rubber cylinder
surface. Consequently, the temperature increases on the rubber cylinder surface limits the machine operating
speed and pattern selection. To achieve high-quality production and optimal performance, it is imperative to
regulate the temperature increase on the rubber cylinder surface. Otherwise, the rubber cylinder becomes
unusable once it reaches a certain threshold temperature.

Embossed pattern quality depends on several critical parameters required for the embossing process. These
parameters include roller speed, embossing temperature, and roller embossing pressure [3]. By controlling
and optimizing these variables, it is possible to achieve the desired pattern outcomes with precision and
consistency. It is important to control these factors to ensure the production of high-quality embossed
patterns on tissue paper.

Figure 1. Embossing system

Researchers have been exploring ways to improve the life of the rubber cylinder, including using different
materials, shapes, and adding cooling systems. Recent studies have shown the effectiveness of cooling systems
for similar geometries. For instance, Fagan [4] and Fagan and Kim [5] designed a cooling system for a cylinder
with a similar structure to maintain the desired temperature and prevent overheating. This system employed
anested and interlocked structure, evenly distributing air to 15 cooling slots along the embossed perimeter to
facilitate the cooling process. Ma et al. [6] conducted numerical analyses on the use of a cooling cylinder for
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the continuous cooling of a thin rubber film flowing over a cylinder. Their study concluded that the
temperature of the rubber film entering the cylinder significantly affected the cooling efficiency, whereas the
width of the rubber film had minimal influence. Deng et al. [7] studied the polymer flow behaviour in roll-to-
roll (R2R) hot embossing for continuous micro/nanostructure fabrication on polymers. Analysing micro-
pyramids on PVC film with a 3D finite element model, they examined deformation and recovery during filling
and remoulding. The temperature distribution showed notable gradients due to poor thermal conductivity,
impacting creep strains. Effective cooling reduced pyramid recovery, especially at high mold temperatures.

Perez et al. [8] used gas as a cooling fluid in a comparable cooling system. They adopted a dual cryostat
topology for the ASUMED motor, featuring separate cryostats for the rotor and stator. Their study
recommended an externally controlled cooling system with forced gas circulation for optimal rotor cooling.
The key factors considered were critical heat transfer and the influence of rotor stack temperature on cooling
effectiveness.

Li et al. [9] studied micropyramid array fabrication on EVA copolymer films via roll-to-roll hot embossing.
They found that EVA rheology correlates with micropyramid height. Films with 28% VA content, embossed
at 60°C, exhibit high transmittance and are suitable for various applications. Optimal demoulding occurs at
40-60 °C, particularly with low VA content. The study introduced frequency-dependent viscosity for the
demoulding analysis, showing the impact of viscosity and relaxation on micropyramid height. Li et al. [10]
successfully produced micropyramid arrays on transparent PETG films by optimizing the applied force, roller
temperature and speed for array quality. This study demonstrated the practical feasibility of fabricating
micropyramid arrays on PETG films via roll-to-roll hot embossing, providing valuable insights for industrial
applications.

Vieira et al. [11] investigated the impact of engraving finishing geometry on tissue paper properties during
embossing. They observed that while straight finishing geometry led to higher individual hand-feel values,
round finishing geometry enhanced softness in two-ply prototypes. Hand-feel values decreased with increased
bulk, especially for micropatterns, but liquid droplet spreading kinetics were unaffected by finishing
geometry. Finite element modelling revealed that round patterns left more pronounced marks on tissue paper,
which was correlated with increased bulk. This modelling tool aids in optimizing process parameters and
minimizing trial and error. This study highlights the significance of finishing geometry in embossing and
provides valuable insights into tissue paper product properties.

Vieira et al. [1] studied the effect of engraving finishing geometry on tissue paper properties during
embossing. They found that straight finishing geometry increased individual hand-feel values, whereas round
finishing geometry enhanced softness in two-ply prototypes. Hand-feel values decreased with increased bulk,
particularly for micropatterns, but liquid droplet spreading kinetics remained unaffected. Finite element
modelling showed that round patterns left more pronounced marks on the tissue paper, correlating with
increased bulk. This modelling approach facilitates process parameter optimization, thus reducing trial and
error.

Morega [12] developed a small-power HTS synchronous motor prototype and explored cooling technologies
for HTS field winding. They proposed supercooled nitrogen as an efficient and economical option but
recommended cooling the HTS coils with liquid Ne for optimal performance. This study involved numerical
simulations and mathematical modelling of heat transport in the stator, using 2D and 3D simulations to assess
heat transfer properties and thermal loads. Various heat transfer mechanisms were found to influence the
thermal stability of the motor, as determined by these simulations.

The influence of pattern type and density as well as the sensitivity of embossed pattern depth to preheating
and cooling were investigated by Kim et al. [13]. They identified key factors affecting embossed pattern quality
in roll-to-roll hot embossing and investigated time-dependent heat transfer effects using custom preheating
and cooling systems. The results revealed that extended preheating time significantly influences embossed
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depth, whereas substrate cooling effects vary. In addition, they found that horizontal patterns with lower
density yield larger embossed depths. This review sheds light on the importance of considering duration
factors in heat transfer for roll-to-roll hot embossing, particularly concerning mold pattern characteristics.

Considering the high flammability of the cooling fluid and the abundance of tissue paper dust, implementing
a gas-based cooling system poses significant safety hazards in this environment. Due to the risk of fire, a
liquid-based approach was adopted instead. Compared to gas-based systems, liquid cooling offers several
advantages in this context [14]. Primarily, liquids pose a lower fire risk than flammable gasses. Additionally,
liquid coolants provide better heat transfer efficiency, allowing for effective cooling of the rubber cylinder
surface. By circulating the liquid, heat is efficiently dissipated, maintaining the rubber cylinder within the
ideal temperature range. Finally, liquid-based cooling allows for flexibility in coolant selection and
temperature control, ensuring optimal operating conditions for the embossing process.

This study focuses on the inability to apply external cooling for rubber embossing rollers, which is a significant
challenge in paper tissue manufacturing. While advancements have been made in embossing technology,
addressing the heat-induced degradation of rubber cylinders remains a crucial area with limited existing
research. This study aims to fill this gap in the literature by investigating novel internal cooling techniques to
significantly extend the operational lifespan of rubber cylinders. This study also focuses on controlling the
surface temperature increase of these cylinders within embossing machines. The study will involve
comprehensive research into rubber cylinder design and materials, the development of a novel internal
cooling system, experimental testing with prototypes, meticulous data analysis, and a comprehensive
evaluation of the outcomes.

2. Materials and Methods
2.1. Cooling of the Cylinder

Preventing the temperature increase on the surface of the rubber cylinder is a critical parameter for extending
its lifespan and increasing machine operating speed. Due to its low thermal conductivity [15] and surface-
based heating, external cooling would be the ideal solution. However, implementing an external cooling
system to prevent temperature increases on the surface of the rubber cylinder during operation is impractical
because of the prevailing working conditions. The presence of paper dust, particularly in the working
environment, requires internal cooling through the cylinder.

Figure 2 shows the geometry of the rubber cylinder. Heat transfer calculations were conducted by considering
only conduction in the heat transfer process while neglecting other heat transfer mechanisms. In this context,
upon examining the cross-section of the design, a resemblance to a bundle of pipes is noted. Heat transfer
calculations were executed based on conduction, similar to heat transfer calculations in a pipe bundle, to
determine heat loads and resistances. The necessary heat load to achieve the desired surface temperature,
along with the requisite cooling fluid temperature and flow rate, was determined.

As previously stated, because of the prevailing working conditions, external cooling of the rubber cylinder
surface by direct contact is unfeasible. Therefore, internal cooling from within the cylinder is expected to
indirectly cool the rubber cylinder surface. In this regard, the temperature at point T5 must be maintained as
low as possible relative to the maximum temperature that the rubber can withstand. The temperature value
at point T} is computed based on the T temperature.
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Figure 2. Rubber cylinder geometry

The total thermal resistance for multilayered cylindrical or spherical shells can be calculated as follows:

Rrotal = Reonvin + RCyl.l + RCyl.Z + Reonviz (1)
T2 T3
_ 1 ln(ﬁ) + WG 1 @)
hconv.i141 2mLkcy1s 2mLKcyl2 hconv.izA2
Al:anlL ve A2=2’ITT3L (3)

The heat transfer rate (Q) is given by

Q= Too1—Too2 (4)

Rrotal

The heat energy of the cooling fluid, which is used as the heat energy medium, can be calculated as follows:
Q= mcpAt (5)

The values r;, 12, and r; used in the formulas represent, respectively, the inner diameter of the steel cylinder,
the outer radius of the steel cylinder or the inner radius of the rubber coating, and the outer radius of the
rubber coating (see Figure 3). Rrow, Rconvii, Reyis, Reyiz, and Reonviz Tepresent, respectively, the total heat,
convective heat transfer for the coolant, heat conduction through the steel cylinder, heat conduction through
the rubber, and convective heat transfer for the air. A; and A; represent, respectively, the inner surface area
of the steel cylinder and the outer surface area of the rubber coating. The mass flow rate, specific heat capacity
of water, and temperature difference are represented by m, ¢, and At, respectively. T..; and T.., represent the
temperatures of the fluid or surroundings on the inner and outer sides of the system.

In the context of the presented formulas, Figure 3 illustrates the meanings of ry, 12, and 3 as the inner diameter
of the steel cylinder, outer radius of the steel cylinder or inner radius of the rubber coating, and outer radius
of the rubber coating, respectively.
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Figure 3. Cross-sectional view of the cylinder and its radii
2.2. Experimental Study
Figures 4a and 4b show the embossing machine group used in these experiments and the resulting pattern,
respectively. The process of imprinting patterns onto tissue paper involves the steel embossing cylinder,
featuring negative embossed patterns, rotating at a specified speed while exerting pressure against the rubber
cylinder. The rubber cylinder rotates in the opposite direction at the same speed. This configuration transfers

the patterns onto the tissue paper as it flows continuously between the two cylinders.

b)

Embossing cylinder

Tissue

Rubber cylinder

Figure 4. a) Embossing machine used in the experiment and b) created pattern

The embossing machine shown in Figure 4a operated at a speed of 350 m/min, causing the cylinders to rotate
at approximately 440 rpm. During design studies, temperature fluctuations on the rubber cylinder's surface
were measured within the operational environment using a laser thermometer and thermal camera. Based on
these observations, an internal cooling system for the rubber cylinder was designed and prototyped.
Subsequently, experiments were conducted with the fabricated prototype.

An SMC-HRSE-024 liquid circulation chiller was employed to circulate the liquid within the cylinder of the
cooling system. A rotating head facilitated the liquid's inlet and outlet. Cold fluid entered the cylinder through
the inlet pipe (1), illustrated in Figure 5. This inlet pipe (1) was connected to the cylinder shaft (2), with teeth
left vacant to ensure liquid exit. Cold liquid was introduced into the system through the apertures depicted in
Figure 5 (6). Upon entering the cylinder, the cold liquid traversed through the inner cylinder (5) and the steel
cylinder (7), diminishing the volume of the cylinder's inner space. Heat transfer occurred between the steel
cylinder (7) and the liquid during this phase. Subsequently, heat exchange between the steel and rubber
cylinders cooled the latter.
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The heated liquid exited the system through outlet apertures (3), flowing between the cylinder shaft (2) and
inlet pipe (1) via the rotating head. This cooled fluid circulated continuously throughout operation. Table 1
presents data obtained from observations of the current model running with the cooling system, under the
specified operating conditions.

P
Liquid inlet

Rubber cylinder

Figure 5. 1) Inlet pipe for the cooling fluid system, 2) Cylinder shaft, 3) Outlet path from the cooling fluid system, 4) Rubber coating, 5)
Inner cylinder, 6) Inlet path for the cooling fluid system, 7) Steel cylinder

Table 1. Experimental conditions of the chiller machine

Parameters Value
Inlet pressure of the cooling fluid system (kPa) 140.0
Cooling fluid flow rate (L/min) 4.1
Operating pressure of the embossing piston (bar) 120.0
Inlet temperature of the cooling liquid (°C) 10.0
Outlet temperature of the cooling liquid (°C) 13.3

2. Results and Discussion

Figure 6 shows the temperature variations on the surface of the natural rubber-coated cylinder, measured in
the current system at 350 m/min with an embossing unit featuring the pattern density of Figure 4b. This data
includes both cooled and non-cooled conditions. During machine operation, the surface temperature of the
rubber cylinder exhibits a near-linear increase over time. Upon reaching a critical temperature of
approximately 46 °C, the rubber cylinder experiences damage. As noted in the introduction, numerous factors
contribute to the deterioration of rubber cylinders; however, this study specifically investigates the impact of
temperature on this phenomenon.

In the experiment with the cooling system applied, as shown in Figure 6, the cooling process commenced at
approximately 43 °C. Due to limitations in the circulation capacity of the chiller unit used for circulating the
cooling liquid (specifically, the operational capacity of the unit used in the experiment), a cooling liquid flow
rate of 4.1 L/min is adopted. Following an initial temperature rise, the temperature gradually decreases. This
temperature reduction continues for approximately 90 minutes before stabilizing around 41 °C.
Consequently, the surface of the rubber cylinder is maintained at approximately 4-5 °C below the critical
temperature threshold, thereby delaying the onset of damage.
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Figure 6. Experimental results at a machine operating speed of 350 m/min with and without cooling

Furthermore, the implemented cooling system not only prevents the rubber cylinder from reaching damaging
temperatures but also significantly enhances the overall performance and operational efficiency of the
embossing machine. By maintaining the surface temperature within an acceptable range, the cooling system
minimizes the risk of premature wear and deformation of the rubber cylinder. Therefore, downtime and
production interruptions may be prevented. This highlights the critical role of temperature control in
enhancing the reliability and longevity of embossing equipment in tissue paper manufacturing.

In Figure 7, the thermal camera images offer a visual representation of the contrasting temperature profiles
of the embossing and rubber cylinders. Firstly, the embossing cylinder maintains a consistently low
temperature throughout the observation period. This characteristic thermal behaviour is attributed to its
material composition. Typically constructed from steel or other high-conductivity materials, the embossing
cylinder possesses a high heat transfer coefficient. This property allows for efficient heat dissipation, keeping
the cylinder at a relatively low temperature even under extended operational durations. In contrast, the rubber
cylinder exhibits a completely different thermal response, with its temperature escalating to elevated levels.
The underlying cause of this temperature increase lies in the dynamic interplay between pressure, material
properties, and mechanical action. As both cylinders engage in the embossing process, the longitudinally
flexible rubber cylinder experiences repeated compression. This cyclical compression-decompression occurs

at a rapid rate, with the rubber cylinder undergoing approximately 400 compressions per minute along the

a)

designated line pattern.

; Embossir
6 LU lg
SFLIR =iz 421 c cylinder
ﬁ ' ‘ I\ Rubber
cylinder
T ——— R ——

Figure 7. Temperature of the embossing and rubber cylinders during operation. a) Cooling system and b) non-cooling system

The cumulative effect of these compressions is dual. Firstly, repeated mechanical loading induces significant
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frictional forces within the rubber cylinder, leading to internal energy dissipation and consequent
temperature rise. Secondly, the compressive forces generate localized heating within the rubber material,
further contributing to its thermal elevation. As a result, the temperature of the rubber cylinder escalates
rapidly, forming a sharp contrast with the relatively cool performance of the embossing cylinder. As observed
in Figure 7a, the cooling system maintains the rubber cylinder at approximately 4-5 °C cooler temperatures.
While the lower heat transfer coefficient of rubber limits the potential for drastic temperature reductions, this
modest decrease can significantly extend the cylinder's operational lifespan.

3. Conclusions

This study investigated the use of an internal cooling system to extend the lifespan of the rubber cylinder in a
tissue paper embossing machine. A prototype system utilizing a chiller unit was designed, manufactured, and
tested. Because of the rubber cylinder’s low thermal conductivity and considerable thickness, achieving a
substantial cooling effect internally proved challenging. During the experiments, the rubber cylinder starts to
damage at a temperature of approximately 46 °C and a speed of 350 m/min, consistent with the specified
pattern density. With the implemented cooling system, a cooling of approximately 4-5 °C is attained.
Although this 4-5 °C cooling increment helps delay the rubber cylinder’s progression to the damage threshold
temperature, it remains susceptible to damage at operational temperatures. It is evident that when the
machine operating speed is elevated or the pattern density of the paper is increased, the designed system may
fall short of providing adequate cooling.

While external cooling may indeed seem like the simplest and ideal approach, certain circumstances may
necessitate internal cooling, as demonstrated in this study. Despite the challenges posed by the low thermal
conductivity of the rubber cylinder, our research showcases the feasibility of internal cooling for moderate
temperature differentials, albeit not without its limitations.

Potential future enhancements and research avenues include the following:
» Employing a chiller unit: a chiller unit capable of operating at lower temperatures and higher flow
rates than those employed in the experiments could achieve cooling below 10 °C.
> Redesigning the experimental system: Enhancing heat transfer by refining the contact surface and
flow dynamics inside the cylinder could optimize cooling efficiency. This may involve redesigning
the cooling system to enhance fluid circulation and maximize contact with the rubber cylinder

surface.
Nomenclature
Symbols
A, Inner surface area of the steel cylinder (m?)
A, Outer surface area of the rubber coating (m?)
o Specific heat capacity of the cooling fluid (J/kg.K)
At Temperature difference (°C)
heonv,.it Convective heat transfer coefficient for the coolant at the inner surface (W/m?.K)
heonva.i2 Convective heat transfer coefficient for the air at the outer surface (W/m?.K)
eyt Thermal conductivity of the steel cylinder (W/m-K)
Ryl Thermal resistance, (K-m?/W)
key2 Thermal conductivity of the rubber (W/m-K)
Reyiz Thermal resistance (K-m?/W)
M Mass flow rate of the cooling fluid (kg/s)
Q Heat transfer rate (W)
I Inner diameter of the steel cylinder (m)
I Outer radius of the steel cylinder (m)
Is Outer radius of the rubber coating (m)
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Reonv,.it Convective heat transfer resistance at the inner surface (K-m?*/W)
Reonv,.iz Convective heat transfer resistance at the outer surface (K-m?/W)
Riotal Total thermal resistance (K-m?*/'W)

T Temperature (°C)

Tt Temperature of the cooling fluid or surrounding on the inner side (°C)
T. Temperature of the air or surrounding on the outer side (°C)
Subscripts

i: Inner surface

o: Outer surface

cyl: Cylinder

conv: Convection
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ABSTRACT

Zero-Shot Learning (ZSL) aims to classify images of new categories in the testing phase without
labeled images during training, using examples from categories with labeled images and some
auxiliary information. The auxiliary information includes semantic attributes, textual
descriptions, word embeddings, etc., for both labeled and unlabeled classes, utilizing Natural
Language Processing (NLP) approaches. The word embeddings created are limited by the
semantic attributes and textual descriptions where the semantics of categories are insufficient.
In this paper, introduces a study for Generalized Zero-Shot Learning (GZSL), a type of ZSL, by
integrating the rich semantics offered by ontology. Semantic attributes used for semantic
representation are supported by ontology. Variational Autoencoder (VAE) and Generative
Adversarial Network (GAN) network architectures are used together to synthesize visual
features. Our work was evaluated on the AWA2 dataset, and improvement in GZSL
performance was achieved.

Uretici Aglar ile Ontoloji Tabanl Genellestirilmis
Sifir-Atigh Ogrenme

(0 )4

Sifir-Atigh Ogrenme (Zero-Shot Learning - ZSL), egitim sirasinda, etiketli gériintiilerin
bulundugu kategorilere ait 6rneklerden ve bazi yardimei bilgilerden yararlanarak test agamasinda
etiketli gortntiileri bulunmayan yeni kategorilere ait 6rnekleri simiflandirmayr amaglamaktadir.
Buradaki yardimc bilgiler hem etiketli hem de etiketsiz simiflar i¢in semantik 6znitelikler,
metinsel agiklamalar, sozciik gomme gibi dogal dil isleme yaklagimlaridir. Olusturulan sozcitk
gommeleri, kategorilerin anlambiliminin yetersiz oldugu semantik oznitelikler ve metinsel
aciklamalar ile kisithidir. Bu yazida ontolojinin sundugu zengin semantigi iiretici aglara entegre
ederek ZSL’nin bir tiirii olan Genellegtirilmis Sifir-Atish Ogrenme (Generalized Zero-Shot
Learning - GZSL) gorevi i¢in bir ¢aligma tanitilmistir. Semantik temsil i¢in kullanilan semantik
oznitelikleri ontoloji ile desteklenmistir. Gorsel 6zellikleri sentezlemek igin VAE ve GAN aglarini
birlikte kullanidmustir. Caligmamizi AWA2 veri seti tizerinde degerlendirilmistir ve GZSL
performansinda iyilestirme saglanmigtir.
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1. Introduction

Deep learning has made significant advances in image processing, but it relies on collecting sufficient labeled
data for recognizing each category. In some cases, it may not be feasible to gather labeled training data for
every category [1]. The absence of labeled data makes the task considerably challenging for machine learning
and deep learning technologies [2] . In recent years, Zero-Shot Learning (ZSL) has gained attention for its
successful results in classifying unlabeled images [3]. ZSL consists of seen classes (with labeled image
examples), unseen classes (without labeled image examples), and semantic representations. ZSL aims to
recognize examples from unseen classes by transferring knowledge from examples in seen classes and
semantic representations[1]. During the testing phase of the ZSL task, only the performance of unseen classes
is evaluated. For a more realistic evaluation, Generalized Zero-Shot Learning (GZSL) studies have started to
replace ZSL studies. In the testing phase of the GZSL task, the performance of both seen and unseen classes is
assessed.

Due to the absence of labeled examples for new classes, GZSL encounters a data imbalance issue between seen
and unseen classes. Generative approaches, such as Generative Adversarial Networks (GAN) and Variational
Autoencoders (VAE), are highly effective in addressing this problem. Using generative networks, synthetic
visual features are produced for unseen classes by leveraging both visual and semantic features. However,
textual features are not generated for semantic relationships and contextual information of unseen classes [4].
Therefore, there is a need for structured data, such as semantic web, to address this issue [5].

The use of various Natural Language Processing (NLP) methods in deep learning tasks is quite common [6].
Extracting meaning from textual data such as web pages and documents using deep learning methods is a
challenging task. To address these challenging tasks, there is a need for rich models consisting of semantic
concepts offered by NLP tasks. Successful results have been achieved in tasks such as extracting meaning from
texts and establishing relationships between images and text using NLP-based deep learning methods [7-9].
Most words have multiple meanings. Relationships such as synonyms, antonyms, similar meanings, as well
as positive or negative connotations can exist for a word. In short, there are relationships and representations
between words. The semantic concept mentioned in NLP refers to how the meaning of a word is represented
and the information obtained from its relationship with other words[10].

Semantic Web emerges from the relationships established among semantic information. The goal of the
Semantic Web is to enable machines to make inferences. To achieve this, a structure is formed through the
collaboration of humans and computers. This structure is obtained by comprehending and linking data on
the web. Ontology is often used to create a robust structure with Semantic Web. Ontologies provide a strong
structure where machines can understand relationships between concepts. An ontology can be specific to a
domain or an advanced ontology resulting from the integration of ontologies from different domains.
Commonly, Resource Description Framework (RDF) and Web Ontology Language (OWL) are used to
describe the Semantic Web[11-13].

Fig. 1 provides an example representation for the seen class, unseen class, and ontological schema. The
semantic attributes used for images contain values for specific features in a given category. The ontological
schema, in addition to semantic attributes, presents a relational structure by utilizing class hierarchy and
descriptions. To create the ontological schema, the class hierarchy offered by RDF, such as "subClassOf," is
initially employed. Subsequently, class concepts are associated with attribute concepts like "hasTexture." As
depicted in Fig. 1, class concepts are represented by ovals, and attribute concepts are represented by rectangles.
Additionally, each class includes text-based descriptions. The created ontological schema is an RDF triple.
For example, the triple "killer_whale," "hasTexture," "spots" expresses that the killer whale has a spotted
texture. The ontological schema enhances the information transfer between seen and unseen classes more
effectively.
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Building on this, in our study, we aimed to enhance the performance of GZSL by enriching semantic
representations. For this purpose, we augmented the semantic attributes in the datasets with an ontology
created using RDF. Subsequently, we designed a VAE-GAN architecture for the learning model. We evaluated
our proposed GZSL model on the AWA?2 dataset. In the conducted experiments, our proposed method
resulted in a 1.19% improvement in GZSL performance. To the best of our knowledge, our GZSL study is the
first to incorporate RDF and semantic attributes together into a VAE-GAN-based model.

Seen Class

Ontol ogical Schema
Name S

killer whale m11asTextlu‘e
Attributes hasCol m
o hasColour

flippers
bllapgk hasBodyPart

white hasBodyPart subClassOf hasColour
spots

Name m‘% @
dolphin

Attributes hasBodyPart h”ls( i
tail

flippers
bllllfg hasB odyPart

white hasC olom‘—m
gray

Figure 1. Semantic attribute and ontological schema representations

subC lassOf
I

The rest of the article is organized as follows: Section 2 provides a summary of related works in the literature.
Section 3 introduces the proposed model in detail. Section 4 presents the experimental results of the study.
Finally, Section 5 concludes with conclusions and discussion.

2. Related Work

GZSL is the recognition of an object without any instance images of that object during the training phase,
utilizing textual and image data from other examples. GZSL is categorized into embedding-based methods
and generative-based methods. Embedding-based methods find a projection function from the visual space
to the semantic space during the training phase of the GZSL method, using information from seen categories.
During the testing phase, unseen image feature data is used as input to the trained model, and a semantic
embedding is obtained. Classification is then performed based on the category corresponding to the nearest
semantic embedding. [14-15]. Generative-based methods enable unseen classes to behave like seen classes by
synthesizing synthetic features for the unseen classes. In studies using generative-based methods, GAN is first
used and then VAE is employed to learn the synthesis of visual features for unseen classes from semantic
attributes. In subsequent studies, a VAE-GAN model, combining the strengths of both VAE and GAN, was
developed. [16]. Wu et al. utilized Stacked Autoencoder (StAE) to learn the relationship between extracted
features and semantic representations [17]. Gao et al. proposed a shared generative model known as Zero-
VAE-GAN to generate high-quality visual features for unseen classes. In the model, a conditionally guided
VAE based on semantic features is combined with a GAN conditioned on both categories and features.
Additionally, a classification network and perceptual reconstruction loss are included to generate high-quality
features [18]. Narayan et al. worked on an approach for both image and video datasets by adding a feedback
module to a VAE-GAN-based model [19]. Bao et al. colleagues utilized the VAE-GAN model to create
realistic and diverse new examples from natural images of faces, birds, and flowers within a class [20]. Han et
al. suggested a comparative embedding. In the proposed method, they used a parallel inference network and
a feature generation framework to project visual features into a semantic descriptive space [21].

Semantic web technologies enhance the restructuring of information and facilitate machine readability.
Semantic web technologies have been repeatedly used in machine learning and deep learning tasks. To enable
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a structure like ontology to be utilized by a deep neural network, there is a need for a framework that can
produce multiple hierarchical outputs representing the data. Each output of the neural network corresponds
to a concept in the ontology. Thus, a taxonomic assumption relationship architecture is defined for all
concepts for which inferences can be made based on these outputs [22,23]. In Semantic Web-based
applications, formal representation languages such as RDF and OWL, as well as structures like ontologies and
knowledge graphs, are commonly used. Geng et al. proposed a new generative zero-shot learning method
called KG-GAN by incorporating rich semantics from a knowledge graph into GANs. They developed graph
neural networks to investigate the effects of class semantics on feature transfer in zero-shot learning and to
learn semantic class nodes. They utilized the original taxonomy structure of WordNet along with the class
and subclass relationships of ImageNet to create the knowledge graph [24]. Geng et al. proposed an ontology-
based GAN to create more distinctive example features for ZSL. Their approach, named Onto-ZSL,
demonstrated the effectiveness of ZSL on image classification and knowledge graph completion tasks [25]. In
addition to the image classification and knowledge graph completion tasks introduced in their previous work,
Geng et al. presented another study involving ZSL with a relation extraction task [26].

Upon examining previous studies, it is evident that the use of VAE-GAN-based generative approaches has
led to highly successful results in GZSL tasks. In GZSL classification, the synthesized image features for unseen
classes are crucial. At the same time, semantic relationships play a significant role. Therefore, we propose a
GZSL framework that enriches semantic relationships with ontology, incorporating generative approaches to
enhance GZSL classification.

3. Method

In this section, we first address the problem, and then we introduce the architecture of our approach in three
sub-sections with detailed explanations.

3.1. Problem definition

GZSL aims to classify examples from both seen class S and unseen class U, using examples from the training
dataset, which contains seen classes, and examples from the test dataset, which contains both seen and unseen
classes. During the training phase of GZSL, both the seen class S and the semantic features A are trained, and
during the testing phase, it learns examples from both the seen class S and the unseen class U. Here, the classes
S and U are disjoint, meaning S N U = @. The semantic features A are represented as A° for the semantic
features of seen classes and AV for the semantic features of unseen classes. Thus, the semantic features A are

expressed as A = {a(k)}i:. The dataset for the seen class S containing examples X* corresponding to labels
Y is denoted as S = {X5,YS}. Similarly, the dataset for the unseen class U, containing examples XY
corresponding to labels YV, is denoted U = {XY,YU}. While ZSL learns the classifier f,:X — YYI GZSL
learns the classifier fy,q: X — YSuvyy,

3.2. Visual feature extraction

In this study, visual features obtained from a pre-trained Convolutional Neural Network (CNN) with the
ResNet-101 architecture from ImageNet [27] were used. The ResNet-101 architecture is a CNN with a depth
of 101 layers. These networks have been trained on over a million images and can classify images into 1000
object categories. Using a pre-trained network with transfer learning is often faster and easier than training a
network from scratch. With this architecture, rich feature representations for a variety of images are learned,
and 2048-dimensional visual features of images are extracted through average pooling. CNN has a powerful
capability for extracting visual features. However, unlike traditional image recognition, GZSL involves
unlabeled images, which leads to a decrease in the discriminative power of visual features extracted by CNN
[28]. Therefore, for GZSL, it is not sufficient to rely solely on visual feature extraction, and semantic feature
extraction is also utilized.
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3.3. Semantic feature extraction
3.3.1. Semantic embedding

Semantic information is represented with semantic vector embeddings. A semantic vector is a representation
of a word in a multi-dimensional semantic space. Semantic embeddings provide an effective way to represent
the meaning of words and analyze the semantic aspects of language. The use of language models such as
word2vec, GloVE, and BERT is common for representing the meaning of words. In recent years, the positive
impact of word embeddings on the performance of many applications has been observed [10,29,30]. In
traditional word embedding methods, the lack of word order information leads to a lack of semantic
information for words. Therefore, there is a problem of semantic compositionality in word embeddings. To
address this issue, a Recurrent Neural Network (RNN)-based language model that represents the meaning of
words has been developed, resulting in more meaningful word embeddings [31,32].

In traditional GZSL studies, semantic attributes are used to create semantic embeddings. In our study, in
addition to semantic attributes, textual descriptions and ontology are also utilized to create semantic
embeddings.

3.3.2. Ontology

In this study, RDF (Resource Description Framework) was used to create an ontology. RDF represents web
resources using triple statements, consisting of subject, predicate, and object. Subjects and objects represent
entities, while predicates represent the relationships between these entities. When given the statement
"Ankara is the capital of Turkey," RDF should be able to infer "Ankara" and "Turkey" as entities and the
relationship "is the capital of" between them [33]. As seen, manually coding information with human input is
crucial for developing semantic web-based applications [34]. Ontologies are hierarchical representations of
elements in a domain. These hierarchical representations are used to define categories at each level [35]. In
our study, an ontology schema containing class hierarchy, semantic attributes, and textual descriptions,
created using RDF triples, was employed [25]. The statistics of the created ontological schemas are shown in
Table 1. In Table 1, concepts refer to entities such as class names and class attributes. Properties represent
relationships established between concepts, such as color, texture, subclass, etc. RDF triples consist of three
elements, two concepts, and a property.

Table 1. Ontological schema information for the AWA2 dataset

Dataset RDF Triples Concepts Properties
AWA2 1256 180 12

In GZSL applications, the input dimensions of generative networks are determined by the dimensions of
visual features and semantic attributes. The visual and semantic feature dimensions of the AWA2 dataset used
in our study are shown in Table 2. The visual features of the images are 2048-dimensional. For semantic
embeddings, 85-dimensional class-level attributes, 100-dimensional structure-based representation, and 100-
dimensional text-based representation are utilized.

Table 1. Feature dimensions for the AWA2 dataset

Dataset Visual Features Semantic Attributes RDF Textual Descriptions
AWA2 2048 85 100 100

3.4. Generative-based networks

The examples generated by VAE are often blurry. Similarly, the examples generated by GAN are not natural.
However, the combination of VAE and GAN produces much more realistic, natural images [20]. In this study,
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the VAE-GAN-based model includes Encoder, Generator, Discriminator, and Decoder networks. All
networks in the model have 4096 hidden units and are two-layer fully connected networks. The proposed
architecture is shown in Fig. 2. In the workflow, first, the real features of seen classes x and semantic
embedding a are applied to the input of the Encoder, and the parameters of a noise distribution z are
extracted. Then, the extracted z and semantic embedding a are applied to the input of the Generator, and
synthetic features X are generated. Synthetic features £ and original features x are compared using Binary
Cross-Entropy loss (Lgcg). Up to this point, it is the standard VAE approach. Encoder and Generator, which
constitute the VAE, are trained using the Lg.z and the Kullback-Leibler divergence (Ly;). The synthetic
feature X or the original feature x, along with semantic embedding a, is applied to the input of the
Discriminator, and the Discriminator learns to distinguish synthetic and original features. Here, Generator
and Discriminator follow the standard GAN approach. Generator and Discriminator are trained using the
Wasserstein GAN loss (Ly,). To improve classification performance, the synthetic feature X or the original
feature x is applied to the input of the Decoder, and the developed synthetic feature X is applied to the hidden
layer of the Generator. The enhanced synthetic feature % is again applied to the inputs of the Discriminator
and Decoder. Discriminator calculates the Ly, to determine whether the visual feature is real or fake. The
latent embeddings transformed by the decoder are combined with the corresponding visual features x and %,
and trained using a cycle-consistency loss (Lg). Finally, the losses obtained from the Discriminator and
Decoder are calculated for training and used for ZSL and GZSL classification.

A
4 amg Discriminator g R
3

Real Fake?

Ontology Decoder geRgBl

Semantic

Embedding

Figure 2. Illustration of the proposed architecture

4. Experimental Result

In this section, the evaluation of our proposed study, comparisons with other methods, and analyses of the
model are presented.

4.1. Dataset

We evaluate our method using the AWA2 (Animals with Attributes 2) [34] dataset, which is suitable for
ontology creation. The AWA2 dataset contains images from 50 classes, with 40 of these classes proposed as
seen classes and 10 as unseen classes based on the Proposed Split (PS). AWA2, comprising a total of 37,322
images, is a coarse-grained dataset suitable for ontology creation. Statistical information about the AWA2
dataset is provided in Table 3.

Table 2. Statistics for the AWA2 dataset.

Seen Unseen Total Total
Dataset Classes Classes Classes  Images
AWA2 40 10 50 37322
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4.2. Performance metrics and evaluation

In our study, we examine classification performances for both GZSL and traditional ZSL tasks. The best
accuracy rate is used for ZSL performance measurements in the experiments. For GZSL performance
measurements, the commonly used harmonic mean is selected. To calculate the harmonic mean, the accuracy
rates of seen and unseen classes are utilized, as shown in Equation 1. In the equation, the harmonic mean (H)
is defined in terms of the accuracy rates of seen classes (Accs) and unseen classes (Accy).

2 XAccg XAccy

H= (1)

AccgtAccy
Table 4 displays the experimental results of the proposed method and state-of-the-art methods for both ZSL
and GZSL on the AWA2 dataset. The table indicates the best accuracy (T1) for ZSL performance, and for
GZSL performance, it shows the results for unseen classes (U), seen classes (S), and the harmonic mean (H).
Performance measurements are calculated as percentages, and the best results are highlighted in bold.
Looking at Table 4, our proposed method achieved the best H value with a GZSL performance of 66.29%. For
ZSL tasks, it secured the third position with a performance of 69.69%. The proposed method demonstrates a
1.19% improvement for the GZSL task.

Table 3. ZSL and GZSL experimental results performed with the AWA dataset.

Methods T1 S U H

MVAAD [36]. 69.50 9340 30.70 49.20
Cramer GAN [37]. 7240 - - 65.00
T{-GCZSL [38]. - 64.89 40.23  48.33
DGEM [39]. 67.30 69.80 4340 53.40
SRSA [40]. 68.30 59.60 38.10 46.50
Niu et al. [41]. - 66.00 59.30 62.50
ZSLGC-MLO [42]. 73.10 7120 57.80 63.80
Zhang et al. [43] - 7240 59.10 65.10
Geng et al. [26] 62.65 59.59 50.58 54.71
Ours 69.69 79.05 57.08 66.29

4.3. Model analysis
4.3.1. Ablation study

Ablation experiments were conducted to investigate the impact of semantic representations in our study. We
evaluated different combinations of semantic attributes (att), ontology (onto), and textual descriptions (text).
The results obtained from the experiments are shown in Table 5, with the best results highlighted in bold.
According to the results, the best T1 and H values were achieved when using semantic attributes and ontology
together.

Table 4. Ablation experiments for the AWA dataset

Methods T1 S U H

Ours + att + onto 69.69 79.05 57.08 66.29
Ours + att + text 60.40 77.95 49.55 60.58
Ours + att + onto + text 67.43 73.79 60.10 66.25

4.3.2. Parameter analysis

In our experiments, we examined the effects of classification learning rates of 0.00001, 0.0001, and 0.0005 on
U, S, and H. The results of the classification learning rates are shown in Fig. 3. Looking at Fig. 3, the best result
was obtained with a learning rate of 0.0005. Additionally, the results indicate that different classification
learning rates have an impact on the outcomes.
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Figure 3. Results of classification learnibg rates
5. Conclusions and Discussion

In this paper, we proposed a generative-based model enriched with semantic representations for GZSL tasks.
We utilized VAE-GAN generator networks to generate synthetic images for unseen classes. We leveraged an
ontology created with RDF for the semantic representations of classes. Thus, by using both the numerical
values of semantic attributes and their meaningful relationships, we created a highly discriminative semantic
embedding. VAE establishes tight relationships between the visual and semantic domains. It is known that
GAN prevents mode collapse issues. Taking advantage of the strong features of VAE and GAN, we
synthesized image features and addressed data imbalance. We evaluated the performance of our proposed
model on both standard ZSL and generalized ZSL using the AWA2 dataset. We compared the performance
of our proposed model with the performances of the latest technology methods, achieving an additional
improvement of 1.19 points for the GZSL task.

In our future work, we aim to enhance the success achieved in this study. We plan to create an ontology using
the OWL language. We believe that incorporating the innovations brought by the OWL language into our
ontology structure will contribute to the literature by improving the performance of our model.
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