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ABSTRACT

It is very important to analyze the polluted water that streams transfer around them by diffusion. Dirty water leaking
from streams like this causes soil and water pollution. The protection of surface and underground water resources is
very important given the decreasing water resources. How deep a pollutant has infiltrated can be found by solving
the diffusion equation. In this study, the concentration amount of the pollutant passing from a long-polluted stream
to the soil was investigated by the finite difference method. Instead of using expensive packet programs, a widespread
program Matlab used by engineers and scientists to analyze data, develop algorithms, solve problems analytically
and numerically, and create models is preferred in this study. The cross-section of the stream is rectangular and its
length is considered to be quite long. Therefore, the problem has been examined in two dimensions. First, the
necessary finite difference equations are derived and this problem is analyzed using appropriate boundary conditions.
A numerical solution has been obtained for two cases in which the bottom of the stream is permeable and it is not.
The mass flow rate of both of the cases was calculated and it is found that the mass flow rate in the first case in
which the bottom of the stream is permeable is almost double of the second case. The flow velocities on the
boundaries have been found to be less in the case in which the bottom of the stream is impermeable.

Keywords: Spilled Pollutants Analysis, Finite difference method, River pollution

UZUN KIRLETILMiS BiR NEHRIN SONLU FARKLAR YONTEMIi
KULLANILARAK KARARLI HALDE SIZINTI ANALIZI

OZET

Akarsularin etraflarma diflizyon yolu ile aktardiklar kirli suyun analizi olduk¢a dnemlidir. Bu akarsulardan sizan
kirli su toprak ve su kirliligine neden olmaktadir. Yiizey ve yeralt1 su kaynaklarinin korunmasi giderek azalan su
kaynaklar dikkate alindiginda ¢ok 6nemlidir. Bir kirleticinin ne kadar derine sizdig1 difiizyon denklemi ¢6ziilerek
bulunabilir. Bu ¢aligmada atiksularla kirlenmis uzun bir dereden topraga gecen kirleticinin konsantrasyon miktari
sonlu farklar yontemi ile incelenmistir. Bu ¢aligmada pahali paket programlar kullanmak yerine mithendisler ve bilim
insanlarmin verileri analiz etmek, algoritma gelistirmek, problemleri analitik ve sayisal olarak ¢ozmek ve model
olusturmak i¢in kullandiklar yaygin bir program olan Matlab tercih edilmistir. Derenin kesiti diktortgen alinmig ve
boyu oldukea uzun kabul edilmistir. Bundan dolay1 problem iki boyutta incelenmistir. Once gerekli sonlu farklar
denklemleri tiiretilmis ve uygun sinir gartlar1 kullanilarak problem analiz edilmistir. Akarsuyun tabaninin gegirimli
oldugu ve olmadigi iki durum igin sayisal ¢oziim elde edilmistir. Her iki durumun kiitlesel debisi hesaplanmis ve
akarsuyun tabaninin gegirimli oldugu birinci durumdaki kiitlesel debinin, ikinci durumun neredeyse iki kat1 oldugu
bulunmustur. Akarsu tabaninin gec¢irimsiz olmasi durumunda sinirlardaki akis hizlarinin daha az oldugu tespit
edilmistir.

Anahtar Kelimeler: Dokiilen Kirletici Analizi, Sonlu farklar yontemi, Akarsu kirliligi

le-posta: sordu@nku.edu.tr ORCID ID: https://orcid.org/0000-0002-5097-2815 (Sorumlu Yazar)
2e-posta: eordu@nku.edu.tr ORCID ID:_https://orcid.org/0000-0001-8877-5617
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1. Introduction

Water pollution is the mixing of substances that harm the living creatures in the water, threaten human
health, prevent economic activities such as fishing, and adversely affect water quality. Due to the
increasing industry and population density, pollution is increasing especially in the vicinity of the rivers
near the settlements. This pollution is caused by the discharge of domestic and industrial wastewater into
rivers without treatment or as a result of insufficient treatment. In addition, wastewater contaminated with
pesticides and fertilizers reaches the river beds with the surface flow. As a result, the usability of water
resources such as drinking and utility water or agricultural irrigation water decreases considerably [1].
Diffusion is the movement of molecules one by one and randomly, depending on the difference in
concentration, from a medium in which they are concentrated to another medium in which they are less
dense. Diffusion is expressed by Fick's law [2] . The motion of the molecules is related to the temperature
and their kinetic energy is directly proportional to the temperature. As the temperature increases, the rate
of movement and diffusion increases [3]. The coefficient used to model the passage of water through the
voids in the ground under influence of gravity is called permeability [4] . The permeability coefficient
varies according to the porosity and type of soil [5]. The diffusion equation is an equation that describes
the diffusion of particles or different physical quantities [6]. The finite difference method is a very useful
numerical solution method that provides an approximation for the solution of the diffusion equation. This
method is a numerical method based on providing an approximate solution to operations by using the
values of a given function at different data points. Finite difference expressions can be easily reached for
applications in Cartesian coordinates with defined boundary conditions in two dimensions [6,7]. The finite
difference method is the easiest of the numerical method to be applied and therefore it is frequently used
in the solution of diffusion equations [8,9]. Polluted waters flowing from streams contaminated with
wastewater can penetrate into the surrounding soil [10—12]. Measuring the pollutant concentration within
the soil is costly and time-consuming [13]. It is an important value that may define whether the
underground water sources are drinkable or not or whether the plants in the region are edible or not.
Shackelford presented the equations describing the diffusion process in steady and transient states and the
factors affecting diffusion [14]. Experiments which are done for finding pollutant concentration are quite
expensive. That’s why numerical methods are used instead of performing costly experiments or decreasing
the number of experiments required. There are studies in the literature examining the diffusion from water
sources to the soil using finite differences because of these reasons. Weeks et al. have used the finite
difference method to study pollutant transport in an unsaturated region for the first time [15]. Noye and
Tan [16] used an advantageous discretization method with a modified partial differential equation to solve
the one-dimensional diffusion equation. Later, they also developed this technique for the two-dimensional
diffusion equation [17]. Lardner and Song used the finite difference method to model the two-dimensional
and three-dimensional transport due to a point source pollutant [18]. A 9 m long section of a stream with
a flow velocity of 0.8 m/s in downstream has been examined and a solution using the finite difference
method has been developed in [19]. The work of Kaczmarek et al. showed the effect of diffusion and
advection processes on the development of structural damage in clay barriers using a one-dimensional
finite difference method [20]. Lastochkin and Favelukis studied a situation in which the diffusion
coefficient depends on the concentration using the finite difference method [21]. Kagur et al. defined a
finite difference approach scheme for the solution of pollutant transport problems by diffusion and
adsorption in the stability and instability modes [22]. Craig and Rabideau investigated the connection of
pollutant transport with water quality in their studies, in which they obtained various solutions with the
finite difference method [23]. Sayed et al. developed a distribution model and applied it to the St.
Lawrence River [24]. Zhang et al. modeled pollutant transport in saturated soils with the two-dimensional
finite difference method [25]. An axisymmetric spilled pollutant problem in steady-state was analyzed
with the finite difference method [26]. In this study, the pollutant diffusion from a long-polluted stream
with a rectangular cross-section into the surrounding soil has been examined using the finite difference
method in the steady state. It is assumed that the soil is homogenous and isotropic. The soil temperature
and permeability are taken to be constant for the solution. The diffusion equation for the problem is hard
to solve in three dimensions. Since the stream is very long, the effect of the third dimension can be ignored
and the problem can be reduced to a two-dimensional one. Even the two-dimensional diffusion equation
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is hard to solve analytically and, to the best of our knowledge, for such boundary conditions given in this
study, it does not have any analytical solutions. Plaxis or Geoslope programs that use the finite element
method can be used for the analysis of the problems but they are expensive. Matlab™ is a scientific
calculation program used to solve differential equations and matrix systems [27]. That’s why 2016a
version of Matlab is used in the finite difference solution of the pollutant problem due to its cheapness and
availability. The problem has been analyzed using the finite difference method in a Cartesian coordinate
system in two dimensions. The distribution of the pollution concentration is normalized and given in two
dimensions. The velocity of the pollutant within the surrounding soil is also calculated numerically by
post-processing of the solved pollutant concentration using Darcy’s law in vector form and is also drawn.
The needed plots of the pollutant concentration and velocity within the earth are given. The pollutant
problem has been solved for the two cases: the bottom of the stream is permeable in the first one and it is
not in the second one. The boundary velocities and the mass flow rate per unit length of both cases are
compared for both cases.

This paper is arranged as follows. In the second section, the pollutant problem is described and its
finite difference solution is derived. In the third section, the problem is solved and the velocity of the
pollutant is also calculated numerically. The solutions of the pollutant concentration and velocity field
lines and equipotential concentration lines are given. The paper is finished with the conclusion section.

z Polluted River
Diffused
Sail
>
X
2
v/
(@)
Polluted River
Diffused
Soil
—-
X
v
v,

(b)

Figure 1. The spilled pollutant problem. a) the bottom of the river is
permeable and b) the bottom of the stream is not permeable
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2. Definition of the Problem and Derivation of Its Solution with Finite Difference
Method

The polluted water or the pollutant is leaking from the stream into the ground as shown in Figure
1. Two cases of pollutant diffusion shown in Figure 1 are considered. In the first case, the bottom of the
river is permeable as shown in Figure 1.a. In the second case, the bottom of the river is not permeable,
i.e., the pollutant cannot leak into the ground from the bottom of the stream as shown in Figure 1.b. The
pollutant leaks into the ground through the stream’s rectangular cross-section in both cases. The problem
is examined in the x-y plane in both cases. The stream is assumed to be flowing on the z-axis. The soil is
assumed to be homogenous and isotropic. Therefore, the problem is two-dimensional. The defined
problem is examined using Cartesian geometry. The pollutant density is assumed to be zero under a chosen
depth, which can be taken as a big number such as a kilometer, and also at a predefined horizontal distance
away from the stream. The predefined horizontal distance is also taken to be one kilometer. It is so often
the solution of the different physical problems defined with similar differential equations is found to be
the same. For example, a solution to a heat conduction problem may be found in an electromagnetic
textbook [28,29]. The diffusion equation has the same form as the heat conduction equation. In this study,
the solution to the problem has been inspired by the finite-difference solution of the capacitance of the
water sensor given in [30].

If the permeability is constant, the diffusion equation in the Cartesian coordinates is given as

2 2 2

W opu=a T8 T8, TH ()

ot ox° oy oz
In steady state, Eq. (1) turns into

ou

—=0 2

p 2

Therefore,

Au=0 3)

In Cartesian coordinates, the Laplacian of the concentration of the pollutant is given as
2 2 2
Ay = Ou Jdu JOu_ @

= 4+ 4 =
ox* oy’ oz’

where the x,y,and z are dimension components of Cartesian coordinates. The concentration of the
pollutant u(x,y,z) within the earth may be taken as only dependent on x and y coordinates since the river
is assumed to be very long or the problem can be taken to be two-dimensional. Therefore,

Ou O’u
g =0and 87 =0 (5)

Thus, Eq. (4) is reduced to

B *u  u B

Au=—+—=
ox* oy’

0 6)

Using finite difference, second-order partial derivatives of the pollutant concentration can be
approximated as
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@Nu(x+Ax,y)—2u(x,y)+u(x—Ax,y) ;
oxt AX? )

and

@:u(x,y+Ay)—2u(x,y)+u(x,y—Ay)
oyt Ay?

®)

By submitting Eq. (5) and (6) into Eq. (4):

2 2
Au za—bzl+a—lj
ox~ Oy
- u(x+Ax,y)—2u(x,y)+u(x—Ax,y)+u(x,y+Ay)—Zu(x,y)+u(x,y—Ay) 09
B Ax? Ay

The pollutant concentration of point (X, y) can be found as

1 u(x+Ax,y)+u(x—Ax,y)+M(x,y+Ay)+“(xay_AJ’)
1/ A +1/ A 2A%? 209 (10)

u(x,y):(

If Ax = Ay ,, the pollutant concentration of point (X, y) becomes

u(x+Ax,y)+u(x—Ax,y)+u(x,y+Ay)+u(x,y—Ay)

u(x,y)= 1 (11)
The pollutant gradient is calculated as
ou - ou - ou -
gradu =aex+$ey t3, € (12)

The components of the gradient of the pollutant concentration in the Cartesian coordinates are given as
ou ou
o’ oy
The z component of the pollutant concentration is taken to be zero since the finite difference method is

applied in two dimensions to the problem. Thus, the pollutant concentration does not depend on z-
coordinate:

(13)

ou
—— =0 14
e (14)

Respectively, the x and y components of the pollutant concentration gradient can numerically be
approximated as

_%:_u(x+Ax,y)—u(x,y)
ox Ax

(15)
and

_@:_u(x,quAy)—u(x,y)
y Ay

(16)
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The gradient of the concentration of the pollutant is

u - ou - ou -
gradu:aex+aey+5ez (17)

To calculate the velocity of the pollutant, Darcy’s law in vector form is to be used:
¥ = —kgrad(u) (18)
v=ve +v.e +v.e, 19)

where £ is the permeability of the earth, is the pollutant velocity vector and v, v,, and v. are its
components in Cartesian coordinates. v. is equal to zero due to two-dimensional nature of the
problem.

Numerically, the velocity vector components can be calculated as

u(x,y)—u(x+4x,y)

—
ve=—k ax — k Ax (20)
and
_ _p0u_ _ uxy)-ulxy+dy)
Vy= k dy = 2y (21)

The mass flow rate of the system can be calculated using the surface integral on the outer
boundaries of the system:

i = ” pv.dS (22)

where pis the density of the pollutant.

The boundary conditions of both of the cases are shown for two cases in Figure 2. The first case shown
in Figure 2.a can be described the follows. The boundary conditions of u or are assumed to be zero at

X=Xmax and at y=-Ymax, which are Dirichlet conditions. At y=0 and for 0<x<a, g—; is zero that is a Neumann

condition. At y=0 and for x>b, g—; = 0, that is also a Neumann condition. At y=h and for a<x<b, u is constant

and equal to mgh that a Dirichlet condition. At x=a and for h>y>0, u=mgy that is a Dirichlet condition. At

x=b and for h>y>0, u=mgy that is also a Dirichlet condition.

The second case shown in Figure 2.b can be described the follows. The boundary conditions of « or are
assumed to be zero at x=xmax and at y=-ymax, which are Dirichlet conditions. At y=0 and for 0<x<a, du/dy

is zero that is a Neumann condition. At y=0 and for x>b, Z—z = 0, that is also a Neumann condition. At y=h

and for a<x<b, 3—; is constant and equal to zero that is a Neumann condition. At x=a and for h>y>0, u=mgy

that is a Dirichlet condition. At x=b and for h>y>0, u=mgy that is also a Dirichlet condition.
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Figure 2. The definition and the boundary conditions of the problem for the case a) the
bottom of the river is permeable and b) the bottom of the stream is not
permeable

A flowchart of the solution algorithm is given in Figure 3. The code first produces the concentration
matrix. It starts the iteration with Gauss-Seidel Method by scanning the grid points and calculates the point
considering the boundary conditions. If the point is not on any boundary Eq. 11 is used to calculate its
value. If the point is on a Dirichlet boundary, its calculation is skipped. If it is on a Neumann boundary,
the value of the closest point on the parallel line to the Neumann boundary is assigned to its value. The
algorithm scans all the points till their relative error values fall under the predefined value of 0.5%. A code
is written in Matlab 2016a to simulate the diffusion phenomenon. It is well-known that the finite difference
method converges for Laplace and Poisson equations. If an advection term would exist, its convergence
should have been verified but the advection term did not exist in our equations in this study.
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initialize matrix u

predefine
relative error

start iteration with
Gauss-Seidel
method

start scanning grid

1s the maximum iteration
number reached?

1s the relative error < 0.005

write "The System
couldn't be solved"

crease row Y row number < =maximum
number row number

STOP
N

column number < =maximum N
column number

1s the point on a Dirichlet™>Y Y
boundary?
increase column
N number
calculate the value by
1s the data point on a Y assigning the data
Neuman boundary? value on the parallel
boundary
N
use the formula

produced [Eq.11]

Figure 3. Flowchart of the solution algorithm.

3. Simulation Results and Discussion

Two cases given in Figure 1 are considered in this study. The written code is run for both of the cases.
For the first case, the normalized pollutant concentration distribution is shown in Figure 4. The pollutant
concentration is linearly dependent on the stream’s height on the interface boundaries of the stream and
the soil. It is zero at the ground level. The pollutant concentration decreases starting from the interface
boundaries of the stream and the soil and falls down considerably at a distance of around half of the stream
width as shown in Figure 4. There is a ripple in the pollutant concentration on the ground level near the
stream on the Neumann boundaries. The pollutant concentration is maximum on the edges of the stream
since the pressure is also maximum on the edges. The velocity field lines for the first case are shown in
Figure 5.a. The pollutant velocity is much higher on the edges of the stream and it is maximum at bottom
of the stream. On the left and right boundaries, the horizontal pollutant velocity is maximum on the surface
(at y=0), starts decreasing with a small slope till around the height of the stream, and then starts falling
with a higher slope and reaches zero at y=-yma. The vertical pollutant speed on the bottom boundary is
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almost parabolic and it becomes maximum in the middle of the bottom boundary. The maximum pollutant
speed on the bottom boundary is almost triple of the maximum speed on the left and right boundaries. The
color map of the pollutant concentration within the soil is shown in Figure 5.b. The pollutant concentration
is higher in the regions around and close to the stream as can be seen from the bright colors in the colormap.
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Figure 4. The concentration distribution versus the horizontal distance and height within the soil
for the case the bottom of the river is permeable

For the second case, the normalized pollutant concentration distribution is shown in Figure 6. The
pollutant concentration is linearly dependent on the stream’s height on the interface boundaries of the
stream and the soil also in this case except for the bottom of the stream which is impermeable. It is zero
at the ground level. The pollutant concentration decreases starting from the left and right interface
boundaries of the stream and the soil and falls down considerably at a distance of around half of the stream
width as shown in Figure 6. It gets more concentrated as the water depth increases. In this case, there is
also a ripple in the pollutant concentration on the ground level near the stream on the Neumann boundaries.
The pollutant concentration is also maximum on the edges of the stream in this case since the pressure is
also maximum on the edges even though the bottom of the stream is impermeable. The velocity field lines
for the second case are shown in Figure 7.a. The pollutant velocity is much higher on the edges of the
stream and it is zero on the impermeable bottom of the stream. The pollutant velocity increases as the
water depth increases. It is maximum on the edges of the stream but the tangential velocity is zero on the
bottom of the stream since it is not permeable. On the left and right boundaries, the horizontal pollutant
velocity is maximum on the surface (at y=0), starts decreasing with a small slope till around the height of
the stream, and then starts falling with a higher slope and reaches zero at y=-ymax. The vertical pollutant
speed on the bottom boundary is almost parabolic and it becomes maximum in the middle of the bottom
boundary. The maximum pollutant speed on the bottom boundary is just 20% higher than the maximum
speed on the left and right boundaries as shown in Figure 7.a. The pollutant concentration is higher in the
regions around and close to the stream as can be seen from the bright colors in the colormap in Figure 7.b.
However, in this case, it is the lowest on the bottom of the stream as seen from the blue color since it is
impermeable.
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Figure 5. a) The equi-concentration surfaces and velocity field lines within
the soil and b) Colormap of the concentration for the case the
bottom of the river is permeable
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Figure 7. a) The equi-concentration surfaces and velocity field lines within
the soil and b) Colormap of the concentration for the case the
bottom of the river is not permeable

The mass flow rate of both of the cases is calculated and it is found that the mass flow rate is almost
double of the second case. The maximum speed on the left and right boundaries was almost the same in
both cases. However, the average speed on the left and right boundaries in the first case was almost twice
of the second case. The maximum speed on the bottom boundary in the first case was almost 50% higher
than in the second case. The average speed on the bottom boundary in the first case in the first case was
slightly greater than five times in the second case. The results of the comparison indicate that the values
are lower if the bottom of the stream is impermeable.

4. Conclusion

Examination of pollutant diffusion within the soil is a very important problem. The Laplace equation
in two dimensions in the steady-state is solved using the finite difference method assuming that the soil
temperature and permeability are constant, and the soil is homogenous and isotropic. Then, the gradient
of the pollutant concentration is calculated numerically and the pollutant speed is calculated using the
permeability and its gradient. The mass flow rate has also been calculated by numerical integration of the
pollutant concentration velocity on the boundary area. In this paper, instead of using expensive packet
programs, using Matlab is suggested for its cheapness and widespread availability to solve the seepage
problem. Its numerical and visualization abilities can easily overcome the tasks required in this study. A
two-dimensional pollutant diffusion problem from a stream into the soil using finite differences is solved
for two cases. The bottom of the stream is permeable in the first case and vice versa. Their comparisons
are made. The mass flow rate in the first case is found to be twice the impermeable case. Also, the pollutant
velocities on the left, right, and bottom boundaries of the examined problem are found to be less in the
second case. This has been expected since the pollutant would leak less into the ground due to the decrease
of the leakage area since the bottom of the stream is not permeable.

The soil is actually not a homogenous medium. This method given here can be extended to be used in
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more sophisticated diffusion problems perhaps with nonhomogeneous soil regions and irregular boundary
and interface boundary conditions.

Conlflict of Interest Statement

The authors of the article declare that they do not have any personal or financial conflicts of interest

with any institution, organization, or person.

References

[1] Davis ML, Cornwell DA. Introduction to environmental engineering. WCB McGraw-Hill; 1998.

[2] Flynn G, Yalkowsky SH, Roseman T. Mass transport phenomena and models: theoretical concepts. Journal of
Pharmaceutical Sciences 1974;63:479-510.

[3] Desai CS, Zaman M. Advanced geotechnical engineering: Soil-structure interaction using computer and
material models. CRC Press; 2013.

[4] DasBM, Das B. Advanced soil mechanics. vol. 270. Taylor & Francis New York; 2008.

[5] Wanielista M, Kersten R, Eaglin R. Hydrology: Water quantity and quality control. John Wiley and Sons; 1997.

[6] Das BM, Sobhan K. Principles of geotechnical engineering, Cengage Learning. Stamford, Connecticut 2010.

[71 Kiusalaas J. Numerical methods in engineering with Matlab®. Cambridge university press; 2005.

[8] Chatwin P, Allen C. Mathematical models of dispersion in rivers and estuaries. Annual Review of Fluid
Mechanics 1985;17:119-49.

[9] Dehghan M. Weighted finite difference techniques for the one-dimensional advection—diffusion equation.
Applied Mathematics and Computation 2004;147:307-19.

[10] Ott WR. Environmental statistics and data analysis. Routledge; 2018.

[11] Tychon B, Vander Borght P, De Backer LW. Water and nitrogen transfer study through soils of a small
agricultural water catchment. Water Science and Technology 1999;39:69-76.

[12] Johnes PJ. Evaluation and management of the impact of land use change on the nitrogen and phosphorus load
delivered to surface waters: the export coefficient modelling approach. Journal of Hydrology 1996;183:323—
49.

[13] Woitke P, Wellmitz J, Helm D, Kube P, Lepom P, Litheraty P. Analysis and assessment of heavy metal
pollution in suspended solids and sediments of the river Danube. Chemosphere 2003;51:633-42.

[14] Shackelford CD. Diffusion of contaminants through waste containment barriers. Transportation Research
Record 1989.

[15] Weeks EP, Earp DE, Thompson GM. Use of atmospheric fluorocarbons F-11 and F-12 to determine the
diffusion parameters of the unsaturated zone in the southern high plains of Texas. Water Resources Research
1982;18:1365-78.

[16] Noye B, Tan H. A third-order semi-implicit finite difference method for solving the one-dimensional
convection-diffusion equation. International Journal for Numerical Methods in Engineering 1988;26:1615-29.

[17] Noye B, Tan H. Finite difference methods for solving the two-dimensional advection—diffusion equation.
International Journal for Numerical Methods in Fluids 1989;9:75-98.

[18] Lardner R, Song Y. An algorithm for three-dimensional convection and diffusion with very different horizontal
and vertical length scales. International Journal for Numerical Methods in Engineering 1991;32:1303-19.

[19] Sankaranarayanan S, Shankar N, Cheong H. Three-dimensional finite difference model for transport of
conservative pollutants. Ocean Engineering 1998;25:425-42.

[20] Kaczmarek M, Hueckel T, Chawla V, Imperiali P. Transport through a clay barrier with the contaminant
concentration dependent permeability. Transport in Porous Media 1997;29:159-78.

[21] Lastochkin D, Favelukis M. Bubble growth in a variable diffusion coefficient liquid. Chemical Engineering
Journal 1998;69:21-5.

[22] Kacur J, Malengier B, Remesikova M. Solution of contaminant transport with equilibrium and non-equilibrium
adsorption. Computer Methods in Applied Mechanics and Engineering 2005;194:479-89.

[23] Craig JR, Rabideau AlJ. Finite difference modeling of contaminant transport using analytic element flow
solutions. Advances in Water Resources 2006;29:1075-87.

[24] Sayed M, Serrer M, Mansard E. Oil spill drift and fate model. Oil Spill Response: A Global Perspective,
Springer; 2008, 205-20.

[25] Zhang Y, Wang Q, Zhang ST. Numerical simulation of Benzene in soil contaminant transport by finite

ADYU Miihendislik Bilimleri Dergisi 19 (2023) 1-14



S. Ordu, E. Ordu, R. Mutlu 14

[26]

difference method. vol. 414, Trans Tech Publ; 2012, 156-60.

Ordu S, Ordu E, Mutlu R. Axisymmetric spilled pollutant analysis in steady-state using finite difference
method. Feb-Fresenius Environmental Bulletin 2022:9587-9592.

Giindogdu O, Kopmaz O, Ceviz MA. Miihendislik ve fen uygulamalariyla Matlab. Nobel Yayncilik; 2004.
Halliday D, Resnick R, Walker J. Fundamentals of physics. John Wiley & Sons; 2013.

Cengel YA. a Afshin J. Ghajar A. Heat and Mass Transfer, 4th Edition in SI Units, Special Indian Edition,
Mcgraw Hill Education, New York, United States, 2011.

Karaoglan HC, Mutlu R. A Water Level Sensor Design Using Finite Difference Solution and Its Coding in
Matlab. European Journal of Engineering and Applied Sciences. 2020; 3(1), 37-45.

ADYU Miihendislik Bilimleri Dergisi 19 (2023) 1-14



O Arastirma Makalesi O

€ Adiyaman Universitesi

\ Miihendislik Bilimleri Dergisi \
2006 19 (2023) 15_28 2006

sV

ADy,
5
153

ADy,

DC MOTORUN HIZ KONTROLU ICIN KESIiR DERECELi PID
KONTROLOR TASARIMI VE DAYANIKLILIK ANALIiZi

Tufan DOGRUER®

Tokat Gaziosmanpasa Universitesi, Miihendislik ve Mimarlik Fakiiltesi, Elektrik-Elektronik Miihendisligi Boliimii, Tokat,
60250, Tirkiye

Gelis Tarihi/Received Date: 02.08.2022 Kabul Tarihi/Accepted Date: 04.04.2023 DOI: 10.54365/adyumbd.1152949

OZET

Kesir dereceli PID kontrolor ¢ogu kontrol sisteminde geleneksel PID kontrolore gore daha basarili bir kontrol
performansi sunar. Bu ¢alismada, DC motorun hiz kontrolii i¢in kesir dereceli PID kontroloriin kullanildig:
optimizasyon-tabanli bir metot énerilmistir. Onerilen ydntem, optimal kesir dereceli PID kontroldr parametrelerini
belirlemek amaciyla yusufcuk algoritmasi ve ¢ok-6lgiitlii bir amag fonksiyonu kullanir. Kontrol sistemlerinde
amag¢ fonksiyonu olusturulurken hatay1 esas alan Olgiitler ya da zaman cevabi 6zelliklerini esas alan OSlgiitler
kullanilir. Bu ¢aligmada hatay1 esas alan integral performans 6l¢iitleri ve zaman cevabi 6zelliklerinden yiizde asma
degeri birlestirilerek bir ¢ok-6lgiitlii amag fonksiyonu tanimlanmistir. Onerilen yontemin performansini
degerlendirmek amaciyla zaman cevabi analizi ve dayaniklilik analizi yapilmistir. Her iki analizde de giincel
literatiirden ¢alismalarla karsilastirmalar yapilarak, yontemin basarisi test edilmistir. Elde edilen sonuglar sekiller
ve ¢izelgelerle sunulmus, dnerilen yontemin DC motorun hiz kontrolii igin basarili bir kontrol gergeklestirdigi
gOriilmiistiir.

Anahtar Kelimeler: Kesir dereceli PID kontrolor, Yusufcuk algoritmasi, DC motor hiz kontrolii, Dayaniklilik
analizi, Optimal kontrol

FRACTIONAL ORDER PID CONTROLLER DESIGN AND
ROBUSTNESS ANALYSIS FOR SPEED CONTROL OF DC MOTOR

ABSTRACT

A fractional-order PID controller offers better control performance than a traditional PID controller in most control
systems. In this study, an optimization-based method using a fractional-order PID controller is proposed for speed
control of DC motor. The proposed method uses the dragonfly algorithm and a multi-criteria objective function to
determine the optimal fractional-order PID controller parameters. In control systems, criteria based on error or
based on time response specifications are used while creating the objective function. The study, a multi-criteria
objective function is defined by combining the error-based integral performance index and the percent overshoot
from the time response properties. Time response analysis and robustness analysis are performed to evaluate the
performance of the proposed method. In both analyzes, the success of the method is tested by making comparisons
with studies from the current literature. The obtained results are presented with figures and tables, and it is seen
that the proposed method performs a successful control for the speed control of the DC motor.

Keywords: Fractional order PID controller, Dragonfly algorithm, DC motor speed control, Robustness analysis,
Optimal control

1. Giris

DC motorlar, giiniimiiz diinyasinin vazgecilmez elemanlarindan bir tanesidir ve kullanilmadigi
endiistriyel bir uygulama hemen hemen yoktur [1]. Tercih edilmesinin ana sebepleri arasinda diisiik
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maliyetli olmalari, dayanikliliklarinin yiiksek olmasi ve kontrollerinin kolay olmasi sayilabilir. DC
motorlarin hiz kontrol uygulamalarinda ya alan sargisindaki akim sabit tutulurken, armatiir sargisindaki
akim degistirilir ya da bunun tam tersi yapilarak hiz kontrolii saglanir [1]. DC motorlarin hiz kontrolii
ile ilgili bir¢ok bilimsel ¢aligma yapilmis ve literatiirde yerini almigtir. Yapilan ¢aligmalarda ¢esitli
kontrolor yapilarinin kullanildigi birgok yeni yontem onerilmistir.

Kontrol uygulamalarinda faz ilerlemeli ve faz gerilemeli kontroldr, fuzzy kontroldr, kayan kipli
kontroldr, PID (oransal-integral-tiirev) kontroldr gibi kontroldr yapilart kullanilmaktadir. Bunlarin
icerisinde PID kontrolorler, yapisinin basit olmasi, verimliligi, uygulama kolaylig1 ve anlasilmasinin
kolay olmasi gibi sebeplerden dolayi klasik kontrolde siklikla tercih edilirler. Kesir dereceli matematik
ile ilgili gelismeler bu alana olan ilgiyi {izerinde toplamis ve son otuz yildir kontrol alaninda da
uygulamalar1 hizla ¢ogalmistir. Kesir dereceli PID kontrolér (FOPID) yapisi bu duruma verilebilecek
en iyi orneklerden birisidir. Geleneksel PID kontrolér yapisindaki integral ve tiirev derecelerinin kesir
dereceli olmasi sonucu ortaya ¢ikan kesir dereceli PID kontrolérler, DC motor hiz kontroliinde bazi
avantajlar saglamaktadir. Ekinci ve arkadaslar [2] yaptiklar1 ¢alismada, DC motorun hiz kontroliinii
kesir dereceli PID kontroldrle gergeklestirmis ve elde ettikleri sonuglari literatiirden farkli yontemlerle
tasarlanan PID kontrolor ile gerceklestirilmis calismalarla karsilagtirmiglardir. Kesir dereceli PID
kontrolor ile yapilan hiz kontroliiniin, geleneksel PID kontroldre gore yapilan hiz kontroliinden daha iyi
bir performans sagladigini1 vurgulamiglardir. Kesir dereceli PID kontrolor ile yapilan hiz kontroliinde
Ozellikle yerlesme zamaninin ciddi derecede azaldigi agiktir. Benzer bir calismayr Agarwal ve
arkadaglar1 [3] sunmuglardir. DC motor hiz kontroliinii kesir dereceli PID kontrolér kullanarak
gerceklestirmis ve kontrolor parametrelerini optimizasyon yontemi ile ayarlamiglardir. Calismalarinda
geleneksel PID kontrolor ve kesir dereceli PID kontrolor performanslarint da karsilagtirmis ve elde
ettikleri sonuglan ¢izelge ve sekiller ile sunmuslardir. Kesir dereceli PID kontroldr ile daha iyi bir
performans saglandigini gorebilecegimiz bir baska ¢alisma Hekimoglu [4] tarafindan yapilmistir. DC
motorun hiz kontroliiniin kesir dereceli PID kontroldr ile yapildigr ¢alismalar1 ¢ogaltmak miimkiindiir
[5-8]. DC motorun hiz kontroliiniin kesir dereceli PID kontroldr ile gerceklestirilmesinde yeni bir
yontem ortaya koyan ve mevcut kontrol performansini ileriye tagiyan calismalar bu alana katki
saglayacaktir.

[Ik olarak PID kontrolér parametrelerini ayarlayan ydntem Ziegler ve Nichols (1942) [9]
tarafindan tanitildi, daha sonra birkag farkli ayar kurali énerildi. Astrom ve Higglund (1995) [10]
tarafindan onerilen yontem bunlardan birisidir. Glinlimiizde, kontrolor parametrelerinin ayarlanmasinda
kullanilan ¢ok sayida teknik bulunmaktadir. Analitik metotlar, frekans cevabi yontemleri, adaptif
yontemler ve optimizasyon yontemleri bunlara 6rnek olarak sayilabilir [11]. Bunlarin igerisinde
optimizasyon yontemleri gilinlimiizde bilgisayar islem kapasitelerinin artmasiyla birlikte siklikla
kontroldr parametrelerinin belirlenmesinde kullanilan yoéntemlerin basinda gelmektedir. Genetik
algoritma (GA), pargacik siirii optimizasyonu (PSO), balina optimizasyon algoritmas1 (WOA), gri kurt
optimizasyonu (GWO), yapay ar1 kolonisi algoritmasi (ABC), manta vatozu beslenme optimizasyonu
(MRFO), yusufcuk algoritmasi (DA) gibi sezgisel algoritma tabanli optimizasyon algoritmalari
kontrolor parametrelerinin belirlenmesinde optimal ¢6ziimler sunmaktadir. Son yillarda yapilan
arastirmalar, sosyal hayvanlarin dogada sergiledikleri davranislardan esinlenerek ortaya ¢ikan
algoritmalarin, optimizasyon problemlerinde klasik yontemlere gore daha iyi sonuglar verdigini
ortaya koymaktadir. Ornegin, Sabir ve Khan [1] calismalarinda sezgisel teknikleri kullanarak DC
motor hiz kontroliinii PID kontrolor ile ger¢eklestirmislerdir. Calismalarinda, Ziegler-Nichols ve
Cohen-Coon yodntemlerine gore belirledikleri PID kontroldr parametrelerine gore de kontrol
gerceklestirmislerdir. GA ve PSO kullanarak yaptiklari tasarimlarin diger klasik yontemlere kiyasla
oldukea basarili sonuglar sagladigini ifade etmislerdir. Bir baska ¢alismada DC motor hiz kontrolii,
Bobrek-ilhamli  Algoritma kullanilarak PID  kontroloér parametrelerinin  belirlenmesiyle
gerceklestirilmistir [ 12]. Caligmalarinda, DC motorun hiz kontrolii i¢in tasarlanan PID kontrol&riin
kapali ¢evrim sisteminin yiizde agma, yiikselme zamani ve yerlesme zamani gibi zaman cevabi
karakteristiklerini 6nemli 6l¢iide iyilestirdigi goriilmiistiir.
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Optimizasyon algoritmalarinda en onemli konulardan bir tanesi amag¢ fonksiyonunun
tanimlanmasidir. Kontrol sistemlerinde olusan hata, hatanin integrali (IE), hatanin karesinin
ortalamasi (MSE), hatanin mutlak degerinin integrali (IAE), hatanin karesinin integrali (ISE),
hatanin zaman agirlikli mutlak degerinin integrali (ITAE) ve hatanin zaman agirlikli karesinin
integrali (ITSE) gibi performans 6lg¢iitleri ile minimize edilir [11]. Bununla beraber, sistemin zaman
cevabi karakteristikleri kullanilarakta amag fonksiyonu olusturmak miimkiindiir. Sistemin isterleri
(yerlesme zamani ya da maksimum ylizde agsma degerleri gibi) géz 6niinde bulundurularak ve daha
iyisi hedeflenerek amag fonksiyonu tanimlanabilir.

Bu makalede yapilan ¢caligma ve literatiire katkisi asagidaki gibi 6zetlenebilir.

e Bu ¢alismada, DC motorun hiz kontrolii, kesir dereceli PID kontroldr kullanilarak
gergeklestirilmistir. Kontrolér parametreleri yusufcuk algoritmasina dayali  bir
optimizasyon yontemi ile belirlenmistir. Caligmada, hem integral performans 6l¢iitleri
hemde zaman cevabi1 Ozellikleri kullanilarak c¢ok kriterli bir amag¢ fonksiyonu
Onerilmistir.

e (Calismada, DC motor hiz kontrol sistemi i¢in zaman cevabi1 ve dayaniklilik analizi
yapilmistir. Elde edilen sonuglar literatiirden Onemli c¢alismalarla karsilastirilarak
performans degerlendirmesi yapilmistir.

Makalenin geri kalan1 asagidaki sekilde organize edilmistir. Sonraki bdliim materyal ve metot
boliimiidiir. Bu bolimde DC motorun matematiksel modeli ve optimizasyon ydntemi hakkinda bilgi
verilmistir. 3. Boliim simiilasyon ¢aligmasini i¢erir. Bu bdliimde kesir derececi PID kontrolor tasarimlari
yer almaktadir. Kontrol edilen sistemin zaman cevab1 performansi ve dayaniklilik analizi bu bolimde
sunulmustur. Son boliim sonuglar kismini igerir.

2. Materyal ve Metot
Bu boliimde, DC motorun matematiksel modeli verilerek transfer fonksiyonu elde edilecektir.

Ardindan DC motorun hiz kontroliinde kullanilacak olan yusufguk algoritmasi hakkinda bilgi
verilecektir. Son olarak, kesir dereceli PID kontroloriin parametrelerinin ayarlanmasi ele alinacaktir.

R, L,

Sekil 1. DC motor hiz kontroliiniin esdeger devresi [13]

2.1. DC Motorun Matematiksel Modeli

DC motor dogru akim elektrik enerjisini mekanik enerjiye doniistiiren eyleyici bir cihazdir.
Motorun armatiiriinde (rotor) iiretilen torkun biiyiik bir kismi harici bir yiikii siirmek i¢in kullanilir. DC
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motorun endiistride kullanilan baslica iki tipi vardir. Bunlardan ilki sabit kutup yapisinin alan bobini
boyunca akim tarafindan akinn iiretildigi geleneksel DC motordur. Ikinci tip, sabit miknatisin tel sargilt
alan direkleri yerine gerekli hava araligi akisini sagladigi firgcasiz DC motordur (BLDC motor). BLDC
motor, daha kii¢lik hacim, yiiksek tork ve basit yapisinin avantajlarindan dolay1, yiiksek performansli
stiriicli gerektiren alanlarda yaygin olarak kullanilmaktadir.

Sekil 1’de goriilen bir DC motorun esdeger devresinde R, ve L, sirasiyla armatiir direnci ve
armatiir endiiktansin1 gostermektedir. Ayrica, i, armatiir akimini, ir alan akimini, e, uygulanan armatiir
gerilimini, e, ters elektromotor kuvvetini, 7 motor momentini, w motor mili agisal hizini, J motorun
eylemsizlik momentini, K, elektromotor kuvveti sabitini, K, motor momenti sabitini ve B motor
stirtlinme sabitini temsil etmektedir [13].

Bir DC motor modeline ait blok diyagram Sekil 2’de verilmistir. Blok diyagrama gére DC
motorun hiz transfer fonksiyonu Denklem (1)’deki gibi ifade edilir.

Td(s)
Eq(s) K, 1 w(s) 1 6(s)
Ry + L,s Js+B o I~ >
K, |
Sekil 2. DC motor kontrol semasi
K

CE(s) [(R+Ls)Js+B)+K,K ]

2.2. Yusufcuk Algoritmasi

Yusufcuk algoritmasi, siirii tabanli bir algoritma olup, yusufcuklarin dogada sergiledikleri
davranislardan esinlenerek Seyedali Mirjalili [14] tarafindan 2014 yilinda gelistirilmistir. Yusufcuklar,
dogada bulunan kiigiik boceklerin bircogunu avlayan kiiciik avcilar olarak bilinir [14]. Yusufcuklarin
ogul verme davraniglar ilging ve benzersiz bir davranistir. Yusufcuklar, avlanma ve go¢ olmak iizere
sadece iki amag i¢in toplanir. Beslenen siirii statik, go¢ eden siirii dinamik siirii olarak kabul edilir. Statik
stiriide, yusufcuklar kiiciik gruplar olusturur ve kelebekler ve sivrisinekler gibi diger ugan bocekleri
avlamak i¢in kiiciikk bir alan iizerinde ileri geri ucar [15]. Yerel hareketler ve ugus yolundaki ani
degisiklikler, statik bir siiriiniin ana &zellikleridir. Bununla birlikte, dinamik siiriilerde, ¢ok sayida
yusufcuk, siirliyli uzun mesafelerde tek yonde goc etmek igin olusturur [16]. Statik ve dinamik siirii
davranislar1 yusufcuk algoritmasinin temel esin kaynagidir. Bu davranislar, kesif ve somiirii olarak
adlandirilan iki ana optimizasyon asamasina ¢ok benzer. Yusufguklarin statik bir siiriide alt siirtiler
olusturmasi ve farkli alanlar iizerinde ugmasi kesif agamasinin temel amacidir. Bununla beraber, statik
stiriide, yusufguklar daha biiyiik siiriiler halinde ve tek bir yon boyunca ugarlar, bu da kullanim
asamasinda elveriglidir.

Reynolds'a gore, siiriilerin davranisi ii¢ ilkel ilkeyi takip eder [17]. Bunlardan ilki ayrigmadir ve
bireylerin ¢evresindeki diger bireylerden statik ¢arpismadan kaginmasini ifade eder. kincisi siralanma
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ya da gruplagsma davranisidir ve bireylerin gevresindeki diger bireylerle hiz eslesmesini gosterir. Son
ilke, bireylerin siirii merkezine dogru egilimini ifade eden uyum davramisidir. Yusufcuk algoritmasinda,
bu ii¢ temel ilkeye besine yonelme ve diismandan uzaklagma seklinde iki ilke daha eklenmistir. Herhangi
bir siiriiniin temel amac1 hayatta kalmaktir, bu nedenle tiim bireyler yiyecek kaynaklarina yonelmeli ve
diismanlara dikkat etmelidir. Bu iki davranig gz 6niine alindiginda, Sekil 3'te gosterildigi gibi, siiriideki
bireylerin konum giincellemelerinde bes ana faktor vardir.

| /
i _;/ \\ /J} J/ i \
W N 7\5 2 \Z // 7\

~
~ \ J
- wis ) \'
>

N Z ZN ?\

Ayrisma Slralanma Uyum

-\. _;’"65 G/J]} \\_xl \\ /

Dusmal}a kars1
Besin kaynagina yonelim dikkat dagitma

Sekil 3. Yusufcuklarin siirii igerisindeki temel davraniglari [14]

Yusufcuk algoritmasinda, bu davranislarin her biri matematiksel olarak modellenmistir. Ayrigsma
ya da ayrilma davranigini hesaplamak i¢in kullanilan esitlik agagida verilmistir.

N
S=->X-X, )
=
Burada, N komsu bireylerin sayisini1 gdsterirken, X mevcut bireyin konumunu ve X; komsu bireyin
Jj. konumunu gosterir.

Siralanma ya da gruplasma davranisi Denklem (3) ile ifade edilir. Denklemde V; komsu bireyin ;.
hizin1 temsil eder.

>,
4= 3
=y (©))
Uyum davranist Denklem (4) ile modellenir.
N
S
C="——X 4
=N “
Besin kaynagina dogru yonelim asagidaki esitlik ile ifade edilir. Denklemde X mevcut bireyin
konumunu gosterirken, X" besin kaynaginin konumunu gosterir.

F=X"-X ®)
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Bir diismana karsi oyalama ya da dikkat dagitma davranisi asagidaki esitlikle modellenir.
Denklemde X mevcut bireyin konumunu gosterirken, X~ diigmanin konumunu temsil eder.

E=X +X (6)

Yusufguklarin davraniglarinin yukarida verilen bes matematiksel modelin birlesiminin oldugu
kabul edilir. Bir arama uzayindaki yapay yusuf¢uklarin konumunu giincellemek ve hareketlerini simiile
etmek i¢in adim (DX) ve konum (X) vektorleri dikkate alinir. Adim vektorii, PSO'daki hiz vektoriine
benzerdir ve yusufcuk algoritmasi, PSO algoritmasinin ¢ergevesine dayali olarak gelistirilmistir. Adim
vektorii Denklem (7)’deki gibi tanimlanir ve yusuf¢uklarin hareket yoniinii gosterir.

AX,,, =(sS, +ad +cC, + fF, +eE )+ wAX, (M

Denklem (7)’de, s ayirma agirlik katsayisi iken S; i.bireyin ayrilmasini temsil eder. a siralanma
agirhk katsayisidir, 4; i. bireyin siralanmasidir. ¢ uyum agirhigini, C; i.bireyin uyumudur. f besin
faktoriinii temsil ederken F; i.bireyinin besin kaynagini temsil eder. e diisman faktordiir ve E; i.bireyin
diismaninin konumunu gosterir. Ayrica w ve ¢ sirastyla eylemsizlik agirlig1 ve iterasyon sayisini gosterir.

Konum vektorii ise agagidaki gibi hesaplanir. Denklemde ¢ mevcut iterasyondur.

X=X +AX,, ®

t+1

Yapay yusufcuklarin rastgeleligini, stokastik davranigini ve kesfini gelistirmek icin, komsu
¢cozlimler olmadiginda rastgele bir yiiriiyilis (Le vy ugusu) kullanarak arama alani ¢evresinde ugmalari
gerekir. Bu durumda, yusufguk konumlarini giincellemek i¢in Denklem (9) ve Denklem (10) kullanilir.

X=X +Levy(d)x X, ©
Le'vy(x) =0.01x 122 (10)
Il

Denklem 9°da ¢ gegerli iterasyon ve d ise konum vektorlerinin boyutudur. Denklem 10°da »; ve
72 [0, 1] araliginda rasgele sayilardir. Ayn1 denklemde £ ise sabit bir degerdir [14].

Yusufguk algoritmasi sézde kodu Sekil 4’te verilmistir.

Yusuf¢uk popiilasyonu baslat, X; (i=1,2...,n)
Adim vektorlerini baslat, AX; (i=1,2...,n)
while son kosul saglanmadi
Tiim yusufcuklarin objektif degerlerini hesapla
Besin kaynagini ve diismani giincelle
w, 8, a, ¢, fve e'yi giincelle
Denklemleri kullanarak S, A, C, F ve E'yi hesapla
Komsgu yaricapr giincelle
if bir yusufcukta en az bir komsu yusufcuk varsa
Hiz vektoriinii giincelle (Denklem 8)
Konum vektoriinii giincelle (Denklem 9)
else
Konum vektoriinii giincelle (Denklem 10)
end if
Degiskenlerin sinirlarina gore yeni konumlari kontrol et ve diizelt
end while

Sekil 4. Yusufeuk algoritmasi s6zde kodu [14]
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2.3. Kesir Dereceli PID Kontroloriin Parametrelerinin Ayarlanmasi

Kesir dereceli PID kontrolorler, geleneksel PID kontrolorlere gore daha basarili bir kontrol
saglarlar [18]. Bu sebeple giiniimiizde kesir dereceli PID kontrolorlere olan ilgi artmistir. Bu kontrolor
yapisinda geleneksel PID kontrolore gore fazladan iki parametre vardir. Bu ilave parametrelerden A
integral derecesi, p tiirev derecesini ifade eder. Kesir dereceli PID kontroloriin esitligi Denklem (11)’de
verilmistir [19, 20]. Denklemde A ve p degerleri 1 olarak alindiginda kesir dereceli PID geleneksel PID
olur.

K
Ciopia($) =K, +s—/1’+de” (11)
DC motorun hiz kontroliinde kesir dereceli PID kontrolor kullanilan yapimin blok diyagrami Sekil

5’te verilmistir. Sekil ayrica optimizasyon yontemini de igerir.

Hata Cikis cevabi

vV

Cok-olgutltl amag fonksiyonu

Denklem 14

Y

Yusufguk Algoritmasi

YVYVYVYY

Gergek
Re;jlr:ns K, K; A Ki (Zlg;e
+ »  C(s) > G(s) >
=/ E(s)
Kesir dereceli kontrolér DC motor sistemi

Sekil 5. Kesir dereceli PID kontrolére dayali DC motor hiz kontrolii blok diyagrami

Kesir dereceli PID kontroldriin parametrelerinin ayarlanmasi i¢in optimizasyon algoritmasinda
kullanilacak amag fonksiyonunun tanimlanmasi gerekir. Kontrol sistemlerinde hatayi esas alan integral
performans oOlgiitleri gelistirilmistir. Bu olgiitlerden sik¢a kullanilan ikisi sirastyla ITAE ve ITSE
kriterleridir. Bu iki performans Olgiitiiniin esitlikleri sirasiyla Denklem (12) ve Denklem (13)’te
verilmistir [21].

Jirae :J.l‘><|e(t)|dZ (12)

JITSE=JtX62(t)dt (13)

Amag foksiyonunda integral performans kriterlerinin haricinde zaman cevabi 6zelliklerinden
ylizde asma, yerlesme zamani, kalici durum hatasi gibi performans kriterleri de kullanilabilir. Bahsi
gecen kriterlerden birden fazlasi ayni amag¢ fonksiyonunda tanimlandiginda, ama¢ fonksiyonu ¢ok-
ol¢iitlii amag fonksiyonu adini alir. Caligmada kullanilan ¢ok-6l¢iitlii amag fonksiyonu Denklem (14)’te
verilmistir.

J =alxJ,TAE+a2><J,TSE+a3><JMp (14)

min
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Burada, a katsayilari [0 1] araliginda degisen agirlik katsayilaridir ve degerleri deneme-yanilma
teknigiyle ayarlanmistir. Ayrica, hedef maksimum yiizde asma degeri sifir olacak sekilde
tanimlanmigtir. Denklem (14)’te M, maksimum agmay1 temsil eder ve Denklem 15°teki gibi ifade edilir
[13].

M,=y(,)-1 (15)

Optimizasyon algoritmasi popiilasyon biiyiikliigii, iterasyon sayisi ve kontroldr parametrelerinin
alt-list sinir degerlerinin girilmesiyle baslatilir. Algoritma, durma kriteri saglaninca durur. Boylece
optimal kontroldr parametreleri elde edilmis olur.

3. Simulasyon Calismasi

Bu boliimde, parametreleri verilen DC motor MATLAB/Simulink ortaminda modellendi ve hiz
kontrolil i¢in optimizasyon algoritmasi olusturuldu. Tasarlanan kesir dereceli PID kontrolore gore
zaman cevabi ve dayaniklilik analizi yapilarak elde edilen sonuglar farkli ¢aligmalarla karsilastirildi.
Calismada kullanilan DC motora ait parametreler Cizelge 1°de verilmistir.

Cizelge 1. DC motorun parametreleri [3]

Parametre Deger
R, IArmatiir direnci 0.4Q
L, IArmatiir indiiktans1 2.7TH
K Motor moment sabiti 0.015
Ky [Elektromotor kuvveti sabiti 0.05
J Motorun eylemsizlik momenti 0.0004
B Motor siirtiinme sabiti 0.0022

Verilen parametrelerin Denklem (1)’de yerine yazilmasiyla DC motorun transfer fonksiyonu
Denklem (16)’teki gibi elde edilir.

0.015
0.00108s> +0.0061s +0.00163

G,(s)= (16)

Optimal kontrolor parametrelerine ulasabilmek i¢in optimizasyon algoritmasi 20 kez c¢alistirildi.
Algoritmada, populasyon sayist 30, iterasyon sayist 50 olacak sekilde ayarlandi. En kiicik amag
fonksiyonu degerine gore secilen kesir dereceli PID kontroloér parametreleri Cizelge 2’deki gibi
belirlendi. Simulasyon c¢alismasinda K,,, K; ve Kq parametrelerinin alt ve iist sinirlar1 [0 20], A ve p
parametresinin alt ve ist siirlart [0 1] olarak almmugtir. Ayrica kesir dereceli PID kontrolér
parametrelerinin belirlenmesi, zaman cevaplarinin elde edilmesi gibi kesir dereceli islemler Fomcon
ara¢ kutusu kullanilarak yapilmistir [22].

Cizelge 2. Kontroldr parametreleri

Algoritma / Kontrolér K, K; Ky A u
DA/FOPID (dnerilen yontem) 20 8.0164 5.2154 0.7291 0.9452
GWO/FOPID [3] 18.328 4.9418 3.2612 0.9998 0.9845
MRFO/FOPID [2] 19.0527 6.3585 5.3293 0.9466 0.9222
GWO /PID [3] 6.8984 0.5626 0.9293 - -
WOA /PID [23] 20 5.3442 3.5419 - -
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Belirlenen kontrolér parametrelerinin kesir dereceli PID kontrolér denkleminde yerine
yazilmasiyla kontroldr denklemi asagidaki gibi elde edilir.

Copua(s) = 20+ 30104 5 5 154500 (17

0.7291
N

Belirlenen kontroloriin Denklem (16)’daki gibi modellenen sisteme uygulanmasiyla kapali
¢evrim sistemin transfer fonksiyonu Denklem (18)’deki gibi elde edilir.

0.078231s"™ +0.35"™" +0.12025
0.001085”"" +0.0061s" " +0.0782315"* +0.301635"™"' +0.12025

G, (s)= (18)

Kapali ¢evrim sistemin birim basamak cevap egrisi Sekil 6’da sunulmustur. Sekilde ayrica farkli
yontemlere gore belirlenmis gesitli calismalarla karsilastirma yapilmustir. Ilave olarak, zaman cevabi
ozellikleri Cizelge 3’te verilmistir.

1.2 T T T T T T T T T
1
0.8 - b
X
S 06 N
O]
0.4 DA/FOPID [Onerilen Y8 I
[Onerilen Yéntem]
GWO/FOPID [3]
0.2 MRFO/FOPID [2] i
’ GWO/PID [3]
WOA/PID [23]
0 | | | | I I 1 1 |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Zaman (saniye)

Sekil 6. Bazi yaklagimlara gére DC motor hiz kontroliiniin performans karsilastirmasi

Sekil 6 incelendiginde, onerilen yontemin asimsiz ve hizli bir cevabi oldugu goriilmektedir.
Ayrica karsilastirilan diger yontemlere gére iistiin bir kontrol sagladig: agiktir. Onerilen yontemin zaman
cevabi Ozellikleri detayli olarak Cizelge 3’ten incelenebilir. Cizelgede yerlesme zamani %2 tolerans
degerine gore hesaplanmustir.

Cizelge 3. Zaman cevabi dzellikleri

Algoritma / Kontrolor Yerlesme zamani (s) Yiikselme zamani (s) Yiizde agsma (%)
DA/FOPID [6nerilen yontem] | 0.0534 0.0323 0
GWO/FOPID [3] 0.1172 0.058 0.51
MRFO/FOPID [2] 0.0562 0.0355 0.1546
GWO/PID [3] 0.254 0.171 1.06
WOA/PID [23] 0.0795 0.0447 0

Yapilan kontroldr tasariminin dayaniklilik performansini degerlendirmek amaciyla motorun R,
ve K parametreleri sirastyla %10, %20,%30,-%10,-%20 ve -%30 oraninda degistirilmistir. Denklem
(17)’deki kontroloriin yeni olusan modelllere uygulanmasi sonucunda olusan cevap egrileri Sekil 7°de
verilmistir. Yapilan kontroldr tasariminin dayanikli oldugu Sekil 7°den agikca goriilmektedir.
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1.2 T T T T

1
0.8“[ b

0.6 [ b

Genlik

+9%10
0.4 1 +9%20 | 7|
+%30
%10
0.2 %20 | 7

-%30

0 | | I I I I | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Zaman (saniye)

Sekil 7. R, ve K, parametrelerinin degisimlerine gore ¢ikis cevabi

Ayrica, farkli yontemlerin karsilastirildigr dayaniklilik analizi dort durum igin incelenmistir.
Detayli zaman cevab1 ozellikleri Cizelge 4’te verilmistir. Cizelgede yerlesme zamani %2 toleransla
hesaplanmustir.

Durum 1: Motorun R, ve K; parametrelerinin her ikiside %25 arttirilmistir. Bu duruma gore
olusan transfer fonksiyonu Denklem (19)’daki gibi olmaktadir.

0.018
0.00108s” +0.00614s +0.002

Gi(s)= 19)

Cizelge 2°de parametreleri verilen kontroldrlerin Denklem (19)’a uygulanmasiyla elde edilen
sistemin birim basamak cevap egrileri Sekil 8’deki gibi olmaktadir. Onerilen yontem ve Ekinci ve ark.
[2] tarafindan Onerilen yontemin neredeyse ayni ¢ikis cevabini verdigi sekilden goriilmektedir. Ek
olarak, ii¢ yontemin de dayaniklilik sagladigi agiktir.

Durum 2: Motorun R, parametresi %25 arttirilmig ve K, parametresi %25 azaltilarak Durum
1’deki caligma tekrarlannustir. Elde edilen cevap egrileri Sekil 9°daki gibi sunulmustur. Onerilen
yontemin Agarwal ve ark. [3] yontemine gore gore iyi bir performans sagladigi ve [2] ile hemen hemen
ayni performansi gosterdigi sekilden goriilmektedir.

1.2 T T T T T

0.8 u
=
5 0.6 b
]
0.4 m
| DA/FOPID [Onerilen Yéntem)] i
0.2 GWO/FOPID [3]
MRFO/FOPID [2]
0 | 1 1 1 1 L | | |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Zaman (saniye)

Sekil 8. DC motor hiz cevaplarinin Durum 1’e gore karsilagtirilmasi
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0 1

DA/FOPID [Onerilen Yéntem]

GWO/FOPID [3]
MRFO/FOPID [2]

0 0.1

0.2 0.3 0.4 0.5 0.6 0.7
Zaman (saniye)

0.8

0.9

Sekil 9. DC motor hiz cevaplarinin Durum 2’ye gore karsilastirilmasi

Durum 3: Motorun R, parametresi %25 azaltilmis ve K, parametresi %25 artirilarak dayaniklilik
analizi gergeklestirilmistir. Cikis cevap egrileri Sekil 10°da verilmistir. Onerilen yéntemin [3]’e gore
daha hizli bir cevap sagladig1 ve [2] ile karsilastirildiginda yerlesme siiresi ve ylikselme zamani olarak
¢ok yakin oldugu, yiizde asmada daha iyi bir performans sagladigi Cizelge 4’ten goriilmektedir.

Durum 4: Motorun R, ve K, parametrelerinin her ikiside %25 azaltilarak ¢alisma tekrarlanmustir.
Sekil 11, DC motor hiz cevaplarinin Durum 4’e gore karsilastirmasini sunmaktadir. Diger durumlardaki
tablo yaklasik olarak burada da aynidir.

1.2

DA/FOPID [Onerilen Yéntem]

GWO/FOPID [3]
MRFO/FOPID [2]

0.2 0.3 0.4 0.5 0.6 0.7
Zaman (saniye)

0.8

0.9

Sekil 10. DC motor hiz cevaplarinin Durum 3’e gore karsilastiriimast
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1.2 T T T T T T
1 |- - —
08 .
x
S 06 i
0}
0.4 .
DA/FOPID [Onerilen Yontem] | |
0.2 GWO/FOPID [3]
| MRFO/FOPID [2]
0 1 1 | I I | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9 1

Zaman (saniye)

Sekil 11. DC motor hiz cevaplarinin Durum 4’e gore karsilastirilmasi

Sonug olarak, yapilan kesir dereceli PID kontrolér tasarimiin hem zaman cevabi analizinde
hemde dayaniklilik analizinde basarili bir performans gosterdigi karsilastirmali olarak sunulmustur.

Cizelge 4. Dort farkli durum icin zaman cevabi 6zellikleri

Durum | Parametre Algoritma / Kontrolor Yerlesme Yiikselme Yiizde agma
zamani (s) zamant (s) (%)

R.=0.5 DA/FOPID [6nerilen yontem] 0.0434 0.0267 0.0704

Durum 1 | K,=0.018 | GWO/FOPID [3] 0.0649 0.0384 0.3000
MRFO/FOPID [2] 0.0424 0.0274 0.6759

R.=0.5 DA/FOPID [6nerilen yontem] 0.0706 0.0407 0.0000

Durum 2 | X,~0.012 | GWO/FOPID [3] 0.0993 0.0583 0.2253
MRFO/FOPID [2] 0.0678 0.0414 0.0000

R.=0.3 DA/FOPID [6nerilen yontem] 0.0434 0.0267 0.0835

Durum 3 | X,~0.018 | GWO/FOPID [3] 0.0648 0.0384 0.3291
MRFO/FOPID [2] 0.0424 0.0274 0.6813

R.=0.3 DA/FOPID [6nerilen yontem] 0.0705 0.0408 0.0000

Durum 4 | X,=0.012 | GWO/FOPID [3] 0.0991 0.0583 0.2645
MRFO/FOPID [2] 0.0678 0.0414 0.0000

ADYU Miihendislik Bilimleri Dergisi 19 (2023) 15-28



27 T. Dogruer

4. Sonuglar

Bu ¢alismada DC motorun hiz kontroliinii kesir dereceli PID kontrolér ile gergeklestirmek igin
bir parametre ayarlama metodu onerildi. Oncelikle, optimal kontrolér parametrelerini belirlemek igin
optimizasyon algoritmasi olusturuldu ve yusufcuk algoritmasi kullanilarak parametreler belirlendi.
Algoritmada ¢ok-dlgiitlii amag fonksiyonu ITAE, ITSE kriterleri ve ylizde asmaya gore ayarlanarak
optimal ¢éziimler arandi. Kontroldr tasariminin performansini degerlendirmek ig¢in zaman cevabi ve
dayaniklilik analizleri gergeklestirildi. Yapilan analizler literatiirden farkli ¢alismalarla kiyaslanarak
performans analizleri yapildi. Zaman cevabi performansi agisindan bir degerlendirme yapildiginda
Onerilen yontem ile agimin olmadigi bunun yaninda diger ii¢ yontemde asim oldugu goriilmektedir.
Ayrica, 6nerilen yontemle yerlesme siiresi 0.0534 s olurken, diger yontemlerden en yakin sonug 0.0562
s yerlesme siiresi ile MRFO/FOPID ile elde edilmistir. Diger iic yontem ise daha uzun yerlesme
siirelerine sahiptir. Benzer durum yiikselme siiresi i¢in de gecerlidir. Onerilen yontem ile dayaniklilik
analizinde neredeyse sifir maksimum asma, ¢ok kisa bir yerlesme ve ylikselme zamani elde edildigi
goriilmiigtir. Sonug olarak, onerilen DA/FOPID metodunun DC motorun hiz kontroliinde diger
yontemlere gore daha basarili kontrol gergeklestirdigi elde edilen sekil ve cizelgelerden goriilmiistiir.
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Abstract

Integrated Disaster Management is a plan for various interventions for unfavorable situations that occur
before/after disasters. To ensure the implementation of successful disaster management, management plans have
to be implemented and supported by laws for permanent solutions. Tiirkiye, as one of those disaster prone
countries, particularly for earthquakes, created various action plans and laws at different level. One of the most
important example in this regard might be the zoning amnesty that is carried out on registration of unlicensed
buildings to identify them for urban transformation. However, deficiencies have appeared in practice and
governance were insufficient to eliminate the threats. The Aegean Sea Earthquake affected Izmir in 2020 has
brought this predicament to light once again. This study mentions disaster management and mitigation plans in
Tiirkiye generally, and focuses on the Izmir earthquake that occurred on October 30th, 2020. It highlights
inconsistency of zoning amnesty with disaster resilience.

Keywords: Earthquake; Disaster Management; Resilience; Zoning Amnesty; Izmir

DEPREMSEL RiSK TASIYAN BINALAR -ETKIN BUTUNLESIK AFET
RiSK YONETIMINDE IMAR AFFI CIKMAZI

Ozet

Biitlinlesik afet yonetimi, afetlerden O6nce veya sonra meydana gelen olumsuz durumlara yonelik gesitli
miidahaleleri diizenleyen plandir. Basarili bir afet yonetimi ve kalic1 ¢dziimler ig¢in bu planlar uygulanmali ve
kanunlarla diizenlenmelidir. Ozellikle deprem konusunda afete yatkin iilkelerden biri olan Tiirkiye, farkli
diizeylerde ¢esitli eylem planlar1 ve kanunlar olusturmustur. Bunlarin en énemli 6rneklerinden biri, ruhsatsiz
yapilarin tespiti ve doniisiimiiniin saglanmasi i¢in uygulamaya koyulan imar affidir. Ancak bu kanunun
uygulamasinda eksiklikler ortaya ¢ikmis ve denetimler tehditleri ortadan kaldirmak igin yetersiz kalmistir. 2020
yilinda Izmir'i etkileyen Ege Denizi Depremi, bu agmazi bir kez daha giin yiiziine ¢ikarmistir. Bu caligma,
Tiirkiye'de genel olarak afet yonetimi ve zarar azaltma planlarini degerlendirerek, 30 Ekim 2020'de meydana
gelen Tzmir depremine odaklanmakta ve imar affinmn afete direnglilik ile tutarsizligim vurgulamaktadir.

Anahtar Kelimeler: Deprem; Afet Yénetimi; Direnglilik; Imar Affi; izmir

1. Introduction

Integrated disaster management is the process of dealing with disaster and its negative effects. It considers
all possible threats in order to build a resilient society, and it can carry out the work and measures required
in the disaster management stages such as, improvement, mitigation, preparedness, response, and recovery
[1]. By this way, losses and damages caused by the hazard can be minimized, awareness of the
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communities can be improved for disaster resilience and national and municipal level disaster-resistant
mechanisms can be built.

Recovery is one of the parts of the management system that follows the disaster response phase. This
process includes the legal, institutional, physical, social, and economic actions required to meet the needs
of communities in the most rational ways and techniques. It strives to restore normalcy as quickly as
possible, as well as to offer possibilities to cope with potential hazards and to create a safer living
environment with the least amount of damage [1]. In order to provide successful management and
recovery, a holistic strategy is required to build a legal and systematic management basis. For this reason,
several countries have become a part of the Sendai Framework which was adopted in March 2015 at the
3rd UN World Conference in Sendai, Japan. The agreement has some priorities to establish a disaster
management system, one of the aim is “Enhance disaster preparedness for effective response and to
“Build Back Better” in recovery, rehabilitation, and reconstruction.” Build Back Better (BBB) is the
guiding philosophy of recovery to enhance the social, physical, economic and environmental status of a
community in order to create a resilient community [2]. Actions to BBB in recovery have been identified
in the UNISDR report as the basic human right that states, international governments, and other
stakeholders are expected to safeguard their citizens against future disasters [2].

Despite the fact that governments have implemented disaster management plans on various stages, current
legislations and implementations are fundamentally impeding disaster management success; however,
some of these may not have desired impact. One of the current practices in Tiirkiye is zoning amnesty
which threatens the lives of millions. It aims to solve the problem of unlicensed housing which has a risky
situation for living. The license problem of these buildings is handled as a result of the zoning amnesty
with the certificates provided to buildings without technical competence. However, since these buildings
are in use by the people, even the slightest disaster hazards might cause tremendous losses. Even though
the state or government claimed that the purpose of the regulation is to register unlicensed dwellings for
upcoming transformation facilities; anyhow it was unable to handle risky situations due to a lack of a
regulatory system.

Following the earthquake in Izmir on October 30th, 2020, numerous experts questioned the zoning
amnesty in terms of integrated disaster risk management and implementation on disaster-prone regions.
There were 795.934 unlicensed buildings [3] that have applied for building registration certificates in
Izmir only, and because of the earthquake-prone environment of the city, it means most of the settlements
are located close to the fault lines. When the research reports and statements made after the earthquake
are evaluated, it is clear that there were demolitions and deaths in the structures that benefited from the
zoning amnesty legislation. As a result, in this paper, the topic of disaster management is highlighted from
the disaster risk reduction point of view, as well as the potential harm of the zoning amnesty on this
process.

This study firstly focuses on the general description and disaster management plans in Tiirkiye, then
describes the regulations about zoning amnesty which is totally against the idea of disaster management.
Additionally, the study explains general situations after the Izmir earthquake and recovery facilities in the
area and criticizes the zoning amnesty and the case of the disaster management implementation in Izmir,
in the following sections.

2. Integrated Disaster Risk Management

Along with the disasters that occur across the world, the topic of resilience is frequently highlighted in
debates. The term ‘resilience’ was defined in the report of the
UNISDR [4] as "the capacity of a system, community, or society potentially exposed to hazards to adapt,
by resisting or changing in order to reach and maintain an acceptable level of functioning and structure".
In unforeseen occurrences, it is vital to establish a resilient society so that life may resume its normal path
as quickly as feasible. It is critical to create resilience to disasters that strike individuals at an instant of
time when they do not expect it. Obviously, this imposes new tasks and responsibilities to each part of the
society. A more effective system can be created with a set of frameworks to be developed for the time of
pre-disaster, during disaster, and post-disaster phases.
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According to Amendola et al. [5]; integrated disaster risk management is a process for completely and
credibly estimating and managing risks from numerous synergistic sources, and it poses a challenge to
the scientific and policy communities. Management system can be divided into four stages; mitigation,
preparedness, response and recovery [6]. To have successful disaster management, all phases must be
carried out as a continuous intertwined system, without being separated from one another. And, all
stakeholders, institutions as well as the individuals must take their responsibilities that are defined by the
corresponding frameworks. Among those phases, while mitigation refers to any activities made to
minimize the effect of future catastrophes, preparedness refers to the activities done to lessen the impact
of disasters that are predicted or imminent. Although these stages are the phases that are followed before
the disaster occurs, the response stage comes when the disaster occurs or after it. Response phase
comprehends the emergency efforts conducted both during the disaster's effect and in the immediate
aftermath. When a disaster collides a specific location, quick action is required to ensure the survival of
people, resources, and so on. These are the components of the "Immediate / Urgent Response Phase."
Search and rescue, and first aid are such actions that have to be considered early on this stage in order to
manage the cooperation amongst teams and actors. Recovery is the following process of damage
assessment, repairing damage, restoring services, and reconstructing infrastructure after a disaster has
occurred [6]. These tasks might differ depending on how the situation is perceived and a variety of
disciplines provide fruitful research opportunities [7]. For example, while social scientists are primarily
concerned with social rehabilitation of a community, engineers approach physical rebuilding from another
perspective. Depending on the sort of exercise, recovery might take months to years.

All of these stages are linked by the concept of Build Back Better, which attempts to reduce the disaster
risks while recovering and create a more resilient society. While this method tries to avert potential
hazards with the least amount of harm, it also ensures to be ready for future disasters and to raise
awareness about it. The notion was incorporated into the Sendai Framework, which was adopted at the
3rd UN World Conference in March 2015.

Tiirkiye is one of the nations that signed the Sendai Framework action protocol. In addition to the
worldwide studies conducted within the scope of the framework, Tiirkiye is preparing several disaster
management plans with the priority of AFAD (Disaster and Emergency Management Presidency).
TAYSB (Tiirkiye Disaster Management Strategy Document), TARAP (Tiirkiye Disaster Risk Reduction
Plan), TAMP (Tiirkiye Disaster Response Plan), UDSEP (National Earthquake Strategy and Action Plan),
are among the plans and strategic documents handled within the scope of Sendai Framework, which
determine post-disaster organizational schemes and stakeholders in order to prevent physical, economic,
social, environmental and political losses and make cities more resilient [8, 9]. Along with these
initiatives, it is planned to build a disaster-resilient society, and AFAD's work in disaster awareness has
made significant progress. However, raising public awareness is not enough to produce disaster-resilient
cities and communities; besides, current practices must also be evaluated.

Tiirkiye is prone to a variety of natural disasters, the most common types of which are earthquakes, floods,
and landslides. Earthquakes produce the most devastation and deaths, with 70 percent of the population
living in active seismic zones [10]. This situation has made many legal regulations mandatory. In terms
of legal regulations, the turning point in the field of disaster management and coordination in Tiirkiye is
the August 17", 1999 Marmara Earthquake. After the great losses in the Marmara earthquake, many laws,
decrees, statutes and regulations were enacted in order to return to normal life in the region. With these
regulations, it is aimed to solve the problems caused by the earthquake and to eliminate the problems and
deficiencies of the country's institutional structure and legislation in disaster management [11].

Despite all these regulations, some of the decisions and laws that have been put into practice have caused
controversy. Actions such as opening risky regions for development and legalizing settlements without
engineering services are debated promptly after disasters occur. The zoning amnesty, which was
implemented several times in the history of Tiirkiye in order to solve the registration problem of
unlicensed buildings and then reintroduced in certain periods, is completely contrary to disaster resilience.
Since such applications legalize illegally constructed buildings which are constructed without any
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engineering knowledge and ignoring the hazards and risks, result in significant disaster losses,
unfortunately.

3. Regulations about Zoning Amnesty in Tiirkiye

Unregistered construction is divided into two categories: squatter dwellings and building in contrast to
zoning legislation [12]. In Law No. 775, the definition of squatter houses is as follows:

“Unauthorized buildings made on land or plots that do not belong to them, without the consent of the
owner, without being bound by the legislation and general provisions regulating the zoning and
construction works ™ [13].

Additionally, the definition of building that contrary to zoning legislation is;

“Buildings that are contrary to the license and its annexes, science and health rules, floor order, building
precedent values, neighboring distances ™ [14].

Since these buildings have not been submitted to the requisite testing and do not have regulated static
projects, they are at risk of being collapsed in the event of a disaster. As a result, they are dangerous for
individuals who live within or stroll adjacent to structures. According to a brochure published by the
Ministry of Environment and Urbanization, unregistered buildings account for nearly 50% of Tiirkiye's
existing building stock [3].

The notion of zoning amnesty was first discussed in relation to squatter settlements and neighborhoods,
which were once viewed as the problem of urban development. Because of politics and rapid urbanization,
squatter settlement began to constitute a critical part of urban areas in the early 1950s, particularly on the
outskirts of large cities, and their percentage of the urban population increased [15].

Various laws / regulations were enacted in different periods regarding these structures as shown in Table
1, although the main purpose seemed to solve the problem, it caused them to gain more rights.

The details of these laws and legislation are not within the scope of this article, however, some of them
can be briefly mentioned as examples here [15]. Law No.5218 is the first law on zoning amnesty and
aimed to solve the unlicensed building problem in Ankara. It is about the allocation of land owned by the
Municipality and the state to those who will dwell in the city. Later, Law No.6188 was removed due to
the formation of squatters in Istanbul. The residences that municipalities can build on their own lands will
be sold primarily to those whose slums have been destroyed. However, this law was not able to solve the
problems of newcomers to the city. During the Law No.775 period, the squatters were semi-dependent on
the zoning law. Policies of improvement, elimination and prevention should be followed for that type of
housing.

Following these zoning amnesty legislations recently, the provisional article 16 included in the "Law on
Restructuring Certain Receivables and Amending Certain Laws"’ which is published in the Resmi Gazete
on May 18" 2018, and added to the Zoning Law. In accordance with this article, unauthorized
constructions built prior to December 31%, 2017, are in the process of being recorded [16]. The
enforcement has known as “zoning amnesty” which was defined by the Ministry of Environment and
Urbanization [17] as:

“solving the zoning problems of our citizens with the building registration certificate to be given to the
buildings that violate zoning legislation or the license”

3 In Turkish: “imar ve yapu islerini diizenleyen mevzuata ve genel hiikiimlere bagl kalinmaksizin, kendisine ait olmayan
arazi veya arsalar iizerinde, sahibinin rizasi alinmadan yapilan izinsiz yapilar”

4 In Turkish: “Imarl alanlarda kamu ve zel miilkiyete konu olan parsellerde miilk sahipleri tarafindan ruhsat ve eklerine,
fen ve saglik kurallarina, kat nizamina, yapt emsal degerlerine, komsu mesafelere aykirt yapilar”

SIn Turkish: “Bazi Alacaklarn Yeniden Yapilandiriimast ile Bazi Kanunlarda Degisiklik Yapimasina Iliskin Kanun”’

OIn Turkish: “Imar mevzuatina veya ruhsata aykirt yapilara verilecek yapt kayit belgesiyle vatandagslarimizin imar
sorunlarinin ¢oziilmesidir”
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Table 1: Laws in order to solve the problem of unlicensed housing (based on [15])

Period/Topic Year Law No

1948 o
The Period Before Slum
Law No. 775 1949 5431
’ 1953 6188
1959 7367
The Period After Slum
Law No. 775 1966 775
1983 2805
For Problems that Slum 1985 2981
Law Cannot Solve 1986 3290
1987 3366
1988 3414
About The Ability to
Buy and Sgll .Unhcensed 2001 4706
Buildings

4833
Additional Articles 2003 5027
Added to the Laws for 5377
Amnesty 2005 5398
2012 6306
EXTENSION OF 2015 6639
APPLICATION TIME 2018 7143

Zoning Amnesty, in general, is the forgiveness and protection of the buildings that were built until a
certain period of time by not obeying the rules in legislation, and those that comply with the conditions
specified in the law in terms of condition and location [15]. It should be also mentioned that these
buildings had not been serviced following the engineering requirements such as the current seismic codes
which are the vital parts of the construction legislation. Although the main goal appeared to be to remedy
the problem, it resulted as gaining additional rights of the owners, by leaving many question marks from
the disaster risk reduction point of view.

The purpose of this act is to manage unregistered buildings and to generate an economic resource for
urban transformation through payments made by individuals who profited from the regulation. A license
is given to the buildings who benefitted from the amnesty in order to open a workplace without seeking a
building utilization certificate, and the right to connect water, natural gas and electricity services [18].
According to the legislator, this agreement between the state and building owners who have earned the
Building Registration Certificate, will be valid until the urban transformation. Citizens who want to
benefit from the zoning amnesty firstly receive the Building Registration Certificate on "e-devlet" which
enables them to carry out the procedures online. There is no need to submit any sketch, project or
drawings. Because the process is based on the statement principle only, the probability of abuse of the act
is significantly high. Following then, the "Transition to Condominium Ownership and Genre Changes"
stage begins to ensure the legitimation of the buildings [18]. As is known today, the total number of
Building Registration Certificates received within the scope of the Zoning Amnesty has reached 3.153.044
across Tiirkiye while 332.356 of these buildings are located in Izmir [19].
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4. izmir Case

Izmir is located in Aegean Region in western Tiirkiye which has a significant seismic hazard level. Among
the earthquakes in the last century, the biggest earthquake before the October 30™, 2020 was the Torbali
earthquake dated March 31%, 1928 (M: 6.5). This earthquake had a very wide effect, more than 2000
houses were destroyed or damaged. Latest earthquake occurred on October 30", 2020, with the epicenter
close to Sisam Island (Izmir Seferihisar Offshore) with a magnitude of My, 6.6 at 14:51 (local hour) [20].
According to the proofs; the duration of the earthquake was 15.68 sec., and 5799 aftershocks with
magnitudes varying from 0.7 to 5.1 occurred after the earthquake until December 31, 2020 [21].

According to the AFAD Report [21], at the time of the earthquake, Level 3 "National Level" response
activities were implemented in conjunction with the Tiirkiye's Disaster Response Plan. The crisis
management for this earthquake has been successfully completed satisfactorily. Approximately 3000
people of search and rescue, security and other expert teams from other provinces were transferred to the
disaster region shortly after the earthquake. The disaster victims were initially relocated to a tent city for
shelter before being transferred to container cities [21].

Although this quick-response activity should be applied after the earthquake, in the time of Covid-19, it
has endangered people in terms of epidemic disaster. People have run out of their homes without
precaution. A lot of people stay outside together. For this issue, thousands of masks and disinfectants were
sent to the region by the Presidency of Republic in order to prevent the spread of disease with high
acceleration [22].

According to the report of TBMM [19], 718 structures were collapsed or severely damaged by the
earthquake, while 7671 were deemed to be slightly affected. During the first inquiry following the
earthquake, it was discovered that 17 structures in the city were entirely collapsed. Despite the fact that
the Emergency Management Presidency (AFAD), National Medical Rescue Team (UMKE), Turkish Red
Crescent, and other NGOs from all around Tiirkiye have played an active role in responding quickly, 117
people were killed as a result of these damages [19].

Following the earthquake, the Ministry of Environment and Urbanization teams conducted damage-
assessment campaigns. There were 30 buildings which needed urgent demolishing, 9 buildings were
already collapsed and 127 buildings with heavy damage in the Bayrakli region [23].

After the assessments, urban transformation projects were launched, with the project stage by deciding
on 7 basic zones with 7.53 hectare as a reserve area for new buildings in Bayrakli, Adalet, Manavkuyu,
and Mansuroglu neighborhoods, which were the most impacted by the earthquake [19]. During this
process, rent subsidies were disbursed for people whose homes had been destroyed or substantially
damaged, and they were offered the chance to utilize the municipality's stock of housing for free. Several
infrastructure payments have also been postponed [23].

According to the AFAD [21], when the structures in the earthquake zone were assessed, it was discovered
that there was more damage than expected in buildings exposed to risk-increasing improper practices
without taking the earthquake hazard into account. Examining the ground motions in Bayrakli reveals that
the ground conditions amplify the structural damage [24]. The damages were caused by the similar factors
that were effective in earlier earthquakes. The damage is concentrated on 7 to 10 story buildings in
Bayrakli, due to the aforementioned ground amplification effects. Another crucial issue in the report is
that it cannot be inferred that the undamaged and less damaged structures are earthquake resistant [21].
In addition, according to the statements from the Ministry of Environment and Urbanization [25]; 4
buildings (44% of total) requiring urgent demolition after the earthquake and 36 of the heavily damaged
buildings (28% of total) received building registration certificates within the scope of the Zoning
Amnesty. Furthermore, two of the collapsed structures (10% of total) had building registration certificates,
indicating that they were registered in the Ministry's system, but had no protections against destructive
earthquake effects.
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5. Evaluation

In Turkey's history, there have been several conversations concerning the zoning amnesty Altindal and
Konak warned about avoiding zoning amnesty and similar practices in publications published following
the Marmara Earthquake [26]. However, zoning amnesties have come back in a number of forms during
the last 23 years.

An important debate on the last zoning amnesty application is on the last sentence of the 10th paragraph
of the temporary article 16 of the Zoning Law, which is "Earthquake resistance of the building is under
the responsibility of the owner” [27]. This is the most controversial part of the Building Registration
Certificate. This statement gives the impression that the responsibility for the earthquake resistance of the
buildings with the Building Registration Certificate passes to the owner of the building. However, because
the administration has financial responsibilities and has an inspection requirement in these structures. It
should be examined in a coordinated manner. In order to preserve public order, the administration is the
primary owner of law enforcement and cannot transfer administrative responsibilities to individuals
within the extent of these authorities [28].

In the meantime, it is apparent that there are also many more risky structures than recorded ones with this
law. Furthermore, older buildings, even if they have a license, should be assessed immediately to check
their vulnerability. In summary, the zoning amnesty is inadequate to register all of the structures and to
take the appropriate measures.

Returning to the Izmir case, according to Court of Accounts statistics as of the end of 2016, the average
age of buildings is 25 years or more, and the ratio of the risky structures is about 65 percent [19]. The fact
that the average age of the building is over 25, and even more than 30 today. This means that these
structures were built before the 1999 Marmara Earthquake, which is considered as a milestone in Tiirkiye
for broad and vital earthquake risk reduction regulations.

Another report [29] showed that only 21% of the buildings in the area are licensed; 7% of these buildings
received new construction permits before 2000, and 14% after 2000. 79% of the buildings in the area are
unlicensed. By the way, before the earthquake, in various reports prepared by the Municipality and the
Ministry, it is mentioned that the settlement in the area should be done with certain measures due to the
ground conditions, but the area seems open to settlement. While this situation is included in the reports,
the fact that the controls in the area are not carried out and the settlements determined as high density
settlements are allowed in the plans show that only those who have a building registration certificate are
not responsible for damages after the earthquake.

When the report prepared by the Turkish Grand National Assembly after the Izmir earthquake is
examined, it is clear that there are certain shortcomings regarding the zoning amnesty. For example, it is
mentioned that there is no information about which building received the building registration certificate
for what reason and to what degree does not conform with the requirements [19]. While these evaluations
are a process that should be put into practice as of 2018, right after the enactment of the relevant law, it is
seen that these examinations are not completed even in 2021. These shortcomings may lead to the loss of
hundreds of lives and present a quite opposite situation with disaster resilience strategies.

Since zoning amnesty regulations do not aim to strengthen risky buildings, undertake essential static
interventions, or execute parcel-based transformation if requested, policies have no direct effect on
reducing disaster-related damages. On the contrary, it has transformed the unhealthy and unlicensed
construction to legal and paved the way for the damages that will occur as a disaster.

Despite the drawbacks of this system, it has resulted in the identification of about 3 million [19] risky
structures throughout Tiirkiye as of today. Although it is not a solution that records structures whether
they are safe or not, it may be regarded a step made within the framework of disaster risk preparedness.
By the way, structures that are proven to pose a disaster risk, endanger public safety, or were not built in
accordance with construction and science standards must be demolished.
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6. Conclusion

Earthquakes have caused significant damages in Tiirkiye so far, as well as traumatic experiences. The
causes of damage stated in [zmir earthquake reports were the same as in other earthquakes and it cracked
the city's and its policies' vulnerability open once again. This circumstance demonstrates that we have not
entirely learned from the previous earthquakes or neglected the mistakes which have experienced before.
In Tirkiye's legal system, it is clear that disaster-response methods appear to be fairly sophisticated,
despite the fact that there are deficiencies in the operation and management phases.

The earthquake in izmir made deficiencies visible once again. The response and recovery phases seem to
be carried out successfully with the first aid activities with the coordination of AFAD after the earthquake
and the urban transformation projects that started right after the earthquake. However, recovery does not
mean only rebuilding the environment after destruction, it is defined in the dictionary of AFAD as to
develop the opportunities to cope with possible disasters and to create a safer living environment that will
ensure the least damage.

From this stage on, it should be the primary policy to complete these shortcomings without waiting for
the next earthquake, and Emergency Response and Disaster Risk Reduction Action Plans should be put
forward in this regard. However, beyond these, it should be aimed to successfully provide disaster
management with the regulations to be made in the existing laws.

A practice such as zoning amnesty that cannot be reconciled with disaster management and that will put
the responsibility of the loss of life on those who applied for amnesty should be reviewed in all aspects.
It is to take extra precautions during the execution of zoning regulations in hazardous regions and where
construction is not appropriate. It is necessary to carry out the necessary controls with the teams to be
formed specific to the neighborhoods, and to ensure the demolition of risky buildings — even if they have
benefited from the zoning amnesties until now. Only when this happens, disaster risk management will
be fully provided and efficient results will be obtained in recovery works.
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ABSTRACT

Rice husk is a significant waste issue due to its high manufacturing rate. The removal of heavy metals from
industrial wastewater using the adsorption method is one of the significant usage areas of rice husks. In addition
to being more cost-effective than other methods for removing heavy metals from industrial wastewater, using
rice husks for this purpose would solve the storage problem of the rice husks. In this study, Gaussian® 0.9
software is utilized to describe and simulate the binding process of the Cd?* ion to the rice husk adsorbent and
to perform geometric optimizations to identify the most stable structure. These optimized structures' adsorption
energies were computed utilizing the Material Studio® 6.1 software. According to the findings, rice husks can
be utilized as an adsorbent in place of more expensive substances. It has been demonstrated that, when compared
to experimental procedures, the suggested strategy is both quicker and less expensive.

Keywords: rice husk; Cd** ion; geometry optimization; adsorption simulation.

PIRINC KABUK KULU ILE ENDUSTRIYEL ATIK SUDAN
KADMIiYUM IYONUNUN GIDERILMESININ MODELLENMESINE
YONELIK BILGISAYAR TABANLI BiR YONTEM

OZET

Piring kabugu, yiiksek iiretim hizi nedeniyle 6nemli bir atik sorunudur. Adsorpsiyon yontemi kullanilarak
endiistriyel atik sudan tekstil boyalarmin ve agir metallerin uzaklastirilmasi, piring kabugunun 6nemli bir
uygulama alanidir. Endiistriyel atik sulardan agir metallerin uzaklastirilmast icin diger yontemlere gore daha
uygun maliyetli olmasinin yani sira, bu amagla piring kabugunun kullanilmasi, piring kabugunun depolanma
sorununun ¢oziimii i¢in de etkili bir ¢6ziim ydntemi olmustur. Bu ¢alismada Gaussian ® 0.9 yazilim Cd?*
iyonunun piring kabugundan hazirlanan adsorban yapiya baglanma siireci belirlemek ve simiile etmek ve en
kararl1 yapiy1 belirlemek {izere geometri optimizasyonu yapmak iizere kullanildi. Bu optimize edilmis yapilarin
adsorpsiyon enerjileri, Material Studio® 6.1 yazilimi kullanilarak hesaplanmistir. Elde edilen bulgulara gore
piring kabugu, daha pahali maddeler yerine adsorban olarak kullanilabilir. Deneysel prosediirlerle
karsilastirildiginda, 6nerilen metodolojinin hem daha hizli hem de daha ucuz oldugu kanitlanmustir.

Anahtar Kelimeler: piring kabugu; Cd*" iyonu; geometri optimizasyonu; adsorpsiyon simulasyonu
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1. Introduction

According to the Agricultural Products Markets Reports for 2021 [1], rice production has
increased globally overall, with Asian nations dominating the world in rice consumption.
Additionally, according to the same report, the world's supply of rice climbed by 2.4% to 735.4
million tons in 2021/22. China produces 212 million tons of paddy and imports 4.5 million
tons annually, while India produces 184 million tons. The data on rice exports and imports by
countries, as well as data on paddy production, are shown in Figure 1.
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Figure 1. Paddy production, rice export, and import data by countries [1].

One of the nations with the highest increases in paddy production during the past ten years is
Turkey. The growth in cultivated fields and the improvement in yield per unit area are the causes of
this increase. On 125 000 acres of land, 980 000 tons of paddy were produced in 2020-21 [1].
Additionally, 14 158 tons of semi- and fully-milled rice were exported, along with 98 716 tons of
paddy, 227 690 tons of semi-milled rice, and 8 000 tons of brown rice [1]. We refer to the 2021 reports
of the Agricultural Products Markets [1] for a full report of the data about rice husk (such as
consumption, importation, and productivity) in the world and Turkey.

Rice husks ash (RHA) is an agricultural residual or byproduct produced during the milling of
rice that is frequently disposed of or underused, having a negative impact on the environment and
increasing the cost of producing rice [2]. Due to the increased production of rice for human use, RHA
production has also grown [3]. Since its production began, rice husk has mostly been utilized as a fuel
in rice mills to create steam for the parboiling process, and around 25% of this rice husk's weight is
transformed into RHA [4]. The amount of RHA produced by cogeneration plants is anticipated to rise
dramatically due to the world's expanding population and rising demand for rice, a key staple grain.
Because there won't be as many landfill places accessible in the future, it will be challenging to
dispose of and manage the RHA effectively. Scientists have carried out several studies, and as a
consequence of those investigations, it has been discovered that rice husk may be utilized in a variety
of industries, from solar panel production to construction. The removal of heavy metal contamination
from industrial wastewater using rice husks will be explored in this study.

In this study, the ability of the rice husk to behave as an adsorptive substance was investigated
using geometry optimization and absorption simulation approaches. This was accomplished by
looking into the mechanism of Cd*" adsorption from industrial wastewater by rice husk. This study's
findings supported the idea that using rice husks for adsorption can help with two major issues: first,
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the large production rates of rice husks, which cause storage problems; and second, it is a less
expensive way to remove heavy metals from industrial wastewater. All the studies in the literature
focused on experimentally evaluating the adsorption efficiency of the RHA-based absorbents for
removal of the heavy metals and the adsorption kinetics of this process experimentally. In terms of
the application of geometry optimization and absorption simulation approaches, our study is the first
in the literature to offer a computer-based method to identify the binding mechanism of rice husks.

This study is regulated as follows: first, we provided a brief overview of the background of
the study and a literature survey about the heavy metal adsorption from industrial wastewater by rice
husks. Subsequently, we described the methodology used to handle geometry optimization and
adsorption simulation. Then, we demonstrated the results of these simulation processes for removing
cadmium ions from industrial wastewater by using an agricultural byproduct. Finally, we summarized
the executed study in the conclusion section.

2. Background of the Study

The oldest known toxins are metals, which, depending on their concentration, can be
detrimental to living things. Mining operations, the use of fossil fuels, the increasing rate of
industrialization, etc. are all contributing factors to today's rise in heavy metal pollution [7]. The
different kinds of metals emitted to the environment by the fundamental industries are listed in Table
1.

Table 1. Heavy metal distribution in industrial wastewater [8].

INDUSTRY Fe Zn Cu Ni Pb Sn Hg Cr Mn Cd
Coating Industry - -+ o+ - -+ 4+ +
Leather Industry - - - - _ _ _ + _ -
Metal Industry -+ -+ 4+ o+ 4+ - +
Fertilizer Industry + + + + + + + + + +
Iron-Steel Industry + 4+ + 4+ + 4+ o+ o+ - +
Energy Production -+ + + + 4+ + 4+ - +
Chlor-Alkali Production + o+ - -+ + o+ - +
Petrochemistry +  + - - + + + o+ - +
Glass, Cement Industry - - - - - .-+ -
Textile Industry - - - - _ _ _ + _ .
Paper Industry -+ + o+ o+ o+ 4+ o+ - -

Laws to protect the environment are now necessary around the world, including in Turkey,
due to the rise in demands for scarce water resources and their exploitation. Today, less than 3% of
water is suitable for consumption. As a result, safety measures must be implemented before the
contaminated water is discharged into the surrounding environment. Given that industrial wastewater
may include significant levels of hazardous contaminants, the WHO and legislation have set lower
limits for the concentrations of heavy metals in the wastewater. For the list of the maximum values
for heavy metals in marine ecosystems, industrial wastewater, and drinking water that the TSE-226,
EU, WHO, and other organizations have permitted, we refer to [9] and [10].
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Due to these adverse consequences, wastewater containing heavy metals must be filtered.
Some techniques used for filtration include adsorption, chemical sedimentation, ion exchange, and
reverse osmosis. These methods, however, fall well short of being affordable and useful in terms of
facilities, technology, and other criteria. Because of this, attention was given to employing biowastes
as adsorbents to remove heavy metals from wastewater, such as rice husks [11].

3. Literature Review

A byproduct of agriculture, rice husk is a plentiful natural resource. Due to its heat insulation
characteristics and the high silica ratio of its structure, it finds use in a variety of industries, from the
energy sector to the construction industry. For a detailed analysis of the application of rice husk ash
in different areas, we refer to [12]. There is a large literature on the usage of rice husk ash for the
adsorption of heavy metals from an aqueous medium that must be analyzed in depth, and we think it
should be the focus of a different study. However, we will summarize the most important and the
most recent studies in this section.

The potential use of rice husk as a biosorbent for the removal of heavy metal ions (Cr, Pb,
Zn) present in aqueous solutions was investigated by Priya et al. [13]. And according to the findings
of their experiments, rice husk powder can be used as a cheap adsorbent to remove heavy metal ions
from industrial wastewater. Moreover, their experimental findings indicated that the amount of metal
ion adsorption increases in direct proportion to the pH of the solution, the amount of rice husk powder
used, and the duration of contact. In contrast, the adsorption effectiveness decreases when the
temperature and the concentration of heavy metal ions rise.

Javed et al. [14] used RHA and iron-oxide-modified RHA adsorbents to extract arsenic from
drinking water. In the study of Chanda et al. [15], silica is extracted from RHA and used to synthesize
the zeolite Faujasite (FAU). This adsorbent is then used for batch-wise adsorptive removal of Cr(VI)
and Pb(Il) ions from an aqueous medium. Bahrami et al. [16] synthesized a biosorbent using RHA
modified by hexadecyltrimethylammonium bromide surfactant (HDTMAB-RHA) to remove nitrate
ions from the aqueous medium.

Montalvo-Andia et al. [17] investigated the absorption process of Cadmium (Cd) ions by
utilizing untreated and chemically modified rice husk, and their results proved that the rice husk is an
easily managed, low-cost, and efficient biosorbent. RHA and parboiled-RHA that have undergone
chemical treatment are used by Gamboa et al. [18] as adsorbents to remove Cr(VI) from wastewater.
Their experimental results confirmed that the RHA is an economical and environmentally friendly
bio-material that effectively eliminates Cr (VI) from diluted aqueous solutions.

Hossain et al. [19] synthesized potassium hydroxide (KOH)-activated novel rice husk (RH)-
based adsorbents and used them on synthetic wastewater to remove hazardous heavy metal ions (such
as Pb*', Fe*', Cu*, Zn®*, Mn?") using fixed-bed flow column adsorption. It can be said that the
considerable capacity of these novel absorbents to adsorb heavy metals and dyes will lead to a new
understanding of adsorption mechanisms and the creation of next-generation commercial adsorbents
for the treatment of industrial wastewater.

Because rice husk ash is a porous substance with a high silica content, Nurandini [20] further
demonstrated that it has a significant ability to absorb heavy metals in water. The goal of this study
was to determine the optimum amount of rice husk ash that could be used as an adsorbent and the
maximum amount of Hg*" ions that could be absorbed from the column adsorption process utilizing
RHA.
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For further information on the adsorption properties of rice husk and studies on this subject,
we refer to [8] and the latest review study [13], and we refer to [21] and [22] for rice husk usage for
the removal of textile dyes from industrial wastewater. We can infer from the literature that chemical
adjustments have a favorable impact on the adsorption capacity of these agricultural sorbents.

All the studies mentioned above focused on experimentally evaluating the adsorption
efficiency of the RHA-based absorbents for removal of the heavy metals based on some criteria such
as adsorbent dosage, pH, pollutant concentration, and interaction time. Additionally, they studied the
adsorption kinetics of this process experimentally. In our study, we used computer programming to
show the adsorptive feature of rice husks. This is the first study in the literature to provide a computer-
based strategy for optimizing the binding mechanism of rice husk through the use of geometry
optimization and using absorption simulation techniques for modeling Cd** adsorption from
industrial effluent by rice husk.

4. Materials and Methods

The proposed methodology starts with creating the molecular projections of the polyacrylamide,
combination structure, and rice husk on the computer-generated media. The expected 36 structures
that will arise when Cd has been adsorbed are then shown and optimized.

A two-step process can be used to summarize the optimization of a structure [9]. The first one is
called an energy assessment (for a given conformation, an energy statement must be described and
analyzed), and the second one is called a conformation adjustment (the conformation is modified to
find the minimum energy value; this value could be discovered after a single adjustment or after
thousands of iterations). The size of the structure and the complexity of the algorithm influence the
number of iterations.

Comparing the structures with various optimization energies, the most stable structure is found to
have the lowest energy. Additionally, it was discovered that Cd binds to the adsorbent at that location.
The geometry optimization process will be explained in Section 4.1 in detail. All of this research was
completed using the Gaussian 0.9 software package, Semi-Empirical/PM3MM module.

As a next step, the adsorption capability of rice husk covered with polymers is examined
using the Material Studio 6.1 software. Using the Adsorption Locator module of this application, we
computed the adsorption energies of 36 hypothetical structures on an unmodified rice husk. After
that, the structures with the highest adsorption energies were identified, along with the adsorption
energies at which the Cd ion binds in single, double, quadruple, and sextant bonds.

Adsorption Locator modules, which we utilized to simulate the adsorption of Cd ions to rice
husk adsorbent, are based on three hypotheses. These ideas include the Metropolis Monte Carlo
method [23, 24], the generation of substrate-adsorbate configurations [25], and the Simulated
Annealing Algorithm [26]. We selected the Simulated Annealing Algorithm for the adsorption energy
calculations.

The primary principle of the Simulated Annealing algorithm was influenced by the annealing
theory. This algorithm simulates the cooling process that occurs in molten materials. First, the
algorithm begins with an initial solution (Q) and a temperature value (T). Then, based on the
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employed neighbor structure, it identifies the neighbor of the current solution and determines the
objective function value of the neighbor solution at each iteration.

The Boltzmann-type exponential probability distribution, which is controlled by a
temperature parameter T, determines whether these new neighbor solutions are accepted. The
acceptance likelihood (p) of a given solution is:

p= 1: if Qnew < chrrent or

—  -(Qnew - Qcurrent) / T
= e ,

p in another case

The best solution is then left unchanged if none of the conditions are met, and the temperature
value is updated at the end of each iteration. For a detailed explanation of the Simulated Annealing
algorithm, we refer [9] and [26].
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Figure 2. Flowchart of the proposed methodology.
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After adsorption energies are calculated via the Adsorption Locator tool, these results are
analyzed, and the structure with the highest energy value is chosen. The adsorption simulation process
will be explained in Section 4.2 in detail.

We summarized the overall methodology that we utilized in our investigation in Figure 2. All
experiments were run on an Intel® Core TM 15-3317U CPU @ 1.7 GHz with 8§GB RAM computer.

4.1. Geometry Optimization

The technique of iterating on a molecule to determine the lowest energy state where it is
stable or to define the reaction's intermediate products is known as geometry optimization [27]. In
order to do geometry optimization, the method starts with a set of cartesian coordinates for a chemical
and looks for a new set of coordinates with the least amount of potential energy. If the energy has
decreased to its lowest level or the target structure has taken on a particular shape, the program
converges and presents the results of the computations. The given error is checked, the geometry data
is managed, and an appropriate value must be input for the following run if the program does not
converge.

There are two markers for the effectiveness of the optimization: the number of iterations
required to converge to the minimum and the time it takes to assess the energy expression.
Additionally, there are various standard algorithms for a structure's geometry optimization. These
algorithms are [28]:

[J Steepest Descents [29]
[J Conjugate Gradient [30]
[J Newton- Raphson methods [31]

The number of optimization cycles and the root-mean-square gradient are two convergence
criteria that can be utilized in optimization calculations. Since it might be challenging to predict the
precise number of cycles required for good geometry optimization, the root-mean-square gradient can
be utilized to end the optimization process. When mixing optimization techniques are used, the cycle
number can be utilized as a termination. The default number of cycles is determined by the Gaussian
0.9 software to be 15 times the number of atoms.

The molecular structures of polyacrylamide and rice husk were simulated in this section.
Subsequently, the Gaussian 0.9 package program was used to model the start-up geometries of the
prepared adsorbent from polyacrylamide and rice husks and the probable structures that would occur
when Cd was adsorbed.

4.2. Adsorption Simulation

As we have already stated, it is crucial to effectively and safely purify industrial wastewater.
As a substitute, it has been extensively researched to use agricultural and inexpensive products as
sorbents. Recent research has focused primarily on agricultural materials and their byproducts, such
as rice husk, sawdust, treated orange trash, etc. [32-34].

Subsequently, we examined the adsorption property of polymer-coated rice husks using the
Material Studio 6.1 software. Using the Adsorption Locator function, we computed the adsorption
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energies of our 36 potential structures. After that, the structures with the highest adsorption energies
were identified, along with the adsorption energies at which the Cd ion binds in single, double,
quadruple, and sextant bonds.

The Adsorption Locator is used to discover low-energy adsorption locations on the adsorbent
and simulate the adsorption of pure adsorbates or adsorbate combinations. In adsorption calculation
studies, there are some advantages to using a computer program as opposed to an experimental study,
such as cost and time savings, the ability to develop new materials faster than through
experimentation, a reduction in researcher workload, an increase in productivity, etc.

5. Results
5.1. Results of the Geometry Optimization

In this part of the study, we attempted to explain the binding mechanism of Cd*" to the
adsorbent, prepared by combining polyacrylamide and rice husks. Figure 3 demonstrates the reaction
mechanism of the prepared adsorbent. adsorbent that will be employed in the Cd adsorption process.
The rice husk is designated by the R in the adsorbent.

R + CH,=CONH, * CHyNHCOCH=CH,),

.
g

70°C, K,5,04

RP-CONH,

100°C, Toluene

L |

RP-CONHCH,CH,NH, + (CH,C0),0

pH:4.0

L ]
RP-CONH(CH,;),NHCO(CH,),COOH

EP: polymer coated absorbent (rice huszlk)

Figure 3. Prepared adsorbent [35].

The next step was to determine the likely areas where the Cd atom would bind to the
adsorbent once the structure of the rice husk and the generated adsorbent had been established. We
then presented potential molecular structures using the package program, followed by geometry
optimizations to find the most stable structure.
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The structure that requires the least amount of optimization energy would be the most stable.
These steps enable the identification of the region where Cd binds to the structure. As these probable
structures were being determined, the functional groups (typically phosphate (PO4), amide (NH2),
thiols (SH), carboxylate (COOQ), and hydroxide (OH)) that connect the metal ion to the biomaterial
surface were taken into consideration [36].

A geometry's potential energy for a molecule is described by Rappié et al. [37] as “a sum of
bonded (Er, E¢, Eo , Ey ) interactions and nonbonded E.qw + Ec ) interactions [37]:

E=Ert+Ey+ Eo+Ey + Eyaw+ Ee Equation 1.
Er = The valence interactions consist of bond stretching

E¢= Angle bend term

Eq= Torsional term

E.=Inversion parameter

Evaw = Van der waals energy

E. = Electrostatic energy”

The software was utilized to determine the energy value because it is impossible to calculate
it manually. The calculated optimization energies as an outcome of the geometry optimization are
shown in Table 2. If we had to describe the representations in the table, we would say that “rice husk
ash- polyacrylamide-Cd-O1 (1)” represents the primary condition where the Cd ion has a single bond
with an O ion, and “rice husk ash- polyacrylamide-Cd-O1 (2), (3), and (4)” represent the Cd ion
having four single bonds with different O ions. One of the four instances of the Cd ion having a
double bond with an O ion is shown as “rice husk ash- polyacrylamide-Cd-O2 (3)”. So, while the
numbers around the atom indicate whether the bonding is single, double, quadruple, or sextet, the
numbers in parenthesis reveal how many various ways of bonding are in these numbers.

Table 2. Optimization energies of prepared adsorbent, polyacrylamide, rice husk ash, and all
potential Cd-bound molecules.

Structures Eng‘ztiiel:(ilf?;i?:ml) Structures Optim(ilzjc‘;il(/):llul?ll)lergies
Rice husk ash 2,5 p01ya§;312311:§1;_3§(}11:N2(1) 53
RHA- polyacrylamide 68 polyacf;{ri;ljulrlllil(slle(—eg(lll:NZ(Z) 82
polyacrylamide -cis 1 polyagriycliltlrlllilcsile{-e(lfsclll—_NZ(3) i
polyacrylamide -trans 10 polya?ri;liulllq?(sil;-ag(lll:NZ(4) -
Rice husk ash- i
polyacrg)l{a(til)ide-Cd— 65 po1ya§r;:12£1?zl;-%sclll:Nz(5) 7
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Rce husk ash Rice husk ash-
polyacrylamide-Cd- 65 ' 77
01(2) polyacrylamide-Cd-N2(6)
Rice husk ash- '
polyacrylamide-Cd- 66 Rice husk ash- 20
01(3) polyacrylamide-Cd-N2(7)
Rice husk ash- .
polyacrylamide-Cd- 66 Rice hl.lSk ash- 08
014 polyacrylamide-Cd-N2(8)
Rice husk ash- .
polyacrylamide-Cd- 67 Rice hl.lSk ash- 95
02(1) polyacrylamide-Cd-N2(9)
Rice husk ash- .
polyacrylamide-Cd- 70 Rice h}lSk ash- 25
02(3) polyacrylamide-Cd-N2(10)
Rice husk ash- _
polyacrylamide-Cd- 74 Rice h}lSk ash- 20
02(4) polyacrylamide-Cd-N2(11)
Rice husk ash- '
polyacrylamide-Cd- 70 Rice husk ash- 64
02(2) polyacrylamide-Cd-N2(12)
Rice husk ash- '
i Rice husk ash-
pdyacrﬁljlfa(r?)l de-Cd- o4 polyacrylamide-Cd-N4(1) 155
Rice husk ash- .
i Rice husk ash-
pOlyacrIzlla(r;)l de-Cd- o4 polyacrylamide-Cd-N4(2) 128
Rice husk ash- .
polyacrylamide-Cd- 63 Rice hl}Sk ash- 128
N1(3) polyacrylamide-Cd-N4(3)
Rice husk ash- .
polyacrylamide-Cd- 66 Rice hl}Sk ash- 140
N1(4) polyacrylamide-Cd-N4(4)
Rice husk ash- _
polyacrylamide-Cd- 64 Rice hUSk ash- 35
N1(5) polyacrylamide-Cd-N4-02(1)
Rice husk ash- '
polyacrylamide-Cd- 65 Rice husk ash- 329
N1(6) polyacrylamide-Cd-N4-02(2)
Rice husk ash- .
i Rice husk ash-
polyacrlzlllfa(r?)l decd- 63 polyacrylamide-Cd-N4-02(3) 354
Rice husk ash- .
polyacrylamide-Cd- 65 Rice .hllSk ash- 325
N1(8) polyacrylamide-Cd-N4-02(4)

Table 2. Continue..

Figure 4 is provided based on the calculated optimization energies as an outcome of the
geometry optimization which is provided in Table 2. As we mentioned above, the structure that
requires the least amount of optimization energy would be the most stable. We can infer from Figure
4 that the structure “Rice husk ash- polyacrylamide-Cd-N1(3)” has the minimum optimization energy
and the most stable structure. These steps enable the identification of the region where Cd binds to
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the structure. Additionally, the structures in which the Cd ion forms single bonds have lower
optimization energies. In this instance, it can be claimed that the structures are more stable when the
Cd ion takes the H ions from the O and N ions.

Furthermore, there are a few structures (such as "rice husk ash- polyacrylamide-Cd-N1(5)")
whose optimization energies are comparable to those of "rice husk ash- polyacrylamide-Cd-N1(3)"
and may be classified as stable. Figure 5 provides this structure’s optimization energies, which are
single-bonding Cd ion configurations.
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Figure 4. Adsorbent, polyacrylamide, rice husk ash, and all potential Cd-bound molecules.
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Figure 5. Structure-specific optimization energies for single-bonding Cd ion configurations.
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5.2. Results of the Adsorption Simulation

According to research by Sharma and colleagues [35], polymer-coated rice husk is a powerful
and affordable adsorbent for removing Cd*" ions from aqueous solutions. In 3 hours at a pH of 9, in
the concentration range of 30-300 mg/L, 85% of Cd*" ions can be absorbed. According to recent
studies, rice husk has an adsorption capacity of 21.36 mg/g, according to a study by Roy et al. [38],
0.16 mg/g by Munaf and Zein [39], and 7 mg/g when modified with NaOH solution by Tarley et al.
[40].
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Figure 7. Molecular visualization of the optimized rice husk ash-polyacrylamide-Cd-N1(3)
structure.
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In this study, we demonstrated the adsorptive property of rice husks using computer
programming. The adsorption energies of configurations bound to Cd have been computed. The
adsorption energy of potential geometrically optimized structures after Cd ion bonding is displayed
in Figure 6. Results indicate that the “rice husk ash-polyacrylamide-Cd-N4(3)” structure has the
maximum adsorption capacity when all of the structures are taken into consideration. Additionally,
we can infer from Figure 6 that the adsorption energy of rice husk is 44.9287 before polymer treatment
and 82.4124 after polymer treatment. This finding suggests that polymer treatment increases the rice
husk's adsorption capacity. Figure 7 demonstrates the molecular visualization of the optimized rice
husk ash-polyacrylamide-Cd-N1(3) structure.

5. Conclusions

Due to high production rates, rice husk storage is a problem that can be solved by using them
for adsorption. Additionally, using rice husks for adsorption is a more affordable way to remove
heavy metals from industrial effluent. In our research, we looked at the rice husk's capacity for
adsorptive action. Our study is the first in the literature to provide a computer-based strategy for
optimizing the binding mechanism of rice husk through the use of geometry optimization and
absorption simulation techniques. Additionally, the mechanism of Cd*" adsorption from industrial
effluent by rice husk was investigated.

Initially, the molecular visualizations of the polyacrylamide, rice husk, their composite
structure, and the expected structures that will arise once Cd has been adsorbed in the medium were
sketched and optimized. The region of the structure where Cd binds was identified. Evaluating and
contrasting the structures' optimization energies reveals that those in which the Cd ion forms single
bonds have fewer optimization energies. Throughout this situation, it may be argued that the
structures with the highest degree of stability are those in which the Cd ion accepts the H ions rather
than the O and N ions. For these geometry optimizations, we employed the software from the
Gaussian® 0.9 package.

The Material Studio® 6.1 software was then used to demonstrate the adsorptive
characteristics of rice husk. The adsorption energies of Cd-bounded structures have been computed
and contrasted. In this instance, the structure with the highest energy value was chosen. As a result,
the ability of the rice husk to behave as an adsorptive substance was investigated using geometry
optimization and absorption simulation approaches.

An important finding of our study is that expensive materials like active carbon may be
replaced with rice husks as adsorbents. And the use of inexpensive and abundant adsorbent rice husk
ash for removing cadmium ions is a promising alternative for application in wastewater treatment,
which is a difficult task. Moreover, this finding proves that polymer treatment increases the rice husk's
adsorption capacity. All these findings are compatible with the results of studies in the literature.

Furthermore, all of the research in the literature concentrated on experimentally assessing the
RHA-based absorbents' ability to remove heavy metals based on a number of factors, including
adsorbent dosage, pH, pollutant concentration, and interaction time. They also carried out
experimental research on the adsorption kinetics of this procedure. In our study, we used computer
programming to show the adsorptive feature of rice husks. This is the first study in the literature to
provide a computer-based strategy for optimizing the binding mechanism of rice husk through the
use of geometry optimization and using absorption simulation techniques for modeling Cd**
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adsorption from industrial effluent by rice husk. Comparing the proposed procedure to experimental
ones, it is demonstrated that the proposed method is quicker and less expensive in many aspects (such
as workload, used materials, and labor skills).

As we mentioned above, there are several advantages to using a computer program in
adsorption calculation studies rather than an experimental study, including cost and time savings, the
ability to develop new materials more quickly than through experimentation, a decrease in researcher
workload, an increase in productivity, etc. The computational method used in adsorption calculations
is crucial in terms of providing a basis for extensive experimental studies. These studies make it easier
to determine the starting points of experimental studies and direct the study. Despite this, more
research is still required to determine whether using the method in substantial wastewater treatment
plants is both technically and economically feasible, which is in the scope of our future research plan.
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Son zamanlarda, daha giivenli 1s1 ¢ekilmesini saglayan pasif giivenlik sistemi olan 1s1 borulu niikleer reaktorlere
olan ilgi artmistir. Is1 borulart kullanilirken en 6nemli konulardan biri 1s1 limitasyonlarmin belirlenmesidir. Bu
makalede 900 K’de ¢alisan 1s1 borulu reaktorde 1s1 limitasyonlar1 hesaplanmigtir. Is1 borusunun ¢aligma sivilari
olarak potasyum, sodyum ve lityum ayri ayri ele alinmistir. Is1 borusu limitasyonlarinin hesaplamalarinda en
uygun korelasyonlar kullanilmistir. Ug farkli ¢aligma sivisinin 1s1 limitasyonlari birbirleriyle kiyaslanmistir. 900
K i¢in potasyum, sodyum ve lityum g¢alisma stvili 1s1 borulart i¢in en yiiksek 1s1 gekimleri sirasiyla 35, 110 ve 24
kW olarak bulunmustur. Is1 limitasyonlari kiyaslandiginda 900 K i¢in en yiiksek 1s1 ¢ekilimi sodyum sogutuculu
181 borusu olarak saptanmustir.

Anahtar Kelimeler: Is1 borulu niikleer reaktor, 1s1 borusu, 1s1 borusu limitleri

ANALYSIS OF HEAT LIMITATIONS IN A HEAT PiPE NUCLEAR
REACTOR

ABSTRACT

Recently, interest in heat pipe reactors which have passive safety systems that provide safer heat extraction, has
increased in the World. One of the most important issues when using heat pipes is the determination of heat
limitations. In this article, heat limitations are calculated for a heat pipe reactor operating at 900 K. Potassium,
sodium and lithium are examined separately as the working fluids of the heat pipe. Optimum correlations were
used to calculate heat pipe limitations. The heat limitations of three different working fluids were compared with
each other. The highest heat extractions were found as 35, 110 and 24 kW for the potassium, sodium, and lithium
working fluid heat pipes, respectively. When the heat limitations were compared, the highest heat extraction for
900 K was found as the sodium coolant heat pipe.

Keywords: Heat pipe reactors, heat pipe, heat pipe limitations

1. Giris

Giivenilir bir elektrik sebekesinden uzaktaki uzak konumlarda gii¢ ihtiyaci icin, niikleer enerji
onemli bir kaynaktir. Is1 borulu reaktdrler, yapilart geregi mobil uygulamalar i¢in milkemmel sekilde
uygundur. Bir 1s1 borusu reaktorii, dogasi geregi geleneksel reaktorlerden daha basit, daha kiiciik ve daha
giivenilirdir. Is1 borulu reaktdrlerin kilit kismi, reaktdr korunu sogutmak i¢in kullanilan 1s1 borularidir.
Ist borusu, calisma akiskaninin faz degisiminden yararlanir ve ¢ok kiiclik sicaklik diisiisleriyle
evaporatorden yogusma ucuna biiyiik miktarda 1s1 tasir. Bu 6zellik, 1s1 borusunu bir niikleer reaktérden
termal gii¢ elde etmek icin ideal bir ara¢ haline getirir. Termal giicii ¢gikarmak i¢in pompali déngiiden
yararlanan geleneksel niikleer reaktor sisteminin aksine, 1s1 borulu reaktdrler, termal giicii pasif olarak
cikarmak i¢in yiizlerce 1s1 borusunu kullanir [1]. Bu sayede, reaktor sisteminin giivenilirligi ve giivenligi
onemli ol¢iide iyilestirilebilir. Is1 borulari 1s1y1 ¢ok kiiciik bir 1s1 kaybiyla ileten, termal verimliligi
yiiksek kii¢iik cihazlardir [2]. Is1 borusu kullanilirken 1s1 ¢ekilmesinde en ¢ok dikkat edinilmesi gereken
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konulardan biri 1s1 borusu limitasyonlaridir. Niikleer reaktorlerde 1s1 borularmin 1s1 limitasyonlarini
agmas1 sonucunda 1s1 borusu 1s1y1 ¢gekemeyebilir ve bu durumda kazaya sebep olabilir.

Tasmabilir gii¢ sistemi, modern enerji kullaniminin gelismesiyle birlikte basit yapili, daha uzun
omiirlii ve daha yiiksek gii¢ kapasitesi gerektirir. Geleneksel kimyasal veya gilines enerjisinin yerini
almak igin, 1s1 borusu sogutmali niikleer reaktor en iyi seceneklerden biridir. Is1 borusunun niikleer
reaktorde kullanimi 1s1 kayiplarinin azalmasini saglamakla birlikte pasif 1s1 transferini de saglar. Bircok
arastirmaci 1s1 borulu niikleer reaktdr sistemi iizerine ¢aligmaktadir. Panda ve ark. [3] yiiksek sicaklikli
reaktérde sodyum sogutuculu 1s1 borusu {izerine ¢alismislardir. Is1 borusunun ii¢ boyutlu sayisal ag
modelini gelistirmislerdir ve kullanici tanimlamali hesaplamali akigkanlar analiz kodu kullanmiglardir.
Simiilasyon sonuglari ile deneysel verileri karsilastirmiglardir ve aralarindaki maksimum farki %1,25
olarak bulmuslardir. Ayrica deneysel sonuglarda, minimum sicaklik diisiisii elde etmislerdir. Zhang ve
ark. [4] yiiksek sicaklikli sodyum-potasyumlu 1s1 borulu reaktdriinde baslangi¢ karakteristigi iizerine
sayisal bir calisma yapmuglardir. Baslangi¢ sartlarini analiz ve simiile etmek i¢in niimerik bir kod
gelistirmiglerdir. Hernandez ve ark. [5] 1s1 borulu mikroreaktdr olan eVinci reaktoriiniin yakit ve
notronik analizleri iizerine ¢alismislardir. Tasarlanan reaktoriin 10 yil yakit yenilemesi olmadan
caligabilecegini ve reaktdrde az miktarda niikleer atigin iiretildigini gormiislerdir. Laubsher ve Dobson
[6] yiiksek sicaklikli 1s1 borulu 1s1 esanjorlii niikleer reaktoérde teorik ve deneysel modelleme
yapmuslardir. Is1 borulu 1s1 esanjoriiniin teorik modelini ve tasarimini dogrulamak i¢in ¢aligma akigkani
olarak Dowtherm-A kullanarak 2 kW'lik bir deneysel model olusturmuslardir. Uygun kaynama ve
yogusma 1s1 transfer katsayilarinin kullanilmasi kosuluyla, daha yiiksek sicakliktaki sodyum sogutuculu
1s1 borulu 1s1 esanjoriiniin performansini tahmin etmek i¢in teorik modelin kullanilabilecegini ortaya
koymuslardir. Jeong ve ark. [7] ileri niikleer reaktdrlerde sogutma sistemi igin hibrit 1s1 borusu
kullanmislardir. Analizler i¢in HAD (Hesaplamali Akis Dinamigi) kullanmislardir. Sonug olarak, hibrit
1s1 borusu konseptinin gubuk basina 18,20 kW 1s1y1 ¢ikardigini bulmuslardir. Guo ve ark. [8] 1s1 borulu
sogutmali reaktorler {izerine gelismis bir model olan ag modeli uygulamistir. Calisma sonucunda ag
yontemine dayali olarak, gelistirilmis bir model 6nerilmiglerdir. Bu sayede daha gercekgi sicaklik
dagilimlarini hesaplayabilmislerdir. Ayrica sistemde basing dagilimi sonuglarini alabilmislerdir.

Ist borularinda 1s1 limitasyonlarinin c¢alisilmasi 1s1 borularinin kullaniminda en O6nemli
konulardan biridir. Nemec ve ark. [9] -30 °C ile 140 °C arasindaki sicakliklarda ¢alisan gesitli ¢aligma
sivilariyla fitilli 1s1 borulari igin 1s1 limitasyonlarini incelemislerdir. Calismalarinda, 1s1 borusunun 1s1
taginimi sinirlamalarini hesaplamak icin bir matematiksel model 6nermislerdir. Sinirlama degerlerinin,
181 borusu parametrelerine, fitil yap1 parametrelerine ve ¢calisma akigkaninin termofiziksel 6zelliklerine
bagli oldugunu bulmuslardir. Sonuglarda, bu limitlerin 1s1 borusunun sogutma giiciine etkisini
degerlendirmislerdir. Tian ve ark. [10] 1s1 borulu niikleer reaktdriinde 1s1 borusu limitlerini deneysel
olarak incelemislerdir. Farkli doldurma oranlarina sahip 1s1 borulari igin ¢esitli 1s1 transfer limitlerini test
etmislerdir. Yang ve ark. [11] 1 mm ve 2 mm i¢ ¢apa sahip toplam 40 adet bakir borudan olusan kapal
dongii titresimli 1s1 borularinin operasyonel siirlamasi {izerine deneysel bir ¢aligma sunmuslardir.
Calisma akiskani olarak R123 akigskanini, %30, %50 ve %70 dolum oranlar1 ile kullanmiglardir. Dikey
alttan 1sitmali, yatay 1sitmali ve dikey istten 1sitmali yonler olmak {izere ii¢ operasyonel yonelim
arastirmiglardir. 2 mm ¢apli 1s1 borusunun i¢in en iyi performansin alttan 1sitmali dikey yonlendirmede
oldugunu, 1 mm 1s1 borusu i¢in ise yonlendirmenin neredeyse higbir rol oynamadigini bulmuslardir.
Melnyk ve ark. [12] LED sogutma i¢in kullanilan 1s1 borulari i¢in limitasyon hesaplamalari yapmislardir.
Calismalarinda, 60°C sicaklik degeri i¢in maksimum 1s1 akisi oldugunu gérmiislerdir. Oluklu 1s1 borusu
icin ana 1s1 limitasyonunun, amonyak sogutma s1vist i¢in kaynama sinir1 ve R141b i¢in siiriiklenme sinir1
oldugunu goézlemlemislerdir. Ayrica, metal fiber kilcal yapiya sahip 1s1 borularinda ise su, etanol ve
R141b sogutuculart i¢in ana 1s1 transferi sinirlamasinin kilcal sinir oldugunu gérmiislerdir. Mansour,
[13] farkli buhar sicakliklarinda bir bakir-aseton 1sis1 igin 1s1 tagimimi sinirlamalarini ve toplam 1s1
aktarim katsayisini aragtirmislardir. Genel 1s1 transfer katsayisi i¢in yeni bir korelasyon elde etmislerdir.
Tiim 1s1 transferi limitleri lizerine gizli 1s1 buharlagmasi, boru ¢ap1 ve Reynolds sayisinin etkili oldugunu
bulmuslardir. Ayrica buhar sicakliginin artmasiyla sonik, kilcal ve siirliklenme sinirlar1 artarken,
kaynama siirinin azaldigini gézlemlemislerdir.

Bu caligmanin amaci, pasif giivenlik sistemlerini arttirmak amaciyla kullanilan 1s1 borulu
reaktorlerde 1s1 limitasyonlarini belirlemektir. 900 K’de ¢aligsan 1s1 borulu reaktorde 1s1 limitasyonlari
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hesaplanmustir. Niikleer 1s1 borusu i¢in potasyum, sodyum ve lityum ¢alisma sivilarinin kullanilma
sebebi hem 900 K’de c¢alisabiliyor olmalari hem de ndtron sogurma oranlar kiiciik olmasi sebebiyle
niikleer reaktdr i¢in kullanima uygun olmalaridir. Literatiirden farkli olarak niikleer reaktorde 1s1 borusu
i¢in ii¢ farkli ¢aligma sivis1 degerlendirilmis ve bu ¢aligma sivilari i¢in ayri ayri 1s1 borusu limitasyon
degerleri ve toplam 1s1 ¢ekilim miktarlar1 hesaplanmistir.

2. Is1 Borusu ve Is1 Borulu Reaktorler

2.1. Is1 Borusunun Yapisi

Is1 borusu 1s1y1 iletme kapasitesi ¢ok yiiksek olan bir cihazdir. Sekil 1°de 1s1 borusunun yapist
goriilmektedir. Geleneksel bir 1s1 borusu, buharlagma, adyabatik (tasima) ve yogusturma kistmlara
sahiptir. 11k olarak 1s1, 1s1 borusu duvari ve fitil tarafindan 1s1 iletim yoluyla buharlasma bolgesine
aktarilir ve ¢alisma sivisini buharlastirir. Daha sonra buhar adyabatik bolge boyunca buhar basinci
etkisiyle yogusturma bolgesine dogru hareket eder. Kondenserde, buhar yogunlasir ve gizli buharlagsma
1s1s1n1 sogutucuya birakir. Fitil yapisinin olusturdugu kilcal basing etkisiyle yogunlagan sivi evaporatore
geri doner. Boylece 1s1 borusu buharlasmanin gizli 1sisin1 evaporatorden kondansatore siirekli olarak
tastyabilir.

Is1 Girigi Fitil Buhar kor bilges Duvar Isi1 Cikisi

m /| 1

Sivi akist Yogusturma
balgesi bolgesi

Buharlasma Buhar akist

Sekil 1. Is1 borusunun genel yapist
2.2 Is1 Borulu Reaktorler

Is1 borulu reaktor, koru sogutmak igin 1s1 borusu elemanlarini kullanan yeni tip bir reaktordiir.
Geleneksel reaktore kiyasla kor yapisi, sogutma sivisi ve malzeme agisindan biiyiik farkliliklara sahiptir.
Sistemin yapisi, ana boru hatti, sirkiilasyon pompasi ve yardimci ekipmanlarin ¢ikarilmasiyla biiyiik
Olciide basitlestirilmistir. Boylece diisiik maliyetli bir sistem elde edilmistir [14]. Fisyon 1s1s1, yapisal
malzeme araciligtyla 1s1 borularina aktarilir ve daha sonra 1s1 borulari, 1siy1 enerji doniisiim sistemine
tagir.

3. Materyal ve Metot

Bu ¢alismada, kullanilan 1s1 borusunun 6lgiileri ve malzemeleri [15] ¢alismasindan alinmis ve 1s1
borusu 6l¢iileri Tablo 1’de verilmistir.

Bu 181 borulu niikleer reaktoriin ¢aligsma 1s1s1 yaklagik olarak 900 K alinarak; ¢aligma sivilarinin
nihai sonuglar1 900 K’e gore degerlendirilmistir. Bu sicaklikta ¢alismaya uygun olarak potasyum,
sodyum ve lityum c¢aligma sivilari ele alinmistir [16, 17]. Ayrica, niikkleer reaktérde bir malzeme
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secilirken dnemli etkenlerden biri de ntron sogurma degerleridir. Sodyum, potasyum ve lityum igin
nétron sogurma degeri yiiksek olmadigindan dolay1 bu malzemeler niikleer reaktorde kullanilabilirler.

Tablo 1. Is1 borusunun olgiileri [15].

Buharlagma bolgesi uzunlugu 1,0 m

Adyabatik bolge uzunlugu 0,5 m
Yogusturucu bolge uzunlugu 0,3 m
Buhar bolgesi ¢ap1 0,06 m
Duvar kalinlig 0,07 m
Fitil kalinlig 0,065 m

Bir 1s1 borulu niikleer reaktdrde 1s1 ¢ekilim degerinin dogru hesaplanabilmesi ig¢in en uygun 1s1
limitasyon korelasyonlar: literatiirden alinmistir. Bu denklemler viskoz, sonik, kilcal, siiriikleme ve
kaynama limitleri olup asagida verilmistir. Bu denklemlerde kulanilan 1s1 borusu parametreleri Tablo
1’de belirtilen degerlerden alinmistir. Ayrica potasyum, sodyum ve lityumun termofiziksel 6zellikleri
Ref [18-21]’den faydalanilarak hesaplanmustir.

Viskoz limiti [22]

w1y 4Ly .py Py
= l
Qu = Mt ()

Burada 1y, buhar kor bdlgesinin (m) kesit yarigapidir, L, buharlagsma gizli isisidir (J/kg), v
buharlasma bolgesindeki viskozitesi (N-s/m?), P, buhar basinci (Pa) ve py buhar yogunlugudur (kg/m?).
lefr1s1 borusunun etkin uzunlugudur (m) ve asagidaki gibi ifade edilir.

Lbuharlastlct Lyogusturucu

Leff = 2 + Ladyabatik + 2

Burada Liyuharlague: buharlagma bolgesi uzunlugu (m), Lagyavaik adyabatik bolge uzunlugu (m) ve Lyogusturucu
yogunlasma bolgesi uzunlugudur (m).

Sonik limitasyon [22]
Qs =0,474.L,.\/p,.PB, )

Kilcal sinirlama [22]

_oly.p; KA 2 p1.g.cos P.l;
Qp ===~ (—-——"") 3)
124 leff Teff o

Bu denklemde, K fitil gecirgenligi (m?), Ay fitil kesit alan1 (m?), p; sivi yogunlugu (kg/m?), w sivi
viskozitesi (N-s/m?), resr, evaporatordeki fitil kilcal yaricapi (m), g yergekimi kuvveti (9,8 m/s?) ve 1,
borunun toplam uzunlugudur (m). Burada, 1 s1vi-fitil arasindaki temas ac¢isidir. Temas agist, sivinin fitil
yapisi iizerindeki 1slanabilirlik derecesinin bir 6lciisiidiir. Burada bu ac1 90° olarak alimustir. reryiizey
gdzeneginin hidrolik yaricapidir (m) ve bu deger literatiire uygun olarak [23] alinmistir. Ayrica fitil
gecirgenligi degerleri de literatiire uygun olarak alinmigtir [23].

Siiriikleme sinirlamasi [23]

.0

Qsr = Ay . Ly. o

2.7,

“
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Burada r. ylizey gdzeneginin hidrolik yarigapidir (m) ve bu deger literatiire uygun olarak [23] alinmistir.

Kaynama limiti [23]

_ 4'7T.a-.2.gff Ty leff.

101
Qk =

=) ©

Ti .
Ly .py.In—~ ™m Tc
Te

burada, Acr kompozit fitilin ve galisma sivisinin etkin termal iletkenligi (W/m K), T, buhar doyma
sicakligi (K), rj i¢ kap yarigap1 (m), 1, kabarcik yarigapidir. rj ve rn degerleri literatiire uygun olarak [23]
almmustir.

4. Sayisal Sonuclar

4.1. Is1 Borusu Limitasyonlari

Ist borusunun ¢alismasi ve performansi, borunun boyutuna ve sekline, fitil yapisina, calisma
sivisina, doldurma oranina, egim agisina ve ¢alisma sicakligina baghdir [24, 25].

Is1 borusundaki 1s1 aktarimi bazi kosullarla sinirlidir. Bu nedenle, 1s1 borusu uygulamasina baglh
olarak bu parametrelerin dogru sekilde kullanilmamasi, verimliligini sinirlayan ve azaltan kisitlamalara
neden olabilir [24, 25].

Is1 borularinda 1s1 aktarimi sinirlari su sekilde siniflandirilir; viskoz, sonik, kilcal, siiriikleme ve
kaynama [25]. Bu ¢aligmada viskoz, sonik, kilcal, siirlikleme ve kaynama limitleri ti¢ ayr1 sogutucu igin
ele alimustir.

4.1.1.Viskoz Limiti

Ist borusunun performansinit belirleyen degiskenlerden biri, ¢alisma akigkaninin termofiziksel
ozellikleridir. Bu nedenle termal potansiyelinin arttirilmasi, 1s1 transfer yiizeyini genisletmeden (eklenen
kanatlar) 1s1 transferinin artmasina neden olur, bu da 1s1 borusu diisiik sicakliklarda galigirken maliyeti
arttirir. Doyma basinci, buharin buharlastiricidan yogusturucuya ilerlemesi i¢in gereken basing gradyant
ile ayn1 biiyiikliikte olabilir. Bu durumda toplam buhar basinci, buhar kanalindaki zit viskoz kuvvetler
tarafindan dengelenecektir. Bu nedenle, buhar bdlgesindeki toplam buhar basinci, artan bir akisi
siirdiirmek i¢in yetersiz kalabilir. Buhar bolgesindeki bu diisiik akis durumu viskoz limiti olarak
adlandirilir.

Viskoz limiti hesaplari i¢in Denklem 1 [22] kullanilmistir. Sekil 2°de potasyum, sodyum ve
lityum sogutuculariin sicaklikla viskoz limitlerinin degisimi goriilmektedir. Her ii¢ deger i¢inde
viskoz limitinde 800 K’e kadar degerler ¢ok diisiik olurken, 800 K’den sonra viskoz limit degerleri
artmaktadir. Bu artis 900 K’den sonra daha fazladir. 900 K sicaklik degerinde, her ii¢ ¢alisma sivisi
icin viskoz limiti kiyaslandig1 zaman en diisiik viskoz degeri lityumda en yiiksek viskoz degeri ise
potasyumda gozlenmistir.
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Sekil 2. Potasyum, sodyum ve lityum sogutucularinin sicaklikla viskoz limitlerinin degisimi
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Sekil 3. Potasyum, sodyum ve lityum sogutucularinin sicaklikla sonik limitlerinin degisimi

4.1.2.Sonik Limiti

Sonik sinir, stvi metal 1s1 borularinda ¢ok diisikk buhar yogunluklar: olmas: halinde baslangi¢

durumunda veya diisiik sicakliktaki ¢alisma sartlarinda meydana gelir. Buhar hiz1 buharlagma bdlgesi
boyunca artar ve bu bdlgenin son kisminda maksimuma ulagir. Bu sekilde olan bir akis diizeneginin
sinirlandirilmasi, sabit bir kiitle akis hizina sahip yakinsayan-uzaklasan bir nozulunkine benzerdir. Bu
sinirlandirma buharlastirict ¢ikigsinin bogazina tekabiil ettigi yerdir. Bu sebeple, bu noktadaki buhar
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hizinin lokal ses hizim1 asamamasi beklenir. Bu akis kosuluna sonik smirlama denir. Sonik limit
genellikle ya 1s1 borusunun baglatilmasi sirasinda ya da kararli durum c¢alismast sirasinda
yogusturucudaki 1s1 transfer katsayisi yiiksek oldugu durumda ortaya ¢ikar. Sonik limit, genel olarak
yiiksek buhar hizlar1 ve diisiik yogunluklara sahip olmalari sebebiyle sivi metal 1s1 borulariyla
iligkilendirilir. Kilcal smirin aksine, sonik sinir asildiginda 6nemli bir sorun olusturmaz. Sonik
sinirlama, belirli bir buharlagma bolgesinin sonundaki sicakligina karsilik gelir. Buharlagma bolgesinin
u¢ kisminda sicakliginin arttirilmasi, bu limiti yeni bir yiiksek sonik limite ytikseltecektir. Sinirlama
durumunda, yogusturucu bolgesinde sicaklik diisecek ve 1s1 transfer hizi artmayacaktir. Bu nedenle,
sonik sinira ulagildiginda, 1s1 transfer oranindaki daha fazla artis ancak buharlasma bolgesindeki sicaklik
arttiginda gerceklestirilebilir. Is1 borularinin sonik smira yakin veya sonik smirda 1s1 oram ile
calistirilmas, 1s1 borusu boyunca 6nemli bir eksenel sicaklik diisiisiine neden olur.

Sekil 3’de potasyum, sodyum ve lityum sogutucularimin sicaklikla sonik limitlerinin degisimi
verilmigtir. Sonik limit degerleri Denklem 2 [22] kullanilarak hesaplanmigtir. Her {i¢ ¢aligma s1visi sonik
limitleri de sicakligin artmasiyla artmaktadir. Her {i¢ deger i¢in de 900 K’ den sonra artis diger sicaklik
degerlerine gore ¢ok fazladir. Biitiin sicaklik durumlarinda sonik sinirlamanin en yiiksek oldugu durum
potasyumdur.

4.1.3.Kilcal Limit

Belirli bir kilcal yapinin, belirli bir ¢aligma sivisi i¢in dolagimi saglama yetenegi smirlidir [26,
27]. Bu smira genel olarak kilcal veya hidrodinamik siirlama denir. Kilcal siir, diisiik sicaklikli 1s1
borularinda en sik karsilasilan limitasyondur. Bu durum pompalama hizi, buharlagma kismina yeterli
stvi saglamak i¢in yeterli olmadiginda ortaya ¢ikar. Bunun sebebi, sivi ve buhar basinci diisiislerinin
toplaminin, fitilin direnebilecegi maksimum kilcal basinci gegmesidir. Is1 transferini kilcal sinirin iistiine
cikarmaya yonelik herhangi bir durum, buharlagma bdlimiinde kurumaya neden olacaktir ve
buharlagma bolgesinden yogusturucu bolgesine 1s1 transferini durdurur.

500 ~
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Sekil 4. Potasyum, sodyum ve lityum sogutucularinin sicaklikla kilcal limitlerinin degisimi

Sekil 4’te potasyum, sodyum ve lityum sogutucularinin sicaklikla kilcal limitlerinin degisimi
goriilmektedir ve bu degerler Denklem 3 [22] kullanilarak hesaplanmigtir. Kilcal limit tim ¢alisma
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stvilari i¢in sicaklikla belli belirsiz bir degisim gostermektedir. Tiim sicaklik degerleri i¢in kilcal limitin
en diisiik oldugu degerler potasyum olurken en yiiksek oldugu degerler lityum olarak bulunmustur.

4.1.4. Siiriikleme Limit

Buhar ve siv1 zit yonlerde hareket ettiginden dolay1 sivi-buhar ara yiizeyinde bir kesme kuvveti
vardir. Yiiksek bagil hizlarda, sivi damlaciklar fitil yiizeyinden kopabilir ve yogunlastirict boliimiine
dogru akan buharin igine girebilir. Siiriikklenme ¢ok biiyiik olursa, buharlagsma bolgesi kuruyacaktir.
Bunun meydana geldigi 1s1 transfer hizi, siiriiklenme sinir1 olarak adlandirilir. Stiriiklenme, 1s1 borusunun
yogusturucu ucuna ¢arpan damlaciklarin sesleriyle saptanilir. Siiriiklenme sinir1, genel olarak diisiik
veya orta sicakliktaki kiigiik capli 1s1 borular1 veya buharlastirict bdlgesinde 1s1 girisi yiiksek oldugunda
yiiksek sicaklikli 1s1 borulari ile iligkilendirilir.
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Sekil 5. Potasyum, sodyum ve lityum sogutucularinin sicaklikla siiriikleme limitlerinin degisimi

Sekil 5’te potasyum, sodyum ve lityum sogutucularinin sicaklikla siiriikleme limitlerinin degigimi
gosterilmigtir. Siiriikleme limitleri hesaplamalari i¢in Denklem 4 [23] kullanilmigtir. 800 K {izerindeki
sicakliklarda potasyum ve sodyum icin siiriikleme degerlerinde artis diger sicakliklara karsilik gelen
degerlere gore daha fazladir. Ayni sicaklik degerlerinde siiriikkleme limiti degerleri potasyum ve sodyum
icin birbirine yakindir ve en diisiik siiriikleme limiti degerleri lityumdadir.

4.1.5. Kaynama Limit

Buharlagma boliimiindeki radyal 1s1 akist ¢ok yiikselirse, buharlagsma bolgesi fitili i¢indeki sivi
kaynar ve duvar sicakligi asir1 yiikselir. Fitilde meydana gelen buhar kabarciklari, sivinin boru duvarini
islatmasini engeller ve sicaklik artigina sebep olur. Bu kaynama siddetli ise kaynama sinir1 olarak
tanimlanir ve buharlagsma bolgesindeki fitili kurutur. Fakat, diisiik veya orta seviyeli bir radyal 1s1
akisinda, kurumaya neden olmadan diisiikk yogunluklu kararli kaynama miimkiin olmaktadir. Kaynama
sinirlamasinin, diger 1s1 borusu sinirlari i¢in bir eksenel 1s1 akisi sinirlamasina kiyasla bir radyal 1s1 akis1
sinirlamast olduguna dikkat edilmelidir. Ancak, buharlagma bolgesi yiizey alani ile ilgili olduklarindan,
maksimum radyal 1s1 akigi sinirlamasi, maksimum eksenel 1s1 aktarimini da belirtir. Kaynama sinir1
genellikle metalik olmayan ¢alisma sivilarinin 1s1 borulan ile iliskilidir. Stvi metal 1s1 borulari igin
kaynama sinir1 nadiren goriiliir.
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Sekil 6’da potasyum, sodyum ve lityum sogutucularinin sicaklikla kaynama limitlerinin degisimi
goriilmektedir ve bu degerler Denklem 5 [23] kullanilarak hesaplanmistir. Tiim c¢alisma sivilarinda
sicakligin artigiyla kaynama limitinin azalmistir. Tiim sicaklik degerleri i¢in kaynama limitinin en diisiik
oldugu degerler potasyum olurken en yiiksek oldugu degerler lityum olarak bulunmustur.
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Sekil 6. Potasyum, sodyum ve lityum sogutucularinin sicaklikla kaynama limitlerinin degisimi
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4.1.6. Tiim Limitasyonlarin Degerlendirilmesi

Calisma sivilarinin tiim limitasyon degerlerine bakilarak, ¢alisma sicakliginda ne kadar 1s1
cekilebilecegi karar verilmektedir. Sekil 7°de potasyum ¢aligsma sivili 1s1 borusu i¢in tiim limitasyonlarin
sicakliga gore degisimi verilmigtir. Sekil 7’den goriildiigii gibi 900 K’de en diisiik limitasyon degeri
kilcal limitasyon degeridir. Buna gore potasyum sogutuculu 1s1 borusunun maksimum 1s1 gekme degeri
yaklasik 35 kW olarak bulunmustur.

Sekil 8’de sodyum ¢alisma stvili 1s1 borusunun biitiin limitasyon degerlerinin sicaklikla degisimi
verilmistir. 900 K’de sodyum 1s1 borusu i¢in en diisiik limitasyon degeri de kilcal limitasyon degeridir.
Sodyum sogutuculu 1s1 borusunun maksimum 1s1 gekme degeri yaklasik 110 kW olarak bulunmustur.
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Sekil 9. Lityum caligma s1vili 1s1 borusu igin tiim limitasyonlarin sicakliga gore degisimi
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Sekil 9°da lityum calisma s1vili 1s1 borusu i¢in tiim limitasyonlarin sicakliga gore degisimi

verilmistir. Sekilden goriildiigii gibi en diisiik 1s1 limitasyonu viskoz limitindedir ve maksimum 1s1
degeri yaklasik 24 kW’tir.

5. Sonuclar

Bu calismada, 900 K’de calisan 1s1 borulu reaktdrde 1s1 limitasyonlari hesaplanmistir. Is1

borusunun ¢aligma sivilari olarak, potasyum, sodyum ve lityum ayri ayr ele alinmistir. Literatiire uygun
olarak segilen korelasyonlar, 1s1 borusu limitasyonlarinin hesaplamalarinda kullamlmstir. Ug farkli
caligma sivisinin 1s1 limitasyonlart birbirleriyle kiyaslanmigtir. Bu ¢aligmadan elde edilen sonuglar su
sekilde Ozetlenebilir;

900 K sicaklik degeri i¢in viskoz degeri incelendiginde lityumun basing ve buhar yogunlugu
diger calisma sivilarina gore daha kii¢lik oldugu i¢in en diisiik viskoz degeri lityumdadir. 900
K’de potasyumun basing ve buhar yogunlugu diger ¢aligma sivilarina gore daha biiyiik oldugu
icin ise en yiiksek viskoz degeri ise potasyumda elde edilmistir.

Ug calisma s1visinin 900 K’de sonik sinirlama degerleri kiyaslandiginda viskoz limitte oldugu
gibi lityumun basing ve buhar yogunlugu degerleri diger calisma sivilarina gore daha kiigiik
oldugu i¢in en diisiik limit degeri lityumdadir. Potasyumun 900 K’de basing ve buhar yogunlugu
degeri diger calisma sivilarina gore daha biiyiik oldugu i¢in ise en yiiksek sonik limit degerine
sahip oldugu goriilmiistiir.

Kilcal limiti degerleri 900 K sicaklik i¢in {i¢ ¢aligma sivisi kiyaslandiginda gizli 1s1 ve ylizey
gerilme degerleri diger calisma sivilarina goére daha diisiik oldugu igin en diisik degerler
potasyumdadir. Gizli 1s1 ve ylizey gerilme degerleri diger ¢alisma sivilarina gore daha yiiksek
oldugu i¢in en yiiksek kilcal limiti lityumda bulunmustur.

900 K sicaklik i¢in {i¢ ¢alisma sivisinin siiriikleme limiti kiyaslandiginda potasyum ve sodyum
degerleri birbirine yakindir. 900 K’de lityumun buhar yogunlugu diger ¢alisma sodyum ve
potasyuma gore diigiik oldugu i¢in en diisiik siiriikleme limiti degeri lityumdadir.

Tiim sicaklik degerleri i¢in 900 K’de {i¢ ¢alisma sivisinin kaynama limiti kiyaslandiginda, yiizey
gerilmesi sodyum ve potasyumdan daha diisiik oldugu i¢in en diisiik degerler potasyum c¢aligma
stvisinda bulunmustur. Lityumun yiizey gerilme degeri diger ¢alisma sivilarindan daha biiyiik
oldugu i¢in en biiyiik kaynama limiti ise lityum oldugu goriilmiistiir.

900 K sicaklik i¢in, potasyum, sodyum ve lityum calisma sivil1 1s1 borulari i¢in en yiiksek 1s1
¢ekimleri sirasiyla 35, 110 ve 24 kW olarak bulunmustur.

Sonug olarak; en yiiksek 1sinin sodyum ¢aligma sivili niikleer reaktorde olacagi goriilmiistiir.
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OZET

Dogal kaynaklarin etkin kullanimi ile geri kazanilabilir teleflerin tekrar kullanimi, ekonomik ve ¢evresel boyutlar
g6z oniinde bulunduruldugunda her gegen giin énem kazanmaktadir. Iplik iiretim maliyetleri icinde en &nemli
kalemi olusturan hammadde maliyetini diislirmek avantaj saglamaktadir. Tekstil endiistrisinde birgok iiretim
adiminda teleflerin olustugu ve tekrar kullanilabilecegi goriilmektedir. Bu ¢alismanin amaci, pamuk
iplikhanesinde olusan baglica teleflerin i¢indeki yabanci madde (safsizlik) ve temiz lif oranlarinin farkli cihazlarla
incelenmesi ve elde edilen sonuglarin arasindaki iliskilerin incelenmesidir. Harman-hallagta olusan telefin i¢indeki
yabanci madde miktari yiiksek olmasina ragmen, kirli telefler iginde iplik egrilebilirlik indeksinin (SCI) en yiiksek
oldugu gézlenmistir. Penye dokiintiisiinden yiiksek oranda temiz lif elde edilmesine ragmen SCI degeri ¢ok daha
diisiik ¢ikmigtir ve ortalama lif boyunun da diger teleflerdeki temiz lif boylarina gore ¢ok daha kisa oldugu
gOriilmiistiir.

Anahtar kelimeler: telef, geri doniisiim, yabanci madde, iplikhane, pamuk.

ANALYSES OF COTTON FIBER WASTES FROM A SPINNING MILL

ABSTRACT

Considering the economic and environmental aspects, the effective use of natural resources and the reuse of
recyclable waste is gaining importance day by day.. It is advantageous to reduce the raw material cost, which is
the most important item in yarn production costs. It is seen that wastes are formed in many production steps in the
textile industry and can be reused. The aim of this study is to examine the ratio of impurity and clean fiber in the
main wastes formed in a cotton spinning mill with different devices and to examine the relationships between the
as-obtained results. Although the amount of impurity in the waste generated in the blow room is high, it was
observed that the spinnability index was the highest among dirty wastes. Although a high rate of clean fiber is
obtained from combed cotton waste, the SCI (yarn spinnability index) is much lower, and the fiber length is seen
to be much shorter than the clean fiber lengths in other wastes.

Keywords: waste, recycle, impurity, spinning mill, cotton.

1. Giris

Son yillarin moda kavrami olan “siirdiiriilebilirlik” artik bir tercih degil, zorunluluk haline
gelmistir. Bliylik markalar icin, tekstilde geri doniisiime katki saglamak onlara prestij saglarken, aslinda
bu konu genel anlamda hayati bir 6nem de tasir. Diinyadaki dogal ya da insan yapimi her {iriiniin bir son
kullanim tarihi bulunur. Hizla kirlenen diinyamizda, iiretim ve tiikketim miktarlarinin artmasi bu durumu
daha da kritik hale getirir. Diinya genelinde olusan 40 milyon ton/y1l’lik tekstil ve konfeksiyon atiginin
islenmesi, 250 milyar $’lik bir ekonomik deger vadetmektedir. Ulkemizde ise yillik tekstil iiriinlerinin
yaklagik 1/3°1 ¢ope ayrilmakta ve bu lirlinlerin geri kazanimu ile 2,5 milyar $’lik bir katma deger elde
etme imkani bulunmaktadir [1].
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Diinya lif iiretimi, 2020 yilindaki COVID-19 pandemisi siirecinde yasanan hafif bir diislisiin
ardindan 2021 yilinda 113 milyon tona ulagmustir. Son 20 yilda kiiresel lif iiretimi 58 milyon tondan
neredeyse ikiye katlanmis olup, 2030°da ise 149 milyon tona ¢ikmasi beklenmektedir. Geri
dondistiiriilmis liflerin de pazar payi artarak 2021 yilinda %8,9’a ulagsmis olup, bu artis daha ¢ok PET
siseden geri kazanilmig liflere dayanmaktadir. Halen kiiresel lif pazarinin %1’inden daha azini tiiketici
oOncesi ve sonrasi geri doniistiiriilmiis tekstiller olusturmaktadir. 2020°de 60 milyon ton olan fosil bazl
sentetik liflerin tiretimi ise 2021°de 63 milyon tona yiikselmistir (Sekil 1) [2].

m Konvansiyonel pamuk

i w Sentetik li =
= E ki = Seatshic BEe m Ozel pamuk ( Better Cotton, Cleaner Cotton,
Diger bitkisel lifler Rejenere seliiloz lifleri Organic vb. )
® Hayvansal lifler Geri kazanilmis pamuk

Sekil 1. 2021 yilina iliskin diinya lif iretim verileri [2].

Atiklar, farkli kategoriler altinda incelenmekte olup, Avustralya Atik Raporuna (2016) gore, bu
kategoriler; duvarcilik malzemeleri (asfalt, tugla, moloz vb.), metaller (¢elik, aliiminyum vb.), organik
atiklar (gida, bahge organikleri vb.), kagit ve karton (mukavva, dergiler vb.), plastikler (PET, HDPE, PP
vb.), cam, tehlikeli-atiklar, ugucu kiil ve diger atiklardan (tekstil ve deri dahil) olusur [3]. Bu atiklarin
bir kismi geri kazanilarak ayn1 kategoride hammadde olarak veya farkli iiriinler i¢cin degerlendirilebilir.
Tekstil atiklari ise, iiretim atiklar1 ve {iretim sonrasi atiklar olarak iki ana gruba ayrilir. Uretim atiklari,
temel olarak, {iretimin her adiminda olusan ve ¢esitli nedenlerle nihai {iriin haline getirilemeyen atiklar
olup, bunlar iplikhanede, liflerin temizlenmesi veya taranmasi sirasinda olusabilir. Elyaf halinde olan
veya olmayan bu temiz veya kirli atiklar yeniden kullanilabilir. Iplikhaneden sonra da iplik ve kumas
formunda olusan atiklarin tekrar liretime kazandirilmasi i¢in geri doniisiime ihtiya¢ duyulur.

Tekstil atiklari, tekstil veya diger iirlinlerin {iretimi icin geri doniistiiriilerek, yeniden
kullanilabilir. Benzer sekilde, baska iiriin atiklar1 da tekstil diretiminde kullamilmak tizere
degerlendirilebilir. Bu tip iiriinlerin en bilinen drneklerinden biri polietilen tereftalat (PET) siseler olup,
bu siseler toplanip, geri doniistiiriildiikten sonra tekstil iiriinlerinde %100 olarak veya karigimlar halinde
“r-PET elyafi” olarak kullanilir ki bu konuyla ilgili ¢ok sayida ¢alisma bulunmaktadir. Bu ¢alismalarin
bir kismi; elyafin 6zellikleri ve egrilebilirligi ile iplik ve kumas ozelliklerini kapsar [4, 5, 6, 7].
Aragtirmalarin diger bir kismu ise tekstil atiklarmimn farkli dirtinlerde kullamilmasina odaklanmustir.
Mishra ve ark. tekstil atiklarim1 kompozit iiretiminde [6], Briga-Sa, Binici ve El Wazna ise yaliim
malzemesi olarak kullanarak, polistirene (XPS) ve mineral yiiniine benzer sonuglar aldiklarini
belirtmislerdir [8—11]. Shukla ise, PET elyaf atiklari ile farkli alanlarda kullanilabilecek yeni kimyasallar
sentezlemistir [12].

Tekstil {iretimi sirasinda s1vi1 ve kati atiklar olusur. Ozellikle bu calismaya konu olan ve pamuk
lifi tarimu ile iplik egirme sirasinda olusan kati atiklarin degerlendirilmesi, siirdiiriilebilirlik ve ¢evre
acilarindan 6nemlidir. Artan diinya niifusu ve azalan tarim alanlar dikkate alindiginda, bu konu gelecek
i¢in de olduk¢a 6nemlidir. Diinyada pamuk tarimi esnasinda yillik 300 milyar m® su tiiketilmekte ve
ayrica, pestisitler ve sentetik giibreler de kullanilmaktadir. Tiiketicilerin ¢evre ve insan sagligi
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konularinda her gecen giin daha bilingli hale gelmesinin sonucunda ¢evre dostu “yesil iiriinleri” tercih
etmeleri, ireticileri de bu konuda daha dikkatli olmaya yonlendirmektedir [13].

Tarladan elde edilen kiitlii pamuk, oncelikle lif ve tohumlarinin birbirinden ayrilmasi i¢in ¢irgir
isletmelerine iletilir ki bu, pamuk telefinin olustugu ilk agamadir. Pamuk c¢ir¢ir telefleri sap, yaprak,
toprak partikiilleri, linter ve diger bitkisel materyallerden olusur [14]. Bu atiklar kimya sanayi (6rn.
sabun), hayvancilik endiistrisi (6rn. yem, kiispe) veya gida endiistrisi (6rn. pamuk yag1) gibi farklh
alanlarda kullanilabilir. Boykin ve ark. (2008), farkli ¢ir¢ir isletmelerinden tedarik edilen pamuk
numunelerinde telefin ana bilesenlerini MDTA 3 cihazi ile incelemisler ve tiim bilesenlerin %81 ini;
yaprak, tohum kabugu nepsi ve saplarin olusturdugunu tespit etmislerdir [ 15]. Cir¢irdan sonra preslenip,
balyalar haline getirilen pamuk lifleri, iplikhanede agma ve temizleme islemleri ile iiretim prosesine
baglar. Agma ve temizlik islemlerinden, harman-halla¢ hattindaki makineler ile tarak makineleri
sorumlu oldugundan en fazla telef bu asamalarda olusur. Telefin en yogun olustugu bir baska proses ise,
daha ince ve kaliteli iplik {iretimi i¢in kullanilan penye makinesidir [16].

Klein, kisa lif iplikhanesinde kullanilan pamuk liflerini; ¢ir¢irdan gelen lifler, temiz telef, penye
telefi, kirli teleflerden geri kazanilmig lifler ve sert teleflerden (fitil, iistiipii ve biikiimlii iplikler) elde
edilmis lifler olarak siniflandirmistir [17]. Kopmus serit, vatka ve tiilbent pargalari ile cer, fitil, ring
veya rotor iplik makinelerinin filtrelerinden gelen lifler %95°ten fazla kullanilabilir lif iceren “temiz
telef” olarak bilinir. Penye ve fitil teleflerinde temiz lif oran1 %95-97 civarinda olup, harman-hallag ve
tarak makinelerinden gelen kirli teleflerde ise bu oran %35-55 arasindadir. Bir diger kirli telef olan sapka
teleflerinde ise %65-80 arasinda kullanilabilir lif bulunur. Telef lifleri bir¢ok makinede islem goriip
zorlandigi icin, islem gormemis pamuk liflerine gore kullanilabilir oranlar1 daha diisiiktiir. Bu nedenle
iplikgiler, normal iplik iiretiminde telefleri belli oranlarda ve kontrollii bir sekilde kullanir. Karde
ipliklerinde ve ince rotor ipliklerinde %35, penye ipliklerinde ise %2,5’in altinda telef kullanilirken, daha
yiiksek telef kullanim oranlar1 (%10-20) orta ve kalin rotor ipliklerinde tercih edilir [18].

HVI (High Volume Instrument) ve AFIS (Advanced Fiber Information System) cihazlartyla,
iplik isletmesinden elde edilen s6z konusu teleflerin analizleri yapilabilir. HVI cihazindan, ¢epel ile ilgili
olarak; cepel sayisi, ¢epel alan1 ve cepel derecesi verileri elde edilirken, gepel sayist (Tr Cnt) renk
dl¢iimiiniin yapilmasi esnasinda belirlenir. Olgiimii yapilan numune, bélmenin altindan aydinlatilirken,
siyah ve beyaz bir CCD kameras1 da piksellerdeki degisiklikleri analiz eder. Bolmeyi kaplayan tim
parcalar tek tek sayildiktan sonra bulunan sonuglar birim yiizey alanindaki ¢epel pargalar1 sayisi olarak
ifade edilir. Cepel alan1 (Tr Area); ¢epel pargalarinin kapladigi kaph alanin, tiim 6l¢iim alanina orani
olarak % ile ifade edilir ve gepel sayis1 6l¢iimii esnasinda belirlenir. Cepel derecesi, Trash (Leaf Grade-
Tr ID) pamuk Orneginin ¢epel miktarini ifade eder ve USDA (United States Department of
Agriculture)’ya gore 1 ile 8 arasinda ¢epel siniflandirmasi yapilir [19].

Cizelge 1. AFIS cihazinin N modiiliindeki 6l¢tim agiklamalart.

Weight (gr) Numune agirlig

Nep (um) Ortalama neps boyutu

Nep (Cnt/gr) 1 g’daki neps sayisi

SCN (um) Ortalama tohum kabugu nepsi boyutu
SCN (Cnt/gr) 1 g’daki tohum kabugu nepsi sayis1

AFIS’in N modiilii de neps ve tohum kabugu parcaciklarinin 6l¢iimiinii yapar. Lif nepsi, liflerin
birbirine dolanmasi olarak tanimlanir ve pamugun toplanmast, ¢ir¢irlanmasi ve iplik igletmesinde agilip,
temizlenmesi esnasinda maruz kaldigi mekanik islemler nedeniyle olusur. Tohum kabugu nepsi ise,
iizerinde elyaf bulunan pamuk tohumu pargalar1 olup, genellikle, liflerin tohumlarindan ayrildig:
¢irgirlama islemi sirasinda olusur. Frydrych ve Matusiak (2002), nepsleri, biiytikliikleri 800 pm’nin
altinda ve 800 pm, 850 um ve 850um’nin iistiinde olacak sekilde dort grupta degerlendirir. Tarak
makinesi ¢ikiginda biiyiikligii 850um’nin istiinde olan biiylik nepslerin orant %30’dan %20’ye
diismekte iken, biyiikliigi 800um’nin altinda olan kiigiik nepslerin oram1 %40’tan %50’ye
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yikselmektedir [20, 21]. AFIS cihazinin N modiiliinde 6l¢iilen ayrintili neps verileri Cizelge 1’de
aciklanmigtir.

Hammadde, iplik iretim maliyetindeki en 6nemli kalemi olusturdugu igin, birgok aragtirmact
pamuk telefleri iizerinde ¢aligmalar yapmistir. Wulforst, kabul edilebilir bir iplik kalitesi i¢in telef
kullanim oraninin %20’yi gegmemesi gerektigini belirtmistir [22]. Duru ve Babaarslan 60/40 PET/telef
karisimli rotor iplikleri i¢in optimum agici silindir tipi ve hizi iizerinde ¢alismislardir [23]. Hasani ve
ark. da rotor ¢api, rotor hizi, diize tipi, agic silindir hiz1 ve iplik numarasi gibi iiretim parametrelerinin
etkisini incelemislerdir [24, 25]. Yine rotor ipliklerinde telef kullanimi iizerinde ¢alisan Khan ve
Rahman, %5-25 arasinda pnomofil telefi kullaniminin; ipliklerin mukavemet, uzama, diizgiinsiizlik ve
kopus sayilar1 iizerinde olumlu etkisi oldugunu tespit etmislerdir [26]. Khan ve ark., karisim orani,
karisim teknigi, tambur hizi ve rotor devri parametrelerini tahminleyici olarak kullanip, islenmemis ve
telef pamuk karisimli ipliklerin 6zelliklerini incelemislerdir [27]. Halimi ve ark., telef oraninin Yunan
pamugundan {iretilen rotor ipliklerinin 6zelliklerine etkisini incelemisler ve telef oraninin %25’e kadar
¢ikilabilecegini belirtmislerdir [28, 29]. Celep ve ark. ise islenmemis ve telef pamuk karisimli
ipliklerden elde edilen siiprem kumaslarin 1s1l konfor 6zelliklerini incelemis ve telef pamugun; daha
yiiksek 1s1l direng, diisiik sogurganlik, hava gegirgenligi ve sicaklik hissi verdigini ortaya koymuslardir
[30]. Geri kazanilmis pamuk ve PET liflerinin denim kumaslardaki kullanimi incelendiginde; iplik
hatalarinin arttig1, ancak bu durumun kumaslarin fiziksel ve mekanik 6zelliklerini olumsuz etkilemedigi
ve aginma dayanimini da iyilestirdigi goriilmiistiir [31]. Yilmaz ve ark., farkli kaynaklardan elde edilen
teleflerden ring ve rotor ipligi egrilebilirligini incelemis ve bu ipliklerle oriilen kumaglarin
performanslarini da kiyaslamiglardir [32]. Bechir ve ark. da telef lif oranm1 ve geri kazanim pasaj sayisinin
iplik 6zelliklerine olan etkilerini matematiksel bir yaklagim ile tahminlemeye ¢alismiglardir [33]. Giin
ve ark., PET teleflerinden iiretilmis ¢oraplarin boyutsal ve fiziksel 6zelliklerini incelemislerdir [34].
Yiiksekkaya ve ark. ise Yunus ve Rahman’m tanimladig1 iplik kalite indeksi (Iplik kalite indeksi =
((Mukavemet x Uzama)/Diizgiinsiizliik) araciligiyla geri kazanilmig lifler kullanildiginda iplik kalite
indeksinin daha yiiksek oldugunu ve iplik mukavemeti ile kumaslarin patlama mukavemetinin
digerlerine kiyasla daha diisiik oldugunu bulmuslardir [35, 36]. Uyanik ve ark., iplik atiklarindan kapali
dongii geri doniisiim iplik tiretimi ve iplik fiziksel 6zelliklerini inceledikleri ¢alismalarinda, telefin iplik
ozelliklerini beklendigi kadar olumsuz etkilemedigini belirtmislerdir [37].

Yapilan c¢alismalarin genelinde, farkli telef tipleri kullanilarak elde edilen iiriinlerin
performanslari degerlendirilmistir. Kullanilan teleflerin i¢indeki iyi lif ve yabanci madde oraninin
bilinmesinin, iplikgiler agisindan olduk¢a 6nemli oldugu da bilinmektedir. Her iplikhanenin elinde
bulunan laboratuvar cihazlar1 ve test imkanlar farkli oldugu i¢in, bu ¢aligmada teleflerin farkli analiz
yontemlerinden elde edilen bulgular arasindaki iligkiler ortaya konularak, iplikhaneler i¢in fayda
saglamasi amaglanmistir.

2. Materyal-Metot

Iplik isletmesinde, iiretim esnasinda ortaya c¢ikan telefler icinde tekrar iplik iiretiminde
kullanilabilecek iyi lifler de bulunur ki bu ¢alismada; pamuk iplikhanesinde harman-hallag hatti, tarak
makinesi, cer makinesi ve penye makinesinde olusan teleflerin i¢indeki yabanct madde (¢epel, kaba toz
ve ince toz) ile iyi lif miktarlart iki farkli yontem ile analiz edilmis ve karsilastirilmigtir. Kullanilan telef
materyalleri Sekil 2°de verilmistir.

Iplik isletmelerinde olusan teleflerin yabanci madde analizi igin Shirley Trash Analyser cihazi ile
Microdust and Trash Analyser cihazlar1 kullanilmistir. Bununla beraber, HVI ve AFIS cihazlari ile de
teleflerin farkli lif 6zellikleri incelenmistir.

AFIS ve HVI cihazlar esasen iki yonteme gore 6l¢lim yapmaktadir ki bunlardan, HVI cihaz
demet haldeki liflerden, AFIS cihazi ise bireysel lifler lizerinden 6l¢iim yapar. HVI sistemi ile, uzunluk,
uzunluk tiniformitesi, mukavemet, uzama, incelik, parlaklik, sarilik ve yabanci madde gibi temel lif
parametreleri belirlenmekte ve bu parametreler ile; pamugun egirme performansinda bilinen
varyasyonlarin %86’sim1 kapsayan veriler elde edilmektedir. HVI cihazinda renk 6l¢iimii yapilirken,
cepel sayis1, cepel alani ve cepel derecesi gibi gesitli yabanci madde verileri incelenebilmektedir. Olgiim
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bdlmesini kaplayan tiim pargalar tek tek sayilmakta ve sonuglar birim yiizey alanindaki ¢epel pargalari
sayist (Tr Cnt) olarak ifade edilmektedir. Cepel alani (Tr Area); ¢epel parcalarinin kapladig alanin tiim
Ol¢tim alanina orani olarak (%) ifade edilmektedir. Cepel derecesi (Trash Grade) ise USDA’ya gore
¢epel siniflandirmasini ifade etmektedir. Tek lif 6l¢iim prensibine gore ¢alisan AFIS cihazinda ise farkli
modiiller iizerinden tek lif uzunluk, incelik, olgunluk 6l¢iimleri ile yabanci madde ve toz dlgiimleri ve
cesitli istatistiki degerlendirmeleri yapilmaktadir. AFIS-T modiilii ile pamuk liflerinin igerdigi toz ve
¢epel (adet ve biiyiikliik bakimindan) miktari, , AFIS-N modiilii ile de neps verileri (ortalama neps
boyutu, neps sayisi, ortalama tophum kabugu nepsi boyutu ve sayisi) belirlenmektedir [19].

Harman-hallag Tarak Cer

Sekil 2. Calismada kullanilan iplik isletmesi telefleri.

TS 1104-Pamukta ve telefte yabanci madde miktarinin tayini (Shirley Ayirici) metodu ile yapilan
analizler 100 g’lik test numunelerine uygulanmstir [38]. Test yapilacak laboratuvar denemeleri TS
240’a gore standart atmosfer kosullarinda dort saat kondisyonlanmistir. Shirley ayirici test cihazinin
kesit goriiniimii Sekil 3°de verilmistir.

Sekil 3. Shirley Trash Analyser cihazinin goriiniimi.

Deney yapilirken numune dort kez makineden gegirilir. Birinci gegiste, biitiin numune tamamen
makineden gecirilir ve temiz lif haznesinden pamuk alinarak L1 olarak kaydedilir. Cepel
haznesindekiler (T1) tepside birakilir. L1 lifleri ikinci defa makineden gegirilir ve temiz lifler L2 olarak
ayrlir. Tkinci gegiste ayrilan T2 gepel vb. yabanci maddeler T1’in iizerine eklenerek birikir. Ugiincii
geciste yabanct madde tepsisinde birikmis yabanct maddelerin (T1+T2) i¢indeki iyi liflerin ayrilmasi
amaglanir. Temiz lif haznesinde biriken bu lifler L3, yabancit madde haznesinde ayrilanlar ise T3 olarak
kaydedilir. Dordiincii ve son gegiste L3 lifleri tekrar analiz edilir ve bu analizde elde edilen temiz lifler
(L4), L2 lifleri ile birlestirilerek tartim i¢in hazirlanir. Yabanci madde haznesinde biriken tozlar ve
makinenin filtre kisminda bulunan kaba ve ince tozlar fir¢a ile toplanarak tartim i¢in hazirlanir. TS 1104
standardina gore; sonuclarin degerlendirilmesi igin Sekil 5’te gosterilen diyagram kullanilir.
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Toplam temiz lif miktar1 (L) = L2+L4
Cepel miktar1 (T) = T3+T4

Yabanct madde miktari (Y) (%) = (%)X 100

Lif miktart (E) (%) = (;)*100

M- (T+L)

Goriinmez kayip (ugan lif, toz) miktar1 (K) (%) = (—————)*100

Bu hesaplamada; M, numunenin baslangi¢ agirligimi (g), T de yabanci madde miktarini (g) ifade
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Sekil 5. Shirley ayirict yontemiyle telef miktarinin hesaplanmasi
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Elyafin i¢inde bulunan yabanci maddelerin analiz edilebildigi bir diger cihaz ise Microdust and
Trash Analyser (MDTA 3) cihazidir (Sekil 6).

Sekil 6. MDTA 3-Microdust and Trash Analyser

Bu cihaza agik elyaf formunda beslenen ~5 g agirligindaki elyaf, agma ve temizleme iglemlerine
tabi tutularak 1 m uzunlugunda ve inceligi 2-10 Ktex arasinda ayarlanabilen seritler haline getirilir. Elde
edilen serit, rotor iplik makinesine beslenerek numune iplik {iretimi tamamlanabilir. Makinedeki
temizleme islemi esnasinda yabanci maddeler; c¢epel, kaba toz ve ince toz olmak flizere ii¢ farkli
kategoriye ayrilir. Dogal liflerde kirlilik oraninin tespit edilebildigi bu cihaz ile dogal ve/veya yapay
liflerle karigim denemeleri, elyafi boyali ipliklerle renk harmani ¢aligsmalari ve iplik iiretim denemeleri
i¢in serit hazirligi yapilabilir [39].

3. Bulgular ve Degerlendirme

Bu calismada, iplikhanede olusan iiretim teleflerinden olan harman-hallag, tarak, cer ve penye
telefleri dort farkli cihaz ile analiz edilmistir. Teleflerin AFIS ve HVI cihazlarinda yapilan analiz
sonugclart ise sirastyla Cizelge 2 ve 3’te verilmistir.

Cer seridi telefi olarak isimlendirilen telef tiirii aslinda, iiretim sirasinda kopan cer seritlerinden
olusur. HVI ve AFIS sonuglarindan da goriildiigii gibi bu telefin igindeki yabanci madde miktar ¢ok
azdir ve lif uzunlugu degerleri (UHML 28,52 mm) de oldukga iyidir. Iplik egrilebilirlik indeksi (SCI)
degeri (SCI = 149) de digerlerine gore ¢ok yiiksektir. Bu verilere dayanarak, cer seridi teleflerinin
aslinda orijinal harmani temsil ettigi sGylenebilir.

Cizelge 2. Teleflerin AFIS 6l¢iim sonuglari.

Harman-hallag Tarak Cer Penye
Top. neps cnt (cN/g) 652 814 30 412
Top. neps ort. boyutu (pm) 775 715 619 652
Lif nepsi cnt (cN/g) 562 669 30 391
Lif nepsi ort. boyutu (um) 780 733 619 653
SCNep sayisi 90 145 0 21
SCNep boyutu 752 629 0 649
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L (W) mm 18,3 13,1 24,7 11,2
L (w) %Cv 51,6 65,2 34,1 53,2
SFC (w) 29,9 55,5 4.8 64,8
UQL (w) 252 18,3 31 14

L (n) 12,4 8,4 222 8,6
L (n) %Cv 68,9 75,2 39,6 55,7
SFC ()% < 12,7 mm 58,1 80,4 12,3 81,6
%5 L (n) mm 29,3 22,3 36,1 17,9
incelik mtex 165 164 187 160
Olgunluk 0,86 0,79 0,97 0,79
IFC (%) 4,7 4.6 4 48

Cizelge 2. Devami
Cizelge 3. Teleflerin Uster HVI 1000 6l¢iim sonuglari.

Harman-halla¢ | Tarak Cer Penye
SCI 68 54 149 5
Mst(5%) 7 7 6,6 7
Mic. 5,21 4,01 4,45 3,18
Olgunluk 0,88 0,85 0,87 0,82
UHML mm 25,86 23,74 | 28,51 18,69
UIl% 74,8 70,7 84,1 61,9
SF (%) 20,8 29 7,1 49,3
Mukavemet (g/tex) 25,8 25,4 32,6 22,8
Elastikiyet % 6,6 7,3 6,3 7,7
Rd 75 74,9 81 7,9
()b 9 9 11,2 11,5
CGrd upland 314 3144 | 12(-)1 [ 12(») 1
TrCnt 65 65 5 12
TrAr (%) 0,81 0,82 0,07 0,11
TrID LeafGrd 4 4 1 2
Amt 442 396 665 484

Cizelge 4’te Shirley ayirici ile, Cizelge 5’te ise MDTA cihazi ile yapilan analiz sonuglar
goriilmektedir.

Cizelge 4. Shirley ayirici cihazi ile yapilan analiz sonuglart.

Harman-halla¢ | Tarak | Cer | Penye
Temiz lif miktari (g) 47, 46 74,72 | 98,1 | 97,36
Cepel miktar (g) 50,11 25,72 | 0,81 | 2,022
Kaba Toz Miktari (g) 0,047 0,045 | 0,036 | 0,075
Ince Toz Miktar: (g2) 0,377 0,326 | 0,145 | 0,026
Temiz lif (%) 47,46 74,72 | 98,1 | 97,36
Toplam Yabanci madde miktari (%) 50,534 26,091 | 0,991 | 2,123
Goriinmez kayip (%) 2,006 -0,811 | 0,909 | 0,517
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Cizelge 5. MDTA cihazi ile yapilan analiz sonuglari.

Harman-halla¢ | Tarak | Cer | Penye
Numune miktari (g) 5,02 5,04 5,057 | 5,032
Temiz lif miktari (g) 2,53 3,59 5,026 | 4,49
Cepel miktar (g) 2,109 1,19 0,035 | 0,044
Kaba Toz Miktar (g) 0,074 0,011 | 0,001 | 0,004
ince Toz Miktar1 (g) 0,073 0,003 | 0,003 | 0,003
Temiz lif (%) 50,39 71,23 | 99,39 | 89,22
Toplam yabanci madde miktari (%) 44,940 23,948 | 0,771 | 1,014
Goriinmez kayip (%) 4,661 4,821 | 0,158 | 9,767

Shirley ayirict ve MDTA cihazlarinda yapilan analizlerden elde edilen temiz lif oranlar
karsilagtirmali olarak Sekil 7°de goriilmekte olup, elde edilen sonuglarin korelasyon katsayisi r
= 0,98 olarak hesaplanmistir. MDTA ydntemi de ¢ok daha az test numunesi ile benzer sonuglar
saglamistir.

Temiz lif orani(%)

98.10 99.39 97.36
89.22

74.72 71.23

4746 5040

SHIRLEY MDTA
HARMAN HALLAC

SHIRLEY MDTA
TARAK

SHIRLEY MDTA
CER

SHIRLEY MDTA
PENYE

Sekil 7. Shirley ayirici ve MDTA cihazlarinda elde edilen temiz lif oranlarinin karsilastirmali olarak
incelemesi.

Shirley ayirici ve MDTA cihazlar ile yapilan analizlerden elde edilen toplam yabanci madde
oranlar karsilagtirmali olarak Sekil 8’de goriilmektedir ki burada, elde edilen sonuglarin korelasyon
katsayist r = 0,99 olarak hesaplanmistir. MDTA yontemi de ¢ok daha az test numunesi ile benzer
sonuclar1 saglamistir.
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Yabanci madde miktari (%)

50.53
44.94

26.09 23.95

0.99 0.77 2.12 1.01

SHIRLEY MDTA
HARMAN HALLAC

SHIRLEY MDTA
TARAK

SHIRLEY MDTA

CER PENYE

SHIRLEY MDTA |

Sekil 8. Shirley ayirici ve MDTA cihazlarinda elde edilen toplam yabanci madde oranlarinin
karsilastirmali incelemesi.

Iplik isletmesinde olusan teleflerin farkli cihazlarla incelenmesi sonucunda neps ve yabanci madde
ile incelenmistir. Korelasyonun yon ve derecesi, korelasyon katsayisiyla belirlenir. Korelasyon
katsayisinin degeri —1 ile +1 arasinda degisir. Korelasyon katsayisi 0 oldugunda degiskenler arasinda
dogrusal bir iliski olmadigi, korelasyon katsayisi +1 ise pozitif tam dogrusal iliski, r = -1 ise negatif tam
dogrusal iligki oldugu ifade edilir. r degeri 0.30-0,70 arasinda orta diizeyde, 0,71-0,99 arasinda ise
yiiksek diizeyde iliski oldugu bilinmektedir (Cizelge 6).

Cizelge 6. Korelasyon katsayilari (1).

Shirley ‘ MDTA ‘ HVI AFIS

1  TrID SC SC

Y.M.M.* YMM.* TrCnt Leaf Nep Nep

Ar

Grd sayis1  boyutu
Shirley Y-M.M.* 1 0,99 090 090 0,88 0,70 0,64
MDTA Y-M.M.* 0,99 1 091 091 0,88 0,72 0,63
TrCnt 0,90 0,91 1 0,99 0,98 0,94 0,68

HVI TrAr 0,90 0,91 0,99 1 0,97 094 0,65
TrID LeafGrd 0,87 0,88 098 097 1 093 0,80
SCNep sayisi 0,70 0,72 094 094 0,93 1 0,62

ARISES o cNep boyutu 0,63 0,63 0.68 064 080 063 1

* Y.M.M. yabanci madde miktarini ifade etmektedir.

Yapilan korelasyon analizinden elde edilen r degerleri incelendiginde; Shirley ayirici ve MDTA
cihazlartyla elde edilen yabanci madde miktar1 verilerinin, HVI’dan elde edilen yabanci madde saysi,
yabanci maddelerin kapladigi alan (TrAr) ve pamuk 6rneginin ¢epel miktar1 (TrID Leafgrd) ile yiiksek
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korelasyona sahip oldugu ve ayrica, AFIS’den elde edilen neps verileriyle de orta diizeyde iliskileri
oldugu goriilmiis ve tiim iliskilerin pozitif yénde oldugu tespit edilmistir.

4. Genel Degerlendirme

Ayni1 harmandan farkli islem asamalarinda alinan telef numuneleri Shirley ayirict ve MDTA
cihazlarinda test edilmistir. Temiz lif oram (%), yabancit madde orani (%) ve goriinmez kayip (ucan
lif/toz) degerleri karsilastirilmistir. Ayrica, diger lif 6zelliklerini belirlemek i¢cin HVI ve AFIS cihazlar
ile de dlglimler yapilmistir. Harman-hallag ve tarak telefleri oldukea kirli telefler olup, i¢lerinde bol
miktarda ¢epel vb. madde bulunur. Yabanci madde icerigi bakimindan ¢ok kirli hammaddelerde Shirley
ayirict ya da MDTA cihazi ile daha hassas sonug¢ alinmaktadir [40]. Cer ve penye telefleri ise temiz
teleflerdir. Ancak, penye dokiintiisiinden yiiksek oranda temiz lif elde edilmesine ragmen SCI (iplik
egrilebilirlik indeksi) ¢ok daha diisiik ¢ikmistir ki burada, lif boyunun da diger teleflerdeki temiz lif
boylarina gore ¢ok daha kisa oldugu goriilmektedir.

Penye tarama dokiintiisii hari¢ iki cihazdan alinan temiz lif oran1 % miktarlar1 birbirine oldukca
yakindir ki test sonuglarma bakildiginda, MDTA cihazinda gériinmez kayip orani %’si, Shirley ayirici
cihazindan elde edilen sonuglara gore daha yiiksek ¢ikmistir. Penye tarama dokiintiileri icin MDTA
cihazinda, yiliksek oranda goriinmez kayip (%9,767) oldugu gozlenirken, diger cihazda bu oran ¢ok daha
diisiiktiir. Aslinda cer ve penye telefleri temiz teleflerdir ancak, penye makinesindeki tarama islemi
sirasinda kisa lifler ile tozlar uzaklastirildigi ve penye telefleri de toz igerdigi i¢in, cer teleflerine gore
goriinmez kayip orani daha yiiksek ¢ikmistir. Yapilan incelemelerde harman-hallagta olusan telefin
icindeki yabanci madde miktar1 yliksek olmasina ragmen, kirli telefler icinde egrilebilirlik indeksinin en
yiiksek oldugu gozlenmistir.

Ozetle, elde edilen sonuglar incelendiginde; Shirley ayirict ve MDTA arasindaki yabanci madde
iceriginin korelasyon katsayisi r = 0,99 olarak hesaplanmistir. Sonug olarak, her iki cihazin da teleflerin
analizinde kullanilabilecegi goriilmiistiir. MDTA cihazinin avantaji ise ¢ok daha diigsiik miktarlarda
numune ile ¢alisilabilmesidir.
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OZET

Diinyada ve iilkemizde kiiresel 1sinmay1 dnlemek adina pek ¢ok faaliyet siirdiiriilmektedir. Bu faaliyetlerden en
onemlisi ise siliphesiz fosil yakitlarin kullanimimin smirlandirilmasi ve yenilenebilir enerji kaynaklarinin
kullanimidir. Bu alanda siirdiiriilen faaliyetlerin basinda ise araglarin neden oldugu karbon emisyonunun
diistiriilmesi gelmektedir. Yeni nesil araglarin elektrikli olarak iiretilmesi ve i¢ten yanmali motorlarin iiretiminin
kisitlanmasi enerji depolama sistemlerine olan ilgiyi arttirmistir. Verimli enerji depolama sistemleri igin li-ion pil
kimyas1 oldukca ragbet goren bir teknolojidir. Ulkemiz de bu doniisiime yabanci kalmayarak bir dizi yatirmm
devreye sokmustur. Kayseri’de 2022 yilinda 18650 li-ion sarj edilebilir pil ile seri iiretime gegmis olan Aspilsan
Enerji bu yatirnmlarda 6ncii olmustur. Ulkemizin bélgesinde bir batarya iireticisi olma misyonunu destekleyen
yatirimlar zaman igerisinde devreye alinmaktadir. Batarya teknolojisinin tam anlamiyla {ilkemize kazandirilmasi
i¢in kiymetli madenlerin ¢ikarilmasi, madenlerin pil isterlerine uygun sekilde islenmesi, hiicre tasarimi ve tiretimi,
paketleme, fabrika tasarimi, makine imalati ve geri doniisiimii kapsayan siirecin biitiiniiyle yonetiliyor olmasi
gerekir. Bu kabiliyetin iilke olarak kazanimmin miimkiin oldugu goriilmektedir.

Anahtar Kelimeler: Li-lon, Batarya, Pil, Yenilenebilir Enerji, Enerji Depolama Sistemleri

LI-ION CELL MANUFACTURING INVESTMENTS IN TURKIYE

ABSTRACT

Many activities have been carried out in the World and in our country in order to prevent global warming. The
most important of these activities is undoubtedly the limitation of the use of fossil fuels and support the use of
renewable energy sources. The first step of these activities is the reduction of carbon emissions caused by vehicles.
New generation electrical vehicles and the restriction of the production of internal combustion engines have
increased the demand on energy storage systems. Li-Ion battery chemistry is a popular technology for efficient
energy storage systems. Turkiye has interested in this transformation and has put in place a series of investments.
Among these investments, Aspilsan Energy, which started mass production with 18650 Li-lTon rechargeable
batteries in 2022 in Kayseri, has been the pioneer. Investments that support the mission of being a battery
manufacturer as Turkiye in our region are put into use over time. In order for battery technology to be fully adopted
to Turkiye, the process covering the minning of valuable materials, processing of mines in accordance with battery
requirements, cell design and production, packaging and recycling must be managed completely. Turkiye can gain
the capability of managing whole battery production process from beginning to the end.

Keywords: Li-Ion, Battery, Cell, Renewable Energy, Energy Storage Systems

1. Giris

Hizla tiikenen Diinya enerji kaynaklar1 ve kiiresel 1sinma, fosil yakitlara olan bagimliligimizi
sorgulamamiza neden olmaktadir. Bu anlamda daha yasanabilir bir ¢evre icin sera gazi salinimini
azaltmaya yonelik eylemler yiiriirliige sokulmaktadir. Bugiin bazi biiyiik ara¢ iireticileri dizel arag
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modellerinin iiretimlerini durdurdu. Bunun yaninda baz iilkeler icten yanmali motorlu araglarin bazi
sehirlerde kullanimimi yasakladi. Bu yasaklarin kapsami 2030 yilindan sonra daha da genisleyecektir.
Ulkemizde karbon salinimini azaltmaya yonelik faaliyetlerin 6zendirilmesi ve planlanmasi amaciyla pek
¢ok caligma yapilmaktadir. 2022 yilinda Cevre Sehircilik ve iklim Degisikligi Bakanlig1 tarafindan
Konya’da diizenlenen iklim Surasi bu faaliyetlerden biridir [1]. Bu ve benzeri ¢aligmalarin neticesinde
fosil yakitlarin kullanimi azaltilarak, alternatif ve yenilenebilir enerji kaynaklarinin daha fazla kullanimi
noktasinda onemli ilerlemeler kaydedilmistir. Ulkemizde giines ve riizgar yolu ile iiretilen elektrigin
miktart her gegcen giin artmaktadir. Elektrik enerjisinin g¢esitlenmesi ile farkli kaynaklardan iiretilen
elektrigin yonetilmesi giindeme gelmis ve bu ihtiyact karsilamak noktasinda depolama ¢éziimleri zaruri
olmustur. Gerek elektrikli araclarin yayginlasmasi gerekse giines ve riizgar gibi alternatif kaynaklar ile
elektrik iiretimi, enerji depolama sistemlerine olan ihtiyact her gecen giin arttirmaktadir [2]. Ornegin
Enerji Piyasasi Diizenleme Kurumu (EPDK) tarafindan 19 Kasim 2022’de Resmi Gazete’de
yayimlanarak yiiriirliige sokulan Riizgar ve Giines Sahalar1 I¢in Depolamali Santral modeline toplam
164 GW kapasitede 2753 adet onlisans basvurusu yapilmistir [3].

Depolama sistemleri sadece enerji santrallerinde kullanim ile sinirli olmayip ev tipi depolama
sistemleri, kesintisiz gii¢ kaynaklari, insansiz hava/deniz araglari, telekomiinikasyon, medikal cihaz, is
makineleri, yeni nesil jeneratorler, rayl sistemler, deniz araglar1 gibi pek cok alami1 da direk olarak
ilgilendirmektedir. Sanayi ve Teknoloji Bakanligi tarafindan yayinlanan “Mobilite Arag ve Teknolojileri
Yol Haritas1” strateji belgesinde [4] “Batarya ve Yenilik¢i Enerji Teknolojileri” kritik projeler arasinda
ifade edilmistir.

Enerji depolama sistemlerinin ilerleyen zamanda glindemimizi daha c¢ok mesgul edecegi
yadsinamaz bir gercektir. Bugiin Diinya dengelerinin 6nemli bir bileseni enerjidir. Enerjiye olan
bagimlilik iilkelerin giivenlik endiselerini tetiklemektedir. Niikleer enerji ve hidrojen teknolojileri
enerjide bagimsizlik igin birer ¢ikis gibi goriinmesine ragmen bu teknolojiler halen li-ion pil
teknolojisinin sundugu avantajlarin gerisindedir. Ornegin niikleer enerji tagmabilir uygulamalar igin
uygun olmadig1 gibi pek ¢ok giivenlik problemini de beraberinde getirmektedir. Bunun yaninda hidrojen
onemli birer sorun olarak devam etmektedir. Bu bakimdan li-ion pil teknolojisinin 6niimiizdeki bes yil
icin 6zellikle de mobil enerji depolama sistemlerinin en ¢ok tercih edilen ¢6ziimii olacagi goriilmektedir.

2. Materyal ve Metod

Enerji depolama teknolojileri mekanik, elektrokimyasal, elektriksel, 1sil, termokimyasal ve
kimyasal yontemler seklinde siniflandirilabilir. Mekanik depolama i¢in en ¢ok bilinen uygulamalar
pompaj sistemleri ve sikistirilmis hava olarak verilebilir. Kapasitorler elektriksel yontemlere, giines
enerjisi sistemleri 1s1l yontemlere, pil ve akiiler ise elektrokimyasal yontemlere 6rnek olarak verilebilir.
Termokimyasal ve kimyasal yontemler i¢in depolamaya dogrudan bir 6rnek vermek miimkiin degildir.
Ancak depolanmig hidrojen ile gelistirilmis uygulamalarin biitiinli, doniisim baglig1 altinda
tanimlanabilir [5].

Elektriksel depolama icin elektrokimyasal yontemler en yaygin uygulamalart kapsar; siiper
kapasitorler, akig bataryalari, farkli kimyalarda pil ve akiiler bu grubun 6nemli uygulamalari arasinda
siralanabilir. Enerji yogunlugu, maliyet ve boyut avantajlari nedeni ile Ozellikle tasmabilir
uygulamalarda elektrokimyasal yontemler siklikla tercih edilmektedir. Bu marketin siiphesiz en ¢ok
tercih edilen teknolojisi ise li-ion hiicrelerdir. Tasinabilir ve elektronik ara¢ endiistrisi marketinde satilan
elektrokimyasal bataryalar incelendiginde, pazari li-ion bataryalarinin domine ettigi goriilmektedir [6].
Sekil 1°de 2019 yil1 verileri kullanilarak hazirlanmis olan batarya marketinin elektrokimyasal paylasimi
grafiksel olarak verilmistir. Kursun-asit akiilerin mevcut elektrikli araclar {izerindeki kullanimi giin
gectikge azalmaktadir. Ozellikle is makineleri sinifinda forklift uygulamalari 6zelinde, hizli sarj, hafiflik
ve uzun Omiir agisindan li-ion bataryalarin daha fazla tercih edildigi goriilmektedir. Bu bakimdan li-ion
bataryalarin gelecekte daha biiyiik bir pazara hitap etmesi beklenmektedir.
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Sekil 1: Tasinabilir ve Elektrikli Ara¢ Pazar1 Batarya Market Paylasimi1 2019 [6].

Kiiresel batarya kullanimi incelendiginde 2019 yilinda tek kullanimlik yani birincil pillerin
marketin %27’sini, sarjli yani ikincil pillerin ise marketin %73’linii olusturdugu goriilmektedir [7].
Aspilsan Enerji tarafindan {iretilen sarj edilebilir li-ion bataryalar ev tipi uygulamalar, tiiketici
elektronigi, medikal cihazlar, is makineleri, askeri uygulamalar, lojistik, telekomiinikasyon, elektrikli
araclar, hava araclari, giyilebilir uygulamalar, deniz ve rayli sistemler gibi pek ¢ok alanda
kullanilmaktadir bkz. Sekil 2.

Sarj edilebilir elektrokimyasal bataryalarin gelisimi hatirlanacak olursa kursun-asit ile baglayan
30 Wh/kg seviyelerindeki enerji yogunlugu Ni-Cd bataryalar ile 70 Wh/kg seviyelerine ¢ikarilmus,
bugiin ise li-ion bataryalar ile 200 Wh/kg seviyelerinde ticari olarak iiretilmektedir. Gliniimiiz li-ion
pillerinde negatif elektrota silikon yerlestirmek sureti ile kapasite 300 Wh/kg seviyelerine kadar
cikarilabilmektedir. Son zamanlarda Li-S bataryalar ile kapasitenin 500-600 Wh/kg seviyelerine
cikarilabilecegi deneysel olarak gozlemlenmistir. Li-hava bataryalarda ise enerji yogunlugu i¢in 3,5
kWh/kg teorik limit bulunmakla birlikte pratik uygulamalari halen gelistirme agamasindadir [8].

Li-ion pillerin enerji yogunlugu kursun-asit ve Ni-Cd pillerden ¢ok daha yiiksek oldugu icin
onemli bir avantaja sahiptir. Bununla birlikte lityum elementinin 6zgiil agirhg: 0,534 g/cm’ iken kursun
icin bu deger 11,34 g/cm® seviyelerindedir [9]. Ayrica Ni-Cd ve Ni-Md piller 1,2 V hiicre voltajina
sahipken lityum pillerde hiicre voltaji 3,7 V civarindadir. Biitiin bu avantajlar1 sebebiyle lityum
miikemmel bir pil malzemesi olarak sektorde hakkettigi ilgiyi gormektedir.

Kiiresel stratejiler dikkate alindiginda, elektrokimyasal depolamanin karbon emisyonunu
azaltmak ve artan mobilite ihtiyaglarini karsilamak i¢in son derece 6nemli oldugu goriilmektedir. Ancak
elektrokimyasal pillerin imalatinda belli kiymetli madenlere ihtiyag duyulmaktadir. Tipk: biitiin diger
kaynaklar gibi bu madenler de diinyada sinirlt oldugundan, dncelikle madenlerin kesfi ve ¢ikarilmasi,
hiicre isterlerine uygun sekilde islenmesi, hammadde ¢esitliginin arttirilmasi i¢in farkli kimyalarda pil
recetelerinin tasarimi, pil iiretimi, ikincil kullanimlar, sonrasinda geri doniisiim ve geri kazanim
siireclerinin her biri son derece kritiktir.

2.1. Fabrika Tasarimi ve Makine Parkuru

Pil iiretimi i¢in ihtiya¢ duyulan tesislerin belli standartlara sahip olmasi gerekmektedir.
Fabrika tasarimi 6nemli bazi teknik yetkinlikler gerektirmektedir. Fabrika alaninin biyiikligii
ve fiziksel Ozellikleri, bu fabrikada yapilacak olan iiretimin niteligine ve Olgegine gore
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2.2,

degismektedir. Kullanilacak makinelerin teknik o&zellikleri, tavan yiikseklikleri, zemin
ozellikleri, kap1 ve koridor geniglikleri, iiretim hattinin uzunlugu, ihtiya¢ duyulan istasyonlarin
sayist ve nitelikleri, kuru ve temiz odalar, yangin basta olmak {izere giivenlik tedbirlerinin
alinmasi farkli uzmanlik ve tecriibeleri gerektirmektedir. Bu anlamda {ilkemiz icin pil ve
batarya tretim fabrikalarinin tasarim ve insast siireci Onemli miihendislik firsatlar
barimdirmaktadir.

Fabrikada hammeddelerin depoya alimu, testi ve kabulii devaminda ise bu malzemelerin
karistirma makinelerine transfer edildigi birimden itibaren baglayarak, elektrot kaplama,
firinlama, haddeleme, kesme, sarma/desteleme (montaj) ve formasyon siirecine kadar pek ¢cok
makine ve elektronik kontrol sistemi iilkemizde tasarlanip iiretilecek niteliktedir. Ornegin
iklimlendirme sistemleri, kuru ve temiz odalar i¢in yerli ¢6ziimler basarili bir sekilde Aspilsan
Enerji Mimarsinan OSB tesislerinde devreye alinmistir [10]. Ayrica pil iiretiminde kullanilan
test makinelerinin pek cogu yine yerli imkanlar ile {iretilecek Ozelliktedir. Bu test
makinelerinden bazilar1 diisme testi, yanma testi, ezme testi gibi fiziksel hareketleri icra eden
basit diizeneklerden olugmaktadir. Ulkemizde pil iiretiminde kullanilan bazi test cihazlarmin
yerli olarak imalati yapilmaktadir [11].

Pil Tasarimi ve Uretimi

Ulkemizde Aspilsan Enerji tarafindan 1993-96 yillar1 arasinda Varta lisansi ile Ni-Cd
ikincil pil {iretimi yapilmistir. Aspilsan Enerji 2022 yilinda devreye almis oldugu yeni tesisi ile
NMC kimyasinda li-ion silindirik ikincil pil iiretimine gegmistir [12]. Bunun yaninda
iilkemizde bir dizi yatirim daha hayata gegme asamasindadir. 2023 yili igerisinde Kontrolmatik
Ankara Polatli’da Pomega isimli yatirimi ile LFP prizmatik ikincil pil iiretim tesisini devreye
almay1 planlamaktadir. Bunun yaninda TOGG Bursa Gemlik’te yabanci bir ortak ile birlikte
NMC kimyasinda li-ion kese tipi ikincil pil iiretim tesisini SIRO isimli yatirimi ile devreye
almaya calismaktadir. Onemli otomobil iireticileri olan FORD ve Toyota firmalarinin da
iilkemizde batarya {iretim tesisleri kurmak yoniinde gayretleri bulunmaktadir. Bunun yaninda
akii ireticilerinin de yurtici ve yurtdisi yatirimlar ile kursun asitten lityuma doniisiim icin
yatirim faaliyetlerinde bulunduklar bilinmektedir. Ayrica prototip olarak pilot tesislerde recete
ve hiicre gelistirme faaliyetleri siirdiiren bazi arastirma merkezlerimiz bulunmaktadir. Bu
merkezlerden en Onemlisi elektrot {iretme kabiliyeti de bulunan Tiibitak RUTE’dir.
Universitelerimizde bazi gruplar recete tasarimlari, yeni anot ve katot tasarimlari iizerine
caligmalar siirdiirmektedir. Bu alanda yapilan akademik caligmalar zaman igerisinde 6zel
sektor yatirimlari ile birlikte iiniversite sanayi is birligine doniismektedir.

o/ aspilsanm

Elektromobilite Savunma Telekominikasyon

-]
Medikal @
Kara Tasimacihgi g?rgiz .
Ev Rayl Sistemler istemleri

Sekil 2: Bataryalarin Kullanim Alanlari [11]

Havacilik
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2.3. Batarya Paketleme

Batarya paketleme, pil ekosistemi igerisinde katma degeri en yiiksek olan alani
olusturmaktadir. Batarya paketi olusturmak onemli bir bilgi birikimi gerektirmektedir. Pil
kimyasina uygun bir sekilde sarj ve desarjin saglanmasi igin gerekli elektronik kontroliin ve
yazilimin olugturulmasi sarttir. Batarya paketinin sagligi, kalan kapasitenin belirlenmesi, pil
omrii ve yaglanmaya bagli olarak batarya paketinin karakteristiginin kestirilmesi i¢in yazilimlar
gelistirilmektedir. Batarya sarj durumu tahminleme yapay zeka, deneysel Olciimleme ve
matematiksel hesaplama gibi pek ¢ok yontem ile yapilmaktadir. Batarya ¢ok sayida degiskeni
barindiran karmasik ve lineer olmayan bir yapidir. Bu bakimdan batarya durumlarinin dogru
bir gekilde belirlemesi i¢cin model tabanli veya tahminleme esashi teknikler siklikla
kullanilmaktadir. Batarya yonetim yazilimlarinin en énemli gérevlerinden biri ise son derece
ciddi sonuglar doguracak olan kisa devre, asir1 akim ¢ekme, 1sinma gibi tehlikeli durumlarin
tespiti ve gerekli onlemlerinin alinmasidir. Batarya paketlemede 6nemli bir husus da termal
kontroldiir. Batarya paketinden akim c¢ekildik¢e ortaya ¢ikan 1s1 pilin performansini olumsuz
yonde etkilemekte ve verimliligini diisirmektedir. Bu bakimdan batarya paketi tizerindeki
1sinin uygun yontemler ile toplanmasi ve kontrol altinda alinmasi énemli bir miihendislik
problemidir.

Ulkemizde pek ¢ok paket iireticisi bulunmakla birlikte bunlarin en bilinenleri Aspilsan
Enerji, Altinay Elektromobilite, AVL, FEV, Ottomotive, Batkon, Go Battery, Imecar, Batron
gibi firmalardir. Bunun yaninda TOGG, FORD, BMC gibi kendi araglari i¢in batarya iiretimi
yapan firmalar da bulunmaktadir.

2.4. Hammadde ve Pil Bilesenleri Uretimi

Pil hammaddesi konusunda iilkemizde ilgi ¢eken girisimlerden birisi Eti Maden’in bor
atiklarindan lityum eldesi projesi olmustur. Ancak atiktan iretilen lityum, miktar olarak
ihtiyac1 karsilamaktan uzaktir. Ulkemizde lityum pil iiretimi icin gerekli maden ve hiicre
bilesenleri konusunda yapilan bazi ¢alismalar olumlu sonuglar vermistir. Eti Bakir Mazidagi
isletmesinde kobalt karbonat iiretmeye baslamistir. Hiicre bilesenleri alaninda Asas
Aliiminyum ve Assan Aliiminyum firmalar1 tiretmis olduklari aliiminyum plakalar1 katot
elektrot igerisinde kullanilacak kaliteye ¢ikarmak i¢in 6nemli faaliyeteler siirdiirmiis ve bagarili
sonuglar alinmistir [13,14]. Bunun yaninda bakir iireticileri anot elektrot i¢in folyo tiretimi
konusunda galismalar siirdiirmektedir. Ulkemizde iiretim kapasitesi arttikga seperatdr gibi pil
bilesenlerinin iiretiminin de yerli {ireticiler tarafindan yapilabilecegi degerlendirilmektedir.
Aktif madde alaninda NiCAT firmasi gelistirdigi katotlarin hiicre iiretiminde kullanilmasi igin
ciddi faaliyetler siirdiirmektedir [15]. Elektrot bilesenleri alaninda Nanografi firmasi grafen
bazli anotlar ile yeni nesil lityum piller iizerine ¢alismalar stirdiirmektedir.

2.5. Ikincil Kullamimlar

Bataryalar i¢in ¢evrim Omrii olarak ifade edilen bir kullanim O6mrii parametresi
bulunmaktadir. Bu parametre bir pilin saglik durumunun tahminlenmesi hakkinda en 6nemli
veriyi olusturmaktadir. Bu deger bir bataryanin baslangi¢ kapasite degerini %80 oraninda
koruyarak kac defa sarj edilebilecegini tanimlar [16]. Lityum bataryalarda, bataryadan birim
zamanda ¢ekilen giiclin miktar1, sarj hizi, yiiksek sicaklik altinda c¢aligma siiresi arttikga
bataryanin yapisi bozulmakta ve Omrii azalmaktadir. Sahada miisteri bulabilmek igin
bataryanin kwh basina birim iiretim maliyeti ile batarya 6mrii arasinda anlamli bir iliski kurmak
gerekmektedir. Ornegin kursun asit akiiler i¢in kwh basina maliyet 100 $ seviyesinde iken
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¢evrim omrii 500 civarindadir. Bununla birlikte LFP bataryalar i¢in kwh bagina maliyet 300 $
seviyelerinde iken ¢evrim omrii 4400 gibi yiiksek degerlerdedir [17].

Bataryalarin geri doniisiime girmeden 6nce %80 kapasitenin altinda ¢aligsa dahi is
yapabilecegi fakli alanlar bulunmaktadir. Ornegin ara¢ bataryalar1 icin enerji depolama
sistemleri miikemmel bir ikincil kullamm alan1 olmaktadir. Ozellikle bina tipi depolama,
depolamali giines ve riizgar enerji sahalar oldukga yiiksek kapasitelerde depolamaya ihtiyag
duymaktadir. ikincil kullanimlar icin bir bataryanin performansinin ve ekonomik degerinin
belirlenmesi hususu da ¢oziilmesi gereken 6nemli bir ihtiyag olarak goriilmektedir.

2.6. Geri Doniisiim ve Geri Kazanim

Pil tiretiminde kullanilan madenlerin sinirli, islenmesinin maliyetli ve kalitesinin ¢ok
yiiksek olmasi nedenleri ile ikincil dmiirlerini de tamamlamis olan bataryalarin ¢ope gitmesi
yerine sahip olduklar1 kiymetli madenlerin tekrar kazanilmasi icap etmektedir. Bununla birlikte
geri doniisiim sadece ekonomik dmriinii tamamlamis bataryalar i¢in degil ayn1 zamanda tiretim
esnasinda ¢ikan artik, hurda ve atiklara da rahatlikla uygulanabilmektedir [18]. Ulkemizde bu
alanda faaliyet gosteren bazi firmalar i¢in Exitcom, Ekovar ve Niocycle drnek gosterilebilir.
Bu alanda daha fazla girisimin hayat bulmasi1 ve farkli madenlerin kazanimi konusunda
uzmanlasilmasi i¢in yeterince firsat bulunmaktadir.

3. Sonuclar

2020 yilinda Cumhurbaskanligi Yatirnm Ofisi ve Tiibitak Tiisside koordinasyonunda hazirlanan,
iilkemiz batarya pil ekosistemi yeteneklerini 6zetleyen “Batarya ve Yenilik¢i Enerji Teknolojileri
Caligsma Grubu Raporu” énemli bilgiler sunmaktadir [19]. 2021 ve 2022 yillar arasindaki gelismeleri
kapsayan yeni bir rapor Cumhurbaskanligi Bilim Teknoloji ve Yenilik Politikalar1 Kurulu ve Tiibitak
igbiriligi ile hazirlanmis ancak sonug raporu heniiz kamuoyu ile paylagiimamustir.

Sanayi ve Teknoloji Bakanlig1 Proje Bazli Devlet Tegvigi ile TOGG, Aspilsan Enerji ve Toyota
firmalarin1 pil ve batarya iiretimi konusunda desteklemistir. Yine Bakanligimiz Mobilite Arag ve
Teknolojileri Yol Haritas1 kapsaminda Hamle programi ile Emobilite cagrisinda 31 firmaya tesvik
vermigtir. Bu proje tesvikleri otonom siiriig, elektronik gorii, ara¢ yapisallari, batarya yonetim sistemleri
gibi pek cok farkli alanda verilmistir. Bakanligin bu yondeki gayretleri iilkemizde bir pil ekosistemi
olusmasina katki saglamaktadir.

Aspilsan Enerji’nin 2022 yilinda 7.sini diizenlemis oldugu geleneksel pil ¢alistaylar1 her y1l farkls
bir tema ile iilkemizdeki ekosistemi yilda bir defa bulusturmaktadir. Bu ¢alistaylar ekosistemin biitiin
paydaslarini bir araya getirmekte ve dnemli bir sinerji olusturmaktadir. Ozel ve resmi kurum/kurulus
yetkilileri, sektor temsilcileri, miithendisler, is gelistiriciler, girisimciler, imalat¢ilar, miisteriler ve
arastirmacilari bir araya getiren bu etkinliklerde pek cok is birligi hayata gegirilmektedir.

Ulkemizin bélgesinde énemli bir batarya iireticisi olmas1 i¢in madencilikten geri déniisiime, hiicre
tasarimindan anahtar teslim fabrika kurmaya, makine imalatindan test cihazlarina kadar uzanan biitiin
siireci yonetebiliyor olmasi1 gerekmektedir. Ulkemizin sahip oldugu sanayi altyapisi ve nitelikli insan
kaynag1 ile erigsmis oldugu teknik bilgi seviyesi biitiin siireci sahiplenecek kapasitededir. Bugiin
Avrupali pek ¢ok tiretici Uzakdogu’dan almis olduklart ham madenleri isleyerek pazara yiiksek katma
deger ile sunmaktadir. Ulkemiz konumu itibar1 ile madenciler ve pil iireticileri arasinda énemli bir
istasyon olma potansiyeline sahiptir.

Pil iiretiminde kullanilacak makinelerin iilkemizde imalati konusunda kabiliyetlerimizi
degerlendirmek gerekirse; pil iiretimi i¢in depodaki hammaddeyi otomatik Slgekleme ile alarak baska
alanlara tastyan tasiyici sistemler ile toplanan hammaddeleri karistirmaya yarayan karistirict sistemler,
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gida ve ilag endiistrisinde hali hazirda kullanilan benzer isleri yapan makineler ile oldukca yakin
Ozelliklerdedir. Bu alanda faaliyet yiiriiten firmalar pil tiretim tesislerinde bulunan dozlama ve karistirict
sistemleri kolaylikla tasarlayip iiretebilirler. Elektrot kurutma firinlari, gida imalat¢ilarinin kademeli
kurutma firinlar1 ile oldukg¢a benzer 6zelliktedir, bu alanda iilkemizde var olan teknik bilgi elektrot
kurutma firinlarinin imalatinda rahatlikla kullanilabilir. Elektrot kesme diizenekleri, matbaa makine
imalati yapan firmalar tarafindan hizlica gelistirilebilecek o6zelliktedir. Montaj hatti, imalatin en
karmasik makinelerinin oldugu boliimii olusturmakla birlikte, iilkemizdeki tekstil makinesi imalatgilar
incelendiginde ipligin gerginligi ve isin akisi arasindaki karmasik ahengi basarili bir sekilde yonettikleri
goriilmektedir. Bu bakimdan montaj hattinda elektrotun uygun bir gergi ile hizli bir seklide akmasim
dogru olarak yonetmeyi miimkiin kilan imalat makinelerinin {ilkemizde liretilebilecegi diisiiniilmektedir.
Hat tizerindeki pil yikama ve kalite kontrol istasyonlar1 yine kolaylikla yapilacak basit mekanik ve
elektronik diizeneklerden olusmaktadir. Uretilen pillerin performanslarinin = gézlemlendigi ve
kalitelerine gore siniflandirildigi formasyon birimi, elektronik yogun bir tasarima sahiptir. Bu birim
icerisinde imalattan ¢ikan piller, otomatik depolama sistemleri vasitasi ile sarj/desarj istasyonlarina
ulastirilirlar. Bu istasyonlarda pillerin iizerine uygun elektriksel rejimler tatbik edilerek hiicrelerin
elektriksel davranislar1 incelenir. Gii¢ elektronigi ve otomasyon bilgisi gerektiren bu siire¢ iilkemiz
kabiliyetleri ile basarili bir sekilde yapilacak 6zelliktedir.

Aktif materyaller, ¢oziiciiler, baglayicilar, elektrolitler, folyolar gibi pil bilesenlerinin disindaki
kasa, seperator, insulator gibi mekanik imalatlar da iilkemiz imkanlari ile hizlica yapilabilecek tiirden
malzemelerdir.

Geri doniigiim ve geri kazanim konusunda hizli aksiyonlar alinmasi durumunda yine cografi
avantajimiz nedeni ile dmiir devrini tamamlamig bataryalar i¢in Diinyada énemli bir doniisiim merkezi
olma ihtimalimiz son derece kuvvetlidir.

Sonug olarak iilkemizin bolgesinde batarya merkezi olmasi i¢in madencilikten, imalata, geri
doniisiimden, test ve belgelendirmeye kadar biitiin siireci kapsayici faaliyetlerde bulunmasi gerekir.
Batarya tiretimi bir 6lgek ekonomisidir eger iilkemizdeki iiretim kapasitesi TW seviyesine ulasirsa bu
durumda biitiin siirecin imalatgilar1 i¢in 6nemli bir market olusacaktir. Ulkemizdeki mevcut yatirimlar
heniiz GW seviyesindedir. Ancak girisimciler i¢in halen Avrupa ve Amerika’daki batarya yatirimlari
onemli firsatlar olugturmaktadir. Bu bakimdan pil iiretim ve test siiregleri igerisinde siralanan ihtiyaglari
kargilamak adina iilkemizde yapilacak girisimler Cin i¢in uygulanan ambargolar nedeni ile batida
onemli firsatlar bulacaktir.

Tesekkiir

Sanayi ve Teknoloji Bakanligi’na iilkemizde batarya teknolojileri ve imalatinin gelismesi
yoniinde vermis oldugu destekler, agik erisimli olarak kamuoyu ile paylagtif1 strateji belgeleri ve
¢aligma grubu raporlari i¢in tesekkiir ederim.
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