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Highlights

e The Black Stone is possibly the most respected rock in the whole world, but its features and origin
has not been constrained very well.

e The size of gravel and its constituents in the Black stone of Kaaba were determined by an image
process software. Modal mineralogical composition of the Kaaba stone in Edirne was also
determined, with the size of its minerals.

e It is suggested that the Stone in Edirne could be from the Yemeni Corner of Kaaba originated
from Makkah batholith, and different from those of Istanbul and Kaaba based on its colour and
texture the origin of the black stone remains the subject of speculation due to a lack of

analyses of modern scientific techniques
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ABSTRACT: The Black Stone is composed of several dark-coloured gravels (9.7-27 mm) held together by
a silver frame in the eastern wall of the Kaaba (Makkah). It contains long prismatic white crystal
(0.64-1.11 mm) and short prismatic black (0.33-0.85 mm in length) crystal in an equigranular texture.
Six and one additional pieces of the Black Stone are claimed to be in Istanbul and Edirne, Turkey. The
stone of Edirne is composed of quartz (0.45-6.57 mm, 47.02 %), white plagioclase (0.81-2.97 mm, 38.49 %)
and black amphibole (0.9-2.43 mm, 14.49 %) crystals in a coarse-grained texture, with the composition of
tonalite. It is suggested that the stone could be from the Yemeni Corner of Kaaba originated from Makkah
batholith, and different from those of Istanbul and Kaaba based on its colour and texture. In the whole
world, the Black Stone is possibly the most respected rock believed to be as old as Adam and Eve, and
an “Object from Heaven”. It is suggested to be glass, granite, agate, pseudometeorite or most
popularly stony meteorite. But the origin of the black stone remains the subject of speculation due to a
lack of analyses of modern scientific techniques.

Keywords: Hajar Al-Aswad, Meteorite, Kaaba, Makkah
1. INTRODUCTION

The Hajar al-Aswad is located on the eastern wall of the Ka'ba in the centre of the Grand Mosque,
Islam's most important mosque, in Makkah, Saudi Arabia. It is named as “Object from Heaven, Star of the
Paradise and The Black Stone”. It contains seven or eight small black pieces of distinct rock cemented
together and encased in a silver frame, which leaves an area of [1] ~30 cm in diameter, 1.5 meters above
the ground (Figure 1-2).

Besides, six and one additional pieces are believed to be in Istanbul and Edirne, Turkey; four are
exhibited in the Sokollu Mehmet Pasha Mosque (Figure 3), one in the mihrab of the Blue Mosque (Figure
4), and one above the entrance of the tomb of Sulaiman the Magnificent (Figure 5). During the
preservation of Hacer-iil Esved stone was being renovated, pieces with a total length of 10 cm were torn
off from its edges and used in the Sokullu Mehmet Pasha Mosque in Istanbul, which completed its
construction in 1571. A sample exists in the Grand Mosque in Edirne (Figure 6), Northwestern Turkey.
The Black Stone is considered to be as old as Adam and Eve, and “Object from Heaven”, to serve as the
world’s first temple, Ka’ba. Muslims traditionally kiss or touch the stone during their pilgrimage to
Makkah, known as the Hajj and Umrah. It is considered to be a representation of the unity of all
Muslims and one of the most important symbols of Islam. The stone is also possibly the most revered
rock in the world. Though various origins have been suggested for the stone; from granite through agate
and most likely a stony meteorite, its features and origin is still subject to speculation. Thus, it is aimed
to characterize the Black stone, both in Makkah and in Turkey in the light of previous studies with its
macroscopic features.

*Corresponding Author: Kerim KOCAK, kkocak@ktun.edu.tr
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Figure 1. Black stone in Kaaba.

.

Figure 2. Photograph of the Black stone

2. MATERIAL AND METHOD

The Black stone in Kaaba is the most sacred object in Islam, hence no sample is available to study on.
But the detailed pictures of the Black Stone taken by Saudi Government, and that of the stones in Istanbul
and Edirne evaluated on the light of the previous studies. An image processing software (Kameram
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1.6.1.3) is applied to the Black stone in Kaaba to determine the size of gravels and their crystals. The
software was also applied to the Edirne sample to measure the sizes of its constituents and to constrain its
modal mineralogical composition.

Figure 4. Blue Mosque.
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Figure 6. Kaaba stone from the old mosque in Edirne. The figure has a diameter of ~4.5 cm.

3.HISTORY

The Hajar al-Aswad was originally a complete stone. The Islamic prophet Muhammad even placed
the stone as one piece into the Kaaba’s wall in 605. However, the stone suffered from considerable damage
over with time; cracked, repaired, stolen and even burnt: The stone was broken into three pieces by a fire
during the Umayyad Caliphate's siege of Makkah in 683 [3]. From Bahrain, Qarmatian warriors led by
Abu Tahir al-Qarmati stole the Hajar al-Aswad in 930, kept it in all-Hasa, (Medieval Bahrein) and restored
to its original location after twenty-three years, which induce breaking the stone into seven pieces [4]. The
Kaaba was burned at an early date, and the stone may have broken into three pieces. The stone included
15 pieces in 1825 [al-Kurdi, 1875; in [5]] (Figure 7). Therefore, the missing pieces can be covered with
cement from previous restorations, or they might be lost. Because of this, it is challenging to describe the
Stone's original shape and dimensions, but it may be assumed that they were at least 25 X 20 X 20 cm [1].
The Kaaba was burned during Mohammed's rule, between A.D. 570 and A.D. 632, which may have
caused the stone to break in A.D. 1050. A man of Al-Mustansir Billah, Egyptian caliph broke to numerous
minor pieces in A.D. 1050. In 1626, Mecca was seriously flooded, leading to the fall of three of the walls
of the Kaaba [6].
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Figure 7. Views of the Black stone's front and side with ~ 16 cm by 10 cm in size [7].

The Black Stone was first pointed out in Western literature by European travellers to Arabia, who
visited the Kaaba in the 19th and early 20th centuries. Johann Ludwig Burckhardt visited Makkah and
described the stone in 1814 [6] as irregularly shaped oval Hajar Aswad, and about eighteen cm diameter
with irregular surfaces. In 1817, Ritter von Laurin had a chance to inspect a fragment of the Stone, which
was removed by Muhammad ‘Ali Basha, viceroy of Egypt [8]. He described that it had a pitch-black
exterior and a silver-grey, fine-grained interior in which tiny cubes of a bottle-green material were
embedded. Thomas E. Lawrence, known as Lawrence of Arabia (1888-1935), had a chance to visit Kaaba

(9]
4FEATURES AND ORIGIN OF THE BLACK STONE

The stone is reported to have blackish and brownish colours. Its matrix is coloured like coal, according
to "Ali Bey" [1816 in [7]]. Furthermore, the matrix contains scattered white and yellow spots, tiny, pointed
crystals, and maybe feldspar phenocrysts (e.g. [5-7, 10]. However, it is problematic to define its colour as
it is composed of various broken pieces. Dietz and McHone [5] point out that the stone is hummocky and
"muscled,” which demonstrates to considerable hardness, possibly Mohs 7, since the touches of millions
of hands have not worn away the stone. The stone has mirror-like luster produced by rubbing, suggesting
an aphanitic texture. Detailed picture of the stone (Figure 2) has been revealed first time in 2021 by the
Saudi government. It was obtained by the focus stacking method [2] after taking more than 50 hours and
producing images that were up to 49.000 megapixels in size. Using an image processing software
(Kameram 1.6.1.3), the size of the gravels and its constituents were measured in the Kaaba stone. Figure 2
clearly shows various gravels (9.7-27 mm) and short prismatic black crystals (0.33-0.85 mm in length) in a
brownish to reddish cement. It also shows that the stone appears to have an equigranular texture,
excluding a volcanic origin.

In general, dark color is observed in all black stones from both Kaaba, and Istanbul. The Black stones
in both Kaaba and Sokollu Mehmet Pasa Mosque have discernible long prismatic white crystals (0.64-1.11
mm in Kaaba), similar to plagioclase (Figure 2, Figure 3). The stone is reported to float on water [11].

Paul Partsch [12], the curator of the Austro-Hungarian imperial collection of minerals, was the first to
declare the Black Stone as a meteorite stone in 1857 by extensive study. Khan [7] also considers the stone
as likely a stony meteorite, and the Catalogue of Meteorites by Prior-Hey [13] lists it as a possible example.
However, [5] indicate that the black stone is unlikely to be a stony meteorite as the stone floats. The stone
is suggested to have high hardness, possibly Mohs 7 [5], which is also against an origin of stony meteorite.
The fractured nature of the stone has also ruled out an origin of a nickel-iron meteorite [5] as nickel-iron
meteorites are characterized by hard and a bit ductile structure.

Thomas E. Lawrence (1888-1935) examine the surface of the holy stone by magnifying glass hidden in
his dress during pilgrimage/umra, and confirmed that the stone was granite rock, which is dark grey,
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composed of mainly quartz, feldspars and mica [9]. However, the predominant dark colour of the stone
is not in favour of this suggestion. [5] also point out that an anonymous, Arab geologist who had a chance
to examine the stone carefully during the Hajj, explains the existence of clearly discernible diffusion
banding in the stone, which points rather clearly to its being an agate [5]. However, Thomsen [1] suggests
the Black Stone to be a glass fragment or impactite from the impact of a fragmented meteorite. The
crystalline texture of the stone (Figure 2) however, disagrees with this suggestion.

The stone of Edirne is distinct from those of Istanbul and Kaaba, regarding its colour and texture. The
composition of the sample is also constrained by modal analysis using Kameram 1.6.1.3 software based
on macroscopic features. The Edirne stone contains glassy quartz (0.45-6.57 mm, 47.02 %), white
plagioclase (0.81-2.97 mm, 38.49 %) and black amphibole (0.9-2.43 mm, 14.49 %) crystals in a coarse-
grained texture (Figure 8), with a composition similar tonalite.

R LY L
Figure 8. Modal analysis of the Edirne sample.; amphibole (yellow), quartz (green), plagioclase (red,
blue)

5.DISCUSSIONS&CONCLUSIONS

Muslims consider the Black Stone as a metaphysical rather than a natural thing, therefore the meteorite
suggestion is not likely to be accepted by Muslims. However, no scientific investigation exists on the basis
of mineral/rock chemistry and isotopic studies on the Black Stone, its origins remain the subject of
speculation.

The texture of the stone of Edirne is different from the those of Kaaba and Istanbul and show
similarities to tonalite. Similarly, Blinyamin Ker¢in, Imam of the Grand Mosque in Edirne, suggests that
it is not from the black stone, but pieces of the Alemanni pillar, the southern corner of the Kaaba (Riikn-
1 Yemani, The Yemeni Corner) [14]. Figure 9 shows that the Yemeni corner may contain several types of
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stones, but light coloured one (“a” in Figure 9), is similar to the stone of Edirne.
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Figure 10. A Geologic map of the Makkah region [17].

Makkah city is located in the Precambrian Arabian shield, which is suggested to have ~50% plutonic
and ~50% volcanic and sedimentary rocks, and that granitic rocks make up ~70% of all plutons at the
surface [15].

Ju'ranah complex is exposed in the northwest of Makkah batholith (Figure 10), and composed
hornblende tonalite and tonalite to granodiorite; minor biotite and biotite-hornblende tonalite [16].
Therefore, it is likely that the Edirne stone may come from the complex.
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ABSTRACT: Particle Swarm Optimization (PSO) is a commonly used optimization to solve many
problems. The PSO, which is developed for continuous optimization, is updated to solve discrete
problems and Discrete PSO (DPSO) is obtained in this study. With DPSO, the Traveling Salesman Problem
(TSP), which is well-known in the literature as a discrete problem, is solved. In order to improve the
results, the swap method, the shift method, and the symmetry method are added to DPSO. The symmetry
method is a new and successful method. The variations of the DPSO occurred according to the selected
method type (DPSOL1 (swap method), DPSO2 (shift method), DPSO3 (swap and shift methods), DPSO4
(symmetry method), DPSO5 (swap, shift, and symmetry methods), DPSO6 (swap, shift, symmetry, and 2-
opt methods)). The effect of each method on the performance of the DPSO has been studied in detail. To
demonstrate the success of the variations of the DPSO, the results are additionally compared with many
well-known and new discrete algorithms in the literature. The results showed that the performance of
DPSO has improved with the symmetry method and it has achieved better results than the discrete
heuristic algorithms recently proposed in the literature.

Keywords: Swap, Shift, Symmetry, 2-OPT, Discrete Optimization, TSP
1. INTRODUCTION

In the literature, many researchers have either developed old methods or proposed new methods to
solve problems that are difficult to solve. In recent years, metaheuristic algorithms for such problems have
gained great importance due to their success. Metaheuristic algorithms are created by imitating events
that exist in nature. Most metaheuristic algorithms are created by imitating the feeding, hunting,
cohabitation, and similar behaviors of living creatures. Many metaheuristic algorithms have been
proposed in the literature. The oldest and most frequently used of these are Particle Swarm Optimization
(PSO) [1], Ant Colony Optimization (ACO) [2], and Artificial Bee Colony (ABC) [3]. These algorithms have
produced solutions for many different problems in the literature. Apart from these, there are different
heuristic algorithms that have been newly proposed in the literature in recent years. Some of these are as
follows: Snake Optimizer (SO) has created by snakes imitating their special mating behaviors [4], War
Strategy Optimization (WSO) has based on the strategic movements of army weapons during the war [5],
Red Fox Optimization (RFO) has created by imitating the hunting and feeding behavior of red foxes living
in nature on the snowy ground [6], etc. PSO is chosen for discrete optimization problems in this paper.
PSO is a heuristic algorithm based on mimicking bird and fish foraging behavior. PSO is simple to code,
has few parameters, and has a fast convergence rate [7]. That's why it has been used by many researchers
to solve engineering problems. It is used in a wide range of applications, including function optimization,
neural network training, fuzzy system control, classification, pattern recognition, signal processing, and
robot technology [7], [8], [9], [10], [11]. Gaing has proposed the discrete Binary PSO (BPSO) method in the
literature. Gaing has combined BPSO and Lambda iteration methods in the study [12]. For the feature
subset selection problem, Unler and Murat have created a modified discrete PSO algorithm [13]. Strasser
et al. present a PSO version that can optimize over discrete variables [14]. To solve the no-wait flow shop

*Corresponding Author: Emine BAS, ebas@ktun.edu.tr



mailto:ebas@ktun.edu.tr
mailto:ebas@ktun.edu.tr
mailto:gavsar@selcuk.edu.tr
https://orcid.org/0000-0003-4322-6010
https://orcid.org/0000-0001-6252-9012

A Discrete Particle Swarm Algorithm with Symmetry Methods for 611
Discrete Optimization Problems

scheduling problem with both makespan and total flowtime criteria, a Discrete PSO (DPSO) algorithm is
presented [15]. Izakian et al. propose a discrete PSO (DPSO) method for grid job scheduling [16].

The optimization process is the process of obtaining the best value of a problem. In the optimization
process, if the search space variables take continuous values, it is called continuous optimization, and if
they take discrete values, it is called discrete optimization. Due to the nature of some problems, they take
discrete values. The Traveling Salesman Problem (TSP) is one such problem. The TSP is a well-known
multidisciplinary problem in operations research and computer science in which the goal is to find the
shortest Hamiltonian cycle (circuit) in a network of cities (cost). The problem can be described as follows,
given a set of cities (nodes) and the distances between them: A salesman should visit each of the remaining
cities exactly once, starting and ending in a single depot city, to minimize the salesman's total journey
distance (cost). Various scholars have investigated the TSP thoroughly, and as a result, several viable
solutions (shift, swap, use the 2-opt algorithm, use the 3-opt algorithm, etc.) have been proposed [17], [18],
[19], [20], [21]. Osaba et al. have proposed an improved discrete version of the WCA (dubbed the DWCA)
to solve the Symmetric and Asymmetric TSPs [22]. The inclination feature in DWCA improves exploration
and exploitation. Choong et al. have proposed a modified choice function for the TSP as a hyper-heuristic
method [23]. Dahan et al. present a TSP adaptation of the Flying Ant Colony Optimization (FACO)
algorithm [24]. For the TSP, Zhong et al. have proposed a hybrid discrete artificial bee colony algorithm
with a threshold acceptance criterion [25]. Gao has suggested a new ACO algorithm [26]. A strategy of
combining pairs of searching ants is used in this algorithm to diversify the solution space. Dong and Cai
have introduced a new genetic algorithm for large-scale colored balanced TSPs [27]. Rokbani et al. have
used FPA, PSO, and ant colony optimization heuristic algorithms as a hierarchical whole within the local
search mechanism for TSP in 2021 [28]. Wu et al. have proposed a novel greedy genetic sparrow search
algorithm based on a sine and cosine search strategy (GGSC-SSA) for TSP in 2021 [29]. Zhang and Han
have proposed a discrete sparrow search algorithm (DSSA) with a global perturbation strategy to solve
the TSP [30]. Huang et al. have proposed a discrete shuffled frog-leaping algorithm for TSPs. They have
designed a new individual generation operator and four improved searching strategies to improve the
algorithm performance [31]. Panwar and Deep have proposed a novel discrete GWO algorithm (D-GWO)
to solve complex discrete TSPs [19]. Zhang and Yang have proposed a discrete cuckoo search algorithm
based on the random walk and cluster analysis to solve the TSPs [32]. Zhang et al. have proposed a
Discrete Mayfly Algorithm (DMA) for solving spherical asymmetric TSP. The DMA has had inver-over
operator, a crossover operator, and a 3-opt operator [33].

In this study, the PSO, which is developed for continuous optimization, is updated to solve discrete
problems and Discrete PSO (DPSO) is obtained. With DPSO, TSP, which is well known in the literature as
a discrete problem, is solved. In order to improve the results, the swap method, the shift method, the
symmetry method, and 2-opt method are added to DPSO. The symmetry method is a newly developed
and successful method [21]. The variations of the DPSO have occurred according to the selected method
type (DPSO1 (swap method), DPSO2 (shift method), DPSO3 (swap and shift methods), DPSO4 (symmetry
method), DPSO5 (swap, shift, and symmetry methods), DPSO6 (swap, shift, symmetry, and the 2-opt
methods)). Sixteen low, medium, and large-sized TSP datasets are solved with the variations of the DPSO
and the results are compared with each other. In order to demonstrate the success of the variations of the
DPSO, the results are compared with many well-known and new discrete algorithms in the literature.

1.1. The Primary Significant Contribution of the Research

The significant distinctions between our study and previous research, as well as the major additions
to the literature, are noted below.

v' DPSO is a discrete optimization method for discrete optimization problems.

v" DPSO produces adequate and similar TSP solutions, according to the findings of the
experiments.

v The DPSO has been applied to solve sixteen different TSPs taken from TSPLIB.



612 E. BAS, G. YILDIZDAN

v The variations of the DPSO have occurred according to the selected method (DPSO1
(swap method), DPSO2 (shift method), DPSO3 (swap and shift methods), DPSO4
(symmetry method), DPSO5 (swap, shift, and symmetry methods), DPSO6 (swap, shift,
symmetry, and 2-opt methods)).

v'In this study, the shift and symmetry method is applied for the first time for DPSO in the
literature.

v In this study, a population size (N) and the number of candidate solutions (CS) are
examined in detail. Their effects on performance are shown.

v' According to the best (Min), the worst (Max), mean (Avg), standard deviation (Std),
relative error, and CPU time, the TSP results show that the proposed algorithm is a viable
and competitive optimizer.

In this study, the materials and methods used in the paper (PSO, DPSO, TSP, the swap method, the
shift method, the symmetry method, and the 2-opt method) are explained in Section 2, and the
experimental results of the variations of the DPSO are given and discussed in Section 3. In Section 4 and
Section 5, the results are explained and discussed.

2. MATERIAL AND METHODS
2.1. Particle Swarm Optimization (PSO)

Particle Swarm Optimization (PSO) was modeled in 1995 and is widely used today [1]. PSO is modeled
with inspiration from flocks of birds and fish. In the first stage, birds do not know where the food is and
look for food in different places. Every bird is considered a particle. All particles work to find the optimum
result or solutions that are close to the optimum result. Particles are placed randomly or regularly. There
is information sharing between all particles. According to the information sharing, the best position is
found and that movement moves in other particles. The optimum result can be reached easily and quickly
by sharing information about the particles.

In the PSO, each particle represents the solution-seeking agents of the swarm. It tries to get the best
position by changing the positions of search agents in the search space depending on their local and global
search capabilities. Each search agent updates its position (a) and velocity (vel) according to Equation 1 and
Equation 2. Here, Best denotes the best search agent value and GBest denotes the global best search agent
value.

vel;;(t + 1) = w = vel;;(t) + kyrand, (Bestl-j(t) - a; (t)) + kyrand,(GBest;;(t) — a;;(t)) (1)

where, vel;;(t + 1) denotes velocities of agent in range [-Velyqx,Velnqy] (i=agent name, j=dimension
name, t= iteration number). a;;(t + 1) denotes positions of agent. w is the inertia weight. It is used to check
the effect of previous speed history. k; and k, are the cognition learning factor and social learning factor.
rand; and rand, are random numbers in range [0, 1] [1], [7]. The PSO's pseudo-code has been explained
in Algorithm 1.
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Algorithm 1: Pseudo-code of the P50

1:  Assign parameter values (¢, c;, w, etc.) of P50 and initialize.

2 Initialize the positions of the particles randomly. (Particle: i=1, ..., N) (Dimension: j=1, ..., D)
3:  while (iter = max_iter) do

4 Calculate the objective function for the given particles

5.

6

7

Find the value of the best particle (Best) and find the value of the global best particle (GBest)
for (i=1 to N) do
for (j=1 to D) do

& Generate a random values between [0, 1] (rand: and rand:)
9: Calculate velocities of particles with Eq. (1)

10: Calculate positions of particles with Eq. (2)

11: end for

12:  end for

13:  iter=iter+l

14:  end while

15:  The value of the global best particle

2.2. Discrete Particle Swarm Optimization (DPSO)

PSO is modified to solve discrete optimization problems as follows: The particles are generated as
random permutations during the initialization phase. In the PSO, each dimension of the particles holds
the destination city information for the TSP. These values are obtained from the continuous search space
obtained in PSO. Figure 1 shows the generation of the discrete search space from the continuous search
space in PSO. For example, for a TSP with 10 cities, random variable values are generated with PSO in the
range of [1] - [10]. These values are rounded to integer values to make them discrete. Since each city is
visited once in TSP, the variable value should not repeat. Recurring variable values are detected with
DPSO and the city name that is not included in the particle is added.

‘ 224 ‘ 512 | 5.66 ‘ 7.24 ‘ 8.11 ‘ 9.41 ‘ 9.86 | 112 ‘ 3.24 ‘ 422 | (1x10) (Continuous Search Space)

| 2] 5] 6] 7] 8] 9 [ 10] 1] 3] 4 || (1xl0)(Discrete Search Space)

Figure 1. Generation of discrete search space (for DPSO) from continuous search space in PSO

The fitness value of each particle in the swarm is calculated. The individuals in the DPSO population
randomly generate the city route to be visited. The resulting random route does not always perform well.
Therefore, updates should be made on this route. DPSO generates candidate solutions for each particle by
various methods (the swap method, the shift method, the symmetry method, and the 2-opt method). If
the fitness value of the produced candidate solution is better, the current individual is replaced with the
candidate solution. The swap method, the shift method, the symmetry method, and the 2-opt method are
used for new candidate particles in the DPSO. The variations of the DPSO have occurred according to the
selected method type (DPSO1 (swap method), DPSO2 (shift method), DPSO3 (swap and shift methods),
DPSO4 (symmetry method), DPSO5 (swap, shift, and symmetry methods), DPSO6 (swap, shift, symmetry,
and 2-opt methods)). The swap, shift, symmetry, and 2-opt methods are described in Section 2.3. The best
solution is obtained after the termination criterion is met. The DPSO's pseudo-code is explained in
Algorithm 2. Figure 2 shows the DPSO model.



614

E. BAS, G. YILDIZDAN

Algorithm 2: Pseudo-code of the DPSO

1
2

e A

11:
12:
13:

14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:

Assign parameter values (N, D, CS, ¢y, c;, w, etc.) of DPSO and initialize.
Initialize the positions of the particles randomly. (Particle: i=1, ..., N) (Dimension: j=1, ..., D) (D=
total number of dities) (Particle: 1, 2, ..., N)
while (iter < max_iter) do
Calculate the objective function for the given particles for TSP (Total route length)
Find the value of the best particle (Best) and find the value of the global best particle (GBest)
for (i=1 toN) do
for (=1 to D) do
Generate a random values between [0, 1] (rand: and randz)
Calculate velocities of particles with Eq. (1)
Calculate positions of particles with Eq. (2)
end for
end for
for (i=1 to N) do
for (=1 to CS) do
Apply swap method on new candidate particle
Apply shift method on new candidate particle
Apply symmetry method on new candidate particle
Apply 2-opt method on new candidate particle
end for
end for
Calculate the objective function for the new candidate particles for TSP (Total route length)
for (i=1 to N) do
if the fitness of new candidate particle (i) = the fitness of particle (i)
Update particle (i) as new candidate particle (i)
end if
end for
iter=iter+1
end while
The value of the global best particle

1

Swap method

1

Shift method

1

|

2-OPT method

|

The swarm of new candidate particles

1

1

The best swarm of particles

Figure 2. The DPSO model
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2.3. Swap, Shift, Symmetry, and 2-opt Methods

2.3.1. Swap method

The swap transformation is based on swapping two randomly selected cities in each particle [21].
Thus, a new candidate particle is created. Although the swap transform is a simple method, it has been
used by many researchers in the literature to create new candidate particles. It enables DPSO to approach

the optimum result. The swap method is shown in Figure 3.

Particle= 1 2 3 4 5 6 7
Swap (2,5)
The new
candidate 1 5 3 4 2 6 7
particle=
6 6
L F: ll
2 _-__:.___‘\— 3 2 I 3
] .
!':\ ! ‘\):, [
RPN 2
Jd - 5
-7 5 . 1
£ a7 Swap (2.5) &£
a “"; N g '
v s L4
T |
7 ~--> . 7 >

Figure 3. The swap method

2.3.2. Shift method

Each particle holds the city route information that will be visited by the vendor to calculate the fitness
function of the problem. In order to generate candidate solutions in the Shift method, two different
random cities are selected for each particle [21]. These two cities in the particle are swapped to create a
new candidate particle, as in the swap method. During this change, the city location adjacent to the second
randomly selected city is also included in the change. Shift transform causes position changes on the
particle. In the swap method, two-city locations are changed, while in the shift method, three-city locations
are changed. This creates a more efficient solution for finding the optimum route length. The shift method

is shown in Figure 4 in detail.
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Particle= 1 2 3 4 5 6 7
Shift (3,5)
The new
candidate 1 2 4 5 3 6 7
particle=
6 6
I F: ll
1
2 g e=o 3 2 1 3
RN w
R ' e N ll
. 1 ’—’ “ S
oL 1y . Y]
,,-ﬁ'\ > 5 Shift (3.5) r 5
‘:‘ ,_\ - _Jf-):__,_—
- e
. NN SN
v Y v
7 ~o-> 2 7 —--> 12

Figure 4. The shift method

2.3.3. Symmetry method

The symmetry method is a method based on randomly changing city locations, as in the swap and
shift methods [21]. In the symmetry method, there is more city location change than in the swap and shift
methods. In the symmetry method, first of all, the city location is chosen randomly from 1-D in the form
of two different groups. First of all, these two groups are subjected to a change of place among themselves,
then the members of each group change their ranks among themselves. Thus, four different city locations
are randomly changed. It also enhances the global search capability of the DPSO by placing groups of
pairs at random locations in the search space. Relocation within the group also improves the local search
capability of the DPSO in the search space. Thanks to this method, both the local and global search
capability of DPSO is improved at the same time. While the swap method improves DPSO's global search
capability, the shift method improves DPSO's local search capability. The success of a discrete heuristic
algorithm depends on its ability to search both locally and globally. The symmetry method is shown in

Figure 5 in detail.

Particle= 1 2 3 4 5 6 7
Symmetry ((1,2),(5,6))
The new
candidate 6 5 3 4 2 1 7
particle=
6 6
[N
2 ceeor--X> 3 2 (3
‘: ~ : \)’ ‘ . -
AL A -
e U g g . 5
PR Y - ? _ -
WL SO Symmetry ((1.2). (5.6)) £
P ~
4 - 1 ~ 4
1 ALY
\'4 N .
1
7 b--> 7

Figure 5. The symmetry method
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2.3.4. 2-OPT method

A local search algorithm begins with a candidate solution and progresses iteratively to a
neighboring solution. It is often referred to as k-opt. In the literature, 2-opt and 3-opt forms are mostly
used in discrete optimization problems. The 2-opt algorithm is most likely the simplest and most widely
used algorithm for solving TSP problems. It was first developed by Croes in 1958. The 2-opt local search
algorithm seeks two distinct neighbor solutions. To improve the quality of the solution, a 2-opt local search
method is implemented on the best individual [38]. Working with local search logic, the algorithm makes
improvements by removing two edges from the round and connecting the remaining parts differently.
The solution is obtained after all possible changes have been made is called 2-optimal. It can be defined as
deleting the two edges in the tour and connecting the tour divided into two parts differently, reducing
costs. The 2-opt method is shown in Figure 6 and Figure 7 in detail. In this study, the 2-OPT algorithm is
applied on the last route obtained after the methods applied in DPSO.

The route before 2-0PT
700 T T T T T

L 1 L L
“650 700 750 800 850 900 950

Figure 6. The route before 2-Opt method

The route after 2-OPT
Ll T T T T

650 — / i T

500 —_ -

450 1 | | | |
650 700 750 800 850 900 950

Figure 7. The route after 2-Opt method

2.4. Travelling Salesman Problem (TSP)

TSP has a route consisting of different cities. A random city is selected from the cities and a tour is
created by visiting each city once. TSP aims to create the shortest route and the shortest distance. Let there
be D cities that a salesperson has to visit. The maximum number of routes to follow in all cities (D-1)!/2
for D cities [21]. For example, there are 25 cities to visit, and the number of routes the algorithm will
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review is considered to be ((25-1)!/2=24!/2). In this paper, we calculate the distance between cities m and n
using Euclidean distance as follows:

distance,, , =/ (am — an)? + (by, — by)? ®)

where distance,, , is the distance between city m and city n. a,, and a, are a coordinates for city m
and city n. b,, and b,, are b coordinates for city m and city n. We use the func function to calculate the
entire tour length as follows [21]:

func = distancep; + Yo=1 distance, .14 4)

D denotes the total number of cities. The fundamental goal is to find the Hamiltonian path with the
lowest cost on a weighted graph.

2.5. TSP datasets used in the paper

TSPLIB contains the problems that are utilized to generate experimental findings [39]. The majority of
the problems in TSPLIB have been solved, and the best values have been reported. The city numbers are
indicated by the numbers in the problem names. These optimum values are used to make comparisons.
Euclidean problems are the coordinated kinds of these problems (EUC). Some studies in the literature
calculate other types of problems (for example, geographical-GEO) as EUC, which leads to errors in
comparisons. OLIVER30, EIL51, Eil76, EIL101, BERLIN52, ST70, PR76, KROA100, KROB100, KROC100,
KROD100, KROE100, KROB150, TSP225, CH150, and A280 datasets selected from the TSPLIB library are
used to solve the TSP problem with the DPSO algorithm. There are sixteen low, medium, and high
dimensional data sets commonly used in TSP. The optimum values of these TSP datasets are given in
Table 1.

Table 1. The optimum values of these TSP datasets [20; 21].

ID TSP Name Dimension size Optimum value
(D=city size)

1 OLIVER30 30 423.74

2 EIL51 51 428.87

3 BERLINS52 52 7542 (7544.37)

4 ST70 70 677.11

5 EIL76 76 545.38

6 PR76 76 108159.44

7 KROA100 100 21282 (21285.44)

8 KROB100 100 22141

9 KROC100 100 20749

10 KRODI100 100 21294

11  KROE100 100 22068

12 FEIL101 101 642.31

13 KROB150 150 26130

14 CH150 150 6532.10

15  TSP225 225 3859

16  A280 280 2586.77
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3. RESULTS AND DISCUSSION

The variations of the DPSO (DPSO1, DPSO2, DPSO3, DPSO4, DPSO5, and DPSO6) have occurred
according to the selected method type (DPSO1 (swap method), DPSO2 (shift method), DPSO3 (swap and
shift methods), DPSO4 (symmetry method), DPSO5 (swap, shift, and symmetry methods), and DPSO6
(swap, shift, symmetry, 2 opt methods)). The success of each method on DPSO is tested separately. In the
variations of the DPSO results, the best fitness values (Min), the average of the fitness values (Avg),
maximum (Max) fitness values, the standard deviation of the fitness values (Std), and the mean CPU time
are stored. Error (%) values are presented to measure the performances of the algorithms. The relative
error (Error) is determined as follows using Eq. 5. The resulting answer (mean of 20 different runs) is
referred to as Result, while the optimum value of the problem is referred to as Optimum. To make the
comparisons easier, Error (%) values are used, and the best results are noted in boldface font type. During
performance measurements, the experiment set is run 20 times. All experiments are run on a Windows 7
using Intel(R) Core(TM) i5-2410M, 4 GB of RAM, and the codes are implemented in Matlab R2014a.

Result — Optimum (5)
Error = - x 100
Optimum

The application of the developed methods (swap, shift, and symmetry methods) in DPSO has been
investigated by experimental studies.

3.1. The Parameters of the DPSO

For determining the optimum parameters for DPSO, the number of the particle (N) and the number
of candidate solutions (CS) are analyzed. Ten different population size values (10, 20, 30, 40, 50, 60, 70, 80,
90, 100, 200, and 300) are tested on the BERLIN52, EIL76, and KROA100 TSPs to see the effect of population
size (N) on performance (for DPSO1). The function evaluations (MaxFEs) and the number of candidate
solutions (CS) are used as 800000 and 5, respectively. Obtained results are shown in Table 2. According to
the results, the population size does not have a significant effect on the results. In many studies in the
literature, population size is taken as equal to the total number of cities [17], [21]. In this study, the
population size amount is chosen as 100.

Five different numbers of candidate solutions (CS) values (1, 5, 10, 15, and 20) are tested on the
BERLINS52, EIL76, and KROA100 TSPs to see the effect of the number of candidate solutions (CS) on
performance (for DPSO1). The MaxFEs and population size (N) parameters are used as 800000, and 100,
respectively. Obtained results are shown in Table 3. According to the results, as the number of candidate
solutions (CS) increases, the performance increases. The number of candidate solutions is determined as
the most appropriate value in this study. Experiments are carried out with the given parameter values.
All parameters values use in the study are shown in Table 4.
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Table 2. Population size (N) analyses of DPSOL.

BERLIN52

N Min Max Avg Std Mean Mean CPU

Error(%) time
10 8040.00 8133.00 8100.00 38.12 7.84 26.92
20 8035.00 8133.00 8066.50 39.88 7.08 18.83
30 8032.00 8133.00 8075.50 46.40 6.54 18.08
40 8035.00 8133.00 8052.55 31.27 6.54 19.09
50 8032.00 8133.00 8065.90 39.62 6.60 16.96
60 8032.00 8133.00 8049.60 28.67 6.60 19.53
70 8032.00 8059.00 8037.80 5.49 6.85 20.64
80 8032.00 8066.00 8038.65 6.81 6.95 12.88
90 8035.00 8040.00 8037.25 2.49 6.54 14.04
100 8032.00 8040.00 8036.40 2.46 6.50 14.31
200 8035.00 8076.00 8039.55 8.71 6.60 16.08
300 7542.00 8063.00 8014.85 108.64 6.60 15.63

EIL76

N Min Max Avg Std Mean Mean CPU

Error(%) time
10 606.79 608.39 607.75 0.78 11.44 24.55
20 606.79 606.79 606.79 0.00 11.26 15.47
30 592.21 608.39 602.69 6.63 10.51 12.13
40 606.79 608.39 607.27 0.73 11.35 10.74
50 586.45 606.79 604.75 6.10 10.89 10.41
60 592.21 606.79 602.57 6.45 10.49 10.52
70 592.21 606.79 605.33 4.37 10.99 10.31
80 592.21 606.79 605.33 4.37 10.99 10.28
90 586.27 606.79 603.70 6.58 10.69 9.69
100 592.21 606.790 603.19 5.66 10.60 10.43
200 594.47 608.39 602.34 4.50 10.44 10.72
300 598.01 608.39 605.39 3.63 11 11.25

KROA100

N Min Max Avg Std Mean Mean CPU

Error(%) time
10 22261.64 22643.48 22560.04 100.89 6.01 26.1
20 22586.91 22864.92 22619.22 82.18 6.28 17.05
30 22586.91 22601.93 22589.66 5.52 6.14 13.72
40 22479.11 22652.94 22588.39 43.77 6.14 12.54
50 22453.36 22634.11 22587.11 47.18 6.13 12.2
60 22500.58 22861.06 22640.55 115.69 6.38 11.81
70 22274.08 22746.07 22505.67 127.51 5.75 11.37
80 22586.91 22712.84 22622.9 44.78 6.30 11.52
90 22586.91 22923.99 22658.08 93.69 6.47 11.00
100 22586.91 22984.92 22653.87 116.17 6.45 10.09
200 22586.91 23114.58 22839.32 142.92 7.32 10.71
300 22991.37 23349.15 23180.61 141.05 8.92 10.77
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Table 3. The number of candidate solutions (CS) analyses of DPSOL.

BERLIN52

CS Min Max Avg Std Mean Mean CPU
Error(%) time

1 8035.00 8063.00 8038.70 6.11 6.54 16.82

5 8035.00 8130.00 8050.60 26.08 6.54 20.57

10 8032.00 8076.00 8038.40 8.97 7.08 21.09

15 8032.00 8040.00 8036.55 2.99 6.54 16.21

20 8035.00 8076.00 8040.60 12.01 6.54 15.25

EIL76

(&) Min Max Avg Std Mean Mean CPU
Error(%) time

1 593.48 608.39 605.62 4.07 11.04 14.77

5 592.21 606.79 604.27 5.12 10.80 10.65

10 588.07 606.81 602.42 6.93 10.46 9.90

15 593.74 607.60 603.29 5.56 10.62 10.18

20 592.87 607.60 603.41 5.55 10.64 9.81

KROA100

() Min Max Avg Std Mean Mean CPU
Error(%) time

1 22465.06  22992.03  22619.06 139.62 6.28 16.42

5 2257524  22918.82  22702.58 124.21 6.68 11.57

10 22465.06 2279471  22649.42 96.35 6.43 10.89

15 22500.58  23391.24  22720.08 239.07 6.76 10.83

20 22601.33  22850.81  22663.12 70.40 6.49 10.52

Table 4. The sets of parameters of the variations of the DPSO.

Parameters Values
Number of particles 100
MaxFEs 800000
ki1 (social constant) 0.2

k2 (cognitive constant) 0.2

w (inertia weight) 0.4
Vel (maximum velocity) 0.8
The number of candidate solutions 20

3.2. The Comparison of the Variations of the DPSO

621

The variations of the DPSO (DPSO1, DPSO2, DPSO3, DPSO4, DPSO5, and DPSO6) have occurred
according to the selected method type (DPSO1 (swap method), DPSO2 (shift method), DPSO3 (swap and
shift methods), DPSO4 (symmetry methods), DPSO5 (swap, shift, and symmetry methods), and DPSO6
(swap, shift, symmetry, 2 opt methods)). The success of each method on DPSO has been tested separately.
The performance improvement of each method over the result of DPSO is shown in detail. Parameter

settings in Table 4 are used in the tests. Minimum result (Min), maximum result (Max), mean result (Avg),
the standard deviation of results (Std), mean CPU time, and error rate results have been calculated for all
DPSO variations. The results of the DPSO1, DPSO2, DPSO3, DPSO4, DPSO5, and DPSO6 are shown in
Tables 5, 6, 7, 8, 9, and 10, respectively. Table 11 shows the comparison results for all DPSO variations (for
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error rate (%)). Table 12 shows the comparison results for all DPSO variations (for mean CPU time). Figure
8 shows the convergence graph of mean error (%) for all methods.

According to Table 11, the most successful DPSO variations are DPSO5 and DPSO6. While DPSO5
achieves success in 9 of 16 TSP benchmarks, DPSO6 achieves successful results in 8 of 16 TSP benchmarks.
The symmetry method provides a noticeable performance increase in the result. Swap, shift, and
symmetry methods have improved DPSO to achieve optimum results. The 2-opt algorithm is a local search
algorithm. DPSO6 is obtained as a result of running the 2-opt algorithm on the optimum route. It is
noteworthy that the results of some TSP benchmarks have improved with the 2-opt algorithm (OLIVER30,
KROB150, CH150, TSP225, A280, etc.). The results show that the application of many different methods to
the result increases the result performance.

Table 5. The performance analysis of DPSO1 on TSPs (swap method).

ID TSP Name Min Max Avg Std Mean CPU time
1 OLIVER30 425.27 435.07 433.04 3.89 15.08
2 EIL51 470.58 485.64 482.80 4.47 24.30
3  BERLIN52 8032.00 8077.00 8039.75 12.41 25.20
4 ST70 721.68 728.39 724.04 1.82 21.85
5 EIL76 592.21 606.81 604.46 4.73 18.08
6 PR76 125407.46 127838.70 126536.58  683.54 15.59
7 KROA100 22530.16 22716.90 2261591  39.16 16.25
8  KROBI100 24071.69 25046.60 24554.27  280.58 16.90
9  KROC100 23096.50 23190.43 2315298 2141 20.69
10 KROD100 24410.01 24774.30 24659.44  90.02 23.65
11  KROE100 23633.66 24084.27 23841.04  106.15 20.44
12 EIL101 719.19 722.66 720.91 1.11 31.36
13 KROB150 29808.01 30198.10 2995217  96.08 18.69
14 CHI150 6923.70 6969.94 6943.05 11.84 17.43
15 TSP225 4549.02 4598.76 4576.86 13.13 20.71
16 A280 3028.03 3081.84 3063.75 14.21 23.02
Table 6. The performance analysis of DPSO2 on TSPs (shift method).
ID TSP Name Min Max Avg Std Mean CPU time
1 OLIVER30 425.27 465.25 451.21 14.57 11.32
2 EIL51 451.09 470.43 458.86 6.56 9.62
3  BERLIN52 7542.00 7954.00 7857.35 123.74 9.68
4  ST70 715.95 725.83 721.42 2.71 8.31
5 EIL76 575.78 583.07 578.04 2.56 8.45
6 PR76 119750.16 122922.17 120272.00  925.37 8.40
7 KROA100 22664.62 23606.64 22969.30  289.26 8.95
8  KROB100 24003.06 24577.97 2427399  166.30 8.92
9  KROC100 21866.45 22272.47 22030.39  112.44 9.07
10 KROD100 23619.72 24578.48 24299.20  337.92 9.47
11  KROE100 23493.46 23787.04 23626.89  83.83 9.13
12 EIL101 706.88 711.55 707.98 1.21 9.11
13 KROB150 29680.74 30082.38 29919.49  103.96 10.14
14 CHI150 6847.14 6921.75 6875.98 17.79 9.72
15 TSP225 4386.69 4495.04 4452 .49 24.30 11.39
16 A280 3027.92 3054.05 3041.06 6.85 12.26
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Table 7. The performance analysis of DPSO3 on TSPs (swap and shift methods).
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ID TSP Name Min Max Avg Std Mean CPU time
1 OLIVER30 425.27 435.07 432.37 4.10 15.74
2 EIL51 444.13 463.04 453.57 4.44 16.47
3 BERLIN52 7542.00 7938.00 7879.60 81.35 16.63
4 ST70 715.95 721.63 718.39 2.05 17.91
5 EIL76 575.78 582.49 577.95 2.40 19.34
6  PR76 117564.11 119986.96 119070.04  900.90 19.91
7 KROA100 22332.50 22911.56 22542.78 170.54 20.52
8 KROB100 23841.97 24370.47 24016.02 132.10 19.90
9 KROC100 21840.52 22191.96 22012.09 108.50 27.38
10  KROD100 23450.54 24577.59 24067.38 388.39 26.29
11 KROE100 22970.94 23558.86 23181.96 156.66 33.16
12 EIL101 702.77 707.29 705.71 1.30 23.87
13 KROB150 29243.13 29480.60 29406.41 67.71 34.72
14 CHI150 6817.49 6873.62 6841.92 17.50 42.44
15 TSpP225 4383.50 4461.97 4423.66 20.90 49.68
16 A280 2952.77 3030.44 2997.28 20.00 48.70
Table 8. The performance analysis of DPSO4 on TSPs (symmetry methods).
ID TSP Name Min Max Avg Std Mean CPU time
1 OLIVER30 448.74 449.17 449.11 0.16 9.69
2 EIL51 451.19 467.79 455.11 4.88 10.95
3 BERLIN52 7679.00 7713.00 7694.20 13.83 8.74
4 ST70 733.01 742.31 740.88 3.14 12.18
5 EIL76 573.37 584.62 578.54 3.67 14.02
6  PR76 114508.51 122436.35 116638.10  1959.10 10.50
7 KROA100 23309.00 23629.08 23445.80 69.49 9.27
8  KROB100 23713.21 24608.14 24113.70 202.28 10.51
9  KROC100 22272.29 22736.49 22601.11 138.05 9.26
10 KROD100 22632.36 23514.86 23031.71 258.70 9.06
11 KROE100 23162.77 23366.24 23236.92 42.65 9.04
12 EIL101 684.04 703.93 687.23 4.68 9.11
13 KROB150 28250.12 29012.15 28437.25 215.15 12.88
14 CH150 6865.71 6897.39 6871.80 10.42 16.39
15 TSP225 4169.75 4312.46 4238.54 38.59 15.81
16 A280 2850.60 2946.29 2899.01 26.92 15.59
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Table 9. The performance analysis of DPSO5 on TSPs (swap, shift, and symmetry methods).

ID TSP Name Min Max Avg Std Mean CPU time
1 OLIVER30 423.74 434.61 425.71 2.80 26.96
2 EIL51 431.17 440.60 434.68 3.31 22.72
3 BERLINS52 7542.00 7542.00 7542.00 0.00 22.67
4 ST70 677.19 708.38 688.14 7.14 23.69
5 EIL76 562.14 581.02 568.06 4.78 23.30
6 PR76 109686.79 116262.26 112127.67 1734.91 26.84
7 KROA100 21294.40 21910.66 21440.43 173.54 24.22
8 KROB100 22323.35 23331.36 22696.48 213.23 30.72
9 KROC100 21185.42 21904.06 21498.03 178.89 38.58
10 KROD100 21712.39 23286.89 22183.73 325.28 33.13
11 KROE100 22208.15 22614.14 22388.35 112.23 25.43
12 EIL101 660.91 677.49 669.04 4.18 28.18
13  KROB150 26628.34 27513.26 27021.26 223.87 33.99
14 CH150 6565.05 6710.59 6635.86 44.40 41.96
15 TSP225 4100.57 4218.32 4158.55 32.94 43.42
16 A280 2763.18 2895.39 2836.20 34.08 42.83

Table 10. The performance analysis of DPSO6 on TSPs (swap, shift, symmetry, and 2opt methods).

ID TSP Name Min Max Avg Std Mean CPU time
1 OLIVER30 423.74 425.27 424.66 0.75 24.04
2 EIL51 431.17 443.47 436.76 413 26.92
3 BERLINS52 7542.00 7542.00 7542.00 0.00 22.82
4 ST70 686.62 699.77 688.62 2.66 25.27
5 EIL76 559.33 573.39 565.85 4.07 26.25
6 PR76 109352.49 116314.51 112372.04 1835.62 25.45
7 KROA100 21294.40 21907.55 21476.41 216.52 31.30
8 KROB100 22581.92 23061.09 22749.21 122.01 31.99
9 KROC100 21234.64 21967.34 21449.68 179.66 31.03
10 KROD100 21801.09 23474.44 22293.46 393.48 35.23
11  KROE100 22161.11 22706.73 22438.09 120.84 32.82
12 EIL101 657.28 679.33 669.39 4.38 34.09
13 KROB150 26527.84 27536.51 26919.52 251.46 33.75
14 CH150 6557.63 6697.65 6622.86 44.58 28.86
15 TSP225 4001.42 4132.14 4057.05 38.00 35.31
16 A280 2653.03 2833.05 2758.15 39.80 39.10
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Table 11. The performance analysis of variations of the DPSO on TSPs (according to mean error (%)).

ID TSP Name DPSO1 DPSO2 DPSO3 DPSO4 DPSO5 DPSO6
1 OLIVER30 2.19 6.48 2.04 5.99 0.46 0.22
2 EIL51 12.57 6.99 5.76 6.12 1.35 1.84
3 BERLIN52 6.60 4.18 4.48 2.02 0.00 0.00
4  ST70 6.93 6.54 6.10 9.42 1.63 1.70
5 EIL76 10.83 5.99 5.97 6.08 4.16 3.75
6 PR76 16.99 11.20 10.09 7.84 3.67 3.89
7 KROA100 6.27 7.93 5.92 10.17 0.74 0.91
8  KROB100 10.90 9.63 8.47 8.91 251 2.75
9  KROC100 11.59 6.18 6.09 8.93 3.61 3.38
10 KROD100 15.80 14.11 13.02 8.16 4.18 4.69
11 KROE100 8.03 7.06 5.05 5.30 1.45 1.68
12 EIL101 12.24 10.22 9.87 6.99 4.16 4.22
13 KROB150 14.63 14.50 12.54 8.83 341 3.02
14 CH150 6.29 5.26 4.74 5.20 1.59 1.39
15 TSP225 18.60 15.38 14.63 9.84 7.76 5.13
16 A280 18.44 17.56 15.87 12.07 9.64 6.63

Table 12. The performance analysis of variations of the DPSO on TSPs (according to mean CPU time).

ID TSP Name DPSO1 DPSO2 DPSO3 DPSO4 DPSO5 DPSO6
1 OLIVER30 15.08 11.32 15.74 9.69 26.96 24.04
2 EIL51 24.30 9.62 16.47 10.95 22.72 26.92
3 BERLINSG2 25.20 9.68 16.63 8.74 22.67 22.82
4  ST70 21.85 8.31 17.91 12.18 23.69 25.27
5 EIL76 18.08 8.45 19.34 14.02 23.30 26.25
6 PR76 15.59 8.40 19.91 10.50 26.84 25.45
7 KROA100 16.25 8.95 20.52 9.27 24.22 31.30
8  KROB100 16.90 8.92 19.90 10.51 30.72 31.99
9  KROC100 20.69 9.07 27.38 9.26 38.58 31.03
10 KROD100 23.65 9.47 26.29 9.06 33.13 35.23
11 KROE100 20.44 9.13 33.16 9.04 25.43 32.82
12 EIL101 31.36 9.11 23.87 9.11 28.18 34.09
13 KROB150 18.69 10.14 34.72 12.88 33.99 33.75
14 CHI150 17.43 9.72 42.44 16.39 41.96 28.86
15 TSP225 20.71 11.39 49.68 15.81 43.42 35.31
16 A280 23.02 12.26 48.70 15.59 42.83 39.10
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Figure 8. Convergence graph of mean error (%) for all methods.

3.3. The comparison of the variations of the DPSO with DJAYA, SA, ACO, STA, and DTSA

The first comparison is performed with Chunhua et al., Cinar et al., and Gunduz and Aslan [20], [21],
[34]. In this study, the DPSO is compared with DJAYA, STA, SA, ACO, and DTSA on the BERLIN52
problem. Comparison results of STA, SA, and ACO are directly taken from Chunhua et al.,, DTSA is
directly taken from Cinar et al., and DJAYA is directly taken from Gunduz and Aslan. For a fair
comparison, MaxFEs is set to 4000 for all methods. The parameter settings are shown in Table 13.
Comparison results are shown in Table 14. According to the minimum results (Min), DPSO, DJAYA, and
DTSA have reached the optimum results. According to the average results (Avg), DPSO has performed
better than DTSA, DJAYA, STA, SA, and ACO algorithms. The reason for this success is due to the
methods developed by DPSO on a randomly generated route.

Table 13. The sets of parameters of DPSO, STA, SA, DTSA, DJAYA, and ACO.

Parameters Population size MaxFEs Other parameters

STA 20 4000 Temperature=50000; cooling rate=0.97
SA 20 4000

ACO 20 4000 a=1,63=50=09

DJAYA 20 4000

DTSA 20 4000 NS=6; ST=0.5

DPSO 20 4000 CS=20

Table 14. The Comparison of DPSO, SA, ACO, STA, DTSA, and DJAYA on BERLIN52 TSP.

TSP name Algorithm Min Max Avg Std
SA 8186.40 9585.80 8983.80 380.10
ACO 8240.40 9151.30 8777.60 267.11
BERLIN52 STA 7544.40 8630.50 8247.20 273.45
DTSA 7542.00 7929.00 7689.17 108.40
DJAYA 7542.00 7831.00 7668.35 112.50
DPSO5 7725.00 7905.00 7823.40 50.70

DPSO6 7542.00 7804.00 7637.55 95.89
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3.4. The comparison of the variations of the DPSO with DJAYA, SA, DSTA0, DSTAI, DSTAII, and
DTSA

The second comparison is performed with Zhou et al.,, Cinar et al., and Gunduz and Aslan [20], [21],
[35]. In this study, the DPSO is compared with DJAYA, SA, DSTAO, DSTAI, DSTAII, and DTSA on
KROA100, KROB100, KROC100, KROD100, and KROE100 problems. Comparison results of SA, DSTAQ,
DSTAI, and DSTAII are directly taken from Zhou et al.,, DTSA is directly taken from Cinar et al., and
DJAYA is directly taken from Gunduz and Aslan. MaxFEs is set to 90000 for all methods to ensure a fair
comparison. Initial temperature and cooling rate are the algorithmic parameters of SA, and they are set to
2000 and 0.97, respectively. The maximum iteration number for DSTA variations is set to 900 and the
search enforcement is set to 100. Comparison results are shown in Table 15. According to the results,
DSTAII and DPSO have performed better than other algorithms.

3.5. The comparison of the variations of the DPSO with DJAYA, ACO, ABC, HA, and DTSA

The other comparison is performed with Giindiiz et al., Cinar et al., and Gunduz and Aslan [20], [21],
[36]. In this study, the DPSO is compared with DJAYA, ACO, ABC, HA, and DTSA on EIL51, EIL76,
EIL101, KROA100, OLIVER30, BERLIN52, ST70, PR76, CH150, and TSP225 problems. Comparison results
of ACO, ABC, and HA are directly taken from Giindiiz et al., DTSA is directly taken from Cinar et al., and
DJAYA is directly taken from Gunduz and Aslan. MaxFEs is set to Dx500 for all methods to ensure a fair
comparison (D=the number of cities of the TSP). But, the population size and limit parameters of ABC are
set to D and DxDx500, respectively. ACO's specific parameters are =1, f =5, and ¢ = 0.65. For ACO, the
number of ants is set to D, and the maximum number of iterations is set to 500. HA stands for 50% ABC
and 50% ACO, which implies the parameter values are the same, but the population sizes are half of D.
Comparison results are shown in Table 16.

According to the results, DPSO has achieved more successful results than other algorithms except HA.
Out of 10 TSP benchmark datasets, DPSO has performed well in 4 (EIL51, PR76, KROA100, EIL101) of
them. DJAYA has outperformed 2 (CH150 and TSP225) out of 10 TSP benchmark datasets. HA has been
shown superior success in the 4 TSP benchmark dataset. ACO has been shown superior success in 1 TSP
benchmark dataset. This has proven that DPSO has been developed and is an alternative discrete
optimization algorithm in the literature.
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Table 15. Comparison of DPSO with DJAYA, SA, DSTAO, DSTAI, DSTAII, and DTSA.

TSP name Algorithm Avg Std Error(%) Rank
SA 22635.00 778.72 6.36 5
DSTA0 23213.00 906.11 9.07 7
DSTAI 22835.00 715.85 7.30 6
KROA100 DSTAII 21767.00 221.64 2.28 4
DTSA 21506.78 260.55 1.06 2
DJAYA 21705.98 290.22 1.99 3
DPSO6 21434.36 178.50 0.72 1
SA 23657.00 445.78 6.85 5
DSTAO0 23794.00 517.05 7.47 7
DSTAI 23734.00 507.38 7.19 6
KROB100 DSTAII 22880.00 302.14 3.34 1
DTSA 23139.26 181.74 4.51 4
DJAYA 22973.73 234.79 3.76 3
DPSO6 23334.86 158.64 5.39 2
SA 22223.00 522.20 7.10 6
DSTAO 22877.00 709.87 10.26 7
DSTAI 21891.00 536.88 5.50 5
KROC100 DSTAII 21378.00 246.34 3.03 1
DTSA 21817.08 217.77 5.15 4
DJAYA 21702.02 186.32 4.59 2
DPSO6 21703.96 40.20 4.60 3
SA 22911.00 483.01 7.59 5
DSTA0 23043.00 565.80 8.21 7
DSTAI 22665.00 592.53 6.44 3
KROD100 DSTAII 21991.00 315.32 3.27 1
DTSA 22972.26 390.50 7.88 6
DJAYA 22631.25 487.62 6.28 2
DPSO6 22834.33 375.98 7.23 4
SA 23125.00 389.42 4.79 5
DSTA0 23738.00 450.82 7.57 7
DSTAI 23371.00 678.69 5.90 6
KROE100 DSTAII 22637.00 166.82 2.58 4
DTSA 22547.00 121.96 2.17 2
DJAYA 22582.47 252.07 2.33 3
DPSO6 22545.57 87.98 2.16 1
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Table 16. The comparison of DPSO with DJAYA, ACO, ABC, HA, and DTSA.

TSP name Algorithm Avg Std Error(%) Rank
ACO 424.68 1.41 0.22 2
ABC 462.55 12.47 9.16 6
HA 423.74 0.00 0.00 1
OLIVER30 DTSA 428.50 4.21 1.12 5
DJAYA 426.88 2.74 0.74 4
DPSO6 425.28 0.05 0.36 3
ACO 457.86 4.07 6.76 5
ABC 457.86 4.07 6.76 5
HA 443.39 5.25 3.39 3
EIL51 DTSA 443.93 4.04 3.51 4
DJAYA 440.18 4.95 2.64 2
DPSO6 436.11 3.18 1.69 1
ACO 7659.31 38.70 1.52 5
ABC 10390.26 439.69 37.72 6
HA 7544.37 0.00 0.00 1
BERLINS2 DTSA 7545.83 21.00 0.02 3
DJAYA 7580.30 80.60 0.48 4
DPSO6 7542.50 1.50 0.01 2
ACO 709.16 8.27 4.73 5
ABC 1230.49 41.79 81.73 6
ST70 HA 7544.37 0.00 0.00 1
DTSA 7545.83 21.00 0.02 2
DJAYA 702.30 9.56 3.72 4
DPSO6 700.53 9.14 3.46 3
ACO 561.98 3.50 3.04 2
ABC 931.44 24.86 70.78 6
HA 557.98 4.10 2.31 1
EIL76 DTSA 578.58 3.93 6.09 5
DJAYA 573.17 6.33 5.10 4
DPSO6 572.98 2.60 5.06 3
ACO 116321.22 885.79 7.55 5
ABC 205119.61 7379.16 89.65 6
PR76 HA 115072.29 742.90 6.39 4
DTSA 114930.03 1545.64 6.26 3
DJAYA 113258.29 1711.93 4.71 2
DPSO6 112937.44 681.34 442 1
ACO 22880.12 235.18 7.49 5
ABC 53840.03 2198.36 152.94 6
HA 22435.31 231.34 5.40 4
KROA100 DTSA 21728.40 358.13 2.08 2
DJAYA 21735.31 331.33 2.13 3
DPSO6 21599.07 190.63 149 1
ACO 693.42 6.80 7.96 5
ABC 1315.95 35.28 104.88 6
HA 683.39 6.56 6.40 3
EIL101 DTSA 689.91 447 7.41 4
DJAYA 677.37 4.87 5.46 2
DPSO6 677.34 0.58 5.45 1
ACO 6702.87 20.73 2.61 3
ABC 21617.48 453.71 230.93 6
HA 6677.12 19.30 2.22 2
CH150 DTSA 6748.99 32.63 3.32 5
DJAYA 6638.63 52.79 1.63 1
DPSO6 6723.35 33.01 2.93 4
ACO 4176.08 28.34 8.22 4
ABC 17955.12 387.35 365.28 6
HA 4157.85 26.27 7.74 3
TSP225 DTSA 4230.45 58.76 9.93 5
DJAYA 4095.02 42.54 6.12 1
DPSO6 4152.81 43.42 7.61 2
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3.6. The comparison of the variations of the DPSO with DJAYA, ACO, GA, BH, and DTSA

The last comparison is performed with Hatamlou, Cinar et al., and Gunduz and Aslan [20], [21], [37].
In this study, the DPSO is compared with DJAYA, ACO, GA, BH, and DTSA on EIL51, EIL76, EIL101,
BERLIN52, and ST70 problems. Comparison results of, ACO, GA, and BH are directly taken from
Hatamlou, DTSA is directly taken from Cinar et al., and DJAYA is directly taken from Gunduz and Aslan.
MaxFEs and population size (N) are set to 20000 and 100 for all methods to ensure a fair comparison. ST
is set to 0.5 for DTSA. The ACO parameters are a =1.5, $ =2, and ¢ = 0.7. For ACO, the number of ants is
set to 100, while the maximum number of iterations is set to 200. Comparison results are shown in Table
17. According to the results, DPSO has been achieved more successful results than other heuristic
algorithms in 4 of 5 different TSP datasets. DJAYA, on the other hand, has been showed superior success
in 2 of 5 different TSP datasets. According to the results, DJAYA and DPSO outperform other heuristic
algorithms. DPSO owes this outstanding success to symmetry and 2-opt methods developed for local
search.

Table 17. The comparison of DPSO with DJAYA, ACO, GA, BH, and DTSA.

TSP name  Algorithm Avg Std Rank
ACO 461.0175 6.2974 6
GA 453.4773 9.4157 3
BH 458.9252 38.6365 5
EIL51 DTSA 456.5184 8.9247 4
DJAYA 440.4394 3.1055 2
DPSO6 439.11 3.23 1
ACO 594.1442 40.2152 4
GA 652.0593 122.0972 5
BH 659.1021 152.1754 6
EIL76 DTSA 588.0623 5.7296 3
DJAYA 574.4803 5.6710 1
DPSO6 575.07 3.89 2
ACO 763.9207 59.9684 4
GA 838.8307 9.9642 5
BH 897.3813 210.1446 6
EIL101 DTSA 689.8384 7.2994 3
DJAYA 686.8843 6.0664 2
DPSO6 685.92 6.23 1
ACO 8522.9017 1152.2000 4
GA 9288.4483 1301.2108 5
BH 8455.8304 508.9871 3
BERLIN52 DTSA 7761.6000 62.8594 2
DJAYA 7627.0000 120.3869 1
DPSO6 7627.0000 103.89 1
ACO 757.7540 59.6079 4
GA 1158.8458 52.1734 6
ST70 BH 797.5745 125.2272 5
DTSA 710.4037 2.7956 3
DJAYA 707.2151 15.3049 2
DPSO6 707.08 1.84 1
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3.7. Discussion

The PSO has been updated for discrete optimization problems, and the results of DPSO have been
examined in this study on TSPs of 16 different sizes. Four different methods have been proposed to
improve the performance of DPSO (swap, shift, symmetry, and 2-opt methods). Various DPSO variations
are obtained according to the addition of each method to DPSO. Thus, the success of each method on
DPSO is examined in detail. The symmetry method provides a noticeable performance increase in the
result. Swap, shift, and symmetry methods have improved DPSO to achieve optimum results. DPSO6 is
obtained as a result of running the 2-opt algorithm on the optimum route. When DPSO is compared with
the literature, it is a remarkable success. Thus, the success of the proposed methods for DPSO has been
proven.

4. CONCLUSIONS

PSO is a heuristic algorithm based on swarm intelligence developed to solve continuous optimization
problems. Due to its success in solving continuous optimization problems, it has often been preferred by
many researchers in the literature for solving real-world problems. But real-world problems do not always
consist of continuous problems. Sometimes real-world problems are problems involving independent
variables. Such problems are called discrete optimization problems. TSP is a discrete optimization
problem that is frequently used in the literature to measure the success of discrete optimization
algorithms. In this study, a Discrete PSO (DPSO) is proposed. In order to increase the success of DPSO,
new methods have been added in the new candidate particle generation stage. These methods are swap,
shift, symmetry, and 2-OPT methods. Although the swap, shift, and symmetry methods are frequently
used in the literature, they are used for the first time in DPSO. The symmetry method is a new and
successful method. The variations of the DPSO have occurred according to the selected method type
(DPSO1 (swap method), DPSO2 (shift method), DPSO3 (swap and shift methods), DPSO4 (symmetry
method), DPSO5 (swap, shift, and symmetry methods), DPSO6 (swap, shift, symmetry, and 2-opt
methods)). The performance increase of each method on DPSO is examined in detail. Thus, the
contribution of each method to the performance of the DPSO is shown. The performance of DPSO is
studied on sixteen different TSP datasets with low and high scales. The performance of DPSO is compared
with the performances of DJAYA, DTSA, SA, DSTA0, DSTAI DSTAII, ACO, ABC, HA, ACO, GA, and BH
which are recently proposed new discrete optimization algorithms in the literature. Since DPSO is a well-
established heuristic algorithm in the literature, it has competed with the newly proposed discrete
algorithms. DPSO has excelled in many TSPs. DPSO's success is thanks to the swap, shift, and symmetry
methods that it has developed the ability to search locally and globally. In future studies, the success of
DPSO is thought to be demonstrated in different discrete optimization problems such as the knapsack
problem and discrete real-world problems.
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0Oz: Flotasyon, ince boyutlu komdiirlerin zenginlestirilmesinde kullanilan en etkili yontemlerdendir.
Bununla birlikte, komiiriin yan kayag olarak kil minerallerini bulundurmasi flotasyon islemini olumsuz
etkilemektedir. Bu ¢alismada kil minerallerinin (kaolin ve montmorillonit) ve flotasyon reaktiflerinin
Tungbilek linyit komiirtiniin flotasyon performansina ve ortalama kabarcik boyutuna etkisi arastirilmistir.
Deneysel calismalarda; bastirict olarak sodyum silikat, toplayici olarak gaz yag: kullanilirken, kopiirtiicii
olarak ise metil izobiitil karbinol (MIBC) ve Dowfroth 250 kullanilmistir. Kil tiirii ve miktari, bastirici
miktar1 ve kopiirtiicii tiirli ve miktar1 ¢alisilan deneysel parametrelerdir. Bastirict miktar1 ve kil igeriginin
etkisinin belirlendigi deneysel calismalarda, kaolin igerikli numunelerde %40-55, montmorillonit igerikli
numunelerde ise %30-47 araliginda yanabilir verim degerleri elde edilmistir. Képiirtiicii olarak Dowfroth
250 ile daha iyi sonuglar elde edilmis ve montmorillonit iceren komiir numunesi, kaolin iceren komiir
numunesine gore daha biiyiik kabarciklar olusmasina neden olmustur. Bu ¢calismadan elde edilen sonuglar
yan kayag olarak kil bulunduran kémidirlerin flotasyon davranislarinin anlasilabilmesi ve ¢6ziim onerileri
sunulabilmesi igin temel bir altyap1 olusturacaktir.

Anahtar Kelimeler: Komiir Flotasyonu, Kil Mineralleri, Ortalama Kabarcik Boyutu, Kaolin, Montmorillonit

Effect of Clay Minerals on the Flotation Performance of Coal and Mean Bubble Size

ABSTRACT: Flotation is one of the most effective methods used in the enrichment of fine sized coals.
However, the presence of clay minerals as gangue minerals in coal affects the flotation process negatively.
In this study, the effects of clay minerals (kaolinite and montmorillonite) and flotation reagents on the
flotation performance and mean bubble size of Tungbilek lignite coal were investigated. In the
experimental studies; sodium silicate was used as depressant, kerosene was used as collector, methyl
isobutyl carbinol (MIBC) and Dowfroth 250 were used as frother. Clay type and amount, depressant
amount and frother type and amount were the experimental parameters studied. In experimental studies
in which the effect of depressant amount and clay content was determined, combustible recovery values
were obtained in the range of 40-55% for samples containing kaolinite and 30-47% for samples containing
montmorillonite. Better results were obtained with Dowfroth 250 as the frother, and the coal sample
containing montmorillonite caused larger bubbles to form than the coal sample containing kaolinite. The
results obtained from this study will form a basic infrastructure to understand the flotation behavior of
coals containing clay minerals as gangue and to offer solutions.

Keywords: Coal Flotation, Clay Minerals, Mean Bubble Size, Kaolinite, Montmorillonite
1. GIRiS INTRODUCTION)

Komiir yataklarinin degerlendirilmesi; petrol ve dogal gaz yataklarinin hizla tiikenmesi, sik sik
yagsanan petrol krizi ve degisken dogal gaz fiyatlar1 nedeniyle giliniimiizde daha da 6nemli hale
gelmektedir. Komiiriin kullamilmasiyla asit yagmuru ve g¢evreye zararli emisyon olusmaktadir. Bu
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cevresel etkileri en aza indirmek igin temiz komiir iiretim teknolojilerinin gelistirilmesine yonelik
kapsamli arastirma ¢alismalar1 yapilmaktadir. Komiir tiretimini ve kullanimini en {ist diizeye ¢ikarmak
amaciyla komiir madenciligi son yillarda mekanize yontemlerle gergeklestirilmektedir. Endiistriyel
gelisimle artan {iretim, mekanize yontemler ve madencilik faaliyetlerinin derinlesmesi ile birlikte 6zellikle
kil mineralleri olmak iizere daha fazla gang minerali iceren ham komiir ortaya cikmaktadir. Uretilen
komiir siklikla %40 kadar mineral madde icermektedir. Bu yiiksek mineral madde igerigi, komiir
damarlarinda i¢ i¢e ge¢mis seyl bantlarinin varligi ve/veya kil ac¢isindan zengin mineral maddelerin yan
kayaglardan istenmeden komiire dahil olmasindan kaynaklanmaktadir. Kaolin, illit ve montmorillonit
gibi cesitli killer, kiil olusturan mineral maddelerin ana bilesenleri olarak kabul edilmekte ve Kkiller
komiirdeki toplam mineral maddelerin ortalama %60-80'ini olusturmaktadir [1-3].

Komiiriin fosil yakit olarak kullanilmasina yonelik ¢evresel diizenlemeler nedeniyle, mineral madde
ve kiikiirt icerigini azaltmak amaciyla komiir flotasyonu artik bir gereklilik halini almistir. Ancak kil
varlig1 tiim cevher hazirlama proseslerinde oldugu gibi komdir flotasyonunda da slam kaplama, mekanik
tasima, fazla reaktif tiiketimi ve yiiksek kopiik kararlilig1 gibi bazi problemlerin ana kaynagidir [4]. Cok
kiiciik boyutlu parcaciklarinin piilp igerisinden kopiik bolgesine transferi olarak tamimlanan mekanik
tasima, gang minerallerinin tasindig1 en etkili mekanizma olarak kabul edilmektedir. Karistirma hizi, hava
akis hizi, piilp kat1 orani, kopiik ozellikleri ve elektrolitlerin mekanik tasimada 6nemli etkilere sahip
oldugu belirlenmistir [5-6]. Elektriksel c¢ift tabaka teorisiyle agiklanan slam kaplama, degerli tane
ylizeylerinin kil mineralleri tarafindan kaplanmasina ve boylece degerli mineral ylizeyinde toplayici
adsorpsiyonunun engellenmesine neden olmaktadir [3,6]. Kopiik kararliliginin flotasyon performansi icin
onemli bir faktdr oldugu bilinmektedir. Iyi kopiik kararliliginin olusturularak korunmasi kolay degildir.
Koémiir-su araytizeyinde kil mineralleri tarafindan sert bir film tabakasi meydana gelmekte ve bu durum
artan kopiik kararlilig ile sonuglanmaktadir. Yiiksek kopiik kararlilig1 nedeniyle piilp igerisinde asili olan
mineraller kopiikle birlikte yukar: dogru hareket ederek seliilii terk etmekte ve mekanik tasimaya neden
olmaktadir [7]. Sonug olarak, kil minerallerinin varligindan dolay: yiiksek yanabilir verime ulasilmasi
genellikle zordur.

Yapilan calismalarda kaolin ve illit gibi killerin kémdir flotasyonu tizerinde ¢ok az etkisi oldugu, ancak
az miktarda montmorillonitin bile komiir flotasyonunu son derece olumsuz etkiledigi belirlenmistir [3,
5,6,8]. Bu arastirmalar kil tipinin etkileme mekanizmasinda temel faktor oldugunu gostermistir. Kil
mineralleri arasindaki yapisal farkliliklar flotasyondaki davrarnuslarinda etkili olmaktadir. Bu noktadan
hareketle bu calismada, farkli kil minerallerinin (kaolin ve montmorillonit) ve flotasyon reaktiflerinin
komiir flotasyon performansina ve ortalama kabarcik boyutuna etkisi arastirilmistir. Giintimiizde kil
iceren minerallerin zenginlestirilmesini iyilestirmek icin kullanilan stratejiler, optimum operasyonel
sonugclarin elde edilmesinde yetersiz kalmakta ve kaliteli komiir yataklarinin azalmasiyla birlikte kil
minerallerinin etkilerinin arastirilmasi ve etki mekanizmalarinin anlasilmasi daha da onemli hale
gelmektedir. Bu calismadan elde edilen sonuglarin, kil sorunu yasayan komiir tesisleri igin performansi
artirmaya yonelik yeni ¢alisma kosullariin ortaya konmasina ve ¢oziim Onerileri gelistirilmesine katki
saglayabilecegi diistiniilmektedir.

2. MALZEME VE YONTEM (MATERIAL AND METHOD)
2.1. Malzeme (Material)

Cizelge 1'de Ozellikleri verilen linyit komiirii, Kiitahya-Tungbilek’'te bulunan bir 6zel isletmeden
parca komiir halinde getirilerek laboratuvar tipi ¢eneli kiricida kirildiktan sonra laboratuvar tipi bir
cubuklu degirmen ile boyut kiiciiltme islemine tabii tutulmustur. Numunenin dso tane boyutu 300
pm’dur. Deneysel ¢alismalar hazirlanan bu komiir numunesinin farkli oranlarda kil mineralleri (kaolin
ve montmorillonit) ile karistirilmast ile gergeklestirilmistir.
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Cizelge 1. Komiir numunesi analiz sonuglari
Figure 1. Analysis results of coal sample

Analiz Degerler
Kiil igerigi (%) 14,8
Ucgucu madde (%) 30,5
Toplam kiikdirt (%) 1,83
Sabit karbon (%) 33,22
Ust 1s1l kalori degeri (kcal/kg) 4790
Alt 1s1l kalori degeri (kcal/kg) 4495

Yapay karisim hazirlamak i¢in kullanilan kaolin numunesi Esan Eczacibasi AS’den, montmorillonit
(sodyum icerikli) ise Karakaya Bentonit AS’den temin edilmistir. XRD analizi (Bruker D8) ile kaolin
numunesinin kaolin mineralinden baska halloysit de igerdigi, montmorillonit numunesinin ise iki farkl
kimyasal bilesime sahip montmorillonit icerdigi tespit edilmistir [9]. Dso tane boyutu; kaolin numunesi
i¢in 28 um ve montmorillonit numunesi i¢in 60 um olarak belirlenmistir. Tane boyut analizleri yas olarak
gerceklestirilmis (Malvern Mastersizer 2000) ve ol¢iimlerde kaolin i¢in distile su, montmorillonit i¢in ise
suda dagilmadig: icin distile su yerine aseton kullanilmistir. Deneysel ¢alismalarda, bastirici olarak
sodyum silikat (Na:0.nSiO2), toplayici olarak gaz yagi, kopiirtiicii olarak ise MIBC (metil izobiitil
karbinol, CsH14O) ve Dowfroth 250 (polipropilen glikol metil eter, C7H1Os) kullanilmistir. Deneyler
iletkenlik degeri 293 uS/cm ve dogal pH degeri 7.5 olan musluk suyu ile gergeklestirilmistir. Musluk suyu,
ICP analizine gore 57.2 mg/L Ca; 8.92 mg/L Mg ve 2.9 mg/L Na icermektedir.

2.2. Yontem (Method)
2.2.1. Zeta Potansiyeli Olgﬁmleri (Zeta Potential Measurements)

Zeta potansiyeli olgtimleri igin ilk olarak komdiir iceren pH degeri ayarlanmus cozeltiler, 10 dk
manyetik karistiricida karistirilmistir. Daha sonra hazirlanan bu stok ¢ozeltilerden alinan numuneler
pleksiglas hiicrelere aktarilarak ZetaPlus (Brookhaven) cihazinda 6l¢iimler gergeklestirilmistir. Cihaz her
bir numune icin 10 6l¢lim yaparak ortalama deger ve standart sapma vermektedir. Her numune igin {ig
okuma yapilarak ortalamasi alinmistir. Cihaz Ol¢iim icin elektroforez yontemini kullanmakta ve
“Smoluchowski”esitligi ile zeta potansiyeli degerlerini hesaplamaktadir.

2.2.2. Flotasyon Deneyleri (Flotation Experiments)

Flotasyon deneyleri, Denver tipi flotasyon makinasinda, 1 cm kopiik yiiksekliginde, 1350 dev/dk
karistirma hizinda, %10 kat1 oraninda ve dogal piilp pH'inda (7,8) gergeklestirilmistir. Tiim flotasyon
deneylerinde ilk olarak, komiir ve belirli oranda kil igeren piilp homojen bir karisim elde etmek i¢in 5 dk
karistirilmistir. Daha sonra sirasiyla bastirici, toplayict ve kopiirtiicii eklenmis ve her reaktif igin 3 dk
karistirma siiresi uygulanmustir. Sisteme hava verilerek, 4 dk siireyle kopiik alimi gerceklestirilmistir. Elde
edilen tirtinler filtre edilerek etiivde kurutulmus (105 °C) ve konsantrenin kiil igerikleri belirlenerek
yanabilir verim degerleri hesaplanmustir (Esitlik 1).

M, x (100-K,)

o . NN — ——
Yanabilir verim (%) M, x (100-Ky) X

100 1)

Burada; Mt temiz komiir miktarini (%), Kt temiz komiir kiil degerini (%), Mv besleme komiir miktarini
(%) ve Kb besleme komiir kiil degerini (%) ifade etmektedir.

Deneysel degiskenler kil tiirii (kaolin ve montmorillonit) ve miktar1 (%5-10-15), bastirici miktar1 ve
kopiirtiicii tiirti ve miktari olarak belirlenmistir. Farkli kopiirtiiciilerle gerceklestirilen deneylerde, kopiik
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fazindaki ortalama kabarcik boyutlarinin belirlenebilmesi amaciyla deney diizenegine video kamera ve
151k diizeneginden olusan bir goriintiileme sistemi eklenmistir. Bu amacla deneysel ¢calismalarda camdan
imal edilmis 1,5 L hacimli cam seliil kullanilmistir. Deney sirasinda fotograf makinesi ile 250 kare/saniye
olacak sekilde cekilen yavaslatilmis video goriintiileri igerisinden, belirlenen siirelerdeki goriintiiler
Image-Pro Premier Software bilgisayar programina yiiklenmistir. Program kalibre edildikten sonra,
kabarciklarin netleme ayar1 yapilarak ortalama kabarcik boyutu 6lgiilmiistiir.

3. BULGULAR VE TARTISMA (RESULTS AND DISCUSSION)
3.1. Zeta Potansiyeli Sonuglar1 (Zeta Potential Results)

Zeta potansiyeli Ol¢iimlerinde komiir numunesi i¢in sifir yiik noktas: pH 2,1 olarak tespit edilmistir
(Sekil 1). Sifir yiik noktas: kat1 yiizeyinin toplam elektriksel yiikiiniin sifir oldugu potansiyel tayin edici
iyonlarin kritik konsantrasyonudur. Mineral yiizeyinin yiik kazanmas: bu iyonlar sayesinde olmaktadir.

Komiir i¢in potansiyel belirleyici iyonlar H" ve OH iyonlaridir. Cozelti pH degeri sifir yiik noktasindaki
pH degerinden biiyiikse kat1 ylizeyi negatif, kiiciik ise pozitif yiiklii olmaktadir. Kémiiriin sifir yiik
noktasi, komiirlesme derecesine ve dolayisiyla karbon igerigine gore degismektedir. Molatlhegi ve Alagha
[10], temiz komiiriin sifir yiik noktasini yaklasik pH 3,5 olarak belirleyerek, komdir yiizeyinin diisiik pH
degerlerinde H' iyonu adsorpsiyonuyla pozitif, pH 3,5 {izerinde ise OH’ iyonlarmin adsorpsiyonuyla
negatif oldugunu ifade etmislerdir. Calisilan kil minerallerinden montmorillonit i¢in sifir yiik noktasi
tespit edilemezken, kaolin icin tespit edilen sifir yiik noktas1 pH 2,5’tir. Flotasyon piilpiiniin dogal
pH'inda komiir, montmorillonit ve kaolinin zeta potansiyeli degerleri sirasiyla -47 mV, -44 mV ve -40 mV
olarak belirlenmistir [9].
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Sekil 1. Linyit komiiriiniin farkli pH degerlerine bagl zeta potansiyeli degerleri
Figure 1. Zeta potential values of lignite coal depending on different pH values

Komiirde gang minerali olarak kil minerallerinin bulunmasi flotasyonda yiizey kimyasini 6nemli
olgiide etkilemektedir. Kil mineralleri pH’a bagl olarak negatif yiizey yiikiine sahiptir. Notr ve asidik pH
degerlerinde ise kil minerallerinin kenar kisimlar1 pozitif yiikliidiir. Literatiirde kil minerallerinin
koselerinde ve yiizeylerindeki anizotropik ytiklerin, mineral yiizeyinde slam kaplamaya neden oldugu
ifade edilmektedir. Bu durum, flotasyon veriminin azalmasmna yol agmaktadir [7]. Xu ve dig. [3],
montmorillonit ve kaolinin komiir flotasyonuna etkilerini pH’a bagli zeta potansiyeli dl¢iimleri yaparak
aragtirmiglar ve komir-montmorillonit karisimlarinda, montmorillonitin tek basina O0lgiilen zeta
potansiyeli degerine yakin degerler tespit ederek, komiir ylizeylerinin neredeyse tamaminin
montmorillonit tarafindan kaplanmis oldugunu belirlemislerdir. Ancak sdz konusu olan bu calismada,
kaolin ve komdiiriin zeta potansiyeli degerleri birbirine ¢ok yakin oldugundan siispansiyonun zeta
potansiyeli degerine bakarak kaolinin kdmdiiriin yiizeyini kapladigini sdylemenin zor oldugu ifade
edilmektedir. Sunulan bu ¢alismada da benzer sekilde ¢alisilan pH araliginda komiir ve kil mineralleri
yakin zeta potansiyeli degerlerine sahip oldugu igin ayrica mineral karigimlar: igcin zeta potansiyeli
Ol¢limleri gerceklestirilmemistir.
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3.2. Kil Mineralleri ve Bastiric1 Miktarinin Kémiir Flotasyonuna Etkisi (Effect of Clay Minerals and Amount
of Depressant on Coal Flotation)

Bastiricilar, elektrostatik ve/veya sterik itme yaratarak parcaciklar arasindaki kolloidal etkilesimleri
degistirmek icin yaygin olarak kullanilir. Genellikle anyonik polimerlerdir ve mineral yiizeyine adsorbe
olarak mineral yiizeyini daha negatif yaparlar [11,12]. Uygun bastirict ve miktarmin segilmesi, flotasyon
performanst ve segicilik i¢in 6nemlidir. Kopiik flotasyonunda sodyum silikatin (Na:5iOs) gang
minerallerini daha hidrofilik hale getirerek silikat ve karbonat minerallerini bastirdig1 bilinmektedir. Aym
zamanda sodyum silikat, gang minerali ylizeyine adsorbe olan ve negatif yiiklii mineraller ile gang

mineralleri arasindaki elektrostatik itme kuvvetini SiOs* ve HSiOs iyonlariyla artiran etkili bir
dagiticidir[13].

Deneysel calismalar kil icermeyen ve her iki kili degisen oranlarda (%5-10-15) igeren komdiir
numuneleri ile gerceklestirilmistir. Kil icermeyen besleme ile 600 g/t bastirict miktarinda %11,4 kiil igerikli
konsantre %42 yanabilir verimle elde edilirken, 200 g/t bastirici miktarinda ise %13,6 kiil igerikli konsantre
%46 yanabilir verimle elde edilmistir. %5 ve %10 kaolin ilaveli deneylerde 200 g/ton bastiric1 ilavesinden
sonra kiil igerigi artarken yanabilir verim degerlerinde diisiis gozlenmistir (Sekil 2a-b). Genel olarak kaolin
icerikli numunelerle yanabilir verim %40-55 araliginda degismektedir (Sekil 2b). Kaolin ile gerceklestirilen
deneylerde, optimum bastirici miktar1 200 g/t olarak tespit edilmistir. Montmorillonit icerikli deneylerde
bastirici miktarindaki degisimin konsantre kiilii ve yanabilir verim iizerinde 6nemli bir etkisi
gozlenmemistir ve yanabilir verim %30-47 araliginda degismektedir (Sekil 2c-d).
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Sekil 2. Kil icermeyen ve farkli oranlarda (%5-10-15) kil iceren kdmdiir numunelerinin flotasyonunda
bastirict miktarinin kiil igerigine (kaolin-a ve montmorillonit-c) ve yanabilir verime (kaolin-b ve

montmorillonit-d) etkisi
Figure 2. The effect of the amount of depressant on the ash content (kaolin-a and montmorillonite-c) and combustible recovery (kaolin-b and
montmorillonite-d) in the flotation of coal samples that do not contain clay and contain clay at different rates (5-10-15%)

Literatiirde, yanict madde kazaniminin, komiir-montmorillonit numunesi i¢in komiir-kaoline gore
daha diisiik oldugu belirtilmekte ve bu bulgular genellikle montmorillonitin diisiik konsantrasyonda bile
yliksek viskozite artisina sebep olmasiyla agiklanmaktadir [5]. Kaolin ise montmorillonitin aksine piilp
viskozitesi iizerinde ¢ok az etkiye sahiptir. Ancak kaolinin de 6nemli dlciide gang siiriiklenmesine neden
oldugu bilinmektedir. Zhang ve dig. [14], kaoline kiyasla bentonitin daha diisiik siiriiklenme derecesi
gosterdigini belirterek, bu durumu kaolin parcaciklarmin diisiitk yogunluklu gevsek ag yapilarinin
olusumu ile iligkilendirmistir. Kaolin taneleri flotasyon sirasinda suda ve kabarciklari gevreleyen sivi
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filmde kolayca siispanse edilerek piilp fazindan kopiik fazina ve mekanik siiriikklenme mekanizmastyla
konsantreye taginabilmektedir.

200 g/ton bastiric1 miktar1 igin her iki kilin etkileri karsilastirildiginda; kaolin miktar arttik¢a yanabilir
verim azalmis ve konsantredeki kiil igerigi %15 kaolin eklenmesiyle énemli miktarda artmistir. Buna
karsiik montmorillonitin eklenmesiyle, kil miktarinin artmasiyla konsantrenin kiil igerigi artarken,
yanabilir verimde belirgin bir degisiklik gozlenmemistir (Sekil 3). Literatiirde montmorillonitin hacimce
%4 kati oraninda, kaolin siispansiyonlarmin ise hacimce %10 kati oranindan daha yiiksek
konsantrasyonlarda sorunlu hale geldigi ifade edilmektedir [15]. Farkli bastirici konsantrasyonlarinda
yapilan flotasyon deneyleri ile yanabilir verimin 6nemli 6l¢iide artmadig1 goriilmiistiir. Arnold ve Aplan
[8], kaolinin dagitici ile tamamen bastirilamadigini ve mekanik taginmayla flotasyon verimini
diislirdiiglinii; bentonitin ise dagitic1 ile bastirilmasina ragmen slam kaplama ile flotasyon verimini
diisiirdiigiinii ifade etmistir. Flotasyon verimini artirmak amaciyla kil minerallerini zenginlestirme 6ncesi
hidrosiklonlar gibi mekanik yollarla uzaklastirmanin belirli 6lciide katki saglayabilecegi diisiiniilebilir.
Ancak bu uygulamanin da 6nemli dlciide cevher kaybina yol agabilecegi unutulmamalidir. Ayrica, linyit
ylizeyinde oksijen iceren ¢ok sayida fonksiyonel grup bulundurmakta ve olduk¢a hidrofilik 6zellik
gostermektedir. Yiiksek dereceli komdiirlere gore linyit flotasyonu daha zordur ve yiizeyi genellikle
gozenekli yapidadir. Su, komiir yiizeyindeki gozenekleri doldurabilir, bu da su filminin stabilitesini
artirdigindan komiir ve kabarcik tutunmasini engellemektedir. Diger bir deyisle, kalin bir su filmi
kabarcik ve komiiriin tutunmasini engelledigi gibi toplayicilarin linyit ylizeyinde adsorpsiyonunu da
onlemektedir [16]. Bu nedenle bu ¢alismada linyitin genellikle diisiik yanabilir verimle ytizdirtaldigii
sOylenebilir.
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Sekil 3. Kil miktarinin (kaolin-a ve montmorillonit-b) kiil igerigine ve yanabilir verime etkileri (200 g/t
bastirict miktarinda)
Figure 3. Effects of clay amount (kaolin-a and montmorillonite-b) on ash content and combustible recovery (200 g/t depressant amount)

3.3. Kil Mineralleri Varliginda Kopiirtiicii Tiirii/Miktarinin Koémiir Flotasyonuna ve Ortalama

Kabarcik Boyutuna Etkileri (Effects of Frother Type/Amount on Coal Flotation and Mean Bubble Size in the Presence of
Clay Minerals)

Kopiirtiiciiler piilp icerisine kabarcik 6zelliklerini ve mineral-kabarcik ¢arpismasin iyilestirmek igin
ilave edilir. Su-hava arayiiziinde kopiirtiicliniin adsorpsiyonu ile kabarcigin su tabakasi kalinlasir, boyutu
kiigiiliir, yiikselme hizi diigser ve deformasyonu azalir. Bunlar, komiiriin yiizdiiriilmesini 6nemli 6l¢iide
etkileyen temel faktorler olarak kabul edilmektedir [17]. Flotasyonda temel siiregler olarak kabul edilen
mineral-kabarcik ¢arpigsmasi, baglanma ve ayrilma mekanizmalar biiyiik 6lglide kabarcik boyutuna ve
kopiik kararliligina baglidir. Bu nedenle, flotasyonda kopiigiin olusumu ve kararliligi énemlidir ve
konsantre tendr-verimini belirleyen 6nemli bir faktordiir. Kopiirtiicii, flotasyonda 6énemli bir rol oynar ve
se¢imi kopiik tizerinde biiyiik bir etkiye sahiptir. Yapilan ¢alismalar alkil zincir uzunlugunun, hidroksil
pozisyonunun ve kopiirtiicii tiplerinin kabarcik yiikselme hizi tizerinde farkl etkilere neden oldugunu
gostermistir. Kopiigiin olusumu ve kararliligi flotasyon icin gerekli bir kosul oldugundan, farkh tipte
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ylizey aktif maddelerin ve hidrokarbonlarin kopiik kararlilig: iizerindeki etkileri de énemlidir [18]. Bu
amagla kil varliginda kopiirtiici tiiri ve miktarmin etkisinin belirlendigi deneysel c¢alismalar
gerceklestirilmistir (Sekil 4). Bu deneylerde toplayicit miktar1 6700 g/ton ve bastirict miktar: kaolin i¢in 200
g/t, montmorillonit i¢in ise 300 g/t olarak secilmistir [19].
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Sekil 4. %10 kil (kaolin ve montmorillonit) i¢eren kémiir numunelerinin kopiirtiicii tirii (Dowfroth 250 ve MIBC)

ve miktarina bagli kiil icerigi (a) ve yanabilir verim degerleri (b)
Figure 4. Ash content (a) and combustible recovery values (b) of coal samples containing 10% clay (kaolin and montmorillonite) depending on
the type (Dowfroth 250 and MIBC) and amount of frothers

Koémiir-kaolin karisimlarinda her iki kopiirtiicii igin yaklasik %15 kiil igerigine sahip komiir
konsantreleri elde edilmistir. Dowfroth 250 miktariin artmasi ile birlikte yanabilir verim 6nemli dl¢iide
artarken, 200 g/ton kopiirtiicii konsantrasyonunda yaklasik %68 yanabilir verim degeri elde edilmistir.
Komiir ve yanict maddenin geri kazanuminin, kopiirtiicii konsantrasyonuyla 6nemli Olciide arttigi
bilinmektedir [17]. Buna kabarcik boyutu ve hizindaki dikkate deger bir azalma neden olmaktadir [20].
Diisiik koptirtiicli miktarlarinda ise kopiik tabakasi kolayca bozulmaktadir ve kopiikteki mineraller piilpe
geri donmektedir [21]. MIBC kullanildiginda ise 200 g/t iizerinde yanabilir verim degerinin énemli 6l¢iide
azaldig1 gozlenmistir. Komiir-montmorillonit karisimlarinda ise kaolin igerikli numunelere goére daha
yiiksek kiil igerigine sahip konsantreler daha diisiik yanabilir verim degerlerinde elde edilmistir. Bu
karisimlarda MIBC icin yanabilir verim degerleri %25-37; Dowfroth 250 icin ise %15-41 araliginda
degismektedir. Yapilan galismalar genel olarak kopiirtiicii tiiriiniin verimden ziyade flotasyon hizin
etkiledigini gostermektedir. Flotasyon hizindaki artis tane etrafindaki siv1 filminin kalinliginin azalmasi
sonucunda tanelerin kabarciklara tutunma olasiiginin artmas: ile iligskilendirilmistir. Sivi filmin
kalmliginin azalmasi adsorbe olan toplayict miktarinin artmasina neden olmaktadir [21]. Sonug olarak her
iki kil mineralini igeren komdiir karisimlar1 i¢in, Dowfroth 250 ile daha iyi sonuglar elde edildigi
sOylenebilir. Literatiirde Dowfroth 250 ile olusan kopiigiin daha akiskan ve hareketli bir yapiya sahip
oldugu ifade edilmektedir [22].

Flotasyon performansi, olusan kabarcigin boyutu ile yakindan iligkilidir. Mineral ve kabarcigin
carpisma ve tutunma olasilig1 kiiglik kabarciklar varliginda artmaktadir. Yapilan ¢alismalarda kopiik
yiikselme hizinin artan kopiik boyutu ile; mineral-kabarcik carpisma olasiliginin ise daha kiigiik
kabarciklarin olusmasi ile arttig1 belirlenmistir [21]. Bu nedenle ortalama kabarcik boyutunun belirlenmesi
ve kontrol edilmesi flotasyon performansi agisindan ¢ok ¢nemlidir. Ayni zamanda, goriintii analiz
teknikleri ile flotasyon kopiigiiniin incelenmesi sonucu flotasyon konsantresinin kalitesi de
belirlenebilmektedir [23]. Kopiirtiicii miktariin kabarcigin boyutu iizerinde belirgin bir etkisi oldugu
bilinmektedir. Ayrica daha once ifade edildigi gibi kil mineralleri de kopiik kararliligini degistirerek
ortalama kabarcik boyutu {izerinde etkili olmaktadir.

Kil tirti ve kopiirtiicii miktarma baglh olarak belirlenen ortalama kabarcik boyutlar1 Sekil 5'te
sunulmustur. Montmorillonit ilaveli komiir numunesiyle gergeklestirilen flotasyon deneylerinde
Dowfroth 250 ile, kaolin ilaveli komiir numunesiyle gerceklestirilen flotasyon deneylerinde ise MIBC ile
daha biiylik kabarciklar elde edilmistir. Kaolin ilaveli kémiir numunesiyle olusan kabarciklarin
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boyutlarinda artan kopiirtiicii konsantrasyonlarina bagh etkili bir degisim gozlenmemektedir.
Montmorillonit ilavesinde 150 g/ton kopiirtiicii konsantrasyonunun tizerinde Dowfroth 250 ile ortalama
kabarcik boyutlar kiigiiliirken, MIBC ile biiylimektedir. Genel olarak montmorillonit ilavesiyle daha
biiyiik kabarciklar elde edildigi gozlenmektedir. Kopiirtiiciiden beklenen daha kiigiik boyutlu kabarciklar
meydana getirmesidir. Boylece, flotasyon seliilii igindeki havanin daha iyi dagilmas: saglanabilir [24].
Ayrica, kiigiik boyutlu kabarciklar ile artan yiizey alani toplanabilen hidrofobik tane miktarinin artmasi
anlamini tagimaktadir [25]. Sekil 4'te de montmorillonit ilavesiyle daha diisiik yanabilir verim degerleri
elde edilmesi bu sonucu destekler niteliktedir.

0,8 0.8
~ (a) . ()
= 06 = 0.6
g £ -\.,/'/.
> =
5 e z
o 04 \/ T 04
< k=1
s =
—~ g
g% Dowfroth 250 g
=1 —— Dowfroth =
= = —&—Dowfioth 250
£ —=—MIBC =
8 = —=—MIBC

0 o o
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Kopiirtiicii miktar, g/ton Képiirtiicti miktart, g/ton

Sekil 5. Kil tiirii (kaolin-a ve montmorillonit-b) ve kopiirtiicii miktarina bagli olarak ortalama kabarcik
boyutlarinin degisimi (%10 kil orani i¢in)
Figure 5. Variation of the mean bubble size depending on the clay type (kaolin-a and montmorillonite-b) and amount of frother (for 10% clay
ratio)

4. SONUCLAR ve ONERILER (RESULTS and SUGGESTIONS)

Bu calismada, kil minerallerinin (kaolin ve montmorillonit) ve flotasyon reaktiflerinin Tungbilek
bolgesi linyit komiiriiniin flotasyon performansina ve ortalama kabarcik boyutuna etkisi arastirilmistir.

Komiir numunesi i¢in zeta potansiyelinin sifir oldugu nokta pH 2,1 olarak belirlenmistir. Optimum
bastirict miktar1 kaolin igerikli numuneler i¢in 200 g/t olarak tespit edilmistir. Montmorillonit igerikli
deneylerde ise bastirici miktarindaki degisimin konsantre kiilii ve yanabilir verim {izerinde énemli bir
etkisi gozlenmemistir. Genel olarak kaolin icerikli numunelerde yanabilir verim %40-55, montmorillonit
igerikli numunelerde ise %30-47 araliginda degismektedir.

Montmorillonit ilavesiyle gerceklestirilen flotasyon deneylerinde Dowfroth 250 ile; kaolin ilavesiyle
gerceklestirilen flotasyon deneylerinde ise MIBC ile daha biiyiik kabarciklar elde edilirken;
montmorillonitin flotasyonda daha biiyiik kabarciklar olusmasina neden oldugu belirlenmistir. Dowfroth
250 ile komdir flotasyonunda daha iyi sonuglar elde edilmistir.
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Highlights

e Transition to electric vehicles has surged to reduce carbon emissions and utilize accessible
energy.

e Key challenges for electric vehicle adoption include limited battery capacity, lengthy charging
times, thermal management during rapid charging/discharging, and thermal runaway risks.

¢ Inhomogeneous temperature distribution's negative impact on electric vehicles underscores the
need for a thermal management system.

¢ Widely employed thermal management systems include air-cooled, cooling plate (pipe) systems
and the increasingly prevalent direct dielectric cooling systems.

e This study focused on thermal analyses of various cooling methods using Ansys Fluent
software.

¢ The newest method, direct dielectric cooling, exhibited a 12% performance improvement over

other systems under normal operating conditions (1C).
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ABSTRACT: The transition from fossil fuel vehicles to electric has increased rapidly in recent years to
reduce carbon emissions and use accessible energy. The main obstacles to the widespread use of electric
vehicles are limited battery capacities, long charging times, thermal management in sudden charge and
discharge situations and thermal runaway risks. The adverse effects of non-homogeneous temperature
distribution on electrically driven vehicles have demonstrated the necessity of a thermal management
system. The most used thermal management systems in practice are air-cooled, cooling plate (pipe)
systems and direct dielectric cooling systems, which have recently become widespread. This study
focused on the thermal analyses of the different thermal cooling methods. All analyses have been
conducted using Ansys Fluent software. It has been observed that the dielectric direct cooling method,
which is the newest method, has a performance value of 12% better than other systems at 1C normal
operating conditions.

Keywords: Battery Pack Thermal Management, Dielectric Coolant, Efficiency and Performance, Electrical Vehicles,
Energy, Finite Volumes Analysis

1. INTRODUCTION

Transportation in the world is mainly provided by internal combustion engine vehicles. The limited
and gradually decreasing oil reserves in the world, being open to global manipulations and more
importantly, posing a threat to the sustainable future, such as air pollution and climate change, have
directed the transportation sector to alternative energy sources. It seems that the most convenient
alternative energy source for vehicles is electric energy. On the other hand, It cannot be said that using
electricity in vehicles is completely clean. Nevertheless, the total greenhouse gas emissions associated with
the production, charging and use of an electric car is lower than the total greenhouse gas emissions
associated with a gasoline car [1], [2], [3].

Thermal management of EV battery systems is the key to solving current problems surrounding the
EV industry [4] ,[5], [6]. In research on battery pack thermal management, the best operating conditions
for Li-ion batteries are between 25 °C and 40 °C. Studies have shown that at temperatures above 50 °C, the
charging efficiency and the battery’s working life will decrease considerably. Li-ion batteries lose 60% of
their initial capacity after 600 cycles at 50 °C and 70% after 500 cycles at 55 °C [7].

The temperature distribution of the battery cells within the battery pack is of paramount importance
for the performance of electric vehicles. Various cooling methods are available to ensure a homogeneous
temperature distribution, among which the most prevalent are air-cooling and indirect liquid-cooling
methods. The next generation immersion cooling method represents a promising alternative for achieving
more effective thermal management in battery packs.

Air-cooled systems have a simple design and low operating and maintenance costs. However, these
systems require more volumetric flow, more space and more power for sufficient heat transfer. Liquid-
cooled systems are used in applications where high energy is required, so more heat transfer is needed.

*Corresponding Author: Furkan ERGUL, furkanergul78@gmail.com
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However, the reasons such as the complex designs of the indirect liquid cooling systems, the presence of
more equipment, the increase in weight and the lack of thermal homogeneity in aggressive working
conditions have led to the emergence of cooling systems with the direct immersion method [4], [6], [8].

In the direct immersion method, the battery cells are in direct contact by immersed in a dielectric liquid
with specific thermal properties. Since the battery cells are in direct contact with the coolant, it is called a
direct contact cooling method. The advantage of this method is that extremely high heat transfer rates can
be achieved through direct contact of the cells with the immersion fluid. In addition, immersion fluids
specially developed for electric vehicles can act as fire extinguishers and reduce the risk of thermal
runaways [2], [9], [10].

Recent studies in battery pack thermal management have demonstrated that the direct immersion
cooling method is a more effective solution compared to other cooling strategies for electric vehicle
batteries. One notable study conducted by Zhang et al. found that the direct immersion method offers the
fastest cooling rates, leading to improved battery performance and a longer lifespan under 1C working
conditions [11]. In a similar comparative study conducted by Chen et al., the performance of different
cooling methods on a lithium-ion battery pack was evaluated under a 1C working condition, where it was
found that the direct immersion method resulted in the lowest temperature rise and the highest heat
dissipation efficiency, making it the most effective thermal management strategy [12]. Furthermore,
immersion fluids used in direct immersion cooling have been found to have fire extinguishing capabilities,
as highlighted by a study conducted by Zhang et al. which significantly reduces the risk of thermal
runaways in the event of battery failure [11]. Overall, the direct immersion method is a promising solution
for efficient and safe thermal management of electric vehicle batteries, especially in aggressive working
conditions.

Several academic studies [10, 13, 14] have compared the performance of different cooling methods for
electric vehicle battery packs, including air-cooling, cold-plate liquid-cooling and immersion cooling.
These studies have utilized both numerical simulations and experimental tests to evaluate the cooling
efficiency, temperature uniformity and overall performance of each method. In the study conducted by
Roe et al., the performance of three cooling methods was compared using indicators such as maximum
temperature difference between battery cells and temperature standard deviation. The results showed that
immersion cooling was the most effective method and had the least temperature difference between the
cells. The air-cooling method performed the worst in terms of maximum temperature difference compared
to the other two methods, while the cold-plate liquid-cooling method was in between.

The use of electric vehicles (EVs) has been on the rise in recent years due to growing environmental
concerns and the need to reduce greenhouse gas emissions. However, effective and safe management of
their batteries remains a significant challenge. Thermal management is critical to the performance and
durability of electric vehicle batteries, especially during extreme weather conditions or high-demand
driving scenarios. Various thermal management strategies have been proposed and tested to address this
issue, such as liquid cooling, air cooling, phase-change materials and direct immersion cooling. Direct
immersion cooling has gained increasing attention due to its promising performance in terms of cooling
efficiency, safety and simplicity. In this context, this study aims to design and analyze a battery pack for a
passenger electric car using the direct immersion cooling method and to evaluate its thermal performance
through numerical simulations using the finite volume method. The performance of the immersion
cooling method will be compared to other cooling methods, such as air-cooling and cold-plate liquid
cooling, by analyzing factors like temperature uniformity, cooling efficiency and maximum temperature
difference between battery cells.
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2. MATERIAL AND METHODS

To conduct a thermal analysis of the indirect liquid cooling system, the dimensions of battery packs
in a commercial vehicle were used as a reference. The thermal performance of the currently used cooling
system for this vehicle [15] was compared with the direct cooling system designed in this study. The
module is made of A16061 T1 material and has dimensions of 1854 x 292 x 66 mm, which are approximately
the same size as the original commercial vehicle’s module.

The analysis model shown in Figure 1la was used in the indirect liquid cooling analysis, while the
model in Figure 1b was used for analyzing direct cooling methods and the model in Figure 1c was used
for analyzing direct cooling with air method.
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Figure 1. CAD Design of 1 Module a) Indirect Liquid Cooling b) Direct c) Air:cooling CAD Model
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2.1. Battery Selection

Lithium-ion battery cells are commonly used in electric vehicles due to their reliability and high
energy density per unit mass [16], [17]. For this reason, the Panasonic NNP Series NCR-18650A Li-ion
batteries were selected for this study. The technical specifications of these batteries are presented in Table
1[18].

Table 1. Technical Specifications and Calculations of Panasonic NNP Series NCR-18650A Battery Cell [18].

Battery Cell Voltage (Nominal) 3.75V

Group (1 Module) Voltage 225V (6S-6x3.75V)

Battery Cell Current Rating (Nominal) 3750 mAh

Group (1 Module) Current Capacity 217.5 Ah (58P - 58 x 3750 mAh)

1 Module Power Capacity 22.5V x217.5 Ah=4.89 kWh

1 Battery Pack (16 Modules) 16 x 4.89 kWh = 78.24 kWh
Dimensions of Battery Cell Diameter: 18.6 mm Length: 65.2 mm

2.2. Fluid Selection

Various methods exist for the thermal management of battery packs, with the air and liquid cooling
method being the most used. To determine the best cooling method for the battery pack, the required
thermal load must be calculated. Generally, the air-cooling method is used in vehicles that require less
power density [16]. However, with increasing demand for more powerful vehicles and longer ranges, the
need for advanced liquid cooling methods is growing. Different liquids are used based on the design and
power density of the battery model. In the indirect liquid cooling method, the most used cooling liquid is
a 50/50 Water Ethylene Glucose solution, while dielectric liquids are used in the direct liquid cooling
method [18].

Due to the widespread use of the immersion cooling method, special chemicals have been developed
to produce dielectric liquids. The most used dielectric liquids are Novec and Engineered Fluids. Table 2
presents the necessary equations to calculate the thermo-physical properties of the dielectric liquid at 20°C
in the given operating range, as well as the thermo-physical properties of the dielectric liquid calculated
using these equations.

Table 2. Thermo-physical property equations of dielectric fluid [18].

Thermo-

Physical Equations Working Range Calculated Values
Properties

0 [kg/m3] -2.0845 x T [°C] + 1665.8 20°C<T<70°C 1624.11

u [Pa sec] 1x107xT?[°C] -3x10-5xT[°C] +0.0018 20°C<T<70°C 1.24 x 10-3

Cp [J/ (kg K)] 1.4982 x T[°C] + 1091 20°C<T<70°C 1120.96

k [W/ (mK)] 4x1077xT?[°C] -0.0002xT[°C] +0.069 20°C<T<70°C 0.06516

For the analysis of the indirect liquid cooling method, 50/50 Water-Ethylene Glycol solution will be
utilized. Table 3 provides the necessary equations to calculate the thermo-physical properties of the 50/50
Water-Ethylene Glycol solution at 293.15 K, as well as the thermo-physical properties calculated using
these equations.
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Table 3. Thermo-physical property equations of 50-50 Water Ethylene Glycol Solution liquid [18].
Thermo-

Physical Equations Working Range Calculated Values

Properties

o [kg/m3] -0.615 x T[K] + 1259.5 293.15K<T<353.15K 1079.2

u [Pa sec] 2.48x10-8xT3[K]+2.47x10°xT2[K]-8.2  293.15 K<T <353.15K 1.259
2x10-3xT[K]+0.92

Cp [J/ (kg K)] 3.06 x T[K] +2574.8 293.15K<T<353.15K 3471.84

k [W/ (m K)] —2x107=T3[K]+0.0002xT?[K]-0.048xT  293.15 K< T <353.15K 3.457
[K]+5.38

The thermo-physical properties of the fluid air to be used in the air-cooling method are readily
available in the Fluent library [20] and are given in Table 4.

Table 4. Thermo-physical property values for air [20].

Thermo-Physical Properties Values from Fluent Library
o [kg/m3] 1.125
u [Pa sec] 1.7894 x 10-5
Cp [J/ (kg K)] 1006.43
k [W/ (mK)] 0.0242

2.3. Thermal Analysis of Battery Pack Modules with Liquid Cooling System Using Finite Volume
Method

To start the analysis of direct liquid cooling, the meshing process was applied to the simplified CAD
model with dimensions of 1854 x 292 x 66 mm. The creation of a smooth and high-quality mesh is critical
for obtaining accurate results. However, as the complexity of the geometry increases, it becomes
challenging to achieve this mesh quality. One method for verifying numerical studies is the mesh
independence test, where a specific value is determined for the number of mesh structures required to
obtain accurate results [20]. In this study, a summary of the mesh independence tests conducted is shown
in Table 5. To create the desired number of mesh structures at various skewness ratios, both triangular
and quadrilateral meshes were modified by changing their minimum and maximum dimensions. The
analysis was carried out using the same turbulence models and mesh independence studies were
conducted with seven different mesh numbers. As Table 5 shows, the temperature values of the battery
cell obtained in the number of 2,112,173 elements were like each other. Therefore, this number of elements
was determined as the appropriate value for achieving minimum error levels.

Table 5. Mesh Independent Study with Dielectric Liquid at 20 °C

Number of Elements Battery Cell Minimum Battery Cell Maximum
Temperature [°C] Temperature [°C]

1 546066 19.665 25.078
2 555354 19.8 24.5

3 822385 20.01 22.079
4 1322101 20 20.134
5 2112173 20 20.179
6 3294243 19.99 20.180

7 6207887 20 20.183
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The skewness value was assessed to evaluate the mesh quality level, revealing an average value of
approximately 0.21. Considering that skewness values below 0.4 are typically deemed acceptable in the
literature [1], the analysis was conducted using this mesh generation. Additionally, the orthogonal quality
value of the model was scrutinized, exhibiting an average value of 0.83. Given these findings, it was
concluded that the mesh quality was adequate for obtaining precise outcomes.

Once the mesh preparations are finished and the mesh sizes are determined, the meshing process is
completed. The geometric model, as displayed in Figure 2a, was designed for the dielectric direct liquid
cooling and air-cooling methods and is composed of 975,648 nodes and 2,112,173 elements. On the other
hand, the geometric model created for the cold plate indirect liquid cooling method, as seen in Figure 2b,
contains 2,224,287 nodes and 7,262,536 elements. A detailed representation of the mesh structure on the
battery cell is shown in Figure 2c.

a)

b)

Y
z;}’
100,00 (mm) 100,00 (mm)

100,00 (mm)

I
25,00 75,00

Figure 2. Mesh Structure a) for dielectric direct cooling and air cooling method b) for cold plate indirect
cooling method c) detailed view of cells.

The energy equation shown in Equation 1, the continuity equation shown in Equation 2and the
momentum equation shown in Equation 3 were solved by the program for thermal analysis the battery
pack by the finite volumes.

a(aptet + Vx [Vx(pe, +p)] = Vx [kVT + (xx V)] + S n
P1XVL XAl = paxvyx A, 0
F=% _ @ —mxa 3

dt dt
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In the analysis study to be conducted, the definition of boundary conditions has been explained in
detail:

Firstly, a significant portion of total heat production in battery cells is generated due to the ohmic
resistance [11]. The heat produced through ohmic resistance heats up the surface of the battery cell through
conduction. This heat generated on the surfaces of the battery cell is removed by convective heat transfer
with the help of the coolant fluid. The amount of heat generation occurring in a battery cell due to ohmic
resistance is calculated by I?x R, where I represent the standard capacity under working conditions and R
is defined as the internal resistance of the battery cell. The heat amount produced by the battery cell with
this formula is also the minimum amount of heat transfer that needs to be exceeded by convection. Table
1 shows that 6S58P (348 pieces of 18650 Li-ion battery cells) are used in the analysis model. In this case,
the total heat energy that will occur in a module can be calculated. Under 1C operating conditions, the
heat production occurring in one battery cell is calculated as 3.1%x * 0.1 = 0.96 W. The total heat
production due to ohmic resistance in a module is found to be 335.04 W by multiplying 0.96 with 349.
Therefore, a heating boundary condition of 0.96 W for each battery cell through conduction is defined.

This heat needs to be removed through convection. The heat transfer coefficients for the forced air,
dielectric liquid and water ethylene glycol solution that will be used in the analysis model are determined
as shown in Table 6. For forced air, 70 W/m?K, for forced water ethylene glycol solution, 600 W/m2K and
for dielectric liquid, 1750 W/m?K, are defined under the convective boundary condition [21]. As a result
of the research conducted, it was found that the coolant fluids in vehicles are usually circulated within the
range of 1-9 LPM [22]. In the analysis study, this value was accepted as 6 LPM and the flow rate was
defined as the flow rate in the analysis program.

Table 6. Convective Heat Transfer Coefficient [22].

Convection Type Convective Heat Transfer Coefficient
Btu / (hxft2R) W/ (m2K)
Air, Free Convection 1-5 25-25
Air, Forced Convection 2-100 10 -500
Liquid, Forced Convection 20 - 3000 100 - 15000
Boiling Water 1000 - 20000 2500 - 25000
Condensing Water Vapor 1000 - 20000 5000 — 100000

Convective heat transfer will help to balance this generated heat. Numerically, if we calculate this
example:

The internal resistance of a classical 18650 Lithium-ion battery cell can be selected as an average of
0.1 Ohm [11]. The heat generated in one Lithium-ion battery cell is found to be I*x R, which is 0.96 W
under 1C operating conditions. The minimum amount of heat energy that needs to be removed is
determined by multiplying this value by the number of battery cells. It is found to be 335.04 W by
multiplying 0.96 W with 349, which is the number of cells used in the analysis model. This heat generation
must be removed from the surface of the battery cells to the fluid through convective heat transfer. The
expression for this is shown in Equation 4.

Q=hA (Tsurface - Tfluid) 4)

Q : Heat Transfer Rate

Heat transfer coefficient
A : Surface Area
Ts : Surface Temprature

Tw : Fluid Temprature
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The surface temperatures expected in different fluids are approximately as follows:

The surface temperature of the battery cell in the module cooled using dielectric liquid:
335.04 W = 1750 =—1.36 m? x(T, — 20) > Te=20.14°C

m2x

The surface temperature of the battery cell in the module cooled using water ethylene glycol:
335.04 W = 600 —-0.56 m? x(T, — 20) > Te=21°C

The surface temperature of the battery cell in the module cooled using air cooling;:
335.04 W = 70 2—1.3 m? x(T; — 20) > Ts=23.7 °C

m2x

The numerical calculations reveal that the best thermal performance is achieved with the
dielectric liquid cooling method. The verification of these values and results against the
boundary condition defined in the analysis will be examined in Section 3.

3. RESULTS AND DISCUSSION

Battery packs in electric vehicles directly influence the battery's service life and, thus, the car's
performance, depending on the cooling method [23]. Sudden rises in temperature in the battery cells are
one of the cases that adversely affect the battery’s life and safety [23]. A sudden rise in temperature in the
battery pack or a decrease in thermal homogeneity between battery cells causes the risk of thermal
runaway and explosion [7].

The temperature distribution results performed under normal operating conditions using forced air
as the refrigerant in the direct cooling method are shown in Figures 3a and 3b. The difference between the
inlet and outlet temperature values of the battery cells has reached approximately 20%.

In Figure 3, the difference in temperature between the battery cells is relatively high (approximately
21%), so it doesn't seem good enough. For this reason, it is thought that the air-cooling method wouldn't
supply sufficient thermal homogeneity in fully electric vehicles. Similar results have been demonstrated
by Kaba et al. [16]. One of the reasons for the temperature differential among battery cells in an air-cooled
battery thermal management system is a lack of sufficient heat transfer coefficient. Heat transfer coefficient
is a measure of how effectively heat is transferred between the surface of the battery cells and the cooling
air. If the heat transfer coefficient is not sufficient, some cells may not receive enough cooling air, leading
to higher temperatures and a temperature differential among the cells. To ensure uniform cooling and
minimize temperature differentials among the cells, it is important to optimize the heat transfer coefficient
in the battery thermal management system. This can be achieved through careful design of the cooling
channels and flow rates, as well as regular maintenance and cleaning of the cooling system.
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Figure 3. Air Cooling Method Temperature Distribution a) General View b) Detail View

In indirect cooling thermal management systems, the heat is carried by a heat sink plate or pipes.
Unlike the direct liquid cooling system, the coolant doesn't contact the battery cells in this method. The
post-analysis temperature distribution of the indirect cooling system modeled in this situation is shown
in Figures 4a and 4b. The analysis made by passing a water-glycol solution through the cooling plate, it
is seen that the maximum temperature difference between battery cells is approximately 10%. Also, the
difference between inlet and outlet coolant temperatures was about %13. Although this is a better
performance value compared to the air-cooled system, the indirect liquid cooling method may not provide
sufficient performance values in systems that require high power density [23], [24].
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Figure 4. Cold Plate Cooling Method Temperature Distribution a) General View b) Detail View

In the Cold plate liquid-cooled battery thermal management system, a cooling fluid is circulated
through Cold-plate in contact with the battery cells to remove heat. However, due to the geometry and
placement of the cells, not all cells receive the same amount of cooling fluid, leading to temperature
variations among the cells. This variation in cooling leads to a temperature differential between the cells
with some cells being cooler than others. The heat generated is not uniform among the cells and cells that
are generating more heat will become hotter than those generating less heat. This uneven heat generation
can exacerbate the temperature differential between cells, especially if the heat transfer coefficient is not
optimized.

The results of direct cooling analysis have been demonstrated in Fig 5a and Fig 5b. The maximum
temperature difference between the battery cells was found to be approximately 0.89%. Since the
temperature difference between the battery cells is so low compared to the other methods and the thermal
homogeneity is good, it can be expected that the battery pack has superior thermal performance, decrease
the risk of thermal and leakage and directly increase vehicle performance. The summary of the results of
the finite volume analyses performed for the dielectric liquid direct cooling method, the air direct cooling
method and the cold plate cooling method was shown in Table 7. Looking at the difference between the
inlet and outlet temperatures, it is seen that the most homogeneous thermal distribution is the direct
immersion method with the dielectric liquid, the indirect cooling system with the help of the plate and the
air-cooling method, respectively.
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Figure 5. Dielectric Liquid Cooling Method Temperature Distribution a) General View b) Detail View

In a dielectric liquid-cooled battery thermal management system, a dielectric fluid is circulated
through channels in contact with the battery cells to remove heat. Dielectric fluids have higher heat
transfer coefficients compared to air and can more effectively transfer heat from the battery cells to the
cooling system. This results in more uniform cooling across the battery pack and reduces temperature
variations among the cells. In a dielectric liquid-cooled system, the heat transfer coefficient is higher than
in an air-cooled system and cold-plate based system due to the higher thermal conductivity of the
dielectric fluid. This allows for more efficient heat transfer between the battery cells and the cooling
system, resulting in a more uniform temperature distribution across the battery pack.

In summary, the higher heat transfer coefficient of dielectric liquid cooling methods can provide more
uniform cooling and reduce temperature variations among battery cells, leading to improved battery pack
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performance and longevity. It is desirable that the temperature difference between the battery cells be as
low as possible. Thermal runaway is a very serious problem that will cause the surrounding battery cell
ignites and explode if even a single cell in the battery pack gets too hot. Having better thermal
homogeneity of Lithium-Ion batteries, which are the most widely used in electric vehicles, leads directly
affects vehicle performance and minimizes the risk of thermal runaway and explosion.

Table 7. Comparison of the minimum and maximum temperature values of battery cells according to
the analysis results.

T
Inlet Minimum Maximum . emperature
Difference Between
Temperature Temperature Temperature
Battery Cells
Air Cooling 20°C 20.192 °C 24.017 °C 3.825°C
Indirect Cooling with Cold Plate 20°C 21.898 °C 22.459 °C 0.561 °C
Direct Cooling with Immersion Cooling 20°C 20.011 °C 20.179 °C 0.168 °C

4. CONCLUSIONS

During charging or discharging of a battery cell, ohmic heat is generated due to the resistance of the
cells. This heat can cause an increase in the temperature of the battery, which can be detrimental to the
cells. Convective heat transfer helps to balance this heat by transferring it away from the battery cells.
Direct liquid cooling uses a dielectric cooling fluid to directly cool the heat-generating battery cells, while
indirect liquid cooling uses a coolant to first cool a cold plate, which in turn indirectly cools the battery
cells. In this study, the thermal performance of different cooling methods in a battery module under 1C
operating conditions was compared based on the total heat generation and convective heat absorption.
When the direct cooling method was examined in detail, it was found to have a lower surface temperature
output value for the battery cells in a battery module than all other methods under the determined
conditions and dimensions. This provides the desired homogeneity output and demonstrates the
suitability of this study for further academic research.

v" The research findings indicate that the immersion liquid cooling technique offered superior
thermal uniformity in comparison to the other methods investigated. This method has been
shown to be particularly effective in high-power-density vehicles, as it can efficiently dissipate
heat and prevent localized temperature hotspots that may lead to thermal runaway or other
safety hazards. In contrast, the air-cooling method, while being an eco-friendly and cost-
effective alternative, demonstrated inadequate thermal management performance in high-
power-density applications. This method is less efficient in dissipating heat due to the low
thermal conductivity of air and thus may lead to localized hotspots that can negatively impact
battery performance and longevity. Additionally, the indirect liquid cooling method, which
involves cooling the battery through a coolant flow in a separate circuit, requires additional
design and auxiliary equipment, thereby making it more challenging to maintain and
potentially more expensive. Overall, the results highlight the importance of selecting an
appropriate cooling method based on the specific application and design requirements to
ensure optimal thermal management performance and battery safety.

v The maximum temperature difference between the immersion cooling method and the liquid
plate cooling method was determined to be 12%. This temperature difference, however, may
vary depending on the type of cooling method used, as XING Mobility, a new venture
company in the field of dielectric cooling, claims that their method can achieve temperature
differences of up to 20% to 30%. It is worth noting that the use of air cooling and indirect
liquid cooling methods may result in localized temperature increases in the battery cell, which
can potentially lead to thermal runaways and even explosions, as reported in various studies
[11, [7], [25], [26], [27].
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In the next research, by taking this study as a reference, the thermal performance of the battery cells
and battery module can be examined in sudden charge and discharge situations (4C and 5C standards),
which require the change of the thermal parameters of the finite volume model.
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ABSTRACT: Thanks to the rapidly emerging low-cost dual-frequency GNSS receivers, a feasible
alternative for geodetic-grade GNSS receivers became available for some GNSS applications. In this
study, the performance of data integrity and quality of a low-cost ZED-FIP u-blox GNSS receiver was
investigated by comparing it with a geodetic-grade GNSS receiver. Availability of the epoch and
phase/code signal channels, signal-to-noise ratio (SNR), code multipath, and cycle slips were analyzed
for the geodetic-grade and low-cost ZED-FOP u-blox GNSS receivers. One month’s data of GPS,
GLONASS, and Galileo constellations were analysed using the RINEX files of the receivers. The results
showed that the epoch availability of the geodetic-grade and u-blox GNSS receiver is comparable to each
other, while the availability of phase/code signal channels of the geodetic-grade receiver is higher than
the u-blox receiver. In terms of data quality, SNR values from both receivers are comparable, while the
multipath level of the u-blox GNSS receiver is significantly higher than the geodetic-grade one. The
results also showed that the number of cycle slips of the u-blox receiver is significantly higher than the
geodetic-one.

Keywords: Cyle Slip, GNSS, Low-cost, Multipath, U-blox
1. INTRODUCTION

Since low-cost Global Navigation Satellite System (GNSS) receivers have been available for a
relatively short time compared with the geodetic ones, the GNSS market share of low-cost GNSS
receivers, especially for dual-frequency ones, is gradually increasing [1]. Precise Point Positioning (PPP)
and relative positioning using low-cost dual frequency receivers became available due to the mitigation
of the first-order ionospheric effect as one of the biggest error sources [2,3,4].

The major drawback of the geodetic-grade GNSS receivers is their high costs, such as several
thousand to tens of thousands of dollars, whereas low-cost dual-frequency GNSS receivers usually cost
several hundred dollars. One of the most commonly used low-cost GNSS receivers is u-blox ZED-F9P
module (https://www.u-blox.com/en/product/zed-f9p-module). Due to the dual-frequency and multi-
constellation (GPS+GLONASS+Galileo+BeiDou-2) availability, u-blox ZED-FOP GNSS receivers support
a variety of GNSS applications. Since only the civil signals L1 and L2C are available for the u-blox GNSS
receiver, the second frequency of some GPS satellites belonging to older than BLOCK IIR-M cannot be
tracked by the u-blox GNSS receiver [5]. As of January 2023, seven GPS satellites (G02, G13, G16, G19,
G20, G21, G22) are not broadcasting the L2C civil signal (https://www.navcen.uscg.gov/gps-
constellation). This causes the loss of the number of the tracked dual-frequency GPS satellites by u-blox
GNSS receiver compared with the geodetic ones. This may affect the positioning accuracy of the u-blox
GNSS receiver, especially for constrained satellite visibility. This GPS BLOCK dependent for second civil
signal frequency is not existing for GLONASS, Galileo, and BeiDou constellations. Besides the GPS
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second civil frequency restriction, the total GNSS channel number of low-cost GNSS receivers is
significantly lower than the geodetic ones.

Generally, studies mainly focused on the positioning performance of the u-blox GNSS receiver
[6,7,8]. To the best of the authors' knowledge, no comprehensive assessment on the data integrity and
quality of the u-blox GNSS receiver was conducted. Here, we present one-month observations of a u-
blox and a geodetic-grade GNSS receiver that were placed in close proximity to each other. The paper is
organized as follows: first, we elaborate on a detailed methodology for assessing data integrity,
multipath levels, signal-to-noise ratios (SNR), and cycle slips. Next, we discuss the main findings and
their possible causes. Finally, we provide general remarks in the concluding section.

2. MATERIAL AND METHODS

To thoroughly evaluate the u-blox and geodetic-grade GNSS receivers’ data, two receivers were
placed on the roof of the Necmettin Erbakan University Engineering Faculty. The antennas are
approximately 3 meters away from each other. Figure 1 shows the antennas of the receivers mounted on
the pillars. For this ultra-short baseline, tropospheric, ionospheric effects, multipath, and satellite
geometry are safely assumed identical for each receiver.

Figure 1. The u-blox and geodetic—gréde antennas, which were placed on the Faculty of Engineering,
Necmettin Erbakan University

CHC P5-U receiver and C220GR2 choke ring antenna were used for the geodetic-grade receiver and
antenna configuration. For the u-blox receiver, low-cost Survey GNSS Multiband antenna
(https://www .ardusimple.com/product/survey-gnss-multiband-antenna/) was used. This antenna is
usually preferred over the u-blox ANN-MB L1/L2 multi-band GNSS patch antenna (https://www.u-
blox.com/en/product/ann-mb-series?legacy=Current) due to the higher signal-to-noise ratio (SNR) and
low multipath.

The u-blox receiver was configured to work as a Continuously Operating Reference Station (CORS)
using Raspberry Pi. One month of RINEX 3.0,4 data (from DOY 347, 2022 to DOY 11, 2023) was collected
from both receivers. GPS, GLONASS and Galileo data with 30-s sampling rate was collected for each
receiver. 30-s interval was intentionally chosen because most of the CORS stations data interval is 30-s
and it is suitable for data capacity. Since the u-blox receiver cannot support BDS-3 data and BDS-2
satellite visibility is significantly low in Turkey the data of BDS satellites were ignored.

The u-blox receiver only supports L1 C/A and L2C, G1 and G2 C/A, and E1 (B+C) and E5b (I+Q) for
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GPS, GLONASS, and Galileo constellations, respectively. Unlike the u-blox receiver, the geodetic-grade
receivers can support multi-frequency and multi-modulation channels. Most of the geodetic-grade
receivers support L1 C/A and L2 (Z-tracking), G1 (C/A) and G2 (P), and E1 and E5a frequency bands.
These frequency bands are also used in International GNSS Service (IGS) and most of the Analysis
Centers (ACs) conventions [9,10,11] and also mainly used for PPP [12,13]. To follow the IGS conventions
and better represent the geodetic-grade receivers, these frequency bands were chosen for the CHC P5-U
receiver.

RINEX data of the receivers was investigated in terms of the data integrity and quality. The data
integrity consists of the epoch and phase/code frequency availability. Epoch availability is computed as
the ratio between the theoretically expected number of epochs (i.e., 2880 epochs for 30-sec sampled
observations for a daily RINEX file) and the actual number of epochs recorded by the receivers.
Phase/code frequency availability is computed by counting the missing observations on the first and
second phase/code frequencies.

Data quality analysis consists of code multipath level from the continuous cycle-slip free arcs, the
number of observed cycle slips, and SNR values.

SNR value indicates the signal strength of the direct signal from GNSS antenna. In other words, SNR
refers to the ratio of the direct signal power and noise power in a corresponding signal channel for the
receivers.

For each chosen frequency bands, epoch/frequency signals availability, code multipath, cycle slips,
and SNR analysis were conducted for the u-blox and CHC P5-U receivers. In-house software was used
for the data integrity and quality analyses. In addition to these analyses, the average number of tracked
satellites during a one-month period for each GNSS constellation was also analyzed. The cutoff angle
and sampling rate of each receiver were set 7° (to collect enough satellite data) and 30-sec, respectively.
The findings were discussed in detail in the Results section.

3. RESULTS AND DISCUSSION

Table 1 provides the analysis of the phase and code frequency availability for each receiver and
GNSS constellation during the one-month period. Table 2 shows the mean, maximum, and minimum
number of observed satellites in each epoch for the receivers.

Table 1. The results of the phase and code frequency availability (Unit: %)

GPS GLONASS Galileo
Gp1 Gpy Gy Gy Rpi Ryy Ry1 Ry Eyi Epy Epr Egp
CHCP5-U 100 96.7 999 965 100 875 100 875 100 99.8 99.9 99.1
U-blox 996 773 996 773 972 870 972 870 991 956 99.1 95.6

Receivers

Table 2. The results of the satellite visibility
GPS GLONASS Galileo
mean max min mean max min mean max min
CHC P5-U 9.3 12 8 7.3 10 4 8.1 12 5
U-blox 9.0 12 6 74 10 4 8.0 12 5

Receivers

For simplicity, sub-indexes of P and ¢ in Table 1 denote the code and phase observations in the
corresponding signals. 1C/2W, 1C/2P, 1C/5Q (for the CHC P5-U receiver) and 1C/2X, 1C/2C, 1X/7X (for
the u-blox receiver) code/phase observations were processed for GPS, GLONASS, and Galileo,
respectively. The first and second observations of the receivers were denoted as 1 and 2 for brevity.

As shown in Table 1, CHC P5-U data availability of code and phase observations is much more
compared with the u-blox receiver. This can be more evident for GPS because u-blox only tracks L2C
observation that is broadcasting only BLOCK IIR-M and later block types as described in the
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mtroduction section. For the older block types, GPS L2C observation is not available, and this causes the
data loss of the second frequency code/phase observations of the u-blox receiver, while the first
frequencies of the u-blox receiver are not affected by this phenomenon. Except for this restriction, the
performance of the u-blox and CHC P5-U receivers are close to each other for GLONASS and Galileo
receivers.

When the second frequency availability of GLONASS is investigated, it is seen that approximately
13% of second frequency code/phase data are lost for each receiver. When some IGS stations’ data are
investigated, it is seen that the second frequency code/phase data of R06 and R23 GLONASS satellites
are not available during the test period. The frequency and epoch availability are more critical for
kinematic applications than those of static applications.

The satellite visibility results show that the performances of each satellite visibility are nearly

identical for each GNSS constellation. But it should be kept in mind that some recorded GPS satellites
from the u-blox receiver are not broadcasting the second L2C civil frequency.
When the epoch availability of the CHC P5-U receiver is investigated, it is observed that epoch
availability of the CHC P5-U receiver is 100% for each day. For the u-blox receiver, the mean epoch
availability is nearly 100% (99.7%) which proves the nearly same tracking performance as the geodetic-
grade receivers. The minimum epoch availability was observed as 98.7% in a daily RINEX file for the u-
blox receiver.

The mean code multipath and SNR values of the receivers during one-month period were given in
Figures 2 and 3. Code multipath value was computed using the generalized formula for all frequencies
similar to G-Nut/Anubis [14].
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CHC P5-U U-Blox CHC P5-U U-Blox CHC P5-U U-Blox
Galileo GPS GLONASS

Figure 2. Code multipath levels of the CHC P5-U and u-blox receivers for GPS, GLONASS and Galileo



664 S. OGUTCU, S. ALCAY, H. DUMAN, B. NUMAN OZDEMIR, U. KORAY

60 T T T T

40 |-

20 |-

Signal to Noise Ratio [dBHz]

o E1C E5Q E1X E7X G1C |G2W G1C G2X R1C [R2P R1C R2C
CHC P5-U U-Blox CHC P5-U U-Blox CHC P5-U U-Blox
Galileo GPS GLONASS

Figure 3. SNR values of the CHC P5-U and u-blox receivers for GPS, GLONASS and Galileo

Code multipath values were computed for each arc with no data gap and cycle slip. In this way,
constant ambiguity was kept for each arc during the multipath computation. As shown in Figure 2, the
code multipath level of the CHC P5-U receiver is significantly lower than the u-blox receiver which is
using the low-cost external Survey GNSS multiband antenna. It is thought that if the u-blox patch
antenna was used, the code multipath level would be much higher for the u-blox receiver because the
patch antenna is more vulnerable to multipath. Multipath is dependent on the antenna environment,
receiver, antenna, signal channel, type of modulation, and the multipath suppression algorithm. Most of
the geodetic receivers, including the CHC P5-U receiver support the multipath mitigation algorithm
(https://www .surveying-company.net/c220gr2-details). The u-blox ZED-FIP receiver also employs a
similar multipath mitigation technique [15]. However, due to the low-cost antenna effect, the multipath
level of the u-blox receiver is still higher than the geodetic one. When the signal channels are
investigated, the multipath level of the second frequencies of Galileo (E5Q for CHC P5-U and E7X for u-
blox) from the receivers is smaller than the first frequencies of Galileo. For GPS and GLONASS, the
multipath level of each frequency within each receiver is comparable. Due to the quality difference
between low-cost and geodetic receivers, as expected, the multipath level of geodetic-grade receiver is
significantly low compared to the low-cost receiver.

When SNR values are investigated, it is seen that mean SNR values from CHC P5-U and u-blox
receivers are comparable, and no significant differences of SNR values between the GNSS constellations
are observed for each receiver.

The number of cycle slips was computed for each receiver using the Geometry-Free phase and
Melbourne-Wubenna combination [16,17]. When detecting the cycle slips, data gaps within the
continuous arcs were also accepted as cycle slip. The total number of cycle slips over one month was
converted to the mean cycle slip number of each satellite and each day. The results are given in Figure 4.
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Figure 4. Average cycle slips per day for GPS, GLONASS and Galileo

As seen in Figure 4, the number of detected cycle slips from the u-blox receiver is significantly
higher than the CHC P5-U receiver. When each GNSS constellation is considered, the lowest number of
cycle slips was observed for GPS, while the highest number of cycle slips was observed for Galileo.
Cycle slips can happen due to various factors, such as loss of line-of-sight, high ionospheric activity, and
some receiver problems. A cycle slip causes a jump in carrier-phase measurements. Frequent cycle slips
can be problematic for precise positioning due to re-initializing ambiguity parameters [18]. This effect
can be more pronounced, especially in an environment where satellite visibility is constrained.
Ambiguity re-convergence during cycle slips can be mitigated by the exact estimation of the size of the
cycle slips (repairing process), but this requires a robust and computationally intensive process, and
exact estimation of the size is not possible all the time. If triple-frequency GNSS observations are
available, reliable estimation of the size of cycle slips can be utilized using extra-wide lane (EWL), wide
lane (WL), and narrow lane (NL) combinations as a cascading step [19]. However, this approach cannot
be feasible for low-cost receivers due to the lack of the third frequencies.

4. CONCLUSIONS

This experiment presented the performance of the RINEX data integrity and quality of the low-cost
u-blox receiver while comparing it with the geodetic-grade CHC P5-U receiver. Low-cost Survey GNSS
Multiband antenna was used for the u-blox receiver instead of the patch antenna. RINEX data was
collected over a one-month period under the same conditions for each receiver. Data integrity analysis
consisted of the epoch and dual frequencies phase/code availabilities of each GNSS constellation. Data
quality analysis consisted of the code multipath, SNR, and cycle slips analysis. The main findings can be
summarized as follows:

-) The epoch availability of the u-blox and CHC P5-U receivers was computed as 99.7% and 100%.
This can prove that nearly all required epochs in the test period were recorded by the u-blox receiver.

-) The frequency availability analysis showed that the u-blox receiver recorded less dual frequency
phase/code observations compared to the CHC P5-U receiver. The loss of the observations is more
evident for GPS because u-blox receiver only tracks L2C observation as a second GPS frequency. For
GLONASS and Galileo, the results are more comparable, a maximum 4% difference was observed for
the second frequency of Galileo between the u-blox and CHC P5-U receivers.

-) Multipath results show that the u-blox receiver significantly exhibited higher code multipath
values with respect to the CHC P5-U receiver for GPS, GLONASS, and Galileo. Nevertheless, code
multipath values from the u-blox receiver are within the acceptable range for most of the receivers.

-) SNR values of each receiver were found to be comparable, and no significant differences were
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observed. It is shown that SNR values of each GNSS constellation are close to each other for each
receiver.

-) Cycle slip analysis showed that the u-blox receiver exhibited significantly low performance
compared to the CHC P5-U receiver. Approximately two times higher cycle slip numbers from the u-
blox receiver were computed compared to the CHC P5-U receiver. The differences were found to be
much higher for GLONASS. Despite all observations were collected under clear sky visibility, cycle slips
can be occurred regardless of the interruptions of line-of-sight between satellite and receiver.

This should be emphasized that the low-cost external antenna was used for the u-blox receiver in
this study. The data quality metrics found from the u-blox receiver in this study may be much worse if
the patch antenna was used.
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ABSTRACT: Food packaging is a passive barrier that protects food against environmental factors such as
ultraviolet light, oxygen, water vapor, pressure, heat, chemical, and microbiological contaminants. In a
changing and developing world, consumers now want to reach healthier, fresher, and more diverse foods.
In response to consumer demands and expectations, the food sector has focused on developing active and
intelligent packaging. The purpose of active packaging is to protect the properties of the food by interacting
with the coating material and prolonging the shelf life. In this context, it is aimed to prepare active package
films by integrating bioactive agents into films prepared based on biodegradable polymers. It is an
important point that is determined how the characteristics of the films such as morphology, molecular
structure, surface property, and antimicrobial activity, will shift depending on the type and quantity of
bioactive agent addition. Based on this, packaging films loaded with different concentrations of orange
peel essential oil (OEO) (25, 50 and 100% of total polymer weight) were produced on the basis of chitosan
and gelatin natural polymers. The changes that occur in the active films as a result of the increasing
amounts of oil were revealed by determining the molecular structure, surface property, morphological
characteristics, solubility quality, and antibacterial activity. The solubility of the films, which is an effective
parameter in the evaluation of the environmental impact of the films that will be released as waste after
use, varied between 20% and 25% at the end of 48 hours. The 1000EO@CH:GEL film showed the highest
antibacterial properties against Escherichia coli and Staphylococcus aureus.

Keywords: Chitosan, Gelatin, Orange Peel Essential Oil, Solvent Casting, Food Packaging
1. INTRODUCTION

Food packaging plays a primary role in protecting the food product from external environmental
effects (germs, insects, light, heat, oxygen, water vapor, odours, dirt, dust, etc.). The main purpose of
packaging is to ensure food safety and extend the shelf life of food by minimizing environmental impacts
to meet both industrial and consumer needs [1]. Plastic packaging has been widely used in the food
industry for many years due to its advantageous properties. They are economical, functional, lightweight
and versatile as they can be prepared in rigid (bottles, jars, cans), thermoformed (trays) or flexible (woven
mesh, multilayer films) forms. Therefore, they have until recently replaced other traditional food
packaging materials such as glass, metals (aluminium, laminated, tin and steel), paper and cardboard [2].
On the other hand, this extensive use of plastics has caused serious environmental problems, as most of
these materials are petroleum derivatives, cannot be degraded and pollute the environment during their
production and disposal [3]. In order to keep up with current trends and meet the demands of consumers,
the food industry market has recently demonstrated new technological breakthroughs in the form of
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environmentally friendly packaging with novel packaging solutions. As a result of these advances, work
on developing active and smart packaging has been initiated.

Active packaging is a new method used to extend the shelf life of perishable foods, to protect or
improve the quality and safety of prepared foods due to their interaction with the product. Furthermore,
active packaging can replace active compounds in foods, reduce particle movement from packaging
materials to food, and eliminate industrial processes that can introduce pathogenic microorganisms into
the product. This packaging system also has an advantage in reducing foodborne illness outbreaks, and
food recalls [4]. Active packaging systems can be divided into active cleaning systems (absorbers) and
active release systems (emitters). The first is the removal of unwanted compounds such as moisture,
carbon dioxide, oxygen, ethylene or odor from the food or its environment, while the second one is the
release of compounds such as antimicrobials and antioxidants into the packaged food or the air space
inside the packaging [5]. When the studies conducted in recent years are examined, it shows that there is
more interest in the production of packages that can release antioxidants. In this context, there is increasing
relevance in incorporating natural antioxidant agents such as plant extracts and essential oils into
polymer-based active packaging materials.

Essential oils are the volatile liquids collected from diverse plant parts such as flowers, leaves, seeds,
peels, fruits and barks. These oils, which are the most characteristic features of plants and are directly
related to many vital functions of the plant, are valuable compounds that are generally known for their
distinctive odor and colorless structure. It is considered as one of the important herbal products because
it contains a meager amount of the total mass. They are known for their potential benefits to human health
due to their biological properties such as anticancer, anti-inflammatory, antidiabetic, antiulcerogenic,
antidepressant, anti-anxiety and high antioxidant and antimicrobial activities. These include basil
(Ocimum basilicum L.) [6], chamomile (Matricaria chamomilla L.) [7], peppermint (Mentha piperita L.) [8] and
rosemary (Rosmarinus officinalis L.) [9] essential oils which have been approved by the Food and Drug
Administration (FDA) as food additives. In addition, they have been recognized as safe (GRAS) for use in
the food packaging industry [10]. It is possible to produce packaging material by dispersing these oils in
a polymeric film. The films in active packaging technology are preformed thin sheets and can be applied
directly on the product as a wrap or cover [11]. With this packaging, it is aimed to extend the shelf life of
the food while preserving the nutritive and sensory quality of the food. Active packaging combined with
essential oils has so far been applied to a variety of foods such as beef, butter, ham, chicken, dairy products
and seafoods [10].

Chitosan is produced from seafood waste and is biocompatible, biodegradable, has a high adsorption
capacity, and antibacterial properties, making it suitable for food packaging materials [12]. In recent years,
many scientists have been interested in gelatin, a water-soluble protein product formed from the partial
hydrolysis of collagen, because of its remarkable properties. These include its biodegradability, edibility,
non-toxic and good film-forming capability. So, it is a feasible alternative for producing films or coatings
included in food packaging.

Within the scope of the study, essential oil incorporated polymeric films were prepared. Chitosan and
gelatin were selected to obtain the main polymeric structure of films. Since both polymers have been
proven to be biocompatible and biodegradable in other studies carried out so far, they are suitable for safe
use in packaging material production [13]-[15]. Orange peel essential oil (OEO) was chosen as the essential
oil because of its potent antibacterial properties. Polymer film based on chitosan and gelatin and with and
without OEO-integrated active films were produced using the solvent-casting technique. The films were
characterized with employed chemical, morphological and biological analyses, the effect of OEO
enrichment on the films was discussed, and the usability of films as food packaging material was assessed
in the light of the findings.
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2. MATERIAL and METHOD
2.1. Material

Chitosan with medium molecular weight, gelatin for microbiology, glacial acetic acid, glycerol for
molecular biology and tween 20 were purchased from Sigma Aldrich (USA). OEO was obtained from a
herb market in Mersin Province, Turkey. Distilled water was used in all solution preparation and washing
steps. The strain of Staphylococcus aureus CECT 435 (ATCC 25923) and Escherichia coli O157:H7 (ATCC
35150) were obtained from from KWIK STIK™. Tryptone Soy Broth (TSB), Tryptone Soy Agar (TSA) and
Mueller Hinton agar (MHA) were purchased from Conda (Spain).

2.2, Preparation of films

The chitosan:gelatin (CHI:GEL) film and different amounts of OEO added films (OEO@CHI:GEL)
were prepared using a traditional solvent-casting method. First, to obtain the polymer solution, CHI and
GEL solutions were prepared separately. For CHI solution, the calculated amount of CHI (2%, w/v) was
weighed and dissolved in 4% (v/v) acetic acid solution. For GEL solution, the certain amount of GEL (6%,
w/v) was dissolved in distilled water at 65°C. Afterwards, a final solution was obtained by mixing both
solutions, tween 20 and glycerol by using a magnetic stirrer at room temperature for 30 min. The 2 mL of
solution was poured into glass Petri dishes coated with Teflon tape with a diameter of 5 cm and spread
over carefully to result in a film. The polymeric film was solidified by evaporating the solvent at 60°C
during overnight using a temperature-set oven. After 24 h incubation, the films were pealed from the Petri
dishes. Each film was cut into small pieces of 1x1 cm appropriate for further tests and kept in a desiccator
(with approximately 20-30% relative humidity provided by the use of silica gel as a conventional
desiccant) until use.

To prepare the OEO@CHI:GEL films, different amounts of OEO were added to the 2 mL of the final
solution based on the total polymer weight (25, 50 and 100% of polymer weight). The essential oil-added
solutions were stirred continuously until a homogeneous mixture was obtained. After preparing the
composite solution, the OEO loaded films were carried out by following all the other steps described above
for CH:GEL film. The experimental steps of film preparation are summarized in Figure 1. Film samples
prepared from only polymer solutions named as CH:GEL, and film samples integrating 25, 50 and 100%
OEO were coded as 250EO@CH:GEL, 500EO@CH:GEL and 1000EO@CH:GEL, respectively.

2.3. Morphology

For determination of surface morphology of the CH:GEL film as control and films incorporated with
different amounts of OEO, microscopic analysis was performed using an optical microscopy (Zeiss, Eco
40, Germany) at 4x magnification.

2.4. Fourier Transform Infrared spectroscopy (FTIR)

The chemical structure of CH:GEL film and OEO@CHI:GEL films was characterized by Fourier
Transform Infrared (FTIR) spectrum obtained by using a spectrometer (Perkin-Elmer Spectrum 1000,
USA), equipped with an attenuated total reflection (ATR) accessory. The FTIR spectra were performed
from wavenumber 400-4000 cm with a resolution of 4 cm™ and 128 scans.

2.5. Solubility

The solubility was tested in water based on the weight loss of films. First, each film was cut into pieces,
and the initial dry weights were measured. In order to test the solubility of the films in water, the cut
samples were placed in Eppendorf tubes, and 10 mL of water was added to them. After the tubes were
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kept at room temperature for 48 hours, the samples were removed and dried in an oven at 60°C. The
completely dried samples were weight again. The solubility in water was calculated by using the following
equation:

Solubility (%) = [final weight/initial weight] x 100

Tween 20

@R Solvent Evaporation
N £ AN ‘
. \\'\_‘, Glycerin \ ﬂ CH-GEL

CH GEL \‘Q‘\ ﬁﬁ ﬁ Film Formation

Y)

il
Solution ~ Solution

Tween 20 \ B \ OEO@CH:GEL
3 Film Formation

)

Figure 1. Experimental steps of the formation of CH:GEL and OEO@CHI:GEL film using solvent-casting
method

2.6. Antibacterial Activity

The antibacterial activity was first determined by the agar disc diffusion method, according to Clinical
and Laboratory Standards Institute. Briefly, 100 pL of bacterial cell suspensions (108 CFU mL-") were
spread on the surfaces of MHA using sterile cotton swabs. Films were cut as disc shapes, and they were
sterilized under UV light for 30 mins. Then sterile film disk samples (8 mm) were placed on MHA's surface
and incubated overnight at 37 °C. After 24 h incubation, the diameter of the resulting inhibition zone was
measured using a micrometer and expressed in mm. Experiments were done in triplicate.

2.7. Statistical Analysis

All experiments were performed in triplicate and all data were statistically analyzed. Data are
expressed as mean * standard deviation (SD). Analysis of variance (ANOVA) was performed using SPSS
16.0 (SPSS, Chicago, IL, USA) to compare means by Duncan test with a significance level of 0.05.

3. RESULTS and DISCUSSIONS

The films for active food packaging were successfully produced using chitosan and gelatin polymers
and the addition of different amounts of OEO to these polymers. The photographs of the produced films
are given in Figure 2. As can be seen, the films were easily peeled off from Teflon-coated petri dishes (J=5
cm) in one piece without any tearing. In particular, it can be said that the film prepared with the highest
oil content (1000EO@CHI:GEL) has a more uniform and homogeneous structure visually. In addition, all
films generally exhibited a transparent structure. Transparency is a crucial intrinsic parameter for the
shelf-life evaluation of food packaging materials [16]. Therefore, photographs of films were taken to show
optical properties (Figure 2). The addition of increasing concentration OEO into the polymer structure
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decreased the transparency. is decrease in the transparency rate of OEO@CH:GEL films can possibly be
due to the presence of pigments of the OEO.

A , \

Figure 2. Images of films. A) CH:GEL, B) 250EO@CHI:GEL, C) 500EO@CHI:GEL and D)
1000EO@CHI:GEL

The films were examined with an optical microscope to confirm the changes in morphology with the
addition of increased OEO amounts. Figure 3 shows the images of the films obtained at the same
magnification. As is seen from the figure, morphology of 1000EO@CHI:GEL film was observed as smooth,
compact and without any crack or pores. Nevertheless, CH:GEL film exhibited irregular forms with many
bulges, tiny particles and droplets on the surface. 500EO@CHI:GEL film also exhibited a heterogeneous
structure, but it had lower bulges. An increase in the viscosity of the final solution was observed with the
addition of essential oil to the polymer solution. With increasing viscosity, the resulting surface may have
been smoother as the evaporation of solvent from the mixture was delayed [17]. This result created a more
stable structure especially in the film sample with the highest oil content (1000E@CHIL:GEL). In the
daylight photographs in Figure 2 above, it can be easily seen with its circular peeling without any
deformation from the petri dish due this flexibility and stability. According to other similar studies,
essential oil incorporation could improve the elasticity of biofilms” matrix by their possible plasticizing
effect [12], [18], [19] and adding essential oil to the polysaccharide structure improved the functional
properties of edible films and coatings [20].

500 pm ? 500 ym

-~ 7w

Figure 3. Optical microscopy images of films. A) CH:GEL, B) 250EO@CHI:GEL, C) 500EO@CHI:GEL
and D) 1000EO@CHI:GEL

In order to study the interaction between chitosan, gelatin and essential oil and identify any changes
in the molecular structure that could have occurred with varying OEO amount, FTIR spectrum of films
were measured. Figure 4 displays FTIR spectra of the CH:GEL film (considered as control) and films
loaded with different amounts of OEO. The broad absorption band between 3000 cm™ to 3650 cm!
corresponds to O-H and N-H stretching vibrations of hydrogen-bonded O-H and N-H functionalities
(Amide A). The band duo seen at wavenumbers of 2929/2873 cm are related to the asymmetric and
symmetric stretching vibrations of the CHs and CH: functionalities (Amide B) [12]. In the spectrum of the
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films, C=0O stretching at 1647cm (Amide I), N-H stretching at 1552 cm™ (Amide II), and C-N and N-H
stretching at 1240 cm! (Amide III) peaks are associated with the functional structure of both chitosan and
gelatin polymers [15], [21]. In addition, the bands in the range of 1033 cm! is attributed to the saccharide
structure of the polymers. With the addition of OEO, no change was observed in the FTIR spectrum of
films, showing absorption bands similar to the CH:GEL film spectrum. However, some difference in the
positions of the absorption peaks was observed depending on the added OEO levels. In detail, at the
highest amount of OEO, the peaks of Amide A was moved to 3290 cm™ and the Amide B absorption peak
was moved to 2925 cm™. In addition, a new small peak (at 1742 cm™) was observed in relation to the
carbonyl C=0 stretching vibration from the ester linkage of triacylglycerol [22].

1000EO@CHI:GEL

(Amide B)

(Aiﬁ%gPA) S00EO@CHI:GEL

250EO@CHI:GEL

Transmittance, %

CHI:GEL

! '
2931 1552 1240
1647

3650----------

3295

' 1 " 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber, cm™

Figure 4. FTIR spectrums of CH:GEL and different concentrations of OEO incorporated into
OEO@CH:GEL films.

A key parameter for food packaging, film solubility is a measure of the film's resistance to liquids. In
our study, the solubility of films was carried out with distilled water for 48 h, and the results are displayed
in Figure 5. The solubility (% wt.) values are seen to vary between 20% and 25%. The increasing amount
of OEO into the polymer solution resulted in decreased water solubility from 25.06% to 20.14%. The
decline in water solubility of OEO@CH:GEL films should be attributed to the hydrophobic effect of oil
molecules. The interaction between the polymers and phenols (in the structure of the oil) reduced the
availability of hydroxyl and amino groups in the structure of chitosan and gelatin. With OEO present, the
hydrogen bond interactions among chitosan, gelatin, and water were disrupted, emerged leading to a
decrease in solubility. A similar result was observed in the water solubility of fennel and peppermint
essential oils loaded active chitosan films as previously reported by Liu et al. [23].
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Figure 5. The solubility of films against water for 48 h. Different letters in the bar indicate a significant
difference (p < 0.05).

The antibacterial activity of the films against Gram-positive (Staphylococcus aureus) and Gram-negative
bacteria (Escherichia coli O157:H7) was also carried out via the disk-diffusion method (shown in Table 1).
The results for the inhibition zones (mm) of microorganisms shown that Gram-positive bacteria were more
sensitive than the Gram-negative ones. For instance, CH:GEL, 250EO@CH:GEL, 500EO@CH:GEL,
1000EO@CH:GEL indicated inhibition zones between 19.74 and 24.14 mm for E.coli, while inhibition
zones of these films were not not measured due to partial growth of bacteria in the petri dish for S. aureus.
These films exhibited more sensitive properties against S. aureus than E.coli. Chitosan has bactericidal
properties, making it particularly appropriate for food packaging materials [24]. So results of all films
showed that these films had inhibitory activity on E. coli and S. aureus, obviously. Increasing the
concentration of EO in the films were emerged rising of the inhibitory activity. The anti Escherichia coli
0157:H7 activity of CH:GEL film showed significance differences from 50 and 100% OEO loaded CH:GEL
samples. Li et al. reported similarly that orange peel essential oil inhibited S. aureus and E.coli [18]. The
results of the current study suggest that the addition of OEO (50 and 100%) significantly increased the
antibacterial activity of the CH:GEL film.

Table 1. Results antibacterial activity of films against Escherichia coli O157:H7 ve Staphylococcus aureus via
disc diffusion method.

Inhibition zone (mm)

Sample
Escherichia coli O157:H7 Staphylococcus aureus
CH:GEL 17.74+2.407 ZN
250EO@CH:GEL 20.29+1.0020 ZN
500EO@CH:GEL 23.35+1.99» ZN
1000EO@CH:GEL 24.14+2.81v ZN

1ZN: Zone measurement was not performed; growth of bacteria was partial in the petri dish.
Mean+standard deviation. Different letters in the same column indicate a significant difference (p < 0.05).
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250EO@CH:GEL 500EO@CH:GEL 1000EO@CH:GEL

E. coli

Figure 6. Antibacterial activity of the packaging films against to S. aureus and E. coli via disc diffusion
method.

4. CONCLUSION

In this research, a novel biocomposite film was developed using polymers from sustainable and low-
cost sources (chitosan and gelatin) and incorporated with OEO. The incorporation of OEO could positively
improve morphological, molecular structure, physical and antibacterial properties of the films, linked on
the determined concentrations. Addition of OEO (25, 50 and 100%, w/w) into the CH:GEL films greatly
assisted solubility, and light barrier properties while boosting their antibacterial activity, compared with
the control film without OEO. Analyses of FTIR spectra indicated the presence of multiple CH-GEL-OEO
interactions. Solubility properties decreased, while antibacterial activities increased with increasing
concentration of OEO addition to CH:GEL. In conclusion, CH:GEL films enriched with OEO could be
provided for an efficient coating that extends the shelf life and preserves the quality attributes of
perishable foods.
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ABSTRACT: Oxide dispersion strengthened (ODS) Ni-based alloys having a high density of nano-oxides
(NOs) (<10 nm) are considered to be good candidates for extreme environments, such as high temperature,
radiation, and corrosion. In this study, ODS IN718 alloys have been produced using conventional powder
metallurgy (PM) and novel selective laser melting (SLM) additive manufacturing. The effect of processing
routes on the microstructure, in particular on the nano-oxide formation and structure has been
investigated. It has been found that the powder metallurgy method that consists of compressing followed
by sintering at 1250 and 1500 °C results in a nano-granular structure with homogenously distributed fine
nano-oxides having a high number density. Similarly, SLM results in a high number density of fine nano-
oxides; however, the particles exist in groups with the grains/cells. The nano-oxides are determined to be
Y2Ti207, Y2TiOs or YTiOs and Y-AI-O. The deviation in the lattice parameters of Y2Ti20Or infers the existence
of some Alin the structure. This study sheds light on producing ODS IN718 alloys with high-density nano-
oxides using powder metallurgy and additive manufacturing methods.

Keywords: Additive Manufacturing, Inconel 718, Nano-Particle, Oxide Dispersion Strengthened Alloy, Powder
Metallurgy, Transmission Electron Microscopy

1. INTRODUCTION

Ni-based superalloys have been widely used for extreme applications such as gas turbines, turbo
motors and nuclear reactors due to their high strength and creep resistance at high temperatures, thermal
stability and high corrosion resistance [1, 2]. Even though they have exceptional properties up to ~700 °C,
the properties degrade suddenly above this temperature as a result of coarsening and dissolution of
strengthening phases, namely y' and ¥". On the other hand, oxide dispersion strengthened (ODS) alloys
have shown exceptional thermal stability above 1000 °C and almost zero radiation-induced swelling due
to the existence of high-density nano-oxides having sizes less than 5 nm [3, 4]. These nano-oxides are
reported to pin the dislocations and grain boundaries impeding grain growth and recrystallization, thus
improving the high temperature stability and creep resistance. Moreover, the high number density of fine
nano-particles provides a large interfacial area acting as the sinks for point defects [5-7].

The nano-oxides are mostly in Y2T1207 and Y2TiOs form in Al-free ferritic systems [4, 8]. On the other
hand, Y-AI-O particles with YAP (YAIOs, perovskite), YAG (Y3AlsO12, garnet), YAM (Y:Al:O9, monoclinic),
YAP (YAIOs, pseudo-perovskite), YAH (YAIOs, hexagonal), and YAT (Y3AlsOu, tetragonal) structures
have been reported in the ferritic alloys such as MA956 having up to ~6 wt.% Al [9]. Moreover, Park et al.
have studied spark plasma sintered ODS Ni-based alloys and found the formation of Y2Ti2O7 and complex
Y-Al oxides such as Y4Al209 and Y3Als012 [10].

The composition and production method of the ODS alloys determine the final properties of the alloys.
The Oxygen content of the material has a profound effect on the size and number density of nano-oxides
[11]. Moreover, the nano-oxide size has been reported to be coarser in the existence of Al in the system
[10]. ODS alloys are conventionally produced by powder metallurgy methods such as ball milling
followed by hot pressing, hot rolling, hydrostatic extrusion, spark plasma sintering etc. [10, 12, 13] which
result in fine microstructures with superior high temperature mechanical properties. For instance, Hoelzer
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et al. and Miller et al. have produced 14YWT ferritic alloys using consolidation, hot extrusion and
annealing steps, and these alloys have microstructural stability up to ~1300 °C and tensile and creep
strength up to 800 °C [12, 14]. Furthermore, Nickel-based ODS alloys have been reported to show
improved tensile strength as a result of the refinement in grain size due to the existence of Al [15].
However, conventional powder metallurgy methods consist of many steps, thus they are both time
intensive and expensive.

Additive manufacturing (AM) methods such as selective laser melting (SLM), laser directed energy
deposition (LDED), and electron beam melting (EBM) have been developed to produce complex-shaped
alloys with high densification in a near net-shaped state [16, 17]. However, due to the high thermal
gradients during the AM processes, columnar-shaped grains are formed along the building direction of
the materials which causes anisotropic properties [18]. There is an immense literature to solve this
problem. For instance, Oliveira et al. [19] studied the process parameters to control the microstructure. Ni
et al. [20] Popovich et al. [21] and Tillmann et al. [22] investigated post-processing methods such as heat
treatments and hot isostatic pressing to modify the as-built microstructure after additive manufacturing.
On the other hand, nano-particle reinforcement has been reported to hinder columnar structure formation,
reducing the texture in the AM samples [23, 24]. Besides controlling the microstructure, nano-particle
dispersion improves high temperature strength and creep resistance of the materials [25, 26]. Studies on
the development of nano-particle reinforced metal alloys using additive manufacturing have been
increasing. For example, 17-4 PH steels with high number density TiN particles have been produced using
SLM [27]. Moreover, ferritic ODS Fel4Cr as well as Nickel-based ODS IN738LC, NiCrFeY and Hastelloy
X have been produced by SLM [28-31]. Recently, we have produced ODS IN718 alloys having different
compositions using SLM and reported their behavior under heavy ion irradiation at 200 and 450 °C [32,
33]. However, the particle size of the AM produced ODS alloys is coarser and the number density of the
particles is smaller compared to the conventional PM produced alloys, with the nano-oxide density in the
order of ~10% m?3.

In this study, ODS-IN718 alloys which were designed in our previous studies have been produced
using both conventional powder metallurgy method of compression followed by sintering and novel SLM
additive manufacturing methods. Detailed microstructural analyses have been conducted to determine
the type of nano-particles as well as their size and number density in PM and SLM produced alloys. It has
been found that both PM and SLM methods result in a high number density of Y2Ti2O7, Y2TiOs or YTiOs
and Y-Al-O, except for the difference in their distribution. This is the first study comparing the
microstructure, especially the nano-particles forming as a result of PM and AM production methods to
the best of the author’s knowledge.

2. MATERIAL AND METHODS

In this study, spherical IN718 powders having 20-55 um size were used for conventional powder
metallurgy and additive manufacturing methods. The powders were provided by EOS GmbH. Moreover,
Y203 nano-powders having the size of 18-38 nm were provided by Nanografi Nanotechnology Co. The
composition of the IN718 powders is measured as 53Ni-17.7Fe-19.4Cr-5.1Nb-3.1Mo0-0.94Ti-0.46 Al-0.1Co-
0.1Mn (in wt.%) [33].

First of all, IN718 powders were mixed with 0.3 wt% of Y203 nano-powders using a Fritsch
Pulverisette P6 classic line ball mill without balls operating under Ar atmosphere at 300 rpm for 10 mins.
The powders were compressed up to 200 psi in 10 mm diameter cylinders using a uniaxial press followed
by sintering at 1000, 1250 and 1500 °C for 10 h. These samples are nominated as PM1000, PM1250 and
PM1500. The pre-mixed powders were deposited by SLM layer by layer with a laser power of 220 W and
a scan speed of 960 mm/sec using an EOS M 290 machine [33]. Table 1 summarizes the SLM production
parameters. After the deposition, the AM parts were removed from the substrate using electro-discharge
machining (EDM).
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Table 1. SLM production parameters

Parameter Value

Power (W) 220
Scan speed (mm/sec) 960
Laser spot size (pm) 100
Layer thickness (um) 40
Hatch spacing (pum) 110

Rotation degree (°) 67

The density of the samples was measured by Archimedes method in ethanol. The microstructural
investigations have been carried out using optical microscopy (OM), scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). For the metallographic investigations, the samples were
coarse grinded to determine the efficiency of the sintering parameters. Detailed OM and SEM analyses
were conducted on the samples grinded and polished down to 0.04 um colloidal silica followed by etching
with 2 ml HNOs — 4 ml HCI - 4 ml HF solution. OM analyses were carried out using a Huvitz HDS-5800
digital microscope while a FEI Nova Nano SEM 430 was used for SEM investigations. The composition of
second phase particles was determined using energy dispersive X-ray spectroscopy (EDX) with EDAX
SSDD Apollo10 EDX system under SEM. Data collection times during point analyses for each precipitate
were at least 60 s to be able to get high peak-to-background ratios. After the polishing step, TEM samples
were punched into 3 mm disks which were electropolished using 95% methanol — 5% perchloric acid
solution at -40 °C with a 15-18 V. TEM analyses were conducted using a JEOL JEM-ARM200CFEG UHR-
TEM.

Microhardness tests were performed using a Shimadzu HMV-2 E microhardness tester with 1 kg load
and 10 s holding time. At least 10 indents were taken from different locations on the surface of the samples.

3. RESULTS AND DISCUSSION

IN718 powders and the oxide former (Y20s3) were mixed before production. In the case of powder bed
fusion processes, the shape of the powder is critical for the flowability which determines the quality of the
production. Thus, the sphericity of the powders should be kept during mixing which was also reported
by Karakilinc et al. [34]. Figure 1 shows the morphology of the powders after mixing in a ball mill for 10
mins as described in the previous section. The Y203 nano-powders pointed by the red arrows in a zoomed
micrograph are attached to the spherical IN718 micro-powders forming satellites.
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Figure 1. SEM micrographs showing the morphology of the powders after mixing in a ball mill for 10
mins.

Figure 2(a-c) shows the microstructure of PM samples after sintering at 1000, 1250 and 1500 °C for 10h.
Clearly, 1000 °C is not enough for obtaining a dense material, while dense materials (>99.6%) can be
produced after sintering at 1250 and 1500 °C for 10 h. Moreover, the hardness of the samples presented in
Figure 2d indicates that porosity in the case of PM1000 sample deteriorates the mechanical properties.
Besides, PM1500 sample exhibits the highest hardness which is ~30HV higher than the hardness of
PM1250. This will be further investigated in the following sections. It should be noted that high-porosity
PM1000 samples have not been considered for future studies.

150

100

[4))
o

1000 1250 1500

Sintering Temperature ("C)

Figure 2. OM images of PM samples sintered at (a) 1000 °C (b) 1250 °C (c) 1500 °C for 10 h; and (d)
microhardness plot with respect to the sintering temperature.

Figure 3 shows the SEM (Figure 3(a-c)) and OM micrographs (Figures 3(d-g)) of PM1250, PM1500 and
SLM samples. Figure 3 (a-c) shows the SEM micrograph of the PM1250 sample. Even though there are a
few empty triple junctions, the space between the powders is well covered. At high magnifications, the
existence of nano-particles especially around the grain boundaries, is seen. Similarly, besides a small
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amount of porosity, PM1500 sample is dense and there are spherical-shaped particles that are coarser
compared to the ones in PM1250 sample (Figures 3d and e). Figures 3f and g show the microstructure of
the additively manufactured alloy. The microstructures of PM and SLM produced alloys are quite
different. While the PM alloys show the powders sintered each other with spherical shapes, SLM produced
sample shows melt pools having a thickness of ~100 um indicating the deposition layers. Besides, there
are Laves phase as well as the carbides and coarse oxide particles. During the SLM process, the cooling
rate reaches ~100 K/sec. Thus, cellular structure is observed, as seen in Figure 3g.

(a) (b) ()

X B carbide:

Figure 3. Microstructures of (a-c) PM1250 (d,e) PM1500 and (f,g) SLM alloys.

It has been reported that oxide nano-particles in ODS alloys can stabilize the microstructure by
pinning the grain boundaries and dislocations, restricting the recrystallization, grain growth and thus
creep. Besides, the interface between the nano-oxides and matrix act as sinks for point defects which
results in a reduced amount of radiation damage [5-7]. On the other hand, the size and number density of
the particles become critical. The smaller the particle size and the higher the number density of the
particles, the better the resistance of the alloy in the extreme conditions. Aydogan et al. have reported that
the strength of the ODS ferritic alloys is closely related to the size and number density of the nano-oxides
[3]. Furthermore, while the 14YWT alloy having ~7 nm particle size with a number density in the order of
~10?' m3 shows ~7% of swelling, the same alloy with ~3 nm particle size and a number density in the order
of ~10% m= shows almost no swelling [3]. Thus, it is critical to determine the size and number density of
the nano-particles after production, and in this study, the nano-particles produced as a result of powder
metallurgy and additive manufacturing have been investigated.

Figure 4 presents the TEM micrographs of the PM1250 alloy having a high density of nano-particles
mostly with <10 nm size (Figures 4a and b). Figures 4c and d show the high resolution TEM (HRTEM)
image of a nano-particle having a diameter ~5 nm and the corresponding fast fourier transmform (FFT)
spectrum. Moreover, Figures 4e and f show the HRTEM image of a smaller nano-particle having a
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diameter ~2 nm and corresponding FTT spectrum. HRTEM images exhibit that while ~2 nm size nano-
particle has a coherent interface inferred from the continuity of the atomic order, larger size particle has a
disruption in coherency. It has been reported that fine dispersoids are most likely to be coherent while the
larger particles tend to be incoherent [7, 35, 36]. Moreover, the coherency of the particles has been shown
to affect the properties of the materials due to the different interaction mechanisms of these particles with
dislocations and grain boundaries. The coherent particles are observed to be efficient in pinning the grain
boundaries while the incoherent particles are more capable of restricting the dislocation motion [35, 37-
39].

The interplanar distances and angles have been tabulated in Table 2. It has been found that while the
larger size particle has the crystal structure of either Y2Ti2O7 or YTiOs, the smaller size particle is Y2Ti2Oy.
Similarly, Yu et al. have found that large particles have crystal structures different than pyrochlore Y2Ti.07
and have Y/Ti ratio between 1 to 2 [8]. Furthermore, the size and number density of the nano-oxides in
PM1250 sample have been found to be 3.9+0.5 nm and 1.6x1022 m=, respectively.

Figure 4. TEM micrographs of PM1250 sample, showing (a) the nano-grains and (b) nano-particles;
HRTEM micrographs of (c) a particle with ~5 nm size and (d) corresponding FFT spectrum; (e) a particle
with ~2 nm size and (d) corresponding FFT spectrum.
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Table 2. Measured and theoretical interplanar distances and angles for the particles in Figure 4.

di (A) d2(A) ds(A) al2(®) a23(°)  «l3(°)
Measured 2.63 2.06 2.14 61.7 70.7 50.7
Figure 4c  Y2TiOs 2.52 (401) 2.09 (313) 2.18 (11%) 62.5 67.6 50.2
YTiOs 2.50 (120) 2.09 (202) 2.18 (122) 62.3 67.3 50.4
Measured  1.92 2.02 2.04 60 60 60
Figure 4e _
Y:Ti20O7 1.79 (044) 1.79 (404) 1.79 (440) 60 60 60

Sintering at 1250 °C occurs mostly in the solid state while sintering at 1500 °C occurs above the
liquidus temperature of IN718, inferring at least a partial melting [33]. To determine if the sintering
temperature affects the characteristics of the nano-particles, detailed TEM analyses have been conducted
on PM1500 sample. Figures 5a and b exhibit the nano-structure of the alloy. Clearly, the microstructure is
composed of nano-grains having a size 100-200 nm and nano-particles having a particle size <30 nm. One
of the largest particles has been investigated using HRTEM as seen in Figure 5c. FFT diffraction spectrum
indicates that this particle has an FCC crystal structure with a lattice parameter of 14.4 A, which is
identified as Ni2Y intermetallic. Ni-Y intermetallic phases have been observed in IN625 alloy coated with
NiCrAlY using a laser-engineered net shaping (LENS) system. The formation of such intermetallic having
different stoichiometry is reported to occur instantaneously directly from the liquid [40-42]. Table 2 shows
the measured and theoretical lattice spacing and angles. Figures 5e and f show an HRTEM micrograph of
~7 nm size nano-particle and corresponding FFT diffractogram, respectively. It has been found that the
measured interplanar distances and angles in Table 3 are close to the parameters of hexagonal Y-Al-O
(PDF# 00-054-0621) whose lattice parameters are, a=b =0.368 nm, c=1.052 nm, and y=120° [43]. However,
the stoichiometry of the observed particle seems to be slightly different which is inferred from the values
which are slightly off. It should be noted that Al content of these particles varies considerably and can
reach up to ~45 at.% while there is some Titanium (2-5 at.%). Moreover, Figures 5g and h show an HRTEM
image and corresponding FFT of another particle having a size of ~7-8 nm. The measured parameters are
slightly different than the theoretical values (Table 2). This has been attributed to the existence of Al in the
Y-Ti-O particles. Since this particle has a presumably small amount of Al, it may still hold the pyrochlore
structure and can be identified as Y:Ti207. Clearly, at higher sintering temperatures, Al seems to
participate more in the nano-particles, forming Y-Al-O particles as well as Y-Ti(Al)-O particles. It has been
reported that when a local melting occurs, Y-Al-O or Y-Ti-O rich in Al particles form [10]. However, this
composition in solid-state does not yield the formation of Y-Al-O; rather Y-Ti-O particles rich in Al can
exist [33]. This might explain the reason for observing more Y-Ti-O particles in the solid-state sintering
case of PM1250.
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Figure 5. TEM micrographs of PM1500 sample, showing (a) the nano-grains and (b) nano-particles;
HRTEM micrographs of (c) a large particle and (d) corresponding FFT spectrum; (e,g) particles with ~7
nm size and (f,h) corresponding FFT spectra.

Table 3. Measured and theoretical interplanar distances and angles for the particles in Figure 5.

di(A) d2(A) ds(A) al2 (°) a23(°)  al3(®)

Measured 2.4 24 52 25.8 76.2 102
Figure 5c o o L

NizY 2.4 (244) 2.4 (424) 5.1(220) 27.3 76.4 103.7

Measured  2.02 1.97 3.42 64.6 56.4 58.1
Figure 5e _ _ _

Y-Al-O 1.86 (2201) 1.86 (0221) 3.18 (1010) 57.7 61.2 61.2

Measured  2.13 1.56 1.99 41.6 51.6 93.2
Figure 5g

Y2Ti207 1.87 (440) 1.68 (060) 1.87 (440) 45 45 90
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During the SLM process, the local temperature increases above 2000 °C, which can melt the powders
including Y20s. Moreover, the composition would be homogenized due to the Marangoni mixing effect in
the melt pool. Thus, ideally, precipitation of Y-Ti-O particles occurs homogenously within the melt pool.
TEM analyses have been conducted on the SLM produced alloys to investigate the nano-particle
characteristics. Figures 6a and b present the TEM micrographs of the SLM produced alloy. Similar to the
compressed and sintered PM samples, there are nano-particles as well as larger irregular-shaped particles.
However, as opposed to the PM samples, SLM results in micron-level grain size with micron/submicron
level cellular structure (Figure 3g), rather than nano-grains. Figure 6¢c shows the HRTEM micrograph of a
particle having a size of ~6-7 nm. Interplanar distances and angles have been determined from the HRTEM
image in Figure 6d and FFT diffractogram in Figure 6e. The measured values match well with the
interplanar spacing and angle of Y2Ti:07 particles, as seen in Table 4. Figures 6f and g show the HRTEM
micrograph of a particle having a size of ~4 nm and the corresponding FFT diffractogram. Even though
the lattice parameters are different than the parameters of Y2Ti2O7 (PDF# 01-072-0302), the angles and ratio
between the interplanar spacings are similar to pyrochlore structure; therefore, this particle is determined
to be Y2Ti207, as shown in Table 4. The reason for the smaller lattice parameter might be related to
stoichiometry or composition. Similarly, Figure 6h shows the HRTEM micrograph of another small
particle having a size of ~4 nm and the corresponding FFT diffractogram is presented in Figure 6i. This
particle is also determined to be Y2Ti2O7 even though the lattice parameter is smaller. Besides these fine
oxides having sizes <5nm, there are coarser oxides that contain Al, as reported in Ref [33].

It has been observed that some particles are composed of multiple compositions or stoichiometry
which results in crystallography change within the same particle in SLM produced alloy. For instance, in
Figure 7a, the left and right parts of the particle have different crystallography. While the particle in Figure
7a has an incoherent interface around its periphery, the particle in Figure 7b exhibits a crystalline structure
with semi-coherency with the matrix on the left side and a certain level of amorphization on the right side.
A similar phenomenon which is called ‘bi-phase’ formation has been reported by Sinha et al in ODS IN617
alloys [43]. This has been attributed to the formation mechanisms of the Y-AI-O particles due to the
reaction between Y203 and Al:Os [44]. In other words, the existence of such particles infers incomplete
transformation due to rapid cooling during SLM production.
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Figure 6. TEM micrographs of as-built SLM sample showing (a,b) the overall structure with nano-
particles; HRTEM micrographs of (c,d) a particle with ~6-7 nm size and (e) corresponding FFT spectrum;
(fh) particles with ~4 nm size and (g,i) corresponding FFT spectra.

Table 4. Measured and theoretical interplanar distances and angles for the particles in Figure 6.

di(A) d2(A) ds(A) al2(®)  a23(°)  al3 ()

Measured 2.49 1.60 1.76 57.7 35.3 89.2
Figure 6¢ _ _

Y2Ti207 2.52 (400) 1.46 (444) 1.78 (044) 54.7 35.3 90

Measured 2.53 2.2 2.55 55.3 55.9 70.2
Figure 6f L B o

Y2Ti207 2.9 (222) 2.5 (400) 2.9 (222) 54.7 54.7 70.5

Measured 24 2.2 2.5 55.5 52.3 71.1
Figure 6h - _ o

Y2Ti207 2.9 (222) 2.5 (400) 2.9 (222) 54.7 54.7 70.5
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5om)

Figure 7. Two different prticles having (a) crystallogray district regions (b) cherency change within
the same particle in SLM produced alloy.

The sizes of nano-particles (up to ~30 nm) were measured manually from the TEM images using the
Image] v1.49 digital processing software including 75 to 150 counts for each foil. Number density which
is defined as the number of particles per unit volume is calculated by assuming the foil thickness as 100
nm. When the nano-particles up to ~30 nm are considered, the particle size and number density graphs
can be seen in Figure 8. The particle size of PM1250 sample is the smallest (~4 nm) while PM1500 and SLM
samples have ~6 nm and ~5.2 nm, respectively. On the other hand, PM1500 has almost two times higher
amount of nano-oxides with ~3.5x102 m-, compared to PM1250. Moreover, the SLM sample has nano-
particles having a number density of ~2.5x102m-. It should be noted that nano-particle distribution is
relatively homogenous within the nano-grains in AM samples. On the other hand, the distribution of
nano-particles is inhomogeneous in such a way that the particles precipitate in agglomerated clusters
within the grain (or cell). Therefore, as the regions where the particles are populated are investigated, the
number density is quite high compared to our previous study which considers the overall nano-particle
distribution [33]. Moreover, high density-nanoparticles in the case of PM1500 sample result in higher
hardness which is presented in Figure 2.

(a) 7 : : - (b) ex10% : : :

5x10% |
4x10%2 -
3x107 b

2x10%

Particle size (nm)
Number density (m'3)

1x10% |

0
PM1250 PM1500 SLM PM1250 PM1500 SLM

Figure 8. (a) Particle size and (b) number density of the nano-particles in PM and SLM samples.
4. CONCLUSIONS
In this study, oxide dispersion strengthened IN718 alloys have been produced using powder

metallurgy and selective laser melting additive manufacturing. The effect of processing routes on the
microstructure, in particular the nano-particle formation and structure has been investigated. It has been
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found that compressing followed by sintering at 1250 and 1500 °C yields high density ODS alloys. The
hardness of PM1500 sample is ~30 HV higher than that of PM1250 which is attributed to the lower nano-
oxide number density in PM1250 alloy. It has been found that PM results in a nano-grained structure with
nano-particles while SLM produced alloy has a larger cellular structure with Laves phase, carbides and
oxides. The nano-particles have been determined to be Y2Ti207, Y2TiOs and/or YTiOs in PM1250 alloys
while there are some Ni2Y intermetallic particles as well as Y-Al-O and Y2TiOs oxides. In the case of SLM
produced alloy, fine Y2Ti:O7 particles with smaller lattice parameter and larger size Y-Ti-Al-O particles
have been observed. The PM1250, PM1500 and SLM samples have 4, 6 and 5.2 nm sized nano-oxides with
~1.6x102m3, ~3.5x102m? and ~2.5x102m number densities, respectively. It is noted that while the nano-
oxides are distributed homogenously within nano-grains in PM samples, they exist in groups within the
grain in the case of SLM sample. Besides, there are bi-phase particles in SLM produced alloys due to rapid
cooling and incomplete transformation. This study shows that ODS IN718 alloys with high-density fine
nano-oxides (<10 nm) can be produced using both powder metallurgy and additive manufacturing
methods.
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OZ: Toroslar’daki allokton tektono-stratigrafik birimlerden biri olan Hadim Nap1 Orta(?)-Ust Devoniyen-
Ust Kretase s1g platform karbonatlari ve kirintili kayaglardan olusan kesintisiz bir istife sahiptir. Hadim
Nap1'nin iyi ylizeylendigi Bademli stratigrafik kesiti alt-orta Vizeyen istifinin mikrofasiyes incelemeleri
sonucunda I¢ Platform Kiyi, Sinurli ve/veya Acik Deniz depolanma ortamlarini yansitan yedi mikrofasiyes
tanimlanmistir. Bunlar; Biyoklastik Tanetasi, Biyoklastik Tanetagi-Istiftasi, Kumlu Biyoklastik Tanetas,
Kumlu Biyoklastik Tanetagi-Istiftasi, Biyoklastik Pelloidal Tanetasi, Biyoklastik Vaketasi ve Kumtast
mikrofasiyesleridir. Tanimlanan mikrofasiyeslerin yapilan biyofasiyes incelemelerine gore genel olarak
zengin bir gesitlilik ve bolluk sunan foraminifer faunasina sahip oldugu goriilmektedir. Genel olarak stabil
bir depolanma ortamini isaret eden alt-orta Vizeyen karbonatlarindaki foraminifer faunasimnin depolanma
ortamindaki ufak degisimlerden olumsuz olarak etkilendigi goriilmektedir.

Anahtar Kelimeler: Toroslar, Hadim Nap, Vizeyen, Mikrofasiyes, Biyofasiyes

Microfacies and Biofacies Properties of the Lower-Middle Visean Succession of Hadim Nappe
(Central Taurides, Southern TURKIYE)

ABSTRACT: The Hadim Nappe, which is one of the allochthonous tectono-stratigraphic unit of the
Taurides, has a complete succession includes Middle(?)-Upper Devonian-Upper Cretaceous shallow
marine carbonates and terrigenous rocks. According to the microfacies analyses of the lower-middle
Viséan succession of the Bademli stratigraphic section, where the Hadim Nappe was well exposed, seven
microfacies, which are inditacing Inner Platform Shoal, Restrict and/or Open Marine depositional
environments, were indentified. These are; Bioclastic Grainstone, Bioclastic Grainstone-Packstone, Sandy
Bioclastic Grainstone, Sandy Bioclastic Grainstone-Packstone, Bioclastic Pelloidal Grainstone, Bioclastic
Wackestone and Sandstone microfacies. The identified microfacies have diverse and rich foraminiferal
fauna based on the biofacies analyses. The foraminiferal fauna of the lower-middle Viséan carbonates,
which generally indicates stable depositional environments, are adversely affected by minor changes in
the depositional environments.

Keywords: Taurides, Hadim Nappe, Viséan, Microfacies, Biofacies

1. GIRIS INTRODUCTION)

Ge¢ Devoniyen'de baslayip Erken Permiyen'de sona eren Geg¢ Paleozoyik Buzul Dé&nemi,
Fanerozoyik'teki en uzun siire¢li buzullasma olarak bilinmektedir [1-3]. Ge¢ Paleozoyik Buzullasmasi
veya Gondwana Buzullagsmasi olarak da bilinen bu buzul dénemi 6zellikle Gondwana ve Avustralya gibi
bolgeleri direk etkilerken Euramerica, Rusya ve Gondwana’nin kuzey ucunda yer alan Tiirkiye, iran ve
Giiney Cin bolgelerini ise dolayli sekilde etkilemistir [3-20]. Ge¢ Paleozoyik buzullagsmasinin uzak
etkilerinin gozlendigi alanlarda, Erken Karboniferdeki (Orta-Geg¢ Misisipiyen) buzul arasi donem
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siiresince deniz seviyesi degisimine de bagl olarak denizel karbonat doygunluk/¢okelim artisi ve denizel
organizmalarda bolluk/cesitlenme goriilmektedir [1,11, 21-23]. Bu ¢alismanin konusunu olusturan Hadim
Napi'na ait Alt Karbonifer (Orta-Ust Misisipiyen) ¢okelleri de benzer sekilde sig denizel self platformu
karbonatlarindan olusmakta ve zengin bir denizel fauna/flora icermektedir [24-27]. Bu kapsamda
gerceklestirilen ¢alismayla, ideal bir karbonat ¢dkeliminin goriildiigii Hadim Nap: alt-orta Vizeyen si1g-
denizel platform karbonatlarinin mikrofasiyes ozellikleri ve foraminifer faunasinin mikrofasiyeslerdeki
dagiliminin incelenmesi amaglanmustir.

2. BOLGESEL JEOLOJi (GEOLOGICAL SETTINGS)

Toroslar birbirlerinden stratigrafik, yapisal ve metamorfik 6zellikleri bakimindan ayrilan [28-30] biri
otokton/paraotokton digerleri allokton toplam alt1 tektono-stratigrafik birimden olusmaktadir. Bunlar;
Beydaglari-Anamas-Akseki Otoktonu, Hadim Napi, Bolkar Dag1 Napi, Beysehir-Hoyran Napi, Antalya
Naplar1 ve Alanya Naplarr'dir [25-26,31-36] (Sekil 1).
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Sekil 1. Orta Toroslar’in bat1 kesiminin tektono-stratigrafik birliklerini ve calisma alanini gosterir harita
([29] den degistirilerek alinmistir).

Figure 1. Schematic map showing the tectono-stratigraphic units in the western part of the Central Taurides and location of the study area
(revised after [29]).

Bunlardan Hadim Nap1 Orta(?)-Ge¢ Devoniyen-Geg¢ Kretase zaman araliginda ¢okelmis sig-denizel
platform karbonatlar ve silisiklastik kayaglardan olusmaktadir [24, 26, 28, 30, 37-38] (Sekil 2A). Hadim
Nap1 kronostratigrafik olarak alttan iiste dogru sirastyla Orta-Ust Devoniyen Asarlikyayla formasyonu
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(dolomit, kumtasi, seyl, kumlu kirectasi, resifal kirectasi, seyl silttasi ardalanmasi), Karbonifer Dikenli
formasyonu (seyl silttasi ardalanmasi, kirectasi, kumtasi, dolomit, Girvanela’l kiregtast), Permiyen Cevizli
formasyonu (Girvanela’li kirectasy, kiregtasi, seyl, kumtasi), Alt Triyas Mediova formasyonu (stromatolitik
ve oolitik kirecgtasi, kumtasi, kumlu kirectasi, kirectasi, seyl), Ust Triyas-Alt (?) Jura Derebucak
formasyonu (killi kiregtasi, kumtasi, konglomera, golsel kirectast), Alt Jura-Kretase Camlik formasyonu
(kirectasi, dolomit) ve Ust Kretase Zekeriya formasyonuna (konglomera, kumtasi, olistosrom) ait kayag
topluluklarindan olusmaktadir [26, 30, 38] (Sekil 2A).
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Sekil 2. A) Hadim Nap1 genellestirilmis kolon kesiti ([26, 30, 37-40]’den derlenerek hazirlanmistir), B)

Hadim Nap1 Bademli Bolgesi genellestirilmis kolon kesiti ([26]’ den Tiirkgelestirilerek alinmistir).
Figure 2. A) Generalized columnar section of the Hadim Nappe (modified after [26, 30, 37-40]), B) Generalized columnar section of the Hadim
Nappe in the Bademli Region (modified in Turkish from [26])

Monod [26] tarafindan Antalya’nin Akseki Ilgesi'nin Bademli Kasabasi'nda calisilan Hadim Napi'na
ait istif yazar tarafindan Bademli-Camlik Birimi olarak tanimlanmistir. Monod [26] bu c¢alismasinda
Karbonifer ve Permiyen istifini kronostratigrafik olarak Siyah $eyl birimi (Turneziyen-alt Vizeyen),
Bademli Kalkeri birimi (orta Vizeyen-alt Serpukhoviyen), Dolomit birimi (Namuriyen-Baskiriyen),
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Kuvarsit birimi (Moskoviyen-Kasimoviyen) ve Cevizli Kalkeri birimlerine (Gijeliyen-Permiyen) ayirmistir
(Sekil 2B).

2.1. Bademli Olgiilii Stratigrafik Kesiti (Bademli Measured Stratigraphic Section)

Bu ¢alisma kapsaminda Hadim Napi'na ait Bademli 6lgiilii stratigrafik kesiti Antalya’nin Akseki
Tlgesi'nin Bademli Kasabasi'nda 6l¢iilmiis olup 1/25.000 6lgekli Konya N27-a3 paftasinda yer almaktadir
(Kesit basglangic ve bitis UTM koordinatlari: 365 388776E/4130367N - 365 388897E/4130590N) (Sekil 1).
Olgiilen alt-orta Vizeyen karbonat istifi yaklasik 35 metre kalinliga sahip olup, istifin alt ve orta kistmlar
orta-kalin tabakali gri renkli kirectaslarindan, tizerleyen boliimii kalin tabakali sar1 renkli kiregtaslarindan
ve en ist boliimii ise kalin tabakali gri renkli kirectaslarindan olusmaktadir (Sekil 3).
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Sekil 3. Bademli 0liilii stratigrafik kesiti ve mikrofasiyesler icerisindeki allokem ve ekstraklastlarin

oransal dagilimai.
Figure 3. Bademli measured stratigraphic section and the proportional distribution of allochems and extraclasts in microfacies.
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3. MATERYAL VE METOT (MATERIAL AND METHOD)

Bu ¢alismada 6l¢iilen 35 metre kalinigindaki karbonat baskin alt-orta Vizeyen istifinden yaklasik birer
metre araliklarla 30 adet kayag 6rnegi derlenmistir. Derlenen 6rneklerin foraminiferlere dayali detayl
biyostratigrafik boliimlemesi Akbas [27] tarafindan gergeklestirilmistir. Ornek alinan her seviyeden
4,5x6,5 cm boyutlarinda ikiser adet ince kesit hazirlanmistir. Hazirlanan ince kesitler “Zeiss Primo Star”
marka binokiiler biyolojik mikroskopta incelenerek detayli allokem ve baglayici yiizdelemeleri yapilmis
ve “Mshot MD50-B” marka mikroskop goriintiileme sistemiyle 4x objektif altinda fotograflari ¢ekilmistir.
Detayli allokem ve baglayici ylizdelemelerinin yani sira mikrofasiyesler icerisindeki bolluk, ¢esitlilik ve
dagilimlarmin tespiti i¢in kesitlerdeki foraminiferlerin sayimlari da yapilmistir. Allokem yiizdelemeleri
Baccelle ve Bosellini [41] tarafindan hazirlanan yiizdeleme abaklar1 kullamlarak yapilmis olup
mikrofasiyes analizi i¢in ise Fliigel [42] tarafindan hazirlanan standartlar takip edilmistir.

4. MiIKROFASIYES ANALIZi (MICROFACIES ANALYSES)

Bademli kesiti karbonat baskin alt-orta Vizeyen istifinden derlenen Orneklere ait ince-kesit
incelemeleri sonucu I¢ Platform Kiyi, Sinirlanmis ve/veya Agik Deniz depolanma kosullarini yansitan yedi
mikrofasiyes tanimlanmistir; Biyoklastik Tanetasi, Biyoklastik Tanetagi-Istiftasi, Kumlu Biyoklastik
Tanetas;, Kumlu Biyoklastik Tanetasi-Istiftasi, Biyoklastik Pelloidal Tanetasi, Biyoklastik Vaketast ve

Kumtasi (Sekil 4).
4.1. Biyoklastik Tanetas1 (Bioclastic Grainstone)

Bademli kesiti karbonat istifinin alt, orta ve iist boliimlerinin cesitli seviyelerinde tanimlanan bu
mikrofasiyesteki baskin allokemleri degisen oranlarla foraminifer, alg, ekinoid ve bazi seviyelerde
bivalvia fosilleri olusturmaktadir (Sekil 3, 5A). Baglayici olarak ise allokemler arasinda baskin bir sekilde
sparit cimento olup ince-kesitlerin bazilarinda olduk¢a az miktarda (%1-2) mikrit ¢amuru da

gozlenmektedir.
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Sekil 4. Bademli olgiilii stratigrafik kesiti mikrofasiyeslerinin, Rampa Tipi Platform modelinde yer alan

Fasiyes Zonlari (FZ) igerisindeki dagilimi ([42] den Tiirkgelestirilerek alinmistir).
Figure 4. The distribution of the microfacies of the Bademli measured stratigraphic section in the Facies Zones (FZ) of the Ramp Type Platform
model (modified in Turkish from [42]).



698 M. AKBAS

Belirgin alg ve foraminifer toplugunun varlig1 ve baskin sparit cimento baglayicisiyla bu mikrofasiyes
FZ 7-8 (i¢ platform Kiyi, Siirli ve/veya Acik Deniz depolanma ortami) Fasiyes Zonu'na ve Standart
Mikrofasiyes tiplerinden SMF-18’e Rampa Tiirii Mikrofasiyes tiplerinden ise RMF-27"ye karsilik gelmektir
(Sekil 4).

Foraminiferlerce (endothyroids ve archaediscoids) zengin olan bu mikrofasiyese ait seviyelerde
gerceklestirilen ince-kesit analizlerine gore kesitlerin 1-11 arasinda degisen (¢ogunlukla 7-9) farkl: cins ve
bu cinslere ait 1-19 arasinda degisen (cogunlukla 9-19) farkl: tiir foraminifer igerdigi gézlemlenmis olup
ortalama 6 cins ve 9 tiir foraminiferle temsil oldugu belirlenmistir (Cizelge 1, 2; Sekil 6). Biyoklastik
Tanetas1 mikrofasiyesi icerisindeki zengin foraminifer faunasinda yer alan ve Vizeyen biyostratigrafisinde

oldukca 6nemli olan endothyroids ve archaediscoids fosil gruplarinin ince-kesitlerdeki sayisal degerlerine
bakildiginda cesitlilikle paralel bir sekilde belirgin bir bollugun varlig: da gézlenmektedir.

mmmle- Endothyroids
=== Archaediscoids
- Alg

=== Ekinoid
- Pellet
s Kuvars

Sekil 5. Bademli 6l¢iilii stratigrafik kesitinde tanimlanan mikrofasiyeslere ait ince-kesit
mikrofotograflari. A) Biyoklastik Tanetasi, B) Biyoklastik Tanetasi-Istiftasi, C) Kumlu Biyoklastik
Tanetasi, D) Kumlu Biyoklastik Tanetasi-Istiftasi, E) Biyoklastik Pelloidal Tanetasi, F) Biyoklastik

Vaketasi, G) Kumtagi.

Figure 5. Thin-section microphotographs of the microfacies identified in the Bademli measured stratigraphic section. A) Bioclastic Grainstone,
B)Bioclastic Grainstone-Packstone, C)Sandy Bioclastic Grainstone, D)Sandy Bioclastic Grainstone-Packstone, E)Bioclastic Pelloidal
Grainstone, F) Bioclastic Wackestone, G) Sandstone
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Ince-kesitlerde 3-71 arasinda degisen sayilarda bireye sahip archaediscoids grubu fosillerin
kesitlerdeki ortalama birey sayis1 28 bireyken, endothyroids gurubu fosiller 39-145 arasinda degisen
sayilarda bireye sahip olup ortalama 76 bireyle temsil olmaktadirlar (Cizelge 3, 4; Sekil 6).

4.2. Biyoklastik Tanetasi-istiftas1 (Bioclastic Grainstone-Packstone)

Calisilan Olgiilii stratigrafik kesitin genel olarak alt ve orta boliimlerindeki seviyelerde tanimlanan
Biyoklastik Tanetasi-Istiftasi mikrofasiyesinin baskin bilesenlerini biyoklastlar olusturmakta olup bazi
orneklerinde az miktarda intraklastlar da gozlenmektedir (Sekil 3, 5B). Baskin allokem igerigini olusturan
biyoklastlar azalan oranda sirasiyla foraminifer, ekinoid, alg ve bivalvia fosillerinden olusmaktadir.
Baglayic1 olarak ise sparit cimento ve degisen oranlarda (%5-25) mikrit camuru bulunmaktadir. Bu
mikrofasiyes Biyoklastik Tanetas: mikrofasiyesine benzer sekilde Standart Mikrofasiyes tiplerinden SMF-
18’e Rampa Tiirii Mikrofasiyes tiplerinden ise RMF-27"ye ve orta-yiiksek enerjili, I¢ Platform Kiy1, Sinirlt
ve/veya Acik Deniz depolanma ortamini isaret eden FZ 7-8 Fasiyes Zonu'na karsilik gelmektedir (Sekil 4).

Biyoklastik Tanetagi-Istiftagi mikrofasiyesinin tanimlandig1 seviyelere ait ince-kesitlerdeki foraminifer
(endothyroids ve archaediscoids) topluluguna bakildiginda 3-9 arasinda degisen (¢ogunlukla 6-7) farkh
cins ve bu cinslere ait 4-18 arasinda degisen (cogunlukla 8-9) farkl tiir foraminifer icerigine sahip olup
ortalama 6 cins ve 9 tiir foraminiferle temsil oldugu gozlenmistir (Cizelge 1, 2; Sekil 6). Biyoklastik Tanetas:
mikrofasiyesindeki gibi zengin bir foraminifer faunasina sahip bu mikrofasiyesteki endothyroids ve
archaediscoids foraminiferlerin bolluklarinin da benzer sekilde oldugu belirlenmistir.

Archaediscoids grubu foraminiferler bu mikrofasiyes igerisinde 15-62 arasinda degisen sayida
bireylere sahip olup ortalama birey sayis1 29 bireyle, endothyroids gurubu foraminiferler ise 3-162
arasinda degisen sayilarda bireye sahip olup ortalama 73 bireyle temsil olmaktadirlar (Cizelge 3, 4; Sekil
6).

Cizelge 1. Bademli 6l¢tiilii stratigrafik kesitinde tanimlanan mikrofasiyeslere ait foraminifer cins

cesitliligi
Table 1. Diversity of the foraminiferal genera in the microfacies identified in the Bademli measured stratigraphic section

Fasiyes Tipi O_rtalama En Diisiik En Yiiksek

Cins Sayisi Cins Sayisi Cins Sayisi
Biyoklastik Tanetas1 6 1 11
Biyoklastik Tanetasi-Istiftasi 6 3 9
Kumlu Biyoklastik Tanetas1 2 1 3
Kumlu Biyoklastik Tanetasi-Istiftasi 8 8 8
Biyoklastik Pelloidal Tanetas1 7 2 12
Biyoklastik Vaketasi 2 2 2

Cizelge 2. Bademli 6l¢iilii stratigrafik kesitinde tanimlanan mikrofasiyeslere ait foraminifer tiir cesitliligi
Table 2. Diversity of the foraminiferal species in the microfacies identified in the Bademli measured stratigraphic section

Fasiyes Tipi Ortalama En Diisiik En Yiiksek

Tiir Sayisi Tiir Sayisi Tiir Sayisi
Biyoklastik Tanetas1 9 1 19
Biyoklastik Tanetasi-Istiftasi 9 4 18
Kumlu Biyoklastik Tanetas1 2 1 3
Kumlu Biyoklastik Tanetasi-Istiftasi 11 11 11
Biyoklastik Pelloidal Tanetasi 11 2 19
Biyoklastik Vaketast 2 2 2
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Cizelge 3. Bademli 6l¢iilii stratigrafik kesitinde tanumlanan mikrofasiyeslere ait archaediscoids grubu

foraminiferlerin birey sayilar1
Table 3. Individual numbers of archaediscoids group foraminifers in the microfacies identified in the Bademli measured stratigraphic section

Fasiyes Tipi Ortalama En Diisiik En Yiiksek

Birey Sayisi Birey Sayisi Birey Sayis1
Biyoklastik Tanetas1 28 3 71
Biyoklastik Tanetasi-Istiftas 29 15 62
Kumlu Biyoklastik Tanetas1 16 1 30
Kumlu Biyoklastik Tanetasi-Istiftast 65 65 65
Biyoklastik Pelloidal Tanetas1 52 51 52
Biyoklastik Vaketasi 24 12 36

Cizelge 4. Bademli 6l¢iilii stratigrafik kesitinde tanimlanan mikrofasiyeslere ait endothyroids grubu

foraminiferlerin birey sayilari.
Table 4. Individual numbers of endothyroids group foraminifers in the microfacies identified in the Bademli measured stratigraphic section

Easives Tipi Ortalama En Diisiik En Yiiksek
Y P Birey Sayisi Birey Sayisi Birey Sayisi
Biyoklastik Tanetas1 76 39 145
Biyoklastik Tanetasi-Istiftasi 73 3 162
Kumlu Biyoklastik Tanetas1 42 9 60
Kumlu Biyoklastik Tanetasi-Istiftasi 102 102 102
Biyoklastik Pelloidal Tanetas1 65 63 66
Biyoklastik Vaketasi 31 21 40
BT | : Biyoklastik Tanetas: [ Ortalama Foraminifer Cins Cesitliligi
BT-i : Biyoklastik Tanetasi-Istiftast e ot e s
KBT : Kliinlu BiyoklastilfTanelasl . [ Ortalama Foraminifer Tiir Cesitliligi
KBT-i: Kumlu Biyoklastik Tanetasi-Istiftag: [ Ortalama Archaediscoids Grubu Foraminifer Sayisi
g{’/T giggti;‘:iik \P/‘eli(]gt];j:lll Tanetast [ Ortalama Endothyroids Grubu Foraminifer Sayisi
BT BT-i KBT KBT-i BPT BV
i i i i 102 i i
| | | | | |
| 76 | 73 | | | |
I | : -1
| | | | | 32 |
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Sekil 6. Bademli 6lciilii stratigrafik kesitinde tanimlanan mikrofasiyeslerdeki foraminiferlerin cesitlilik

ve bolluklarmi gosterir histogramlar.
Figure 6. Histograms showing the diversity and abundance of foraminifera in the microfacies identified in the Bademli measured stratigraphic

section

4.3. Kumlu Biyoklastik Tanetas1 (Sandy Bioclastic Grainstone)

Kumlu Biyoklastik Tanetas: mikrofasiyesi ekinoid, foraminifer ve alg fosillerinin baskin faunay1

olusturdugu biyoklastlar, degisen oranlarda intraklast ve kuvars tanelerinden olusan bilesenleri
icermektedir (Sekil 3, 5C). Bu mikrofasiyes Bademli kesitinin {ist kisimlarinda gézlenmektedir (Sekil 3).
Allokem ve ekstraklastlar (kuvars taneleri) baglayici olarak baskin sekilde sparit ¢cimento ile baglanmustir.
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Tane igerigi ve baglayiai tipiyle bu mikrofasiyes SMF-18 Standart Mikrofasiyes tipi ve FZ 7-8 Fasiyes
Zonu'na karsilik gelmekte olup Ig Platform Kiyi, Sinirli ve/veya Acik Deniz depolanma ortamim isaret
etmektedir (Sekil 4).

Belirli bir foraminifer faunasina sahip olsa da Kumlu Biyoklastik Tanetas: mikrofasiyesinde cesitlilik
ve bollugun diisiik oldugu gozlemlenmektedir. Bu mikrofasiyesteki foraminifer toplulugu 1-3 arasinda
degisen farkli cins ve bu cinslere ait 1-3 arasinda degisen farkh tiir icerigine sahip olup ortalama 2 cins ve
2 tiirle temsil olmaktadir (Cizelge 1,2; Sekil 6). Ortalama-diisiik bir foraminifer gesitlilige sahip Kumlu
Biyoklastik Tanetas1 mikrofasiyesinde gesitliligin diisiik olmasina paralel bir sekilde archaediscoids ve
endothyroids grubu foraminiferlerin sirasiyla ortalama 16 ve 42 bireyle nispeten diisiik bir bolluga sahip
olduklar1 gozlenmektedir. Incelenen ince-kesitlerin tamamina bakildiginda, archaediscoids grubu
foraminiferlerin en az 1 en fazla 30 bireyle, endothyroids grubu foraminiferlerin ise 9-60 arasinda degisen
sayilarda bir bollukla temsil olduklar1 gozlenmektedir (Cizelge 3, 4; Sekil 6).

4.4. Kumlu Biyoklastik Tanetasi-istiftas1 (Sandy Bioclastic Grainstone-Packstone)

Bademli kesitinin orta boliimlerindeki tek bir seviyede tanimlanan Kumlu Biyoklastik Tanetagi-
Istiftas1 mikrofasiyesi kuvars tanelerinden olusan ekstraklastlar ile baskin ekinoid ve alg fosilleriyle
birlikte foraminiferlerden olusan allokem toplulugu ile karakterizedir (Sekil 3, 5D). Baglayic1 olarak ise
baskin bir sekilde mikrit gamuru gozlenmektedir. Kumlu Biyoklastik Tanetasi-Istiftas1 mikrofasiyesi I¢
Platform Kiy1, Smnirli ve/veya Acik Deniz depolanma ortamini isaret eden SMF-18 Standart Mikrofasiyes
tipi ve FZ 7-8 Fasiyes Zonu'na karsilik gelmektedir (Sekil 4).

Bademli kesiti boyunca tek bir seviyede bulunan Kumlu Biyoklastik Tanetasi-Istiftasi
mikrofasiyesinde 8 foraminifer cinsi ve bu cinslere ait 11 farkl tiir belirlenmistir (Cizelge 1, 2; Sekil 6).
Tanimlanan foraminifer toplulugunda archaediscoids grubu foraminiferlerin 65, endothyroids grubu
foraminiferlerin ise 102 bireyle zengin bir bolluga sahip oldugu gozlenmektedir (Cizelge 3, 4; Sekil 6).

4.5. Biyoklastik Pelloidal Tanetas: (Bioclastic Pelloidal Grainstone)

Biyoklastik Pelloidal Tanetasi mikrofasiyesinin baslica allokemlerini foraminifer, alg, ekinoid ve
bivalvia fosillerinden olusan zengin biyoklastlar olusturmakta olup belirli bir oranda pellet igerigi de
gozlenmektedir (Sekil 3, 5E). Baglayici olarak ise sparit gimento bulunmaktadir. Incelenen &lgiilii
stratigrafik kesitin orta boliimlerindeki iki seviyede tanimlanan bu mikrofasiyes SMF-16 Standart
Mikrofasiyes tipine ve FZ-8 Fasiyes Zonu'na karsilik gelmekte olup I Platform Kiy1 veya Simirli-Denizel
depolanma ortamini isaret etmektedir (Sekil 4).

Biyoklastik Pelloidal Tanetasi mikrofasiyesi olarak tanimlanan iki seviyedeki orneklere ait ince-
kesitler tizerinde gergeklestirilen foraminifer gesitlilik incelemelerinde 6rneklerden birinin 2 cins ve bu
cinslere ait 2 farkli tiire, diger 6rnegin ise 12 cins ve bu cinslere ait 19 farkli tiire sahip olduklar1 belirlenmis
olup ortalama 7 cins ve 11 tiir foraminiferle temsil oldugu gozlenmektedir (Cizelge 1, 2; Sekil 6). Ince-
kesitlerde belirlenen foraminifer topluluguna ait bollugun ise archaediscoids grubu foraminiferlerde
ortalama 52 birey, endothyroids grubu foraminiferlerde ise ortalama 65 bireyle temsil oldugu
gozlemlenmistir (Cizelge 3, 4; Sekil 6).

4.6. Biyoklastik Vaketas1 (Bioclastic Wackestone)

Incelenen Bademli &lgiilii stratigrafik kesitinin orta boliimiindeki iki seviyede tamimlanan Biyoklastik
Vaketas1 mikrofasiyesi fakir bir foraminifer faunasi ve yer yer bivalvialardan olusan allokemler ile
karakterizedir (Sekil 3, 5F). Baglayici olarak ise degisen oranlarda mikrit camuru ve sparit ¢imento
bulunmaktadir. Nispeten az da olsa belirli bir foraminifer toplugunun varligina bagh olarak bu
mikrofasiyes I¢ Platform Sinurli-Acik Deniz depolanma ortamini temsil eden FZ-8 Fasiyes Zonu, SMF-23
Standart Mikrofasiyes tipi ve RMF-20 Rampa Tiirii Mikrofasiyes tipine karsilik gelmektedir (Sekil 4).
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Biyoklastik Vaketas:t mikrofasiyesinin tanimlandig: her iki 6rnekte de foraminifer gesitliligi 2 farkl
cins ve bu cinslere ait 2 farkl tiir ile temsil olmaktadir (Cizelge 1, 2; Sekil 6). Tanimlanan foraminiferlerin
bolluk agisindan incelenmesinde ise cesitliligin az olmasiyla paralel bir sekilde archaediscoids grubu
foraminiferlerin ortalama 24 birey, endothyroids grubu foraminiferlerin ise ortalama 31 bireyle temsil
oldugu gozlemlenmistir (Cizelge 3, 4; Sekil 6).

4.7. Kumtas1 (Sandstone)

Bademli kesitinin orta-iist boliimiinde tanimlanan Kumtas1 mikrofasiyesi genel olarak iyi boylanmis
ve karbonat gimento ile baglanmis kuvars icerigiyle karakteristiktir (Sekil 3, 5G). Bu mikrofasiyes I¢
Platform gelgit zonu depolanma ortamin isaret eden FZ10 Fasiyes Zonu'na karsilik gelmektedir (Sekil 4).

5. TARTISMALAR (DISCUSSIONS)

Ge¢ Paleozoyik Buzullasma donemi igerisinde Ge¢ Devoniyen (Fransniyen-Fameniyen)-Erken
Karbonifer (Turneziyen) zaman araliginda gerceklesen 1. buzul dénemi [1,2,3] sonras: Vizeyen zaman
araliginda buzul etkilerinin olmayisiyla bu donemde ideal bir s1§ denizel platforma ait etkin bir karbonat
¢Okelimi goriilmektedir [1, 11, 21-23]. Hadim Nap1 erken-orta Vizeyen yash Bademli dlgiilii stratigrafik
kesitinde tamimlanan mikrofasiyesler benzer sekilde I¢ Platform si§ denizel ¢okelme ortaminda ¢okelmis
karbonat baskin bir istifi isaret etmektedir. Ideal karbonat platformunda uygun sartlarin olugsmasi ve bu
zaman aralig1 boyunca stabilizasyonun korunmasi organizmalarin gelisimini de olumlu olarak etkilemis
olup genel olarak sedimanter kayitlarda zengin bir foraminifer faunasi sunmaktadir. Tanimlanan
mikrofasiyeslerde foraminifer faunasi genel olarak zengin bir gesitlilik ve bolluk sunmaktadir ancak her
ne kadar tiim mikrofasiyesler platform ici siurlt ve/veya acik deniz ¢dkelme ortamini igaret etse de en
fazla gesitlilik ve bolluk Biyoklastik Tanetasi, Biyoklastik Tanetagi-Istiftagi, Biyoklastik Pelloidal Tanetast
mikrofasiyeslerinde gozlenmektedir. Cokelme ortamdaki kuvars ve/veya mikrit ¢amuru varliginin
sedimanter kayitlara yansidigi Kumlu Biyoklastik Tanetas: ve Biyoklastik Vaketasi mikrofasiyeslerinde
ise foraminifer faunasmin olumsuz olarak etkilendigi dolayisiyla da cesitlik ve bollugun az oldugu
gozlenmektedir. Stabil bir I¢ Platform sig denizel ortam kosullarini isaret eden Hadim Napi alt-orta
Vizeyen karbonat istifinde kuvars taneleri ve mikrit camurunun varligiyla sedimanter kayitlara gecen
¢Okelme ortamindaki ufak degisikliklerin faunay1 dogrudan etkiledigi soylenebilmektedir.

6. SONUCLAR (CONCLUSIONS)

Hadim Napz1 alt-orta Vizeyen istifi Bademli olgiilti stratigrafik kesitinde gerceklestirilen mikrofasiyes

ve foraminifer dagilim incelemelerinde asagidaki sonuglar elde edilmistir;

1) Incelenen karbonat baskin alt-orta Vizeyen istifinde 7 adet mikrofasiyes tamimlanmistir;
Biyoklastik Tanetasi, Biyoklastik Tanetasi-Istiftas;, Kumlu Biyoklastik Tanetasi, Kumlu
Biyoklastik Tanetagi-Istiftasi, Biyoklastik Pelloidal Tanetasi, Biyoklastik Vaketasi ve Kumtasi
mikrofasiyesi.

2) Tanimlanan mikrofasiyesler Hadim Napi alt-orta Vizeyen istifinin stabil bir I¢ Platform sig
denizel ¢okelme ortaminda ¢okeldigini gostermektedir.

3) Hadim Nap1 alt-orta Vizeyen istifi zengin cesitlilik ve bolluga sahip bir foraminifer toplulugu
sunmaktadir.

4) Foraminifer toplulugundaki gesitlilik ve bollugun tanimlanan mikrofasiyes tiplerindeki mikrit
camuru ve/veya kuvars varligina bagl olarak bazi farkliliklar gosterdigi belirlenmistir.

Etik Standartlar Bildirimi (Declaration of Ethical Standards)
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ABSTRACT: This study focused on acrylamide/N-vinyl-2-pyrrolidone chemically cross-linked hydrogel
composites. As fillers, sepiolite and alkyl ammonium salt modified sepiolite were used in the
preparation of the hydrogel composites. Characterization of the hydrogel composites was carried out
with X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and scanning electron
microscopy (SEM) analyses. Swelling of the hydrogel composites as a function of time was investigated
with tea-bag method. Reswelling ability of the hydrogel composites was revealed after the three cycles.
In the third swelling test, the swelling percentage of the NVP hydrogel was about 1690%. The swelling
percentage of the NVP+MSP hydrogel composite increased from approximately 1610% to 1760% after
the three repeated swelling tests. The hydrogel composite including modified sepiolite showed higher
equilibrium water content (EWC) in the distilled water and at different pHs compared to other samples.
The highest EWC value was obtained for the hydrogel composite including modified sepiolite (0.9637) in
alkali conditions. Water diffusion mechanism of the hydrogel composites was examined based on the
Fickian diffusion index (n). n values of the hydrogel composites were lower than 0.5 which is indication
of water diffusion governed by less Fickian diffusion mechanism. The results showed that hydrogel
composites can be used in various applications required the reswelling ability and high EWC value.

Keywords: Alkyl Ammonium Salt, Hydrogel, Reswelling Ability, Sepiolite, Water Diffusion Mechanism
1. INTRODUCTION

Hydrogels are defined as 3D polymer networks which uptake a large quantity of water or various
biological fluids [1]. The main advantages of hydrogels such as high water uptake, responsiveness to
external factors (light, pH, temperature, electrical and magnetic field etc.), biocompatibility and
biodegradability make hydrogels smart materials [2, 3]. Due to their desired properties, hydrogels are
utilized in drug delivery, tissue engineering, contact lenses, hygiene materials, electrochemical
applications, separation processes, food industry and agriculture [4, 5].

In general, hydrogels are synthesized with chain growth polymerization or step growth
polymerization. Owing to hydrophilic segments of hydrogels, cross-linking step is required to prevent
the hydrophilic segment dissolution in an aqueous medium. Hydrophilic polymers exhibit Newtonian
behavior in the absence of cross-linker. When cross-linkers are used, hydrogels exhibit visco-elastic or
non-Newtonian behavior [6]. Based on cross-linking methods, hydrogels are separated into: chemically
and physically cross-linked hydrogels. Chemically cross-linking is conducted through chemical
reactions of complementary groups, high energy radiation, free radical polymerization and cross-linking
with enzymes. On the other hand, hydrogen bonding, chain entanglements, n-n stacking, metal-ligand
coordination, ionic interactions, hydrophobic interactions, crystallization, Van der Waals forces and
protein interactions are effective for physically cross-linking [7, 8].

Swelling is one of the most important properties for hydrogel applications. The swelling process
takes place in three stages: water diffusion into hydrogel structure, polymer chain loosening and
hydrogel expansion, respectively [9]. Swelling ratio of hydrogels generally changes depending on
monomer type and concentration, cross-linking degree, external stimuli, solvent type and concentration,
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initiator content as well as surface functionalization of hydrogels [10, 11]. For example, low amount of
cross-linker can hinder formation of hydrogel network effectively which adversely affects water uptake.
Using high amount of cross-linker can result in high cross-linking degree, so leading limited water
diffusion into hydrogel structure [12]. Moreover, type of monomer including hydrophilic or
hydrophobic groups alters swelling properties of hydrogels. Hydrophilic groups have synergistic effects
on the swelling ratio of hydrogels. However, hydrophobic groups prevent interactions between water
and hydrogel network that decreases swelling capacity [13].

To enhance swelling properties, incorporation of fillers such as metals, metal oxides, polymers, clays
and carbonaceous materials is a promising strategy [14]. Clays (kaolin, vermiculite, montmorillonite,
bentonite, sepiolite, and so on) are widely used as filler owing to their abundance, low-cost, hydrophilic
structure and easiness of preparation [15]. In case of preparation of hydrogel composites, hydrophobic
structure of polymers can limits homogeneous dispersion of clays. So, clay modification is generally
applied using alkyl ammonium salts such as tetramethyl ammonium bromide, hexadecyl ammonium
chloride and octadecyl trimethyl ammonium bromide to provide uniform dispersion of clays in polymer
network [16, 17].

This study focused on acrylamide/N-vinyl-2-pyrrolidone chemically cross-linked hydrogel
composites. Reswelling in water and equilibrium water content of the hydrogel composites were
determined based on data collected by tea-bag method. Water diffusion mechanism of the hydrogel
composites was investigated with Fick’s law of diffusion. Effects of presence of sepiolite in the hydrogel
network and sepiolite modification with an alkyl ammonium salt on the swelling/reswelling properties,
equilibrium water content and water diffusion were studied in detail. Characterization of the hydrogel
composites was carried out X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and
scanning electron microscopy (SEM) analyses. When compared to literature studies related to hydrogel
composites including clays, significant advantages of the hydrogel composites prepared in this study
were discussed.

2. MATERIAL AND METHODS
2.1. Materials

Acrylamide (Merck) and N-vinyl-2-pyrrolidone (Sigma-Aldrich) as a monomer were used.
Ammonium persulfate (Sigma-Aldrich) was utilized as reaction initiator. Ethylene glycol dimethacrylate
(Sigma-Aldrich) and N,N,N’,N’-tetramethylethylenediamine (Sigma-Aldrich) were used as cross-linker
and accelerator, respectively. Sepiolite with the molecular formula of MgsSi12030(OH)s(H20)4.8H20 was
evaluated as a filler. Tetramethyl ammonium chloride (Merck) was used to modify sepiolite. Distilled
water was used for synthesis and swelling studies.

2.2. Hydrogel Synthesis

Free radical polymerization technique was used for hydrogel synthesis [18]. Acrylamide solution
and N-vinyl-2-pyrrolidone were mixed with the mole ratio of 1:1. Cross-linker (0.05 mL) was added to
monomer solution under the reflux. After the addition of 0.01 g initiator and 100 pL accelerator into the
solution, gel was obtained at 50 °C. Removal of impurities from the gel was provided with water
washing at room temperature and the gel was dried at 50 °C until reaching to constant mass. The
hydrogel was called as N-vinyl-2-pyrrolidone (NVP) hydrogel.

2.3. Preparation of Hydrogel Composites

Following to the cross-linker mixing with monomer solution, sepiolite with 1 wt% was added to the
solution. After the homogeneous dispersion of sepiolite, initiator and accelerator was added to
suspension. Gel formation was observed at 50 °C, and then similar washing and drying were applied to
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prepare hydrogel composite as in the hydrogel synthesis. The hydrogel composite was called as N-vinyl-
2-pyrrolidone + sepiolite (NVP+SP) hydrogel composite.

Hydrogel composite was also prepared by using modified sepiolite as mentioned above. For
sepiolite modification, sepiolite was dispersed in distilled water (1:5, w:v) and tetramethyl ammonium
chloride solution was added to suspension. The suspension was stirred for 24 h at room temperature.
Modified sepiolite was washed with distilled water until removal of Cl- ions which was controlled with
0.1 N AgNO:s solution. The modified sepiolite was dried at 60 °C. The hydrogel composite was called as
N-vinyl-2-pyrrolidone + modified sepiolite (NVP+MSP) hydrogel composite.

2.4. Characterization of Samples

XRD analyses were performed by Bruker D8 Advance equipment (Cu-Ka radiation, A: 1.54 A). FTIR
analyses were conducted on Bruker Vertex 70 spectrometer in the range of 4000-1000 cm™'. SEM analyses
were carried out by SM Zeiss LS-10 device.

2.5. Swelling and Diffusion Studies of Samples

To examine water uptake of the samples through tea-bag method, the samples were put in distilled
water at room temperature. The samples were taken out from the water and wiped excess water with a
tissue paper. The mass of the samples were recorded and swelling percentage (S, %) was determined by
the following equation [19]:

s =TT x100 (1)
mo
where m1 and mo indicate mass of the samples at time t and initial, respectively.

Reswelling behaviour of the samples was investigated in distilled water with repeating swelling
experiment three times at room temperature. After each swelling test, the swollen samples were dried at
50 °C. The dried samples were used again for the next swelling test.

Equilibrium water content (EWC) of the samples in distilled water and at different pHs was
determined by the following equation [20]:

EWC = T1i—™o )
my
Water diffusion mechanism of the samples in distilled water and at different pHs was explained
based on the following equation [21]:
T = k" €)

Moo

F =

where m., shows mass of the sample at equilibrium point. k is swelling rate constant and n is diffusion
index which is used to determine type of the water diffusion. This equation can be applied in case of F <
0.6 [22].

3. RESULTS AND DISCUSSION

Figure 1 shows XRD pattern of the samples. With the incorporation of 1 wt% sepiolite or 1 wt%
modified sepiolite, no significant change was specified XRD pattern of the samples. A common broad
diffraction peaks at about 20 = 13° and 22° in the XRD pattern of the samples indicated that the samples
were in the amorphous state [23].
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Figure 1. XRD pattern of the samples

Figure 2 shows FTIR spectrum of the samples. The band related to stretching of -OH was
determined at the centered of 3400 cm. The peak at 3166 cm? was attributed to N-H stretching
vibrations. The peaks at 2927 cm? and 2880 cm? were contributed to asymmetric and symmetric
stretching vibrations of C-H, respectively. Formation of C=O groups between acrylamide and N-vinyl-2-
pyrrolidone resulted in appearance of the peak at 1670 cm!. The peaks at 1460 cm! and 1280 cm™ were
assigned to C-H deformation of CH: groups and C-N stretching, respectively [24]. The peak at 1172 cm!
was originated from C-C stretching of N-vinyl-2-pyrrolidone ring [25].
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Figure 2. FTIR spectrum of the samples

Figure 3 shows morphological structure of the samples. In the SEM image of the NVP hydrogel
(Figure 3a), regular layers which are effective in water diffusion were observed. While using unmodified
sepiolite, uneven surface belonged to the NVP+SP hydrogel composite was obtained (Figure 3b). And
also, formation of the agglomerated structure was determined that has generally adverse effects on the
water uptake of the materials [26, 27]. Whereas, homogeneous dispersed NVP+MSP hydrogel composite
including regular layers was prepared with the incorporation of modified sepiolite into the hydrogel
network as shown in Figure 3c. It is known that interlayer distance between the clay plates increase in
case of mixing with monomer molecules providing the formation of layered structure that makes
diffusion of water molecules easy into the hydrogel network [28].
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Figure 3. SEM image of the a) NVP hydrogel, b) NVP+SP hydrogel composite and ¢) NVP+MSP
composite hydrogel

Figure 4a shows swelling percent of the samples in time. In the beginning, swelling percentage of
the samples rapidly increased, and then swelling rate slowed down. In case of using neat sepiolite, a
slight decrease in the swelling percentage of the NVP hydrogel was observed which was attributed to
nonhomogeneous dispersion of the sepiolite in the hydrogel structure. However, the swelling
percentage of the NVP hydrogel increased with the incorporation of modified sepiolite. By the help of
modification, separation of layers of the sepiolite as well as uniform dispersion of the sepiolite had
synergistic effects on the water uptake of the NVP+MSP hydrogel composite.
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Figure 4. a) Original swelling, b) first reswelling, c) second reswelling and d) third reswelling of the

samples

Figure 4b-d show ability of the samples to swell in the water over several cycles. It was clear that all
the samples exhibited similar reswelling behaviour in the water. Original swelling percentage of the
NVP hydrogel was determined as about 1350%. In the third swelling test, the swelling percentage of the
NVP hydrogel was about 1690%. The swelling percentage of the NVP+MSP hydrogel composite
increased from approximately 1610% to 1760% after the three repeated swelling tests. The results
revealed that the swelling percentage of the samples was higher than that of their original swelling
percentage based on the repeated swelling tests. No defect in the hydrogel network such as crack and
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degradation was observed. So, it was obvious that the samples can be used for many times in various
applications including reswelling ability.

EWC of the samples is given in Table 1. The samples had considerably high EWC which is
associated with good biocompatibility of the materials in general [29]. EWC of the NVP hydrogel and
NVP+SP hydrogel composite was about 0.95 in distilled water and at different pHs. Due to the
utilization of modified sepiolite, NVP+MSP hydrogel composite exhibited higher EWC compared to
other samples. At low pH, EWC of the NVP+MSP hydrogel composite was lower that was assigned to
packed form of polymer chains due to hydrogen bonds between —COOH groups [30]. Ionization of —
COOH groups into —COO- ions with increasing pH leads to repulsion forces between polymer chains
that contribute higher swelling capacity [31]. The lowest EWC of the NVP+MSP hydrogel composite was
0.9561 at pH 2, while the highest EWC was specified as 0.9637 at pH 9 in this study.

Table 1. EWC of the samples

Samples Distilled water pH2 pH7 pH9

NVP 0.9547 0.9545 0.9559 0.9539
NVP+SP 0.9523 0.9519 0.9555 0.9523
NVP+MSP 0.9609 0.9561 0.9593 0.9637

Figure 5 shows In F vs. In t curves of the samples. Water diffusion mechanism is generally specified
based on the slope of the curves (n value). Depending on n value, diffusion mechanism is classified as
less Fickian diffusion, Fickian diffusion and non-Fickian diffusion. While n value equals to 0.5, water
diffusion is rate limiting [32]. In case of n < 0.5, less Fickian diffusion takes place which means that water
diffusion rate is lower than relaxation rate of the polymer chains [33]. Non-Fickian diffusion is observed
when 0.5 <n < 1.0 that is indication of dominance of water diffusion rate or comparable relaxation and
diffusion rate [34]. In this study, n values were lower than 0.5 which is evidence of less Fickian diffusion.

4. CONCLUSIONS

This work was related to reswelling properties and water diffusion mechanism of the hydrogel
composites. Hydrogel composites were prepared by using sepiolite and alkyl ammonium salt modified
sepiolite by free radical polymerization technique. Amorphous structure of the hydrogel composites was
observed by XRD analyses. Characteristic peaks in the FTIR spectrum of the hydrogel composites were
indication of successful preparation of the samples. Dispersion of the filler in the polymer chains was
investigated by SEM analyses. Uniform dispersion of the modified sepiolite in the hydrogel network was
specified in the SEM image in contrast to sepiolite.

Ability of the hydrogel composites to swell in the water over several cycles was examined. The
swelling percentage of the hydrogel composites was higher than that of their original swelling
percentage, after the repeated swelling tests without crack or degradation. Based on the EWC of the
samples, the lowest swelling percentage belonged to NVP+SP hydrogel. However, NVP+MSP hydrogel
composite exhibited higher swelling percentage by the help of regular layered structure. The highest
EWC of the NVP+MSP hydrogel composite was determined at pH 9 due to the ionization of -COOH
groups. n values lower than 0.5 obtained from In F vs. In t curves revealed that water diffusion
mechanism of the hydrogel composites can be explained with lower water diffusion rate than relaxation
rate of the polymer chains.

The results showed that hydrogel composite especially including the modified sepiolite can be used
in various applications required the reswelling ability and high EWC value.
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ABSTRACT: Energy management is an important process for maintaining available energy resources and
meeting basic household energy needs. Many studies seek to optimize the household energy consumption
patterns to manage the load demand and minimize energy costs. Adopting such optimizations in conflict-
affected countries is more beneficial due to limited energy sources. This study identifies the optimal energy
consumption model for households in northern Syria. The objective is to identify the most cost-efficient
energy sources while considering the prices, average monthly household income, the main source of
electricity, battery storage capacity, and energy demands for space heating, water heating and cooking. One
hundred and thirty-six (136) standardized surveys of residential households are collected and used as a test
case. Statistical analysis of the data was carried out using the R-Studio software, where Poisson regression
and negative binomial regression were employed. Findings revealed that the Negative Binomial (NB) model
used has high explanatory power. In addition, the energy sources used for space heating and water heating
have a direct impact on monthly expenditures. The produced model showed that the most cost-effective
energy sources are coal for space heating and natural gas and kerosene for water heating.

Keywords: Energy Efficient, Energy Management, Optimizing Energy, Poisson Regression, Negative Binomial
Regression

1. INTRODUCTION

Most of the electricity infrastructures during the Syrian civil war have been destroyed [1-3]. This has
been having a devastating effect on more than 90% of Syrians. As the main source of power supplies
dropped off, Syrians had to be creative in finding alternative sources for light and power. Across Syria,
people survive with little or no energy. Energy poverty has a knock-on effect on other basic services like
water supplies and health services [4, 5]. We have seen first-hand the damaging effects of power shortages
in Syria. We witnessed the devastating effect of the energy shortage on millions of Syrians. Aleppo city was
Syria’s powerhouse and home to over four million people. It became a battleground and remained so for
more than four years. Syrians were undergoing enormous suffering because of cuts to energy supplies, used
by each of the opposing parties to pressure the other. Energy shortage became a matter of life or death. Our
recent pilot research (submitted for publication) showed that energy shortages have a direct impact on
displacement and immigration, create barriers to education, and reduce social and psychological well-being.
Therefore, the most cost-effective energy sources must be urgently identified to help people secure their
main energy needs at the lowest costs. Thus, improving the energy use efficiency according to the
household's monthly income. This research focuses on creating societal and ecosystem changes and
develops a novel solution to the energy efficiency problem in north Syria that is more effective, efficient,
sustainable and is beneficial primarily to society as a whole rather than private individuals. The results will
have an impact on improving the households’ living conditions where perceived self-efficacy with energy-
saving behaviors and knowledge about behaviors all relate to achieving sustainability.

*Corresponding Author: Fuad ALHAJ] OMAR, fuad.a@beun.edu.tr
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Existing literature has highlighted the management and optimization of energy consumption. The
challenge is that Syria has been ranked as one of the fragile states globally in the past decade [6]. In fact, the
conflicts between two parties, which are the prevailing form in most countries in the Middle East, do not
result in positive social change or military victory for any party [7, 8]. Moreover, the prolonged period of
conflicts in the Middle East may generate successive waves of conflicts [9]. Armed conflict may be
exacerbated by natural and environmental threats such as climate change and urbanization. As well, the
rapid change in advanced technology, communication systems, and the media may produce new and
unfamiliar forms of wars [10]. Wherefore, any conventional development plans may be condemned to
failure [11], and hence energy planning models are also susceptible to failure [12]. Therefore, there is a need
to understand the complex structure of conflicts in order to develop flexible and long-term plans and
strategies to address the energy problem [13, 14].

Some studies have considered the context when seeking to solve energy problems facing fragile societies
by attempting to achieve the best available options [15-18]. For instance, the cost of capital for investing in
solar energy has been changed according to different political situations [19]. Pettersson and Wallensteen
[20] examined how the energy and water infrastructure can be made more resilient in the face of armed
conflicts between two parties.

Zerriffi et al. [21] explained how the system attributes that are useful under conflict might undervalue if
the reliability assessment takes into account only normal operating situations. Brazilian et al. [22] explained
that typical values of parameters in a fragile country are unrealisticc which makes the resulting
recommendations also irrelevant. Instead of that, they considered the fragility when developing the least
expensive planning models through lower available capital, higher interest rates, extended construction
time, and damages over the entire planning period.

Patankar et al. [23] believed that the generating assets could be damaged as a result of the conflict in
South Sudan, so they decided to use stochastic programming to test power system plans that are not
affected by risks.

In any case, all the proposed models and strategies were simulating the context in the studied area,
whose conditions differ from one country to another. In other words, the strategies and models proposed in
a particular context cannot be fully adopted in another context because the conditions and the nature of the
conflict are different.

After the 2011 Arab spring, the Middle East was affected by socioeconomic factors. That pushed states
deeper into a vicious cycle of poverty and deterioration [24]. Socio-economic factors are associated with high
unemployment, poverty, social inequality, and frustration, all of which lead to the loss of human capital that
is exacerbated after adding the high cost of living and unemployment [25]. The depletion of available
resources, inflation, dependence on imports and price fluctuations exacerbate the social-economic problems
[26, 27]. All of these factors combined can lead to internal and international displacement, and these
displacement movements can be exacerbated as a result of protracted armed conflicts [28]. The displacement
movements and the concentration of population in a limited area can lead to the collapse of infrastructure
and insufficient resources available to meet the growing need [13, 29, 30].

As a result of the ongoing conflict in Syria, there has been a significant exodus towards northern Syria.
Our recent research showed that there are about four million people living in North and Northwest Syria.
As a result of this population density, there is a huge gap between available energy and household
requirements. The energy burden for limited-income households has increased due to fluctuating prices of
fossil fuels, outdated appliances, and energy inefficient homes [4]. Accordingly, there is an urgent need to
build an energy consumption model to identify the most cost-effective energy sources to help people in
northern Syria optimize their energy use.

In this paper, we have developed a feasible and actionable model that identifies the most cost-effective
energy sources according to the household's monthly income. Two models were built based on Poisson
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regression and negative binomial regression, and according to the regression model evaluation criteria, the
optimal model was determined. Note that this model only fits the context in northern Syria. However, the
modelling and analysis method can be applied to propose a model compatible with any context elsewhere.

2. METHODOLOGY

In the framework of this study, the methodology was based on the collection of statistical information
by using structured questionnaires. These served to explore deeply the reality of energy in northern Syria.
We focused on families (head of household) for determining the daily need and consumption of energy in
the target region. The questionnaire was coded to be used by the program “KoBo Toolbox”; this is a free
open-source tool to collect data using mobile devices without a network connection. Before starting the
questionnaire, the team consisting of 22 specialized data collectors (12 males and 10 females) was well
trained on the questionnaire, and several experimental questionnaires were conducted to ensure the quality
of the method used, also to ensure that the questions are clear, understandable, and appropriate to the
context of the target region.

Also, considering the Syrian context, we were keen to form teams for data collectors, each team
consisting of a male and a female, and therefore we did not face any challenges related to conducting the
interviews with the female adults when the head of household is not available at home, so the sample was
representative of females as well. The sample size was 136 samples of both genders and of different ages.
The collected samples were randomly selected from 35 communities located in northern Syria as shown in
Fig. 1. After reviewing the collected data, the analysis and modelling process was performed. Parameters of
the Negative Binomial and Poisson regression models are estimated using the maximum likelihood (ML)
method with "Newton Raphson (NR)” and “Fisher-Scoring (FS)" iterative algorithms in R software. Figure 2
shows the flow chart of the methodology stages.
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Figure 1. Mapping of targeted communities studied by household survey
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Figure 2. Flow chart of the methodology

3. REGRESSION MODELS

Regression analysis is one of the methods of inferential statistics that is concerned with estimating the
relationships between a dependent variable (often called the 'outcome’' or 'response' variable) and one or
more independent variables [31-33].

The concept of regression dates to the 18th century when it was used to solve astronomical navigation
problems. In 1805 Legendre developed the method of least squares to determine the averages of a regression
model [34]. Then Gauss showed that this method is really the best solution when the distribution of random
errors is normal [35]. This methodology was later used in the physical sciences until the 19th century. Galton
was one of the first to use the term "meaning regression," and then regression, in his study of the height of
fathers and their children in the late nineteenth century [36, 37].

If the regression model contains one independent variable, it is called a simple regression model, and if
it contains more than one independent variable, it is a multiple regression model, and the regression model
can be linear or non-linear [33]. The mentioned models are based on quantitative variables, but if the
dependent variable is categorical (it has a finite number of categories and therefore has a non-normal
distribution), then another model should be used, such as a logistic regression model. Which studies the
relationship between a response variable of two classes and the independent variable which can be
continuous (quantitative) or discontinuous [38]. When the dependent variable follows a distribution from
the exponential family, such as the Poisson distribution, the gamma distribution, and the negative binomial
distribution, then in this case generalized linear models are used [39].

3.1. Poisson Regression model

The Poisson regression model is also called the log-linear model and is often used to model count data.
In addition, it allows the frequencies of events to depend on one or more variables, provided that the events
are independent given these variables [40, 41]. If Y is the number of occurrences, its probability distribution

can be written as [42, 43]:
e~HyuY
PG =
where 1 is the average number of occurrences and it requires careful definition. Often it needs to be
described as a rate.
LetYV;,..., Yy be independent random variables with ¥; denoting the number of events observed from

; y=012,.. 1)
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exposure n; for the ith covariate pattern. The expected value of Y; can be written as :

EY) = w = n.6; )
The dependence of 8; on the explanatory variables is usually modelled by [39]:
6; = exib @3)
Therefore, the generalized linear model is:
T
E(Y) = w = ne*if ; Var(Y ;) = w; 4)

According to the generalized linear model concept, three components are required to form a Poisson
model. The first of these is the Poisson distribution, the second one is a linear predictor that describes the
relationship between the independent variables and coefficients as follows:

Ni = Bo + P1yir + B2Yiat...... +BpYiw) ©®)

The third component is a link function to obtain a functional relationship between the expectation of the
response variable to linear predictors. There are many link functions for the studied model and the most
significant link function is the log link function, which is given as follows:[38, 44, 45];

logw = logn; + x{ (©)

Equation (6) differs from the usual specification of the linear component due to the inclusion of the term
log n;. This term is called the offset. It is a known constant which is readily incorporated into the estimation
procedure. As usual, the terms x; and § describe the covariate pattern and parameters, respectively.

3.2. Negative Binomial (NB) Regression

The negative binomial regression model is derived from Poisson-gamma distribution [46]. The classic
derivation of the negative binomial distribution is as the number of failures in Bernoulli trials until r
successes. If m is the probability of success on each Bernoulli trial, then the number of failures y has the
probability function [42]:

foy=mx ("TYTN ea- ny )
fo) = (thzl) n(1—-m7 , y=012... ®)

which depends on 7 and .
The above formulation supposes r is a positive integer. However, the negative binomial distribution can
be defined for any positive values of 7, by using the gamma function in place of factorials:

r

fo) = % 1 -nY, y=0012.. )
In generalized linear modeling the following parametrization is convenient:

r(1 —m) 1
p= R, k=t (10)
Using this notation, the probability function of y is:
CTOY 1 e VY B
fo) = yIT(S) (1+Ku> (1+K|,1> o y=012.. an
The mean and variance of response variable of NB distribution are given as follows:
E(y) = u, Var(y) = p(1 + xp) (12)

The parameter k is called the “overdispersion” or “shape” parameter.

The log link function is used for Negative Binomial Regression Model as link function and given as
follows:

log(m) = X'B (13)

Where:

Xi1, ..., Xiq are the independent variables.

7 is the probability of a claim,

i is the mean claim size (the average number of occurrences).
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3.3. Poisson and NB regression models assumptions

There are some assumptions related to both the Poisson regression and the Negative Binomial
regression:

1. Assumption: the conditional probability function of the response variable follows the Poisson
distribution with p (the average number of occurrences) [47, 48].

2. Assumption: the Poisson distribution parameter p for the i,;, subject equals the exponential form of
the linear predictor [39, 45]:

3. Assumption: there is independence between the explanatory and the response variables. By applying
the properties of the Poisson distribution to the Poisson regression, the expected value and the variance of
the response variable can be written as follows: [41];

E(Y,/X) = Var(Y/X) = b, = ne*# (15)

The conditions of negative binomial models are similar to those of the Poisson model, except that the
conditional means do not equal the conditional variance. This variance is calculated by estimating the
dispersion coefficient [46].

3.4. Overdispersion

The Poisson distribution is often suggested for count data but found to be inadequate because the data
displays far greater variance than that predicted by the Poisson. This is termed overdispersion or extra-
Poisson variation. Overdispersion occurs when Var (Y1) is greater than E(Yi), although Var(Yi) = E(Yi) for
the Poisson distribution. Solving the overdispersion problem in the Poisson model is by using an alternative
model as the Negative Binomial model where the variance is greater than the mean [45]. The negative
binomial distribution provides an alternative model with Var(Yi) = ¢ E(Yi), where ¢ > 1 is a parameter
that can be estimated [42, 43].

3.5. Goodness of fit of Statistical regression models

Information criteria (IC) are used as the method of choosing the best generalized linear models such as
Akaike information criteria (AIC) and Bayesian information criteria (BIC) [45].

The two criteria require the sum of two main parts, the natural logarithm of a maximum likelihood and
the number of parameters of the model as follows: [45];

AIC = - 2(loglikelihood) + 2S (16)
BIC = - 2(loglikelihood) + S.log(N) (17)

Where:

N: The sample size studied.

S: Estimated number of parameters in the model.

Loglikelihood: The maximum likelihood function of the model.

The decision to choose the best generalized linear model by using the AIC and BIC depends on getting
the lowest value for these two criteria.

4. RESULT

Statistical analysis of the data for 136 households in northern Syria was carried out using the R-Studio
software. The descriptive statistical analysis was conducted for the dependent variable and the percentage
and frequency of the independent variables were calculated. The data was modeled using Poisson and
negative binomial regression models, and a comparison was made between the two models according to the
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regression model evaluation criteria.
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The response and the independent variables used in this study are as follows:

Y: Average monthly household income in US dollars.

X;: The type of energy used for cooking (X;o: firewood, X;;: natural gas, X;,: kerosene oil).
X,: The type of energy used for heating (X,,: firewood, X;;: coal, X;,: Diesel, X,3:n0 energy is used, X;,:

kerosene oil, X,s5: natural gas).

X3: The capacity of the batteries used to store energy (X3,: not found, X3;: small, X3,: medium, X3;: big).
X,: The type of energy used to heat water (X44: firewood, X4;: coal, X,,: Diesel, X,3: kerosene oil, X,4:

natural gas, X,5: solar system, X,4: Burning household waste).

Xj5: Electricity source (X5o: No electricity at home, X5;: Subscribe amperes, Xs,: Diesel generator, Xss:

Gasoline generator, Xs4: solar energy).

According to the data collected from the target area, the descriptive statistics of the response and

independent parameters are summarized in Tables 1, 2, 3, 4, 5 and 6.

Table 1: Descriptive statistics for the average monthly household income in US dollars for 136 households.

Descriptive Statistics

income

Valid 136

Missing 0
Mean 128.75
Median 100.00
Std. Deviation 93.178
Range 480
Minimum 20
Maximum 500

Table 2: The type of energy used for cooking: out of 136 households, 88.2% of them use natural gas, 11% use

firewood and 0.7% use kerosene oil.

Frequency Percent Valid Percent
firewood 15 11.0 11.0
., natural gas 120 88.2 88.2
Valid kerosen 1 0.7
Total 136 100.0 100.0

Table 3: The type of energy used for space heating: Out of 136 households, 40.04% use firewood, 6.6%
use coal, 33.1% use diesel, 2.9% have no energy source, 16.2% use kerosene oil, and 0.7% use natural gas.

Frequency Percent Valid Percent

firewood 55 40.4 404

coal 9 6.6 6.6

Diesel 45 33.1 33.1
Valid No energy source 4 2.9 2.9

kerosene oil 22 16.2 16.2

natural gas 1 0.7 7

Total 136 100.0 100.0
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Table 4: The capacity of the batteries used to store energy: 66.2% of 136 households do not use batteries,
0.7% use small capacity batteries, 10.3% use medium capacity batteries and 22.8 use big capacity batteries.

Frequency Percent Valid Percent
no batteries 90 66.2 66.2
small 1 0.7 0.7
Valid medium 14 10.3 10.3
big 31 22.8 22.8
Total 136 100.0 100.0

Table 5: The type of energy used to heat water: Out of 136 households, 44.9% of them use firewood, 5.9%
use coal, 5.1% use kerosene oil, 21.3% use natural gas, 19.1% use solar energy and 3.7% burn household

waste.
Frequency Percent Valid Percent

firewood 61 449 449

coal 8 59 59

kerosene 7 5.1 51
Valid natural gas 29 21.3 21.3

solar system 26 19.1 19.1

Burning household waste 5 3.7 3.7

Total 136 100.0 100.0

Table 6: Electricity source: 2.9% of households have no electricity, 66.9% depend on ampere subscriptions,

21.3% use small diesel generators, 0.7% use small gasoline generators, and 8.1% use solar energy systems.

Frequency Percent Valid Percent
No electricity at home 4 29 29
Subscribe amperes 91 66.9 66.9
Valid Diesel. generator 29 21.3 21.3
Gasoline generator 1 0.7 0.7
solar energy 11 8.1 8.1
Total 136 100.0 100.0

The data were analyzed according to the Poisson model and the Negative Binomial model. The results

are presented in Table 7.



Modelling Approach for Energy Demand and Consumption Using Generalized Linear Models 723

Table 7: Results of Poisson and NB regression models

Type of Model cod Poisson regression model NB regression model
Explanatory variables Estimate  Std. Error Pr(Z>z|) Estimate  Std. Error  Pr(Z>1z)
Intercept - 4.372 0.056 2e-16*** 4.440 0.298 2e-16***
X0 - - - _ - -
Energy used for cooking X11 0.127 0.033 0.000 0.196 0.207 0.342
X2 -0.829 0.136 1.13e-09*** -0.702 0.621 0.258
X20 - - - - - -
X21 0.273 0.035 1.83e-16*** 0.217 0.232 0.350
Energy used for space X22 0.263 0.020 2e-16™* 0.272 0.128 0.033*
heating X23 0.143 0.056 0.010* 0.094 0.312 0.763
X24 0.169 0.052 0.001** 0.114 0.330 0.730
X2s 1.309 0.063 2e-16*** 1.323 0.565 0.0192*
X30 - - - - - -
Capacity of the batteries X31 0.290 0.083 0.000*** 0.254 0.595 0.668
X3z -0.049 0.028 0.078 -0.040 0.175 0.815
X33 0.224 0.023 2e-16*** 0.218 0.152 0.151
X - : : i : i
Xy 0176 0.035 4.36e-07*** -0.239 0.226 0.291
X2 -0.138 0.039 0.000*** -0.110 0.250 0.658
Energy used to heat water X43  -0.500 0.033 2e-16*** -0.483 0.193 0.012*
X4 -0.382 0.025 2e-16*** -0.396 0.155 0.010*
Xys  -0.265 0.045 4.18e-09*** -0.267 0.294 0.363
Xs6  -0.435 0.101 1.97e-05*** -0.443 0.566 0.433
Xso - : : : : :
Xs1 0.277 0.063 1.13e-05%** 0.138 0.345 0.687
Electricity source Xs2 0.655 0.067 2e-16*** 0.560 0.388 0.149
Xs3  -0.460 0.152 0.002** -0.528 0.634 0.404
Xs4 0.426 0.069 7.42e-10%** 0.365 0.398 0.359
Signif. codes: 0 “*** 0.001 ** 0.01 * 0.05°.0.1°" 1

P=0.05

As a starting point in modelling the count data, the data was modelled using the Poisson model. After
estimating the regression parameters, we calculated the dispersion in the Poisson model by dividing the
ratio of deviance by the degrees of freedom [49]. The result was (5889.2 / 115) = 51.21, which indicates an
overdispersion of our data and that the Poisson regression model is inappropriate while the negative
binomial model is more suitable for such a large rate of overdispersion.

From Table 7, there are differences between the coefficients as follows: The coefficients
X12,X21, X23, X4, X31, X33, X41, X42, X5, Xa6, X51, X502, X53 and X5, are highly statistically significant at the o =
0.05 level in the Poisson model. While in the Negative Binomial model the coefficients
X12,X21,X23, X204, X31, X33, X41, X142, X45, X46, X51, X502, X53 and Xs4 aren’t statistically significant at the a = 0.05
level. The coefficients X;; and X3, aren’t statistically significant at the o = 0.05 level in both regression
models where the coefficients X, X50, X309, X40, and Xs, are reference variables.

The reason for the significant difference between the results of the two models is due to the over-
dispersion in the data by 51.21, which causes some variables to appear statistically significant when in fact
they are completely opposite.
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Goodness-of-fit test according to the evaluation criteria (AIC, BIC, and log-likelihood) of the two
regression models is shown in Table 8, where it is known that the smaller the evaluation criteria, the better
the model. Accordingly, the negative binomial model fitted the data better than the Poisson model. It can be
explained by taking into account the “overdispersion” problem when the variance of the response variable
is greater than its mean. On the other hand, Poisson regression model is based on the “equidispersion”
assumption, meaning that the variance of the response variable is equal to its mean.

Table 8: The evaluation criteria of Poisson and NB regression models

Type of model AIC BIC Log -likelihood value
Poisson model 6815.56 6876.72 -3386.78
NB model 1549.03 1613.10 -752.51

To test the ability of the negative binomial model in fitting the data as shown in Fig. 3, the relationship
between residuals and fitted values is a linear relationship because the sediment is spread randomly. This is
a good indication of the commitment of the negative binomial model to the linearity condition, that is, there
is no non-linearity relationship between the independent and dependent variables that the model could not

explain.

Residuals vs Fitted

15

nb$residuals

L
—
'

50 100 150 200 250 300

nb$fitted. values

Figure 3. The relationship between Fitted values and residuals for NB regression model.

Before interpreting the coefficients in terms of incidence rate ratios (IRR), it is necessary to clarify how to
move from interpreting the regression coefficients and the incidence rate ratios.

The outputs in Table (9) refer that the incidence rate ratio for cooking =1 is 1.21 times compared with
the incident rate for the reference group (cooking=0). Similarly, the incident rate ratio for cooking=2 is 0.49
times comparing the incident rate for the reference group holding the other variables constant. In a similar
way, the results can be interpreted for the rest of the variables.
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Table 9: Incidence rate ratios (IRR) for coefficients of the NB model.
Explanatory variables cod Estimate 2.5% 97.5%
Intercept - 84.83 50.38 155.08

X10 - - -

Energy used for cooking X11 1.21 078 1.84
X1z 0.49 016 2.01
X320 - - -
X2 1.24 0.79 2.01
Xz 131 102 1.68
X23 1.09 030 213
X24 1.12 056 217
X2s 3.75 142  14.06
X30 - - -
X31 1.29 044 5.04
X3z 0.96 0.68 1.36
X33 1.24 092 1.69
X - -
Xe 078 050 127
X4z 0.89 054 153
Energy used for water heating  X43 0.61 0.042 091
X4a 0.67 0.50 0.90
Xas 076 044 142
X46 0.64 024 239

Energy used for space heating

Capacity of the batteries

X0 - -
Xs51 1.14 056 221
Electricity source Xs2 1.75 0.81  3.63

Xs3 0.58 0.18 2.40
Xs4 1.44 0.64 3.13

By using the statistically significant parameter estimates of the NB regression model given in Table (7),
and using the IRLS parameter estimates of the NB regression model belonging “an average monthly
household income in US dollars” data, the expected value (mean) of the NB regression model is given as
follows;

log() = 4.40+ 0.272X,, + 1.323X 5 - 0.483X,3 - 0.396X 4,4 (13)

Where 1 indicates the estimation of average monthly household income in US dollars.

The equation can be written as:

1= o440+0.272X;; +1323Xy5 - 0.483Xy3 - 0396X 44 (14)

From the obtained model, the result can be summarized as follows:

e The fuel used for space heating and water heating has a direct impact on households' monthly
income.

e The expected value of the monthly expenditure as a result of using diesel for heating will be 1.32%
higher than the expected value of the monthly expenditure when using coal.

e The expected value of the monthly expenditure as a result of using natural gas for heating will be
3.754 % higher than the expected value of monthly expenditure when using coal.

e The expected value of the monthly expenditure from using natural gas to heat water will be 1.620 %
less than the expected value of the monthly expenditure when using coal
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e The expected value of the monthly expenditure from using kerosene to heat water will be 1.485 %
less than the expected value of the monthly expenditure when using coal.

Based on these results, coal is the least expensive energy source for space heating compared to other
energy sources, meanwhile, natural gas and kerosene are the least expensive energy sources for heating
water.

5. CONCLUSION

Efficient use of energy sources is understood differently depending on the context and the country of
reference. It may be challenging to provide a universal definition for energy efficiency but based on the
results of the various studies conducted it is evident that there are still many people worldwide who use
energy sources inefficiently. The environment targeted in this study is a crisis-affected region where fuel
and energy are subject to restrictions and high prices. Thus, relieving the energy burden of low-income
families requires a joint effort to ensure tangible benefits for these families. However, there is no published
work on optimizing energy use or identifying cost-effective energy sources at local levels in Syria.

In this study, a mathematical model identifying the most cost-efficient energy sources for households in
northern Syria is proposed. The proposed model considers average household monthly income, the main
available energy sources, and prices. Poisson regression and Negative Binomial (NB) regression were used
to apply the statistical analysis of the data and produce the required model. According to the evaluation
criteria, evidence indicates that the NB model has a better fit than the Poisson regression model for a large
rate of overdispersion. According to statistically significant parameters of the NB regression model given,
only the fuel used for space heating and water heating has a direct impact on the monthly income. The
model showed that the most cost-effective fuel for space heating is coal, and the most cost-effective fuel for
water heating is natural gas and kerosene. The model can be used as a rapid indicative approach to reducing
energy expenditure as It has functional flexibility integrating cost reduction, mitigation of energy problems
and helping families to obtain energy services at affordable prices commensurate with their monthly
income.

A future study will focus on whether energy issues can be addressed through investment in solar
energy systems. In light of this, it will be concluded whether solar energy systems can protect families,
especially those with low incomes, from energy poverty and price fluctuations in the energy market.
Moreover, increasing citizens' investment in renewable energy can contribute to the desired transition to a
low-carbon energy system, climate protection, and advancing sustainable development by encouraging
individuals and policymakers to solve the energy problem, relying on sustainable and environmentally
friendly energy sources.
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OZ: Oransal-integral-tiirev (PID) kontrol yontemi, basit mimarisi, kolay tasarim ve otomatik kazang
ayarlama gibi gekici 6zellikleri nedeniyle endiistride yaygin olarak uygulanmaktadir. Bununla birlikte,
PID denetleyicisiyle basarili bir endiistriyel uygulama yapabilmek icin genellikle denetleyicinin énceden
manuel olarak yeniden ayarlanmasi gerekmektedir. Bu sorunu ¢d6zmek icin ¢alisma kapsaminda, diisiik
maliyetli STM32F4 uygulama gelistirme kiti ve Waijung blok seti kullanilarak uyarlamali kontrol
yontemlerinden biri olan Model Referans Uyarlamali PID Denetleyici (MRUPIDD) tasarim
gerceklestirilmistir. Uyarlanabilir PID denetleyicisi, sistem parametreleri zamanla degisse bile istenen
kontrol performansini saglamak igin parametre ayarlama mekanizmasina sahiptir. Parametre ayarlama
mekanizmasi ve denetleyici tasarimi icin Massachusetts Teknoloji Enstitiisii (Massachusetts Institute of
Technology-MIT) kurali kullanulmistir. Calisma kapsaminda tasarlanan denetleyicinin DC motor {izerinde
konum kontrol uygulamasi gerceklestirilmis ve PID denetleyicisi ile karsilastirilarak hata maliyetleri
hesaplanmistir. Uyarlama kazang parametrelerinin sistem davranisina etkisinin incelenmesi icin ise farklh
gama kazang degerleri sisteme uygulanmis ve kararliligi bozan durumlar incelenmistir.

Anahtar Kelimeler: Uyarlamali PID, Model Referans Uyarlamali PID Denetleyici, STM32F4, Waijung Blok Seti,
DC Motor

Model Reference Adaptive PID Controller Design and Analysis of the Impact of Controller
Parameters on System Behavior: DC Motor Position Control

ABSTRACT: The proportional-integral-derivative (PID) control method is widely applied in the industry
due to its attractive features such as simple architecture, easy design, and automatic gain adjustment.
However, in order to have a successful industrial application with the PID controller, the controller has to
be manually reconfigured. In order to solve this problem, the Model Reference Adaptive PID Controller
(MRUPIDD), which is one of the adaptive control methods, was designed by using a low-cost STM32F4
application development kit and Waijung block set. The adaptive PID controller has a parameter
adjustment mechanism to provide the desired control performance even if the system parameters change
over time. Massachusetts Institute of Technology (MIT) rule is used for the parameter setting mechanism
and controller design. Position control application of the controller designed within the scope of the study
was carried out on the DC motor and error costs were calculated by comparing it with the PID controller.
In order to examine the effects of the adaptive gain parameters on the system behavior, different gamma
gain values were applied to the system and the unstable conditions were examined.

Keywords: Adaptive PID, Model Reference Adaptive Controller, STM32F4, Waijung Block Set, DC Motor
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1. GIRIS INTRODUCTION)

Yiiksek performansh elektrikli tahrik sistemleri, ¢elik haddehaneleri, elektrikli otomobiller, robotik ve
elektrikli ¢ekis gibi bir¢ok endiistriyel uygulama igin onemlidir [1]. Yiiksek giivenilirlik, esneklik ve
bagarili performanslar1 nedeniyle, DC motorlar endiistriyel uygulamalarda yogun olarak yer almaktadir
[2].

Oransal-integral-tiirev (PID) kontrolii hem gegici hem de kararli durum yarmtlarin isleyebilen tig
terimli islevselligi ile bircok gercek diinya sorununa basit ve en etkili yontemi sunmaktadir [3]. Bu
nedenle, PID denetleyicileri geleneksel hiz ve konum kontrol dongiilerinde ¢ok yaygin olarak
kullanilmaktadir [4]. Calisma kosullarinda motor parametrelerinin degisken davranisi ve sistemdeki
guriiltiniin varligi, motor kontroliindeki iki temel problemdir. Bu nedenle, geleneksel yontemleri
kullanarak karmasik, dogrusal olmayan ve zamana gore degisen sistemlerin motor kontrolii zorlu bir
gorev haline gelmektedir [2]. Uyarlamali kontrol, parametreleri degisen veya baslangicta belli olmayan
sistemleri kontrol etmek igin kullanilan bir kontrol yéntemidir. Ornegin, bir hava araci ugtukca yakit
tiiketimine bagli olarak kiitlesi yavasca azalacaktir. Bu durumda, bu tiir degisen durumlara kars: adapte
olabilecek bir kontrol yontemi gerekmektedir [5].

Uyarlamali kontrol, daha iyi performans ve dogruluk icin gelismis kontrol sistemleri tasarlamak igin
yaygin olarak kullanilan kontrol stratejilerinden biridir [6]. Model Referans Uyarlamali Kontrol (MRUK)
ise kontrol edilen siire¢ parametrelerinin az bilindigi veya normal ¢alisma sirasinda degistigi durumlarda
kontrol problemlerini ¢dzmek igin kullarulan tekniklerden biridir. Bu kontrol tekniginde bulunan
elemanlardan biri referans modelidir. Istenilen cikis referans modeli olarak adlandirilan transfer
fonksiyonu tarafindan iiretilir. Kontroliin saglanmasi icin gerekli olan kontrol parametreleri ayarlama
mekanizmasinda olusturulur [7].

Cakar ve arkadaslari [8] DC motorun konum kontrolii i¢cin Massachusetts Teknoloji Enstitiisii
(Massachusetts Institute of Technology-MIT) kurali kullanarak Model Referans Uyarlamali PID
Denetleyici tasarlamuslardir. Tasarladiklar1 denetleyiciyi ger¢ek zamanl olarak test etmisler, ayrica PID
ve bulanuk mantik kontrol yontemleri ile karsilastirmislardir. Model referans uyarlamali denetleyicinin
diger yontemlere kiyasla 6l¢lim giiriiltiisiinden daha az etkilendigi sonucuna varmislardir. Emiroglu ve
arkadaslar1 [9], DC motorun hiz kontrolii i¢in bilinmeyen sistem parametreleri varliginda, kendinden
ayarlamali denetleyici algoritmas1 gelistirmisler ve gelistirdikleri algoritmay1 deney seti tizerinde test
ederek basarili sonuglar almiglardir. Parametre kestirimi ve denetleyici tasarimi i¢in 6zyinelemeli en
kiiciik kareler yontemi ve kutup atama yontemini kullanmislardir. Mahmud ve arkadaslar1 [10] adaptif
PID yontemi kullanarak, sabit miknatish fir¢asiz bir DC motorun (BLDC) hiz kontroliinii
gerceklestirmislerdir. BLDC’ nin daha yiiksek c¢ikis verimliliginde hiz kontrolii zor bir kontrol
problemidir. Bu nedenle daha iyi verimlilik saglamak i¢in adaptif PID denetleyicisini tercih etmislerdir.
Gergek zamanli deneyler sonucunda adaptif PID denetleyicisinin diger denetleyicilere gore ¢ok daha
basarili performans gosterdigi sonucuna varmislardir. Ali ve arkadaslari [11] yapmis olduklar1 ¢calismada
model referansli uyarlanabilir PID denetleyicisini incelemislerdir. Kontrol edilen DC motor, parametre
farkliliklar1 gibi belirsizliklere maruz kaldigi icin geleneksel model referans uyarlamali kontrol
yonteminin eksikliklerini en aza indirmeyi hedeflemislerdir. Model referans uyarlamali kontrol yontemi
icin daha basarili bir ¢6ztim bulmay: ve DC motorun daha iyi performansh kontroliinii saglamay:
amagclamislardir. Bu amag¢ dogrultusunda ise model referans uyarlamali kontrol yontemi ile PID
kontroliinii birlestirmisler ve elde ettikleri denetleyicinin performansini test edebilmek icin
MATLAB/Simulink simiilasyon ortamini kullanmislardir. Gueye ve arkadaslar1 [12] sabit miknatish bir
DC motorun uyarlanabilir referans modeline dayali, sensorsiiz (Kalman filtresi ile hiz tahmini
gerceklestirerek) hiz kontroliinii gergeklestirmislerdir. MIT kurali ile tasarlanan model referans
uyarlamali PID sonucunda ise %0,15'lik diisiik bir hata oram ile basarili bir performans elde edilmistir.
Jain ve Nigam [13] top ve kiris sisteminin gerg¢ek zamanl kontrolii i¢cin MIT kuralinin kullanildig: bir
model referans uyarlamali kontrol sistemi tasarlamislar ve basarili performans elde etmislerdir.

Bu ¢alismada, sabit miknatisli fir¢cali bir DC motorun konum kontroliine yonelik MRUK tabanli PID
denetleyicisi tasarlanmis ve STM32F4 uygulama gelistirme kiti kullanilarak gercek zamanli kontrolii
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saglanmistir. PID denetleyici tasarimi ayrintili ele alinmis, kok yer egrisi analizi gerceklestirilmistir.
Tasarlanan klasik PID ve uyarlamali PID denetleyicileri gercek zamanli deney setinde test edilmis ve
sonuglar gozlenmistir. Basarili kontrolcii performanslari elde edilmis boylece tasarlanan denetleyicilerin
performansi gercek zamanli olarak dogrulanmistir. Ayrica uyarlamali kontrol yapisinda énemli bir yere
sahip denetleyici parametrelerinin degisimlerinin sistem davranisina etkileri incelenmis ve tasarim
siirecinin iyilestirilmesi hedef alinmistir.

Calisma kapsaminda sirasiyla Boliim 2'de DC motor modeli sunulmus, Boliim 3’te kontrol metotlar:
ayrintili olarak verilmis ve kontrolcii tasarimi gergeklestirilmis, gercek zamanli sonuglar Boliim 4'te
sunulmus ve son olarak sonuglar tartisilmistir. Gergeklestirilen ¢alisma i) uyarlamali kontrolcii tasarimi,
ii) tasarlanan kontrol algoritmasmin pratige dokiilmesi ile teorinin uygulanabilirligi ve gecerliliginin
ispati, iii) denetleyici parametrelerinin degisimlerinin sistem davranisina etkilerinin incelenmesi, iv)
diisiik maliyetli STM32F4 kiti ve Waijung blok seti ile hizl1 ve kolay bir sekilde uygulama gelistirilebilecegi
ve gelistirilen uygulamalarin kontrol egitiminde kolaylikla kullanilabilecegini gosterme agisindan 6n
plana ¢tkmaktadar.

2. DC MOTOR MODELI (bC MOTOR MODEL)

Bu c¢alisma kapsaminda kullanilan DC motorun modeli, sistem tanimlama yontemlerinden biri olan
kara kutu yaklasimiyla deneysel verilerden hesaplanarak elde edilmistir. Sistem tanimlamasi, sistemin
giris ve c¢ikis sinyallerinin Ol¢iimlerini kullanarak dinamik sistemlerin matematiksel modellerini
olusturmak i¢in kullanilan bir metodolojidir [14,15]. Sistem tanimlama, Olciilen verilerden dinamik
sistemlerin matematiksel modellerini olusturmak i¢in istatiksel yontemler kullanur [16]. Kara kutu modeli
yaklasiminda, sistemin matematiksel modelini tiiretmek i¢in sadece deneysel veriler kullanilir. Bu
yaklasimda, icerigi hakkinda higbir bilgisi olmayan sisteme cesitli giris sinyallerinin uygulanmasi
sonucunda c¢ikis sinyalleri izlenerek bir model olusturulur. Calisma kapsaminda model tabanli bir
denetleyici tasarlanacag igin elde edilecek modelin gergek sistemi temsil etmesi hedeflenmektedir.

Siirekli ve ayrik zamanli transfer fonksiyonlarini, siire¢ modellerini ve durum uzayr modelini
tanimlamak igin zaman ve frekans alaninda girdi ve ¢ikt1 verilerini elde etmeye ihtiya¢ vardir [17]. Bu
nedenle, giris verileri proses tanimlamasi icin gereklidir. Bu ¢alismada, giris sinyali Sekil 1'de goriildiigii
gibi kullanici taniml fonksiyon olarak segilmistir. DC motorun bu giris sinyaline karsilik gelen konumu
olan ¢ikis sinyali de ayni1 sekilde gosterilmistir.
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Sekil 1. Deneysel sistem giris ve ¢ikis verisi
Figure 1. Experimental system input and output data

MATLAB Sistem Tanimlama Ara¢ Kutusu ile sistem tanimlama isleminden sonra 2 kutuplu ve 1 sifirl
olarak elde edilen sistemin transfer fonksiyonu Denklem 1’de goriilmektedir.
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Sekil 2. Motor konum verisi (6l¢iim ve simiilasyon sonucu)
Figure 2. Motor position data (measurement and simulation result)
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Denklem 1’de verilen transfer fonksiyonu kullanilarak elde edilen sonug grafiginin gercek motor
verisi ile karsilastirilmasi Sekil 2’de verilmistir. Sekil 2'den goriilecegi iizere kara kutu yaklasimi
kullanilarak %94 dogruluk oranina sahip DC motor transfer fonksiyonu elde edilmistir. Elde edilen
transfer fonksiyonunda, klasik yontemler kullanilarak elde edilemeyecek olan motor siiriicii entegresinin
etkileri, sicaklik, titresim, siirtiinme kuvvetleri gibi Olciilemeyen fiziksel parametrelerin etkileri
bulunmaktadir. Elde edilen benzerlik yiizdesi yiiksek bir oran oldugundan gergek zamanli kontrol
uygulamalar1 i¢in DC motor konum matematiksel modeli olarak kabul edilebilir [14].

3. KONTROL METODLARI (CONTROL METHODS)

DC motor konum kontrolii uygulanacak model i¢in farkli kontrol metotlar1 kullanilmistir. Bu metotlar
ise PID denetleyicisi, Model Referans Uyarlamali PID denetleyicisi olarak segilmistir. PID denetleyicisi
tasarimi ve kok yer egrisi analizi gerceklestirilmistir. Ayn1 zamanda Model Referans Uyarlamali PID
denetleyicisi i¢in MIT kuralindan yararlanilmistir.

3.1. PID Denetleyici (PID Controller)

PID denetleyici, basitligi, net islevselligi, uygulanabilirligi ve kullanim kolaylig1 ile geri beslemeli
kontrol sistemleri arasinda en yaygin kullanilan kontrol sistemidir. PID kontrol, orantisal, integral ve
tiirev etkisi ile referans degerinden geri besleme sinyalinin ¢ikarilmasiyla elde edilen hatay1 paralel olarak
isleyerek sistemin istenilen referans degerine ulasmasini saglayan bir yéntemdir. PID kontrol sistemindeki
P, I ve D islemleri farkli formlarda birlestirilebilir ve P, PI, PD gibi kontrol yontemleri haline gelebilir. PID
kontrol yapisinin matematiksel modeli Denklem 2'de, hata sinyali ise Denklem 3’de verilmistir.

d
u(t) = Kpe(t) + K; f e(t) + Kdae(t) ()

e(®) =r@) —y@®) 3)

Burada u(t) kontrol sinyalini, y(t) ¢ikis sinyalini, r(t) referans sinyalini ve e(t) hata sinyalini gosterir.
Denklemdeki K,, K;ve K, katsayilar1 sirasiyla orantisal, integral ve tiirev kazang sabitleridir. Uygulanan
referans sinyalinin ¢ikig sinyalini takip etmesi isteniyorsa bu parametrelerin dogru secilmesi
gerekmektedir. PID katsayilarinin ayarlanmasinda, kapali cevrim Ziegler-Nichols yontemi veya réle geri
besleme yontemi kullanilabilir. Ayrica PID denetleyicisi, denetleyici parametreleri degistirilerek kabul
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edilebilir bir performans elde edilmesi i¢in kok-yer egrisi kullanilarak tasarlanabilir. Bu ¢alismada klasik
PID denetleyici tasarimi, kok-yer egrisi kullanilarak gerceklestirilmistir.

3.2. PID Denetleyici Tasarimi (PID Controller Design)

DC motorun PID denetleyici ile konum kontrolii i¢in dijital kapali ¢evrim kontrol yapis1 Sekil 3’de
gosterilmistir. Kontrol yapisinda T=0.01s ile elde edilen sifirinci dereceden tutucunun (ZOH) siirekli
zaman transfer fonksiyonunu Denklem 4 saglamaktadir. Sifir dereceli tutucu ile sistem transfer
fonksiyonu ileri yolda yer aldigindan Denklem 5'deki transfer fonksiyonu elde edilmistir. Denklem 5'e z-
dontisiim uygulandiktan sonra, ayrik zamanl transfer fonksiyonu ise Denklem 6'da goriildiigii gibi elde
edilmektedir.

1-— e—TS 1-— e—0.0lS

Gzou(s) = S = S 4)

1 — ¢ 001s 7.523 s + 71070 B
s2+132.2 s+ 0.0000134

G(s) = GZOH(S)'Gp(S) = ©)

2,435z + 1.507
z2 —1.267 z+ 0.266

Gp(2) = Z{A} = (6)

Hata Kontrol Sinyali

E(z) U(z) \ i
Referans _ 7.523s+71070 Sistem Cikist
R0 —) Dijital PID ZOH ‘ CPO) = 5220150005 | P
\ |
\

Gprp(2) Gp(z)

Sekil 3. Kapali cevrim dijital PID kontrol yapisi [14]
Figure 3. Closed loop digital PID control structure [14]

PID parametrelerinin (K,, K;, K;) kok yer egrisi yardimu ile teorik olarak bulunmasi igin dijital PID
transfer fonksiyonu Denklem 7’de verilmistir.

(K,T +Ky) z> + (K;T* = K,T — 2K,)z + K,

Tz(z—-1) @

Gpip(2) =

Tkinci dereceden ideal transfer kullanilarak kutup atama islemi igin tasarim kriterleri olarak %5 agim
ve 0,5 saniye oturma zamani tasarim kriteri olarak belirlenmistir. Ikinci dereceden sistemin kokleri
Denklem (8-12) kullanularak Denklem 13’teki gibi elde edilir. Denklem 8’de yer alan { séniimleme oranini,
wn dogal frekansi, Denklem 10’da yer alan %OS ifadesi ise istenilen asim yiizdesini ifade etmektedir.

2

Wn
G(s) = 52 + 2{w,s + w? ®)
S12 = —(w, tjwy/1— G2 )
- —In (%0S/100)
/72 + (In (%05/100))?2 (10)

%5 agim igin;
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5
—In(=—=
100
(= ( 5) = {=0.69 (11)
2 i
)
0.5s oturma zamanu i¢in (Ts = 0.5);
4
w, = T—S‘( - w, = 11.59 (12)
5., = —8 £j84 (13)

Denetleyici ayrik zamanda tasarlanacagindan, bulunan siirekli zaman koklerinin z-diizlemine
dontistiiriilmesi gerekir. Sisteme ayrik zamanda atanacak kutbu belirlemek i¢in Denklem 14'de
gosterildigi gibi 0,01s 6rnekleme zamani ile doniistiirme islemi yapilmistir.

z1, = exp (T(—8 % j8.4)) (14)
z1, = 092 10.077

3.3. Kok Yer Egrisi Analizi (Root Locus Analysis)

DC motorun ayrik zamanl transfer fonksiyonu iki kutup ve bir sifira sahiptir. PID denetleyicisinin iki
sifinn ve iki kutbu olmak {izere agik ¢evrim transfer fonksiyonunun toplamda dort kutup, ii¢ sifiri
bulunmaktadir. PID’ nin bilinmeyen iki sifir;, atanan kutbun bilinen kutup ve sifirlara gore agilar
hesaplanarak denetleyici tasarimi gerceklestirilir. Sekil 4’deki tiim acilar hesaplanmis ve PID
denetleyicisinin sifirlarinin almasi gereken agilar Denklem 15-16"daki gibi belirlenmistir.

Kutup Sifir Haritas: Kutup Sifir Haritas:

(1] 02 03 84,5

Reel Ekse Reel Eksen

Sekil 4. Sifir kutbundaki atama kutbuna gore PID denetleyicisinin sifirlarinin belirlenme haritasi
Figure 4. Determination map of the zeros of the PID controller relative to the assignment pole at the zero pole

6 =1t _1( 0.077 )_2550
1=t \Zos1—092)) — ~
P , _1( 0.077 > 4.78°
= tan | = 4.
2 |0 —0.92] (15)
P . _1( 0.077 ) 6.71°
=tan —_— | = 0.
3 |0.266 — 0.92]
6,5 =90 + tan~? (1 _ 0'92) = 136.09°
45 = = oo771) = 2
+180 2k + 1) = @ + 2.55 — 4.78 — 6.71 — 136.09 — 136.09 16)

k=0--180°= 0 —281.12 - ¢ = 101°
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Kok yer egrisinin atanan noktadan gecebilmesi i¢in PID denetleyicisinin sifirlar1 sistem iizerinde
toplam 101° etkiye sahip olmalidir. Iki sifir ayn1 yerde ise, gerekli ag1 degeri 50,5°'dir ve hedeflenen agi
degerlerini saglayan sifir yerleri Denklem 17’de gosterildigi gibi elde edilir.

tan~! _0077 50.5° _0077 tan(50.5°) 0.8567 17
= . - = . d id — .
M 092 -2, 0.92—zpg Zpid (17)

PID sifirlar1 bulunduktan sonra, Denklem 14’teki PID transfer fonksiyonu Denklem 18’e déniisiir. Tleri
beslemeli transfer fonksiyonu (Denklem 19) kullanilarak $ekil 5’deki kok yer egrisi elde edilir. Sekil 5'de
sistem kutuplarinin artan kazanca gore nasil hareket ettigi goriilmektedir. Sistem davranisinda birim
¢embere yakin baskin kutuplar etkili oldugu icin Sekil 6’daki “+1” noktas: etrafindaki kok yoriingesi
dikkate alinir. Ancak bu kok yer egrisinden kazang degeri belirlenirken +1 noktasindan uzakta olusan kok
yer egrisinin kararlhilik limiti dikkate alinmalidir. +1 noktas: etrafinda olusan kok yer egrisinde secilen
kazang degeri, diger kok yer egrisinin kritik kazang degerini gecmemelidir. Kritik kazang degeri
asilmadan Sekil 6’da gosterildigi gibi K = 0.554 segilir.

(z — 0.8567)2 _ z?2 —1.713z 4+ 0.7339

z2(z—-1) 72—z

Gpip(2) = (18)

KGorp (2)Go(2) = KZZ —1.7132+0.7339  2.435z+ 1.507 (19)
pip(Z2)Gp(2) = 72— 7 z2 —1.267 z + 0.2666

K&k Yer Egrisi

Sanal Eksen
&

I | I ] : |
-1.5 -1 0.5 0 0.5 1 1
Reel Eksen

Sekil 5. Sistem kok yer egrisi
Figure 5. The root locus diagram of the system

PID denetleyici parametreleri Denklem 20-21'de gosterildigi gibi kok yer egrisinde segilen kazang
degeri (K=0.554) kullanilarak hesaplanir.

72— 1713z + 07339 _ (K,T + Ky) 2> + (K;T* — K,T — 2K;)z + K,

= 20
Grio(2) = K 72—z Tz(z—1) (20)
Ky
T = (K)(0.7339) — K; = (0.554)(0.7339)(0.01) = 0.00406
K, 0.00406
—4_ = (0. . 21
Ky +— =K = K, = (0.554) - ————=0.148 (21)

K,
KT — K, — 27”’ = (K)(-1.713) > K; = 0.1097
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Kok Yer Egrisi
T

System: GpzGdz
041 Gain: 0.554 .
Pole: 0.885 + 0.0619i

Damping: 0.864

Overshoot (%): 0457 | _

| Frequency (radss): 13.9 "\_\

Sanal Eksen

L I L L
0.8 0.85 0.9 0.95 1 1.05
Reel Eksen

Sekil 6. +1 noktas: etrafinda olusan kok yer egrisi
Figure 6. The root locus diagram of the system around point +1

3.4. Model Referans Uyarlamali Kontrol (Model Reference Adaptive Control)

Model Referans Uyarlamali Kontrol (MRUK), Whitaker tarafindan 1958'de 6nerilmistir [18]. Motor
konum kontrolii icin istenilen ¢ikis, referans modele uygulanan giris sinyali ile tiretilir. Ayarlama
mekanizmasi, sistemi istenilen ¢ikisa uyacak sekilde ve parametre degisikligi veya rahatsiz edici etkilerde
degisiklik olmasi durumunda bile istenilen ¢ikisi koruyacak sekilde tasarlanmistir. Sekil 7’de MRUKun
blok diyagrami verilmistir. Sekilden goriildiigii tizere MRUK c¢alisma yapisinda, sistem ¢alismaya
basladiginda referans modele gore denetleyici parametreleri ayarlanir ve sonrasinda sistemin zamana
baghh parametrelerine gore “Parametre Ayarlama Mekanizmas1”, denetleyici parametrelerini
giincelleyerek motorun istenilen konumda kalmasini saglar. Sistemin zamana bagli etkenlerine gore
hatay1 sifir yapabilmek ve kararl bir sistem elde etmek i¢in ayar mekanizmasinin belirlenmesi, MRUK
sistemi ile ilgili nemli bir sorundur. Bu makalede Parametre Ayarlama Mekanizmasi MIT kuralina gore
tasarlanmis olup, kural Denklem 22’de verilmistir.

“m

r —¢ Referans Model j

Q Parametre
Ayarlama <:
/ —¢ Mekanizmasi
Uc /

Va wd
= >

Denetleyici $ DC Motor

dH_ 6]_ 6]66_ de
at - Yos~ Yoeeas~ "%%0

Sekil 7. MRUK blok diyagrami
Figure 7. MRUK block diagram

(22)

€ = Ysystem — Ymodel (23)
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3.5. Massachusetts Teknoloji Enstitiisii (MIT) Kural1 (MIT Rule)

MIT Kural: ilk olarak Massachusetts Teknoloji Enstitiisii (MIT)'niin arastirmacilar tarafindan 1960
yilinda gelistirilmis olup hava araglarinda oto pilot sistemi tasarlamak i¢in kullanilmistir. Maliyet
fonksiyonunun diisiiriilmesi, takip etme hatasinin (¢) azalmasina ve sistem ¢iktisinin istenen ¢iktiya
yaklagsmasi anlamina gelmektedir ve maliyet fonksiyonuna Denklem 24’de yer verilmistir. Maliyet
fonksiyonunun azaltilmasi, takip etme hatasinin (e) azalmasi ve sistem c¢ikisinin istenilen referansa
yaklagmasini saglar. Bu nedenle maliyet fonksiyon degerini en aza indirecek bir denkleme ihtiyag vardir.
Bu denklem, Denklem 22’de verilmistir. Denklemdeki y sabiti uyarlama kazanci olarak bilinir.

) = 7¢2(6) @9

Motorun konuma bagli transfer fonksiyonu Denklem 25’te verilmistir ve a,, a,, a, ve by denklemdeki
sabitlerdir.

ys(s) — bO
u(s) ays?+ays+ag

G(s) = (25)

Frekans uzaymda PID Transfer Fonksiyonu Denklem 26’da yer almaktadir. e, degeri ise sisteme
verilen girdi ile sistemden yani enkoderden alinan konum bilgisi arasindaki farki verir ve bu ifadeye
Denklem 27’de yer verilmistir.

u(s) _ dez +KpS +Kl

ep(s) h s

(26)

ep = uinput - ysystem (27)

Kapali ¢evrim transfer fonksiyonu, motorun konumuna bagl transfer fonksiyonundan ve PID
transfer fonksiyonundan elde edilmis olup Denklem 28’de verilmistir.

Ys(s) bo(Kys* + Kps + K;) o8
ug(s) B a,s® + (a; + byKy)s? + (at0 + +b0Kp)s + K; (28)

MIT kuraliin son hali Denklem 29’'da goriilmektedir.
de de 0y dys
PR A T T AP T @9)

Ky, K; ve K4 degerleri Denklem 30’da ki 6 degiskeni yardimiyla elde edilecektir.

vy, 9s
— (D25 30

0=(-3)*% (30)

Denklem 30’da bulunan % islemini gerceklestirebilmek i¢in 6 yerine sirasiyla K, K; ve K, degerleri

dys 0ys dys o .. . .. , .
koyulmustur. Xy Ki ve K—ddegerlerlm bulabilmek i¢in Denklem 28’de igler dislar ¢arpimi yapilarak

Denklem 31 elde edilmistir. Denklem 31’in K, K; ve K, degiskenlerine gore kismi tiirevleri alinarak
dys %

7
Kp K;

sirastyla ve % degerleri elde edilmis ve sirasiyla Denklem (32-34)’de yer verilmistir.

ys(s)[azs3 + (a; + boKy)s? + (ao + +b0Kp)s + Ki] = uy(s)[bo(Kys* + Kps + K;)] (31)
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% — bOS(ug - YS)

Kp 53 + (a1 + bOKd) SZ + (a() +ab0Kp) s + % (32)
2 2 2

% — bO(ug - YS)

K; $3 + (a1 + bOKd) s + (ao +ab0Kp) s % (33)
2 2 2

% — bosz(ug - YS)

Kq $3 + (a1 + bOKd) s + (ao + bOKp) s % (34)
2 2 2

Denklem (32-34) yeniden diizenlenerek Denklem (35-37) elde edilmistir.

Y bOS(ug - ys)
K, = (— —) e
p
s 3, (@t bOKd) 2 (aO + bOKp) Ki (35)
s> + ( @ sc + o s+ @
Yi bo(ug - ys)
Ki = (_ _) e
S 3 a1 + bOKd) 2 (ao + bOKp) & (36)
s>+ (—az sc + —az s+ @
_ (_y_d e bOS(ug = ¥s)
¢ s/ s (a1 + boKd)Sz N (ao + boKp)S LK (37)
2 a; az

Denklem (32-34)’'de yer alan y,, y; ve y,; degerleri, PID katsayilarinin bulunmasinda kullanilan
yontemlerden birisi olan manuel ayarlama yontemi ile bulunmugtur. Manuel ayarlama yonteminde K,
K; ve K, degiskenleri yerine sirasiyla y,, y; ve y4 degiskenleri kullanilmigtir.

Manuel ayarlamada, ilk 6nce K; ve K; degerleri sifira ayarlanir. Dongtiniin ¢ikisi salinim yapana kadar
K, degeri arttirilmali, ardindan K,, ¢eyrek genlikli azalma tipi yaniti i¢in bu degerin yaklasik yarisina
ayarlanmalidir. Ardindan, islem icin yeterli siirede kararli durum hatas1 azalana kadar K; degeri
arttirllmalidir. Ancak, ¢ok yiiksek K; kazanci problem olusturacaktir. Son olarak, gerekirse, dongti bir yiik
bozulmasindan sonra kabul edilebilir bir siirede referansa ulasmak icin K; degeri arttirilmalidir. Ancak,
yiiksek K, kazanci asir1 tepkiye ve salinimlara neden olacaktir. Hizli bir PID déngii ayar, ayar noktasina
daha hizli ulasmak igin genellikle biraz asar; ancak, bazi sistemler asmay1 kabul edemez, bu durumda
agir1 soniimlii bir kapali dongii sistemi gerekir, bu da salinimlara neden olan K, ayarinin yarisindan daha
diisiik bir K, ayar1 gerektirir [8].

Sistemin transfer fonksiyonunun kutuplari, sistem yanitinin davramsmi etkiledigi icin karakteristik
denklemin kokleri 6nemlidir. Kutuplarin yer degistirmesi, sistemin yerlesme siiresi, yiikselme stiresi ve
asma gibi ozelliklerini belirler. Istenen karakteristige sahip ikinci dereceden bir sistemin transfer
fonksiyonu C (soniimleme orani) ve w,, (dogal frekans) ile olusturulabilir. Bu 6zellik kullanilarak referans
modelin transfer fonksiyonu Denklem 38’de verilen ikinci mertebe olarak segilir. Yiizde asim ve salinim
istenmediginden C ve w,, degerleri sirasiyla 1 ve 5 rad/s olarak secilmistir.

w2

— 38
52 + 2Qw, + w2 (38)

m

b .
s3+(m)sz+(a°+ai°xp)s+?z (s +0) * (s® + 2{w, + w,,?)
2

az 2

(39)
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Denklem 28’deki transfer fonksiyonu, Denklem 38’deki referans model transfer fonksiyonundan daha
yiiksek bir dereceye sahip oldugundan, kararli kutbun (-o) yeri sistem performansini biiyiik Olciide
etkiledigi i¢in orijine yakin uzaklikta olan 0.001 noktas1 se¢ilmistir. Denklem 39’daki denklik kullanilarak
Denklem 38 yeniden diizenlendiginde Denklem 40 elde edilir ve bu denklem $Sekil 10’da goriilecegi iizere
parametre ayarlama mekanizmasi i¢in kullanilmistir.

by
s34+ (2¢w,, + 0)s? + (W, 2 + 2{w,0)s + ow,,?

Gi(s) = (40)

4. GERCEK ZAMANLI KONTROL (REAL TIME CONTROL)

Sekil 8'de denetleyicinin test edildigi deney diizenegi goriilmektedir. Deney diizeneginde 24V
beslemeli, sabit miknatisli Canon FN38-S fir¢ali DC motor yer almaktadir. Motora ek olarak, ¢oziiniirliigii
168 CPR (Counts Per Revolution) olan iki kanalli enkoder bulunmaktadir. Aym: zamanda deney
diizeneginde STM32F4 uygulama gelistirme kart1, H kdprii yapisina sahip LMD 18200 motor siiriiciisii ve
seri haberlesme i¢in USB-UART doniistiriicii bulunmaktadir.

Bu boliimde gercek zamanli kontrol sonuglari sunulmaktadir. Klasik PID ve model referans
uyarlamali PID denetleyicileri asim (overshoot), oturma zamani (settling time), ylikselme zamaru (rise time)
ve kalic1 durum hatasi (steady state error) performans kriterleri bakimindan degerlendirilmistir. Sisteme
giris olarak 1 saniye gecikmeli, 200 genlikli birim basamak isareti verildikten sonra iki farkli kontrol
sisteminin verdigi sonuglar gozlemlenmis ve gercek zamanli sonuglar karsilastirilmistir.

LMD18200

Enkoder B Motor Siricu

Canon FN38 S = Optik
DC Motor  ——

USB-UART
Donusturucu

-~

4 1
i ‘
STM32F4
Geligtirme Kiti

Sekil 8. Deney diizenegi
Figure 8. Experimental setup

4.1. PID Kontrol Uygulamasi (PID Control Experiment)

Sekil 9, gergek zamanli Simulink denetleyici modelini, Sekil 10 ise bilgisayardan referans sinyalini ve
PID kontroldriin parametrelerini (K,, K; ve K;) gondermek i¢in UART iletisim protokolii kullanilarak
tasarlanan PC (host) modeli gostermektedir. Kok yer egrisi yontemi kullanilarak elde edilen PID
parametreleri host model iizerinden gercek sistem tizerine aktarilarak DC motorun referans konuma gore
kontrolii saglanir.

PID kontrol sonucu sistemin verdigi basamak yanit1 Sekil 11’de verilmistir. Basamak yanitinda PID
kontrolciisii istenen referans degerine ulagmakta, yiikselme siiresi uygun ve salinim miktar1 yok denecek
kadar azdir. Ancak klasik PID denetleyicisi sonucunda asim meydana gelmistir. Klasik PID kullanan
sistemin performans sonuglari Cizelge 1’de verilmistir.
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Cizelge 1. Sistemin klasik PID kontrol basamak yaniti
Table 1. Classical PID control step response of the system

Yiizde
Asim
2.14 %

Kalict Durum
Zamani Hatas:
0.06 s 0°

Yerlesme  Yiikselme
Zamani

3.51s

Klasik PID

E=E)

Waijung: 17.03a

Compiler: GHU ARM
MCU: STM32F4171G
Auto Compile Download: OM
Full Chip Erase: OFF
Auto run app: ON
9‘Exenullnn Profiler: None

Base Ts (sec): 0.01

Module: USART3_Satup

READY

double

Module: USART3_Rx
Packet: Binary
Transfer: Non-Blocking
Ts (sec): -1

double

double

Kp

Baud (Bps): 115200
DMA Buffer: 512/512
Tx/Rx Pin: D8/D0

REFERANS

UART Setup

Timer: 3 Direction [
Input pins [CH_A. CH_B]: [B4.B5]
RST Counter: Mo
Ts (sec): -1

degree

360/(4* 168-1) rt = s (seC): -
UART Tx

Position (count)—®{ 1 = 15T

Encoder Read Enkoder Islem

Basic PWM
Timer: 1
Polarity: Active High f _‘:lﬁ
By Foece (sec) 2014 CH1 (A8} “ convert
Ts (sec): -1
Port: C
Speed (MHz): 100 -
Type (PPIOD): Push Pul T o0 4 i T
2 (sec) -1 I |

Sekil 9. Ger¢ek zamanli DC motor PID kontrol Simulink modeli
Figure 9. Real-time DC motor PID control Simulink model

Referans

erial_Receive]
perasoupy | | B doue
ort: <ampty> Packat Binary
Baud: 115200 (8-None-1) | | Transfer: Blocking _@
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Host Serial Setup_ me——
ost Serial Rx_

convert

double

£}

double [Serial_Transmit]

Port: <emply>

Packet: Binary

Baud: 115200 (&-Nane-1)

double Ta (sec) -1

Host Serial Tx_

Sekil 10. Host modeli (Klasik PID kontrol)
Figure 10. Host model (classic PID control)

PID Birim Basamak Yaniti
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S
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Sekil 11. PID kontrol basamak yaniti
Figure 11. PID control step response
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4.2. Referans Uyarlamal1 PID Kontrol Uygulamasi (Reference Adaptive PID Control Experiment)

Uyarlamali PID denetleyicisinin STM32F4 gelistirme kart1 ic¢in tasarlanan modeli Sekil 12’de
goriilmektedir. Sonuglari gozlemleyebilmek ve motora istenilen konuma yonlendirme yapabilmek i¢in PC
(host) uygulama modeli Sekil 13’de verilmistir.

Sekil 14, model referans uyarlamali PID denetleyicisinin yanitin1 gostermektedir. Uyarlamali PID
kontrolorde, salinim miktarinin oldukga az oldugu, oturma zamaninin az oldugu, yiikselme zamaninin
diger kontroldrlere gore daha yiiksek oldugu ve kalict durum hatasinin az oldugu gézlemlenmistir.

.
25
‘ S+ 10s+25 ‘

Pot:©
Spasd (MHz): 100

Type (PP/OD): Push Pul
s (secy -1

Timer: 1
Polarity- Active High
Period (sac) 0.0003

T (aec) -1

e
Lo

Parametis Ayarlama Mekanizmas:

Basic PW

Ve G
Rk pr
convert

300i(4"108)

Dansim

&

Module: USART3_ Satup
Ba 115200

UART Saop

Wodel Gikist
convert

Moduls: USARTS Tx
ciat: Bing

tacking
o)

o
convert

| E—

TR T

Sekil 12. Gercek zamanli DC motor uyarlamali PID kontrol Simulink modeli
Figure 12. Real-time DC motor adaptive PID control Simulink model
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ort; <émply>

Packet: Binary

Transfer: Blocking

Baud: 115200 (8-None-1)
Ts (sec): -1

single convert l -
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Serial_Setup]
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Baud: 115200 (8-None-1)

- srate
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- oo

|_gamma
- .

D_gamma

convert

single

[Serial_Transmit]

arf: <empty>

Packet: Binary

Baud: 115200 (8-None-1)

convert single Ts (sec): -1
s

Sekil 13. Host model (uyarlamali kontrol)
Figure 13. Host model (adaptive control)
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Uyarlamali PID Birim Basamak Yamiti
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Sekil 14. Uyarlamali PID kontrol basamak yanit
Figure 14. Adaptive PID control step response

4.2. Karsilastirma (Comparison)

PID ve uyarlamali kontrol sistemlerinin daha net karsilastirilabilmesi i¢in sonuglar iist iiste Sekil 15’'de
¢izdirilmis ve her iki denetleyicinin hata sinyalleri karsilastirilmistir. Uyarlamali PID kullanan sistemin
denetleyici parametreleri Denklem 38’de olusturulan referans modele gore elde edilmistir. Klasik PID
kontrol parametreleri ise kok yer egrisi analizi sonucu elde edilmistir.

Denetleyici Kargilasgtiriimasi

250
200
\E/ 150 -
=]
c
o
X
8
o 100 [
=
50 - = = =Step Giris
PID Kontrol
Uyarlamali Kontrol
Referans Model
0 . I T T T
0 1 2 3 4 5 6 7 8 9 10

Zaman(s)

Sekil 15. PID ve uyarlamali PID kontrol basamak yanitlar1
Figure 15. PID and adaptive PID control step responses

Denetleyici performanslar1 hata maliyeti agisindan karsilastirilmis ve maliyet fonksiyonu olarak
Denklem 41'de tamimlar1 verilen ortalama karesel hata karekokii (Root Mean Square Error-RMSE),
ortalama karesel hata (Mean Squared Error-MSE), karesel hatanin integral (Integral Square Error-ISE)
Ol¢uti kullanilmastir.

RMSE = /%Z’i"zl(e(t))z,MSE = 23N (e(t))?,ISE = [(e(t))?dt (41)

Cizelge 2, sisteme denetleyici uygulanmas: sonucunda elde edilen DC motor konum sinyallerinin
(PID ve uyarlamali PID) referanslarina gore hatalarimin RMSE ve MSE degerlerini gostermektedir.
Cizelgeden goriilebilecegi tizere PID sonucu elde edilen konum sinyalinin hata maliyeti, uyarlamali PID
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sonucu elde edilen konum sinyalinin hata maliyetine gore yiiksektir. Karsilastirmaya gore uyarlamali PID
kontrol uygulamasinda referansa daha yakin, hata maliyeti daha diisiik ¢ikis sinyali elde edildigi
sonucuna varilmaktadir.

Yanitlarin her ikisi de basamak girisine gore incelendiginde uyarlamali PID yanitinin daha yavas
oldugu (yiikselme zamani daha fazla) goriilmektedir. Uyarlamali PID yapisi referans modele gore galistig1
i¢in yiikselme zamani segilen referans modele gore degisiklik gosterecektir. Performans kriterlerine gore
tasarimcinin farkl referans modelleri se¢gmesi ve farkl denetleyici performansi elde etmesi miimkiindiir.

Cizelge 2. PID ve uyarlamali PID kontrol hata maliyeti karsilastirilmasi
Table 2. Comparison of PID and adaptive PID control error cost

RMSE MSE ISE
PID 0.3995 159.7790 1523
Uyarlamali PID 0.1852 34.3209 350.5

4.3. Gama Kazang Degerlerinin Sistem Davranisina Etkisi (Effect of Gamma Gain Values on System Behavior)

Tasarlanan model referans uyarlamali kontrol sisteminin degisen yp, yi ve ya degerlerinin sistem
davranisina etkisi incelenecektir. Kontrolor tasariminda optimum sonug i¢in bulunan y, =-0.015, y:=-0.08
ve ya = -0.03 degiskenleri baz alinarak sisteme etkisi incelenecek degisken disindaki parametreler sabit
tutulup, degisken parametrenin sisteme etkisi incelenip bu inceleme sonugclar1 ayrintili olarak Sekil (16—
18) arasinda ¢izdirilmis ve gerekli karsilastirmalar yapilmistir.

[k olarak yi = —0.08 ve ya = —0.03 degerleri sabit tutulup yp parametresinin degisim etkisi yp = -0.015,
yp =—0.02 ve yp = -0.03 degerleri ele alinarak incelenmistir. Sisteme gegici rejim durumu igin 200 genlikli
basamak fonksiyonu giris olarak uygulanmis ve sistemin buna kars1 cevab1 Sekil 16’da gosterilmistir.

Sekil 16 gecici durum yanitindan goriilecegi {izere, yp parametresi diistiriildiigiinde sistemin kalict
durum hatasi azalmistir fakat yerlesme zamani artmistir. Gegici durum cevabinin incelenmesinden sonra
sisteme kare darbe fonksiyonu giris olarak uygulanmis ve yp parametresinin kalict duruma etkisi
incelenmistir. Kalict durumda yp parametresi diisiiriildiigiinde maksimum agim ve osilasyonlar artmis ve
diger kazanglar i¢in performansin kabul edilebilir olmadig1 gozlemlenmistir.

¥, =008y, =003y, = .

Gegici durum Kp Ki Kd degerlerinin degisimi

Ko KiKd degerieri

Zaman (saniye)

s Kalici durumda Kp Ki Kd degerlerinin degigimi

oM

012

LTS
k.

Motor Konum (derece]
Kp K6 Kd degerlen

Sekil 16. y, parametre degisiminin sistem davranisina etkisi
Figure 16. Effect of y» parameter change on system behavior

Ikinci olarak sistemin yp = -0.015 ve ya=-0.03 degerleri sabit tutulup y: parametresinin degisim etkisi
yi=-0.03, yi=-0.1 ve yi = -0.2 degerleri ele alinarak incelenmistir. Sisteme gecici rejim durumu icin 200
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genlikli basamak fonksiyonu giris olarak uygulanmis ve sistemin buna karsi cevabr Sekil 17’de
gosterilmistir.

Sekil 17 gegici durum yanitindan goriilecegi iizere, y: parametresinin artisinda sistemin kalict durum
hatas1 ile maksimum asim orani artmis fakat yerlesme zamani azalmistir. y:; parametresinin
diistirtilmesinde ise tam tersi durum gozlenmistir. Tiim y: degerleri icin sistemin referans modeli takip
ettigi gozlemlenmistir. Gegici durum cevabinin incelenmesinden sonra sisteme kare darbe fonksiyonu
giris olarak uygulanmis ve degisen y: parametresinin kalict duruma etkisi incelenmistir. Kalict durumda
Yp parametresi diisiiriildiiglinde maksimum agimi, oturma zamanini ve osilasyonlar arttirdigi ancak
kontrol performansinin kabul edilebilir olmadig1 sonucuna varilmaistir.

V= 0015y, = 003y, = ..

v, degisiminin sistem performansina etkisi (Gegicl durum) Gegici durum Kp Ki Kd degerlerinin degisimi

Motor Konum iderece)
Kp Ki Kd degerieri

Zaman (saniye)

¥, degisiminin sistem performansina etkisi (Kalici Durum)

Sistem Gyl ||
Sistom Gikg1,

200 Sistom G,
Siatom Giog1,

Motor Konum (derece)
a
KpKi Kd degerler

50

Zaman (saniye) Zaman (saniye)

Sekil 17. yi parametre degisiminin sistem davranisina etkisi
Figure 17. Effect of yiparameter change on system behavior

¥, =015y, =-008y,=..

Gegici durumda Kp Ki Kd degerlerinin degisimi

Motor Konum {derece)

5
Zaman (saniye) Zaman (saniye)

¥, dedigiminin sistem performansina etkisi (Kalici Durum) Kalict durumda Kp Ki Kd degerlerinin degigimi
2000

Motor Kanum (derece)
Ko Ki Kd degerer

Zaman (saniye) Zaman (saniye)

Sekil 18. yd4 parametre degisiminin sistem davranisina etkisi
Figure 18. Effect of ya parameter change on system behavior

Son durum olarak sistemin y, = —0.015 ve y: = -0.08 degerleri sabit tutulup y« parametresinin degisim
etkisi ya = -0.02, ya = -0.03 ve ya= -0.05 degerleri ele alinarak incelenmistir. Sisteme gegici rejim durumu
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igin 2001ik basamak fonksiyonu giris olarak uygulanmis ve sistemin buna karsi cevabi Sekil 18'de
gosterilmistir.

Sekil 18 gegici durum yanitindan goriilecegi iizere, yq¢ parametresi diistiriildiigiinde kalict durum
hatasinin arttig1 gézlemlenmistir. Sistem kritik olan y4 = -0.05 degerini aldiktan sonra gecici durumda
belirli bir siire sonrasinda sistemin kontrolden ¢iktig1 gozlemlenmistir. Gegici durum cevabinin
incelenmesinden sonra sisteme kare darbe fonksiyonu giris olarak uygulanmis ve degisen ya
parametresinin kalict duruma etkisi incelenmistir. Kalici durumda y« parametresi diistiriildiigiinde
sistemin kararsizliga gittigi sonucuna varilmustir.

5. SONUC ve TARTISMALAR (RESULTS and DISCUSSIONS)

Yapilan bu ¢alismada STM32F4 uygulama gelistirme kiti ve Waijung blok seti kullanilarak uyarlamal
kontrol yontemlerinden biri olan Model Referans Uyarlamali PID Denetleyici (MRUPIDD) tasarimi
gerceklestirilmistir. Parametre ayarlama mekanizmasi ve denetleyici tasarimi igin MIT kurali
kullanilmistir. Calisma kapsaminda tasarlanan denetleyicinin DC motor {izerinde ger¢ek zamanl konum
kontrol uygulamas: gergeklestirilmis ve PID denetleyicisi ile kargilastirilarak hata maliyetleri hesaplanmus
ve uyarlamali PID performansi, klasik PID denetleyicisine gore %53,7 daha basarili elde edilmistir.

Uyarlama kazang parametrelerinin sistem davranisina etkisinin incelenmesi icin ise farkli gama
kazang degerleri sisteme uygulanmis ve kararliligi bozan durumlar incelenmistir. Optimum sonug olan
yp =-0.015, yi = —0.08 ve ya = —0.03 parametreleri baz alinarak sirasiyla (yi=-0.08 ve yd = -0.03 sabit; yp1 =
-0.015, yp2 = -0.02, yp3 = -0.03), (yp = -0.015 ve yd = —0.03 sabit; yil = -0.03, yi2=-0.1, yi3= -0.2), (yp =
-0.015 ve yi =-0.08 sabit; yd1 =-0.02, yd2 = —0.03, yd3=—0.05) senaryolar: esas alinmistir. Bu senaryolar ile
birlikte kontrolcli parametrelerinin etkileri detayli bir sekilde ele almnarak yorumlanmis, kontrol
algoritmasi tasarim siireci iyilestirilmis ve bir¢ok endiistriyel sistemin kontrol ¢alismalar icin teorik
altyapi olusturulmustur.

Kontrol egitiminde 6grencilerin yaparak ve yasayarak 6grenme diizeyini arttirmaya yonelik diisiik
maliyetli, hizli ve kolayca programlanabilen STM32F4 uygulama gelistirme kitinin kontrol
uygulamalarinda kullanimina dair temel bir ¢ergeve sunulmustur. Lisans ve lisansiistii seviyelerinde veri
toplama, analiz, sistem tanimlama ve denetleyici tasarimi hakkindaki teorik bilgilerin pratige
dokiilmesinde kolaylikla uygulanabilir bir deney siireci vurgulanmaistir.
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e It was synthesized a new type of calixarene Schiff-base ligand (L) as the fluorophore and the receptor.
e  Fluorescent L demonstrated high selectivity and sensitivity towards Zn?* compared to other metal ions.
e  Limit of detection (LOD) reached 4.8 x 107 M.

e It was determined that probe L can be utilized for the detection and monitoring of Zn?" in the

environment.
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Possible interaction presentation of calixarene-based probe (L) and Zn? ion.
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ABSTRACT: As a Zn* fluorescent probe, we have designed and synthesized a new type of calixarene
Schiff-base ligand (L) possessing a 1-phenylethylamine group as the fluorophore and the receptor. As only
Zn* caused a significant increase in fluorescence emission intensity at 480 nm and the limit of detection
(LOD) reached 4.8 x 107 M, the synthesized fluorescent probe L demonstrated high selectivity and
sensitivity towards Zn?* compared to other metal ions. In addition, the formation of a 1:1 complex between
probe L and Zn?* was determined. As a consequence, it was determined that probe L can be utilized for
the detection and monitoring of Zn?* in the environment.

Keywords: Calixarene, Schiff Base, Fluorometric Detection, Zinc, Sensor
1. INTRODUCTION

The exponential advancement in the application of heavy metals in pharmaceuticals, waste-water
treatment and manufacturing industry has consequently elevated their levels in the environment and
atmosphere [1, 2]. Heavy metal pollution has the potential to cause adverse impact on the ecosystem and
therefore, the detection of these elements at trace concentrations is of paramount importance [3]. Zinc is
one of the most abundant transitional metal elements in the earth’s crust and it is the second most
prevalent trace element in the human body after aluminium. It is extensively involved in diverse and
significant biological processes such as gene expression, neurotransmission, apoptosis, as well as catalysis
by functioning as a cofactor in more than 300 metalloenzymes [4-9]. Nonetheless, excessive accumulation
of zinc in the body may disrupt the nervous and immune system thereby causing detrimental neurological
effects such as Alzheimer’s disease, cerebral ischemia, epilepsy and prostate cancer. In addition, toxic
levels of zinc in the soil may inhibit the growth and development of plants due to nutrient imbalance and
reduced photosynthetic rate [10, 11]. Therefore, many heavy metals such as Zn2+ ion need to be detected
in a sensitive and selective way. In recent years, many different molecules have been studied in the
literature for the optical detection of Zn?* ion by using benzothiazole [12, 13], antracene [14], benzidine
[15], triphenylamine [16, 17], cyanobiphenyl [18], benzotriazole [19], tetrahydroquinazole [20],
dinitrophenyl [21], thiophene [22], thodanine [23], benzoimidazole [24], phenanthroline [25], naphthalene
[26], 1,10-phenanthroline [27], BINOL [28] and sulphonamide [29]. Among these molecules, calixarenes
play an important role. Heterocyclic structures formed as a result of the condensation reaction of p-ter-
butylphenol with formaldehyde in basic medium may have different functional groups in their structure
and may have different uses. In the literature about calixarene derivatives, pyrene [30, 31], 4-
biphenylcarbonitrile [32], bis(iminomethyl)phenyl [33], bis-terpyridinyl [34], 2,2’-bipyridine [35],
imidazobenzimidazole [36], salicylidene imine [37] and triazole [38] structures are used for the optical
detection of Zn? ion. In these studies, especially the efficiency of Schiff base (-C=N-) functional groups for
the detection of Zn?* ion is remarkable. During complexation, fluorescence properties emerge with the
electron transfer disrupted as a result of the interaction of the nitrogen group in the Schiff base with ions
[39]. In this study, a calix[4]arene-based ligand functionalized with a simple 1-phenylethylamine structure

*Corresponding Author: Mustafa TABAKCI, mtabakci@ktun.edu.tr
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was synthesized and its optical properties against different cations in solution were investigated by
fluorescence spectroscopy.

2. MATERIAL AND METHODS
2.1. Chemicals and Equipment

In this study, the characterization of the synthesized calix[4]arene derivatives were performed with
Varian brand 400 MHz NMR spectroscopy. The PerkinElmer brand Spectrum 100 FT-IR spectrometer
model was used for the FTIR spectrum analysis. During synthesis, the progress of the reactions where
monitored using thin layer chromatography Merck brand Kieselgel 60 F254. Fluorescence studies were
performed using PerkinElmer brand LS55 spectrometer. While UV-Vis studies were carried out with PG
Instrument brand T80+ UV/Vis spectrophotometer model. All chemicals and reagents used during the
study were of analytical quality acquired from Merck, Sigma Aldrich, Alfa Aesar, Acros Organics,
ISOLAB.

MeCN / Thiourea
_——————

KOH / H,0

Br

U

Figure 1. Presentation of synthesis scheme of calixarene based ligand (L).

2.2. Synthesis of Calixarene Based Ligand and Investigation of Sensing Properties

The final calix[4]arene derivative (L) using as a ligand in the study given in Figure 1 was synthesized
according to the method in literature [40] and its structural characterization was performed.

For the spectroscopic measurements, the stock solutions (102 M) of various metal ions (Li*, Na*, Cs*,
Ag*, Ca?, Mg¥, Sr%, Ba*, Hg?, Zn*, Ni*, Cu*, Cd?*, Co*, Mn?*, Fe*, Fe*, Cr%, and Al**) were separately
prepared in deionized water using their perchlorate salt. On the other hand, the solution of L (3 x 10 M)
was prepared in 3 mL of ethanol and water (99:1, v/v) at room temperature.



750 E. OZCELIK, C. NG’ANDU, B. TABAKCI, M. TABAKCI

The fluorescence titration study was conducted for L in 3 mL ethanol-water (99/1, V/V) system at a
concentration of 3 x 10-¢ M. Fluorescence spectrums of the solutions were taken by adding different cation
solutions in certain volumes to realize the fluorescence titration on the solution. Excitation wavelength of
the probe was 375 nm, the maximum emission wavelength was 480 nm and the slit width is 8/8 nm. In the
UV-vis titration experiments, the solution of L was firstly added, followed by metal ions with different
concentrations in a 3 mL of sample cuvette, the UV-vis spectral intensity of the mixture was tested after
the reaction was complete, with scanning wavelength 200-800 nm.

500 ' Lo CoL
450 [
400 - -
350 -
300 -
260
200
150
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500 550 600 650 700
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Figure 2. Fluorescence spectra of L towards various ion in ethanol-water media ([L] = 3x10°*M, [M] = 3 x
10° M, (Aex= 375 nm).

3. RESULTS AND DISCUSSIONS
3.1. Synthesis of Calixarene Based Ligand (L)

The amount of pollution caused by different cationic compounds in an aqueous environment should
be measured accurately and efficiently. Thanks to the optical sensors developed for this purpose,
compounds can be detected by selective, sensitive and reliable fluorimetric or colorimetric means. Among
the fluorescence sensors, perception of different cations can be carried out by structures that contain
different fluorophore groups. In this study, a 1-phenylethylamine functionalized Schiff base calix[4]arene
(L) was prepared and its optical properties against various cations (Li*, Na*, Cs*, Ag*, Ca?, Mg¥, S5r%, Ba%,
Hg?*, Zn*, Ni*, Cu?*, Cd*, Co*, Mn?*, Fe¥, Fe¥, Cr%, and Al*) were examined. Following the synthesis
scheme given in Figure 1, calix[4]arene derivatives were synthesized according to literature [40] . Firstly,
the basic calix[4]arene 1 was synthesized according to literature, then the calix[4]arene derivative 2
consisting of the 3-bromopropoxyl group was synthesized in acetonitrile and 1,3-dibromopropane by the
Williamson ether synthesis. As a result of the oxidation reaction of the obtained halide-containing
calix[4]arene derivative with thiourea, the disulfide-linked calix[4]arene derivative 3 was synthesized and
characterized. Then, calix[4]arene derivative 4 containing aldehyde groups was synthesized by the Duff
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reaction with hexamethylenetetramine in trifluoroacetic acid medium. And finally, as a result of the
condensation reaction of the calix[4]arene derivative containing aldehyde groups 4 and 1-
phenylethylamine, L was synthesized and its characterization was carried out according to literature [40].

3.2. Investigation of Sensing Properties of Calixarene Based Ligand (L) Towards Various Ions

Examination of the optical properties of the prepared calix[4]arene-based ligand (L) against different
cations (Li*, Na*, Cs*, Ag*, Ca*, Mg¥, Sr*, Ba*, Hg?, Zn?*, Ni*, Cu?*, Cd*, Co*, Mn*, Fe?, Fe*, Cr*, and
AlP*) was conducted at a concentration value of 3x106 M in an ethanol-water medium (99/1, v/v). The plot
of the change in the fluorescence spectrum obtained is given in Figure 2. When the fluorescence spectrum
of L is examined, it is observed that it emits weakly at 430 nm and 470 nm as a result of inhibition of
photoinduced electron-transfer (PET) and C=N isomerization by excitation at 375 nm.

PET occurs towards the aromatic ring via the unshared electron pair on the nitrogen donor in the C=N
group in the structure of L. Emission occurs when this PET mechanism breaks down after the addition of
Zn? ion. According to literature, Zhu et al. (2017), Li et al. (2023) and Mu et al. (2021), in their study,
determined that there is a PET mechanism towards the aromatic ring through the imine group in the
ligands they have prepared, and this is deteriorated with the addition of Zn?* to the medium [26, 41, 42].
In addition, due to the selective feature of the C=N structure, which is the chelating group, against
transition metals [32], this PET mechanism is interrupted as a result of the interaction of the unshared
electron pair on the nitrogen donor and the Zn?  ion, which occurs as a result of the interaction of the Zn?
ion after stimulation and the interaction of the Zn? ion. As a result of its interaction with the nitrogen
donor, an emission peak occurred at 480 nm. The resulting interaction mechanism is given in Figure 3.

480 nm
395 nm O\rﬂ
PED N: @ PEﬁN:-"‘_
=z =z

EtOH/H,0

Figure 3. Possible interaction presentation of calixarene-based fluorescent probe (L) and Zn?* ion.

In order to better examine the interactions between L and Zn?*ion, both fluorescence and UV titration
studies were performed by the addition of different amounts of Zn?  ion. The changes in the fluorescence
spectrum were recorded by adding 0-8 equivalents Zn?* ion upon the solution of L at 3 x 10¢ M
concentration in ethanol-water (99/1, v/v). It is observed that the fluorescence intensity increases at 480
nm in the spectrum however, this increase rate decreases, after the addition of 0.6 eq. Zn?*. In case of UV
titration, it is seen that the absorbance value increases at 340 nm in the spectrum, but this increase rate
decreases, after the addition of 0.6 eq. Zn?.
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Figure 4. Fluorescence spectra of L solution (EtOH/H:0, 99:1, v/v) upon addition of different amounts of
Zn?* ion (0-8 equivalents) (Aex= 375 nm).
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Figure 5. UV spectra of L solution (EtOH/H20, 99:1, v/v) upon addition of different amounts of Zn? ion
(0-8 equivalents).

In order to determine the stoichiometry of the complex formed between the L and the Zn?* ion, the Job
plot was drawn using the titration data and is given in Figure 6. When the obtained data was examined,
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the fact that the peak of the mole fraction was close to the value of 0.66 suggested that the complexation
occurred at a ratio of 2:1, that is, the two ligand L molecules complexed with a Zn?  ion. On the other hand,
in the fluorescence studies, as a result of the interaction with the unshared electron pairs on the nitrogen
donor L possesses, it is seen that emission occurs with the inhibition of the PET mechanism. More, since
L has two functional groups in its structure, the binding phenomena at the same conditions were examined
using the Benesi-Hildebrand equation to better determine the complexation stoichiometry. Thus, the
binding coefficient (K) was calculated by the Benesi-Hildebrand equation using titration data to calculate
the binding coefficient.

1 1 1

-1, _{K(lmax—l)[an*}”}+('max—')

Here, Io is the initial fluorescence intensity, I is the fluorescence intensity after cation addition, Imxis the
maximum absorbance value obtained and K is the binding constant (1/M). In order to confirm the
complexation between Zn?* ion and L, Benesi-Hildebrand plots were plotted for assuming both 1:1
complexation and 2:1 complexation and given in Figure 6A and Figure 6B, respectively. According to the
results obtained, it is seen that the slope of the graph obtained for 1:1 complexation has a higher linearity
(R2=0.9847). When the results obtained with Job's graph are analyzed together, it is thought that a weak
complex is formed between L and Zn?  ion. The value of the binding constant (K= 1.8 M) calculated from
the slope of the 1/[Zn?] versus 1/(I-1o) graph seems to confirm this.
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Figure 6. Benesi-Hildebrand plots for assuming (A) 1:1 complexation and (B) 2:1 complexation.

Using the data obtained as a result of the titration study, a graph of fluorescence intensity versus Zn?*
concentration was drawn as given in Figure 7. Using the data in the linear part of this graph, the limit
detection (LOD) value was calculated as 4.8 x 107 M using the formula LOD = 3¢0/m, where o denotes the
standard deviation of the 10 blank samples, and m denotes the slope of the linear regression (Figure 7).
This limit is discovered to be substantially lower than the WHO recommended limit for Zn?* in drinking
water (7.65 x 105 M). As a result, with an increase in fluorescence, the probe would have extremely low
detection limits and be suitable for usage in real-world scenarios.
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Figure 7. The graph of chance in fluorescence intensity towards Zn?* ion in different concentrations.
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Figure 8. Fluorescence intensities of L (3 x 10-¢ M) upon addition of various metal ions (6 x 10-® M) (Zn%,
AP+, Agr, Cd?%, Co*, Mn%, Na*, Pb%, K*, Ca?, Mg?, Ba?, Cu?, Fe?, Hg?, and Ni?*) and that of the
respective solution added Zn?* (3 x 10-¢ M). EtOH/H20 solution (99:1, v/v), Aec= 375 nm.

Upon the determination that L is selective against Zn?>* ion among different cations, the effect of other
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cations on the L - Zn? complex was investigated and the changes obtained are given in Figure 8. When
the changes in fluorescence intensity obtained as a result of the addition of different cations as 2
equivalents on the L - Zn? complex are examined, it is seen that the fluorescence intensity is seriously
quenched with the addition of Cu? ion. The results demonstrate that, with the exception of Cu?ion, other
interferences on Zn? detection can be disregarded. In order to as far as feasible, the probe can be used in
the environment to detect zinc ions without Cu?* ions.

4. CONCLUSIONS

In this study, a 1-phenylethylamine-functionalized calix[4]arene-based ligand (L) was prepared and
its optical properties against different cations were investigated. In the case of Zn?, L exhibited an intense
fluorescence at 480 nm when excited at 375 nm in an ethanol-water medium, which indicated that it is a
selective sensor for the Zn* ion among cations. This is due to the inhibition of the PET mechanism on the
L probe as a result of its interaction with the Zn? ion and the interaction mechanism with the C=N
isomerization via its imine group. It was found that the composition of the complex formed by the
coordination of L with Zn? is 1:1. On the basis of fluorescence titration studies, the complex binding
constant and the detection limit of the L probe were calculated to be 4.8x107 M and 1.8 M, respectively.
Consequently, this study presents that the 1-phenylethylamine-functionalized calix[4]arene-based ligand
(L) prepared in this study can be an efficient and effective fluorescence sensor for Zn? ions.
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ABSTRACT: In this study, post-weld friction stir processing (FSP) was applied to eliminate the grain
coarsening disadvantages encountered in the heat-affected zone when joining AA5754 aluminum alloy
with Gas Tungsten Arc Welding (GTAW). As a result of welding in two passes and with the low heat
input by selecting the appropriate welding parameters, all welding seams were produced without macro
defects. Despite all these precautions, grain coarsening has occurred in the Heat Affected Zone (HAZ), as
expected. Significant amounts of grain refinement were detected as a result of the FSP applied to the
regions with grain coarsening. Consequently, the grain refinement in the HAZ, the tensile strength
increased slightly, in contrast with ductility has significantly increased (around from 6% to 19%). In the
tensile tests, the rupture occurred in the HAZ in the GTAWed specimens, while the rupture occurred in
the base material close to the HAZ in all FSPed specimens. In addition, the high hardness values of HAZ
of the GTAWed samples were reduced to the base material hardness values in all FSPed samples, resulting
in a more homogeneous hardness distribution.

Keywords: AA5754, Gas Tungsten Arc Welding, Friction Stir Processing, Mechanical Properties, Microstructure
1. INTRODUCTION

Energy consumption and air pollution are important problems to be overcome for today's automotive
industry. The studies carried out for this purpose in literature especially focus on the development of
vehicles that operate more efficiently [1-4]. Applications for the reduction in fuel consumption are
generally aimed to reduce vehicle weight. This situation has led to the increasing use of aluminum alloys
in the automotive industry in recent years, due to their high strength compared to their low density.
However, there are very important problems in joining aluminum alloys with fusion welding methods.
The fusion welding behavior of aluminum alloys differs significantly from conventional materials such as
steel [5-6]. The properties that affect the weldability of aluminum alloys are high thermal conductivity,
high solidification shrinkage, oxide formation on the surface, high coefficient of thermal expansion, the
high solubility of hydrogen in the molten state, and relatively wide solidification-temperature ranges [7-
9].

As it is well known, friction stir welding (FSW), which is one of the solid-state welding methods, is
recommended by many researchers for welding these materials due to the limited weldability of
aluminum alloys by arc welding methods [10-13]. However, this welding method requires special
equipment depending on the base material being welded, and the shape and geometry of the part. In
addition, the welding process becomes more difficult, especially as the materials having high thickness
values. For this reason, the use of solid state welding methods such as FSW in industrial production
applications is still very inadequate [14-16].

Due to these factors, traditional welding methods such as Gas Tungsten Arc Welding (GTAW) and
Gas Metal Arc Welding (GMAW) are generally used for aluminum and its alloys, which have high power
density and use inert gas as shielding gas atmosphere. In general, it has been reported by many researchers
that coarse-grained microstructures occur in the fusion zone (FZ) and the heat-affected zone (HAZ) after
the welding process is performed with arc welding methods [17-19]. Grain coarsening after welding is an
important issue, especially for non-heat treatable aluminum alloys. For this reason, methods having higher
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energy density such as laser welding have been used to prevent coarse grain formation in the welding
process of these alloys. However, even though this method that has a higher energy density is used, a
dendritic grain structure is formed in the fusion zone increasing the risk of hot crack formation, although
a finer grain structure can be obtained [20-22].

One of the most common methods used to prevent hot crack formation is preheating in the welding
of aluminum and there are many studies in the literature. As given in these studies, preheating increases
the risk of coarse grain formation. The coarse-grained structure formed in the weld zone adversely affects
the strength of the weld joint as given above [23-25].

As it is well known, grain refinement significantly increases both the strength of the material (this is
especially important at low temperatures) and its ductility. Therefore, in recent years, there have been
many important commercial attempts at the development of fine-grained materials for various
applications. In particular, controlling the grain refinement by processing is preferred instead of alloying
due to being cheaper, simpler, and recycling advantages [26-27].

Welding wire manufacturers produce welding wire with a suitable chemical composition, taking into
account the defects such as hot cracks, grain coarsening, etc. that may be encountered in the weld filler.
However, only the use of welding wire is generally insufficient to prevent the formation of hot cracks [28-
30]. Therefore, in aluminum fusion welding, it is preferred the pre-annealing treatment before the welding.
The pre-annealing process used supports grain coarsening especially in the heat-affected zone (HAZ),
making the grain coarsening problem in this region even more critical. Unfortunately, grain refiners in the
welding wire have no effect on this grain coarsening in HAZ. Therefore, ensuring grain refinement in
HAZ has critical importance in the fusion welding of aluminum alloys [31].

In this study, friction stir processing (FSP) application after welding is proposed to solve the grain
coarsening in the HAZ that is encountered in joining aluminum alloys with arc welding. AA5754
aluminum alloy which is one of the most widely used alloys in the automotive industry was chosen for
experimental studies. This alloy was joined with ER5356 welding wire without preheating by GTAW and
then FSP was applied in the weld area for beneficial grain refinement.

2. EXPERIMENTAL DETAILS
2.1. Gas Tungsten Arc Welding

In the experimental studies, AA 5754 alloy, whose chemical composition is shown in Table 1 and
mechanical properties are shown in Table 2, with a thickness of 5 mm was used. After the V-shaped
welding groove was formed on the edge of the plates with dimensions of 200x100 mm, according to EN
ISO 9692-3:2016 standard, the surfaces were degreased and welding processes were carried out using
GTAW process. The used GTAW process parameters were given in Table 3. ER 5356 with a diameter of
1.2 mm, the chemical composition of which is presented in Table 1, was used as filler wire, and pure argon
gas was also used as a shielding gas in the welding process, which was carried out in a total of two passes,
on both surfaces.

Table 1. The chemical compositions of the base material and filler wire

Si Mg Mn Fe Cr Cu Zn Ti Al
AA5754  0.124 2.789 0.355 0.397 0.068 0.059 0.037 0.017 Balance
ER 5356 <0.25 5 0.3 <0.4 - - - - Balance

Table 2. The mechanical properties of the AA5754 alloy

oys (MPa) outs (MPa) Strain (%)

AA5754 112.2 208.8 15.8
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Table 3. GTAW and FSP parameters

Parameter

Welding current (A) 235
Welding speed (mm/min) 130
Shielding gas flow rate (L/min) 18
ESP tool rotation speed (rpm) 900
ESP tool travel speed (mm/min) 20
Tilt angle 20

2.2, Friction stir processing

After the welding processes were completed, FSP was performed with predetermined process
parameters (Table 3) on a plate while another plate was directly used as-welded for the testing. From now
on, the sample names are referred to as GTAWed and GTAWed+FSPed for arc welded and friction stir
processed following arc welding, respectively. FSP was carried out using hot work tool steel with AISI
H13 (X40CrMoV5-1) material. Having a hardness of 55 HRC, the tool also has a cylindrical shoulder and
a conical pin. The pin, which has a diameter of 5 mm at the bottom and 6 mm at the top, has also a 3 mm
length. The FSP, having 0.33 overlapping ratio [32] is given in the Figure 1.

l
Overlap Ratio =1 — [ ] )
dpin

Where | designates the distance between pin axes in passes and d is the top diameter of the pin. In
FSP, the tool was plunged 0.4 mm to welded sample and initial preheating was achieved by keeping the
penetration speed constant at 1 mm/min.

B B 2 \ A

Figure 1. Friction stir processing of GTAWed AA5754

2.3 Microstructural Charactarization and Mechanical Testing

Tucker etchant (25 ml of water, 15 ml HF, 25 ml HCI, 15 ml HNOs) was used for macro examinations
and Keller etchant (50 ml of water, 10 ml HF, 15 ml HCI and 25 ml of HNOs) was also used for micro
examinations of the fabricated samples. In order to determine the hardness distribution of the samples,
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Vickers test examinations were carried out on the line with a depth of 2 mm from the surface. The tests
carried out with a load of 200 grams were also repeated on the same line at 0.5 mm intervals. Tensile tests
of the samples were also carried out at a testing speed of 1 mm/min.

3. RESULTS AND DISCUSSION

AA5754 aluminum alloy was first joined with ER5356 welding wire by GTAW without preheating.
As a result of the macro examination carried out after the welding process, no macro defect was detected
in the structure (Figure 2). The macrograph of the GTAWed+FSPed sample also shows the proper
processing was performed via FSP. Any defects, such as wormhole and porosity which are particular with
FSW/FSP were not observed.

Figure 2. Cross-sectional macrographs of the samples; a) GTAWed sample, b) GTAWed+FSPed sample

It can be also seen that the HAZ is not relatively wide compared to the base material with high thermal
conductivity. Keeping the HAZ narrow is ensured by the selected welding parameters (higher welding
speed in addition to higher current and voltage values). A high increase in the heat input was prevented
by selecting the current and voltage higher values, and by keeping the welding speed also higher. Thus,
the 5mm thick plate was welded in two passes, trying to prevent the expansion of the HAZ. This welding
process with a lower amount of heat input is also preferred to prevent grain coarsening in the FZ [33, 34].

Welding with low heat input, chosen to prevent grain coarsening, causes the formation of pores in the
welding of aluminum alloys having high thermal conductivity. For this reason, the using heat input
should be low enough not to cause grain coarsening, it should also has a value that will not cause porosities
in the weld due to rapid solidification [35]. As can be seen from Figure 2, there was no porosity in the
seam after the fusion welding process.

The metallographic examination of the weld seams was obtained after the welding process as can be
seen in Figure 3. Although partial grain growth occurred in HAZ, this area could be kept narrower as
much as possible. This is another important point that shows that the selected welding parameters are
suitable for the process.

After the welding process, FSP was applied in order to obtain grain refinement in the weld zone. As
can be seen in Figure 4, grain refinement has occurred in the coarse-grained weld seam and oriented-
grained HAZ resulting from the FSP.
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Figure 4. Grain refinement after FSP treatment applied to the heat affected area of the welded sample. a)
Base material b) Transition zone between the FSPed area and weld metal

The onion ring microstructure and thus the material flow form can be clearly seen in the areas where
the FSP has been applied (Figure 5). It was also determined that any porosity and cracks did not occur in
the areas where FSP was applied. The onion ring forms occurring in the microstructure also clearly show
adequate bond strength resulting from the grain refinement and dynamic recrystallization [36-38].
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Figure 5. Onion ring microstructure and material flow in the FSP-ed areas a) base material b) TMAZ
advancing side c) transition zone between the FSPed area base material d) transition zone between FSPed
area and weld metal, ) Weld metal, f) transition zone between the weld metal and base material

When the tensile test results were examined (Figure 6), it was determined that the mechanical strength
of the GTAW specimen was compatible with the values in the literature. However, it is also seen that
higher elongation values are obtained compared to the low ductility values expected in fusion welding
methods. This situation is attributed to the formation of a fine-grained structure in the weld metal due to
the fact that the FSP was made with two passes and the low heat input is used in the passes [39, 40]. As
well-known, fine-grain structure increases the strength and ductility of metallic materials. Following the
FSP, it was determined that the average grain size in HAZ was measured between 60-90 pum.
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Figure 6. Representative tensile test results of the samples

When Figure 6 is examined, it is seen that the tensile strengths are slightly higher than the base
material (Table 2). According to the tensile test results of welded joints without FSP, it has been observed
that the welding parameters selected for GTAW welding provide acceptable weldability and strength
values. This result also shows that it is possible to obtain sufficient tensile strengths for welded joints of
5xxx series (Al-Mg) aluminum alloys by the GTAW method. The FSP process applied after the welding
process did not significantly change the strength values of the joins. However, the ductility of welded
joints has increased remarkably. This situation can effectively contribute to the elimination of the
brittleness/low toughness problem, which is a major disadvantage, especially for welded joints [41-43].
With the increase in ductility, the elongation values of the base material were regained for the welded
structure.

During the tensile tests, none of the specimens broke from the weld fill and each specimen ruptured
in base materials regions close to the HAZ (Figure 7). When the elongation results of the FSPed samples
are examined, a significant increase in ductility was achieved compared to the as-welded sample. FSPed
samples’ elongation have a slight decrease (almost the same) in elongation values can be obtained
compared to the base material. As it is known, it is an expected result that the ductility of welded joints
will decrease significantly due to the negative effects of the thermal effect that given during the welding
process [44]. This is a very important gain, especially for aluminum alloys joined by fusion welding, where
the ductility is expected to decrease further as a result of the thermal effect.



Improvement of Heat Affected Zone of Gtawed 5754 Aluminum Alloy With FSP 765

Figure 7. Failure zones of the GTAWed samples after tensile testing
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Figure 8. Cross-sectional microhardness profiles of the samples

When the hardness distribution is examined, it is clearly seen that the hardness distribution of the
GTAWed sample has characteristically high hardness values from the sides of the weld seam to the base
material throughout the HAZ (Figure 8). The highest hardness values were measured as 88 HV including
this region in HAZ. It can be given the main reasons for high hardness in HAZ as grain coarsening (Figure
3b), and residual stresses due to rapid cooling after welding resulting from thermal shrinkage caused by
the heating-cooling cycle. Because of the high residual stresses, these areas are the weakest region of the
welded joint. For this reason, the FSP was applied to these areas of GTAWed parts as given in the
experimental studies section of this study. The applied FSP resulted in a stress relief effect as well as grain
refinement. With the FSP, both thermal stress and mechanical stress relief occurred and the hardness
values decreased in the HAZ. The stress-relieving effect of the FSP is adequately efficient in that the high
hardness values formed in HAZ can be reduced to the hardness values of the base material. As given
before, another effect of the FSP is the increase in ductility as given in the tensile test. This is an important
desired result in welded samples [45].



766 F. KAHRAMAN, G. M. GENCER, C. YOLCU

4. CONCLUSION

In this study, AA5754 alloy was joined with GTAW and then FSP was used in order to modify the
coarse grain structure formed in the HAZ. The results obtained after the FPS performed in two passes for
enhancing the HAZ grain structure on both sides of the weld seam are as follows;

e The microstructure, which did not have any welding defects after GTAW, had a fine-grained
structure with dynamic recrystallization after the applied FSP.

e The low ductility that occurred after the GTAW was eliminated thanks to the fine-grained
microstructure created in the microstructure. While approximate ultimate tensile strength values were
obtained after the GTAW and FSP, a remarkable improvement was achieved in the elongation values after
the FSP.

e All FSPed specimens ruptured in base materials regions close to the HAZ due to the significant
increase in ductility. FSPed samples’ elongation is almost the same as the elongation values of the base
material.

¢ The hardness tests demonstrated that the grain coarsening and the harmful effects that occurred
after the thermal cycle during the GTAW were eliminated efficiently. Characteristic high hardness values
in the HAZ were reduced to base material hardness values because of the FSP's stress relief effect. After
the FSP, approximately uniform hardness distribution was obtained clearly.
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e PB-tricalcium phosphate (B-TCP)-poly (lactic acid) (PLA) composite scaffolds containing two different
concentrations (0.8% and 1%) of silicate additives were designed.

e The characterization results demonstrated that B-TCP-PLA-based scaffolds had porous and flexible
structures.

e The designed synthetic flexible bone grafts with 0.8% and 1% silicate-additive significantly
encouraged the proliferation and osteogenic differentiation of human bone marrow-derived
mesenchymal stem cells (hMSCs). Moreover, 0.8% silicate-additive p-TCP-PLA grafts showed

increased alkaline phosphatase (ALP) activity.
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ABSTRACT: In recent years, ceramics, polymers, and composites have been used to develop biologically
and mechanically suitable bone scaffolds. B-tricalcium phosphate (B-TCP) is a widely used bioceramic in
bone tissue engineering. It shows excellent osteoconductivity, osteoinductivity, and good biocompatibility
properties, as its chemical composition is similar to the original chemical structure of bone. Herein, we
designed B-TCP-PLA composite scaffolds containing two different concentrations of silicate additives. We
aimed to investigate the effect of silicate-additive with varying concentrations (0.8% and 1%) on osteogenic
differentiation of human bone marrow-derived mesenchymal stem cells (hMSCs) seeded flexible bone
grafts. The morphological structure of B-TCP-PLA-based bone grafts was assessed by scanning electron
microscopy (SEM) and the tensile strength of grafts was evaluated. The results showed that scaffolds had
porous and flexible structures. hMSCs osteogenic differentiation was evaluated with the alkaline
phosphatase (ALP) activity and DNA content measurements. Compared with 3-TCP-PLA grafts, these
designed synthetic flexible bone grafts with 0.8% and 1% silicate-additive significantly promoted hMSCs
proliferation and osteogenic differentiation. Moreover, 0.8% silicate-additive p-TCP-PLA grafts showed
increased ALP activity. The outcomes of the present study suggest that synthetic flexible bone grafts with
silicate-additive might be useful for encouraging the regeneration of bone.

Keywords: Bone Tissue Engineering, B-TCP/PLA Bone Grafts, Silicate, Osteogenesis

1. INTRODUCTION

Bone diseases which correspond to half of the chronic diseases among people over 50 years old,
continue to exist as a crucial problem in the clinic [1, 2]. Due to the enhanced life expectancy and aging
population, there is a fast increment in musculoskeletal cases and disorders including fractures,
osteoporosis, and bone metastases. Thus, bone-associated medical treatments and costs are increasing
gradually [3]. Although bone has an exceptional capability for regenerating and healing itself, large bone
defects and complex bone breakages lead to important difficulties in medicine [3]. To repair bone defects,
the autologous bone grafting technique is accepted as the “gold standard”. However, it possesses
drawbacks such as secondary damages, donor site morbidity, limitation of a specific form, inadequacy of
autologous bone tissue, and long surgery times [3, 4]. These shortcomings limit the use of autografts in
clinical settings. Therefore, bone tissue engineering strategies as novel alternative treatment approaches
aim to repair or regenerate the damaged bone tissue after a bone loss, defect, or injury by replacing three-
dimensional (3D) scaffolds to build a supportive environment for the growth of bone [5]. Bone scaffolds
should ideally be osteoinductive to encourage the differentiation of progenitor cells down an osteoblastic
lineage, be osteoconductive to help the growth of bone tissue and promote ingrowth of surrounding bone
tissue, and also have the capability for osseointegration to integrate scaffold into surrounding bone tissue
[6]. Also, a bone scaffold should have proper mechanical features such as having high porosity to allow
vascularization and migration of the cells and have the ability to fill irregular shapes to avoid insufficient
micro-cavities around the bone defect area, and lastly have the possibility for commercialization [7, 8].

In recent years, ceramics, polymers, and composites have been used by researchers to produce
biologically and mechanically suitable bone scaffolds [6]. Ceramic materials possess a huge compressive

*Corresponding Author: Giinnur ONAK PULAT, gunnur.onak@ikcu.edu.tr



mailto:gunnur.onak@ikcu.edu.tr
https://orcid.org/0000-0003-0895-4768
https://orcid.org/0000-0001-7768-922X
https://orcid.org/0000-0002-4175-4402

Enhanced Osteogenic Differentiation of Human Mesenchymal Stem Cells 771
By Flexible B-Tcp/Pla Bone Grafts With Silicate Additive

strength and low ductility and show good resistance to deformation [9]. B-tricalcium phosphate (B-TCP),
commonly utilized ceramic in bone tissue engineering, demonstrates excellent osteoconductivity,
osteoinductivity, and good biocompatibility features since the chemical composition of 3-TCP ceramics is
resembling the chemical composition of native bone [10-13]. A main drawback of 3-TCP is that it has a
sintered solid and hard form resulting in difficulties for the surgeon to ensure the needed form of the graft
in the surgical field and insufficient micro-cavities in the bone defect area. Giving shape to the graft
substance in the surgical field during the surgery extends the surgical period and enhances the infection
risk [14, 15]. Therefore, during a surgical operation, to allow the surgeon for giving the needed form to the
scaffold in the surgical field, flexibility is very important in clinical applications. Collagen fibers and
polymeric biomaterials like poly (lactic acid) (PLA) have been used to provide flexibility to ceramic
materials [16]. PLA-based materials are advantageous since they possess perfect mechanical features,
processability, biological compatibility, and suitable degradation rates, and don’t cause an important
inflammatory reaction. Nevertheless, their main disadvantage of them is the absence of bioactivity for
bone regeneration [16].

Silicate-based bioceramics show perfect bioactivity that could encourage the reproduction of
osteoblasts, increase the creation of bone and trigger the osteogenic differentiation of stem cells [17].
Although calcium phosphate ceramics such as -TCP and their composites with PLA have great
biocompatibility, they do not have an evident stimulatory impact on osteoblasts proliferation and
differentiation [17]. Since a certain concentration of silicate additive increases bone regeneration capacity
and osteogenesis, silicate-substituted calcium phosphate materials have been used as novel and
commercialized porous ceramic graft substitutes for bone tissue, and their crystal construction is doped
by silicate ions [18-20]. Silicate contribution resulted in better in vitro and in vivo osteogenic differentiation
and controllable biodegradability compared to 3-TCP [21, 22]. For instance, Coathup ef al. aimed to assess
the impact of silicate substitution on calcium phosphate’s osteoinductive ability without exogenously
given growth factors and reported that silicate substitution remarkably enhanced the quantity of bone
created and the quantity of bone tissue that is bonded to the surface of the implant [23]. Furthermore,
researchers investigated whether hydroxyapatite (HA) or silicate-substituted HA can encourage
mesenchymal stem cells (MSCs) osteogenic differentiation without soluble factors, and reported that
silicate-substituted calcium phosphate assisted the adhesion and proliferation of MSCs and also triggered
the osteogenesis to a larger degree than HA [24]. Moreover, Chan et al. studied the silicate substituted
calcium phosphate substances having different strut porosities in in vivo ectopic ovine model for
comparing its osteoinductivity, and reported that bone graft substitutes having higher strut porosity are
more osteoinductive [25].

Importantly, a bone scaffold must have an interconnected porous structure, and for needed nutrients
and oxygen diffusion, the size of pores would be at least 100 um in diameter [26]. The pores facilitate the
homogeneous distribution of cells in the scaffold, the connection of newly created tissue with neighboring
tissues, and the carriage of nutrients and oxygen to cells so that new tissue formation and vascularization
can occur more quickly [27]. Particulate-leaching is an easy method to produce 3D porous tissue
engineering scaffolds using polymer solution mixed uniformly with salt or porogen particles of a certain
diameter. Then the solvent is evaporated, and it leaves at the back a polymer matrix in which salt or
porogen particles are embedded. Lastly, whenever composite material is submerged in water, embedded
particles start to reach out to create a porous structure [28, 29]. By changing the size of the particle, this
method can simply control the pore size and thickness of the septum of the 3D porous scaffold construct
[28]. Scaffolds produced by solvent casting and particle-leaching techniques possess a porosity between
50% and 90%. It is a relatively simple and low-cost methodology, and also the developed scaffolds possess
high porosity and the ability for tuning the pore size [30]. In the current study, by adding porogen particles
to the bone scaffolds, it was aimed to gain the scaffolds a highly porous structure.

It is reported that the newer generation of ceramics has been formulated at 0.8 wt% Si and supported
significantly more bone formation (Hing, Revell et al. 2006, Nagineni, James et al. 2012). Herein, we
decided to alter the silicate amount to observe the effect of silicate amount in the scaffold. To the best of
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our knowledge, the present study investigated for the first time the followings: (i) combining -TCP-PLA
with silicate-additive to fabricate a composite scaffold; (ii) characterization of the morphological structure,
and mechanical features of these three different composite scaffolds; and (iii) observing the effect of 3-
TCP-PLA composite scaffolds with two different ratios of silicate-additive (0.8% and 1%) on osteogenic
differentiation of human bone marrow-derived mesenchymal stem cells (hMSCs). In this study, we aimed
to produce porous B-TCP-PLA composite scaffolds with silicate additive to increase osteogenic
differentiation by mimicking the extracellular matrix (ECM) with its polymeric structure and by
mimicking the bone tissue with its ceramic structure with osteoconductive and osteoinductive properties.
Furthermore, flexibility and porosity were gained from the designed scaffolds to provide convenience to
the surgeon during surgery to give the intended shape, and to allow vascularization and migration of the
cells, respectively. First, B-TCP was mixed with PLA for imitating bone ECM and for providing flexibility
to osteoconductive and osteoinductive 3-TCP. Then, porogen was added and removed via the particulate
leaching method to make the scaffold porous. B-TCP-PLA flexible grafts were used as the control group,
while 1% and 0.8% silicate-additive flexible grafts are experimental groups to investigate the effect of
silicate-additive with ranging concentrations on osteogenic differentiation by seeding hMSCs on bone
grafts and incubating in an osteogenic medium for 21 days. hMSCs osteogenic differentiation on synthetic
bone grafts were evaluated concerning the ALP activity and DNA content measurements. We
demonstrated that designed synthetic flexible bone grafts encouraged the proliferation and osteogenic
differentiation of hMSCs. The incorporation of silicate in synthetic 3-TCP bone grafts significantly
promotes the expression of ALP which is an early osteogenic marker by seeded hMSCs. Our results
suggest that these synthetic flexible bone grafts may be useful for promoting the repair and regeneration
of bone tissue.

2. MATERIALS and METHOD
2.1 Fabrication of Synthetic Flexible Bone Grafts

Bone grafts were fabricated in Bonegraft Biyolojik Malzemeler San. ve Tic. A. S. During the fabrication
of the synthetic flexible bone graft, firstly 3-TCP and silicate in determined ratios (0.8% and 1%) were
mixed and added into %10 Poly (D, L-lactide-co-caprolactone) polymer solution. Then, porogen with the
size of 1/1 ratio 100-250 um and 250-500 pm were incorporated into the mixture in determined quantity
for giving it a porous structure. The material was thoroughly mixed in the beaker, and after that, it was
poured into Teflon-coated mold structures. The flexible bone graft was held in distilled water in a shaker
water bath for removing the porogen and to acquire a porous structure of the material. For the analyzes
to be performed in a sterile environment, the grafts were used after being exposed to ultraviolet (UV) for
1 hour, and stored for the following characterizations.

2.2 Characterization of Synthetic Flexible Bone Grafts

To image synthetic bone grafts, a Scanning Electron Microscope (SEM; Carl Zeiss Microscopy,
Germany) at 3 kV accelerating voltage upon coating with gold (QUORUM; Q150 RES; East Sussex; United
Kingdom) was used at 20 mA for 60 seconds. The scale bars found in the pictures were obtained with SEM
software.

A universal testing machine with a 5 kN load cell (Shimadzu AGS-X Model, Japan) was used to
perform Tensile Test. The tensile test of bone grafts was carried out according to the ASTM D638 standard,
and the speed was 50 mm/min. For checking the repeatability of experiments, the tensile test was repeated
at least three times.

2.3 Cell Culture and Cell Seeding

hMSCs (HMSC-AD-500, CLS cell lines Service, Lot #102, Eppelheim, Germany) were cultured within
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the basal media (DMEM including 10% FBS, 250 ng/mL fungizone, 100 units/mL penicillin, 50 pg/mL
gentamicin, 100 pg/mL streptomycin) in flasks. L929 cells (kindly donated from Ege University Research
Group of Animal Cell Culture and Tissue Engineering Laboratory) were cultured within the basal media
(DMEM including 10% FBS, 100 units/mL penicillin, 100 ug/mL streptomycin) in flasks. When the cells
achieve 80-90% confluency, they were passaged by utilizing a 0.25% trypsin/EDTA solution and taken to
a novel flask containing fresh medium. For obtaining enough stocks in the related passage number, cells
were frozen in the freezing medium at every passage and stored at -196 °C in a liquid nitrogen tank
(ThermoScientific, Bio-cane 47). Before cell seeding, synthetic bone grafts were sterilized by UV radiation
and washed with 70 % ethanol for 30 minutes, and then rinsed with sterile phosphate-buffered saline (PBS)
three times. Following this step, synthetic flexible grafts were conditioned within the basal medium for 1
hour, and then cell suspension (106 cells / cm?) was seeded on each sample in the basal medium. The cell-
seeded grafts were incubated for the adhesion of cells for 24 hours. For cell viability and osteogenic
differentiation experiments, L929 cells and hMSCs were seeded on scaffolds, respectively. For cell
viability, the L929 cells were cultivated for 7 days in basal media. For osteogenic differentiation, the media
on hMSCs seeded scaffolds was changed with osteogenic medium (basal medium supplemented with
10mM B-glycerophosphate, 50 pg/mL ascorbic acid, and 100nM dexamethasone) and cells were
cultivated for 21 days.

2.4 Cell Viability Analysis of 1929 Cells on Synthetic Bone Grafts

3- (4, 5-dimethylthiazol-2-yl)- 2, 5-diphenyltetrazolium bromide (MTT) (Vybrant® MTT Cell
Proliferation Assay Kit, Invitrogen, Waltham, MA, USA) test was used based on the manufacturer’s
instructions at 1., 4. and 7. days of the cell culture. For evaluating cell viability and proliferation, L929
(Mouse fibroblast cell line) cells were used for MTT assay. First, the culture medium was removed from
cell-seeded grafts found in the well plate. 10% MTT dye in a culture medium was added to the cell-seeded
grafts. Bone grafts were incubated in the incubator for 4 hours at 37°C and 5% CO:. Next, the medium was
removed from grafts again, and then 500 uL dimethyl sulfoxide (DMSO, Sigma-Aldrich, Steinheim,
Germany) was given on cell-seeded grafts to dissolve the formed formazan crystals. After incubation for
15 minutes, a microplate reader (Biotek Synergy HTX, Winooski, VT, USA) was used to measure the
absorbance values of each well at 570 nm.

2.5 Osteogenic Differentiation of hMSCs on Synthetic Bone Grafts

For stem cell differentiation studies, pure 3-TCP-PLA without silicate-additive was utilized as the
control group, and [3-TCP-PLA with 0.8% silicate-additive and 3-TCP-PLA with 1% silicate-additive were
utilized as experimental groups. As additional information, the biological replicate number of the stem
cell differentiation experiment was 3 meaning experiments were carried out with 3 replications from each
group.

At each time point (7, 14, and 21 days), first, the cell-seeded grafts were washed with PBS, and then
they were lysed with 10-mM Tris supplemented with 0.2% Triton in PBS. The lysed samples were used
for the measurement of DNA content and ALP activity. To observe primary cellular concentration on bone
grafts, the DNA content at day 0 was measured. Double-stranded DNA content and ALP activity of the
samples were measured with DNA Quantification Kit (Sigma Aldrich, St. Louis, MO, USA) and
QuantiChrom ALP assay (Bioassay Systems, Hayward, CA, USA), respectively, based on the
manufacturer’s directives [31]. In brief, the bisBenzimide H 33258 Solution was prepared and added to
lysed samples found in 96-well plates. Then, fluorescence intensity (excited at a wavelength of 360 nm)
was measured using a spectrophotometer (BioTek, Winooski, VI, USA) at an emission wavelength of
460nm, and at ambient temperature. By using the ALP kit, ALP activity was evaluated by p-
nitrophenylphosphate (PNPP) at 405 nm in an alkaline solution. Firstly, 50 uL of lysed sample to 200 pL
total reaction volume were utilized for starting the reaction by the addition of assay buffer, 5mM
magnesium acetate, and 10 mM pNPP in a 96-well plate. We measured the optical density (OD) at 405 nm
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for the first time (t=0) and after 4 minutes (t=4 min) with a multi-plate reader (BioTek, Winooski, VT,
USA). Lastly, obtained ALP activities were normalized to cell numbers by dividing to DNA contents at
every time point.

2.6 Statistical Analysis

All the obtained information was statistically analyzed via one-way ANOVA (SPSS 12.0, SPSS GmbH,
Germany) and the Student-Newman-Keuls method as a post hoc test. Significant differences among
groups were defined using p-values lower than 0.05. (*p <0.05, **p <0.01, **p <0.001).

3. RESULTS
3.1 Characterization of Synthetic Flexible Bone Grafts

SEM imaging was used to assess the morphology of flexible synthetic bone grafts. SEM images of
three bone grafts were demonstrated in Figure 1. In SEM analysis, it was observed that these synthetic
bone grafts have a porous structure as seen in Figure 1A-C. Although silicate particles were observed in
0.8% and 1% of silicate-additive 3-TCP-PLA groups, the density of silicate was higher in the 1% silicate-
additive B-TCP-PLA group as expected. SEM images show that the pore size and porosity of 3-TCP-PLA
composite scaffolds were decreased with the increased silicate ratio. The porosity of the scaffolds was
measured by using Image J. The porosity of the control, 0.8% silicate-additive 3-TCP-PLA, and 1% silicate-
additive 3-TCP-PLA scaffolds were found as 67.98%, 38.65%, and 42.14%, respectively.

Y —

Figure 1. Scanning electron microscopy images of 3-TCP-PLA (A), 3-TCP-PLA with 0.8% silicate-
additive (B), and -TCP-PLA with 1% silicate-additive (C) grafts (Scale bar represents 2 um).

Tensile strength analysis was fulfilled to observe the mechanical properties of the synthetic scaffolds
(Figure 2). The tensile strength of control, 0.8% silicate, and 1% silicate groups were measured as 451,8 +
35,06 kPa, 390,63 + 7,21498672 kPa, and 343,02 + 20,9923835 kPa, respectively. As demonstrated in Figure
2, tensile strength was decreased with the increase of silicate additive.
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Figure 2. Tensile strength of 3-TCP-PLA-based scaffolds (A-B) ((*p\0.05, **p\0.01, **p\0.001)). Images
of control (C1), 0.8% silicate (Cu), and 1% silicate (Cm) group flexible grafts.

3.2 Cell Viability Analysis of Cells on Synthetic Flexible Bone Grafts

In this study, the effect of B-TCP-PLA-based bone scaffolds on cell viability and proliferation was
assessed by MTT analysis. For this assay, L929 cells were seeded on bone grafts and incubated for 7 days.
MTT analysis was carried out at 1., 4., and 7. days of the cell culture. As demonstrated in Fig.3, cell
numbers of all three groups increased from Day 1 to Day 4, and then decreased from Day 4 to Day 7. At
all time points during 7 days of cell cultivation, the cell numbers for 0.8% silicate-additive and 1% silicate-
additive 3-TCP-PLA bone grafts were higher than the cell numbers for the control group. This result
shows the positive effect of silicate-additive bone grafts on cellular viability. Moreover, the cell numbers
for 1% silicate-additive B-TCP-PLA bone grafts were the greatest at all time points.
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Figure 3. Cell proliferation analysis of L929 cells seeded in control, 0.8% silicate, and 1% silicate grafts.
Error bars indicate mean + SE (n=3) [significant differences were defined by one-way ANOVA
[Newman-Keuls multiple comparison tests, (*p\0.05, *p\0.01, ***p\0.001)].
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3.3 Osteogenic Differentiation of hMSCs on Synthetic Flexible Bone Grafts

Osteogenic differentiation capability of hMSCs seeded on the control group, 0.8% silicate-additive and
1% silicate-additive bone grafts were evaluated for 7, 14, and 21 days. DNA content and ALP activity of
the scaffolds were quantified for 21 days. The measured ALP activities were normalized to cell numbers
by dividing DNA contents at each time point.
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Figure 4: DNA content (A), ALPase activity (B), of hMSCs seeded in control, 0.8% and 1% silicate-
additive grafts, and incubated in the osteogenic medium for 21 days. Error bars indicate mean + SE
(n=23) [significant differences were defined by one-way ANOVA [Newman-Keuls multiple comparison
tests, (*p\0.05, **p\0.01, **p\0.001)].

hMSCs were seeded and incubated on control, 0.8% silicate, and 1% silicate graft groups. While the
control group always had the highest DNA content depending on time, the DNA content of the groups
containing 0.8% silicate and 1% silicate increased with time, but this increase was less than the control
group. As shown in Fig.4, on Day 21, DNA contents of control, 0.8% silicate, and 1% silicate graft groups
were measured as 1881,359333 + 38,86 ng/ml, 1586,487333 + 34,67 ng/ml, and 1759,564667 + 50,88 ng/ml,
respectively. As shown in Figure 4, the ALP activity of three graft groups peaked on Day 14 and began to
decrease from Day 14 to Day 21, which was consistent with previous findings [32]. It was seen that hMSCs
ALP activity increased significantly with silicate addition to grafts. For instance, peak ALP activity of the
groups containing 0.8% silicate, and 1% silicate increased to 8737,517667 + 400,8848672 IU/ng DNA, and
8005,144667 + 201,9006029 IU/ng DNA, respectively whereas that of the control group was 1748,337333 +
464,6124603 IU/ng DNA (***p <.001). Moreover, the ALP activity of the group containing 0.8% silicate was
the highest at all times.

4. DISCUSSIONS

Herein, our objective was to develop porous 3-TCP-PLA composite scaffolds with silicate additive to
enhance osteogenic differentiation of hMSCs, and to assess the effect of silicate additive with ranging
concentrations on osteogenic differentiation. For this purpose, we have designed three different graft
groups which were 3-TCP-PLA, 3-TCP-PLA with 0.8% silicate-additive, and B-TCP-PLA with 1% silicate-
additive. Briefly, SEM imaging and the tensile test were performed, and then hMSCs osteogenic
differentiation was evaluated concerning the ALP activity and DNA content analysis. The major findings
of this study include; all graft types have a porous structure confirmed by SEM imaging, the tensile
strength was decreased with silicate-additive, and silicate addition resulted in enhanced ALPase activity
and osteogenesis.
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Vascularization of bone tissue scaffolds is of great importance for mimicking complex natural tissues,
enhancing bone ingrowth and osseointegration, and especially for clinical applications. At this point, it is
necessary to highlight the significance of porosity for the vascularization of bone tissue constructs.
Adequate porosity with proper size and interconnections among pores ensures an environment for
encouraging infiltration and migrating of cells, vascularization, transfer of nutrients and oxygen, and
elimination of wastes, as well as being capable of withstanding the external stresses [33, 34]. Scaffolds
porosity and pore size take a significant role in bone creation both in vitro and in vivo [35]. For bone
formation, pores are needed since they let migration and reproduction of osteoblasts and mesenchymal
cells, as also vascularization [35, 36]. Within the scope of this study, for fabricating synthetic bone grafts,
the particulate-leaching method was used and porogen particles were added to the scaffolds. By
incorporation of porogen particles, it was aimed to make the scaffold porous, and our SEM images showed
that fabricated synthetic bone grafts have a highly porous structure. In the SEM images, pores can be
observed, and these pores allow the synthetic bone tissue scaffolds to be vascularized better.

The production of composite scaffolds is a favorable approach since the combination of benefits of
two or more materials may ensure better mechanical and physiological necessities for the host bone [21].
In addition, the formability of polymer materials in participation with a controlled-volume fraction of
bioactive ceramic might result in the mechanical reinforcement of produced scaffold constructs and also
increase the low bioactivity of most polymers [37]. In the current study, it was observed that the tensile
strength of 3-TCP grafts was decreased with increasing concentration of silicate-additive. Dalgic et al. used
graphene oxide (GO)-incorporated silicate-doped nano HA composite materials with different ratios and
examined the potential usage for bone tissue engineering via producing and reinforcing electrospun
poly(e-caprolactone) (PCL) scaffold construct. It was reported that PCL tensile feature did not enhance by
the addition of HA to the fiber. Young’'s modulus also declined upon the addition of HA and silicate-
doped hydroxyapatite (SiHA) to PCL. Similar to our results, tensile strength values have further declined
via the incorporation of SiHA. It was also reported that silicate substitution may alter the surface
properties of HA. When compared with HA, SiHA could have further moved off from PCL using
structural resemblances and there might be a lower number of interfacial bonding ending up with
decreased tensile strength [38]. To stabilize metallic implants, suitable flexible scaffolds should be placed
on the surgical site just before surgical site closure. Higher elasticity is suitable for bone defects in the
pelvis and lower extremities [39]. However, both flexibility and osseointegration are critical around the
implant site. The composition of the scaffold used in this study allows osseointegration with the silicate
additive by providing osteoinductivity. Therefore, the group with a high elastic modulus among silicate-
containing groups which is 0.8% silicate might be considered optimal, although the silicate additive-free
group has a higher elastic modulus than the silicate-containing groups of 0.8% and 1%, respectively.

The silicate-substitution stimulates the negative surface charge of material and importantly increases
bone formation performance in comparison to present materials by the influence of it on the activity of
bone-forming and resorbing cells [40-44]. This permits the vascularization of silicate-substituted calcium
phosphate (Si-CaP) matrix, assisting differentiation of cells, making easy the rapid bone ingrowth, a larger
volume of bone growth, and encouraging nutrition transfer to host bone tissue, with following graft
remodeling to mature bone [45]. Herein, the effect of 3-TCP-PLA-based scaffolds on the viability and
proliferation of L929 cells was determined based on MTT analysis. Cell numbers for 0.8% silicate-additive
and 1% silicate-additive bone grafts were higher than that of control grafts at all time points. This finding
suggests that the functionalization of 3-TCP-PLA grafts by silicate-additive induces cell proliferation, and
silicate-additive bone grafts facilitated the proliferation of L929 cells compared with the control group.
However, the cell numbers of the three scaffold groups increased from Day 1 to Day 4 and then decreased
from Day 4 to Day 7. Figure 3 demonstrates that the cell number decreased significantly after Day 4. At
the end of Day 7, it was observed that the excessive cell multiplication within the composite scaffolds led
to the death of seeded cells due to the restricted area, It can be explained by the excessive cells which could
not adhere to the scaffold surface. Since these excessive cells affected proliferation negatively, the cell
number on Day 7 decreased in the cell number. Moreover, cell numbers on 0.8% silicate-additive and 1%
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silicate-additive bone grafts suggested that silicate-additive graft groups did not have a toxic effect on
cells. Furthermore, cell numbers for 1% silicate-additive grafts were the highest at all time points.
Similarly, DNA content measurement results revealed that 1% silicate-additive bone grafts showed more
amount of DNA content when compared to 0.8% silicate-additive bone grafts. This result suggests that
the DNA content was correlated with the cell number.

hMSCs differentiation into osteoblastic lineage is a complicated procedure, containing the attachment,
reproduction, maturation, differentiation, and mineralization of them [46]. The most important
parameters which can be used for assessing osteogenic differentiation are known as adequate cellular
growth, ALP activity, calcium deposition, and also osteogenic markers expression [31]. hMSCs osteogenic
differentiation capability on bone grafts was quantified by measuring DNA content and ALP activity over
21 days. At that step, cells were seeded and then incubated on B-TCP/PLA-based grafts for 7, 14, and 21
days, and at the termination of every culture time point, we measured the hMSCs DNA content. Our
results demonstrate that the control group showed greater DNA content than other groups, suggesting
that hMSCs on the control group grafts proliferated more. On the other hand, 0.8% silicate and 1% silicate
groups showed less increase in DNA content than the control group. However, the DNA content of
silicate-additive groups enhanced with time during 21 days of incubation, indicating that cells showed
enhanced proliferation at each time point. ALP activity measurement was evaluated utilizing the time-
dependent pNPP creation in an alkaline solution. In correlation with prior findings, ALP activity of whole
groups seemed to increase from Day 7 to Day 14 and began to decline with a longer period of incubation
with mineralization [18]. The ALP activity of 0.8% silicate and 1% silicate groups was importantly greater
than the ALP activity of the control group at all time points during 21 days of incubation. Functionalization
with silicate promoted the ALP activity of hMSCs on 3-TCP/PLA grafts. Similarly, in literature, silicate
addition ended up with better in vitro and in vivo osteogenic differentiation of cells, and also guidable
biodegradability properties when compared with B-TCP [21, 22]. Moreover, the ALP activity was the
greatest in the 0.8% silicate group at all time points when compared with other groups proposing that
hMSCs did not take as much osteogenic induction in control and 1% silicate grafts, and this indicates the
positive effect of 0.8% silicate concentration on osteogenic differentiation. Cameron et al. used silicate-
substituted calcium phosphate (Si-CaP) and nonmodified HA for testing if they can encourage MSCs
osteogenic differentiation in the nonexistence of soluble factors or not, and reported that Si-CaP assisted
the MSCs' attachment and reproduction and also triggered the osteogenesis to a larger degree than HA,
as proofed by osteoblast-related genes upregulation [24]. Nagineni et al. aimed to evaluate the clinical and
radiographical findings in spinal fusion processes by using Si-CaP material and reported that Si-CaP can
be an alternative to autogenous bone material for spinal arthrodesis processes, and for a 12-month follow-
up period, they observed high grades of bony fusion by utilizing Si-CaP in integration with several
surgical spinal methods. In another study, researchers evaluated the osteoinductivity of silicate-
substituted calcium phosphate and stoichiometric calcium phosphate using ectopic implantation. Silicate
substitution importantly enhanced the quantity of bone created and the quantity of bone that is bonded
to the surface of the implant, and it was reported that utilizing silicate-substituted calcium phosphate in
place of stoichiometric calcium phosphate for orthopedic surgeries might significantly increase bone
tissue repair and regeneration [23].

In summary, our results revealed that 0.8% silicate additive is the best concentration of silicate
addition. Also, in this study, a mechanically targeted issue was to provide convenience to the surgeon
during the application by adding the PLA polymer to the graft and to provide flexibility to give the desired
shape. Herein, the flexible structure of these synthetic bone grafts will provide an important advantage
by facilitating the surgeon for giving the intended form of the graft substance in the surgical area
throughout the surgical process. Moreover, for a tissue scaffold, having a highly porous structure is very
crucial, and these synthetic flexible bone grafts will have a positive effect on the pre-vascularization of
scaffolds and differentiation of hMSCs due to their porous structure and interconnected pores.
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5. CONCLUSIONS

In summary, p-TCP-PLA composite scaffolds were produced with two different concentrations of
silicate-additive. Characterization tests showed that designed scaffolds had flexibility and porosity. We
found that 1% and 0.8% silicate-additive flexible grafts improved the osteoinductive capacity of the -
TCP-PLA composite scaffolds, and encouraged the proliferation and osteogenic differentiation of hMSCs.
Moreover, 0.8% silicate-additive flexible grafts showed sharply increased ALP activity when compared
with 1% silicate-additive flexible grafts and B-TCP-PLA grafts. Our findings revealed that -TCP-PLA
composite scaffolds functionalized with 0.8% silicate-additive possessed more potential for inducing
osteogenesis. It is believed that our results will assist scientists in enhancing and further optimization of
the activity of composite scaffolds for more effective and better bone tissue repair and regeneration.
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Highlights

e The accuracies of automatic sleep staging systems using real sleep data are generally under 85% and
studiying with real datasets is very hard because extracting useful features from a noisy environment
is more complex. This study used real sleep dataset to reach high accuracy.

¢ The automatic sleep stage classifiers used in literature are generally designed for known state-of-art
datasets and they are taken from healthy persons. A real dataset including healthy and Obstructive
Sleep Apnea patients is used in this dataset.

e The main contribution of this study is feature engineering in that we scrutunized which features are

more useful in a sleep staging system which uses real dataset with healthy and OSA patients.
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ABSTRACT: Spending too much time on manual sleep staging is tiring and challenging for sleep
specialists. In addition, experience in sleep staging also creates different decisions for sleep experts. The
search for finding an effective automatic sleep staging system has been accelerated in the last few years.
There are many studies dealing with this problem but very few of them were conducted with real sleep
data. Studies have been carried out on mostly processed and cleaned-ready data sets. In addition, there
are few studies in which the data distribution in sleep stages is balanced (equal numbers of epochs from
each stage are used), and it is seen that the performance of these studies is quite low compared to other
studies. When the literature studies are examined, there is a wide range of studies in which many features
are extracted, many feature selection methods are used, many classifiers are applied and various
combinations of these are available. For this reason, to determine the best-performing features and the
most powerful features, 168 features were extracted from the real EEG, EOG, and EMG signals of 124
patients. These features were selected with 7 different feature selection methods, and classification was
carried out with 4 classifiers. In general, the ReliefF feature selection method has performed best, and the
Bagged Tree classifier has reached the highest classification accuracy of 67.92% with the use of nonlinear
features.

Keywords: Automatic Sleep Staging, Frequency Analysis of EEG Signals, Sleep Signal Detection
1. INTRODUCTION

Sleep staging is a process that is done for many reasons such as to detect sleep-related disorders,
determine sleep quality,...etc. According to AASM standards, [27] sleep can be categorized into Wake,
REM, and Non-REM stages. The Non-REM stages are further divided into Non-REM1, Non-REM2, and
Non-REM3 stages. The staging is done by examining sleep-related signals which are named
Polysomnography Signals (PSG) by a sleep expert. The most used ones in PSG signals are
electroencephalogram (EEG), electrooculogram (EOG), and electromyogram (EMG) signals. These signals
are divided into 30 sec-long epochs and then the expert decides which stages should be selected as a label
of the related epoch. In doing this, the experts use rules [27] and their experience. Whereas this seems to
be a very straightforward process, making the correct decision would be cumbersome in many cases. First
of all, the signals are mainly noisy, and recognizing some signal patterns which are used in making
decisions is sometimes very hard in this noisy environment. Also, there isn't a clear distinction in some
epochs between the stages. For example, an EEG signal belonging to a Wake stage can be very similar to
one of the Non-REML1 stages. In such cases, the experience of the sleep expert can result in different staging
labels. The manual staging process is also time-consuming and tiring because the expert should examine
many signals in 30-second epochs in detail (the duration of the overall signals is 6-8 hours) and interpret

*Corresponding Author: Seral OZSEN, sozsen@ktun.edu.tr
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the rules according to the overall sleep to make the decision. So, based on these reasons in place, the
research for automatic sleep-staging systems has begun many years ago.

It can be found in a huge literature in the search for automatic sleep staging studies. In the study of
Lee et. al. [33], a Detrended Fluctuation Analysis (DFA) was used for the classification of sleep data which
is taken from the MIT/BIH sleep database [33]. Liu and Sun [36] conducted a three-class staging study on
MIT/BIH database by using multifractal DFA [36]. In another study using DFA, Farag et. al. [17] reached
an overall classification accuracy of 85.18% on their real recorded dataset with 22 patients [17]. Hassan et.
al. [22] used a tunable Q-factor wavelet transform to classify sleep stages of Physionet and Dream datasets
and obtained a classification accuracy of 91.50% [22]. Other methods were also applied to this dataset in
similar studies [23, 24, 25] and performances between 90-94% were reached. Chlon et. al. [13] proposed a
different method for the classification of sleep stages. They combined Hierarchical Driclet Process-Hidden
Markov Model (HMM) with Wide-sense-stationary time series analysis and conducted the tests of the
proposed method on simulated sleep data [13]. In the study of Jiang et. al. [29], a new method based on
Empirical Mode Decomposition (EMD) was proposed and they reached a 92% classification accuracy on
Physionet data [29]. They also applied a new rule-free refinement based on HMM to optimize classification
results. In their study, Acharya et. al. extracted features by using nonlinear dynamic analysis, Higher
Order Spectra (HOS), and Recurrence Quantification Analysis (RQA) [2].They analyzed the effectiveness
of these features by ANOVA. Chaozsen et. al. used Hilbert Huang Transform (HHT) to obtain spectral
features [10]. By adding a sample entropy feature to their feature set, they obtain 89.9% classification
accuracy on the MIT database. In another study, Peker used Complex valued Neural Network to classify
the Sleep-EDF database by extracting complex-valued nonlinear features and he obtain a classification
accuracy of 91.57% [41]. Tian et. al. [44] used the aid of Multiscale entropy features of the Sleep-EDF
database and they classified them by proportion-based SVM with a classification accuracy of 91.4% [44].
In their study, Liua et. al. [37] conducted a comprehensive feature selection application for automatic sleep
staging [37]. They extracted 50 features from the EEG signals of the MIT/BIH database by using
Multifractal DFA, visibility graph algorithm (VGA), frequency analysis, and nonlinear analysis. They
utilized genetic algorithm (GA) as feature selector and used Least Squares SVM to compare the
performances. In a study conducted with real data, Zhang et. al. [49] used frequency, time-domain, and
nonlinear features and reached an average accuracy of 82.18% in three subjects [49]. Zhang et. al. [50]
applied band-pass filtering, spectral feature extraction, gaussian parameters, and statistic-based feature
selection [50]. They reached a classification accuracy of 85.5% in their dataset consisting of 39 subjects. In
their study, Henri Korkalainen et. al. used overlapping different-size epochs (Korkalainen et. al., 2021).
They reached 81.9% accuracy but their dataset includes many NonREM3 and REM epochs and they used
deep learning. Ghimatgar et. al. [20] used HMM for staging with single-channel EEG [20]. They used four
public EEG datasets and comparatively low accuracies for such public datasets (between 77.6%-97.4%). In
their study, Arslan et. al used machine learning methods for sleep stage classification for data taken from
50 patients with sleep-related diseases (not from the OSA patients) [3]. They obtained comparatively high
accuracies but 19 channels were used in that study.

Some literature reviews can be found in [1, 7, 18, 19, 26].

The vast majority of these studies use standard datasets such as the Sleep-EDF dataset, and MIT/BIH
database. The accuracy ratios in these studies are generally over 85%. But when the studies using real data
are analyzed, the accuracy values decrease under 85%. Dealing with real datasets is very hard because
extracting useful features from a noisy environment is more complex. Besides, if the used dataset is taken
from patients rather than healthy persons, the problem becomes more complicated. Besides this, when the
studies obtaining high accuracy rates were searched, it can be seen that they used deep learning methods.
In deep learning methods, it is not possible to see which feature gave the best result. Thus our study differs
from theirs in that we also tried to see which features are more useful in the staging process. In our study,
we used a dataset consisting of PSG signals of 124 persons (93 of them have Obstructive sleep apnea (OSA)
and 31 of them are healthy). By utilizing time-domain analysis, frequency analysis, nonlinear analysis,
and MDFA, 168 features were extracted from the EEG, EOG, and EMG signals. To detect best performing
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features, 7 feature selection methods were used in 5 applications. In performance comparison,
classification was carried out with k-nearest neighbor (kNN), decision tree (DT), SVM, and Bagged Tree
methods.

2. MATERIALS and METHOD
2.1. Used Data

During the study, PSG data were obtained from a total of 124 people, 31 of whom were healthy, and
93 patients, who were hospitalized in the sleep laboratory of the Meram Medical Faculty hospital. Whereas
many signals are recorded in PSG, EEG, EOG, and EMG signals are the most commonly used ones in
manual and automatic sleep staging studies. Patients with an AHI value above 5 were accepted. Using the
EEG, EOG, and EMG signals from the obtained PSG data, these signals were divided into 30-sec epochs.
PSG signals were sampled at 200 Hz. The signals obtained for each patient were normalized to avoid inter-
patient amplitude differences. The EEG signals used were 0.3Hz-35Hz, EMG signals 1Hz-45Hz, and EOG
signals were filtered between 0.3Hz-30Hz with a 6th-order Butterworth bandpass filter. The stage of these
epochs was determined by the sleep specialist. The total number of epochs was noted as 67443. The
distribution of these epochs according to the sleep stages is given in Table 1.

Table 1. Distributions of epochs after electrode disconnection deleting process
Patient Healthy Total

Wake 13600 3712 17312
NonREM-1 6031 1496 7527
NonREM-2 23066 7858 30924
NonREM-3 4765 1269 6034
REM 3625 2021 5646

As seen, there is a very high imbalance between the stages. This results in inappropriately trained
classifiers because the classifiers arrange their parameters according to the most seen classes. To avoid this
situation, almost equal numbers of epochs from each stage were selected and included in the study. 5000
epochs were selected from each stage and a data set consisting of 25000 epochs in total was prepared.
When selecting 5000 epochs, a balanced distribution was taken into account between the sick and healthy
individuals. In summary, the generated dataset consists of a total of Nx25000 epochs, 5000 epochs per
stage, with N being the number of features. In this dataset, 1000 epochs from each stage are reserved for
feature selection, 3000 epochs are reserved for training testing with 5-fold cross-validation, and 1000
epochs are reserved for validation. As a result, three sub-datasets were obtained: the dataset to be used
for feature selection (Nx5000 size), the dataset to be used in cross-validation (Nx15000) and the dataset to
be used in validation (Nx5000). Random epoch selection was carried out in these selections.

2.2. Feature Extraction

From the EEG, EOG (left eye and differential EOG), and EMG signals, time, frequency, nonlinear, and
MDFA features were obtained.

Time Domain Features:

The time domain features used in the study were determined by examining the literature studies as
Mean value, Standard deviation, Skewness, Kurtosis, Signal energy, Zero crossing rate, and maximum-
minimum distance (MMD) [1]. These 7 features were extracted from the EEG, left-eye EOG, difference
EOG (difference EOG signal is obtained by subtracting left eye EOG signal from the right-eye EOG signal),
and EMG signal. Thus, 28 features were obtained as time features.
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Frequency Domain Features:

The frequency content of the signals used for feature extraction in the frequency domain was obtained
by the Welch method [40]. Many methods have been used to obtain the frequency content in sleep staging
applications. In a recent study, many frequency analysis methods were compared in an application and it
was concluded that the Welch method was more successful because it was less sensitive to noise than
other methods [7]. In other similar studies, it has been seen that the Welch method has achieved successful
results, so the Welch method has been preferred as a frequency analysis method. The frequency resolution
was chosen as 0.05 Hz. The following frequency features were extracted from the

EEG signals after obtaining their Power Spectral Distributions (PSD) by the Welch method:

Relative power ratio of the alpha frequency band (8-12 Hz)
Relative power ratio of the Beta frequency band (12-16 Hz)
Relative power ratio of Theta frequency band (4-8 Hz)
Relative power ratio of Delta frequency band (0-4 Hz)
Difference of Alpha power between the current epoch and precious epoch
Difference of Beta power between current epoch and precious epoch
Difference of Theta power between the current epoch and precious epoch
Difference of Delta power between the current epoch and precious epoch
Relative power ratio of 12-14 Hz band (for sleep spindles)

. Difference of 12-14Hz power between current epoch and precious epoch

. Mean value of power spectra

O PN =

[
N = O

. Standard deviation of power spectra

—_
|68

. Skewness of power spectra

14. Kurtosis of power spectra

Besides these 14 frequency features obtained from the EEG signal, 12 frequency features were taken
from the EOG signals (6 features from the left-eye EOG, 6 features from the difference EOG). These are
the Relative power of the 0.5 Hz-2 Hz frequency band, the Difference of 0.5-2Hz power between the
current epoch and precious epoch, the Mean value of power spectra, the Standard deviation of power
spectra, the Skewness of power spectra and Kurtosis of power spectra. Two more features were added to
these frequency features which were extracted from the EMG signals: The total energy of EMG power
spectra and the Difference of total power spectral energy between the current epoch and the previous
epoch. Thus, 28 frequency features were obtained in total (14 from EEG, 12 from EOG, and 2 from EMG).

Nonlinear Features:

While there are many nonlinear features used in the literature, the most commonly used ones were
identified and included in the study. Accordingly, the nonlinear features extracted from EEG, EOG, and
EMG signals are [2]: Approximate Entropy, Sample Entropy, Fuzzy Entropy, Renyi's Entropy,
Permutation Entropy, Hurst Exponent, Lyapunov Exponent, Correlation Dimension, Kolmogorov
Complexity, Lempel-Ziv Complexity, Higuchi Fractal Dimension, Hjorth mobility, Hjorth complexity. As
a result, a total of 52 nonlinear features were obtained, 13 from EEG, 13 from left-eye-EOG, 13 from
difference-EOG, and 13 from EMG.

MDEFA features:

Peng et al. [42] proposed the Detrended Fluctuation Analysis (DFA) method to analyze the similarity
and correlation in DNA sequences. Since then, this method has been frequently used to identify mono-
fractal scaling features in non-stationary time series in many fields such as financial market analysis [14],
analysis of biomedical time series, and detection of abnormal conditions [6,47], natural and social events
[11]. is used. However, many time series, including biomedical signals, may not exhibit a mono-fractal
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structure [30]. In particular, biomedical signals may exhibit transient variations and erratic fluctuations.
These variations and fluctuations cannot be explained by a single scale provided by the DFA method and
are suitable for multiple fractal structures. Therefore, Kantelhardt et al. [30] removed the limitations of
CFA by introducing the Multifractal Detrended Fluctuation Analysis (MDFA) method, which is the
advanced version of the DFA method [8, 16, 38].

In the study, the following features were extracted from the time series obtained by the analysis of
EEG, EOG, and EMG signals with MDFA [21]: maximum hurst exponent, minimum hurst exponent,
generalized hurst exponent, maximum singularity exponent, minimum singularity exponent, Mean
singularity exponent, Singularity exponent corresponding to the peak of the multifractal spectrum,
Asymmetric index, Multifractal spectrum corrs. to max sing exp [8], multifractal spectrum corrs. to min
sing exp [8], Vertical distance between f(amin)- f(amax) [8], Skewness of Multifractal spectrum, Kurtosis
of Multifractal spectrum, the width of Multifractal spectrum, the height of Multifractal spectrum.
Accordingly, a total of 60 MDFA features were obtained, 15 from the EEG signal, 15 from the left-eye-EOG
signal, 15 from the differential EOG signal, and 15 from the EMG signal.

In summary, during the feature extraction process, features were extracted in 4 groups: time,
frequency, nonlinear, and MDFA. 28 time, 28 frequency, 52 nonlinear, and 60 MDFA features were
extracted from EEG, EOG, and EMG signals (See Table 2).

Table 2. Summary of the extracted features
EEG Left-eye-EOG Differential EOG EMG Total

Time Features 7 7 7 7 28
Frequency Features 14 6 6 2 28
Nonlinear Features 13 13 13 13 52

MDFA Features 15 15 15 15 60

2.3. Feature Selection

As in other fields, the feature selection stage is as valuable as the feature extraction stage in biomedical
classification problems. Studies using feature selection methods among sleep staging studies were
examined in detail and it was concluded that these feature selection methods would be appropriate to use
and compare in the study: Canonical Correlation Analysis (CCA) [35], 2016), Sequent