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ABSTRACT: In this study, calcium carbonate (CaCOs) was considered as nanoparticle. In the first part of
the study, half-value layer (HVL) and mean free path (MFP) values, which are radiation shielding
parameters, were investigated in determined energy ranges by Phy-X open access software. At increasing
energy levels, the HVL value reached approximately 10 cm, while the MFP value reached approximately
17 cm. In the second part of the study, the reactor core geometry was modeled with the MCNP code and
then the relative power distribution values were determined. COBRA code input was prepared with the
determined relative power distribution values and thermal analyzes were made. These analyzes were
performed for three different nanoparticle ratios. As a result of the analysis, the temperature value at the
end of the channel was 613 K when only water was used as a coolant, while the temperature value at the
end of the channel was 611.19 K when 0.03% nanoparticles were used. Although the coolant temperature
increased with the nanoparticle ratio, it was observed that the temperature decreased when only water
was used.

Keywords: Calcium carbonate, COBRA, MCNP, Nanoparticle, Phx-X software
1. INTRODUCTION

Calcium carbonate is a compound present in almost all food products. Although it is known as
limestone among the people, it is found in the form of rock in nature. Travertines, chalks and marbles
come to mind when calcium carbonate (CaCOs) is mentioned. Although it is frequently used in the fields
of construction and industry, academic research on CaCOs is also quite abundant [1-4]. In the literature,
especially in recent years, the effect of nanoparticles in academic studies has begun to be examined. Many
systems using CaCO3 as nanoparticles are being investigated by researchers.

Some of the studies examining the mechanical properties of materials and making mechanical
improvements are as follows. In one of these studies; by preparing nanocomposites containing calcium
carbonate, the thermal, mechanical and morphological properties of these composites were investigated
[5]. As a result of the examination, the researchers concluded that the CaCO:s ratio was 3.75%, where the
nanocomposite used showed the highest impact and tensile strength. There are researchers who examine
the modification of adhesive bonds with nano-CaCO:s to increase the shear strength of epoxy adhesives
and also investigate the adhesive properties with the tensile overlap shear test [6]. In a study examining
the effect of nano-CaCOs particles on the interlayer shear strength (ILSS) and fracture toughness properties
of carbon fiber reinforced epoxy composites [7], composite materials were prepared by vacuum assisted
resin method. As a result of the tests applied to the material afterwards, it was concluded that adding 2%
by weight of nano- CaCO:s to the epoxy increased the interlayer shear strength (ILSS) up to 24%. To
increase the wear performance of epoxy/carbon fiber (CF) composites, CaCOs was added as nano

*Corresponding Author: Sinem UZUN, sinemuzun@erzincan.edu.tr
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reinforcement and a 65% reduction in friction coefficient and 75% reduction in specific wear rate was
observed [8]. Cementitious matrices in which nano-CaCQ: is also used were investigated in a study that
carried out studies to increase concrete strength. In particular, their mechanical and durability properties
were investigated and they concluded that the use of nanomaterials in cement concrete with the necessary
properties of building materials confirmed the feasibility [9]. Investigating the mechanical, thermal,
morphological effect of two types of fillers, micro CaCOs and nano-CaCOs, on Polypropylene (PP)
composite material [10], they concluded that the inclusion of nanofillers revealed better thermomechanical
properties. In the study conducted with nanocomposites containing calcium carbonate, the change of
mechanical properties such as flexural strength, flexural modulus, impact strength was investigated. The
sample sample containing 4% by weight nano CaCOs provided positive results in terms of flexural
strength, flexural modulus, impact strength compared to pure epoxy matrix [11]. Researchers [12], who
examined the effect of nano calcium carbonate particles on stone mastic asphalt (SMA), concluded, as a
result of a series of mechanical tests, that the fatigue life of SMA mixtures increased and the final stresses
decreased with the addition of nano CaCOs particles.

In the study where the effect of clinker mineral component and nanomaterials (nano-5iOz, nano-
CaCOs and nano-TiO2) on cement composites was investigated [13], HCSC's (high content calcium silicate
phase cement) curing time is shortened and its strength is significantly increased. There are some studies
[14-16] investigating the nano-calcium carbonate effect like these, and the general conclusion from these
studies is that the use of calcium carbonate as nanoparticles improves the mechanical and strength
properties of the systems in which it is used.

The use of nanoparticles in nuclear systems has recently started to increase. Because of the thermal
conductivity properties of the nanoparticles used, the efficiency of the system can be increased [17-18].
The nanoparticles used so far have had a positive effect on the system efficiency by increasing the coolant
temperature. Some of these nanoparticles are; Al20s, CuO, TiO2, Al, Cu, Si, Ag.

In this study, firstly, open access software Phy-X [19] was used to examine the radiation shielding
properties. Since radiation shielding is very important in nuclear reactors, it is important to know the
radiation properties of the materials used.

In the second part of the study, it was investigated how the coolant properties of nuclear reactors
containing calcium carbonate nanoparticle coolant water changed. To do this, first of all, relative power
distributions were determined with the Monte Carlo N-Particle Transport (MCNP) [20] code used for
neutronic analysis.

The power distributions values obtained from the use of the MCNP code are used in the COBRA code.
The COBRA code [21] was used to obtain the thermal analysis values. The COBRA code can determine
the thermal values of the reactor coolant by performing the subchannel analysis.

2. CALCIUM CARBONATE AND RADIATION SHIELDING

The issue of protection from ionizing radiation is very important in the world. Researchers working
on this subject are doing improvement studies against radiation protection on some materials [4, 22-25].
For example, [22] investigated the shielding properties of some low-temperature superconducting brazing
alloys. The highest mass absorption coefficient and half value layer values were determined [22]. In a
study that applied solution polymerization to produce water-soluble polyurethane, CaCOs was used as
fake gunpowder. And as a result, the tensile strength of the 40% diisocyanate-treated CaCO3 WPU
composites was increased and the elongation at break was also significantly improved [4]. Half value layer
(HVL) and mean free path (MFP) values are very important in radiation protection investigations. HVL
value is the thickness of the material at which the intensity of radiation entering it is reduced by one half.
HVL is related to linear attenuation coefficient (i) and it is represented by Equation 1 [26].
HVL=0.693/ u (1)
Another important parameter is the MFP value, which is the average path a photon can travel between
two consecutive interactions with the material and it is calculated as in Equation 2 [27].
MFP=1 /u (2)
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3. THERMAL ANALYSIS

In this part of the study, thermal properties of reactor coolant water containing calcium carbonate
nanoparticles were investigated. Most nuclear reactors in the world are pressurized water reactors and
generally use water as a coolant. It is expected that the coolant material used to absorb the heat generated
by the chain fission reactions occurring in the nuclear reactor core will absorb the maximum heat from the
system. In order to do this, there are suggestions about adding nanoparticles to the coolant water in order
to improve the heat conduction properties [17-18].

The relative power distribution of the calcium carbonate nanofluid was obtained using the MCNP
code which is a time-dependent Monte Carlo radiation transport code with continuous energy and
generalized geometry that can track many particle types in various energy ranges. It can simulate particle
interactions involving neutrons, photons and electrons, as well as for simulating the fission event. While
preparing the MCNP input, data such as reactor geometry, fuel and coolant properties (such as density)
are used.

With the obtained relative power values, the COBRA input that performs the subchannel analysis was
prepared. COBRA code is a thermal-hydraulic code that performs subchannel analysis by dividing the
examined system into channels in the number and size determined by the user. As a result of the operation
of this code, thermal data of the fuel and clad regions, especially the coolant, can be obtained in the
examined system. There are a total of 163 fuel bundles in the hexagonal reactor core and 312 fuel rods in
each fuel bundle. The channel figure used in the COBRA code is shown in Figure 1 [28].

Figure 1. Schematic channel flow surface

COBRA code makes solutions by using conservation equations in its infrastructure. The mass,
momentum and energy conservation equations are shown in equations 3-4 and 5, respectively [29].
0 -
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4. RESULTS AND DISCUSSION

Open access software Phy-X was used to examine the radiation shielding property of the calcium
carbonate compound [19]. While using this software, determined energy ranges (0.015 MeV - 15 MeV)
were selected. The variation of HVL and MFP values for CaCOs is shown in Figure 2. According to this;
While the HVL value reached approximately 10 cm at increasing energy levels, the MFP value reached
approximately 17 cm. The MFP value defines the average distance between two photon interactions, while
the HVL value can be defined as a measure of the thickness required to reduce radiation and represents
the one-half value of the first photon that helps determine the material thickness for shielding [22]. HVL
value is an indicator of radiation protection performance. In other words, the lower HVL value of any
material shows better radiation shielding performance as it will need a lower thickness [30]. A low HVL
value indicates that the material has good protection properties [31]. The MFP value increased with the
increase in energy, which is consistent with the literature [27].

18.00
16.00
14.00
12.00

10.00
IS

o

8.00
6.00
4.00
2.00

0.00
0.00 3.00 6.00 9.00 12.00 15.00

MeV

—@— HVL MFP

Figure 2. HVL and MFP values for CaCOs

Low MFP and HVL values are important in radiation shielding materials. In this examination for
calcium carbonate, HVL and MFP values increased in line with the literature [32].

Since the reactor type considered in this study is VVER type pressurized water reactor, the reactor
geometry is hexagonal. While the image shows ( (a) contains 0.01% CaCOs, (b) 0.02% and (c) 0.03% CaCO:s)
the distribution of relative power densities of the nanofluid containing in Fig.3.
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1.06

= 1.04

1.02

0.98

0.96

0.94

Figure 3. Relative power distrubiton for CaCOs nanoparticle (a) 0.01%, (b) 0.02%, (c) 0.03%

The changes in the thermal properties of the coolant along the channel were investigated as a result
of the calculations and analysis using the varying ratios of calcium carbonate. The temperature change of
the coolant containing nanoparticles along the channel was shown in Figure 4. Accordingly, although the
temperature increased with the increasing ratio of CaCOs nanoparticles, there was a decrease in
temperature when only water was used. While only water was used, the coolant temperature value at the
end of the channel was approximately 613 K, while the temperature reached 610.64 K at the rate of 0.1%,
611.04 K at the rate of 0.2% and 611.19 K at the rate of 0.3% with the addition of nanoparticles. In a study
using nanoparticle added coolant, the temperature increased with increasing nanoparticle ratio, similar to
this study [33].
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Figure 4. Temperature value

The enthalpy change of the coolant containing calcium carbonate was given in Figure 5. According to
the figure, although the enthalpy increased with the increase of the nanoparticle ratio, the enthalpy value
decreased compared to the case where only water was used. When only water is used at the end of the
channel, the enthalpy value reaches 1598 kJ/kg, while this value reaches 1562 kJ/kg in the coolant
containing 0.01% CaCOs. The temperature and enthalpy changes are similar to other studies using
nanofluid coolants [33-35].
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Figure 5. Enthalpy value

5. CONCLUSION

Within the scope of this study, it was carried out to examine the effect of CaCOs composition, which
is used in many industrial and technological fields, on nuclear systems. Accordingly, firstly, the half value
layer (HVL) and mean free path (MFP) values were examined using Phy-X software. According to the
results obtained from the analysis for CaCOs, the HVL value reached approximately 10 cm at increasing
energy levels, while the MFP value reached approximately 17 cm.



Investigation of the Use of Calcium Carbonate as Nanoparticles in Nuclear Reactors 7

In the thermal analysis part, although the temperature increased with the increasing ratio of CaCOs
nanoparticles, there was a decrease in temperature compared to the case where only water was used.
Similarly, the enthalpy value decreased when only water was used. While an increase in the coolant water
temperature is expected in nuclear systems with the addition of nanoparticles, the use of CaCOs reduced
the temperature a little. This shows that the heat conduction properties of the CaCOs compound are more
ineffective than other nanoparticles (Al20s, TiOz, CuO etc.) used in nuclear systems.
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ABSTRACT: In this study, we aimed to find optimal PD controller gains to control orientation and
position of a Dodecarotor UAV with minimum trajectory error. In this context, a cascaded PD controller
approach which has velocity feedback in the inner loop and position feedback in the outer loop was
adopted for each state (roll, pitch, yaw, altitude) in the flight control of the UAV. Subsequently, a fitness
function was defined based on the system's time domain response and trajectory tracking error for each
state, except the yaw angle, which is non-dominant in terms of trajectory tracking performance. Grey Wolf
Optimizer (GWO) was used to obtain PD gains by minimizing the defined fitness function. At the same
time, Particle Swarm Optimizer was used in order to benchmark the obtained results from GWO and to
avoid a shallow solution space. The obtained PD controller parameters as a result of the optimization study
of both algorithms were implemented to the system and the results were compared with each other.
Finally, the gains that provided the best results for both algorithms were compared with each other and
the results were discussed in terms of the time domain results and the actuator input smoothness. It has
been observed that the GWO optimized controller provides a 40-46% improvement over PSO in all four
different mass UAVs in terms of reducing axis position errors.

Keywords: PID control, GWO, Optimization, UAV
1. INTRODUCTION

Unmanned aerial vehicles (UAVs) have become very popular in the past two decades, as
developments in consumer rotorcrafts has led to lower prices for more and more advanced aircrafts. The
rotorcrafts have become the most popular Vertical Take-Off and Landing (VTOL) vehicles and different
from the classic helicopters, these vehicles have constant pitch blades and is controlled varying only the
angular speed of each rotor. Due to its structure, these vehicles are practical prototypes for learning about
aerodynamic phenomena and control of aerial vehicles. The popularity of rotorcrafts has grown so much
today as it is the most used in the research field of aerial vehicles.

In applications which the UAV must be hold at stationary flight, the VITOL vehicles are the more
convenient options because of their hovering capability. The attitude in a VTOL is automatically stabilized
via an on-board controller in most applications, while its position is controlled by an operator through a
remote-control system. Many in the research community focused on the design of position controllers for
autonomous flights, resulting in remarkable advances in the field of rotor aircraft. PID controllers are the
most common type of controller in many fields due to their simplicity, ease of implementation and
efficiency [1-3]. If the parameters of the PID controller are not determined correctly, no matter which area
of the industry is used, the system to which the controller is applied cannot perform at a satisfactory level.
The use of heuristic algorithms [4-6], which is one of the algorithms developed for search purposes in
many problems, has started to take on a lot of tasks related to the determination of controller parameters

*Corresponding Author: Nihat CABUK, nihatcabuk@aksaray.edu.tr
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[7]. Although the developed algorithms show different performances according to the structures of the
systems to be controlled, most of them can give sufficient results.

In the literature, there are many studies on the control of standard UAVs such as quadrotor, hexarotor
and octorotor [8-11]. Due to the proposed complicated control algorithms, which are sensitive to
uncertainties in the system, stabilizing aerial vehicles is a hard task. Furthermore, tuning the gain of these
controllers are also being a hard task and sometimes being time consuming. It is a known fact that system
performance is affected by the nature of the commanded signal and the controller gains [12]. Incorrect
selection of the commanded signal can adversely affect the overall performance of the system [13-14]. In
addition, improper adjustment of controller gains can result in unsatisfactory performance. Therefore,
trajectory design that directly affects the commanded signal and adjustment of controller gains should be
done precisely [15].

Jabeur and Seddik [16] proposed PD and a PD-NN control schemes for a quadcopter. They stated that
the PD-NN controller, which is optimized by artificial neural networks, gives excellent results against
trajectory tracking and strong wind disturbances. Zareb et al. [17] used genetic algorithms to adapt and
optimize the value of the controller parameters to obtain the best performance and decrease the consumed
energy for Quadrotor UAV. Dewangan et al. [18] reported a solution for a path planning problem of
multiple UAVs based on Grey Wolf Optimizer (GWO) algorithm. According to their results, they stated
that the GWO algorithm outperforms other deterministic and meta-heuristic algorithms in path planning
for 3D multiple UAVs. Shaugee et al. [19] designed a hybrid proportional double derivative and linear
quadratic regulator (PD2-LQR) controller for altitude and attitude control of a quadrotor. They exploited
GWO to search for optimal values of the controller’s parameter. Through their simulation, they showed
that the IGWO-based PD2-LQR controller can better monitor the desired reference input with shorter
settling time and rise time, lower percent overshoot and minimum steady-state error and mean square
error (RMSE). It can be said that the studies encountered in the literature are on the optimization of
controller parameters related to multi-rotor aircraft, almost all of which have standard configurations.

In this context, this study is focused on the obtaining optimal gains of the controllers for the position
and orientation control of a dodecarotor that has a unique configuration proposed previously by the
authors [20-21]. For this purpose, firstly, a cascaded PID control algorithm was employed to control the
vehicle. Afterwards, the gains of the controllers were tuned by using optimization techniques. At the same
time, clarify the validity of the proposed method for auto-tuning the rotorcrafts controllers’ gains is
another impact of the study.

2. MATHEMATICAL MODELLING OF THE DODECAROTOR
2.1. Physical specifications

The UAV has 12 rotors placed in two layers to have a lower horizontal dimension. At the same time,
each rotor is placed at a different angle in order to create a lifting force from twelve different notes. Thus,
it is aimed to ensure that the UAV behaves more robustly in disruptive weather conditions. The solid
model of the dodecarotor is given in Fig. 1.
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Figure 1. Solid model of proposed dodecarotor system.

Figure 2 shows the orientation of the body, the rotational directions of the rotors, the angles and
lengths of the arms, the 3D view of the vehicle and the direction of motion. Table 1 presents the physical
characteristics of the proposed drone shown in Figure 2. Here, [1 and [2 are the arm lengths of the rotors
in the upper and lower planes, respectively. Likewise, 8; and 6, are the connection angles of the upper
and lower plane arm to the body, and their values are 22.5 and 45 degrees, respectively.

Table 1. Dodecarotor Physical Specifications

Parameter Value
11 [mm] (min-max) 660-810
12 [mm] 450
Propeller diameter [inch] (min-max) 12-18
0, [deg] 22.5

0, [deg] 45
mass [kg] (min-max) 12-30
Number of rotors 4-12

Figure 2. Physical features of proposed dodecarotor system.
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2.2. Dynamic model

In order to design a controller for a system, first of all, the equation of motion is needed. The equation
of motion describes the system's responses to different inputs. In our case, system inputs are the sum of
rotor speeds that cause a force to control height and torques to control orientation, respectively. In order
to describe this relationship, the equations of motion representing the 3D motion of the system are derived
based on the Euler-Newton formulation.

A linear relationship between the body forces and the vector Q) forming the angular velocities of the motors
can be obtained with a constant matrix C as in (1-3). Depending on the configuration of the vehicle, the C
matrix can be calculated as in (3). The desired reaction torques and the thrust force of the rotors are

represented by the vector Uy = [T 1, 7, 7,]".

a=[of 0F 03 0f 0F 0 0 0f 0F 0f, 0 0] )

ke ke o kg ke ke ke ke kf ok ke kf Kk
C= A —A A A -A -A —-A A r - —-I' T @)
TlA —-A A —A A -A A —-A T - I -T
km km _km _km _km _km km km _km _km km km
Uy=CxQ 3)
In terms of readability of the C matrix, A, A and I' are defined as in (4)
A= kgl *sin@; A=kexlj*cosO; I'=ksxl,*sin6, 4)

The proposed UAV is driven by a net force consisting of three components: thrust generated by the
rotors, gravitational forces and external disturbance forces. The drag force caused by the drone body has
not been taken into account since it is very low compared to these forces. The net force acting on the system
is given in Fj, (5). The translational acceleration caused by F is as in (6).

Fy =T~ PRz *mg + Fy) )
Vy =22 — (wp X V) (©6)

where V), and w, = [p q r]"are translational and angular velocity vectors defined in the body frame,
respectively. These velocities can be estimated with Inertial Measurement Unit (IMU) feedback.

Different magnitudes of thrust in the rotors cause roll and pitch moments in the system. There are also
gyroscopic moments that occur in the direction perpendicular to the rotational motion of each rotor due
to the change in the orientation of the rotor's rotation. In (7), the total net moment M, acting on the system
is given. Since the magnitudes of the gyroscopic moments due to the angular acceleration of the rotors is
very low compared to body torques, they can be neglected. The angular acceleration caused by M, is as in

9).

Mb = Tgyr + TX,y,Z

@)
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D D Uy x e 0)
i=1
Ny ’L’x
M, = —Dix(,* q* 2) |+]|° 8
b Zl( Yl r ax ) |+| ®)
D D U+ )
lw, = (My — (wp x (wp)) )

The Euler velocities ¢ and the angular velocity vector w; are correlated by a kinematic connection:
wp = §o@, where &, expresses a matrix that is relating the Euler velocities with the body angular rates.
Subsequently, first derivative of this equation yields w, = §,® + é(pfq)—lwb. This fact and (9) yields (10).

M@ =—-C(Q, Q)P + M, (10)

where M (@) and C (@, @) denotes the full inertia matrix and the Coriolis matrix, respectively. In theory,
due to the fact that the motion of a VTOL vehicle during hover is drastically separated in each axis, the
Coriolis matrix becomes very small and therefore negligible. According to the assumptions made, the
simplified non-linear equation of motion of the proposed dodecarotor is obtained as follows.

mix = —(u + w,)sind
my = (u+ wy)cosOsing
mZ = (u+ w,)cosfcos¢p —mg
L6 =1, +w
Iydi =1y, +Wwy
Izll} =T, + W’l’

where x, y and z are the positions of the tool in Cartesian coornidates. U defines the total thrust. T,, 1,

(11)

and 7, are yaw, pitch, roll moments, respectively. Likewise, 8, ¢ and i are roll, pitch and yaw angles,
respectively. I; and g are the inertia matrix and gravitational acceleration, respectively. Finally, wy
indicates unknown disturbances on the corresponding axis.

3. PROBLEM FORMULATION
3.1. Controller design

The PID proportional-integral-derivative controller control loop method is a widely used feedback
controller method in industrial control systems. A PID controller continuously calculates the error value,
which is the difference between the desired system state and the actual system state. Depending on the
requirement of the system to be controlled, one, two or three of these three control units (P, I, D) are used.
First of all, the mathematical model of the system to be controlled is obtained. A controller structure is
constructed for each variable to be controlled.

The simplified form of the VTOL dynamic model obtained in (11) is given in (12).

@ =u, + w, (12)

where § states the second derivative of the Euler angles and u defines the control inputs. Here, w states
external disturbances. The desired controller inputs specified in (13) is sufficient to balance the second
order system given in (12), for the most part, if the disturbances are neglected.
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Uy, = —kpe(t) — kg o2 (13)
Where, e(t) is the error between desired value and the actual states. Likewise, k,, is the proportional
gain and k, is the derivative gain. In order that the change rate of the error does not trigger the derivative
kick phenomenon due to the sudden change in the desired state, the change of the state is used here, not
the error.
The angular rates ¢ "are estimating from the IMU feedback, as mentioned before. Following this idea,
the control algorithm used in this study can be deduced from (13) as given in (14). Since the stability

analysis of the closed-loop system (14) is obvious, a separate analysis was not carried out in this study.
u(t) = kpe(t) — kq (14)
3.2. Optimization problem statement

In (14) the proportional and the derivative gains need to be tuned. In the literature, there exists several
methods that use the phase domain and the time domain characteristics to adjust PID gains. In this study,
an optimization procedure is adopted to adjust the controller gains in the time domain. For this purpose,
an objective function is defined as in (15), which is based on the time domain characteristics.

®pp = min Y (a,(t; — t;)% + a,M2) (15)

Table 2. GWO and PSO Parameters
Parameter Number of search agents Max. iterations  Lower bound Upper bound
Value 30 100 0 100
where the constants denoted by a; define the weight of the relevant parameter. t; and t; are the settling
time and the desired settling time. M,, is defined as the Maximum Overshoot. By defined objective
function in (15), without an overshoot a fast-settling time is aimed.

3.3. Methodology to solve optimization problem

Grey Wolf Optimizer (GWO) that is a new meta-heuristic search algorithm is implemented to solve
the optimization problem [18, 22-23] that defined in (15). GWO algorithm mimics the leadership hierarchy
and hunting mechanism of grey wolves in nature. The algorithm was first developed by Mirjalili et. al. in
2014 [24]. In addition, Particle Swarm Optimizer, which is the most popular Swarm Intelligence
techniques, is also implemented to benchmark the obtained results from GWO. A more detailed
description about GWO and PSO can be found in [7, 23-24].

The system and the proposed controller were developed using Matlab and Simulink, which has the
powerful tools for simulations. The integrated structure of Matlab and Simulink environments enables
online data exchange during the optimization process between phases. To obtain the time domain
response characteristics required to evaluate the objective function described in (15), the closed loop
system is simulated in the Simulink environment using possible solutions determined by the proposed
algorithms running in the Matlab environment. To obtain system response a step reference input is used
in the simulation study. Finally, weights a; and a, in the defined objective function in (15) are set to 10
and 0.5, and the simulation time is limited to 10 s.

The optimized PD controller parameters shown in Table 3 are applied to the system to evaluate the
proposed method. These simulations are performed in two cases; first for a ramp input response and then
for a predefined trajectory.

In order for the system to be fully simulated in the Simulink environment, the mathematical model of
the system must be created correctly. The physical properties of the components of the vehicle, such as
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the mass of the vehicle and the inertial values, which are the parameters in this model, should be
determined close to the truth. The Simulink model of all dodecarotor UAV created according to these
determined parameters is given in figure 4.

4. SIMULATION RESULTS AND CASE STUDIES

Optimization process is performed 100 times separately for both algorithms using parameters defined
in Table 2. Each optimization process is continued up to 30 iterations or until a solution reaching the
®pp < 0.001 condition. Comparison of the proposed algorithms in terms of converges performances is
given in Figure 3. As seen in the figure, GWO offers better convergence performance although both
algorithms run with the exact same parameter. The optimized PD controller parameters shown in Table 3
are applied to the system to evaluate the proposed method. These simulations are performed in two cases;
first for a ramp input response and then for a predefined trajectory.

Table 3. PD Controller Gains

States Roll Pitch Altitude
k, k, k, k, k, kg4
Gains GWO 16.89 46.04 17.43 24.69 2.04 47.64
PSO 5.18 6.90 8.72 22.14 3.38 98.92
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Figure 4. Simulink model of dodecarotor System

4.1. Ramp reference tracking

Ramp reference inputs are applied to the positions of the system at different simulation time. The
tracking performance in all axes are given in the Figure 5. As seen in the figure, the aim of the study that
is tuning the gains for a fast-settling time without overshoot is satisfied.



Optimal PID Controller Design for Trajectory Tracking of a Dodecarotor UAV Based on Grey Wolf Optimizer 17

10 7 — 10 |—_
__ 8t sl
E |
= |
5 6
= |
@
g4 | 4
|
2| 2
| —X_d | —Y d —Z_d
0 X a 0 —Y a 0 —Z a
0 10 20 0 10 20 30 0 10 20 30

Time (s)

Figure 5. Reference tracking performance for all axes (left — X-axis, middle — Y-axis and right- Z-axis.)

By these results, it can be concluded that GWO provides successful and fast results in optimizing the

gains of a PD controller that is designed for the Dodecarotor.

4.2. Trajectory tracking

In this section, the output responses of the case studies with pre-defined trajectories to test the

Dodecarotor system using optimized PD controllers are presented. The trajectories studied in this section
were carefully chosen to reflect the difficulties the control system may encounter in executing the required
tracking.
The first performed case is a rectangular trajectory. Figure 6 demonstrates the tracking performance
of the Dodecarotor system for the rectangular trajectory. As can be seen in the Figure 6, Dodecarotor
followed the trajectory successfully with a tolerable error in the corners. Since the trajectory changes its
direction suddenly at certain times in the corners, the errors in the corners can be considered tolerable.

= Actual
= Desired

6
X (m)

Figure 6. Rectangular trajectory tracking performance of the Dodecarotor system (Black line — Desired
path, Red line — Actual path.).

8 :
10 = Y (m)

The second performed case is a helical-shaped trajectory. Figure 7 demonstrates the tracking of the
Dodecarotor system for the rectangular trajectory. As can be seen in the Figure 7, Dodecarotor followed

the trajectory successfully.
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Figure 7. Helical trajectory tracking performance of the Dodecarotor system (Black line — Desired path,
Red line — Actual path.).

The RMS values of the position errors in the three axes that occur in both rectangular and helical
trajectories tracking are given in table 4. The results are shown in the table, taking into account the different
mass values of the vehicle in the simulations performed with the controller gains obtained with both

optimizers.
Table 4. RMSE values of reference trajectories
Parameters Rectangular trajectory Helical trajectory

Optimizer Mass [kg] X Y Z X Y Z
12 14720  1.1910  0.1567 09290 09970  0.0303
g 18 14720  1.1910  0.1591  0.9290  0.9970  0.0310
0 24 14720  1.1910 0.1619  0.9292  0.9970  0.0317
30 14730 1.1910 0.1651  0.9292 09971  0.0325
12 14740  1.1940 02612 09311 09973  0.0519
8 18 14960  1.1940 02705 0.9311  0.9976  0.0544
A~ 24 14770  1.1950  0.2813 09320 09977  0.0574
30 14775 11950  0.2930  0.9325  0.9978  0.0607

From the results, it can be concluded that the validity of the approach implemented to tune the gains
of the PD control that is applied to a Dodecarotor system is valid.

5. CONCLUSION

In this study, a fully mathematical model of a Dodecarotor with a unique configuration is adopted to
design and tune a PD controller for stabilization and trajectory tracking for this complex, unstable and
highly non-linear system. GWO, which is a widely used optimization algorithm in many systems in recent
years, has been applied to adjust the controller gains. Compared to other commonly used optimizer, PSO.
Simulations were performed for both optimizers. The simulations were made for two different trajectories
and 4 different situations, and the RMS values of the position errors obtained from the simulations were
used for this comparison. With the optimized controller parameters, the trajectory tracking performances
of the UAV at 12 kg mass (no payload), 18 kg mass, 24 kg mass and 30 kg mass (full payload) in both
rectangular and helical trajectory were evaluated. The results of the evaluations are presented both
graphically and numerically. The obtained results can be briefly expressed as follows.
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¢ The performance in helical trajectory tracking was better in the test performed with the controller
gains obtained with both optimizers.

o The trajectory tracking performance decreased slightly as the vehicle's mass increased in all the
controller gain values obtained with both optimizers.

¢ GWO provides a better convergence performance than PSO in both different mass and trajectory
cases.

¢  When the numerical results given in Table 4 are examined, it is seen that using the parameters
obtained with GWO, there is a decrease of 40-46% in axis position errors compared to PSO in UAVs
with four different masses.

Finally, with the performed simulation results, the designed and optimized controller has been proven
to balance the Dodecarotor system and to perform the required tracking.
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Onemli Katkilar (Highlights)

¢ Genlestirme islemi sonras: perlit agreganin mukavemetini, kirilganligin1 ve ufalanma olgusunu
temsili olarak tanimlayabilmek amaciyla yeni bir yaklagim irdelenmistir.

e Bucalismada, perlit genlestirmede 560 “C ve 830 °C esik sicaklik degerleri olarak tanimlanmistir.

e Maksimum tane iriligi arttikca, su ile etkilesime girdiginde ¢dkme (deforme olma) degerlerinin de
arttig1 gorilmiistiir.

e Genlesmis perlit ile iiretilen har¢ 6rneklerinde, perlit agreganin genlestirme sicaklik degeri arttik¢a
agreganin artan ¢okme degeri ve azalan y1gin yogunlugu sebebiyle yayilma degerlerinin azaldig:

gorilmiistiir.
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OZ: Bu calisma kapsaminda, ham perlitin esdeger bir siirede farkli sicaklik degerlerinde genlestirme
islemi sonrasi olusan genlesmis agrega formlarinin degisimi analiz edilmis olup, genlesmis perlitin
yapisal karakteristigine etkiyen faktorler incelenmistir. Ozellikle genlestirme islemi sonrasi perlit
agreganin mukavemetini, kirilganligini ve ufalanma olgusunu temsili olarak tanimlayabilmek amaciyla
yeni bir yaklasim irdelenmistir. Calismada, 125-250 um, 250-500 um ve 500-750 pum boyut araliklarindaki
ham perlit kullanilmistir ve genlestirme sicakliklar1 sirastyla, 200, 360, 410, 480, 530, 560, 590, 610, 640,
660, 690, 730, 760, 830, 900 ve 1040 °C olarak belirlenmistir. Calisma sonuglarina gore, ham perlitin
genlestirme sicaklig arttikga, genlesmis perlitin y1gin yogunlugunun azaldigr ve tane boyutunun arttig:
tespit edilmistir. Maksimum tane iriligi arttik¢a, genlesmis perlit agreganin degisen matris yapisindaki
farklihlk nedeni ile su ile etkilesime girdiginde ¢6kme (deforme olma) degerlerinin de arttig:
gorilmiistiir. Cimentolu harglarda genlesmis perlit agregasinin ¢dkme oraninin artmasi ile harcin basing
dayaniminin ve harcin islenebilirliginin azaldig: tespit edilmistir. Ancak her ne kadar yiiksek sicaklikta
genlestirilen perlit agregasi ile iiretilen harclarin islenebilirlik ve dayanim degerleri ¢dkmenin de etkisi
ile azalsa da bu tip agrega ile iiretilen harcin 1s1l performans 6zelliginin iyilestigi tespit edilmistir.

Anahtar Kelimeler: Analiz, Genlestirme, Performans, Perlit, Ozellik, Harg¢, Sicaklik

An Investigation on the Effects of Temperature Change on Aggregate Characteristics in Perlite
Expansion - A New Approach

ABSTRACT: In this study, the changes in the expanded aggregate forms formed after the expansion
process of raw perlite at different temperature values in an equivalent time were analyzed and the
factors affecting the structural characteristics of the expanded perlite were examined. Especially after
expansion process, a new approach has been examined to represent strength, fragility, and crumbling
phenomenon of the perlite aggregate. In the study, raw perlite in 125-250 pm, 250-500 um and 500-750
um size ranges was used and the expansion temperatures were 200, 360, 410, 480, 530, 560, 590, 610, 640,
660, 690, 730, 760, 830, 900 and 1040 °C, respectively. According to the results, it was determined that as
expansion temperature of the raw perlite increased, bulk density of the expanded perlite decreased, and
grain size increased. It was observed that as the maximum grain size increased, the collapse
(deformation) values increased when interacted with water due to the difference in the changing matrix
structure of expanded perlite. Compressive strength and workability decreased with increase in the
collapse rate of the expanded perlite aggregate in cementitious mortars. Although workability and
strength of the mortars produced with perlite aggregate expanded at high temperature decreased with
the effect of collapse, it was determined that the thermal performance of the mortar produced with this
type of aggregate improved.

Keywords: Analysis, Expansion, Performance, Perlite, Property, Mortar, Temperature
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1. GIRIS AINTRODUCTION)

Perlit, nispeten yiiksek su igerigine sahip amorf yapida volkanik bir camdir. Dogada 0zellikle
volkanik bolgelerde mineral olusumlar: goriilmektedir. Biinyesinde %2-%6 oranlarinda degisen kristal
suyu bulunur. Dogal kayag formu yeterince 1sitildiginda bu su kaybolur, olusan su buhar1 basinciyla ¢ok
fazla genisleme Ozelligine sahiptir. Genellikle, genisletilmis perlit, 900 ila 1200 °C sicakliklara maruz
kaldiginda boyutunda genlesme egiliminde olan silisli bir volkanik malzeme olarak bilinmektedir [1].
Ham perlitin genlestirilmesi ve insaat endiistrisinde kullanimi iizerine uzun yillar ¢ogu arastirmacilar
ilgi duymus ve genlesmis perlitler farkli tasarimlardaki yapi malzemesi iiretimlerinde kullanila
gelmistir. Yapilan bilimsel arastirmalarda perlitin genlestirilmesi, fiziksel ve kimyasal 6zelliklerinin
degisimlerinin incelenmesi ve perlitin refrakter tugla, yiiksek sicaklik yaliimi, hafif beton, kriyojenik
yalitim, filtrasyon ve harg katki maddesi gibi ¢ok cesitli endiistriyel uygulamalarda faydali oldugu rapor
edinilmistir [2-4]. Genlesmis perlit, insaat sektoriinde yap: malzemelerinin iiretilmesinde hafif agrega
ve/veya dolgu malzemesi olarak kullanimi yaygin bir malzeme tiirtidiir. Kullamldig: {irtine gézenekli
yapisi ve diisiikk yogunluk degeri sebebiyle yaliim &zelligi kazandirmaktadir. Ozellikle, kiiresel
1sinmanin birincil nedeni olduguna inanilan enerji tasarrufu ve sera gazi emisyonlarini azaltmak igin,
iistiin 1s1 ve ses yalitim ozellikleri gibi dikkate deger faydalar1 nedeniyle hafif beton gelistirme alaninda
genlesmis perlit kullanimi1 dikkat c¢ekmektedir [5]. Sengiil ve arkadaslari galismalarinda normal
agregalarin %801 genlesmis perlit ile degistirildiginde 1s1l iletkenlikte %65'lik bir azalma
gozlemlendigini bildirmistir [6]. Insaat sektorii haricinde ziraat sektoriinde, topraksiz tarim
uygulamalarinda, cicekgilikte, seracilik gibi alanlarda kullanimi yam sira ilag ve kimya gibi ¢ok farkl
endiistriyel alanlarda da kullanimi goriilmektedir [7]. Daha az bilinmesine ragmen, camsi dogas1 ve
kimyasal bilesimi (%70-75 SiO: ve %12-18 Al20s) nedeniyle ¢ok ince Ogiitiilmiis perlit malzemeler
puzolanik Ozelliklere sahiptir. Yu ve arkadaslar1 yaptiklar1 deneysel ¢alismalarda perlitin puzolanik
aktivitesini incelenmislerdir [8]. Diger bir calismada, Erdem ve arkadaslar1 6giitiilmiis perlit kullanarak
harmanlanmig ¢imentolar ve harglar tiretmislerdir [9].

Yap:1 malzemelerinin tiretiminde kullanilan genlesmis perlitler, cogunlukla yiiksek sicaklik
degerlerinde genlesmis malzeme karakteristigini olusturdugu icin kirilgan agrega yapisina sahip olup,
iirtinlerin elde edilmesi i¢in hazirlanan har¢ ve/veya hamur karisimlarinda diger karisim bilesenlerinin
etkisiyle veya karistirma sekline bagl olarak ufalanma 6zelligi gosterirler. Bu durum, karisima giren iri
boyutlu genlesmis perlit agreganin iiriin matrisinde daha kiigiik taneli bir agregaya doniisiimiinii
glindeme getirmektedir. Genlesmis perlitin tane iriliginin bu sekilde diislisii hem malzemenin
yogunlugunu artirmakta hem de elde edilen taze harcin beklenilenden daha kiiciik hacim olusturmasina
neden olmaktadir. Hargtaki hacim diisiisii yapt malzemesinin {iretilmesinde genellikle daha fazla harg
malzemesi kullanimi ve sarfiyatin daha da artmasina neden olur. Optimum kosullarda ve hacimde bir
harg elde etmek igin, karisimda kullanilacak olan genlesmis perlitin tane iriligi, genlesme sicaklig1 degeri
ve agrega yapisi son derece 6onem kazanmaktadir. Agrega mukavemeti yiiksek, karisim siirecinde
ufalanmayan ve hacim kaybmma neden olmayan genlesmis perlitler bu baglamda Onemlidir.
Panagiotopoulou ve arkadaslar1 genlesmis perlit agreganin yigin yogunlugunun artmas: ile ezilme
dayaniminin arttigini tespit etmislerdir [10]. Ancak, literatiir incelendiginde, genlesmis perlitin narin
yapist nedeniyle ¢imentolu {irtinlerin karistirllmasi ve yerine yerlestirilmesi sirasinda bu agregadan
kaynakli nasil bir degisim olacag: eksik bir konu olarak goriilmektedir. Bu calisma kapsaminda, ham
perlitin esdeger bir siirede farkli sicaklik degerlerinde genlestirme islemi sonrasi olusan genlesmis
agrega formlarinin degisimi analiz edilmis olup, genlesmis perlitin yapisal karakteristigine etkiyen
faktorler incelenmistir. Ozellikle genlestirme islemi sonrasi perlit agreganin mukavemetini, kirilganligin
ve ufalanma olgusunu temsili olarak tanimlayabilmek amaciyla yeni bir yontem ongoriilmiistiir. Bu
yontemde genlesmis perlitin agrega hiiviyetinde irdelenebilmesine de temsili bir 6lgek olabilecek
yaklagimin bulgular: tartisilmistir. Ayrica, bu yonteme gore belirlenmis ve farkli karakteristik yapiya
sahip genlestirilmis perlit agregali ¢imento esash kompozit har¢ Orneklerinin teknik performans
degerleri de irdelenmis olup, konu {iizerine yeni arastirma yapacak arastirmacilara bir 1sik tutmak
amacglanmistir.
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2. HAM PERLIT VE KARAKTERISTiGI (RAW PERLITE AND ITS CHARACTERISTICS)

Farkli sicaklik degerlerinde ham perlitin genlestirilmesi ve sonrasinda genlestirilmis perlit agreganin
¢imento esasli kompozit bir har¢ karisiminda hafif agrega olarak kullamminda harcin mekanik
Ozelliklerine etkilerinin incelenmesi amaciyla farkli sicaklik degerlerinde genlesebilme 6zelligine sahip
bir perlit kayaci iizerinde arastirmanin detaylandirilmasi 6nem kazanmaktadir. Bu agidan giincel olarak
ham perlit kayacin1 birden farkli cografik bolgelerden temin edebilmek miimkiindiir. Ancak, her bir
dogal perlit kayacinin genlesme karakteristikleri gerek orijini gerek kimyasal icerigi ve gerekse yapisal-
fiziksel 6zelliklerine gore farkliliklar goriilebilmektedir.

Bu ¢alismada kullanilan ham perlit, Izmir Bergama bdlgesinde normal piyasa kosullarindan temin
edilmis olup, dogal kaya¢ formunda laboratuvar ortamina getirilmigtir. Ham perlit, 6ncelikle primer bir
kiriada kirilmus (Sekil 1) ve 2 mm’lik bir elek ile 6n boyutlandirma yapilmigtir. Daha sonra 6n
boyutlandirmasi yapilmis ham perlit, ii¢ ayr1 boyut sinifina elenerek gruplandirilmistir: 125-250 pm,
250-500 um ve 500-750 um. 125 pum alt1 boyut toz boyut olarak kabul edilmis olup, calismada 125
um’den daha diigiik ince taneli ham perlitler degerlendirmeye alinmamistir. Bununla birlikte 750 um
boyut {istii ham perlit malzemelerde degerlendirmeye alinmamustir. Tane boyutu smiflandirilmis ham
perlit malzeme 6rneklerinin kuru y1gin yogunluk degerleri, 125-250 um boyut aralig1 i¢in ortalama 1140
kg/m?, 250-500 um boyut aralig1 icin ortalama 1115 kg/m? ve 500-750 um boyut aralig1 igin ortalama 1090
kg/m? olarak belirlenmistir. Ayrica, ham perlitin kimyasal icerik degerleri de Cizelge 1’de verilmistir.

Figure 1. View of raw perlite after primary crusher

Cizelge 1. Ham perlitin kimyasal 6zellikleri
Table 1. Chemical composition of the raw perlite

S5iO: Al20s Fe20s Na20 KO CaO MgO MnO SOs K.K.
%71,60  %13,40 %1,15 %2,24  %4,05 %1,12 %0,08 %0,03 %0,24  %4,11
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3. ARASTIRMA BULGULARI (RESEARCH FINDIGS)

3.1. Sicaklik -Tane Boyutu ve Genlesme Orani iligkisi (Temperature - Grain Size and Expansion Rate
Relationship)

Ham perlitin genlestirilmesinde baslica dort temel faktor irdelenmektedir. Bunlardan birincisi, ham
perlitin orijini ve yapisal 6zelligidir. Bir digeri, agrega tane boyutudur. Uciinciisii, genlestirme islemi
igin gerekli sicaklik degeridir. Sonuncusu ise genlestirme isleminde uygulanacak siiredir.

Ham perlit olusumu itibariyle genellikle SiO2'ce zengin asidik karakterdeki bir magmanin yiizeyde
ani sogumasiyla katilasmasi siirecinde olugsan kiitlenin biinyesine su buhar1 girmesi sonucu olugan
volkanik kokenli bir kayag yapisina sahiptir. Kimyasal yapinin perlit genlesmesine etkisi iizerine farkl
arastirmacilarin infrared spektrometresinde yaptiklari c¢alismalarda, ham perlitteki gevsek bagli su
molekiillerinin hidrojen baglar1 3.0 ve 6.1 mikron bantlarinda goriildiigiinii rapor etmislerdir [11-12].
Riyolitik camin sebeke yapisindaki siki baglanmis monomerik OH gruplar ise, 2.75 p’de tipik
absorpsiyon bandi vermedigi deklere etmislerdir. Bu arastirmacilarin farkli perlit malzeme 6rnekleri
tizerinde yaptiklar1 kimyasal analizlerde, riyolit tipindeki esas bilesimin sabit kaldig1 ve sadece bagh su
igeriginin degistigini gozlemlemislerdir. Bu baglamda, ham perlitin genlesme kabiliyetinin perlitin
kimyasal bilesimi yerine efektif su miktarina gore degistigini rapor etmislerdir [11-12]. Ham perlit
malzemeler genellikle %2-%5 araliginda su icermektedir. Perlitteki suyun bir kismi gevsek baglanmis su
olup, 350°C civarinda 1sitildiginda perlitteki suyun %3-%3,5luk kismi, biinyeden atilir. Ancak geriye
kalan su, siki baglanmis su olarak tamimlanmakta olup, ancak 750-1100°C arasinda 1sitildiginda
biinyeden atilabilmektedir. Bu siki baglanmis suya genellikle efektif su (aktif su) denilmektedir [11-12].
Kayacin biinyesinde olusum mekanizmasina gore farkli oranlarda efektif su (aktif su) bulunmakta olup,
bu su miktarinin perlitin genlesme karakteristigine etkisi biiyiiktiir. Bu baglamda, kayacin biinyesindeki
efektif suyun (aktif su) miktarina gore ham perlitler genellikle aktif perlit ve pasif perlit olarak
tanimlanabilmektedir. Aktif perlitlerin biinyesinde aktif su miktar1 yiiksek olup, diisiik sicaklik
degerlerinde (750-900°C) biiyiik hacim artist olusturarak genlesme karakteristigi gosterebilirler. Pasif
perlitler de ise, aktif su miktar1 daha diisiik diizeyde olup, ancak yiiksek sicaklik degerlerinde (900-
1100°C) genlesebilirler [11-12]. Ham perlitlerin yapilan kimyasal analizleri ile kizdirma kayb:1 degeri,
ham perlitlerin yapisal 6zellikleri hakkinda 6nemli yorumlamalarin yapilabilmesine imkan tanumaktadir
[11]. Bu calisma kapsaminda kullanilan ham perlit 6rneklerinin kimyasal analiz sonucunda ham
perlitlerin kizdirma kaybi ortalama %4,11 olarak belirlenmistir. Analiz bulgularina gore geriye kalan
yaklasik %1,98lik kismin ise perlit 6rneklerinde genlestirilmesinde etkili olabilecek efektif su (aktif su)
miktar1 oldugu degerlendirilmistir. Benzer yaklasim, Sapgi N. ve Ceylan H. Nevsehir-Acigol perlitlerinin
genlestirmesi {izerine yaptiklar: deneysel ¢alismalarda da uygulanmistir [13]. Bu degerlendirmeye gore,
calismada ornek olarak kullanilan ham perlitin aktif su igerigi varlig1 sebebiyle genlesme o&zelligi
gosterebilecegi 6ngoriilmiis olup, yapilan 780°C’de yapilan 6n genlestirme ¢alismasinda perlitin yiiksek
hacim artis1 olusturarak genlesme 6zelligi gosterdigi belirlenmistir. Bu baglamda bu perlit 6rneklerinin
aktif perlit hiiviyetinde bir perlit karakteristigine sahip oldugu belirlenmistir.

Ham perlitin tane boyutu genlesme oranina etki eden 6nemli bir fiziksel faktordiir. Tane boyutu
arttik¢a, genlesme siirecinde daha uzun siire sicakliga maruz kalmalari gerekmektedir. Iri taneli aktif
perlitlerde pasiflere oranla daha kisa siirede genlesme olgusu sergileyebilmektedir. Bu ¢alismada, ham
perlit agrega Orneklerinin farkli sicaklik degerlerinde genlestirilmesi amaciyla 3 ayri tane boyutunda
smiflandirilmis 125-250 pm, 250-500 pm ve 500-750 um boyut araliklarindaki malzemeler kullanilmistir.

Ham perlitin genlestirme iglevinde 6ncelikle blinyesinde bulunan gevsek bagh suyu buharlagtirmak
amactyla suyun buharlasmasinin saglanabilecegi bir sicaklik degerinde 6n 1sitma islemi uygulanir. Bu
siire perlitin tane boyutuna gore farklilik gosterebilir. Calisma kapsaminda her ii¢ tane boyutunda
hazirlanmis ham perlitlerin genlestirilmesinde ortalama 180°C’lik bir etiiv ortaminda tiim ham perlit
ornekleri 15 dakika siireyle 6n 1sitma islemine tabi tutulmuslardir. Daha sonra seramik krozeler icerisine
konmus ham perlit 6rnekleri 16 farkh sicaklik degerinde laboratuvar boyutlu bir firin ortaminda 5
dakika siireyle sicakliga maruz birakilarak genlesme karakteristikleri analiz edilmistir. Kroze igerisine
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yerlestirilen her bir perlit 6rneginin farkli yonlerden en az 12 adet ¢ap degerleri 0.01 mm hassasiyetli
dijital bir kumpas ile dl¢iiliip kaydedilerek, genlesme islemi 6ncesi bu Ol¢iimlerin ortalamas: alinarak
test Orneginin baslangi¢ cap degeri (D1) olarak belirlenmistir. Daha sonra bu test 6rnekleri belirlenen
sicaklik degerinde 5 dakikalik genlestirme islemine tabi tutulduktan sonra firindan gikartilarak bir
desikator igerinde sogumaya birakilmis ve 1sil islem sonrasi olusan yeni cap degeri baglangicta
uygulanan metoda benzer sekilde yeniden belirlenerek, genlesmis 6rnegin ortalama cap degeri (D2)
olarak kaydedilmistir. Her iki baslangi¢ ve 1s1l islem sonrasi ¢ap deger degisimleri arasinda olusan fark
degerinden yiizde degeri hesaplanarak test Orneginin genlesme orami (AG) asagidaki yaklasimla
belirlenmistir:
AG= ((D2-D1)/D1)*100

Calisma kapsaminda uygulanan genlestirme sicaklik degerleri sirasiyla, 200, 360, 410, 480, 530, 560,
590, 610, 640, 660, 690, 730, 760, 830, 900 ve 1040 °C’dir. Bu genlesme-sicaklik etkilesimi sonrasi {i¢ farkh
tane boyutundaki her bir ham perlitin genlesme sonras1 genlesme oranlar1 % cinsinde belirlenmis olup,
bulgular grafiksel olarak Sekil 2’de verilmistir.
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Sekil 2. Ham perlitin genlesme sonrast sicaklik — genlesme orani iliskisi
Figure 2. Expansion temperature — expansion ratio relationship of raw perlite

Ham perlitin 200 *C—410 °C araliginda diisiik sicaklik ortaminda genlesme oranlarinin %4’iin altinda
oldugu goriilmekle birlikte, 125-250 um tane boyutunda bu sicaklik araliginda genlesme orani 250-500
pum ve 500-750 um boyutlu perlitlere gore daha diisiik seviyelerdedir. Ham perlitin tane boyutu
irilestikce aktif perlit formunda genlesme orani artmaktadir. Benzer olgu 410 °C'nin iizerindeki sicaklik
degerlerinde de goriilmiis olup, 6zellikle >560°C olan sicakliga maruz kalmis ham perlitin belirgin bir
genlesme olgusu sergiledigi goriilmiistiir. 200°C-1040°C sicaklik araliginda ham perlit 6rnekleri igin elde
edilen genlesme oranlar1 her bir boyut aralig1 icin sirasiyla; 125-250 um tane boyutlu ham perlit igin %0,7
- %202, 250-500 um tane boyutlu ham perlit igin %0,8 - %236 ve 500-750 um tane boyutlu ham perlit igin
%0,9 - %247 dir.

Genlesmis perlitin hafif agrega olarak kullamildigi harg¢ karigimlarinda, yiliksek mukavemet arzu
edilen sonuglar i¢in homojen dagilimli ve diizenli formlu nispeten kiiciik gozenek boyutlarina sahip
perlit agrega kullanimi 6nem kazanmaktadir. Calisma kapsaminda 530 °C, 660 “C ve 900 °C sicaklik
degerlerinde genlestirilmis perlit agregalarin genlesme sonras: drneklerin sembolik tane goriiniimleri
Sekil 3 — Sekil 5'de verilmistir. Bu gorseller irdelendiginde gorildiigii tizere, genlesme sicaklik degeri
arttikca agreganin fiziksel formu ve matris karakteristigi daha gozenekli bir yapi kazanmaktadir. 880
‘C'nin tizerinde sicaklik degerlerinde genlesmis perlit agrega taneleri arasinda kismen akma yapisina
yakinsak form olusturan tanelerin varlig1 da dikkat gekmektedir (Sekil 6).
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Sekil 3. Genlesmis perlit agreganin genel goriiniimii (530 °C)
Figure 3. View of expanded perlite aggregate (530 °C)
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Sekil 4. Genlegmis perlit agreganin genel goriiniimii (660 C)
Figure 4. View of expanded perlite aggregate (660 °C)
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Sekil 5. Genlesmis perlit agreganin genel goriiniimii (900 °C)
Figure 5. View of expanded perlite aggregate (900 °C)
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Genlegme Sicaklgi: 530°C

Genlegme Sicakligi: 900°C Genlesme Sicakhgr 900°C

Sekil 6. Genlesmis perlit agrega taneleri arasindaki form farklilig: sembolik goriiniimii
Figure 6. The appearance of the difference in form between the expanded perlite aggregate grains

Ham perlitin tane boyutundaki farklilik genlesme sonrasi elde edilen genlesmis perlit agreganin
birim hacim kiitle degerlerinin de farklilk gdstermesine etken bir faktdrdiir. Ug ayri tane boyut
araligindaki perlit 6rneklerinin farkli sicaklik degerlerinde genlestirilmesi sonras1 malzemelerin birim
hacim kiitle degisimleri sirasiyla Sekil 7 — Sekil 9’da verilmistir.
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Sekil 7. Sicaklik — birim hacim kiitle etkilesimi (125-250 pm boyut araligt)

Figure 7. Temperature — unit weight interaction (125-250 um size range)

125um—-250pm boyut araliginda siniflanmis ham perlitin genlesme sonrasi birim hacim kiitle

degisimi, olusan yeni matris yapinin genel formuna gore degiskenlik gostermektedir. 200 *C’den 560
‘C'lik ilk esik sicaklik degerine kadar genlesmis perlitin birim hacim kiitle degeri 1090 kg/m*ten 738
kg/m¥e %32’lik bir degisimle hafifleyerek azalmigtir. 560 *C’den 830 °C’lik ikinci esik sicaklik degerine
kadar genlesmis perlitin birim hacim kiitle degeri 717 kg/m¥ten 275 kg/m¥e %61,6'lik bir degisimle
diismiistiir. 830 °C sicaklik degeri {izerindeki sicaklikta genlestirilen perlitin birim hacim kiitle degeri ise
218 kg/m?¥ten 108 kg/m%e %50,4'liik bir degisimle gelismektedir. Perlitin birim hacim kiitlesinde en fazla
degisimin ikinci esik sicaklik degerinde olustugu goriilmiistiir. Genel bir egilim olarak sicaklik arttik¢a
genlesmis perlitin birim hacim kiitle degeri diismekte ve daha hafif bir form kazanmaktadir.
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Sekil 8. Sicaklik — birim hacim kiitle etkilesimi (250-500 pm boyut aralig1)

Figure 8. Temperature — unit weight interaction (250-500 um size range)

250um-500um boyut araliginda simiflanmis ham perlitin genlesme sonrasi birim hacim kiitle
degisimi irdelendiginde; 200 *C’den 560 °C’lik ilk esik sicaklik degerine kadar genlesmis perlitin birim
hacim kiitle degeri 1067 kg/m¥ten 675 kg/m¥e %36,7’lik bir degisimle hafifleyerek azalmaktadir. 560
‘C’den 830 °“C’lik ikinci esik sicaklik degerine kadar genlesmis perlitin birim hacim kiitle degeri 654
kg/m¥ten 196 kg/m¥e %70’lik bir degisimle diismektedir. 830 °C sicaklik degeri iizerindeki sicaklikta
genlestirilen perlitin birim hacim kiitle degeri ise 165 kg/m¥ten 74 kg/m¥e %55,2’lik bir degisimle
gelismektedir. 125 um-250 pm boyut araliginda goriildiigiine benzer sekilde perlitin birim hacim
kiitlesinde en fazla degisimin ikinci esik sicaklik degerinde olugsmustur. Diger taraftan, esik sicaklik
deger araliginda elde edilen sayisal biiyiikliiklerden goriildiigii gibi ham perlitin tane boyutu arttiginda
artan genlesme miktariin bir fonksiyonu olarak daha hafif perlit agrega elde edilebilmektedir. Bu
yaklasim, malzemenin artan tane boyutuna bagl perlitin daha etkin aktifligi ve kristal su miktarmnin
yeterliligi ile dogrudan orantilidir.

1200
= -
£ 1000 o Tane boyutu: 500-750 pm
& O\ Siire: 5 dk
~ 800 3
k) o
5 Yoo
~ 600 N
g %y
g \O\
2 400 >,
E AN
— (AN
& 200 e
0 -
0 200 400 600 800 1000 1200

Sicaklik, (°C)

Sekil 9. Sicaklik — birim hacim kiitle etkilesimi (500-750 um boyut aralig1)
Figure 9. Temperature — unit weight interaction (500-750 um size range)

500 um-750 pm boyut araliginda siniflanmis ham perlitin de genlesme sonrasi birim hacim kiitle
degisimi irdelendiginde; 200 *C’den 560 °C’lik ilk esik sicaklik degerine kadar genlesmis perlitin birim
hacim kiitle degeri 1029 kg/m¥ten 677 kg/m¥e %34,2’lik bir degisimle hafifleyerek azalmaktadir. 560
‘C’den 830 °C’lik ikinci egik sicaklik degerine kadar genlesmis perlitin birim hacim kiitle degeri 646
kg/m%¥ten 204 kg/m?¥e %768,4'liik bir degisimle diismektedir. 830 °C sicaklik degeri iizerindeki sicaklikta
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genlestirilen perlitin birim hacim kiitle degeri ise 124 kg/m¥ten 65 kg/m¥e %47,6’'lik bir degisimle
gelismektedir. Diger her iki perlit tane boyutu araliginda goriildiigiine benzer sekilde perlitin birim
hacim kiitlesinde en fazla degisimin ikinci esik sicaklik degerinde olusmustur. Genlestirilmis perlitin
hafif agrega olarak bir har¢ karisimi bileseni olarak kullanimi diisiiniildiigiinde, elde edilecek harg
ve/veya uriinlin dayanim, durabilite ve suya karsi direnci vb. gibi teknik parametreler dikkate
alindiginda perlitin birim hacim kiitlesinin ne diizeyde olmasi gerektigi dnceden belirlenmesi gerekliligi
Onem arz eder. Bu baglamda, yiiksek dayamim ve/veya {irlin i¢in yiiriirliikte olan bir standardin
ongordiigli basing dayanim degerinin saglanabilmesi icin genlesmis perlitin yogunlugunun da yiiksek
olmasi bir gerekliliktir. Ornegin 80 kg/m? birim hacim kiitleli bir perlit agrega ile 250 kg/m3 birim hacim
kiitleli bagka bir perlit agregayla yapilmis sertlesmis harcin dayanim degerleri esdeger degildir. Perlit
yogunlugu arttikca har¢ malzeme de dayamim kazanacaktir. Bununla birlikte, laboratuvar
calismalarindan elde edilen bulgularda; genlesmis perlit yogunlugu diistitk¢e perlit malzemenin su ile
temasi sonrasi olusan karisimin hacminde de 6nemli miktarda azalma meydana geldigi belirlenmistir.
Bu hacim azalmas1 “¢ékme” ve/veya “oturma” olarak da ifade edilebilecek harcin yogunlugunu artirict
bir etki olusturmaktadir. Bu bakimdan genlesmis perlitin uygulamada ¢dkme degerlerini de dikkate
alinarak gerekli hesap ve irdelemelerin yapilmasi kaginilmaz olmaktadir.

3.2. Genlesmis Perlit Karakteristiginin Analizi (Analysis of Expanded Perlite Characteristics)

Her bir genlesmis perlit tanesi, genlesme islemindeki sicaklik, siire ve tane boyutuna bagli farkl
gozeneklilik oranina sahiptir. Yiiksek sicaklik degerlerinde genlesmis olan bir perlitin matris yapisinda
olusan yiiksek gozeneklilik sebebiyle su emme kapasitesi de yiiksek olmakta, bununla birlikte emilen
suyu biinyede tutma siiresi de uzamaktadir. Yiiksek gozeneklilik oranina ve ayni zamanda diisiik birim
hacim kiitle degerine sahip genlesmis perlit, herhangi bir har¢ karissminda hafif agrega olarak
kullanildiginda, harcin karma suyu etkisiyle biinyeye hizli bir sekilde su emilimi gerceklesmekte, matris
yapiun Kkarakteristigine bagli olmak kosuluyla gozenekler arasindaki matris birimin deforme
olabilmesiyle agrega hacminde bir diisiis gerceklesebilmektedir. Bu durum, genlesmis perlitin su temasi
sonras1 “cokme degeri” olarak da tamimlanabilmektedir. Cokme degeri ne kadar yiiksekse, bu 6zelligi
tasiyan genlesmis perlitli harglarin yas kivaminda hacim kaybi da daha yiiksek olmaktadir. Genlesmis
perlit kullanimindaki bu durum ¢ogu zaman bir olumsuzluk olarak da nitelendirilebilmektedir. Bu
bakimdan, har¢ karisimlar1 tasarimlandirilirken genlesmis perlit kullanimindan kaynakli yas harctaki
hacim diisiisii/kayb1 (¢6kme) 6nceden irdelenerek, ¢okme miktarini minimize edecek 6zellik tasiyan bir
genlesmis perlit malzemesinin kullanimi 6nem kazanmaktadir. Bu ¢alisma kapsaminda genlesmis perlit
kullanimi icin uygunluk degeri olarak ongoriilecek yalin bir yaklasim tanimlanmis olup, uygulama
bulgular: detayl: etiit edilmistir.

Genlesmis perlitin su temasi sonrast olusan yas kivamindaki hacim kaybi/¢cokme degerini agrega
bazinda 6nceden belirlemeye yonelik 6ngoriilen metodolojide oncelikle 200 ‘C sicaklik ortamina 5
dakika maruz kalmis perlit agrega ornekleri hazirlanir. Bu perlit agregadan daha sonra 200 ml hacminde
bir miktar alinarak Su/Kat1=0,75 oraninda su ile karistirilarak taze ve yas bir perlit agrega karisimi elde
edilir. Bu karisim 3 dakika stireyle diisiik devirli bir karistirici ile karistirilir ve en az 250 ml hacimli cam
meziir igerisine konularak en az 5 dakika dinlenmeye birakilir. Bu dinlenme siiresi sonrasinda yas perlit
agregali karigimin meziirdeki yiikseklik degeri meziir {izerindeki dlgekten okunarak, “referans deger”
“Href” olarak kaydedilir. Daha sonra, har¢ karisiminda kullanimi diisiiniilen bir veya birka¢ genlesmis
perlit agregadan 200 ml hacimli 6rnekler alinarak esdeger Su/Kati=0,75 oraninda su ile karigtirilarak taze
ve yas genlesmis perlit agrega karisimlar: hazirlanir. Bu karisimlar da 3 dakika siireyle diisiik devirli bir
karigtirial ile karigtirilir ve en az 250 ml hacimli cam meziirler igerisine konularak en az 5 dakika
dinlenmeye birakilir. Bu dinlenme siiresi sonrasinda genlesmis perlit agregali yas karisimin
meziirlerdeki yiikseklik degerleri meziir iizerindeki 6lgekten okunarak, her bir genlesmis perlit agregasi
icin ayr ayr1 “dlgiim degeri” “Hi” olarak kaydedilir. Genlesmis perlit matris yapisi, gdzeneklilik orani,
tane boyutuna bagli olarak referans degere kiyasla daha yiiksek bir ¢okme degeri gosterecektir. Bu
Ol¢tim degerlerinde, referans degerin yiikseklik bulgusuna gore belirli bir miktar diisiis oldugu gozlenir
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(Sekil 10). Daha sonra her bir genlesmis perlit i¢in Esitlik 1’de ongoriilen yaklasimla genlesmis perlit
malzemenin agrega formunda ¢6kme degeri (hacim kayb1) “0n” % biriminde tanimlanir. Bu yaklasimla
elde edilen ou degerlerinden hangi genlesmis perlite ait deger digerinden daha diisiik oranda ise (daha
az ¢okme degerine sahipse), tasarlanan har¢ karisimi i¢in daha ideal bir malzeme se¢imi olacagin temsil
eder.

_ Hye f —H;
Sy = THry x100 (1)
Burada;
OH : Genlesmis perlit ¢cokme degeri, %
Hiet : Referans deger, ml,
H: : Olgﬁm degeri, ml.

8H
Yas Perlit
Hyef Karigimi H;
Su/Kati: 0.75 Su/Kati: 0.75
karigiml karisimli
Referans Deger Olgiim Degeri

Sekil 10. Genlesmis perlit ¢okme degeri tayini sembolik gosterimi
Figure 10. Expanded perlite collapse value determination

Calisma kapsaminda 125-250 pm, 250-500 pum ve 500-750 um tane boyutlarinda {i¢ farkli grupta
hazirlanan ham perlitlerin, farkli sicaklik degerlerinde esdeger siirelerle genlestirme islemi sonrasi,
yukarida belirtilen yaklasimla ¢cokme degerleri analiz edilmistir. Her bir boyuttaki perlit i¢in elde edilen
bulgular grafiksel olarak Sekil 11 — Sekil 13’de verilmistir.
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Sekil 11 Sicaklik — ¢okme oranu iligkisi (125-250 pm boyut aralig1)
Figure 11. Temperature — collapse rate relationship (125-250 um size range)
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Sekil 12. Sicaklik — ¢okme oranu iliskisi (250-500 um boyut aralig)
Figure 12. Temperature — collapse rate relationship (250-500 um size range)
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Sekil 13. Sicaklik — ¢c6kme oraru iliskisi (500-750 pm boyut aralig)
Figure 13. Temperature — collapse rate relationship (500-750 um size range)

125 pm-250 pum boyut araliginda siniflanmis ham perlitin 200 "‘C’den 560 °C’lik ilk esik sicaklik
deger araliginda genlesmesi sonrasi agrega malzemenin ¢okme oram degerleri %0,77’den %6,15'e
yiikselmistir. 560 “C’den 830 “C’lik ikinci esik sicaklik degerine kadar genlesmis perlitin ¢cokme degeri
ise %7,69 - %31,54 araligindadir. 830 "C sicaklik degeri iizerinde genlestirilen perlitin ¢6kme degeri
%38,46'ya kadar artmaktadir. Bu analiz bulgusundan goriilecegi {izere, genlestirme sicaklik degeri
arttika, genlesen perlit malzemenin matris yapisindaki degisim, gozeneklilikteki artis ve gozenek
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boyutlarinin degisimi gibi faktorlere bagh olarak ¢okme orani artmaktadir. Bu olgu, sicaklik artisi ile
genlesmis perlitin agrega olarak mukavemet kaybettigi, yas har¢ karisimlarinda daha fazla hacim
diisiisti olusturacagr anlamin tasimaktadir. Benzer sekilde, diger boyutlardan 250 um-500 pum ve 500
um-750 pm boyut araliklarinda smiflanmis ham perlitlerin 200 °C’den 560 "C’lik ilk esik sicaklik deger
araliginda genlesmesi sonrasi agrega malzemenin ¢0kme orami degerlerindeki degisim sirasiyla
%1,54'ten %6,92’e ve %2,31’den %11,54 e yiikselmistir. 560 "C’den 830 °C’lik ikinci esik sicaklik degerine
kadar genlesmis perlitin ¢okme degeri ise 250 um-500 pm boyut arali1 igin %8,46 - %35,38 araliginda,
500 um-750 um boyut aralifi icin %14,62 - %36,15 araliginda degismektedir. 830°C sicaklik degeri
tizerinde genlestirilen 250 um-500 um boyut araligindaki perlitin ¢okme degeri %41,54’e, 500 um-750
um boyut araligindaki perlitin ¢okme degeri ise %45,38 e kadar artmaktadir. Ham perlitin tane boyutu
siniflandirmasinin, genlesme sonrasi agrega malzemenin ¢okme degerine dogrudan etkiyen bir faktor
oldugu buradan goriilmektedir. Tane boyut dagilimindaki maksimum tane iriligi arttikca, genlesmis
perlit agreganin degisen matris yapisindaki farklilik nedeni ile ¢cokme degerlerinin daha yiiksek oldugu
goriilmistiir. Buna etken bir diger parametre ise genlesmis perlitin y1gin birim hacim kiitle degerinin
diismesinin (agreganin hafiflemesi) de ¢dkme degerine olumsuz yonde etkiledigi tespit edilmistir. Bu
olgu, calisma kapsaminda irdelenen tiim genlesmis perlit agrega malzemelerin genel bir egilimi olarak
Sekil 14’te analiz edilmistir.
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Sekil 14. Y1gin birim hacim kiitle — ¢okme oranu iligkisi
Figure 14. Bulk density-collapse ratio relationship

Sekil 14 irdelendiginde goriildiigii iizere genlesmis perlitin y1gin yogunlugu arttik¢a, ¢okme degeri
diismektedir. Genlesmis perlit agregali har¢ karisimlarinda elde edilen taze yas harcin kivami ve
uygulamada tiiketim miktarinin diisiik olmasi, harcin dolayisiyla genlesmis perlitin ¢dkme oraninin
diisiik olmasma baghdir. Bu baglamda, uygulamada harg icin onceden Ongoriilebilecek bir tiiketim
miktarinin saglanmast amaciyla hangi boyutta ve hangi yogunlukta genlesmis perlit agrega
kullaniminin daha rasyonel olacagi tanimlanmali ve bu degeri saglayabilecek agrega malzeme kullanimi
son derece 6nem kazanmaktadir.

3.3. Genlesmis Perlit Kullaniminin Kompozit Harcin Ozelliklerine Etkisi (Effect of Expanded Perlite Usage
on the Properties of Composite Mortar)

Genlesmis perlitin ¢imento esashi kompozit bir har¢ta hafif agrega olarak kullaniminda, harcin
mekanik 6zelliklerindeki degisim ve sertlesmis harcin performans degerlerine ne 6lgiide etken oldugunu
belirlemek {izere bir dizi deneysel inceleme yapilmistir. Bu analizlerde Cizelge 2’de 6zellikleri belirtilen
7 farkli sicaklik degerinde es siirede (5 dakika) genlestirme islemi yapilmis perlitler agrega malzeme
olarak kullanilmistr.
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Cizelge 2. Genlesmis perlit agreganin 6zellikleri
Table 2. Properties of the expanded perlite aggregate

Genlesme Y181n Birim Hacim N .

Agrega Stcakligt Kiitle Degeri (;okme0 Degeri
Kodu “C) (ke/m?) (%)
Al 900 124 40,8
A2 830 196 35,4
A3 730 268 31,5
A4 760 292 28,5
A5 730 344 22,3
A6 530 756 6,2
A7 410 893 3,9

Farkl: sicaklik degerlerinde genlesmis ve farkli ¢okme ve y1gin yogunluk degerlerine sahip bu yedi
farkli genlesmis perlit agregalar, tasarlanan bir kompozit har¢ karisiminda agirlikca esit miktarlarda
(agirlikca %34,5) kullanilarak kompozit formda harg drnekleri hazirlanmistir. Har¢ kombinasyonlariin
agirlikca karisim oranlari ve taze yas har¢ formunda bazi teknik 6zellikleri Cizelge 3’te verilmistir.

Cizelge 3. Genlesmis perlit agregali har¢ karisim kombinasyonlar: ve yas harg 6zellikleri
Table 3. Mortar mix combinations and fresh mortar properties

Genlesmis Toz Vin.il asetat- Taze
Agrega  Cimento Perlit Kirec Kalsit Akrilat esasl Su/Kat1 Harg Yayilma
Kodu (%) %) %) (%) K1van:)1a§t1r 1ct Orani Yogunlugu (mm)
(%) (kg/m?)
Al 33 34,5 7 25 0,5 0,75 637 144
A2 33 34,5 7 25 0,5 0,75 764 155
A3 33 34,5 7 25 0,5 0,75 848 156
A4 33 34,5 7 25 0,5 0,75 862 158
A5 33 34,5 7 25 0,5 0,75 887 160
A6 33 34,5 7 25 0,5 0,75 1055 161
A7 33 34,5 7 25 0,5 0,75 1088 164

Hazirlanan tiim harg karisimlarinda agirlikca esit miktarlarda ¢imento, toz kireg, dolgu materyali ve
polimer katki malzemeleri kullanilmistir. Dolgu materyali olarak maksimum tane boyutu 500 mikron
olan kalsit kullanilmistir. Harca kivam vermek ve islenebilirligini artirmak amaciyla piyasa
kosullarindan temin edilen toz formda vinil asetat-akrilat asetat esasli ve polivinil koruyuculu
kivamlastirici toz katki kullanilmistir. Téim har¢ karisimlarinda su/¢imento orani sabit tutulmus olup,
su/¢cimento=2,27’dir. Karisim Ornekleri PC 42,5R ¢imento ile hazirlanmigtir. Bu karigimlarda hazirlanan
tiim har¢ 6rnekleri 50x50x50 mm boyutlu kaliplara yerlestirilerek, 24 saat sonrasinda kaliptan ¢ikarilmis
ve 28 giin boyunca biinye nemini kaybetmeyecek bir ortamda TS EN 998-1 [14] standardinin 6ngordiigii
prensiplere gore kiirleme islemine tabi tutulmustur. 28 giin kiir sonrasinda havalandirmali bir etiiv
ortaminda degismek kiitle degerine ulasincaya kadar 70+10°C’lik bir etiivde kurulmus ve sonrasinda
mekanik testleri yapilmistir. Genlesmis perlit agregali kompozit har¢ drnekleri Izmir Katip Celebi
Universitesi, 1n§aat Miihendisligi Boliimii, Yap1 Malzemeleri Laboratuvarinda hazirlanarak, TS EN 998-1
standard1 ve bu standartta ongoriilen diger TS EN normu standartlarina gore testler yapilmistir.

Taze har¢ kivami olarak elde edilen yayilma degerleri irdelendiginde, perlit agreganin genlestirme
sicaklik degeri arttik¢a agreganin artan ¢dkme degeri ve azalan yigin yogunlugu sebebiyle yayilma
degerlerinin azaldig1 goriilmektedir [15-16]. Agirlikca es deger miktarlarda genlesmis perlit ve diger
karisim bilesenleri de esit miktarlarda kullanilmis olmasina ragmen, yayilma degerinde diismenin
olusmasi harcin islenebilirlik degerinin azaldigini temsil etmektedir. Harcin islenebilirligini artirmak
ve/veya iyilestirmek i¢in perlitin genlestirme sicaklik degerinin diisiik sicaklik degerlerinde olmasi daha
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arzu edilir bir durumu gostermektedir. Bu olgunun bir diger gostergesi olarak da benzer egilimin taze
yas formunun yogunlugu olarak da incelenebilir. Perlitin genlesme sicaklig1 azaldikc¢a artan agrega yigin
yogunlugu ve azalan gozeneklilik olgusu sebebiyle yas harcin yogunlugu da artmaktadir. Harcin
yogunlugunun artmasi esdeger bir karisim kombinasyonunda har¢ kivamini iyilestirme ve daha
islenebilir hale getirmektedir.

Genlesmis perlit agregali har¢ karisimlarinin sertlesmis har¢ formunda kuru birim hacim kiitle
degerlerinin analizi, har¢ karisiminda kullanilan perlitin genlestirilme sicaklik degerine bagli degisimi
grafiksel olarak $Sekil 15'de verilmistir.
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Sekil 15. Perlit genlestirme sicakligi-birim hacim kiitle iligkisi
Figure 15. Perlite expansion temperature-unit weight relationship

Ham perlitin genlestirme sicaklik degeri arttikca, bu sicaklik degerinde esdeger siirede genlesmis
perlit agregali sertlesmis har¢ orneklerinin kuru birim hacim kiitle degerleri azalmaktadir. Diger bir
degisle sertlesmis har¢ hafiflemektedir. Buna temel etken sebep, genlesmis perlitin agrega olarak tane
yogunlugunun diismesi ve gozeneklilik oraninin artmasidir. Bu analiz bulgusu irdelendiginde, 6rnegin
500 kg/m?® yogunlukta bir sertlesmis har¢ elde etmek i¢in bu karisim bilesenleri baglaminda 880 "C
sicaklikta genlestirilmis bir perlit malzemenin karisimda agrega olarak kullanilmas: gerektigi
goriilmektedir. Benzer sekilde, 650 kg/m? yogunlukta daha yiiksek bir sertlesmis harg elde etmek igin ise
yaklagik 790 °C sicaklikta genlestirilmis perlit malzemenin kullaniminin uygun olacagi, 800 kg/m?
yogunluk icin ise yaklasik 650 °C sicaklikta genlestirilmis perlit malzemenin kullaniminin daha uygun
olacag: goriilmektedir. Karisimlarda hedeflenen sertlesmis har¢ yogunlugu icin karisimda kullanilacak
genlesmis perlitin agrega olarak genlestirme islemindeki sicakliginin onceden belirlenmesi Snem
kazanmaktadir. Cogu ArGe calismalarinda sertlesmis harcin yogunlugu, karisimlarda kullanilan
genlesmis perlitin miktar1 ile ayarlanmas1 yoniinde projelendirildikleri siklikla goriilmektedir. Bunun
yerine perlit agrega miktariin ayarlanmasindan ziyade, perlitin genlestirme sicakligina dikkat cekilerek
yapilacak projelendirmeler daha efektif sonuglar verecektir. Bununla birlikte, yukaridaki boliimlerde de
deginildigi gibi agrega yigmn yogunlugunda diisme egilimi genlesmis perlitlerin ¢okme oranin
artirmakta, ancak taze harcin yogunlugundaki azalma miktarinin yiiksek olusu ve yas harcin hacim
kaybetmesine ragmen daha diisiik yogunluk degerleri elde edilebilmektedir. Bu degisim, ayn1 zamanda
sertlesmis harcin mukavemet agisindan zayiflayacagim da temsil edebilmektedir.

Sertlesmis harg drneklerinin 28 giin kiir sonrasi basing dayanim degerleri, genlesmis perlit agreganin
¢Okme oraninin ve birim hacim agirlik degerinin bir fonksiyonu olarak degisim gostermektedir. Bu olgu,
sirastyla Sekil 16 ve Sekil 17’de analiz edilmistir.
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Sekil 16. Genlesmis perlit ¢okme orani-basing dayanima iligkisi
Figure 16. Expanded perlite collapse rate-compressive strength relationship

Genlesmis perlit agreganin ¢dkme degeri arttik¢a, bu perlit karisimh harcin basing dayanimi da
azalmaktadir. Agreganin ¢okme orani yigin yogunlugunun ve genlestirilme sicakliginin birer
fonksiyonu olarak degisim gostermesi, agregadaki artan gozeneklilige bagli harcin basing dayaniminin
diismesine neden olmaktadir. Ancak, sertlesmis harcin kullanim yerine uygunlugu agisindan ongoriilen
basing dayarumlar1 farkli kategorik degerler ile sinirlandirilabilmektedir. Ornegin, TS EN 998-1
standardinda sertlesmis har¢ dayanim basing degerleri CS I, CS II ve CS III gibi kategorilerde
siniflandirlmistir [14]. Bu standarda gore CS II dayanim simifinda yer alacak bir sertlesmis harcin basing
dayanimi en az 2,5 N/mm? olmas1 6ngoriilmiistiir. Genlestirilmis perlit agregali bir kompozit harcin bu
calismada uygulanan karisim bilegenleri baglaminda bu dayanim degerini saglayabilmesi icin ortalama
%10 ¢okme orani degerine sahip bir malzemenin kullanilmasi gerekliligi agik¢a goriilmektedir. Bu oran
degeri de yaklasik 570 °‘C sicaklikta genlestirilmis perlit agrega ile saglanabilecegi bu calismada
gozlenmistir. Diger taraftan daha diisiik mukavemet degeri sergileyen CS I smifi dayanim degerine
sahip bir sertlesmis harcin basing dayanimi en az 1,5 N/mm? olmasi ongoriilmiistiir. Genlestirilmis perlit
agregali bir kompozit harcin bu calismada uygulanan karisim bilesenleri baglaminda bu dayanmim
degerini saglayabilmesi igin ortalama %36 ¢Okme orani degerine sahip bir malzemenin kullanilmasi
gerekliligi ve bu oran degerinin de yaklasik 760 °C sicaklikta genlestirilmis perlit agrega ile
saglanabilecegi belirlenmistir. Bu analiz bulgular1 gostermektedir ki, esdeger miktarda agrega
kullanilmasina ragmen genellikle diisiik genlestirme sicaklik degerlerine sahip perlit agregali harglar
daha yiiksek basing dayanim degerlerinin elde edilmesini saglamaktadir. Bu analiz boliimiindeki
bulgulara gore, endiistriyel uygulamalara 1sik tutmak agisindan CS I dayanim sinifinda bir harg elde
etmek icin kullanilacak genlesmis perlitin maksimum ¢okme orani yaklasik %35 ile simirlandirilabilecegi
ve CS II dayanim smifi icin ise maksimum c¢okme orami yaklasik %10 ile sirurlandirilabilecegi
ongoriilebilir.
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Sekil 17. Birim hacim agirlik-basing dayanimu iligkisi

Figure 17. Unit voliime weight-compressive strenght relationship

Genlesmis perlit agregali harclarin birim hacim agirlik degerleri arttik¢a, harglarin basing dayanim
degerleri de artmaktadir. Harcin {iretiminde kullanilan perlit agreganin genlestirme sicakligina bagh
olarak gozenek oraninin artmasi ile harcin birim hacim agirlig1 diismekte, bununla paralel olarak harcin
basing dayanimi azalmaktadir. Ancak, TS EN 998-1 standardinin éngérdiigii CSI ve CSII dayanim
smiflandirmasina uygun harg drneklerinin {iretilebilecegi Sekil 17'den de tespit edilebilmektedir.

Perlit agreganin artan genlestirme sicakligl, genlesmis agreganin gozenekliliginin artmasina neden
oldugu kadar, bu agregali karisimlara ait sertlesmis harcin da goriiniir gozeneklilik oraninin artmasini
saglamaktadir. Bu egilim grafiksel olarak Sekil 18’de analiz edilmistir.
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Sekil 18. Perlit genlestirme sicakligi-goriiniir gozeneklilik iliskisi
Figure 18. Perlite expansion temperature-apparent porosity relationship

410 °C sicaklik ile 900 °C sicaklik araliginda genlestirme islemi yapilmis perlit agregali sertlesmis
harclarin goriiniir gozeneklilik oram1 %13,4 - %424 araliginda degismektedir. Agrega genlestirme
sicaklig1 arttikga, goriiniir gozeneklilik de anlamlilik diizeyi yiiksek seviyede lineer {iistel bir fonksiyon
olarak artmaktadir. Bu analiz bulgusu gostermektedir ki; yiiksek gozeneklilik arzu edilen harg
matrislerinin elde edilmesi igin yiiksek sicaklik degerlerinde genlestirme islemi yapilmis perlit
agregalara gereksinim duyulmaktadir. Bu tiir matris yapilar binalarda ¢ogunlukla yalitima katki
saglamak amagli uygulamalarda tercih edilmektedir. Ancak, bu matris yapilara sahip sertlesmis
harglarin yukarida da deginildigi tizere dayarumlar: diisiik olabilmektedir. Diger taraftan, daha yiiksek
mukavemet saglayan har¢ kombinasyonlar: igin ise diisiik sicaklik degerlerinde genlestirilmis ve diisiik
goriiniir gozeneklilik matrisini saglayan perlit agregalara gereksinim duyulmaktadir. Sertlesmis harcin
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goriiniir gozeneklilik olgusunun yiiksek olusu, aym: zamanda bu harcin 1sil iletkenlik degerinin de
diisiik degerlerde olabilecegini temsil edebilmektedir. Calisma kapsaminda bu baglamda yapilan bir seri
irdelemelerde Sekil 19'de grafiksel olarak verilen bulgular elde edilmistir.

Test orneklerinin 1s1l iletkenlik degeri Ol¢timleri i¢in laboratuvar 6lgekli Sicak Kutu (Hot Box)
yontemi kullanilmigtir. Sicak Kutu yonteminde test ornegi, opsiyonel olarak 0°C ile +55°C arasinda
degisen sicaklik ortamlari icin 1s1l iletkenlik 6l¢iimii yapilabilmektedir. Olgiim sirasinda, Ornegin her bir
ylizeyindeki 1s1 degeri, yiizeyde bir karelaj olusturacak sekilde en az 9’ar noktadan Olciilmiistiir. Isil
iletkenlik {initesi, 1s1 kutusu (sicak oda) olarak adlandirilan boliimde, bir elektrikli 1sitici, numunenin
yerlestirildigi boliim ve soguk odadan olusmaktadir. Soguk ve sicak odanin her ikisinde de yer alan 1s1
sensorleri, zarar gormeden Ornek yiizeyine tam olarak temas ettirilerek 6rnek yiizey sicaklik degerleri
0.1°C hassasiyetle Ol¢iilmiistiir. Verilen 1sinin kontrolii, siirekli degisebilen (20-400 watt) akim ile
saglanabilmekte ve test cihazi, 1s1 gecisinin ii¢ boyutlu olmasi nedeniyle, hatalar minimize edilerek
tasarimlandirilmistir. Sicaklik verilerini kaydetmeden oOnce, numunenin kararli duruma gelmesi
saglanmis olup, kararli duruma ulastiktan sonra veri kaydina baslanmistir. Diizenek igine yerlestirilmis
test numunesinin her iki ylizeyinde istenen sicaklik farki isitictya uygulanan elektriksel gii¢ (Qr, Watt)
vasitayla saglanmis ve yiizeyler arasindaki sicaklik farki ol¢iim degerlerinden ortalama deger olarak
(AT, °C) belirlenmistir. Test 6rneginin 1s1l iletkenlik degeri yalin bir sekilde (A, W/mK), asagidaki bagintt
kullanilarak hesaplanmaistir:

Qr xd
~AXAT

Burada;
L =Test 6rneginin 1s1l iletkenlik degeri, (W/mK),
Qr =Isiticiya uygulanan elektriksel giic, (Watt),
d =Numune kalinligi, (m),
A =Isitma bolimiinde 1sitilan alan, (m?2),
AT = Yiizeyler arasindaki sicaklik farki, (°C),
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Sekil 19. Perlit genlestirme sicakligi-1sil iletkenlik degeri iliskisi

Figure 19. Perlite expansion temperature-thermal conductivity value relationship

Perlit agreganin genlestirme sicaklig1 arttikca bu perlit karisimh harcin 1sil iletkenlik degeri de
diismektedir. Diger bir degisle temsili olarak daha 1s1 yalittmli bir form kazanmaktadir. TS EN 998-1
standardinda sertlesmis harglar, yogunluk degerlerinim bir fonksiyonu olarak sagladiklari 1s1l iletkenlik
(A) degerlerine gore yalitima katki saplamak amacli yap bilesenleri olarak kullanimlarini da giindeme
getirmektedir. Bu baglamda, TS EN 998-1 standardinda sertlesmis harg 1s1l iletkenlik degerleri T1 ve T2
olarak iki ayr1 grupta siiflandirilmistir. T1 sinuft harglar icin 6ngoriilen 1s1l iletkenlik degeri A <0,10
W/mK kosulunu saglamasi, T2 smifi harglar icin ise dngoriilen 1sil iletkenlik degeri A <0,20 W/mK
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kosulunu saglamas1 gerekmektedir. T1 sinifinda yer alabilecek genlestirilmis perlit agregali bir kompozit
harcin bu ¢alismada uygulanan karisim bilesenleri baglaminda dngoriilen A degerini saglayabilmesi i¢in
hargta kullanilacak perlit agreganin minimum 850 "C’lik sicaklik degerinde genlestirme islemine tabi
tutulmus olmasi gerektigini gostermektedir. Bu ayni zamanda harcin binalarda 1s1 yalittmina katk:
saglayabilecek oOzellik tastyacagimi da vurgulamaktadir. Diger taraftan T2 simfinda yer alabilecek
genlestirilmis perlit agregali bir kompozit harcin bu calismada uygulanan karisim bilesenleri
baglaminda ongoriilen A degerini saglayabilmesi i¢in ise harcta kullanilacak perlit agreganin minimum
520 °C’lik sicaklik degerinde genlestirme islemine tabi tutulmus olmasi gerektigini gostermektedir. Is1
yalitmina katki saglamak amach tasarlanan har¢ karisimlarinda yiiksek sicaklikta genlestirilmis
perlitlerin agrega olarak kullaniminin alternatif malzemelere gore daha Onem kazandig:
distintilmektedir.

4. SONUC ve TARTISMALAR (RESULTS and DISCUSSIONS)

Bu calisma kapsaminda, ham perlitin esdeger bir siirede farkli sicaklik degerlerinde genlestirme
islemi sonrasi olusan genlesmis agrega formlarmin degisimi analiz edilmis olup, genlesmis perlitin
yapisal karakteristigine etkiyen faktorler incelenmistir. Ozellikle genlestirme islemi sonrasi perlit
agreganin mukavemetini, kirilganligini ve ufalanma olgusunu temsili olarak tanimlayabilmek amaciyla
yeni bir yontem ongoriilmiistiir. Ayrica, bu yonteme gore belirlenmis ve farkl: karakteristik yapiya sahip
genlestirilmis perlit agregali ¢cimento esasli kompozit har¢ o6rneklerinin teknik performans degerleri de
irdelenmistir. Calisma sonuglarina gore:

1. Bu calismada 560 °C ve 830 °C esik sicaklik degerleri olarak tanimlanmuistir.

2. 200 "C-1040 °C sicaklik araliginda ham perlit 6rnekleri icin elde edilen genlesme oranlar: her bir
boyut aralig1 igin sirasiyla; 125-250 um tane boyutlu ham perlit igin %0,7 - %202, 250-500 pm
tane boyutlu ham perlit icin %0,8 - %236 ve 500-750 pm tane boyutlu ham perlit i¢in %0,9 -
%247’ dir.

3. 830 °C'nin {izerinde genlesmis perlitin daha kirilgan, kolay ufalanabilen bir 6zellik kazandig:
goriilmistiir. Perlitin birim hacim kiitlesinde en fazla degisimin ikinci esik sicaklik degerinde
olustugu goriilmiistiir.

4. Ham perlitin tane boyutu arttiinda artan genlesme miktariin bir fonksiyonu olarak daha hafif
perlit agrega elde edilebilmektedir.

5. 125 um-250 um boyut araliginda siniflanmis ham perlitin genlestirilmesi sonucu elde edilen
genlesmis perlit agreganin ¢okme degeri %38,46’ya kadar, 250 pm-500 pm ve 500 um-750 pum
boyut araliklarinda ise bu deger %41,54 ve %45,38’e kadar artmaktadir. Genlesmis perlitin y18in
yogunlugu arttikca, cokme degeri diismektedir.

6. Genlesmis perlit agrega ile iiretilen har¢ orneklerinde, perlit agreganin genlestirme sicaklik
degeri arttikca agreganin artan ¢okme degeri ve azalan yigin yogunlugu sebebiyle yayilma
degerlerinin azaldig1 goriilmektedir.

7. Ham perlitin genlestirme sicaklik degeri arttikga sertlesmis harg hafiflemektedir.

8. Cokme oranindaki artisin basing dayanimini azaltan bir faktor oldugu tespit edilmistir. TS EN
998-1’e gore CS I dayanim sinifinda bir har¢ elde etmek igin kullanilacak genlesmis perlitin
maksimum ¢dkme oram yaklasik %35 ile sinirlandirilabilecegi ve CS II dayarim sinifi igin ise
maksimum ¢6kme orani yaklasik %10 ile sinirlandirilabilecegi dngoriilebilir.

9. Agrega genlestirme sicaklig: arttik¢a, harcin goriiniir gozeneklilik seviyesi de artmaktadir.

10. Perlit agreganin genlestirme sicakligi arttikca, bu perlit karisimli harglarin 1sil iletkenlik
degerleri azalmaktadir. TS EN 998-1e gore T1 sinufinda yer alabilecek genlestirilmis perlit
agregali bir kompozit harcin bu ¢alismada uygulanan karisim bilesenleri baglaminda 6ngoriilen
A degerini saglayabilmesi i¢in hargta kullanilacak perlit agreganin minimum 850 °C’lik sicaklik
degerinde genlestirme islemine tabi tutulmus olmasi gerektigi tespit edilmistir.
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OZ: Kopriilerin yapisal giivenligi agisindan oldukca 6nemli olan képrii ayaklarinin tasariminin, hidrolik
acidan da analizi gerekmektedir. Koprii ayaklari, akim alanini daraltarak koprii membainda kabarmalara
ve beraberinde taskinlara neden olabilmektedir. Dolayisiyla farkli akim kosullarinda koprii ayaklariin
etkisi altinda olusan su yiizii profillerinin ve kabarma miktarlarinin deneysel ve sayisal ¢alismalar 15181
altinda en dogru sekilde belirlenmesi koprii hidrolik tasariminin énemli bir boliimiinii olusturmaktadir.
Bu calismada, farkli enkesitlerdeki koprii ayaklarinin ve verevlik agisinin koprii etrafinda olusan su yiizii
profili ve koprii membaindaki kabarma miktar1 iizerindeki etkileri deneysel ve sayisal olarak
arastirilmistir. Deneysel galismalar Nigde Omer Halisdemir Universitesi Miihendislik Fakiiltesi Insaat
Miihendisligi Boliimii Hidrolik Laboratuvarinda bulunan ve boyutlart 10x0.309x0.45 m olan deneysel
kanal {izerinde yiiriitiilmiistiir. Yapilan deneysel ¢alismalarda 4 farkli koprii ayag tipi (kare, dairesel,
kenarlar1 yuvarlatilmis ve memba yiizii keskin kenarli) ve 4 farkli verevlik acgis1 (0°, 15° 300 ve 45%)
kullanilarak kanalda akim 6l¢iimleri yapilmis ve ayrica her bir deneye ait video kayitlar1 alinarak elde
edilen goriintiiler goriintii isleme teknigi yardimiyla sayisal verilere doniistiiriilmiistiir. Deneysel
calismalarin yani sira HEC-RAS yazilimi ve direk adim metodu kullanilarak sayisal modelleme ¢alismalar:
da yapilmis, su yiizii profilleri ve kabarma miktarlar1 karsilagtirma amacli elde edilmistir. Elde olunan
sayisal sonuglar karsilastirilmis, benzer problemlerde HEC-RAS yazilimin kullanilabilirligi ile goriintii
isleme tekniginin uygulanabilirligi ile ilgili ¢ikarimlara yer verilmistir.

Anahtar Kelimeler: Kabarma, Koprii Ayag: Tipi, Verevlik Acisi, Goriintii Isleme Teknigi, Su Yiizii Profilleri

Experimental and Numerical Investigation of the Effect on the Water Surface Profiles of Bridge Pier
Type and Skew Angle

ABSTRACT: Design of bridge piers is so much important for the structural safety of bridges, however, at
least at the same extent, hydraulic analysis of bridge piers is also required. Bridge piers are structures that
obstruct the flow by narrowing the flow area and can cause flooding in the bridge upstream. Therefore,
with the light of numerical and experimental studies, accurate estimations of the occurrence of water
surface profiles and affluxes resulted from the construction of bridge piers under different flow conditions
are the major part of bridge hydraulics. In this study, the effects of bridge piers with four different cross-
sections and four different skew angles on the water surface profiles and the affluxes were experimentally
and numerically investigated. The experimental study has been conducted in a flume with dimensions of
10x0.309x0.45m in Department of Civil Engineering Hydraulics Laboratory at Nigde Omer Halisdemir
University. The experimental measurements were taken using 4 different shapes of bridge piers (square,
circular, oblong and ogival upstream face) and 4 different skew angles (09, 159, 30°and 45°), and the images
obtained from video recordings of each experiment were converted into numerical values using an image
processing technique. In addition, commercial package program HEC-RAS software and a direct step
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method were also used for the numerical modelling and the numerical water surface profiles and affluxes
were also obtained for the purpose of comparisons. In the conclusion part, the comments on the
applicability of HEC-RAS software and the suitability of the image processing technique were given for
the similar problems.

Keywords: Afflux, Bridge Pier Type, Bridge Position Angle, Image Processing Technique, Water Surface Profiles
1. GIRIS AINTRODUCTION)

Kopriiler; nehir veya vadi gibi yerytiiziiniin iki yakasini birbirinden ayiran engellerin kolaylikla
gecilmesini saglayan ve genellikle akarsular, denizler veya karayollari {izerine insa edilen 6nemli sanat
yapilaridir. Bu yapilar insa edilirken hidrolik ve yapisal etkilerin bir biitiin olarak degerlendirilmesi ve
buna uygun olarak gerekli tasarimin yapilmasi gerekmektedir [1]. Oysaki ge¢misten giiniimiize kadar
hasar goren veya yikilan kopriiler incelendiginde yapisal endiseler diisiiniilerek hidrolik agidan analizler
ikinci plana atilmis ve bunun sonucunda koprii yikilmalar: veya ciddi hasarlar meydana gelmistir [2].
Yikilmanin nedenleri arastirilldiginda cogunlukla, koprii ayak kesitlerinin gereginden fazla biiytiik
tasarlanmasi sonucu koprii ayaklar: arasindaki acikligin azalmasi ve buna bagli olarak olusan kabarmalar
ve oyulmalar gibi hidrolik etkiler ilk sirada gelmektedir [3-4]. Diger yikilma nedenleri incelendiginde ise
koprii ayagina olan carpmalar, agir1 yiikleme ve yangin kaynakli oldugu goriilmektedir [3, 5-6].

Akarsu tlizerine insa edilen kopriilerin yapisal tasarimlarinda yaygin olarak koprii agikligi boyunca
ayaklar kullanilmaktadir. Akim alaninin bir kismiri kapatan koprii ayaklari etrafindaki akimin
incelenmesi bir hayli karmasik bir olaydir [7]. Ayaklarin akim alanin1 daraltmasi sonucu ayaklar
arasindaki aciklikta ani degisen akim kosullar1 olusmakta ve koprii membainda agikligin azalmasindan
dolay1 su yiiziinde kabarmalar meydana gelmektedir [8]. Bu kabarmalarin en iyi sekilde tayin edilmesi
koprii membainda bulunan tarim arazilerinin, meskun yerlerin ve diger degerli ve stratejik 6neme sahip
alanlarin korunmasini saglayacaktir. Bunun igin su yiizii profillerinin dogru sekilde tahmin edilmesi
oldukga 6nemlidir. Ciinkii bu profiller hidrolik yapilarin planlanmasi, tasarimi ve yonetiminde gerekli
olan verilerin saglanmasi hususunda bizlere yardimci olmaktadir [9].

Gintimiizde su ytizii profillerinin hesaplanmasinda cesitli deneysel ve sayisal modelleme calismalar1
kullanilmaktadir [10-11]. Bu ¢calismalarda ¢ogunlukla koprii insaat asamasindan 6nce, kopriiler etrafinda
olusmas1 muhtemel akim karakteristiklerini gosterir farkli senaryolar {iretilir. Bu sekilde elde edilen 6n
bilgiler yardimiyla koprii yikilmalar1 veya hasarlarinin 6niine gecilmesi veya en azindan olumsuz
etkilerinin minimuma indirgenmesi amaglanur.

Bu calismada kare, dairesel, kenarlar1 yuvarlatilmis ve memba yiizii keskin kenarli olmak tizere dort
farkli koprii ayagi tipi ve 0°, 159, 300 ve 450°lik dort farkl verevlik agisinin koprii etrafinda olusan su ytiizii
profili ve koprii membaindaki kabarma miktar1 {izerindeki etkileri deneysel ve sayisal olarak
aragtirilmistir. Deneysel caligmalarda Nigde Omer Halisdemir Universitesi Miithendislik Fakiiltesi Ingaat
Miihendisligi Boliimii Hidrolik Laboratuvarinda bulunan deneysel kanal kullamilmistir. Sayisal
modelleme ¢alismalar1 Hdrological Engineering Centers - River Analysis System (HEC-RAS) programi
yardimuyla gergeklestirilmistir. Ayrica fiziksel deneylerde kullanilan aletsel akim Ol¢iimlerine alternatif
olarak, akima miidahale etmeden akima ait sayisal bilgilerinin elde edilmesini saglayan goriintii isleme
teknigi kullanilmistir.

2. MATERYAL VE METOT (MATERIAL AND METHOD)

Bu boliimde, ¢alismada kullanilan deneysel kanal, koprii ayak tipleri, limnimetre 6lgiim aleti ve
goriintii isleme teknigi ile sayisal modelleme ¢alismalar1 anlatilmistir.
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2.1. Deneysel Calismalar (Experimental Studies)

Koprii ayak tiplerinin su yiizii profilleri tizerindeki etkisinin incelenmesi amaciyla yapilan deneysel
calismalarda Nigde Omer Halisdemir Universitesi Miihendislik Fakiiltesi Insaat Miihendisligi Boliimii
Hidrolik Laboratuvarinda bulunan deneysel kanal kullanulmistir. Bu kanal 10 m uzunlugunda, 0,309 m
genigliginde ve 0,45 m derinliginde olup dikdortgen en kesitlidir (Sekil 1). Kanal, kontrol panosundan
ayarlanabilen farkli egimlerde (-%0,5 ile %2,5 araliginda degisen egimler) ve debilerde (0 m3/sa ile 100
m?/sa araliginda) ¢calisabilmektedir. Bunun yan sira derinlik, hiz ve basing dl¢iimleri igin limnimetre, hiz
Olger ve basing Ol¢lim sensorleri bulunmaktadir (Sekil 2).

e

Sekil 1. Deneysel kanal

Figure 1. Experimental flume

a) b) )

Sekil 2. Kullanilan akim 6l¢iim aletleri a) hiz 6lger b) limnimetre c) basing 6l¢iim sensorii
Figure 2. Used measuring instruments a) velocimetry b) limnimeter c) pressure measurement sensor

Deneysel ¢alismalarda nehir rejimi olusturacak sekilde kanal taban egimi %0,2 ve akim debisi 50 m?¥/sa
olarak sabit tutulmugtur. Kullanilan koprii ayak tipleri Sekil 3'te gosterilmis, boyutlar: ise Cizelge 1'de
verilmistir. Akim derinlikleri, kdprii ayag: yakinlarinda 5 cm araliklarla, kdpriiden uzakta ise 10 cm
araliklarla limnimetre yardimiyla ol¢iilmiistiir. Koprii ayaklar: kanal membaindan itibaren 5,65 m uzaga
yerlestirilmis ve ayaklara dort farkli verevlik agis1 verilmistir (Sekil 4). Her farkli durum igin deneyler tiger
defa tekrarlanmigtir. Limnimetre Slciimlerinin yani sira goriintii isleme teknigi kullanilarak da akim
derinlikleri elde edilmistir. Bunun i¢in saniyede 30 ¢erceve (30 fps) yakalama 6zelligine sahip 1280x720p
¢ozlintirliiklii iki adet telefon kamerasi ile deneysel ¢alismalar kayit altina alinmaistir.

Deneysel ¢alismalarda goriintii isleme tekniginin uygulanabilirligini kolaylastirmak igin suya kirmizi
renkli gida boyasi eklenerek renklendirilmis ve kanalin arka duvari beyaz renkli kagitlar ile kapatilmigtir
(Sekil 4). Bu sekilde su-hava ara kesiti belirginlestirilmis ve kirmizi renkli suyun takibi goriintii isleme
teknigi ile daha kolay bir sekilde yapilabilmistir.
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Sekil 3. Koprii ayak tipleri
Figure 3. Types of bridge piers
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Sekil 4. Goriintii isleme teknigine uygun kosullar ve farkli verevlik agilarinda yerlestirilmis 6rnek bir
koprii ayagi a) 0°b) 15°¢) 30° d) 450
Figure 4. Provided suitable conditions for the application of the image processing technique and an example of a bridge pier with four different
skew angels a) 0°b) 15° c) 30° d) 45°
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Cizelge 1. Koprii ayak tipleri ve boyutlar:
Table 1. Bridge pier types and dimensions

Koprii Ayag: Tipi Genislik (cm) Uzunluk (cm) Cap (cm)
Kare 4 4

Dairesel - - 4
Kenarlar1 Yuvarlatilmig 4 8 -
Membea Yiizii Keskin Kenarl 4 8 -

2.2. Limnimetre ile C)Igﬁm (Measurement for Limnimeter)

Akim derinlikleri ilk olarak deneysel c¢alismalarda yaygin olarak kullanilan limnimetre ile
Olctilmiistiir (Sekil 5). Bu cihaz kanal boyunca hareket ettirilebilmekte ve istenilen noktadan ol¢iim
alinmasini saglamaktadir. Istenilen noktadaki akim derinligi, limnimetrenin ucunda bulunan ignenin su
ylizeyine temasmin saglandig1 anda limnimetre {izerinde bulunan metre iizerinden okuma yapilmasiyla
Ol¢tilmektedir.

Sekil 5. Limnimetre
Figure 5. Limnimeter

2.3. Goriintii igleme Teknigi (Image Processing Technique)

Laboratuvar ortaminda akim Ozellikleri belirlenirken akima miidahale eden veya etmeyen olmak
iizere iki farkli yontem kullanilmaktadir. Akima miidahale eden yontemler akim alaninin igine batirilan
ve genellikle elektrik iletkenligine dayal1 olarak Sl¢iim yapan metal qubuklar (dalga problar gibi) veya
Ol¢tim sensorlerinden olusmaktadir. Akima miidahale etmeyen yontemler ise ultrasonik sensorler, akim
alanini lazerlerle tarama, parcacik izleme ve goriintii isleme tekniklerini kapsamaktadir. Bu sensor ve
teknikler akim alanina higbir sekilde miidahale etmediginden 6l¢iim sonuglari daha giivenilir olmaktadir.
Calismada, limnimetre kullaniminin yani sira su derinlikleri akima miidahale etmeksizin goriintii isleme
teknigi yardimiyla da belirlenmistir.

Kanal boyunca tek boyutlu akim durumu gz Oniine alinarak uygulanan goriintii isleme teknigi
algoritmasi su sekilde ¢alismaktadir. Oncelikle kanalin yan duvarlar {izerinde 0. ve 42. santimetrelere
yesil seritli isaretleyiciler yapistirilmistir (Sekil 6). Bu seritler, renk filtresi kullanarak kanal boyunca su
ylizii profilini olusturan su derinliklerinin sayisal degerlerini daha dogru bir sekilde elde etmek amaciyla
yerlestirilmistir (Sekil 7). Benzer sekilde kanal boyunca su yiiziiniin daha net bir sekilde tanimlanabilmesi
igin su kirmizi renkte gida boyasi ile renklendirilmis ve kirmizi renk filtresi kullanilarak su yiizii
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ayriklastirilmistir. Sekil 8'de verilen gorsel deney kanaliimim sag ve sol tarafina yerlestirilen
kameralardan elde olunan goriintiilerin birlestirilmesi ve kirmizi renk filtresi ile filtrelenmesi sonucu elde
olunmustur. Sekil 8'de kanal boyunca kanaldaki suyu gosterir kirmiz1 renkli goriintiilerdeki kesiklikler
kanalin yan duvarlarini destekleyen dikmelerden dolay1 olusmustur.

Bu calismada 1 boyutlu akim analizlerinde kullanilan goriintii isleme tekniginin algoritmasi kisaca
asagida maddeler halinde agiklanmaktadir.
Adim 1: Koprii ayagi tipi ve verev agisina ait deneyin video goriintiisii cercevelere ayrilarak her bir cerceve
icin Adim 2-Adim 5 igletilir.
Adim 2: Kanal igerisinde 0. ve 42. cm yiiksekliklere yerlestirilen yesil seritler yesil renk filtresi araciligiyla
tespit edilir ve her siitun icin bir pikselin cm tiiriinden karsili$1 hesaplanir.
Adim 3: Kirmiz1 gida boyasiyla renklendirilmis olan su kirmizi renk filtresi araciligiyla tespit edilir ve ilgili
cercevede suyun bulundugu tiim siitunlardaki en yiiksek degerleri belirlenir.
Adim 4: Belirlenen su yiiksekliginin cm tiirlinden karsilig1 hesaplanir.
Adum 5: Tgili gerceveye ait sonuglar bir metin dosyasina kaydedilir.

=

Sekil 6. Yesil serit uygulamasi
Figure 6. Application of green tapes

Sekil 7. Yesil seritli isaretleyicilerin yesil renk filtresi ile tespit edilmesi
Figure 7. Detection of green tapes using a green filter

Sekil 8. Su yiizii profilinin kirmizi renk filtresi ile tespit edilmesi
Figure 8. Detection of the water surface profile using a red filter

2.4. Say1sal Modelleme (Numeric Modelling)

Giintimiizde teknolojiye olan erisimin artmasi ve teknolojinin hizla gelisimi sayesinde hidrolik
mithendisligindeki pek ¢ok karmasik akim problemi hizli ve kolay bir sekilde sayisal modeller ile
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¢oziilebilmektedir. Bu sayisal modeller, problemleri pek ¢ok farkli acidan inceleme ve problemlere ait
detayli bilgi elde etme imkani1 da saglamaktadirlar. Ancak sayisal model ¢iktilarimin giivenilirliginin
deneysel ¢alismalar ile desteklenmesi gerekir.

Bu ¢alismada koprii ayak tiplerinin akim tizerindeki etkisi deneysel ve sayisal olarak aragtirilmistir.
Deneysel ¢iktilar, laboratuvar ortamina benzer kosullarin olusturuldugu hesap alaninin ticari bir paket
program olan HEC-RAS yazilimi ile modellenmesi ile elde olunan ¢iktilar ile karsilagtirilmistir. HEC-RAS
programi, gesitli hidrolik yapilar1 da igeren kararli ve kararsiz akim problemlerinin ¢dziimiinde ve
sediment ve su kalitesi analizlerinde kullanilmaktadir [12]. Program koprii yapilarinin hidrolik agidan
analizinde enerji denklemi (standart adim), momentum prensibi, Yarnell metodu, Water Surface PROfile
(WSPRO) ve USBPR gibi yontemleri kullanmaktadir [13-14]. Bu calismada koprii ayaklarinin analizinde
enerji (Denklem 1), momentum (Denklem 2-4) ve Yarnell (Denklem 5) yontemlerinden yararlanilmistir.

WS, +au——WSd+ad—+LSf+C auz——ad‘;‘; 1)

Burada; ¥ memba, d mansap kesitlerini, WS kiyas diizleminden itibaren su ytizii kotuna kadar olan
diisey mesafeyi, a kinetik enerji diizeltme katsayisini, V ortalama hizi, g yercekimi ivmesini, L memba ve
mansap kesitleri arasindaki uzakligi, S; ortalama enerji cizgisi egimini ve C daralma veya genisleme
katsayisini ifade etmektedir.
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Sekil 9. Koprii ayag: etrafindaki su yiizii profilleri (Seckin ve Atabay, 2005)
Figure 8. Water surface profiles around the bridge piers

Momentum yontemi ii¢c adimda gergeklesmektedir [15]. flk adimda 2. kesit (Sekil 9) ile képrii mansabi
arasinda Denklem 2, ikinci adimda koprii mansabi ile koprii membai arasinda Denklem 3 ve 3. adim ise
kopriit membar ile 3. kesit (Sekil 9) arasinda Denklem 4 ile verilen momentum denklemleri

uygulanmaktadir.

App * Ygp + —52[,;1?2 =A%V —Apy x Vpp + ﬁ; % + Fr =W, ()
ABU*YBU+%:ABD*YBD+%QBT)Z+Ff_m 3)
AS*YS+%§ZZ=ABU*YBU+%?:J]2+AP3*YP3+§*Cd*AP3—ZZ§Z+Ff_m 4

Burada; App koprii mansabindaki ve A4, 2. kesitteki akima ait aktif alani, Ap, koprii ayaginin mansap
tarafinda suyu engelledigi alani, ¥, ve Y}, su yiiziinden 4, ve Ag, alanlarinin agirlik merkezine olan
diisey mesafeyi, Yp, mansap tarafindaki su yiiziinden koprii ayaginin suyla temas ettigi alanin agirlik
merkezine olan diisey mesafeyi, , ve fzp momentum icin hiz diizeltme katsayilarini, Q, ve Qpp 2.
kesitteki ve koprii mansabindaki debileri, g yercekimi ivmesini, F; siirtiinme katsayisini ve W, akim
yoniindeki su agirliginin olusturdugu kuvveti, Ag, koprii membaini, A; 3. kesitteki akima ait aktif alani,
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Aps koprii ayaginin memba tarafinda suyu engelledigi alany, ¥; ve Yp, su yiiziinden A; ve Ag, alanlarinin
agirlik merkezine olan diigey mesafeyi, Yp; memba tarafindaki su yiiziinden kdprii ayaginin suyla temas
ettigi alanin agirllk merkezine olan diisey mesafeyi, f; ve fpy momentum igin hiz diizeltme
katsayilarini, Q3 ve Qpy 3. kesitteki ve koprii membaindaki debileri ve C; koprii ayaklar: igin direng
katsayisini ifade etmektedir.

Hy, =2+K*(K+10%w—0,6)(a+ 15 a*)*(VZ/2 * g) )

Burada; Hz_, Sekil 9’a gore 3 numarali kesitten 2 numarali kesite olan su seviyesindeki azalmay1, K
Yarnell koprii ayak sekil katsayisini, w 2 numarali kesitteki hiz yiikiiniin derinlige oramini, a koprii
ayaklarinin suyla temas ettigi kesit alaninin toplam engellenmemis su kesit alanina oranini, V, kesit 2’deki
hizi, g yer cekimi ivmesini ifade etmektedir.

2.5. Direk Adim Metodu (Direct Step Method)

Direk adim metodu prizmatik enkesitli kanallarda olusan su yiizii profillerinin hidrolik hesabinda
kullanilan bir yontemdir [16]. Yontem, kolay ve kullanish olmasi nedeniyle pek ¢ok arastirmaci tarafindan
tedrici olarak degisen su ytiizii profillerinin hesabinda tercih edilmektedir. Yontemde belirlenen iki ardisik
kesitteki su derinliklerinin arasindaki mesafe Denklem 6’da verilen esitlik yardimiyla hesaplanmaktadir.

AE

Ax = =
SO_Sf

(6)

Burada; S, taban egimini, S iki ardigik kesit arasindaki ortalama enerji ¢izgisi egimini, AE iki ardisik
kesit arasindaki enerji seviyesi farkini ve Ax iki ardigik kesit arasindaki mesafeyi gostermektedir. S; ve E
Denklem 7 ve Denklem 8§ ile hesaplanmaktadir.

Q'
Moy 7
2
E=y+ 8
Y 2gA’ ®)

Burada; Q kesitten gecen debiyi, n yiizeyin Manning katsayisini, A kesit alanini, R (A/P) hidrolik
yaricapi, y su derinligini ve g yercekimi ivmesini ifade etmektedir.

3. BULGULAR (RESULTS)

3.1. Ayak Tipi ve Verevlik Acisinin Su Yiizii Profil Uzerindeki Etkisi (Effect of Pier Type and Skew Angle on
the Water Surface Profile)

Sekil 10 — Sekil 22’de ayak tipi ve verevlik agisi degistirilerek elde edilmis su yiizii profillerini
verilmistir. Ayrica, her bir sekilde 4 farkli yontemle elde edilmis su yiizii profilleri karsilastirmali olarak
gosterilmistir. Sekillerde verilen 4 yontem sirasiyla HEC-RAS, deneysel 6l¢iim, direk adim metodu ve
goriintii isleme teknigi olarak adlandirilmistir. Deneysel 6l¢iim sonuglar: her bir deneyin tiger kez tekrar
edilmesinden elde edilen sonuglarin aritmetik ortalamasidir.

Sekil 10 — Sekil 22 ve Cizelge 2’den HEC-RAS sonuglari ile deneysel sonuglarin uyumlu oldugu, képrii
memba bolgesi icin deneysel sonuglar baz alinarak hesaplanan maksimum bagil hatanin %10, 81 ile kare
ayak ve verevlik agisinin 45° oldugu durumda meydana geldigi goriilmiistiir. Diger ayak tipleri ve
verevlik agilarinda olusan farklarin bu degerin altinda oldugu tespit olunmustur. Mansap bélgesi igin ise
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HEC-RAS'1In ortalama degerler alarak hesap yapmasi ve su yiizeyinde olusan dalgalanmalar
hesaplamamasi nedeniyle bu tiir bir karsilastirma yapilamamuistir.

Ko6prii memba bolgesinde, goriintii isleme teknigi ile deneysel 6l¢iim sonuglarinin birbirine oldukga
yakin oldugu ve hesaplanan maksimum bagil hatanin %4.37 ile kare ayak tipi ve verevlik agisinin 15
oldugu durumda gerceklestigi tespit edilmistir. Diger durumlar i¢in goriintii isleme teknigi sonuclarina
dayali hesaplanan bagil hatalar %5’in altinda kalmistir. Mansap bolgesinde su yiiziindeki ani degisimlerin
goriintii isleme teknigi yardimiyla elde edilmesinde birtakim zorluklar (akimda sigramalar ve olusan
siireksizlikler gibi) yasansa da belirli oranda deneysel 6l¢iimlerle uyumlu oldugu sdylenebilir. Noktasal
olarak hesaplanan bagil hatalarin bahsedilen zorluklardan 6tiirii mansap bolgesinde yiiksek ¢ikacag: da
aciktir. Ancak su yliziindeki dalgalanmalarin ortalamasi baz alindiginda goriintii isleme tekniginden elde
olunan sonuglarin deneysel sonuglara HEC-RAS sonuglarindan daha yakin olacag1 da goriilmektedir.

Koprii memba bolgesinde direk adim metodu sonuglar1 ile deneysel Ol¢lim sonuglar1 arasinda
%3,83’1tik bir maksimum bagil hata hesaplanmistir. Bu fark memba yiizii keskin kenarli ayak tipi ve
verevlik agisinin 0° oldugu durumda meydana gelmistir. Diger tiim ayak tipleri ve a¢i durumlarinda
maksimum farkin bu degerin altinda oldugu tespit edilmistir. Direk adim metodu tedrici degisken akim
ozelligi tasiyan bolgelere uygulanirken profillerin kontrol noktalarindaki bilinen su derinlikleri (hesap
baslangicindaki su derinlikleri) olarak deneyler sirasinda o noktalarda 6l¢iilen su derinlikleri alindigindan
direk adim metodu sonuglar1 diger yontemlere gore deneysel sonuglara daha yakin ¢ikmistir. Direk adim
metodu ani degisen akimlarin goriildiigii mansap bolgesine uygulanamayacagindan karsilastirma
yapilamamuistir.
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Sekil 10. Su ytizii profili; kare ayak ve verevlik agis1 = 0°
Figure 10. Water surface profile; square pier and skew angle = 0°
A 12
e m— A
10
\J 8 \g/
HEC-RAS: Ih "‘ h“l-ln F 6 2
Deneysel Olgiim E
Direk Adim Metodu | )
Goriintii Isleme Teknigi 4 Q
y0 (Normal Su Derinligi) USJ
= = = vyc (Kritik Su Derinligi) 2
Kanal Tabani
» 0
10 9 8 7 6 5 4 3 2 1 0
Kanal Uzunlugu (m)

Sekil 11. Su ylizii profili; kare ayak ve verevlik agis1 = 15°
Figure 11. Water surface profile; square pier and skew angle = 15°
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Sekil 12. Su yiizii profili; kare ayak ve verevlik agis1 = 30°
Figure 12. Water surface profile; square pier and skew angle = 30°
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Sekil 13. Su yiizii profili; kare ayak ve verevlik agis1 = 450
Figure 13. Water surface profile; square pier and skew angle = 450
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Figure 14. Water surface profile; circular pier
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Figure 15. Water surface profile; oblong pier and skew angle = 0°
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Sekil 16. Su yiizii profili; kenarlar: yuvarlatilmis ayak ve verevlik agis1 = 159
Figure 16. Water surface profile; oblong pier and skew angle = 15°
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Sekil 17. Su ylizii profili; kenarlar1 yuvarlatilmis ayak ve verevlik acis1 = 30°
Figure 17. Water surface profile; oblong pier and skew angle = 30°
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Sekil 18. Su yiizii profili; kenarlar1 yuvarlatilmis ayak ve verevlik agis1 = 45°
Figure 18. Water surface profile; oblong pier and skew angle = 459
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Sekil 19. Su yiizii profili; memba yiizii keskin kenarh ayak ve verevlik agis1 = 00
Figure 19. Water surface profile; ogival upstream face pier and skew angle = 0°
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Sekil 20. Su yiizii profili; memba yiizii keskin kenarli ayak ve verevlik agis1 = 15°

Figure 20. Water surface profile; ogival upstream face pier and skew angle = 15°
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Sekil 21. Su yiizii profili; memba yiizii keskin kenarli ayak ve verevlik agis1 = 300
Figure 21. Water surface profile; ogival upstream face pier and skew angle = 300
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Sekil 22. Su yiizii profili; memba yiizii keskin kenarl ayak ve verevlik agis1 = 450
Figure 22. Water surface profile; ogival upstream face pier and skew angle = 450
Cizelge 2. Hesaplanan maksimum bagil hatalar
Table 2. Computed maksimum relative errors
HEC-RAS Goriintii Isleme Teknigi Direk Adim Metodu
Act Memba Memba Memba
Kenarlar1 Yzl Kenarlar1 Yzl Kenarlari Yzl
K Dairesel K Dairesel K Dairesel
are  Dawrese Yuvarlatilmis Keskin are  Laiese Yuvarlatilmis Keskin are  Laiese Yuvarlatilmis Keskin
Kenarli Kenarli Kenarli
0° 225 7,81 1,31 375 240 433 2,80 348 19 0,70 2,12 3,83
15° 591 - 6,68 10,06 4,37 - 2,26 321 1,76 - 1,71 3,40
30° 816 - 9,18 892 299 - 1,72 413 2,09 - 2,27 1,83
45° 10,81 - 8,01 2,47 147 - 2,24 2,27 3,19 - 3,64 3,13
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3.2. Ayak Tipi ve Verevlik A¢isinin Kabarma Miktar1 Uzerindeki Etkisi (Effect of Pier Type and Skew Angle
on the Afflux)

Koprii yerlestirildikten sonra koprii membaindaki su derinligi ile kdprii 6ncesi kanaldaki normal
derinlik arasindaki fark olan kabarma miktar1 her bir durum i¢in ayr1 ayr1 hesaplanmistir. Kanalda olusan
normal derinlik 6,60 m olarak Sl¢tilmiistiir. Her bir ayak tipi ve verevlik agis1 i¢in hesaplanan kabarma
miktarlar1 Cizelge 3 - Cizelge 6'da verilmistir. Beklenilen sekilde dairesel enkesitli ayak tipi harig verevlik
agis1 arttikca akima direng gosteren yiizey alami artmakta ve beraberinde kabarma miktarlar1 da
artmaktadir (Sekil 23-25). Kabarma miktarinin en fazla oldugu koprii ayak tipi kare enkesitli ayak ve en
diisiik oldugu ise dairesel enkesitli ayak tipidir. Kare enkesitli ayak ve memba yiizii keskin kenarl1 ayak
tipinde verevlik agisinin 15° ‘den 30”ye c¢iktigt durumda kabarma miktarlarinda HEC-RAS model
sonuglari hari¢ daha biiyiik bir artis gozlenirken, kenarlar1 yuvarlatilmis ayak tipinde 30 den sonra etkili
bir artig olusmustur (Sekil 23-25). HEC-RAS model sonuglar1 30 den sonra kabarma miktarlarinda azalan
bir oranda artis gostermistir. Kare enkesitli ayak da 30”den sonra HEC-RAS sonuglar1 hari¢ diger
yontemlerden elde edilen kabarma miktarlarinda azalis gozlenmistir. Normal derinlik baz alinarak
hesaplanan ve Cizelge 3-6'da yiizdelik olarak verilen kabarma miktarlarina gore en diisiik %38 ve en
yiiksek %67’lik bir artis goriilmiistiir. Direk adim metodu ve deneysel Ol¢lime dayali kabarma
miktarlarinin ¢akismasinin nedeni; bulgular boliimiinde belirtildigi {izere, direk adimda su yiizii hesap
baslangicinda kullanilan deneysel Olgiim degerinin ayni zamanda kabarma miktarinin hesabinda
kullanulmasidir.

Cizelge 3. Dort degisik yontemle elde edilmis kare koprii ayagi igin kabarma miktarlari (cm) ve ytizdelik

degerleri (%)
Table 3. Afflux and % afflux for square bridge pier obtained from four different methods
Kare
Olgiim Yontemi o 157 30° 4°
Kabarma % Kabarma Kabarma % Kabarma Kabarma % Kabarma Kabarma % Kabarma
Miktar1 Miktar1 Miktar1 Miktari Miktari Miktari Miktari Miktar1
Deneysel 3,40 51,52 3,553 53,48 3,79 57,42 3,74 56,67
Olglimler
HEC-RAS 3,36 50,91 3,91 59,24 4,34 65,76 4,44 67,27
Goriintii Isleme 5 5 54,55 3,60 54,55 3,94 59,70 3,68 55,76
Teknigi
Direk Adim
Metodu 3,40 51,52 3,53 53,48 3,79 57,42 3,74 56,67

Cizelge 4. Dort degisik yontemle elde edilmis dairesel koprii ayagi igin kabarma miktarlar: (cm) ve

ytzdelik degerleri (%)
Table 4. Afflux and % afflux for circular bridge pier obtained from four different methods

Dairesel
Olgiim Yontemi
Kabarma Miktari % Kabarma Miktari
Deneysel Olciimler 2,56 38,79
HEC-RAS 3,01 45,61
Goriintii Isleme Teknigi 2,52 38,18

Direk Adim Metodu 2,56 38,79
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Cizelge 5. Dort degisik yontemle elde edilmis kenarlar1 yuvarlatilmis kdprii ayag igin kabarma

miktarlar1 (cm) ve ylizdelik degerleri (%)
Table 5. Afflux and % afflux for oblong bridge pier obtained from four different methods

Kenarlar1 Yuvarlatilmis

o 0° 15° 30° 45°
Olgiim Yontemi
Kabarma % Kabarma Kabarma % Kabarma Kabarma % Kabarma Kabarma % Kabarma
Miktari Miktar1 Miktar1 Miktar1 Miktar1 Miktari Miktar1 Miktari
Deneysel 3,04 46,06 3,00 4545 3,18 48,18 3,58 54,24
Olgtimler
HEC-RAS 2,83 42,88 3,40 51,52 3,82 57,88 3,92 59,39
Goriintii Isleme 2,86 44,85 3,10 46,97 3,00 46,82 3,53 53,48
Teknigi
Dirck Adim 3,04 46,06 3,00 45,45 3,18 48,18 3,58 54,24
Metodu

Cizelge 6. Dort degisik yontemle elde edilmis memba yiizii keskin kenarli koprii ayag: i¢in kabarma

miktarlar1 (cm) ve yiizdelik degerleri (%)
Table 6. Afflux and % afflux for ogival upstream face bridge pier obtained from four different methods

Memba Yiizii Keskin Kenarli

R . . 0° 15° 30° 45°
Olg¢lim Yontemi
Kabarma % Kabarma Kabarma % Kabarma Kabarma % Kabarma Kabarma % Kabarma
Miktar1 Miktar1 Miktar1 Miktar1 Miktar1 Miktar1 Miktar1 Miktar1
Deneysel 3,04 46,06 3,10 46,97 3,50 53,03 4,38 66,36
Olgiimler
HEC-RAS 3,11 47,12 3,70 56,06 4,12 62,42 4,22 63,94
Goriinti Isleme 3,06 46,36 2,96 44,85 3,42 51,82 4,26 64,55
Teknigi
Direk Adim
Metodu 3,04 46,06 3,10 46,97 3,50 53,03 4,38 66,36
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Sekil 23. Kabarma miktar1 ve verevlik agis1 iliskisi; kare enkesitli ayak
Figure 23. Afflux versus skew angle for square bridge pier
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Sekil 24. Kabarma miktar: ve verevlik agisi iliskisi; kenarlar1 yuvarlatilmis ayak
Figure 24. Afflux versus skew angle for oblong bridge pier

Sa
4

g

g3

=3

p=

£ 2

"?2 —— HEC-RAS

M 1 4 —@—Deneysel Olgiim

Direk Adim Metodu
0 —@— Goriintii Isl. Tekn.
0 30 45

Ag1 (Derece)

Sekil 25. Kabarma miktar1 ve verevlik agist iligkisi; memba yiizii keskin kenarli ayak
Figure 25. Afflux versus skew angle for ogival upstream face bridge pier

4. SONUC ve TARTISMALAR (RESULTS and DISCUSSIONS)

Dort farkli koprii ayak tipi ve dort farkli verevlik agis1 uygulanarak dort farkli yontemle koprii

ayaklarinin akim tizerindeki etkilerinin arastirildig1 bu ¢alismadan elde olunan sonuglar sunlardir;

Deneysel olgiimlerden elde olunan su yiizii profilleri ile diger yontemlerden elde olunan su yiizi
profillerinin gorsel olarak oldukc¢a uyumlu ve sayisal degerlerinin de oldukg¢a yakin oldugu
goriilmiistiir. Hesaplanan maksimum bagil hata %10,81 ile HEC-RAS sonuglarina dayali elde olunan
su ylizii profillerinde goriilmiistiir.

HEC-RAS’dan elde olunan kabarma miktarlar ile verevlik acis1 iligkisi i¢ biikey bir egri ¢izerek aginin
artmastyla birlikte kabarma miktarlarinin artis oraninda azalma gostermistir. Diger yontemlerde ise
dis biikey seklinde bir egri ve kabarma miktarlarinda artan oranlar goriilmiistiir. Ayrica, diger
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yontemlerle karsilastirildiginda, HEC-RAS modelinin genel olarak daha yiiksek degerler iirettigi de
goriilmiistiir. Ancak, bu farkliliklarin, HEC-RAS yaziliminin benzer problemler i¢in memba
bolgesinde su yiizii profillerinin ve kabarma miktarlarinin belirlenmesinde kullanimini engelleyecek
boyutta olmadig1 diisiiniilmektedir. HEC-RAS mansap bolgesinde Ol¢iilen degerlerden farkli sonuglar
vermistir. Bu bolgede ¢ok daha iyi bir performans beklenmemistir. Koprii ayaklarinin etrafinda ve
mansap bolgesinde olusan vorteks ve tiirbiilans akimlarinin detayli ¢alismalar igin bir boyutlu
modellerin uygun olmadig: bilinmektedir.

e Koprii ayaklarindan dolay1 koprii membaimnda olusan kabarma miktarlar1 genel olarak verevlik
acgisinin artisi ile artmigtir. Kabarma miktarlarinin verevlik acisi ile artig orami 6zellikle 309 den sonra
daha fazla olmustur. Kare enkesitli ayak tipinde ise 30”den sonra bir diisiis goriilmiistiir.

e Goriintli isleme teknigi gerek koprii membainda tedrici degisken akim bolgesinde ve gerekse
mansapta olusan ani degisken akim bolgesinde oOlglim sonuglarma uyumlu ve yakin degerler
vermistir. Goriintii kalitesinin iyilestirilmesi ve filtreleme algoritmalarin gelistirilmesi ile birlikte ¢ok
daha iyi sonuglar alinabilecegi diistiniilmektedir.
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Highlights

e It is observed that microstructural differences affect the cold formability and stress distribution of
27MnB4 steel. Furthermore, creating small and round cementite particles in the ferritic matrix by the
annealing treatment enhances the formability.

e It is possible to simulate the annealing treatment and the effect of annealing treatment on the cold
forming of 27MnB4 steel with CALPHAD (Calculation of Phase Diagrams) and FEM-based (Finite

Element Method) softwares.
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ABSTRACT: As a material forming method, cold forging is preferred due to the reasons like absence of a
heating step and high surface quality. Recently, the finite element method (FEM) has received growing
attention for controlling and predicting final material properties for cold forging applications. FEM
combines microstructure evolution models with failure criteria, thus providing solutions to complicated
problems in the modern cold forging industry. The fastener industry extensively utilizes cold forging, in
which manganese and boron-containing steels like 27MnB4 can be formed to obtain high mechanical
properties. The current study investigates the effect of two different heat treatments, namely softening
and spheroidizing annealing, on the formability of 27MnB4 bolts. Softwares such as Thermo-Calc 2022a
and Forge NxT 3.2 were used to predict the microstructure of the wire rod and evaluate the cold forming
process of the same rod under two different heat treatment conditions. Therefore, the current study also
provides a relationship between microstructural features and the cold formability of 27MnB4 steel. The
microstructure of 27MnB4 is predicted by CCT diagrams. The predicted microstructure corresponds to
the microstructure of 27MnB4 samples taken from the production line. In addition, temperature, von
Mises stress, and equivalent strain distributions for 27MnB4 steel in the hot rolled state were calculated
higher than in annealed states due to the differences in the microstructure. These results demonstrate that
computational material engineering methods and simulation techniques could be practical tools for cold
forming processes.

Keywords: 27MnB4, Cold Forming, Finite Element Method, Forging Simulation, Computational Materials
Engineering

1. INTRODUCTION

Bolts are representative fasteners broadly used in assembling parts and complex structures.
Developing high-strength and eco-friendly bolts is crucial to saving energy and addressing environmental
concerns [1]. Steel wire rods are often preferred as starting materials for manufacturing bolts. After the
hot rolling of wires, they are laid onto a cooling conveyor that provides controlled cooling by airflow. In
the final stage, they are formed into coils and supplied to manufacturers [2].

Critical transformation temperatures (CTT) and cooling rates significantly influence the
microstructure and the properties of the final product in many processes, including wire rod production.

*Corresponding Author: Yagiz AKYILDIZ, yagizakyildiz@onatus.com
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Therefore, such parameters help to design the optimum processing conditions for manufacturing steels
with superior properties. For instance, CTT gives insights into processing temperatures, and they are
practical tools for determining the desired cooling requirements [3]. Although computational methods can
determine some parameters, data obtained by such practices must be reliable to get a positive outcome.
On the other hand, acquiring this data via experimental testing can be costly and time-consuming. To this
end, CALPHAD-based computational tools such as Thermo-Calc software aid the process design stage by
performing thermodynamic and thermokinetic calculations that generate reliable materials data. In
addition, such tools reduce the number of experiments and tests, resulting in a more economical and
practical process [4, 5, 6].

Wire rods are deformed by forging to obtain bolts. Forging is a process that changes the shape of metal
via pressure to get desired mechanical properties, shapes, and sizes. Especially with the improvements in
forging technology, complex parts like bolts and nuts can be formed with better mechanical properties
and accurate dimensions [7]. For the bolt industry, cold forging is a favourable method since heating is
unnecessary, surface precision is optimum, and the service life of the expensive dies can be preserved via
cold forging [8]. However, the formation of cracks during the cold forging of complex geometries can
create deleterious problems and undetected defects on cold forged fasteners may cause serious problems.
Therefore, it is essential to understand the crack evolution of cold forged fasteners for an efficient forming
operation [9]. Additional annealing heat treatment steps may be needed to avoid crack evolution during
cold forming operations. In addition, annealing treatment can be applied to fasteners for improved
deformability. Spheroidization annealing (650-700°C) is one of the most common treatments for fastener
manufacturing, in which lamellar cementite in pearlite structure transforms into granular carbides. As the
degree of spheroidization increases, the ductility and deformability of the material also increase. In
addition to spheroidization annealing, the soft annealing process can be applied to make the steel soft
enough for cold forming. During soft annealing treatment (700-900°C), the cementite lamellae in pearlite
will spheroidize, creating small and round cementite particles in the ferritic matrix [10].

In recent years, the Finite-Element Method (FEM) has become a powerful tool to analyse metal
deformation and predict numerous failures during forming processes [11]. Software that uses FEM is
combined with models of microstructure evolution, tool wear and fracture criteria. As a result, solutions
to complicated problems in forging technology became possible. In the literature, the cold forming of
different types of steels [11, 12, 13] was studied by using such software. For instance, Orhan and his
colleagues used FEM to produce digital twins of the plastic deformation process. They successfully
observed the effect of process parameters on the mechanical properties of AISI 1010 steel [14]. In another
study, a different FE simulation software is used to observe residual stress after repair welding in SUS 304
[15]. Li and his colleagues studied the thermomechanical processing of cold forging steel using the CCT
diagram with computational materials engineering [16]. In the end, a multiphase microstructure
(polygonal ferrite, dispersed pearlite, granular bainite and retained austenite) was obtained. In addition
to these studies, commercial FEM software Forge® NxT 3.2, developed by TRANSVALOR S.A, was used
to model various cold forming operations [17, 18, 19]. However, little effort has been paid to analysing
27MnB4 steel with computational methods. Thus, there is a need in the literature for a detailed
investigation of the cold forging of 27MnB4 steel utilizing simulation software since it has a wide
application area in the fastener industry.

The current study focuses on examining the effect of two different annealing types (soft annealing and
spheroidization) on the cold forging of 27MnB4 via Thermo-Calc and FEM analysis by comparing with a
hot rolled specimen with no additional processing. This work aims to create a correlation between cold
forging of 27MnB4 in two different heat treatment conditions and resulting properties such as
temperature, stress and strain distribution.

2. MATERIAL AND METHOD

The material used in the present study was 27MnB4 steel, and its chemical composition is given in
Table 1. To predict the resulting phases and microstructure after the cooling regime after the hot rolling
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on the conveyor belt, Critical Transformation Temperatures (CTT) and Continuous Cooling
Transformation (CCT) diagrams were calculated according to the given chemical composition by using
Thermo-Calc software 2022a TCFE12 (thermodynamic) and MOBFE6 (thermokinetic) database.

Table 1. Chemical composition of the 27MnB4 steel (wt.%).

C Si Mn P S Cr Al B Sn Fe

0.28 0.10 1.00 0.007 0.003 0.26 0.035 0.004 0.006 Balance

Nine wire rod specimens with three different processing conditions (hot rolled, soft-annealed, and
spheroidized) were taken from the production line at Kroman Steel Industry. Every specimen was
subjected to approximately 300 seconds of controlled cooling on the conveyor belt. Hot rolled samples
were prepared for the optical microscopy examinations by grinding with sanding paper 320 to 4000 grit
and polishing with a diamond suspension with 3 and 1 pm particle sizes. Samples were etched for 5 to 10
seconds with Nital’s reagent to reveal microstructural characteristics. Tensile tests of the specimens under
three different conditions were performed according to EN ISO 6892-1 standard. The testing speed for all
the specimens was 200 mm/min. Three wire rod specimens of 14 mm diameter were taken directly from
the production line. The other six specimens having the same diameter underwent softening and
spheroidization annealing heat treatments. The mean value of 3 specimens for each condition was
accepted as the yield strength. Yield strength values of hot rolled, soft-annealed, and spheroidized samples
were 437, 302 and 255 MPa, respectively.

In this work, as seen in Figure 1, FEM analysis of the cold forming simulation of the bolts contains
three stages and the stages represent the upsetting (1% station), head forming (2d station) and final forming
(3 station), respectively. Every single stage has different upper and lower moulds for cold forging. The
billet used in the 1+t station is transferred directly to the 2 station. In the cold forging simulation process,
a mechanical press was used with a speed of 60 rpm. Material cards defined in the software were
generated by entering experimentally obtained yield strength values for the wire rod specimens in three

different conditions.

Work piece Station 1 Station 2 Station 3

Figure 1. Cold forging of the bolt at three different stations.
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3. RESULTS AND DISCUSSION

In the first stage of the current study, functional diagrams that help design the process were presented
and interpreted. Phase fractions as a function of temperature were calculated for 27MnB4 steel, as shown
in Figure 2. 27MnB4 steel begins to solidify at 1506°C, and the first solidified phase is delta ferrite. At
1489°C, the delta ferrite (BCC) and liquid phase transform into austenite via peritectic reaction. Mn and S
elements in steel form MnS intermetallic at 1477°C. Solidification is fully completed at 1441°C. In hypo-
eutectoid steels, initially, the pro-eutectoid ferrite (BCC) phase is formed from the austenite (FCC) phase.
The point at which pro-eutectoid ferrite begins to form defines the A3 temperature. A3 temperature was
calculated as 795°C for the 27MnB4 steel. The eutectoid reaction point at 723°C for the pure Fe-MsC system
transforms into a eutectoid reaction area in multiphase systems. And in that regard, Ale and Alb
temperatures were calculated as 732 and 705°C, respectively.

CCT (Continuous Cooling Transformation) diagram was calculated for 27MnB4 steel as shown in
Figure 3 by entering grain size as ASTM 8 (25 um). The hot rolled wire rod temperature was assumed as
the austenitization temperature while constructing the CCT diagram, which was selected as 890°C. Al
and A3 temperatures were calculated as 717 and 795°C for 27MnB4 steel, respectively. In addition, Bs
(bainite start), Ms (martensite start), M50 (%50 martensite), and Ms (martensite finish) temperatures were
calculated as 603, 376, 342, 263°C, respectively.
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Figure 2. Phase fractions of 27MnB4 steel as a function of temperature.

As mentioned earlier, the calculated CCT diagram was used to predict the microstructure of the cooled
specimens for approximately 300 seconds after the hot rolling station. According to the CCT diagram, the
resulting microstructure after the controlled cooling consists of ferrite and pearlite/bainite (a mixture of
ferrite and carbon-rich cementite). As seen from the optical microscopy image in Figure 4, the evolved
microstructure is mainly a mixture of ferrite and pearlite/bainite. Lighter areas are defined as pro-
eutectoid ferrite, the first phase to form from austenite solid solution upon cooling. Darker areas are
pearlite/bainite mixture that can be both lamellar and acicular depending on the different cooling rates. In
low/medium carbon steels containing manganese, it is hard to distinguish ferrite/carbide aggregates
precisely using optical microscope techniques since the morphology of these aggregates (lamellar or lath
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structure) can’t be determined. Hybrid microstructures with ferrite, pearlite, and bainite can be formed
due to controlled cooling [20, 21]. Therefore, it can be stated that the calculated CCT diagram provided an
accurate estimation of the final microstructure for hot rolled specimens.
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Figure 3. CCT diagram of 27MnB4 steel.

49 v o Sy \ & < ¥ 4
) ¢ « %4 & = = ¥ < / y k
. A \ e St e ™ 3 K o i ' Ve -
" ", P A A - o« e & ; % , Y P~
¢ . o Ty ) + & £ - % p
& 7 & 3 & S .y -~ i - 8 - A% i
P S . ; P SN IR LN

Figure 4. Microstructure images of hot rolled 27MnB4 wire rod at different magnifications a) 50X and b)
125X.

The second stage of the current study aims to examine the effect of microstructure (spheroidized/soft
annealed) on the cold formability of 27MnB4 steel and compare it with the hot rolled sample. Simulations
of bolt forming for the 27MnB4 steel were performed, and temperature, von Mises stress, and equivalent
strain distribution were investigated. Regarding the temperature distribution of the 27MnB4 alloy through
simulation, it was observed that the hot rolled condition exhibited a higher temperature evolution for all
the stations than the soft annealed and spheroidized conditions. In the last station of the 27MnB4 fastener
forging, the maximum temperature obtained for the hot rolled condition was 372°C, for the soft annealed
condition 339°C, and for the spheroidized condition was 329°C. The main reason for the temperature
difference as shown in Figure 5 is the need for higher energy to deform materials with higher yield stress
due to resistance to yielding. Figure 6 and 7 represents the distribution of von Mises stresses for different
stations with two different views. Since the bolt geometries do not differ for the three conditions, stress-
concentrated areas were identical. The overall distribution of von Mises stresses for hot rolled 27MnB4
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steel is higher than the annealed (spheroidized/soft) samples. This issue can be explained by the
microstructural differences induced by the heat treatment process. Applied sub-critical heat treatment
transforms the lamellar cementite into spheroidal form and the final microstructure has a lower yield point
which facilities the cold forming process [22, 23]. As a result, stress evolution during the forming process
decreases and failures such as splits can be avoided [18]. In addition, the stress distribution also represents
the residual stresses after manufacturing. For the spheroidized condition, residual stresses at the highly
deformed parts are lower than in soft annealed and hot rolled states. In addition to von Mises distribution,
the distribution of equivalent strains was investigated. Figure 8 represents the distribution of equivalent
strain for the final station. The mean value of equivalent strains for hot rolled 27MnB4 steel is slightly
higher than annealed steel for the final station. This strain distribution difference can be explained with a
microstructural difference, as in the case of von Mises distribution. The presence of spheroidal cementite
lamellae in pearlite for annealed samples enhances the formability compared to the hot rolled sample.
Thus, it is possible to observe slight differences in the equivalent strain distribution between two different
microstructures. In addition, as the fastener undergoes plastic deformation, strain hardening occurs. As
shown in Figure 8, high-strain regions exhibit higher stresses due to the strain-hardening effect.

@ ForGE:

Temperature °C

a) b) c)
Figure 5. Temperature distribution of 27MnB4 steel for a) spheroidization, b) softening annealing, and c)
hot rolled condition.
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rolled condition (side view).
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Figure 8. Equivalent strain distribution of 27MnB4 steel for a) spheroidization, b) softening annealing,
and c) hot rolled condition.

In the literature, there are not many studies available about bolts or fasteners produced with 27MnB4
steel. In bolt production, the change of any process parameter in the forging step or the change of the
chemical composition in the production material can directly affect the outcome. For this reason, the same
material and the same production conditions should be used for comparison. In this work, similar studies
from the literature were examined. Also, different production conditions and different material conditions
were taken into consideration.

The cold forging process of 51B40 steel was modelled with Forge NXT software [17]. According to this
study, the equivalent strain value was found to be a maximum of 3.76 in the region where the yield
strength is exceeded. When compared with this study, it is similar to the value obtained as a result of the
upsetting process obtained in 2" station.

The fastener cold forging process was modelled for automotive batteries with Deform 3D software
[24]. The process is designed as five stages. In the 5t stage of the process, the effective stress distribution
was quite homogeneous. However, it can be said that the stress differences exhibit similar behaviour with
this work, and it also increases proportionally with temperature.

In another work, forging simulation was modelled with Autodesk Inventor CAD software [25]. There
were three forging stages similar to our study. In 27 stage, the maximum effective stress of 758 MPa was
observed when the upsetting process was completed. In addition, this effective stress was formed from
the lower part of the upsetting process. When compared with our study, the homogeneity of the effective
stress distribution with the von Mises stress distribution is similar. In addition, as seen in Figure 6, our
von Mises distributions are such that they are maximum below the upsetting part.

From an originality view, this is a novel study due to the material, simulation selection and outcomes.
Combining computational materials engineering with FEM is essential and needed for fastener
fabrication. Especially in recent years, less energy consumption, and the use of more sustainable materials
within the scope of environmentalism and sustainability become more and more essential for a better
future. In this context, computational materials engineering and FEM will provide energy, economy and
labour savings while performing R&D studies and serial production verifications for fastener production.
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4. CONCLUSIONS

In this work, the effect of annealing treatment on the cold forging process of 27MnB4 bolts via FEM
analysis was investigated. Results from the present study can be summarized as follows:
° CCT and CTT diagrams were used extensively in this study. CCTs and CTT diagrams significantly
influence the final product microstructure development and resulting properties. Critical parameters such
as rolling temperature and cooling regimes can be determined via CCTs and CTT diagrams, leading to
optimum processing conditions and manufacturing of steel bolts with the desired properties.
° The differences in the microstructure affect the cold forging capability of the 27MnB4 steel. In the
annealing treatment, the cementite lamellae in pearlite/bainite will spheroidize, creating small and round
cementite particles in the ferritic matrix to improve formability. Thus, the microstructural difference
affects the distribution of stresses and strains of 27MnB4 steel.

° The distribution of temperature, von Mises stress, and equivalent strain for 27MnB4 steel in the
hot rolled state was higher than in annealed states due to the differences in the microstructure.
° The focus of the current study was to examine the effect of two different annealing treatments on

the cold forging process of 27MnB4 bolts via two commercial CALPHAD and FEM-based software:
Thermo-Calc and Forge® NxT. This study aims to fill the gap in the literature by creating a correlation
between the cold formability of 27MnB4 and resulting properties such as temperature, stress, and strain
distribution.
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ABSTRACT: Rapid and abrupt changes in climatic conditions present a challenge to classical MPPT
techniques as they drift from the MPP, resulting in loss of power. This paper presents a new MPPT technique
based on a feed-forward artificial neural network (FFANN) and a direct control technique. In the proposed
approach, FFAAN estimates the optimum value of the PV output voltage Vjpp, while the direct control
technique achieves an optimal adjustment of the duty cycle making the operating point at MPP. To evaluate
the performance of the proposed technique, the accurate electrical model of the system parts was built and
simulated in MATLAB/Simulink environment. The simulation results are collected under rapidly changing
climatic conditions. Simulation results show that the proposed MPPT technique achieves higher performance
in terms of tracking efficiency and convergence speed compared to both the IC-based MPPT and FL-based
MPPT systems. The results show that the proposed technique accurately estimates Vypp, achieving a tracking
efficiency of 99.9%, while the tracking efficiency is 94% when using FL-based MPPT and 91.5% when using
IC-based MPPT. This demonstrates that the proposed technique exhibits superior performance under rapidly
changing climatic conditions and increases energy production efficiency compared to classical techniques.

Keywords: Photovoltaic, MPPT, Artificial Neural Network, Fuzzy Logic, Incremental Conductance
1. INTRODUCTION

The electricity demand is increasing dramatically since it has become an essential factor for social welfare
and economic development [1]. To meet this need, most traditional energy sources, such as fossil fuels, have
been exhausted. Unfortunately, excessive use of fossil fuels has caused air pollution and global warming due
to carbon dioxide emissions. For these reasons, most countries seek to switch to new forms of energy called
"renewable energies", which are relatively efficient even though they are expensive. Since renewable energies
come from natural resources such as sunlight, wind, geothermal heat, tides, etc., they can be regenerated
naturally. Many remote and rural areas around the world use renewable energy sources to generate electricity.
They use photovoltaic panels, wind turbines, geothermal energy, biomass, and others [2, 3]. The electricity
generated from renewable energy systems is intermittent because it depends on climatic conditions and
geographical location, so they are usually combined with a storage system to ensure the continuous
availability of electricity [4, 5]. Among the renewable energy sources, solar energy has proven its efficiency
because it is abundant, free and environment friendly. Therefore, solar PV systems have become an essential
component and integral part of renewable energy networks [6-8].

In recent years, solar PV energy systems have experienced rapid growth and remarkable development.
They are used in many applications such as rural water supply, light sources, traffic systems, water pumping,
battery charging, meteorological systems, and satellite power systems [9, 10]. Although the widespread use
of solar PV systems, they still face efficiency limitations. Many factors directly affect the performance of solar
PV systems, such as nonlinear characteristics, irradiance, temperature, weather conditions, and properties of
the solar cell material [11, 12]. Thus, to improve the PV systems' efficiency, control techniques called the
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mailto:fuad.a@beun.edu.tr
https://orcid.org/0000-0001-5969-2513

72 F. ALHAJ] OMAR

maximum power point tracking (MPPT) systems have been proposed. They are designed to extract the
maximum available power from the PV panel under various atmospheric conditions [13, 14]. The basic
working principle of the MPPT is that it generates an appropriate duty cycle to switch the DC-DC converter,
which in turn matches the resistance of the solar panels with the resistance of the load, thus achieving
maximum energy transfer from input to output [15, 16]. In recent years, many MPPT techniques have been
proposed. The proposed MPPT techniques differ in many aspects such as working principle, efficiency,
convergence speed, sensors requirements and implementation complexity [17, 18]. The MPPT techniques are
divided into two main types [19, 20]: classic techniques, such as Hill Climbing (HC) [21], Perturbation and
Observation (P&O) [22], Incremental Conductance (IC) [23], Fractional open-circuit voltage [24], and
Fractional short-circuit current [25]; and artificial intelligence-based techniques, such as Fuzzy Logic
Controller (FLC) and Artificial Neural Network (ANN) [26]. Classical techniques are widely used since they
are simple, easy to implement, and cost-effective. However, their efficiency and convergence speed are low,
and they suffer from oscillation around the MPP. Therefore, artificial intelligence-based techniques have been
used to address these problems [27, 28]. The FL technique is attractive in PV systems because it does not
require complex mathematics, its efficiency and convergence speed are higher than the classic techniques, and
less oscillation around the MPP [29, 30]. However, this technique still suffers from the problem of drifting
from the MPP under sudden changes in climatic conditions. This is due to the need for good knowledge of
the solar systems in order to accurately determine the relationship function of the model [1].

Recently there has been a great interest in using ANN in PV systems, as many ANN-based MPPT
controllers have been developed [2, 31]. The main advantages of ANN are that good knowledge of
photovoltaic system parameters is not required for MPPT design, and it can handle complex nonlinear
relationships without the need for an accurate mathematical model. However, the critical weak point of this
technique in its training strategy when used as a prediction model [1].

The current study presents a new MPPT system based on the feed-forward artificial neural networks
(FFANN) and a direct control method. The proposed technique improves the efficiency of solar PV systems
under rapid climate changes. In this context, FFANN trained by a back-propagation algorithm was employed
to estimate the optimum value of the PV output voltage VMPP. The irradiance and temperature are used as
input variables for the proposed FFANN model, whilst the estimated voltage Vpp is the output. The direct
control method was used to achieve the optimum adjustment of the duty cycle after comparing the estimated
voltage value (V;pp) with the theoretical voltage value (Vypp). The duty cycle is converted into a signal to
switch the DC-DC converter using a pulse-width modulation generator (PMW). The system model was built
in the MATLAB/Simulink environment, where simulations were performed, and results were collected. The
results showed that the proposed method has good dynamic performance, high convergence speed, and high
accuracy in tracking the MPP under rapid climatic changes. For validation of the results, a comparison
between the proposed MPPT system, fuzzy logic (FL)-based MPPT system, and the incremental conductance
(IC)-based MPPT system, was performed in terms of the tracking efficiency, convergence speed, and
performance. The results prove that the proposed technique performs better than the other techniques. Hence,
the proposed FFANN-MPPT technique achieves the highest efficiency under rapid climatic changes.

The rest of this article is organized as follows: sections 2 and 3 present the structure and model of the
proposed FFANN technique. Sections 4, 5 and 6 cover the principles of the direct control technique, fuzzy
logic-based MPPT technique, and incremental conductance (IC)-based MPPT technique. Section 7 introduces
the modelling of the system. In Section 8, the simulation results are provided and discussed. The last section
contains the conclusion.
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2. STRUCTURE OF THE PROPOSED FFANN

An artificial neural network (ANN) is a data processing system that simulates and resembles the neural
networks in humans. An artificial neural network is similar to the human brain in that it acquires knowledge
by training and retains it using neurons’ connecting forces called synaptic weights. The weights link the
neurons in each layer with all the neurons in the next layer. The network is trained to perform certain functions
by adjusting the values of the synaptic weights.

The proposed FFANN architecture consists of three layers: an input layer, a hidden layer and an output
layer, as shown in Figure 1. The input layer contains two input variables. The first variable is the solar
irradiance G [W/m?], while the second variable is the temperature of the solar cell T [°C]. Whereas the output
layer contains a single neuron representing the optimal PV output voltage (VMPP). The number of neurons
in the hidden layer is determined during the training process.

To evaluate the accuracy of the proposed neural network in estimating the VMPP, we will rely on the
performance index representing the mean squared error (MSE) and the correlation coefficient (R), which are
given as follows:

N
1 _
MSE = N Z( MPP — VMPP)2 1)

- 2
Z%:l(VMPP - VMPP)
YR=1Vmpp — Vipp)?

R= |1- 2
Vupp: represents the real values.
Vypp: represents the estimated values generated from the neural model.

The ideal performance of a trained neural network corresponds to a minimum MSE value and an R-value
closeto 1.

©—
@_)—>.

O00000O

O

Input Hidden Output
Layer Layer Layer

Figure 1. The general structure of the ANN

3. MODELLING THE PROPOSED FFANN

To model the proposed network in MATLAB, the following procedures were implemented:

1. The "newff" function was adopted for the proposed network modelling as it is used to model the
FFANN networks.

2. Entering the input data representing different values of solar cell temperature ranging [0-60 °C] and
solar irradiance ranging [300- 1000 W/m?]. The input data size was 400 samples arranged in a matrix.
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In addition, network output data representing VMPP has been extracted. Where the values of VMPP
were obtained since they are considered solutions to the following equation:

dPpy
dVpy

At MPP: (3)

3. The entered data were randomly divided into three groups: the training set, the validation set and the
testing set, with 70% for the training set and 15% for each of the validation and testing sets.

4. The training function "trainlm" representing the "Marquardt Levenberg" algorithm was chosen. This
algorithm is widely used in training the FFANN because it has a high speed to reach the optimal
solution. The "tansig" activation function in the hidden layer and the "purelin” linear activation
function in the output layer are also adopted.

5. Determining the number of neurons in the hidden layer experimentally by changing the number of
these neurons and training the network until the optimal performance index is obtained.

Three scenarios are adopted to build FFANN, all of which contain an input layer with two neurons and
an output layer with one neuron, while the number of neurons in the hidden layer varies from two to three to
four, as shown in Table 1. The values of MSE and R were also relied upon in the training, validation and
testing phase to approve the final network architecture.

Table (1): the network training scenarios with MES and R values in the training, validation, and testing

phases.
Network architecture Training phase Validation phase Testing phase
(# of neurons in layers) R MSE R MSE R MSE
2-2-1 0,99993 7,6812 x10*  0,99996 3,5487 x10+ 0,99994 6,2407 x10+
2-3-1 0,99997 1,2547 x10°  0,99998 1,5025 x10-° 0,99997 11,3964 x105
2-4-1 1,000 1,9736 x10°¢ 1,000 2,8671 x10-° 1,000 3,0572 x10-

From Table 1, it is clear that increasing the number of hidden layer neurons minimizes the value of MSE
but increases the size and complexity of the network, so the last scenario (4 neurons in the hidden layer) is
adopted since it gives the optimal performance index. The figure 2 shows FFANN architecture used in the
study.

Input Hidden Output
Layer Layer Layer

Figure 2. The proposed FFANN technique structure
Figure 3 shows the performance curve of the FFANN model corresponding to the approved training
scenario. It includes the training process curve, validation process curve, testing process curve, and the best
values curve. It is clear from Figure 3 that all the curves converged to the MSE value equal to (MSE=1.896x10-
%) under 1000 epochs.
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Figure 4 shows the value of the correlation coefficients for the three groups (training-validation-testing)
equal to one, which proves the accuracy of the proposed FFANN model.
After the training process and obtaining the optimal FFANN model, the weights and offsets obtained in
training stage were adopted and used in the model simulation in the MATLAB/ Simulink environment. The

final approved FFANN model is

shown in Figure 5.
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Figure 4. Correlation coefficients for the three groups (training-validation-testing).
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Figure 5. The FFANN model adopted in MATLAB

4. DIRECT CONTROL TECHNIQUE

purelin
=
Output Layer

To achieve the MPP under rapid climate changes, the duty cycle used to control the DC-DC converter
must be precisely determined. For this purpose, the direct control technique is used to determine the optimal
value of the duty cycle based on comparing the output voltage of the PV system (Vrv) with the optimum
voltage produced by the FFANN model (Vmrr). Based on the difference between the two values, the duty cycle
is changed, increasing or decreasing by a fixed step. Figure 6 shows the flowchart of this technique and its

work principle.

Start

Measuring G, T, and Vpy

Determining V y;pp using the FFANN model

Vupp == Vev

Dp= Dp.1 - Step

—{ Save the new Dp ]-—

Figure 6. The flowchart of the direct control technique.

5. FUZZY LOGIC-BASED MPPT TECHNIQUE

This controller operates in three phases: fuzzification, rule base table lookup, and defuzzification [32-33].

In the fuzzification phase the numerical input variables are converted into linguistic variables based on a
membership function, as shown in Figure 7. In this study, five fuzzy levels are used: PS (Positive Small), NS
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(Negative Small), PB (Positive Big), NB (Negative Big), and ZE (Zero). To increase the accuracy, more fuzzy
levels can be used, but this will increase the processing time.
NB NS ZE PS PB

-b -a 0 a b
Numerical variable

Figure 7. The Membership function for inputs and output of the fuzzy logic algorithm.

The a & b in Figure 7 represent the range of the numeric variables. The inputs of the fuzzy logic-based
MPPT controller are error (E) and change in error (AE). Where E and AE are calculated based on expert
experience.

P(n)—P(n—1)
V() -V(n-1)

E(n)
And

AE=EMn)—En-1)

After calculating E and AE they will be converted into language variables. The changes in duty cycle AD
which represent the output of the fuzzy controller can be obtained from the rule base shown in Table 2.

According to the knowledge of the user and converter used, the change in duty cycle AD is determined
for the different combinations of E and E. Depending on the proposed membership function shown in Figure
7, the linguistic variables are converted into numerical variables during the defuzzification phase. The
generated PWM signal will control the power converter to achieve the MPP.

Table (2): The fuzzy logic algorithm rule base.
AE

E NB NS ZE PS PB
NB ZE ZE NB NB NB
NS ZE ZE NS NS NS
ZE NS ZE ZE ZE PS
PS PS PS PS ZE ZE
PB PB PB PB ZE ZE

6. INCREMENTAL CONDUCTANCE (IC)-BASED MPPT TECHNIQUE

The basic principle of this technique is based on the fact that the differential of the Prv with respect to Vev
is zero at the MPP, negative on the right of the MPP, and positive on the left of the MPP, as follows: [34]
dPpy

=0, at MPP.

>0, left of MPP.
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dVpy

<0, right of MPP.

By calculating the differential at different instants, the MPP can be achieved as shown in Figure 8.

1 dPpy _ o MPP
dVey

PP b Py ...

N

=1 Ppy dP

-0 PV

o dVpy dVpy, <0

2

[}

[

t a
Voltage [V] Ve

Figure 8. The work principle of IC algorithm

7. MODEL OF THE SYSTEM

The schematic diagram of the system to be modelled in the MATLAB environment is shown in Figure 9.
The DC/DC boost converter is inserted between the PV modules and the load to perform an adaptation
between them. By controlling the duty cycle of the switching elements, the operating point of the system can
be kept at the MPP. The input-output equation of the DC-DC boost converter is:

Vey = (1 =D) xVp

Here, Vpy is the PV panel output voltage, V, is the DC-DC boost converter output voltage, and D is the
duty cycle.

DC-DC

Converter

) Load
—

A

PV Module

MPPT
Controller

Figure 9. Schematic diagram of the MPPT system

Using the general mathematical equation for the photovoltaic cell, the photovoltaic panel was modelled
in MATLAB/Simulink. The studied PV system consists of 74 solar cells connected in series. The maximum
power generated by the PV system under standard climatic conditions (irradiance= 1000W/m? and
Temperature = 25°C) was 150 W. To test the proposed system under rapidly changing climatic conditions and
compare it with IC-based MPPT and FL-based MPPT systems, the characteristics of the PV panel are drawn
out in two cases. The first case is under constant temperature (25°C) and variable irradiance levels (400, 600,
700, 800, 900, and 1000W/m?), while the second case is under constant irradiance (850 W/m?2) and variable
temperature levels (25, 35, 45, and 55°C) as shown in Figures 10 and 11 respectively. The different levels of
temperature and solar radiation were applied for 12 secs., as shown in Figures 12 and 13, respectively.
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Figure 10. The P-V characteristics of the modelled PV panel under variable irradiance levels
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Figure 11. The P-V characteristics of the modelled PV panel under variable temperature levels
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The whole system was modelled and simulated using MATLAB/Simulink. In the simulation phase, the
three MPPT techniques were tested and evaluated under the two cases mentioned.

8. SIMULATION RESULTS AND DISCUSSION

Before presenting the simulation results of the three controllers, the ability of the FFANN model to
estimate the VMPP under rapidly changing climatic conditions will be introduced. The estimated voltage
(Vupp) Was measured by the FFANN model and compared with the theoretical value (Vypp), and then the
MSE was calculated. Table 3 shows a comparison between the Vy;pp and the Vy;pp under variable irradiance
levels and constant temperature T= 25°C. While Table 4 shows the comparison under variable temperature
and constant irradiance (850 W/m?2). The results showed that the MSE values are close to zero, which means
that the V;pp values measured by the FFANN model are almost identical to the theoretical values, which
reflects the high accuracy of the FFAAN model in estimating the VMMP under rapid climate changes.

Table 3: Values of the Vypp and the Vypp under variable irradiance levels and constant temperature (T=

250C)
Irradiance (W/m?2) Theoretical values (Vypp) Estimated values Vypp (Vapp - Vupp)?
400 37.4051 37.3984 0.04489x107
600 37.3948 37.4014 0.04356x107
700 37.3929 37.3989 0.036x103
800 37.4102 37.4093 0.00081x103
900 37.3986 37.4016 0.009x10-3
1000 37.4026 37.3976 0.025x10-3
N
MSE = %Z(W@ — Vypp)? = 0.02654 x 1073
1
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Table 4: Values of the V,pp and the V},pp under variable temperature and constant irradiance (850 W/m?)

Temperature (°C) Theoretical values (Vypp) Estimated values Vy,pp (Vurp - Vupr)?
25 37.4161 37.4019 0.20164x10°
35 36.3894 36.3906 0.00144x10°
45 35.2709 35.2651 0.03364x10°
55 34.1069 34.0948 0.14641x10°3

N
1 .
MSE = NZ(VMPP — Vupp)? = 0.09578 x 1073
1

The significant aim of this study is to investigate an efficient and high-performance MPPT system under
rapid climate change to optimize the use of the solar energy system. To evaluate and analyze the proposed
FFANN technique and compare it with IC-based MPPT and FL-based MPPT, an offline simulation was
performed in MATLAB/Simulink for each technique.

Figure 14 shows the simulation results for the three systems under constant temperature (T = 25 °C) and
different irradiance changes according to the following values (400, 600, 700, 800, 900, 1000 W/m?) for 12
seconds. It can be seen that the FFANN technique was able to detect and track MPP despite the instantaneous
change in irradiance. In addition, the energy extracted from solar panels is greater when using FFANN than
with other techniques. The simulation results indicate that the steady-state oscillation at the MPP was less
when using the FFANN technique, resulting in lower energy loss and increased system efficiency.
Furthermore, the proposed FFANN technique achieves better transient state behavior for the PV system, as
its convergence speed to the MPP was higher compared to the IC-based MPPT and FL-based MPPT
techniques. This is due to the accuracy and speed of the FFANN technique in determining an appropriate
duty cycle as shown in Figure 15. This in turn leads to effective control of the DC-DC converter and making
the operating point precisely at MPP regardless of rapid changes in irradiance.

1C-L d MPPT FL-based MPPT

FFANN
160
140 ;

120 f Fi
( o | —
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0 2 4 6 8 10 12
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Figure 14. The produced power under variable irradiance levels and constant temperature (T = 25 °C).
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Figure 15. Changing the duty cycle under variable irradiance and constant temperature.

In other atmospheric conditions corresponding to the temperature changes of the solar cell according to
the values (25, 35, 45, 55 °C) with constant irradiance (850 W/m?), as shown in Figure 16, the proposed FFAAN
technique achieves better dynamic performance, as the working point converges to the MPP in less time
compared to the IC-based MPPT and FL-based MPPT. Moreover, the proposed technique showed a better
response speed to sudden changes in temperature and its ability to quickly achieve the optimum duty cycle,
as shown in Figure 17.
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Figure 16. The produced power under variable temperature and constant irradiance (850 W/m?).
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Figure 17. Changing the duty cycle under variable temperature and constant irradiance.

A comparison between the three techniques in terms of tracking efficiency and convergence speed is
presented in Table 5. Where the proposed technique shows better results in terms of tracking efficiency and
convergence speed.

Table 5: Comparison of the three techniques in terms of tracking efficiency and convergence speed.

Technique Tracking efficiency Convergence speed
FFANN 99.9 % 0.15 sec

Fuzzy logic 94 % 0.45 sec
Incremental conductance 91.5 % 1 sec

Finally, although the IC-based MPPT and FL-based MPPT techniques were somewhat capable of
capturing and tracking MPP under variable atmospheric conditions, the results showed that the proposed
FFANN technique has better performance in terms of tracking efficiency and convergence speed. In this
regard, the oscillations present in the FFANN were also less than in the other techniques. Moreover, the
response to the rapid changes in climatic conditions was better.

9. CONCLUSION

In this research work, a new MPPT technique based on a feed-forward artificial neural network (FFANN)
and a direct control technique is proposed to predict and track the maximum power point of the PV panel
under rapidly changing climatic conditions. Using the accurate element models, the system was simulated in
MATLAB/Simulink environment and the results were collected. The FFANN model is trained to estimate the
optimum value of the PV output voltage (Vypp). Through the training, the FFANN model exhibited a high
accuracy in predicting the Vy,pp. Using The direct control technique, the optimal adjustment of the duty cycle
was achieved, therefore, the dynamic performance of the MPPT system improved. The outcome indicates that
the proposed method exhibited superiority in extracting the maximum available power from the PV panel. A
comparison is made between the proposed method and the FL-based MPPT and IC-based MPPT methods.
According to the obtained simulation results, the tracking accuracy of the FFANN technique was robust under
different atmospheric conditions compared to conventional FL and IC methods. As a result, the tracking
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efficiency of the new method is 99.9%, while it is 94% and 91.5% for FL and IC methods, respectively. In
addition, the converging speed of the proposed method has been enhanced compared to FL and IC methods.
Finally, optimizations are proven to be easy to design. Future efforts will be directed towards experimental
implementing of the proposed method. Experimental results will be obtained to demonstrate the accuracy
and effectiveness of the new method to increase the efficiency and yield of the solar generation system.
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ABSTRACT: Nanofluids are fluid suspensions of nanoparticles that exhibit notable properties enhancement
even at low nanoparticle concentrations. This work compares the measured and calculated thermophysical
parameters of nanofluidic motor oil. Thermophysical parameters of motor oils include thermal conductivity,
viscosity, and Absorbance. The nanofluidic engine oil was prepared by dispersing multi-walled carbon
nanotube (MWCNTs) and copper oxide (CuO) at different particle concentrations (0.03-0.12) %. The oil
characteristics were measured at wide range of temperature. The viscosity data were found to be comparable
to the numbers reported in literature. We found that the thermal conductivity increased up to five times with
minor variance in some cases. The variation in thermal conductivity can be related to several reasons such as
oil specifications and nanofluid preparation conditions. The measured Absorbance of the nanofluid is
comparable to literature and has direct proportion relation with the volume fraction of nanoparticles.

Keywords: Absorption, Nanofluid, Thermal Conductivity, Viscosity
1. INTRODUCTION

In 1995, Choi introduced the concept of nanofluid [1], which is created by adding a certain amount of
nanoparticles to the conventional working fluids such as, ethylene glycol, water, oils (like transformer oil,
engine oil, paraffin oil and SAE oil) etc. The unique thermophysical properties of nanofluids and prospective
applications related to heat transfer and mass transfer have increasingly attracted researchers in the past
decade. Therefore, many researchers focused on investigation of thermophysical properties of nanofluid, like
viscosity, absorption, thermal conductivity, etc. Engine oils are employed in more fields because of they
function well in high-temperature environments and can be integrated into heat transfer systems at low-
pressure. Also, when these oils mixing with nanoparticles, the specific heat capacity of this fluids decreases
while the thermal conductive, density and viscosity are increases. In previous studies, many researchers have
focused on dynamic viscosity and thermal conductivity. There are some literatures searched about absorption
of nanofluids too. An abundance of studies and investigations have been conducted about using the nanofluid
in more application as shown as in this works. Hemmat is investigated the thermal properties of
MWCNT/SiOz-0il nanofluid [2]. The samples demonstrated non-Newtonian behaviour at volume fraction
above 1%, while at lower concentrations (1%), the examined nanofluid behaved like a Newtonian fluid. The
use of MWCNT-ZnO/oil as a nanofluid was studied by [3]. This investigation determined that the nanofluid
behaves like a Newtonian fluid via a wide temperature and concentration ranges. [4] investigated the dynamic
viscosity of oil with MWCNT/SiO2. They performed tests at varying temperatures and in varying
concentrations. In addition, they put up a novel relation for estimating the dynamic viscosity of nanofluid at
temperatures between (25 - 60) ©C and volume fraction range (0-1) %. [5] conducted experimental research
into the thermal characteristicc of MWCNT between (40 — 100) °C by used motor oil with MWCNT as a
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nanofluid and varying volume fractions (0.1, 0.2, and 0.4%). [6] studied on the thermal performance of
nanofluid ZnO with engine oil (10W40). The range of experimental conditions included volume fraction range
(0.25- 2) % and temperature range (5- 55) °C. [7] studied on the thermal characteristics of hybrid nanoparticles
MWCNT-5iO2 with engine oil (20W50) at temperatures range (40 - 100) °C and different volume fractions from
(0.05- 1) % MWCNT-5iO2. As a rule, absorbance of nanofluid enhancement with volume fraction of
nanoparticles increase; however, this relationship is not linear. Added for that, increasing in the absorbance
of nanofluid does not always coincide with the number of nanoparticles added. Nanofluid absorption
coefficients made from composite nanoparticles (TiOz, TiO2/Ag, and Ag) were compared with [8]. They found
that the TiO2/Ag nanoparticle composite has exceptional optical characteristics, and they studied how
changing the nanofluid volume percentage affected light absorption. An increase in volume fraction was
shown to be related with an incremental improvement absorption of nanofluid. [9] studied the physical
characteristics for CNT with water as a nanofluid at different volume fraction ratios. It was found that
absorption is linear proportional to the nanoparticle volume fraction. The optical characteristics of MWCNTs
were studied by [10], but they utilized a different base fluid. The base fluid comprised EG, water, therminol-
VP-1, and propylene glycol. They mentioned that MWCNT-containing nanofluids are the most
comprehensive absorbers of solar radiation across the spectrum. Small particle size and low concentrations
did not prevent these nanofluids from absorbing nearly one hundred percent of the solar spectrum'’s energy.
The optical characteristics of SWCNHSs nanoparticle into water and glycol are studied by [11]. This research
establishes the linear relationship between volume fraction or CNT particle size and light absorption.
Researchers looked at how the size of SWCNHSs [12] suspended in water affected their ability to soak up the
light. In this research, it has been shown that the absorption coefficient is directly related with sizing of the
nanoparticles; however, due to the enormous amount of scattering experienced by such massive particles, this
relationship does not hold. The optical characteristics of the single-walled carbon nanotube (SWCNT) were
examined by [13] using CuS as a base nanofluid. absorption was shown to be boosted for CuS nanofluids.
Compared to Cu and SWCNT, SWCNT-CuS nanofluids performed better and absorbed more sunlight.
Distilled water was employed as the nanofluid in an experiment by [14] to study carbon black's optical and
photo-thermal characteristics. Carbon and water-based nanofluids exhibited a high absorption range and low
transmission of solar radiation. [15] investigated on the physical characteristics of nanofluid at lower and
higher temperature range. Light absorption was dramatically enhanced by including SWCNT. Karami used
CuO with H20-EG as a nanofluid at 0.01 vol.% improved the absorbed energy for nanofluid to 13.7% [16].
This study deals with two types of nanofluids, each having a specific ratio of volume fraction of nanoparticles,
were used to test the effects of nanoparticles on thermal conductivity, viscosity, and Absorbance. This data
was also compared to earlier findings and discussed. The aim of this study to clarify of the enhancement of
Absorbance and thermal properties of nanofluids by added two types of nanoparticles separately to the engine
oil (5W30).

2. MATERIAL AND METHODS
2.1. Material

Several distinct nanoparticle kinds were mixed with engine oil (5W30) at varying volume fractions (0.03,
0.06,0.09, and 0.12) to test the thermal and optical properties of nanofluids. CuO is used as a metallic
nanoparticle and MWCNT as a non-metallic nanoparticle. Table 1 explains the physical specificities of
nanofluid contains (nanoparticles and base fluid).
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Table 1. Physical specificities of base fluid and nanoparticles.

Nanoparticle types Base fluid
Compounds CuO MWCNT 5W30
Main properties
Manufacturing Company Nanografi nanotechnology company Motul
Purity 99.995% >99% 100% Synthetic
Morphology Spherical Cylindrical Liquid
Particle Size (OD) nm 15-45 18-28
(ID) nm 5-10
Length um 15- 35
Thermophysical properties
Density g/cmd 6.5 2.2 0.851
Specific heat J/Kg. ke 531 711 1946.97
Thermal conductivity W/m. Ke 33 3000
Viscosity at 40°C mm?/s 0 0 70.1
Viscosity at 100°C mm?/s 0 0 12.1
Viscosity HTHS at 150°C mPa.s 0 0 3.5
Refractive Index (n) 2.6 2.5 1.47
Color Dark brown Black Dark yellow

2.2. Preparation and specifics of studied nanofluids

The preparation of samples conducted by used of the physical dispersion method through the ultrasonic
solicitation. The preparation of nanofluid happened in the advanced technology research and application
centre at Selcuk University. In this work used the measuring device is accuracy is up to 0.0001 and the model
of ultrasonic device is a WUC-D10H Ultrasonic Cleaner. The operating condition of the ultrasonic frequency
is a 60% from design power. The mixture time is two hours and temperature range of preparation process at
(24-40)° C.

2.3. Measurements of thermophysical properties
In this study, focusing on three properties thermal conductivity, viscosity, and absorption.
2.3.1. Thermal conductivity

Nanofluid thermal conductivity was measured by using a Hot Disk TPS 500 model. These tests were
carried out in the laboratories of the College of Science at the University of Anbar. The Hot Disk Thermal
Constants Analyzer is the transient plane source (TPS) thermal characterization technique. The Hot Disk
sensor factionalized as a heat source and as a dynamic temperature sensor. The measurement happened by
running an electrical current lead to increase the temperature sensor up to several degrees and recording the
increasing of resistance (temperature)with time. That represents a temperature function with time. During
measurements processes used TPS sensor, was 5501 (radius 6.4 mm). The tests were performed at a room
temperature of 21 °C.
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2.3.2. Viscosity

The viscosity of these types of nanofluids is measured by using a Rotational Viscometer NDJ-4. It is a
device used to find the dynamic viscosity of fluid at different temperature ranges also, for fluids whose
viscosity value does not vary according to different flow conditions. These tests were carried out in the
thermodynamics laboratory at Konya Technical University. This device is used to find the dynamic viscosity
in many applications such as painting, engine oil, plastic grease..., etc. The tests calculate dynamic viscosity
of the nanofluid in the temperature range (9 — 80) °C and the volume fraction range (0.03-0.12) %.

2.3.3. Absorption of nanofluids

To study nanofluid absorption, researchers varied path depth, base fluid types, and volume fraction.
Researchers have found that higher metal oxide particle concentrations result in more excellent nanofluid
absorption. All absorption experiments were performed in the SPL laboratory in the advanced technology
research and application center at Selcuk University by used Biochrom Libra 522 Visible Spectrophotometer
and these tests happened at room temperature approximately 22 °C.

3. RESULTS AND DISCUSSION
3.1. Thermal conductivity

The transient hotwire approach represents the most popular method for measuring thermal conductivity
[17] as it characterized by fast calculation and high precision in repetitive observations. Nanoparticle material,
size, shape, and volume fraction ratio has significant effect on thermal conductivity. Past research has
developed many models that allow the thermal conductivity values to be computed for various concentrations
and environmental circumstances. Many scholars, however, have doubts about these numbers' accuracy [19-
20]. Measurements of conductivity for engine oils have been reported in the literature, showing maximum
values between 0.12 and 0.16 (W/ m.°k) that shift with temperature. The values obtained from experiments
are 0.141 (W/ m.c°k) and 0.142 (W/ m.°k), respectively. So, the value found in experiments is reasonable for this
oil. The figure below compares the results of various tests performed on thermal conductivity.

As mentioned earlier, there are a lot of previous studies in verifying thermal conductivity, but most
studies show that there are still contradictions, so the systematic experimental study of thermophysical
properties of nanofluids is required to develop previous models and find other parameters to improve the
thermal properties of industrial oils. Below are some of basic models used to estimate the thermal
conductivity, which can be compared with our experimental results.
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Figure 1. Comparison of the test results of previous studies on thermal conductivity

For the calculation of thermal conductivity there are two methods, the first method used a static model,
which assume a stationary of nanoparticles in the base fluid such as Maxwell, Hamilton Crosser, and other
researchers such as Jang and Prasher models [21], depend on random motion of the nanoparticles in fluid
(Brownian motion) by using dynamic models. The maxwell model [20] was considered for the suspension,
with low concentration of solid spherical particles homogeneously dispersed with no interaction between
particles. The following equation gives Maxwell model:

Kot = Kof (Knp+2an+2(p(Knp—an)

Knp+2Knf— @(Knp=Knf

Where K, Kbtand Knp are the thermal conductivity of nanofluid, base fluid and nanoparticle respectively.
Also, @ represent the volume fraction of mixture.

Hamilton and Crosser [20] suggested a similar thermal conductivity model for liquids with a little higher
concentration by Wasp [19]. The model gives the same result as the Maxwell and Hamilton and Crosser
models under spherical particles, with { =1

Kot = Kof (22 2Kns* 20 Enp=Knp)y = )

Knp+2Knf— @(Knp—Knf

Hamilton—Crosser proposed a model for a nanofluid mixture of spherical and non-spherical particles by
considering particle shape in calculation procedures. The empirical shape factor (n) can vary from 0.5 to 6.0,
as shown in nanoparticle shape.

N=3/P oo 3)

Where K, Kbtand Knp are the thermal conductivity of nanofluid, base fluid and nanoparticle respectively.
Also, ¢ represent the volume fraction of mixture and 1\ represents sphericity which is the ratio of the surface
area of a sphere to the volume of a sphere. If the nanoparticle is spherical, the empirical shape factor () = one

and equals 0.6, where the nanoparticle shape is the rod. The Hamilton—Crosser (H-C) model is given by:
K i = Ko (22O DKo~ (2D 0 Koy ~Kap)y - (4)
Knp+(m=1)Kpr+@ (Kpr—Knp)
[22] recommended a different model for the thermal conductivity of nanofluid with homogeneous
spherical particles as following:
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Knp=Knf \ (1) (0L Ensy
(p(Knp+2an)+ (1-¢) (be+2an) 0 i 5)
But Murshed and researchers offered a simple solution for Bruggeman model as:
1 va
Knf =2 [(3¢ -1) ;Knp +(2-3Q)Kbf]+K} s =~ S (6)
A=Be—12EE)2+2-30)2+2+990+ 9903 (ZB) viiiiennnn (7)
be be

[23] recommended a model for the thermal conductivity of nanofluids by using CNT as a nanoparticle as;

1-p+2¢ Knp (Knp+Kp )

(Knp-Kpr) 2K

K nf = Kbf ( - fbf it ) e (8)

1-@p+2¢ np-Kpp) In: 2Ky

Although various models have been tried to predict the experimental results, a general method has not
been established to calculate the thermal conductivity of fluids containing a different type of nanoparticle [24],
or to predict the influence of the increase of nanoparticle volume fraction. Generally, nanoparticles are used
to enhancement of thermal conductivity of fluids by adding them to base fluids. In this study we used
enhancement of thermal conductivity ratio (ER) to clarification of effect of adding the nanoparticle. This ratio
can be calculated by the following equation:

ER % = (Kap Kot /Kbt cooovviiiiiiiiiinnnn, )

Figures 2 and 3 showed the experimental results compared with some theoretical models of thermal

conductivity for both nanoparticle types (MWCNT and CuO) with engine oil (5W30).

M experimental values ® Maxwell model m (H-C) model Xue model ® Bruggeman model
6
5
. 4
o)
X
= 3
X
2
1
0
0.03 0.06 0.09 0.12
volume fraction (o)

Figure 2. Comparison between MWCNT with 5W30 as a nanofluid and theoretical models of thermal
conductivity.
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Figure 3. Comparison between CuO with 5W30 as a nanofluid and theoretical models of thermal
conductivity.

Figures 2 and 3 showed the enhancement of thermal conductivity when added both nanoparticle types
with 5W30. The enhancement rate increased with volume fraction increase. And the enhancement of thermal
conductivity for experimental results higher than theoretical models. In previous works, Moghaddam used
MWCNT-CuO/Oil (SAE40) as a nanofluid at a temperature limit (25-50) °C for a volume fraction between
0.0625-1%. The enhancement ratio rises to 29.53% [25]. Karami used CuO with H20-EG as a nanofluid at 0.01
vol.% improved to 4 times [16]. And it was observed that thermal conductivity was enhanced by 44 % at only
0.052 % volume concentration of copper nanoparticles in oil [26]. Zhang dispersed 1 % of multi-walled carbon
nanotubes into the oil. The enhancement in thermal conductivity reached to 160 %. In another study reported
an enhancement exceeding 250% at 1.0 vol% of MWNTs in oil nanofluid [27]. The measurement of thermal
conductivity of MWCNT with 5W30 as a nanofluid indicates some variation in the results between the
theoretical models and the experimental results as shown as in figure 2. A similar trend with less deviation
between theoretical models and experimental results was observed in CuO nanofluidic oil as shown in figure
3. As we mentioned earlier there are many studies that confirmed the inaccuracy of the conventional equations
in calculation of thermal conductivity of nanofluids [18-19]. Munish confirmed that this is due to many reasons
that must be studied carefully (effect of nanoparticle size, effect of nanoparticle shape and effect of
nanoparticle type). The Xue model of thermal conductivity values are very close to the measured values for
these nanofluids. Figure 4 showed the enhancement ratio of thermal conductivity for nanofluids types
MWCNT and CuO with 5W30 respectively.
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Figure 4. Comparison of experimental results between MWCNT and CuO with 5W30

Figure 4 included the improvement of thermal conductivity by using two types of MWCNT and CuO
with type of engine oil (5W30) at different volume fractions. From the figure above, the enhancement of
thermal conductivity is affected by increased concentration of nanofluids. And the thermal conductivity
values for MWCNT-based nanofluids display a higher value than CuO. Therefore, MWCNT become attractive
to many researchers in recent years due to its excellent thermal conductivity.

3.1. Viscosity

As mentioned earlier we used the Rotational Viscometer NDJ-4 to find the viscosity values of fluids.
Experiments were conducted with used a temperature sensor had a control precision of 0.1 °C (-80 - +80) °C.
In the experimental work the viscosity of fluids measured in the temperature range (10.2-74.5) °C. At first, we
measured the viscosity value of base fluid (5W30) and compared with manufacturing values of MOTUL
company to confirm assure the viscosity within the recommended range. The difference between
experimental results and theoretical models values had been investigated by a deviation analysis using Eq.
(6) [28].

DEV=fefthero x1009, ... (10)

Hexp

The figure 5 showed the deviation ratio of measured viscosity at temperature range between (0-100) °C.
This ratio must be less than 4% [28].



Experimental Investigation of Absorption and Thermal Analysis of Different Types of Nanoparticles

with Motor Oil Based Nanofluids

10
5

0
-5
-10
-15
-20
-25
-30
-35
-40
-45
-50
-55
-60
-65
-70
-75

deviation ratio %

5 15 20 30 40 50

60

70

Temperature (°C)

Figure 5. Deviation ratio of measured viscosity from the oil datasheet.

95

In the figure above, the viscosity values between (80-85) °C can be considered acceptable, but beyond 85°C

are not acceptable because the deviation ratio is very high.
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Figure 6. The dynamic viscosity as function of temperature and MWCT concentration for 5W30 oil.
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96 J. M. A. ALENEZY, R. YAPICI, A. H. HAMEED

Figures 6 and 7 showed the relation between viscosity measured with temperature at different volume
fraction. Both types of nanofluids have a convergent Newtonian behaviour and non-linear relation between
dynamic viscosity with temperature which is consistent with all previous studies.

For example, non-linear decrease of the viscosity of nanofluid (MWCNT with engine oil) by increasing
the temperature has been reported. This test happened by using a volume fraction ratio of 0 to 1 wt. % in the
temperature limit of 25 to 90 °C [29]. Some previous studies neglected a few effects on the nanofluid viscosity
(particle weight, size, temperature, particle shape and effect of nanoparticle types [30]. This work discussed
the effect of nanoparticle type, and it was found that there is a slight difference between the use of both types
as shown as in figure 8. This figure showed the relationship between the difference between the viscosity
values of two types of nanoparticles with different of volume fraction.
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Figure 8. Measured viscosity at different volume fraction and temperature

To further investigate in the viscosity of nanofluid, a comparison was made between the experimental
results and theoretical models. In this study, these theoretical equations have been used.
J Einstein model Mnf= (1 +2.5¢) P vf
Where [ nf, U bt and ¢ represent the dynamic viscosity of nanofluid, dynamic viscosity of base fluid and
volume fraction of nanoparticle respectively. This function was appropriate at lower particle volume fraction
@ <2% [18].
. Brinkman model ELnf= L bf (ﬁ)

Extended Einstein equation for average particle volume fraction and p ~f, p bt and ¢ represent the dynamic
viscosity of nanofluid, dynamic viscosity of base fluid and volume fraction of nanoparticle respectively [18].
. Batchelor model WUnt, =i (1+2.5@+6.5¢?)
Considered the effect of Brownian motion of particles for suspension of rigid and spherical particles and p xt,
uof and @ represent the dynamic viscosity of nanofluid, dynamic viscosity of base fluid and volume fraction
of nanoparticle respectively [18].
. Sunder 1 U nf = o (1+ p) 068
. Sunder 2 W nf = W of (14 ) 1205

Sunder models used Fe304 with EG/water at different volume fraction (0-1) % [30].

The figure 9 include the comparison between experimental result and theoretical results for MWCNT with
engine oil.
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Figure 9 Viscosity results compared with other thermo-optical models for MWCNT nanofluid oil.

From the figures above, we notice that the difference between the experimental results and the results of
theoretical models is little, and it is increase with volume fraction increase.

3.2. Absorbance

The intensity of absorption in nanofluids is affected by some factors, type of nanoparticle, size of the
nanoparticle, volume fraction, type of base fluid and thickness of nanofluid. In this study focusing on the
effect of nanoparticle type, nanoparticle sizing and volume fraction by used the MWCNT and CuO with
engine oil. The figures 11 and 12 showed the intensity of absorption for nanofluid types at different volume
fraction.
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Figure 10. The absorption values for CuO with 5W30 as a nanofluid at different volume fraction ratio and

wavelength.
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Figure 11. The absorption values for MWCNT with 5W30 as a nanofluid at different volume fraction ratio
and wavelength.

From figures above, the effect of nanoparticle types seems obvious, as the absorption intensity of MWCNT
particles are better than CuO particles and absorption intensity for both types of nanofluid affected by volume
fraction of nanoparticle. The volume fraction of nanoparticle has a positive effect on the absorptivity, and we
noted a little change in the wavelength at maximum intensity. The range of this change for MWCNT is (260-
400) and for CuO is (260-330) nm. The reason for this change is due to the effect of nanoparticle size and
volume fraction ratio, both of which have a direct effect on the wavelength and absorbance. The absorption

coefficient can be calculated using equation (11).
In10 1

1 Ip ) Aabs
Ka=zln7=T 10g107=2303Tb ................................. (11)

Where the L represents the path length through the sample, L is 10 mm for the quartz cuvette used in
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Biochrom Libra S22 Visible Spectrophotometer and A s represent the intensity of absorption. Table 2 explains
the absorption coefficient (m™) values for experimental tests and previous studies for the same nanofluid
contents.

Table 2. The absorption coefficient (m™) for experimental values and previous studies

Nanofluid contents @ % 0.025 005 0.055 0.06 0.075 0.09 0.1 0.12
Resulting test ~ Base fluid ~ nanoparticle
5W30 MWCNT 45.81 802 958.7 1077.6
(motul)
5W30 CuO (15-45) 532 373 443 668.6
(motul) nm
Chen, 2016 WD 350 CuO 75.94 150 214.3 345.49
8
Xu, 2015 synthetic CuO (200nm) 103
oil.

As mentioned earlier, there are many factors that affect absorbance values so, there is no way to validity
of experimental results except by re-examination. However, some previous studies show some absorbance
results. Therefore, if these results are compared with similar nanofluids in previous studies, they can be
considered acceptable.

4. CONCLUSION

In conclusion, this study investigated the physical properties of two types of engine oil nanofluids.
Different types of theoretical models were utilized and compared with the experimental results. A sweep for
particle volume fraction was investigated. The main findings of this work are summarized in the following
list.

1. MWCNT and CuO with 5W30 as nanofluids enhances the absorption and thermal properties of the
5W30 oil. The thermal properties of the nanofluid for MWCNT with 5W30 have the same trend as CuO fluid
but with a higher magnitude of all measured properties.

2. The theoretical models for thermal conductivity showed inconsistent results between all the utilized
models. However, the viscosity models proved to have a great agreement with the experimental results and
predicted the viscosity more accurately in the range between (0-80) °C.

3. The MWCNTSs nanofluids has thermal conductivity and absorbance of 2-folds of that for the nanofluid
CuO oil.
4. The measured absorption of the nanofluid is affected by different factors such as nanoparticle type,

base fluid type, and the volume fraction of nanoparticle. However, our results are still comparable to the
reported number in literature.

Nomenclature

Q@ Volume fraction.

¥ Sphericity

AT Difference of temperature.
CuO Copper oxide.

MWCNTs  Multi-walled carbon nanotube.
k Thermal conductivity.

u Dynamic viscosity of nanofluid.
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OZ: Mikrokanallarda kaynamali akis, hava araclarindaki yiiksek kapasiteli elektronik sistemler, bilgisayar
islemcileri ve elektrikli arag¢ bataryalar1 gibi yiiksek yogunluklu atik 1sinin agiga ciktigr sistemlerde,
stirdiiriilebilirlik ve giivenli calisma kosullari i¢in gerekli olan sogutma ¢6ziimlerini sunma potansiyeline
sahip popiiler bir 1s1l kontrol teknigidir. Bu makalede, farkli kiitle (136 ve 250 kg m2 s) ve 1s1 akis1 (132 —
272 kW m?) degerlerinde deiyonize suyun kademeli olarak genisleyen akis kesitine ve yapay
kabarciklasma oyuklarina sahip mikro pim tipi kanatgikli 1s1 alicida (modifiye edilmis 1s1 alici, MIA)
doymus kaynamali akisi deneysel olarak incelenmistir. Sonuglar diiz duvarli paralel mikro kanalli 1s1 alict
(konvansiyonel 1s1 alici, KIA) iizerinden karsilastirmali olarak sunulmustur. Is akigkaninin giris sicakligt
yaklagik 75 °C’da sabit tutulmustur. Yiiksek hizli kamera ile akis goriintiileri alinmis (1000 fps) ve fiziksel
mekanizma goriintiilerle desteklenerek irdelenmistir. MIA’da, KIA’ya kiyasla, iki fazli 1s1 transfer
katsayisinda 7%827.2"ye kadar artis saglanmis ve kaynama kararsizliklari etkin bir sekilde bastirilabilmistir.
Is1 transferindeki iyilesmeye karsi, basing diisiimiinde %50.5"e kadar artis olmustur. Genel karakter olarak,
her iki 1s1 alicisinda da kiitle akisinin basing diistimii tizerindeki etkisi gorece ihmal edilebilir diizeyde
olup, artan kiitle akisi ile 1s1 transfer katsayilar1 azalmaktadir. MIA’ya ait sonuglar, KIA’ya kiyasla, kiitle
akisindaki degisimden gorece daha ¢ok etkilenmektedir.

Anahtar Kelimeler: Kaynamali Akis, Mikrokanal, Yapay Kabarciklasma Odaklari, Kesit Genislemesi

Experimental Investigation of Saturated Flow Boiling Characteristics in Micro Pin Fin and Micro
Cavitied Heat Sinks

ABSTRACT: Flow boiling in microchannels is a popular thermal management technique with the
potential to provide cooling solutions required for sustainability and safe operating conditions in systems
where high-density waste heat is released, such as high-capacity electronic systems in aircrafts, processors
of computers, and batteries of electric vehicles. In the present paper, saturated flow boiling of deionized
water in a heat sink having gradually expanding flow passage and artificial nucleation sites (modified heat
sink, MIA) was experimentally investigated at different mass (136 and 250 kg m? s') and heat flux (132 -
272 kW m?) values. Results were comparatively presented via plain wall parallel microchannel heat sink
(conventional heat sink, KIA). Inlet temperature of working fluid is kept constant at nearly 75 °C. Flow
images were taken via high-speed camera (1000 fps), and the physical mechanism was scrutinized by
supporting with the images. Compared to KIA, in the MIA, an improvement in two-phase heat transfer
coefficient up to 827.2% is obtained, and flow boiling instabilities could be successfully suppressed.
Contrary to enhancement in heat transfer, an increase up to 50.5% occurred for pressure drop. As general
character, for both the heat sinks, effect of mass flux on pressure drop is relatively negligible, and heat
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transfer coefficients decrease with increasing mass flux. Compared to KIA, results of MIA are relatively
more influenced from variation in mass flux.

Keywords: Artificial Nucleation Sites, Expansion of Cross Section, Flow Boiling, Microchannel
1. GIRIS INTRODUCTION)

Uretim alanindaki teknolojik gelismelere bagli olarak mikro/nano boyutlu bilesenlerin imalatinin
kolayca gerceklestirilebilmesi ve dijital sistemlerin fonksiyonelligine yonelik beklentilerin giderek
artmasi, 1s1l kontroliin 6nemini giin gegtikge artiran temel faktorler arasinda yer almaktadir. Bu sebeple
hem mikro sistemlere adaptasyonu kolay hem de yiiksek 1s1 uzaklagtirma potansiyeline sahip 1s1 transfer
mekanizmalari 6n plana ¢ikmaktadir. Bu kapsamda, [1-2] ¢alismalarinda da ifade edildigi tizere, ultra
kompakt yap1 sunmalari, doymus kosullar sebebiyle yiizey sicakliginin nispeten sabit tutulmasi, mikro
akis pasajlar1 sayesinde birim zamanda mililitre diizeyinde debilerde c¢alismalar1 ve kaynama
mekanizmasi araciligryla yiiksek 1s1 uzaklastirma potansiyeline sahip olmalari sebebiyle mikrokanallarda
kaynamal1 akis popiiler 1s1l kontrol teknikleri arasinda yer almaktadir. Mikrokanallarda kaynamali
akislara yonelik calismalar, atik 1s1 yogunlugunun yiiksek oldugu; elektrikli veya hibrit araglar, roket
lilleleri, uzay araglar1 ve havacilik elektronigi, tiirbin kanatlari, yiiksek islemcili bilgisayarlar ve benzeri
sistemleri/cihazlar1 yakindan ilgilendirmektedir [3-4]. Bu sebeple, mikrokanallarda kaynamali akista
performans artis1 saglayacak geometrik diizenlemelere ve geometrik yapiya ek olarak diger calisma
kosullarinin akis ve 1s1 transfer karakteristikleri tizerindeki etkilerinin incelenmesine yonelik ¢alismalara
ilgi artmaktadir. Bu kapsamda, 6zellikle son yillarda, mikro pim tipi kanatgikli 1s1 alicilarda kaynamal
akis 6n plana ¢ikmaktadir.

[5] calismasinda kaydirilmis sirali olarak yerlestirilmis hidrofoil sekilli pim tipi kanat¢iklara sahip 1s1
alicida farkh kiitle (976 — 2349 kg m? s1) ve 1s1 akilarinda (19 - 312 W cm2) R-123 is akiskaninin kaynamali
akis1 incelenmistir. Is1 transfer katsayilarinin artan 1s1 akisi ile arttigini ve bir maksimuma eristikten sonra
stirekli olarak azaldigini, diisiik 1s1 akis1 degerlerinde kabarcikli kaynamanin yiiksek 1s1 akis1 degerlerinde
ise tasinimli kaynamanin baskin 1s1 transfer mekanizmasi oldugunu ve artan kiitle akisi ile kritik 1s1 akis1
kosulunun yiiksek 1s1l gii¢ degerlerine 6telendigini belirtmislerdir. [6] ¢alismasinda kare kesitli mikro
boyutlu pim tipi kanatciklara sahip silikon 1s1 alicida FC-72 is akigskani kullanarak kaynamali akisa yonelik
calisma yapilmistir. Kanatgiksiz 1s1 alici referans olarak dikkate alinmis olup, taban kesiti 30 um x 30 pm
olciilerinde sabit olan ve yiikseklikleri sirasiyla 60 pm ve 120 pm olan kanatgiklardan olusan iki farkli 1s1
alia1 tizerinde ¢alismislardir. Kanatgikli 1s1 alicilarin kanatgiksiz duruma gore 1s1 transferini iyilestirdigini
ve en yiiksek kritik 1s1 akis1 degerinin 150 W cm?2 olarak 2 m s akiskan hizinda ve 35 K asir1 sogutma
derecesinde 120 pum kanatgik yiiksekligine sahip 1s1 alici igin elde edildigini gostermislerdir. [7]
calismasinda pirana pim kanatgik olarak adlandirdiklari kanatciklara sahip 1s1 aliccda HFE7000 is
akiskaninin kaynamali akisi deneysel olarak incelenmistir. Iki farkli akis konfigiirasyonunu dikkate
almiglardir. Birincisinde, akiskan sadece kanatgikli bolgede bulunan ¢ikis deliklerinden ana akis eksenine
dik olarak 1s1 alicisini terk etmekte olup sizdirma akist olarak adlandirilmistir. Ikincisinde ise akiskan hem
kanatcikli bolge tabanindan hem de kanatciklarin bitiminden sonra agilmis olan genis bir kanaldan 1s1
alicisini terk etmekte olup, agik akis olarak adlandirilmistir. Sizdirma akis: icin elde edilen 1s1 transfer
katsayilari, acik akisa kiyasla daha biiyiiktiir, ancak 1s1 transferindeki iyilesmeye karsin basing
diisiimiinde artis meydana gelmistir. [8] calismasinda mikro pim tipi kanatc¢ikli buharlastiricidaki
kaynamal1 akis incelenmistir. Akis desenine dayali yeni bir metot gelistirmislerdir. Uzun kabarcikli akis
ve halkasal akisla ilgili 1s1 transfer mekanizmalar1 dikkate alinmigtir. 7219 veri noktas: kullanarak
gelistirdikleri model, tiim veri tabani tizerinden %23.4 ortalama mutlak hata ile verilerin %72’sini tahmin
edebilmistir. [9] ¢alismasinda FC-72'nin mikro pim tipi kanatcikli bir 1s1 alicidaki asir1 soguk kaynamali
akis incelenmistir. Diisiik ve orta diizeyli 1s1 akis1 degerlerinde yer ¢ekiminin kaynamali akista 1s1 transferi
tizerinde kabarciklarin yiizeyden ayrilmas: agisindan bir etkisinin olmadigini, yiiksek 1s1 akili bolgede 1s1l
performansin diistiigiinii ve kanal icindeki kabarcik birikiminin kritik 1s1 akisina yol actigini ifade
etmiglerdir. [10] calismasinda pim tipi kanatgikli bir mikrokanalda kaynamali akisi deneysel olarak
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incelenmistir. Temel olarak yerel ve zaman bagimli sicaklik 6l¢limiine odaklanmis ve bu kapsamda mikro
direng sicaklik detektorleri kullanmislardir. Sicaklik Olgtimleri akis goriintiileriyle senkronize olarak
alimmistir. Uzun kabarcikli akista gevrimsel sicaklik calkantilari gozlemlenmis olup, bir ¢evrim is
akiskaninin yilizeyi 1slatmasi, film buharlasmasi ve yerel kuruma olaylarim1 igermektedir. [11]
calismasinda elmas sekilli pim tipi kanatciklar ile yeniden girisli kesite sahip paralel kanallarin biitiinlesik
formunu igeren bir 1s1 alic1 tasarlanmistir. Kiitle akis1 125 — 300 kg m? s araliginda degismekte olup, 40
°C ve 10 °C olmak iizere iki farkl: giris asir1 sogutma derecesinde ¢alismislardir. C)Zgi’m geometrili 1s1 alict
icin elde ettikleri sonuglar1 konvansiyonel yeniden girisli paralel kanal igin elde edilenlerle
karsilagtirmislardir. Su ve etanol kullanilarak yapilan testlerde, 6zgiin geometride konvansiyonel
geometriye kiyasla, su igin %39 - %284 arasinda, etanol i¢in ise %29 - %220 arasinda iyilesme (1s1 transferi
acisindan) elde edilmistir. Is1 transferindeki iyilesme, birbiriyle baglantili kanal yapis: nedeniyle kabarcik
sinirlandirma etkisinin azalmasina ve kabarcik olusumu i¢in uygun alanlarinin varhigina atfedilmistir. [12]
calismasinda farkli kanatgik kesitlerine sahip mikro pim tipi 1s1 alicilarda, deiyonize suyun kaynamali
akisinda, kabarcikli kaynamanin baslangici (ONB) incelenmistir. Dairesel, elmas ve oval sekilli
kanatciklara sahip 1s1 alicillar kullamilmistir. Farkli 1s1 akisi ve kiitle akis1 degerlerinde calismiglardir.
Kabarcikli kaynamanin daima kanatgiklarin gevresinde bagladigini goriintiilemislerdir. Kabarcikli
kaynamanin baslangici i¢in gerekli olan 1s1 akis1 ve duvar kizma farkinin artan kiitle akisi ve giris sogutma
derecesi ile arttigim belirtmislerdir. Dairesel kesitli kanatcikli yapida ONB diger sekillere kiyasla daha
diisiik 1s1 akisinda gerceklesmektedir. [13] calismasinda agik halka tipi kanatgiklardan olusan 1s1 alict
gelistirmis ve ilgili 1s1 alicida deiyonize suyun kaynamali akis karakteristikleri incelenmistir. Hem diiz
hem de kaydirilmis sirali pim yerlesimleri dikkate alinmistir. Yaptiklar: ¢alisma sonucunda, her iki
yerlesim diizeninde de ONB’nin 1 - 2 °C gibi oldukga kiiciik kizma farklarinda olustugunu, artan 1s1 akisi
ile sirasiyla kabarcikli kaynama hem kabarcikli kaynama hem de ince film buharlasmas: ve tasimimli
kaynama mekanizmalarinin 1s1 transferi tizerinde etkin rol oynadigini ve kanatgiklarin diizgiin olarak
dizildigi geometrinin hem 1s1 transferi hem de basing diisiimii a¢isindan kaydirilmis sirali olana kiyasla
avantajli oldugunu ifade etmislerdir. [14] calismasinda sirastyla 40°, 120° ve 150° temas agilarina sahip
elmas sekilli mikro kanatgikli 1s1 alicida kaynamali akista 1s1 transferi ve akis karakteristikleri deneysel
olarak incelenmistir. Elde ettikleri sonuglar1 dairesel, ii¢gen ve elips formundaki kanatg¢iklara sahip 1s1
alicilarla karsilastirmislardir. Film kaynama, gegis, kabarcikli kaynama ve tek faz olmak {izere dort farkl
akis rejimi goriintiilemislerdir. Hidrofobik yiizey kaplamasinin akis direncini azalttigini, temas agisindaki
artisin 1s1 transferi agisindan dezavantaj olusturdugunu, elmas kanat seklinin buhar kabarciklarini
parcaladigini belirtmislerdir.

Mikrokanallarda kaynamali akis, hava araglarindaki yiiksek kapasiteli elektronik sistemler, bilgisayar
islemcileri ve elektrikli ara¢ bataryalar1 gibi yiiksek yogunluklu atik 1sinin agiga ciktig1 sistemlerde,
stirdiiriilebilirlik ve giivenli ¢alisma kosullari i¢in gerekli olan sogutma ¢oziimlerini sunma potansiyeline
sahip popiiler bir 1s1l kontrol teknigidir. Temelde, kompakt hale gelen bilesenlerde/sistemlerde hacim
kisitlamas1 ve artan 1s1 akisi probleminin ¢oziimiinii hedef alan bir 1s1l kontrol teknigidir. Yukaridaki
calismalardan da goriildiigii tizere, mikro kanatgikli 1s1 alicilarda kaynamali akis giincel bir arastirma
alanidir ve ilgili konu kapsaminda hem performans artisina yonelik hem de akis mekanizmalarinin
anlasilmasina yonelik calismalar yapilmaya devam etmektedir. Is1 alici geometrisinin direkt olarak
kabarcik dinamigini ve dolayisiyla 1s1 ve akis karakteristiklerini etkilemesi, geometrik-hidrolik-1sil
birlikteligin karmasik iliskisinin/yapisinin tam olarak anlasilamamis olmasi, geometrik tasarimlarin ve
diger ¢alisma parametrelerinin performans artisi {izerindeki etkilerinin acik bir arastirma alan1 olmasi ve
benzeri sebeplerle mikro pim tipi kanatgikli yapilarda kaynamali akisa yonelik yeni calismalara ihtiyag
duyulmaktadir. Bu kapsamda, yazarlarin énceki ¢alismalarinda [15] ¢alismasinda literatiire 6zgiin bir 1s1
alica geometrisi sunulmustur. Kare kesitli pim tipi mikro kanatgiklardan olusan ilgili 1s1 alicida, akig
pasajinun kesiti akis dogrultusunda kademeli olarak artmakta ve eksilen kanatciklarin yerinde yapay
kabarciklasma oyuklari bulunmaktadir. Bu calismada, ilgili 1s1 alict farkli g¢alisma kosullari altinda
incelenmis olup, calismanin temel amaci farkl kiitle akilar1 altinda, kademeli olarak genisleyen ve yapay
kabarciklasma oyuklari iceren mikro pim tipi kanatgikli 1s1 aliada doymus kaynamali akis
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karakteristiklerini incelemek ve sonuglar1 diiz duvarli paralel kanalli konvansiyonel 1s1 alic1 iizerinden
kargilagtirmali olarak sunmaktir. Ugili geometriler, literatiirde ilk kez, farkl kiitle akilar1 ve dolayisiyla
farkli ¢alisma kosullar1 altinda incelenmistir. Yiiksek hizli kamera ile akis goriintiileri alimarak akis
desenleri, rejimleri ve sebep oldugu termo-hidrolik davranislar fiziksel mekanizmalar {izerinden
irdelenmistir. Is akiskam olarak deiyonize su kullanilmistir.

2. DENEY DUZENEGI VE HESAPLAMA PROSEDURU (EXPERIMANTAL SETUP AND PROCEDURE OF DATA
ANALYSIS)

2.1. Deney Diizenegi ve Detaylar (Experimental Setup and Details)

Bu makale tamamen deneysel ¢alismalar1 kapsamakta olup, gerceklestirilen deneylerde kullanilan
diizenek Sekil 1'de sematik olarak sunulmustur. Deney diizenegi ii¢ boliim olarak tamtilabilir: (1) is
akiskanini istenilen giris kosullarinda test bolgesine tasiyan akis hatti, (2) akisa ait 6l¢timlerin alindig: test
bolgesi ve (3) goriintiilerin alindig ve dlclimlere ait verilerin depolandig1 veri toplama ve goriintiileme
boliimii. Asagidaki paragraflarda ilgili boliimler detaylandirilmistir.

Akis hatt1 ve iizerine yerlestirilen ekipmanlar araciligiyla is akigskani istenilen Gzelliklerde test
bolgesine giris yapabilmektedir. Akis hattindaki ilk ana bilesen akiskan deposudur. Akiskan deposu 8
um’lik filtreden gegirilen is akiskani (deiyonize su) ile doldurulur. Boylece, olas1 herhangi kirletici veya
yabanci maddelerin is akiskanindan ayrismasi saglanir. Depo, bir 1sitic1 iinite ile biitiinlesik formda olup
(1s1ticili depo), 1sitma Ozelligi aktif hale getirilerek, is akiskani i¢inde ¢dziinmiis halde bulunan gazlarin
akiskandan ayrilmasi saglanir. Bu isleme kaynamali akis literatiiriinde gaz alma islemi adi verilmekte
olup, is akiskaninin siddetli kaynatilmasiyla gerceklestirilir [16-17]. Islem sonucunda, is akiskani icindeki
¢Oziinmiis oksijen miktar1 bir oksijen metre ile kontrol edilir. Depo icindeki akigkan dijital siirticiilii mikro
pompa ile emilerek akis hattina basilir. Dijital siiriiciiniin devir sayis1 degistirilerek akiskanin hacimsel
debisi ayarlanir. Ayn1 zamanda, sistemde bulunan dijital akis 6lcerle debi degeri kontrol edilmektedir.
Calisma boyunca akiskanin istenilen sicaklik degerinde test bolgesine girmesi saglanmistir. Bu kapsamda,
hem termal gerilme problemlerinin ortadan kaldirilmasi hem de istenilen sicaklik degerinin hassas olarak
ayarlanabilmesi i¢gin seri olarak yerlestirilmis iki 6n 1sitict kullanilmistir. On 1siticilar govde borulu 1s1
degistiricisi ve sabit sicaklik banyosu ciftinden olusmaktadir. Sabit sicaklik banyolar1 araciligiyla is
akiskaninin sicakligi istenilen degere kademeli olarak getirilebilmektedir. Akis hatti, 1siticilardan itibaren,
151 kay1plarini minimuma indirmek i¢in yalitilmastir.
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Sekil 1. Deneylerde kullanilan diizenegin sematik gosterimi
Figure 1. Schematic demonstration of the apparatus used in the experiments

Deney diizenegindeki ana boliim test bolgesi olup, detaylar1 Sekil 2'de goriilmektedir. Test bolgesi,
calismaya temel teskil eden mikro kanatgikli 1s1 alicilar1 ve deneylerin gergeklestirilmesi igin gerekli olan
1s1tic1 ve Ol¢iim ekipmanlarini barindirir.

Girig Diferansiyel basing sensorii
haznesi icin baglanti portlar:
(@ (b)

Sekil 2. Test bolgesinin detayli gosterimi: (a) kesit goriiniis; (b) tam goriiniis
Figure 2. Details of the test section: (a) partial view; (b) full view

Test bolgesindeki tastyici blok Teflon malzemeden yapilmistir. Teflon tasiyici blok iginde ti¢ boliim
vardir. Birinci boliim giris haznesi olup, ii¢ baglant1 portuna sahiptir. Baglanti portlarinin ikisi yanal
ylizeyler tizerinde, biri ise tabandadir. Yanal ytiizeylerden biri termo-elemanin giris haznesine yerlesimi
igindir ve termo-eleman bu port igerisinden gegirilerek giris haznesine yerlestirilir. Boylece akiskanin giris
sicaklig1 Olgiilebilmektedir. Kars: yanal yiizeye agilan porta mutlak basing sensorii baglanir ve giris
basimncinin Ol¢timiinde kullanilir. Tabana acilan kanal ise toplam basing diisiimiiniin Sl¢iimiinde
kullanilan diferansiyel basing sensorii ile iliskilidir.

Teflon blogun ikinci boliimiine, 1s1 alicisina istenilen 1s1l giicii uygulamak icin bakir 1sitici plaka
yerlestirilir. Bakir 1sitic1 plaka igerisinde iki kartus 1sitict bulunmaktadir. Kartus 1siticilar dijital olarak
kontrol edilip, istenilen gii¢ degerinin kolaylikla okunabildigi AC gii¢ kaynag: ile tahrik edilmektedir.
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Bakar 1sitici plakanin iizerine ise 1s1 alict yerlestirilir. Ugiincii boliimde (gikis haznesi) ise biri yanal yiizeyde
digeri ise tabanda olmak {izere iki port bulunmaktadir. Yanal port ¢ikis sicakligini 6l¢gmede kullanilan
termo-elemanin ¢ikis haznesine yerlesimini saglamak icin kullanilir. Tabandaki port ise diferansiyel
basing sensoriiniin diger koluyla baglantilidir. Béylece, diferansiyel basing sensorii kullanilarak toplam
basing diistimii belirlenmis olur. Test bolgesindeki basing sensorlerinin DC bir gii¢ kaynag ile tahrik
edildigi belirtilmelidir.

Test bolgesinin kritik pargasi 1s1 alicidir. Bu calismada iki farkl 1s1 alici kullanilmis olup, detaylar:
Sekil 3'te sunulmustur.
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Not: Biitiin élciimler mm cinsinden verilmistir.

©
Sekil 3. Is1 Alicilara ait detaylar: (a) MIA genel goriiniis; (b) KIA genel goriiniis; (c) MIA kanatgik ve
oyuklar

Figure 3. Details of the heat sinks: (a) general view of MIA; (b) general view of KIA; (c) fins and nucleation sites

Birincisi kademeli genisleyen akis pasaji kesitine ve yapay kabarciklasma oyuklarina sahip 1s1 alicidir
ve MIA ile kodlanmigtir. Ana akis dogrultusundaki kademeli genisleme veya kesit alanindaki kademeli
artig kanatgik sayisinin azalmasi ile saglanmaktadir. Toplamda ti¢ boliim ve iki kademe bulunmaktadir.
Birinci boliimde {iniform olarak dagitilmis, 9 siitun ve 10 sira halinde her biri 200 um yiikseklige ve 500
pum uzunluk ve genislik degerlerine sahip mikro kanatgiklar bulunmaktadir. Dokuzuncu siitundan sonra
kanal merkezine gore simetrik olarak her iki tarafta da en distaki birer sira kanatcik kaldirilarak yerlerine
500 um capa ve 200 um derinlige sahip yapay kabarciklasma oyuklar: yerlestirilmistir. Bu boliim ikinci
boliim olarak adlandirilmakta olup, 9 siitun ve 8 sira kanatgik ile 9 siitun ve 2 sira oyuktan olusmaktadir.
On sekizinci siitundan sonra ti¢lincii boliim gelmektedir. Ugiincii béliimde en distaki ikiser sira kanatcik
kaldirilmis olup yerlerine yapay kabarciklasma oyuklari agilmistir. Uciincii boliim 9 siitun ve 6 sira
kanatcik ile 9 siitun ve 4 sira oyuktan olusmaktadir. MIA’da toplamda 216 mikro kanatcik ve 54 yapay
kabarciklasma oyugu bulunmaktadir.

Birinci bolge ile ikinci bolge ve ikinci bolge ile iigiincii bolge arasindaki gecisler, sirasiyla birinci ve
ikinci kademe olarak adlandirilmaktadir. KIA olarak kodlanan diger 1s alici ise konvansiyonel nitelikte
olup, diiz duvarli paralel mikrokanallardan olugmaktadir ve karsilagtirmali analize referans tegkil
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etmektedir. Konvansiyonel 1s1 alic1 her biri 333 um hidrolik ¢apa sahip on bir (11) paralel mikrokanaldan

olusmaktadir. Kanallarin yiiksekligi 200 um, genislikleri ve uzunluklari ise sirasiyla 1 mm ve 40 mm’dir.

Her iki 1s1 alicinin da akis pasaji geometrisi haricindeki tiim 6zellikleri aynidir. Saf bakir malzemeden
tretilen 1s1 alicilar toplamda 2 mm kalinliga sahip olup, 1sitilan (etkin) genislik ve uzunluk degerleri
sirastyla 16 mm ve 40 mm’dir. ilgﬂi genislik ve uzunluk degerinin ¢arpimi ayni zamanda 1sitic1 plakanin
platform alanina karsilik gelmektedir. Herhangi bir sizma problemini énlemek igin 1s1 alicilarin toplam
genislik ve uzunluk degerleri 18 mm ve 42 mm olarak tasarlanmistir. Bu sayede, boyuna ve enine
dogrultularda birer milimetrelik pay birakilarak ilgili béliimler 1sitilmayan teflon blok {izerine oturtulmusg
ve ara ylizeylerdeki olasi su sizintisinin oniine gecilmistir. Is1 alicilarin alt ylizeyinde akis pasaji boyunca
esit araliklarla acilmis termo-eleman kanallari bulunmaktadir. Toplam yedi kanal acilmis olup, ilgili
kanallar kullanilarak termo-elemanlar kanal girisinden, sirastyla, 5 mm, 10 mm, 15 mm, 20 mm, 25 mm,
30 mm ve 35 mm uzakliga konumlandirilmis ve ilgili boliimlerden sicaklik okumalar1 yapilmistir. Termo-
elemanlar mikrokanal taban yiizeyinin 0.5 mm altina gelecek sekilde konumlandirilmistir.

Deney diizeneginin son boliimii akis goriintiileme ve veri toplama {iinitelerini igermektedir. Test
bolgesi bir mikroskop standi {izerine yerlestirilmis olup, mikroskop ve biitiinlesik yiiksek hizl1 kamera
araciligiyla akis goriintiileri alinmistir. Saniyede 1000 goriintii alinmis olup, ilgili goriintiiler kamera
programi araciligiyla bilgisayarda depolanmistir. Deney diizeneginden alinan sicaklik ve basing 6l¢iimleri
data logger araciligryla bilgisayara aktarilmistir.

Genel hatlariyla bir deney sirasinda asagidaki adimlar izlenmistir:

e Herhangi bir deneye baslamadan dnce is akiskanina gaz alma islemi uygulanir.

o Dijital siiriiciilii pompa calistirilir ve devir saati {izerinden ayarlama yapilarak hem dijital gosterge
paneli hem de sistemdeki akis Olger kullanilarak istenilen debi degeri ayarlanir. Bu ¢alismada, iki
farkl: kiitle akis1 ve bu kiitle akilarina karsilik gelecek sekilde 18 ml dk ve 33 ml dk olmak {izere iki
farkli hacimsel debi degerinde calisilmistir. Her iki 1s1 alicinin giris kesit alanlar1 ayni oldugu i¢in hem
ayni hacimsel debi degerlerinde hem de ayn kiitle akilarinda calisilabilmistir.

¢ Kalibrasyon banyosu hassasiyetindeki sicaklik banyolari galistirilarak, on 1siticilar (sabit sicaklik
banyosu + 1s1 degistiricisi) aktif hale getirilir.

e AC gii¢ kaynag1 calistirilarak kartus isiticilar istenilen 1s1l gii¢ degerini verecek sekilde aktif hale
getirilir. Gii¢ kaynag: ilk olarak 90 W 1s1l gii¢ verecek sekilde ayarlanur.

o Ilgili 1s11 giic degerinde sistem kararli hale gelince lgiimler alinarak bir sonraki 1s1l gii¢ degerine
gecilir. Deneyler boyunca 90 W’tan baslamak tizeri 10 W artislarla 180 W’a kadar toplamda 10 farkli
151l gii¢ degeri ve dolayisiyla bu degerlere karsilik gelen 1s1 akilar1 uygulanmustir.

o Tlgili debi degeri icin tiim 1s1l giiclerde deney yapildiktan sonra debi degistirilerek islemler tekrar
edilir.

Yukarida tanimlanan siire¢ her iki 1s1 alic1 i¢in de gergeklestirilir.

2.2. Hesaplama Prosediirii ve Belirsizlik Analizi Sonuglar1 (Procedure of Data Analysis and Results of
Uncertainty Analysis)

Onceki boliimde de belirtildigi iizere her iki 1s1 alicis1 da ayni giris kesit alanina sahiptir. Bu sebeple,
her iki 1s1 alic1 i¢in de hem aymu kiitlesel akida hem de ayni kiitlesel debide ¢alisilabilmis olup, kiitlesel aki
esitligi asagida verilmistir:

G :Vpa

Agi 6)

Burada, Ay 1s1 ahiar girig kesit alanim (toplam); V, hacimsel debiyi ve pg,, akiskan yogunlugunu

temsil etmektedir. Net 1s1l glic ( Qnet ), glig kaynagi araciligiyla sisteme kontrollii bir sekilde uygulanan 1s1l
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glicten () ilgili calisma kosullar: altinda olusan kay1p 1s1l giiciin ( ( ) ¢ikartilmasi ile asagidaki sekilde

belirlenir:
Onet = Gu — Ak )
Net 1s1] giiciin 1s1tic1 plakanin platform alanina boliinmesiyle efektif 1s1 akisi elde edilir.
" q
Oer =, ®)
Apa

Yukaridaki esitlikte yer alan platform alam 1sitici plakanin platform uzunlugu ile genisliginin
carpimina esittir. Isitict plakanin platform uzunlugu aymi zamanda 1s1 alicinin isitilan (etkin) bolge
uzunluguna ( Ly ); platform genisligi ise 1s1 alicinin 1sitilan (etkin) bolge genisligine (W, ) esittir. Bu
nedenle 1s1tic1 plakanin platform alam asagidaki esitlikle belirlenir:

Apa = Le xWe )

Is1 kayb1 prosediirii 6zetle su sekildedir: Test bolgesinde akiskan yokken, 1s1l gii¢ uygulanir ve kararh
kosullar altinda 1s1 alic1 boyunca yerlestirilen yedi termo-elemandan okunan sicaklik degerinin aritmetik
ortalamasi ile ortam sicaklig1 arasindaki fark ilgili 1s1l giice karsilik kaydedilir. Bu islem farkli 1s1l giicler
icin tekrarlanarak 1s1 kaybi kalibrasyon egrisi ve egriyi temsil eden korelasyon elde edilir. Herhangi bir
deney esnasinda, ortalama termo-eleman sicaklig: ile ortam sicaklig1 arasindaki farka karsilik gelen 1s1
kaybi degeri ilgili korelasyon kullanilarak belirlenir. Is1 kayb1 kalibrasyon egrisi ve siirece yonelik detaylar
yazarlarin 6nceki ¢alismalarinda sunulmustur [15, 18].

Iki faz 151 transfer katsayisi asagidaki esitlikle belirlenir:

et 5

htp At (Ty —Td ) ( )
Bu calismada, hesaplama prosediiriinde, c¢ikisa en yakin olan termo-elemandan okunan sicaklik
degerleri ve dolayisiyla yedinci termo-eleman konumuna karsilik gelen (giristen 35 mm uzakliktaki) yerel
degerler dikkate almmistir. Bunun sebebi, literatiirde de [13, 19] ¢alismalarinda vurgulandig: {izere,
doymus kaynama kosullarinin kanal ¢ikisina dogru artmasidir. Bu calismada, sadece doymus
kaynamanin dikkate alindig1 vurgulanmalidir. Esitlik (5)'te, Ty, yerel ylizey (duvar) sicakhiginy; Ty yerel

doyma sicakligini; A ise toplam 1s1 transfer alanimi gostermektedir. Yerel doyma sicakligi, yerel doyma

basimncina gore belirlenmektedir. Bu kapsamda, giris ve ¢ikis basinglar1 arasinda lineer interpolasyon
uygulanarak 1s1 alic1 boyunca, doymus bdlgede, istenilen herhangi bir konumdaki yerel doyma basinci
degeri belirlenebilir. Bu yontem literatiirde yaygin bir sekilde uygulanmaktadir [13-21]. Yerel yiizey
sicaklig1 ve toplam 1s1 transfer alani asagidaki esitliklerle belirlenebilir.

Ty =Tyt — g (ll(lj (6)
b

A = Agy +77NA; @)

Esitlik (6)'da; |, termo-elemandan akis pasaji taban yiizeyine olan diisey mesafe; T}, termo-eleman
araciligiyla okunan sicaklik degeri ve Ky, 1s1 alicinun (bakir malzemeden tiretilmis) 1s1 iletim katsayisidir.
Esitlik (7) ile ifade edilen toplam 1s1 transfer alani ise adyabatik ug kabulii yapilarak kanatgik analizi
araciligiyla belirlenmistir. Burada; Ayy, kanal tabanindaki kanatgiksiz alani; A¢ , tek bir kanatgigin 1slak
alanini; N, kanatcik sayisini; 77 ise kanatcik verimini gostermektedir. Alan ifadelerinin agik formu asagida

sunulmustur.

Af =H¢P
f frf 8)
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Burada; H¢, tek bir kanatgigin yiiksekligini (aym: zamanda akis pasaji yiiksekligi); Pj, tek bir
kanatcigin kesit gevresini; Ay ise tek bir kanatgigin kesit alanini (genislik x uzunluk) ifade etmektedir.

Kanatcik verimi (7 ) ve kanatcik parametresi (Mg ), sirasiyla, asagida tanimlanmistir:

tanh(mef)
(AT
(10)

ms = bt
¢ ’_
kn A
b M\fc (11)

Iki faz 1s1 transfer katsayisi, yukarida yer alan denklemler kullanilarak, iteratif yaklasimla belirlenir.
Doymus bolge igin 6nemli biiytiikliiklerden biri yerel kuruluk derecesi olup, ilgili parametrenin a¢ik formu
asagida sunulmustur:

y _1 Oeff Apaln
©hgl Ml

—¢p(Ty —Ti)J

(12)

Yukaridaki esitlikte, hfg , buharlagsma gizli 1s1sin1; M, akiskanin kiitlesel debisini; Tj, akiskanin giris
sicakliginy; Cp, akigkanin 6zgiil 1sisiu ve L, hesaplama yapilan veya incelenen konumun kanal

girisinden uzakligini sembolize etmektedir.

Mikro yapidaki geometrik kisitlamalar sebebiyle test bolgesindeki basinglar giris ve ¢ikis
haznelerinden 6l¢lilmiistiir. Giris ve ¢ikis haznesine yerlestirilen diferansiyel basing sensorii araciligiyla
toplam basing distimii (AP ) direkt olarak Ol¢lilmiistiir. Giris haznesine yerlestirilen mutlak basing
sensoriiyle de girig basinc ( R ) direkt belirlenmistir. Basing 6l¢iim konumlar: ve test bolgesinin geometrisi

dikkate alindiginda, kesit daralmas1 basing kayiplar: ile kesit genislemesi basing kazanimi degerlerinin
bileske degerinin ve/veya gorece biiyiikliiklerinin ihmal edilecek mertebelerde olmas1 nedeniyle toplam
basing diisiimii mikro kanal boyunca olan basing diisiimiine esit alinabilir. Ayrica, doymus kaynama
kosullarinin baskin olmasi nedeniyle, tek faz basing diisiimii iki faz basing diisiimii yaninda ihmal
edilebilecek diizeydedir. Boylece, nihai olarak, toplam basing diisiimii iki faz basing diisiimiine esit olarak
alinabilir. Basing diisiimiiniin tiim bilesenleri ve kabullere ait detayli aciklamalar yazarlarin onceki
calismasinda sunulmustur [15].

Olgiilen ve hesaplanan biiyiikliiklerin belirsizlik diizeyleri birbirinden farkli degerlendirilmektedir.
Olgiilen biiyiikliikler igin ilgili 6l¢iim cihazinin katalog verileri veya kalibrasyon sonucu elde edilen yeni
belirsizlik diizeyleri dikkate alinmistir. Hesaplanan biiytikliiklerdeki belirsizlikler i¢in ise literatiirde
yaygin bir sekilde kullanilan ve [22] calismasinda sunulmus olan metot kullanilmistir. Olgiilen
biiyiikliiklerden hacimsel debi ile ilgili olarak akis lcer hassas bir 6lgekli kap ile kalibre edilmistir. Sicaklik
dlgiimiiniin kalibrasyonunda ise hassas sabit sicaklik banyosu kullamlmistir. Ilgili belirsizlik degerleri
Cizelge 1’de sunulmustur.
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Cizelge 1. Belirsizlik diizeyleri

Table 1. Levels of uncertainty

Ol¢iilen Parametreler Belirsizlik Diizeyi
Giris basina (Pi) +%0.05 (TS)
Uygulanan 1s1l giig ( Q) +% 0.6 (OS)
Hacimsel debi (V ) +0.2 ml dk
Sicaklik (T) +0.1 °C
Toplam basing diistimii (AP) +%0.08 (TS)
Hesaplanan Parametreler Ortalama

KIA MIA
Kitle akisi (G) +%2.7 +%2.7
Efektif 1s1 akist ( Ogfs ) +%3.0 +9%2.9
Yerel kuruluk derecesi (x.) +%2.0 +%2.1
Iki fazli 1s1 transfer katsayist +%2.1 +%12.2

Agiklama: TS: Tiim skala; OS: Okuma skalast

3. BULGULAR VE TARTISMA (RESULT AND DISCUSSION)

Bu calismada, kademeli genisleyen akis kesit alanina ve yapay kabarciklasma oyuklarina sahip mikro
kanatcikli 1s1 alict (MIA) ile paralel diiz duvarli mikro kanatgiklardan olusan konvansiyonel tipteki 1s1
aliada (KIA) doymus kaynamali akis, farkl kiitle akis1 degerlerinde, yiiksek hizli goriintii destegiyle
karsilagtirmali olarak incelenmistir. 90 W 1s1l glicten baslanarak 10 W araliklarla 180 W’a kadar sabit 1s1l
yiik degerlerinde (yaklasik 132 — 272 kW m?2 1s1 akis1 araligina karsilik gelmektedir) ve iki farkli kiitle
akisinda (136 ve 250 kg m?2 s1) calisilmistir. Goriintiiler saniyede 1000 kare olarak (1000 fps) alinmis olup,
goriintiilerde ana akis yonii soldan saga dogrudur. Is akigkani ise deiyonize sudur.

3.1. Kaynama Egrilerinin Analizi (Analysis of Boiling Curves)

Sekil 4’te, farkli kiitle akilar1 igin KIA ve MIA’ya ait kaynama egrileri sunulmustur. Doymus kaynama
bolgesindeki davraniga uygun olarak, her iki 1s1 alic1 iginde, artan 1s1 akisi ile kizma farki (ATgg =Ty —Tgy

) artmaktadir. Burada 6nemli olan nokta, kaynama egrisinin egimi ve 1s1 akilarina karsilik gelen sicaklik
farki degerleridir. Sekil 4'ten de goriildiigii {izere, MIA’ya ait kaynama egrileri KIA’ya kiyasla grafigin sol
tarafinda bulunmaktadir. Bir bagka ifade, ayni 1s1 akis1 degerleri i¢cin MIA’daki doymus kaynama kosullar:
daha diisiik kizma farklarinda ve dolayisiyla daha kiigiik yiizey sicaklig1 degerlerinde gerceklesmektedir.
MIA 1s1 alia1 olarak kullanildiginda, verilen bir 1s1l yiik degeri igin, KIA’ya kiyasla, sogutulmak istenen
parcanin yiizey sicakligi daha diisiik degerde tutulabilmekte ve artan 1s1 akilarina karsi yiizey
sicakligindaki degisim KIA’ya kiyasla daha az olmaktadir. Tiim 1s1 akis1 araliginda MIA i¢in 136 kg m?2 s
1 ve 250 kg m?2 s kiitle akis1 degerlerindeki kizma farki degisimi, sirasiyla, 0.34 °C - 2.64 °C ve 0.36 °C -
2.90 °C araliklarin1 kapsamaktadir. Buna karsin, KIA ic¢in 136 kg m2 s ve 250 kg m? s kiitle akist
degerlerindeki kizma farki degisimi, sirasiyla, 3.6 °C — 9.0 °C ve 3.75 °C — 10.31 °C araliklarimi
kapsamaktadir. Kiitle akisinin kaynama egrisi tizerindeki degisimi MIA igin gorece ihmal edilebilecek
diizeyde iken, KIA icin genel karakter olarak azalan kiitle akisi ile kizma farki degerleri azalmaktadir.
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Sekil 4. Farkl: kiitle akilar1 igin KIA ve MIA’ya ait kaynama egrileri
Figure 4. Boiling curves of KIA and MIA for different mass fluxes

3.2. Is1 Transfer Katsayisinin Belirlenmesi (Determination of Heat Transfer Coefficient)

Sekil 5’te, her iki 1s1 alic1 igin, farkl: kiitle akilarinda, iki faz 1s1 transfer katsayisinin efektif 1s1 akis1 ve
yerel kuruluk derecesi ile degisimini gosteren grafikler sunulmustur. Sekil 5 kiitle akisi, 1s1 akist ve
geometrinin 1s1l performans iizerindeki etkisinin belirlenmesine olanak sunmaktadir. Oncelikle
parametrelerin etki diizeyleri niceliksel olarak sunulacak; nicel degerlendirmeden sonra akis goriintii
destekli analize gecilecektir. Sekil 5ten de gorildiigii tizere, MIA (akis pasaji kesiti kademeli olarak
genisleyen ve yapay kabarciklasma oyuklarina sahip mikro pim tipi kanatgikli 1s1 alic1), KIA'ya
(konvansiyonel mikro kanall1 1s1 alict) kiyasla 1s1 transferini belirgin bir sekilde iyilestirmektedir. Oyle ki,
G =136 kg m? s kiitle akis1 degerinde, MIA kullanildiginda KIA’ya kiyasla iki faz 1s1 transfer katsayisi
%827.2'ye kadar artis gostermekte olup, tiim veri taban1 tizerinden ortalama artis %410.5'tir. G = 250 kg
m? s kiitle akis1 degeri icin ise artis yiizdesi maksimum %®819.5; ortalama olarak ise %402.1’dir. Ayrica,
MIA icin elde edilen 1s1 transfer katsayilar1 1s1 akisina daha fazla bagimlidir. Artan 1s1 akisiyla, MIA nin 1s1
transfer katsayilar: siirekli olarak azalmakta olup, ilk veri ile son veri arasindaki azalis oran1 G = 136 kg
m2sigin %73.8 ve G =250 kg m2 s igin %74.6"dir. Is1 akisi ile 1s1 transfer katsayisindaki soz konusu iliski
KIA icin de gecerli olup, artan 1s1 akisi ile 1s1 transfer katsayilar1 azalmaktadir. KIA igin ilk veri ile son veri
arasindaki azalis orani; G = 136 kg m2 s’de %17.7 ve G = 250 kg m?2 s’de %25.3’tiir. MIA i¢in elde edilen
151 transfer katsayilarinin, KIA’ya kiyasla, ¢ok daha biiyiik degerlerde olmas: ve 1s1 akisiyla degisim
hizinin daha fazla olmasi sebebiyle, gorece olarak grafikte (Sekil 5a) KIA i¢in yaklasik yatay bir egilim
goriilmektedir.
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Sekil 5. Farkl: kiitle akilar igin iki faz 1s1 transfer katsayisinin (a) 1s1 akisi ve (b) kuruluk derecesi ile
degisimi

Figure 5. Variation of two-phase heat transfer coefficient with (a) heat flux and (b) vapor quality for different mass fluxes

Kiitle akisinin, iki faz 1s1 transfer katsayis1 tizerindeki etkisi ise 1s1 akisina kiyasla zayiftir. MIA igin
elde edilen 1s1 transfer katsayilari KIA'ya kiyasla kiitle akisina daha fazla baglidir. MIA’da kiitle akisina
bagh olarak, 1s1 transfer katsayisinda maksimum %16.4, ortalama olarak ise %9.6 degisim meydana
gelmektedir. KIA’da ise kiitle akisina bagl olarak, 1s1 transfer katsayisinda maksimum %12.7, ortalama
olarak ise %7.8 degisim meydana gelmektedir. Genel karakter olarak, her iki 1s1 alicis1 i¢in de artan kiitle
akast ile 1s1 transfer katsayilar1 azalmaktadir.

Sekil 5b’de iki faz 1s1 transfer katsayisinin kuruluk derecesi ile degisimi verilmistir. Esitlik (12)'den de
hatirlanacag1 tizere, kuruluk derecesi, temelde, 1s1 ve kiitle akisina bagli olarak hesaplanan bir
biiytikliiktiir ve doymus kaynamanin derecesinin bir 6l¢iisiidiir. Bu sebeple, iki faz 1s1 transfer katsayisinin
kuruluk derecesi ile degisimi Sekil 5a’daki degisime benzerdir. Burada, farkli olarak kiitle akisinin
kuruluk derecesi tizerindeki etkisine vurgu yapilacaktir. Her iki1s1 alic1 i¢in de artan kiitle akis1 ile kuruluk
dereceleri belirgin sekilde azalmaktadir. Bunun sebebi, verilen bir 1s1l yiik degerinde artan kiitle akisi ile
kanal igindeki doymus kaynama kosullarinin zayiflamasidir.

Yukarida sunulan niceliksel sonuglar ve parametrik iligkiler bu boliimde fiziksel mekanizmanin, akisa
ait goriintiilerle desteklenmesi ve irdelenmesiyle agiklanacaktir. Sekil 6’da KIA i¢in diisiik 1s1l yiiklerdeki
akis rejimlerini karakterize eden goriintiiler sunulmustur. Bu kapsamda 100 W degerindeki 1s1l yiik
altinda, hesaplamalarda kullanulan 6lc¢timlerin alindig1 konumdaki bir bagka ifade ile giristen 35 mm
uzakliga sahip bolgelerdeki akis goriintiileri ile ters akis olaymni gostermek icin kanal giris bolgesindeki
goriintiiler verilmistir. KIA igin diisiik 1s1l yiiklerde temel akis desenleri kabarcikli ve uzun kabarcikli
akistir. Sekil 6a — ¢’de gosterilen bu akis deseni modunda, bir seri halinde, sirasiyla, kanalin mikro boyutu
nedeniyle siirlanmis ve eksenel dogrultuda uzamis goérece biiyiik buhar kabarcigi ile devaminda genel
karakter olarak kanal kdselerinde olusan kiictik kabarciklar ile daha 6nceki bolgelerde (goriintii alanina
girmeyen) olusarak sivi fazla birlikte siiriiklenen gorece kiigiik kabarciklarin gegisi gergeklesir. Etkin 1s1
transfer mekanizmas: kabarcikli kaynamadir. Buna ek olarak, uzun kabarciklar ile 1s1 transfer yiizeyi
arasinda kalan s1v1 filminin buharlasmasi, s1v1 gegisi esnasindaki tek fazli tasinim ve kabarciklarin sivi faz
igindeki rastgele hareketleri sonucu karisimin iyilesmesi (tasinimin iyilesmesi) de kismen 1s1 transferi
tizerinde etkilidir.
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Sekil 6. KIA icin ¢, =100 W 1s1] gii¢ degerindeki akis goriintiileri

Figure 6. Flow images for KIA at heat input of ¢, =100 W

Sekil 6d’de, uzun bir kabarcigin gegisi esnasinda kabarcik ile yiizeyler arasinda kalan ince siv1 filminin
goriintiisii sunulmustur; ancak yukarida detayl olarak agiklandig: {izere, KIA igin diigiik 1s1l yiiklerde
tasimimli kaynama mekanizmalarinin etkinliinin zayif oldugu belirtilmelidir. Sekil 6e ve f'de paralel iki
kanali igeren goriintiiler sunulmustur. ik goriintiideki zaman baglangig zamani olarak alimis ve t = 0
olarak ifade edilmistir. Tkinci goriintiideki (Sekil 6f) zaman ise baglangic zamanina gore 1 ms sonra
gerceklestigi icin t = 1 ms olarak gosterilmistir. Zaman bagiml olarak sunulan tiim goriintiilerde ilk
goriintii baslangi¢ zamanini ifade etmekte olup, zamanla degisimi belirtmek i¢in goriintiilerin iizerinde
baslangi¢ zamanina gore gegen siireler tanimlanmistir. Sekil 6e ve f'de 6nemli olan husus, kanallarda es
zamanli olarak farkl: akis olaylarinin gerceklesmekte oldugunun goriilmesidir. Farkli zamanlarda paralel
kanallar i¢inde farkl: akis rejimleri/desenleri gergeklesmekte olup, bu durum paralel kanal kararsizligina
neden olmaktadur. Tlgili sekillerde, bir kanaldan uzun bir kabarcigin gegisi goriiliirken sadece 1 ms iginde
komsu kanalda kabarcikli akisin oldugu goriilmektedir. Sekil 6g ile i’de ise kanal girisindeki goriintiiler
sunulmustur. Ilgili sekillerde, kanal iginde olusan kabarcigin akisa ters dogrultuda genislemesi
goriilmektedir. Bu tiir ters yondeki kabarcik hareketi, 1slatma sivisinin kanala girmesine karsi direng
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olusturur, yerel ve anlik olarak basinci artirir ve/veya olusan mikro kabarciklari biinyesine katarak
kabarciklasmay1 soniimler. Bu nedenle, hem 1s1 transfer performansimi diisiiriir hem de akis
kararsizliklarin tetikler. Sekil 6'y1 kapsayan diisiik 1s1l yiikler altinda veya bir bagka ifade ile doymus
kaynamanin erken periyotlarinda, bu tiir bir ters akisin etkisi, Sekil 6g ile i’den de goriildigii tizere
zayiftir. Kanal girisinin bir miktar disina ¢ikan buhar, doymus kaynama etkinliginin zayif olmasi ve
dolayisiyla kanal icinde sikisan kabarcik tarafindan ters yonde uygulanan buharlasma momentum
kuvvetinin etkisinin zayif olmasi sebebiyle, islatma sivisi tarafindan uygulanan atalet kuvvetine
direnemeyerek tekrar akis dogrultusunda hareket eder. Her ne kadar ters akisin etkisi zayif olsa da
kabarciklasma potansiyelini zayiflatmasi, 1slatma sivisinin kanala girisini bir siire engellemesi ve akisin
tek bir kanaldaki siirekliligini olumsuz etkilemesi sebebiyle KIA’daki 1s1l performans diisiikliigliniin
onemli sebeplerinden birisidir.

Sekil 7’de yiiksek 1s1l gii¢ degerlerini temsilen 180 W 1s1l glicte alman ve KIA’ya ait olan akis
goriintiilerinden ornekler sunulmustur.

P

Kanal girisi t=0ms  Kanal risi t=4 ms
(@ (b) (c)
Sekil 7. KIA igin q, = 180 W 1s1l gii¢ degerindeki akis goriintiileri

Figure 7. Flow images for KIA at heat input of g, =180 W

Yiiksek 1s1l gii¢ degerlerinde, KIA icin baskin akis desenleri uzun kabarcikli ve halkasal akistir. Sekil
7a’da halkasal akisa ait bir goriintii sunulmus olup, halkasal akis, i¢ bolgede buharin kenarlarda ise ince
stvi filminin oldugu akis desenini ifade eder. Kabarcikli akis soniimlenerek etkisini kaybetmis olup, baskin
151 transfer mekanizmasi taginimli kaynamadir. Artan 1s1l yiik sebebiyle, kabarciklasma ¢ok siddetli ve
hizli gergeklesir ve patlamali kaynama olarak da adlandirilir. Olugan kabarcik sinirh akis pasaji hacmi
sebebiyle smirlanir ve simirlanma olay1 diisiik 1s1l yiiklere kiyasla ¢ok daha siddetlidir. Dolayisiyla
kabarcik hem akis dogrultusunda hem de akisa ters dogrultuda kuvvet uygular. Bu kuvvet buharlasma
momentum kuvvetidir. Buharlasma momentum kuvveti nedeniyle ters akis olusur ve kabarciklasma
soniimlenir. Ters yonde uzayan kabarcik hem yerel olarak basinci artirarak kabarciklasmay1 soniimler
hem de 1slatma s1visinin kanala girisini engeller. Sekil 7b ve ¢’de ters akisin siddeti goriilmektedir. Komsu
iki kanaldan ¢ikan buhar kabarciklar: birleserek kanal girisinden disar1 ¢itkmakta ve gorece genis bir alani
kaplamaktadir. Ters akis kaynama kararsizliklarina yol agarak 1s1l performansi 6nemli dlgiide diisiiriir.

Sekil 8'de, diisiik 1s1l yiiklere karsilik gelen kosullarla ilgili olarak, MIA icin elde edilen ve farkli akis
olaylarimi karakterize eden goriintiiler sunulmustur.



Mikro Pim Tipi Kanatgikli ve Mikro Oyuklu Is1 Alicida Doymus Kaynamali Akisin Deneysel incelenmesi 117

5 ‘ugu]g buhar '
‘/ kabar01klar1

Pl ;
Yogun kabarmk ’,___/v .
p0pul' syonu:

Kahatqkta kabarcik
olusump

A sk N
L,=35 mm

(d) (e) (f)
Sekil 8. MIA igin (], = 100 W 1s1l gii¢ degerindeki akis goriintiileri
Figure 8. Flow images for MIA at heat input of g, =100 W
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Sekil 8a ve b’den goriildiigii tizere, diisiik 1s1l yiiklerde 1s1 transfer yiizeyinde yogun bir kabarcik
popiilasyonu vardir. Bu durum kabarcikli kaynamanin etkinliginin bir gdstergesidir. Ilgili kabarciklar,
genel karakter olarak, kanatciklarda ve kabarciklasma oyuklarinda olusan kabarciklar ile sivi icinde
siiriiklenerek onceki bolgelerden gelen kabarciklari igermektedir. Kanatgiklar ve yapay oyuklar
kabarciklasmay1 6nemli diizeyde destekler. Burada, dnemli noktalardan biri kabarcik boyutlarinin, genel
olarak, KIA’ya kiyasla kiigiik olmasidir. Ikincil kanallarin varliginin sagladig alternatif yollar ve dzellikle
akis kesitinin genislemis olmasi, snirlanma/tikanma problemi ve buna bagl olarak kabarciklasmanin
soniimlenmesi ve yerel basingtaki artislarin 6nemli olglide engellenmis olmasi, mikro kabarciklarin
varligimi siirdiirebilmesini ve akisin karisarak tasinimli 1s1 transfer mekanizmasinin iyilesmesini
saglamaktadir. Ozellikle, akis kesitinin geniglemesi, buharin hizla ve akisa karg1 direng uygulamadan akis
dogrultusunda akmasini saglar. Sekil 8b’de siv1 tarafindan buharin 1s1 alic1 gikisina dogru siiriiklenmesi
goriilmektedir.

Sekil 8a ve b’deki onemli fiziksel siire¢lerden bir digeri oyuklarin su tutucu veya su haznesi gorevi
gormesidir. Bu durum, sivinin 1s1 transfer yiizeyi ile temasinin kesilmemesi (kuruma probleminin
olusmamasi) agisindan MIA igin {istiinlitk saglamaktadir. Sekil 8c’den goriildiigii iizere, genisleyen
kabarcik sinirli bir kanal kesitinde sikismak yerine ikincil kanallara dogru genisler. Bu sebeple, genisleyen
kabarcigin kanal iginde sikigarak islatma sivisim1 engelleme problemi MIA igin s6z konusu degildir.
Ayrica, Sekil 8c’deki mikro kabarciklarin varligini siirdiirmesi, kabarcik genislemesinin kabarciklasmay:
soniimleyecek kadar bir probleme yol agamadigini gostermektedir (MIA’daki geometri igin). Sekil 8d ve
e’de kanatgikta kabarck olusumu ve dolayisiyla kanatgiklarin  kabarciklagmay: desteklemesi
goriilmektedir. Sekil 8e ve f'de iki ©nemli olay s6z konusudur: (1) Herhangi bir buhar kabarcig:
genisleyerek kanatcigi/kanatciklar: sardiginda buhar ile kanat¢ik arasinda sivi filmi bulunur. Bu nedenle,
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151 transfer alaninin bir boliimii buhar kabarcigi ile kaplanmis olsa bile kanatgigin sivi film ile ¢evrili olmasi
nedeniyle ince siv1 filminin buharlagmasi ile etkin bir 1s1 transferi saglanir. Ayn1 zamanda, siv1 filmle
cevrili kanatcik kabarciklasmanin da siirdiiriilmesini saglamis olur. (2) Kanatciklar arasinda sivi kopriisii
olusur. Siv1 kopriilerinin varlig: yiizeyin sivi ile temasinin kesilmemesine, kabarciklasma potansiyelinin
devam etmesine ve kurumanin 6nlenmesine katki saglar.

Sekil 9’de ise MIA igin yiiksek 1s1l gliclerdeki akis goriintiilerine drnekler sunulmustur. Calismadaki
en yiliksek 1s1l gii¢ degerine (180 W) ragmen, 1s1l yiik altinda genisleyen buhar kabarciklari kanalin
genisleyen kesitine dogru yonlenerek ¢ikisa dogru hizli bir sekilde hareket eder ve kabarcik tikanmasi
problemi olusmaz. Sekil 9a’da genisleyen buharin kanatciksiz bolgeye dogru yonelmesi ve 1slatma sivisi
tarafindan 1s1 alicr ¢ikisina dogru itilmesi goriilmektedir. Sekil 9b’de ise yiiksek 1s1l giiclere ragmen,
oyuklarin siirdiiriilebilir kabarcik olusumuna katki sagladig1 goriilmektedir. Oyuklarin en 6nemli katkis:
ise su hapsetme 6zelligidir. Bu sayede, Sekil 9¢’de goriildiigii gibi ortam buharla kaplansa bile oyuklarda
su bulundugu i¢gin yiizeyin suyla temasinin kesilmesi engellemekte ve kabarcik olusum potansiyeli
siirdiiriilmektedir. Ayrica, kanatciklarin etrafi da sivi1 film ile kaplanmakta ve sivi film buharlasmas: ve
kabarciklasma saglama potansiyeli ile 1s1 transferine katki sunulmaktadir. Yiiksek 1sil yiiklerde de
sinirlanma problemi olmadigl icin mikro kabarciklar varligimi siirdiirerek akis pasajlart iginde
olusabilmekte ve/veya siv1 i¢cinde soniimlenmeden siiriiklenerek tasinabilmektedir (Sekil 9d). Sekil 9e ve
f'de ise kanatciklarda kabarcik olusumunu ve kanatgiklar arasi sivi kopriileri gosteren goriintiiler
verilmigtir.

Sonug¢ olarak, MIA’da hem kabarcikli kaynama hem de taginimli kaynama etkin 1s1 transfer
mekanizmalaridir. Kademeli genisleyen ve yapay kabarciklasma oyuklarina sahip olan geometri kabarcik
tikanma problemini (¢alisilan tiim 1s1l yiik aralig i¢in) ortadan kaldirmaktadir. Oyuklarin kabarciklasmay:
desteklemesi, oyuklarda su tutulmasi, buhar kabarciklarinin genisleyen bolgelere dogru hizla yonelmesi
ve mikro kabarcikli akisin hizli, tek yonlii ve siirekli hareketinin saglanmasi, kanatgiklar etrafindaki ince
stvi1 filminin buharlasmasi, sivi kopriilerinin olusumu ve 1s1 transfer yiizeyinin sivi tarafindan etkin bir
sekilde 1slatilmas1 MIA i¢in 1s1 transferini iyilestiren fiziksel mekanizmalardir.

Isil performanstaki diistisiin gostergelerinden biri de kaynama kararsizliklarinin siddetidir. Her iki 1s1
alic1 igin hem sicaklik hem de basing diizeyindeki kararsizlik grafikleri Sekil 10a ve b’de sunulmustur. Bu
kapsamda, ilgili grafiklerde, giris sicakli§1 ve giris basincinin zamana bagli degisimleri verilmistir. Sekil
10’da goriildiigii gibi calisma kapsamindaki en yiiksek 1s1l gli¢ degerine ragmen MIA i¢in giris sicakligi
ve giris basinci saliim diizeyleri KIA'ya kiyasla oldukga diisiiktiir. Niceliksel olarak ifade edilecek olursa,
KIA’min sicaklik verilerinde (Sekil 10a) ardisik iki 6l¢iim arasindaki maksimum mutlak fark 1.39 °C olup,
+%1.8’e karsilik gelmektedir. Buna karsin, MIA igin elde edilen sicaklik dl¢iimlerinden, ardisik iki veri
arasindaki maksimum mutlak fark 0.15 °C olup, %0.21'lik bir degisime karsilik gelmektedir. Giris basinci
i¢in ise KIA'nin ardisik herhangi iki verisi arasindaki maksimum mutlak fark 1.13 kPa olup, yaklasik
%1’lik degisime karsilik gelmektedir. MIA i¢in ise ardisik herhangi iki giris basinc verisi arasindaki
maksimum mutlak fark 0.37 kPa olup, %0.33’liik degisime karsilik gelmektedir. [2] calismasinda Onerilen
standart sapma esitlikleri kullanildiginda ise MIA igin giris sicaklig1 ve giris basinci standart sapma
degerleri, sirasiyla, 0.05 °C ve 0.08 kPa iken, KIA igin ilgili degerler, sirasiyla, 0.43 °C ve 0.32 kPa’dur.
MIA'min kademeli genisleyen yapisi buhar tikanmasi veya simirlanmasi problemini soniimlemekte
ve/veya ortadan kaldirmaktadir. Boylece, artan 1s1l yiiklere ragmen, buhar ttkanmadan veya sinirlanarak
1slatma s1visinin gelisini engellemeden 1s1 alici ¢ikisina dogru hizli bir sekilde hareket etmekte ve akisin
tek yonlii siirekli hareketini desteklemektedir. Sinirlanmayan buhar kabarciklar 1slatma sivisinin gelisini
engelleyecek sekilde veya gecici olarak 1slatma sivisini giris haznesine itecek sekilde bir buharlasma
momentum kuvveti uygulamadigi icin giris sicaklik ve basing calkantilar1 basarili bir sekilde
soniimlenmektedir. KIA’da ise sinirlanan kabarcigin uyguladigi buharlasma momentum kuvveti, 1slatma
stvisi tarafindan kanal ¢ikisina dogru uygulanan sivi atalet kuvvetine baskin gelir ve olusan siddetli ters
akis sonucu akigkan kanal girisinden ters yonde ¢ikarak giris haznesine girer. Bu durum farkli zaman
periyotlarinda ve farkli konumlarda (farkli kanallarin girisinde) gerceklesir. Akiskan bazi kanallardan ters
yonde ¢ikarak giris haznesine girerken, ayn1 anda farkli kanallarda tek yonlii akis olur. Siv1 atalet kuvveti
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ile buharlasma momentum kuvvetinin etkilesimi baskindir. Siddetli ve zaman bagimli ters akis giris
sicaklig1 ve giris basincinda yiiksek genlikli ¢alkantilara yol agar.
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Figure 9. Flow images for MIA at heat input of g, =180 W
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Sekil 10. Kararsizlik diizeyleri: (a) giris sicakligi salinimlar: ve (b) giris basinci salinimlari
Figure 10. Level of instabilities: (a) inlet temperature fluctuations and (b) inlet pressure fluctuations

3.3. Basing Diisiimii Verilerinin Degerlendirilmesi (Evaluation of Pressure Drop Data)

Sekil 11 a ve b’de her iki 1s1 alictya ait basing diisiimii grafikleri sunulmustur.
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Sekil 11. Farkl kiitle akilar1 i¢in basing diisiimiiniin (a) 1s1 akis1 ve (b) kuruluk derecesi ile degisimi
Figure 11. Variation of pressure drop with (a) heat flux and (b) vapor quality for different mass fluxes

Artan 1s1 akisi ile her iki 1s1 alic1 igin de toplam basing diisiimiiniin arttig1 goriilmektedir (Sekil 11a).
Bunun sebebi, iki faz basin¢ diisiimiinii olusturan ivmelenme ve siirtiinme basing diistimii bilesenlerinin
artan 1s1 akisi ile artmasidir. MIA i¢in elde edilen basing diistimii degerleri KIA i¢in elde edilenlerden daha
yiiksektir. Tiim veri tabani {izerinden, MIA’da KIA’ya kiyasla basing diisiimiinde 136 kg m2 s ve 250 kg
m? s kiitle akis1 degerlerinde, sirastyla, %50.5 ve %37.1’e kadar artis olmaktadir. Is1 transfer katsayisin
yaklasik %827.2'ye kadar iyilestiren geometrik 6zellikler basing diistimiinde gorece diisiik bir artisa yol
a¢mustir. Kanatciklar sebebiyle akis karisiminin iyilesmesi, buharin hizlanarak genis bolgelere yayilmasi
ve sivi/buhar fazlar1 arasindaki etkilesimin/siirtiinmenin artmas: ve bdylece siirtiinme ve ivmelenme
basing diisiimii bilesenlerin artmasi sonucu toplam basing diisiimiinde artis meydana gelmistir.

4. SONUCLAR (CONCLUSIONS)

Calisma kapsaminda, mikro kanatciklara ve mikro oyuklara sahip genisleyen kesitli bir 1s1 alic1 ile
konvansiyonel paralel kanalli bir 1s1 alicidda kaynamali akis karakteristikleri karsilastirmali olarak
incelenmistir. Farkli calisma kosullar: altinda deneyler yapilmis ve akis goriintiileri iizerinden fiziksel
mekanizma irdelenmistir. Elde edilen ana sonuglar asagida 6zetlenmistir.

e Tiim1s1 akis1 araliginda; MIA icin 136 kg m? s ve 250 kg m s kiitle akis1 degerlerindeki kizma farki
degisimi, sirasiyla, 0.34 °C - 2.64 °C ve 0.36 °C — 2.90 °C araliklarin1 kapsamaktadir. Buna karsin, KIA
igin 136 kg m2 s ve 250 kg m? s kiitle akis1 degerlerindeki kizma fark: degisimi, sirasiyla, 3.6 °C —
9.0 °C ve 3.75 °C - 10.31 °C araliklarin1 kapsamaktadir. MIA 1s1 alic1 olarak kullanildiginda, verilen bir
1s1l yiik degeri igin, KIA’ya kiyasla, sogutulmak istenen parganin yiizey sicakligi daha diisiik degerde
tutulabilmekte ve artan 1s1 akilarna kars: yiizey sicakligindaki degisim KIA’ya kiyasla daha az
olmaktadir.

e Kiitle akisinin kaynama egrisi {izerindeki degisimi MIA icin gorece ihmal edilebilecek diizeyde iken,
KIA igin genel karakter olarak azalan kiitle akisi ile kizma farki degerleri azalmaktadur.

e G=136 kg m?s kiitle akis1 degerinde, MIA kullanildiginda KIA’ya kiyasla iki faz 1s1 transfer katsayusi
%827.2'ye kadar artis gostermekte olup, tiim veri tabani tizerinden ortalama artis %410.5'tir. G = 250
kg m2 s kiitle akis1 degeri icin ise artis yiizdesi maksimum %819.5; ortalama olarak ise %402.1"dir.

e Kiitle akismin, iki faz 1s1 transfer katsayus: {izerindeki etkisi 1s1 akisina kiyasla zayiftir. MIA igin elde
edilen 1s1 transfer katsayilar1 KIA’ya kiyasla kiitle akisina daha fazla baglidir. MIA’da kiitle akisina
bagli olarak, 1s1 transfer katsayisinda maksimum %16.4, ortalama olarak ise %9.6 degisim meydana
gelmektedir. KIA’da ise kiitle akisina bagh olarak, 1s1 transfer katsayisinda maksimum %12.7,
ortalama olarak ise %7.8 degisim meydana gelmektedir.
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e Herikiisialiciigin de artan 1s1 akist ile 1s1 transfer katsayilar: azalmaktadir. Buna karsin, MIA icin elde
edilen 1s1 transfer katsayilar1 KIAya kiyasla 1s1 akisina daha fazla bagimlidir.

¢ KIAigin diisiik 1s1l yiiklerde temel akis desenleri kabarcikli ve uzun kabarcikl akistir. Etkin 1s1 transfer
mekanizmasi kabarcikli kaynamadir. Buna ek olarak, uzun kabarciklar ile 1s1 transfer yiizeyi arasinda
kalan siv1 filminin buharlasmasi, sivi gegcisi esnasindaki tek fazli tasinim ve kabarciklarin sivi faz
icindeki rastgele hareketleri sonucu karisimin iyilesmesi de kismen 1s1 transferi tizerinde etkilidir.

e Yiiksek 1s1l gii¢ degerlerinde, KIA icin baskin akis desenleri uzun kabarcikli ve halkasal akistir.
Kabarcikli akis soniimlenerek etkisini kaybeder. Baskin 1s1 transfer mekanizmasi tasimiml
kaynamadir.

e MIA’da hem kabarcikli kaynama hem de tasinimli kaynama etkin 1s1 transfer mekanizmalaridir.
Kademeli genisleyen ve yapay kabarciklasma oyuklarina sahip olan geometri kabarcik tikanma
problemini ortadan kaldirmaktadir. Oyuklarin kabarciklasmay:1 desteklemesi, oyuklarda su
tutulmasi, buhar kabarciklarinin genisleyen bolgelere dogru hizla yonelmesi ve mikro kabarcikli
akisin hizli, tek yonlii ve siirekli hareketinin saglanmasi, kanatgiklar etrafindaki ince sivi filminin
buharlagmasi, sivi kopriilerinin olusumu ve 1s1 transfer yiizeyinin siv1 tarafindan etkin bir sekilde
1slatilmast MIA icin 1s1 transferini iyilestiren fiziksel mekanizmalardir.

e MIA igin giris sicakli1 ve giris basinci salinim diizeyleri KIA’ya kiyasla oldukga diistiktiir. MIA igin
giris sicaklig1 ve giris basinci standart sapma degerleri (250 kg m2 s ve 180 W igin), sirastyla, 0.05 °C
ve 0.08 kPa iken, KIA igin ilgili degerler, sirasiyla, 0.43 °C ve 0.32 kPa’dur.

e Artan 1s1 akisi ile her iki 1s1 alic1 i¢in de basing diisimii artar. MIA icin elde edilen basing diisimii
degerleri KIA icin elde edilenlerden daha yiiksektir. Tiim veri tabani tizerinden, MIA’da KIA’ya
kiyasla basing diisiimiinde 136 kg m2 s ve 250 kg m? s kiitle akis1 degerlerinde, sirasiyla, %50.5 ve
%37.1’e kadar artis olmaktadir.
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ABSTRACT: Terrestrial Laser Scanning (TLS) techniques are widely preferred for 3D models of small and
large objects, buildings, and historical and cultural heritages. However, sometimes relying on a single
method for 3D modelling an object/structure is insufficient to arrive at a solution or meet expectations. For
example, Unmanned Aerial Systems (UAS) provide perspective for building roofs, while terrestrial laser
scanners provide general information about building facades. In this research, several facades of a selected
building could not be modelled using terrestrial laser scanning, and UAS was used to complete the missing
data for 3D modelling. The transformation matrix, a linear function, is created to merge different data
types. In the transformation matrix, the scale was found to be 1:1.012. The accuracy analysis of the
produced 3D model was also made by comparing the spatial measurements taken from different building
facades and the differences in the measurement values obtained from the 3D model and calculating
statistically. According to the accuracy analysis results, the Root Mean Square Error (RMSE) value is
approximately 3 cm. The results of the accuracy research, which are within the 95% confidence interval
with the three-sigma rule, are approximately 2 cm as RMSE. As a result of the study, it was determined
that the data obtained from UAV photogrammetry and the data obtained by the TLS technique could be
combined, and the integrated 3D model obtained can be used more efficiently.

Keywords: Merging of Point Data, Terrestrial Laser Scanning, Unmanned Aerial Systems, 3D Modelling
1. INTRODUCTION

3D modeling is the vectorial representation of the geometric information of an object in a computer
environment. Today, 3D models of the physical earth or any object can be obtained by analyzing numerical
data acquired using perspective imaging geometry and photogrammetric mathematical principles in a
computer environment [1]. In addition, vectorial and visual presentations of the obtained 3D models can
be made easily. Close-up photogrammetry and terrestrial laser scanning (TLS) are frequently preferred
techniques for creating 3D models of small to large objects, buildings, and historical and cultural artifacts
[2-4]. TLS has been a popular measurement technique in recent years for documenting objects, figures,
historical buildings, and cultural heritages [5-7]. Point data produced by high-resolution laser scanning
offers various solutions in cases where conventional techniques are impractical or impossible to apply [6,
8-10]. Unmanned Aerial Systems (UASs) are cost-effective systems capable of low-altitude flight, which
can be operated remotely due to their pilotless use [10-12].

As a photogrammetry technique, image acquisition with UAS enables photogrammetric evaluation of
the obtained images [13-14]. The evaluated data can then be used in various engineering projects, map
production, documentation of historical/archaeological artifacts, and 3D modeling of objects and figures
[15-16]. In addition, one significant feature is that the UAS collects data without endangering human life
[17].

However, sometimes using a single method for 3D reconstruction of an object/structure may be
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insufficient to arrive at a solution or meet expectations. For instance, when constructing a 3D model of a
building, building facades can be modeled using close-up photogrammetry or the TLS method [18]. In
contrast, the necessary perspective for building roofs can be provided by the aerial photogrammetry
method. In such cases, when a single method is insufficient for 3D modeling research, the problem must
be solved by combining data obtained from different platforms and measurement methods [2, 19-23].
Recent studies show that neither data from UAV images nor data from TLS could create the desired 3D
model of a building. To get more accurate 3D models, combined data has been used recently. Today, the
UAS and TLS methods are used in conjunction for biomass prediction, the documentation of buildings,
historical artifacts, and archaeological sites in engineering applications [24-29].

This study applied a combination of the TLS technique and UAS photogrammetry technique data to
create a 3D model of Meliha Ercan Guest House located on the Selguk University Campus. While TLS
point data for the front and side facades of the building have suitable viewing angles, the back facade of
the building is limited to a garden wall adjacent to heavily wooded land with a sloped topography and
data acquisition conditions for laser scanning could not be provided. For this reason, the 3D modeling of
the missing areas, or, the back facade and roof of the building, was completed by combining the point data
obtained from the images through the UAS. The root mean square errors (RMSE) and standard deviations
(StD) of point differences were calculated to assess their accuracy. Then, three sigma tests were performed,
and the same calculations were repeated for the differences within the 95% confidence interval [30-31].

2. MATERIAL AND METHODS

Within the study's scope, it aims to create a 3D model of the Meliha Ercan Guest House located on the
Selguk University Campus. In order to create the desired 3D model, other techniques such as classical
terrestrial photogrammetry and the TLS method cannot produce adequate data for the back facade of the
building. UAS and TLS, alternative measurement and modeling techniques were combined. Thus, while
developing the 3D model, the point data for the building’s back fagade and the roof that could not be
obtained using TLS was completed using the point cloud data obtained through the UAS method. While
combining UAV images, the software presents an algorithmic infrastructure called Structure from Motion
(SfIM). It is an algorithm that creates key points from images depending on the shooting distances (base
length) between images (base length) and camera positions (angular positioning with the terrain) and then
creates point data in images by combining the least faulty points that can be mapped in more than one
image (they are called tie points). All point data obtained from all sessions were processed, registered, and
cleaned to get the gridded point cloud with TLS in Faro Scene Software. As well as TLS field works done,
UAV got images from an aerial position. Either TLS point data or UAV images were used for the study to
create a more accurate 3D model of building together. The average grid spacing for the point cloud was
about 2 cm. The workflow chart displaying the scope of the study is given in Figure 1.

2.1. Study Area

The study area is Meliha Ercan Guesthouse located on the Selcuk University Alaeddin Keykubat
Campus, Selcuklu, Konya (38° 01" 07” N, 32° 30°28” E). The guesthouse, located in the northwest part of
the campus area on the inner campus highway, makes a good subject for 3D reconstruction with general
photogrammetric techniques due to its architecture. However, the back facade of the building does not
provide adequate conditions for data collection using a single photogrammetric technique because the
back facade is limited by a garden wall adjacent to sloping and densely forested topography. High garden
walls and landscaping in front of the wall limit the distance at which photographs can be taken in suitable
directions and angles for close-up photogrammetry. Therefore, it is an insufficient measuring distance for
the TLS. In addition, the barn area, which is located very close to the building on the right back facade, is
another restraining factor to terrestrial measurement methods.
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2.2. Data Acquiring

In this study, three different measurement systems were used to acquire the data.
o Total Station

As a classical measurement technique, data were collected from the area using a total station. Within
this technique, a Sokkia Fx-101 total station (Figure 3A), which has a 1" angle measurement sensitivity,
was applied. The manufacturer’s default value for the distance measurement sensitivity is [(3+2 ppm x D)
mm]. Without a reflector, the device can measure distances between 30 cm and 500 m using a laser with a
battery life of approximately 20 hours.
o Faro Focus 3D X330

Faro Focus 3D X330 TLS produces realistic and detailed scanning results by scanning objects with a
wide scanning range of up to 330 meters away with high precision and accuracy for detailed
documentation and measurement. Laser technology is used to rapidly produce highly detailed 3D models
of complex structures and objects. The distance between the laser scanner and the target is determined
using the phase difference distance measurement method with the fixed infrared light waves reflected
from the scanner [26] (Figure 3B).
o Parrot Anafi UAS

Parrot ANAFI features 180° integrated frame-based camera types that provide approximately 70° field
of view and oblique image acquisition, as well as a camera resolution of 5472 x 3568 pixels, pixel size 2.41
x2.41 um, and a focal length of 8.8 mm. According to the General Directorate of Aviation of TURKEY UAS
Regulations, it is a device under the toy class and does not require any legal license for use due to its
weight of 320 g including the battery (Figure 3C).

(B T TR /x/'
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Figure 3. Field researches (A: Terrestrial measurements made with the total station, B: Terrestrial
measurements made with TLS, C: Measurement with UAS)

Within the scope of the research, the TLS was performed as the initial application. Prior to performing
the TLS, the stations where the device will be placed were determined. Following that, target markings to
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help register the scanning data were positioned around the building, and the front and side facades of the
building were scanned with TLS. Each session lasted approximately 10 minutes, and each scan was
overlapped by the previous scan. As a second method, UAS flights were carried out to obtain missing data
for the back facade and roof of the building, which could not be scanned with TLS. In the study carried
out to create the full 3D model of the object, the data obtained from the UAS method was used for the
missing roof data and the back facade of the building that could not be scanned with the TLS method.
Prior to the UAS flight, seven Ground Control Points (GCP) were established around the building, and
their coordinates were obtained in real-time with the UTM projection CORS system. A flight plan was
prepared using PIX4DCapture software to obtain aerial photographs of the building’s roof and back
facade for photogrammetric purposes in the UAS method. As a result, 114 images were obtained within
the flight plan with a 1.51 cm/pix Ground Sampling Distance (GSD), and an 80% side and 70% forward
overlap ratio. Parameters of the flight plans are given in Table 1.

In order to conduct accuracy analysis, measurements were taken from all facades of the building with
the total station and compared with the length values obtained from the produced 3D model.

Table 1. Parameters of flight plan

Flight Parameters Choice
Flight Height 52m
GSD 1.51 cm/pix
Side overlap 80%
Forward overlap 70%
Image Number 114
Camera Angle 70
GCP Number 7
Flight Time (min.) 6.40

2.3. Data-Processing and Accuracy Assessment

Both closed source code commercial software and open-source code software were used to process
and evaluate the data obtained from TLS and UAS measurements. To begin, the Scene software pre-
processed and converted all the TLS raw data into a 3D point set shape. Following that, the merging of
point clouds was manually combined using paper target marks homogeneously positioned on the
building surfaces, as reflective target marks were not employed. Next, photogrammetric processes were
performed using the Agisoft PhotoScan software, which uses Structure From Motion (SfM) based
techniques [10, 30-32] (Deliry and Avdan 2021, Elkhrachy 2021, Jiménez-Jiménez, Ojeda-Bustamante et al.
2021, Xiao, Wang et al. 2021). Finally, TLS and UAS georeferenced point data were integrated with
CloudCompare, an open-source code software, to produce a 3D structure model.

CloudCompare software enables various combining alternatives. This research integrated point data
obtained from different sources with manual point selection (Figure 4). During manual point selection,
TLS data is aligned with UAS data. In other words, the reference point dataset is the point data obtained
from the UAS, and the target point data is data from the TLS scan (Figure 5A, Figure 5B). Thus, a 3D model
was obtained by directly transforming the laser scanning data obtained in a local coordinate system into
georeferenced UAS data (Figure 5C). Unnecessary points were removed from TLS and UAS data, resulting
in the presentation of Figure 5D.
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Figure 4. Integration of point data (manually combining of point data and transformation)
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Figure 5. Integrated UAS and TLS point data (A and B: Dark blue UAS reference data and red TLS target
data, C: Merged point data, D: Cleared merged point data)

3. RESULTS

The accuracy assessment of the 3D model, which is conducted through combining the point data
obtained with TLS, an active detection method, with the point data obtained from the UAS camera images,
a passive detection system, has been tested by investigating each facade of the building. This investigation
was carried out by comparing measurements taken from all facades of the building at the field to those
taken on the model. Figure 6 shows the sections on the building where the measurements taken with the
total station are compared to the model measurements. Since there are two different data sources (UAV
and TLS) in this research, a linear transformation matrix (a function) should be created between the
different point data obtained from these two various data sources. As seen in Table 2, the RMSE value of
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the obtained transformation matrix is approximately 6 cm. The scale was calculated as 1:1.012 on average.

Table 2. Parameters of transformation
Transformation Matrix

o 2
> o
o (7p]
All Al2 Al3 Al4
0.617 0.802 0.013 -14.506
A2l A22 A23 A24
E o -0.802 0.617 0.005 -20.985
3 = A3l A32 A33 A34
g — -0.004 -0.014 1.012 1147.526
A4l A42 A43 Ad4
0.000 0.000 0.000 1.000

In order to perform the accuracy analysis of the 3D model of the building, total station measurements
were made, and the sizes of various details around the building were determined. With the 3D model, the
actual dimensions of the building elements were listed, and the differences were calculated. Statistical
analysis was carried out using the differences. RMSE and StD. values indicate that a high-accuracy 3D
model has been produced. In Table 3, the measurements acquired on different building details on the
front, back, and side facades and compares these with the measurements acquired on the model.

Figure 6. Comparison of the measurements (A: Measurement No 2, B: Measurement No 3, C:
Measurement No 18, D: Measurement No 11)
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Table 3. Comparison of the measurements

Facade Measurement Description Measure from  Measure Differences
Number Field (m) from (m)
Model (m)
1 Building bottom left ~ 9.820 9.815 0.0055
) to right
Side 1 .
2 Bottom window 0.570 0.586 -0.0160
wall to wall
3 Gas valve big 0.600 0.593 0.0067
Gas valve small 0.400 0.370 0.0300
Window bottom 2.580 2.600 -0.0200
vent glass
Back 6 Glass guard Width 0.860 0.822 0.0380
7 Glass cover length 2.200 2.120 0.0800
8 Protrusion 0.200 0.215 -0.0150
9 Window inside 1.130 1.115 0.0150
10 Window inside 0.560 0.600 -0.0400
11 Connecting wall 3.070 3.058 0.0120
12 Window width wall  0.550 0.578 -0.0280
to wall
. 13 Floor tile 0.880 0.870 0.0101
Side 2
14 Bordure 4.000 4.021 -0.0209
15 Side wall 2.510 2.501 0.0095
16 Intermediate door 1.000 0.953 0.0474
wall to wall
17 Floor ventilation 9.870 9.907 -0.0369
18 Main door 2.840 2.838 0.0025
Front 19 Small marble next to  0.910 0.920 -0.0100
the main door
20 Front wall width 0.320 0.294 0.0257

As aresult of statistical analysis, the RMSE of the measurement differences was determined to be 2.95
cm. The StD of the differences was approximately 3 cm. The mean of the measurement differences was 4.8
mm, while the minimum measurement difference value was -4 cm. The maximum measurement
difference was 8 cm (Table 4). The graph displaying the statistical analysis results of the measurement
differences is presented in Figure 7.

Table 4. Statistical analysis of differences (Min: Measurement Number 10 and Max: Measurement
Number 7)
RMSE (m) StD (m) Mean (m) Median (m) Min. (m) Max. (m)
0.0295 0.0299 0.0048 0.0061 -0.0400 0.0800
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Figure 7. Chart of statistical analysis of differences

Given the normal distribution of error, the accuracy value is calculated within a certain confidence
interval. The statistical results calculated at the 95% confidence interval for all the different measures are
given in Table 5 and Figure 8 contains the graphical representation of the analysis.

Table 5. Statistical analysis of differences values within the 95% confidence interval
RMSE (m) StD (m) Mean (m) Median (m) Min. (m) Max. (m)
0.02292 0.02337 0.00309 0.00610 -0.03690 0.04740

DIFFERENCES (95% CONFIDENCE INTERVAL)
B Measure from Field (m) & Measure from Model (m)

10.000

8.000

6.000

4.000

2,000

0.000 -
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Figure 8. Chart of statistical analysis of differences within the 95% confidence interval

4. CONCLUSIONS

Within the scope of the study, the 3D modeling of Meliha Ercan Guest House, located within the
campus of Selguk University, was carried out using TLS and UAS. In this research, point data (the
building’s roof and back facade) that cannot be obtained by TLS were attempted to be completed with
point data obtained via UAS photogrammetry. It has been revealed with the research that UAV data can
be used in cases where the roofs of the buildings cannot be obtained with TLS or that TLS data is suitable
for integration in cases where the side facades of the building cannot be modeled with the UAV data. In
order to assess the accuracy of the created 3D model, the lengths of the horizontal and vertical facades of
the building were determined using the classical measurement technique. The identical facades were
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measured on the created model, and statistical analysis of the measurement difference was conducted. As
a result, the RMSE of the 3D model obtained at a 95% confidence interval was 2.29 cm, and its StD was
2.34 cm. Therefore, in cases where appropriate image/data acquisition is limited due to unsuitable terrain
conditions or incomplete data that cannot be obtained with a single measurement technique, point data
obtained from multiple sources were combined, and the applicability of the method as demonstrated by
the accuracy of the resulting 3D model. It has been shown in the study that by merging point data from
multiple sources, a more accurate and lesser facade 3D model can be obtained as a void. In addition, in
analyzing the accuracy of the transformation matrix function used to combine different data types, the
1:1.012 scale reveals an acceptable modeling result.
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e Machine Learning: The method proposed in the study can estimate the output power of the wind

turbine by learning with ANFIS without the need for a mathematical equation.

e Sustainability: With the proposed method, the Vestas V44-600 model is able to predict what the
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ABSTRACT: In this study, it is aimed to make real-time power estimation for the V44-600 model wind turbine
of Vestas company. The scope of the study is aimed to perform ANFIS-based power estimation for the V44-
600 VESTAS wind turbine, which is intensely used in the wind industry, by using the wind speed and air
density data of the city of Nevsehir. For this purpose, an Adaptive Network Based Fuzzy Inference System
(ANFIS) trained on V44-600 wind turbine data was used. For the training and testing steps of ANFIS, wind
speed, air density, and output power of the wind turbine are used as input-output parameters. As a result of
the simulations and training, the percent relative error value in the widest range where the prediction value
deviates from the true value is 11.86%. This value was higher than expected due to the scarcity of the data
used in the ANFIS training (144) and the repetitive values in the output power. Similarly, the lowest efficiency
value is 89.4%. Despite all this, it has been observed that ANFIS gives good results if the data used in the
testing process is within the scope of the data used in the training. Moreover, the developed model when
supported with 32-bit hardware can make real-time power estimation for a real wind turbine. The main
motivation for this study; is develop a model that can predict the output power for the Vestas V44-600 model
based on wind speed and air density data. In addition, it is to produce the Fuzzy Interface System (FIS) file
that enables the developed model to run on embedded systems.

Keywords: ANFIS, Wind Turbine, Real-Time Power Estimation, Vestas V44-600
1. INTRODUCTION

In addition to being a rapidly increasing energy policy in the last 20 years due to its high energy potential,
wide application area, and negative effects of fossil resources on the environment, wind power; has become a
remarkable phenomenon in both industrial and academic research [1]. In addition to these, it came to the idea
that every country should provide the energy it needs with its resources, due to the current energy crisis due
to epidemics and war situations.

Although fossil fuels are easy to convert into various energy fuels, having a regional potential is one of
their biggest drawbacks. For many such reasons, the interest in energy sources that can be found all over the
world such as wind and solar has increased even more []2. Although electricity generation from solar energy
is very popular due to its accessibility and relatively simple structure, the energy value produced is seriously
reduced in the winter months, as it is very affected by shading, dust, and dirt, and in the evening hours when
the sun is not present. In addition, when it is evaluated as the rate of benefiting from solar energy, an average
1000 W/m? of energy comes to the earth's surface and when it is considered the accessible price and number
of solar panels work with a maximum efficiency of 20 %, a maximum of 200 W electrical energy can be
obtained from an area of 1 m? under full sun and at an appropriate angle. For this reason, to obtain a very
high amount of energy by using solar panels, it is necessary to cover large agricultural areas or apply them on
the sea-ocean.
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Agricultural areas or sea-ocean surfaces-floors covered with solar panels are deprived of the beneficial light
and heat of the sun and cause various ecological problems.

Wind power has a major role in providing energy to industrial and local consumers, it has the largest
share among other alternative energy sources [3-4]. But it also has some disadvantages like solar energy. Chief
among these are mechanical problems. Because wind turbines convert mechanical energy into electrical
energy, they have many moving parts. Most failures from wind turbines occur in the bearing structure [5].
Apart from that, wind energy is not always accessible like solar energy. One of the most fundamental
problems in wind turbine management is the high rate of deterioration and variation in wind speed and the
inability to effectively measure this variation [6]. In the generation of electricity from wind, the operation of
the system is as important as the installation. Wind turbines that are not operated properly have a long
payback period, and the longer this process, the higher the maintenance-repair and operating costs.

With the developing wind energy policy, the need for more and more complex control techniques on
turbines is increasing [7]. Estimating the potential and power output of wind energy in large-scale applications
such as wind farm is critical to the profitability and realization of the system [8]. To make maximum use of
both wind and solar energy, it may be possible to shorten the payback period of the system by applying
various control methods.

Producing sustainable and clean energy, creating more efficient wind turbines and maximizing system
efficiency can only be possible by estimating the design parameters of WT correctly [9-10]. Moreover, it is
possible to increase the efficiency of wind turbines by using ANFIS-based Maksimum Power Point Tracker
(MPPT) algorithms and mechanical control methods [11]. Efficiency increases in wind turbines can be done
with other methods besides MPPT. On the basis of such methods; it can be done by estimating the power that
can be produced with the wind speed, air temperature, and rotation information of the turbine [12]. Making
power estimation using various parameters allows early warning of risky situations that may occur in turbines
and taking precautions, as well as error checking [13]. With ANFIS-based studies, not only power estimation
is made, but also the speed and position estimation of Permanent Magnet Synchronous Generators (PMSGs)
to provide power increase and efficiency in turbines, the excitation processes of such generators can be
controlled without sensors [14].

The rest of this article is organized as follows: In Section II, a literature review of studies related to the
subject of the article is addressed. In Section III, the materials and methods that enabled the study to achieve
its purpose are explained. In Section IV, the simulation results are provided and discussed. Section V contains
the conclusion.

2. RELATED WORKS

When similar studies in the literature are examined; [15] conducted an ANFIS-based study estimating the
optimal power coefficient value for wind turbines. FLC member functions are set by using ANFIS in the
simulation environment. In another study [16], they conducted an ANFIS-based study that calculates the
effective wind speed for wind turbines online. Within the study, it makes an estimation using real-time wind
turbine Tip Speed Ratio (TSR), mechanical power, and rotor speed information. [17], estimated the effective
wind velocity value by using an ANFIS-based method in their study, TSR and blade pitch angle were used as
input parameters to ANFIS.

In another study conducted within the scope of wind turbine parameter estimation [18], they carried out
a method that can predict torque for Savonius-type wind turbines by using ANFIS. The obtained results were
compared with the Radial Basis Function (RBF). In the study [19] for the estimation of power output in wind
turbines, an estimation study including soft computing methods in which wind speed and rotor speed are
used as inputs. Scope of work; they used ANFIS, Elman Neural Network (ENN), and Feed-forward Neural
Network (FNN) approaches.
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In another study [20 ], they prepared an ANFIS-based study for the safe and efficient operation of systems
that generate energy from wind in variable and unpredictable natural conditions. The study aimed to estimate
the power coefficient value, which is a function of tip-speed ratio and pitch angle, with ANFIS. With the study,
a National Renewable Energy Laboratory (NREL) offshore 5 MW baseline wind turbine was simulated. The
proposed method is more reliable, computationally intelligent, and easy to implement for rapid estimation of
power efficiency.

In another study [21], in which rotor speed, turbine output power, and pitch angle were used, wind speed
estimation was made. ANFIS was used as an estimation tool within the scope of the study. They used ANFIS
to estimate output power for Diffuser Augmented Wind Turbine (DAWT), which is more efficient in
overcoming the negative effects of the naturally variable behavior of wind speed [22]. Output power, rotor
speed, and output torque data are used in the training of ANFIS. The performance and analysis of the
intelligent forecasting system researches done in the simulation environment.

3. MATERIAL AND METHOD

In this section; details of the real-time power estimation study tested on the Nevsehir province data are
explained by making ANFIS training on the Vestas V44-600 model wind turbine data.

3.1. Model and operation of wind turbine

Wind turbines are systems that first convert kinetic energy into mechanical energy and then into electrical
energy. A simplified block diagram of the process of generating electricity from wind turbines is given in

, Mechanical

Epergy

Figure 1.

Wind — ~
(Kinetic Energy) \e

>
>

«
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Energy
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Figure 1. Block diagram of power conversion in wind turbines
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According to the block diagram in Figure 1; wind hitting the turbine blades creates a lifting force on the
blades due to the aerodynamic structure of the blades. This lifting force acting on the wings turns into a
rotational force due to the fact that the wings are fixed on the rotor. The resulting rotational force is applied
to the electric generator directly or via the transmission mechanism such as the gearbox. At the end of all these
processes, wind energy in the form of kinetic energy is converted into electrical energy. It is possible to
calculate the power that can be obtained from the wind turbine with Equation 1. The mechanical power
obtained from the turbine is calculated with Equation 2.

p_1 ApVv?® 1)
2
1
Po = 2 ApV°C, (@, ) 2)
P
Co="g 3)

Wind turbines, the conversion of the kinetic energy of the wind to mechanical energy is also called the
efficiency of the wind turbines and is calculated with Equation 3.

Where;
A Rotor swept area in m?
Vv Wind speed in m/s
P Air density in kg/ m?
C, Power coefficient
P, Wind tiirbine output power in w

Tip Speed Ratio (TSR)
Blade pitch angle in °

= R

In the study, the data of the V44-600 model, which is a commercial product of Vesta's, has been
investigated. The company has published various data on its products as open access. The electrical and
mechanical parameters of the V44-600 model are given in Table 1.

In wind turbines, the energy conversion process and the control of the turbine are carried out according
to the amount of wind speed. Wind turbines; it is an energy conversion system that is costly to install and has
operating costs due to the mechanical components in their structure. Companies investing in the field of
energy expect these systems to cover their installation costs as soon as possible. The healthy operation and
sustainability of wind turbines can only be possible if the stages in the energy production process are carried
out properly and their maintenance is carried out at appropriate intervals. Operating wind turbines outside
of the appropriate wind speeds or in areas with insufficient energy potential will do more harm than good.
The wind speed and turbine output power graph of the V44-600 model, whose data were used within the
scope of the study, is given in Figure 2.
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Table 1. Electrical data of the V44-600 wind turbine in the study [23].
Parameter Value Unit
Rated Power 600.0 kw
Rated Wind Speed 16.0 mls
Survival Wind Speed 52.0 mls
Cut-in Wind Speed 4.50 m/s
Cut-out Wind Speed 20.0 mls
Rotor Diameter 44.0 M
Swept Area 1521.0 m?
Number of Blades 3 Pieces
Rotor Maximum Speed 28.0 U/min
Tipspeed 65 mls
Rotor Material GFK/Epoxy -
Gear Box Ratio 1:51 -
Generator Type Asynchronous
Gen. Maximum Speed 1650 U/min
Generator Voltage 690 Vv
Grid Connection Thyristor -
Frequency 50 Hz
R1 := R2 =: R3 : R4 :
| | | |
S - | -0-$-0-0-0-0- |
g : _g-0-07070 ¢
I © I I
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Figure 2. Wind speed and output power graph of V44-600 model.

When we examine the areas on the graph:
Region 1: It is the area where the wind speed is too low to generate power or is much lower than the

desired value. According to the manufacturer, the wind turbine is disabled at wind speeds below 4.5 m/s, and

according to the company, the lower wind cut value of the V44-600 model is 4.5 m/s.
Region 2: The wind speed in this area is higher than the lower cut value and less than the optimum value.

In other words, the wind speed varies between 5-16 m/s. In this area, it is possible to produce mechanical
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power and therefore electrical energy. The wind turbine is constantly controlled by various methods in this
area, and it is aimed to produce maximum power from the turbine. This field is also called the MPPT field.

Region 3: This is the area where the wind turbine produces the highest power and energy. The rotor speed
of the wind turbine is fixed in this area, ensuring that the power produced is at the maximum rate. The rotor
speed of the turbine is fixed by methods such as blade angle control, variable TSR, and variable Cp.

Region 4: This area is the wind speed area determined by the manufacturer and includes the risks if the
wind turbine continues to operate. If the wind speed exceeds 20 m/s, the braking process is activated,
preventing structural damage to the components under pressure or to the wind turbine.

A. Training and Testing Data

ANFIS is a widely used learning approach today and is trained using data stacks with input and output
parameters and aims to reach the desired output value by using various input data [24].

With this aspect, ANFIS can be used in many places to solve the problem [25]. It is possible to study and
predict wind energy with both single and hybrid ANFIS [26]. In order to make real-time output power
estimation of the wind turbine with ANFIS, historical data to be trained beforehand is needed.

The wind speed (V ), air density (0 ), and output power (P, ) values of the V44-600 model used in the

ANFIS training are given in Table 2.

Table 2. Wind and power data of the V44-600 wind turbine in the study (thewindpower).

Air Densiyt (kg/m?)
P kW
ower (kW) .06  1.09 112 115 118 121 1225 124 127
4.5 0 0 0 0 0 0 0 0 0

5 247 258 268 278 289 299 30.4 31.0 320
6 652 674 696 718 740 762 77.3 784  80.6
7 115 119 123 126 130 134 135 137 141
8 176 181 187 192 198 203 206 209 214
9

0 246 253 261 268 275 283 287 290 298
S 10 320 329 338 348 357 366 371 375 384
§ 11 393 404 415 425 436 445 450 454 463
& 12 461 471 482 492 503 511 514 518 525
§ 13 517 525 534 542 551 556 558 560 565
= 14 557 563 568 573 579 581 582 584 586
15 581 584 587 589 592 593 594 594 595

16 593 594 595 596 598 598 598 598 599

17 598 598 598 599 599 599 600 600 600

18 599 599 600 600 600 600 600 600 600

19-20 600 600 600 600 600 600 600 600 600

The values given in Table 2 were taken into operation with the block diagram given in Figure 3 and ANFIS
training was carried out. Neural network in ANFIS adjusts the input parameters of the membership function
in the fuzzy inference system.
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Figure 3. Block diagram of the ANFIS training process

The wind turbine data given in Table 2 were trained with ANFIS and the FIS file required for FLC was
produced. The layers and members of the generated FIS file are given in Figure 4.

Rule Outputmf

Inputmf

Figure 4. Layer and relationships graph of the FIS file created in the study

According to the diagram given in Figure 4, the air density ( P ) and wind speed (V ) parameters are used
as inputs and the turbine output power is calculated as a result of the relations between the layer and the
members.

3.RESULTS AND DISCUSSION

The simulations are performed to make real-time power estimation on the Vestas V44-600 model. For this
purpose, first of all, ANFIS training was conducted over the wind speed, air density, and power output values
of the turbine provided by the company in Table 2. In this context, the graph of the data obtained from Table
2 is given in Figure 5 and ANFIS was trained using these data. The data stacks obtained from Table 2 were
applied to the simulation model given in Figure 6, and the training data tested and verified.
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Figure 5. Graph of data used for ANFIS training.

ANFIS Based Output Power
Estimator

Clock
Pulse

Figure 6. A simulation model in which data used for ANFIS training is tested and verified.
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The graph given in Figure 7 was obtained from the test study carried out through the model given in
Figure 6. The black graph shows the power data used in the training, and the blue graph shows the predicted
power data made by ANFIS.

Figure 7. Comparison graphs of data used for training and testing.

As a result of the simulations and training, the estimated power value was found to be 671.2 kW while
the actual power value was 600 kW in the widest range where the estimated value deviated from the true
value. The reason for this situation is the small number of data (144 items) in Table 2 used in ANFIS training
and the repetitive values in the output power. The percent relative error value of this difference is 11.86%.
Similarly, the lowest efficiency value is 89.4%. Within the scope of the study, the model created to make the
output power estimation with ANFIS over the wind speed and air density data of Nevsehir province is given

in Figure 8.

Clock
Pulse

ANFIS Based Output Power
Estimator

Figure 8. Block diagram of the model that enables the use of Nevsehir province data.



Anfis-Based Real-Time Power Estimation for Wind Turbines 145

By using the model given in Figure 8, the wind speed and air density data of Nevsehir province were used
as input, the output power of the Vestas V44-600 model was estimated and its graph was created. The wind
speed, air density, and estimated output power graph of the V44-600 model for Nevsehir are given in Figure
9.
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Figure 9. Wind data of Nevsehir province and estimated output power graph

The graph of the wind speed and air density data set for Nevsehir province is given in Figure 9 (a). The
testing process of the FIS file obtained as a result of the ANFIS training was carried out on this data set. The
graph of the data set of the estimated power value obtained as a result of the test process is given in Figure 9
(b). Detailed analysis of the estimated output power value versus the wind speed value is given in Figure 10.
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Figure 10. Analysis graph of the estimated output power value versus the wind speed value

When the graph in Figure 10 is carefully examined, it can be seen that the Vestas V44-600 model behaves
in accordance with its characteristics and cannot generate power at wind speeds below 5 m/s.

4. CONCLUSION

In this paper, we proposed an ANFIS-based power estimation forecasting approach to make real-time
power estimation for the V44-600 model wind turbine of Vestas company. The scope of the study is aimed to
perform ANFIS-based power estimation for the V44-600 VESTAS wind turbine, which is intensely used in the
wind industry, by using the wind speed and air density data of the city of Nevsehir. Firstly, real data from the
V44-600 model were used in the ANFIS training. Wind speed, air density, and output power of the wind
turbine are used as input-output parameters. Using the real data values given in Table 2, ANFIS training was
carried out. After that Neural network in ANFIS adjusts the input parameters of the membership function in
the fuzzy inference system. As a result of the simulations and training, the estimated power value was found
to be 671.2 kW while the actual power value was 600 kW in the widest range where the estimated value
deviated from the true value. The reason for this situation is the small number of data (144 items) in Table 2
used in ANFIS training and the repetitive values in the output power. The percent relative error value of this
difference is 11.86%. Similarly, the lowest efficiency value is 89.4%. When the graph in Figure 10 is carefully
examined, it can be seen that the Vestas V44-600 model behaves in accordance with its characteristics and
cannot generate power at wind speeds below 5 m/s. It has been observed that ANFIS gives good results if the
data used in the testing process is within the scope of the data used in its training. Moreover, the developed
model can be transferred to an embedded system with an embedded coder. When the developed model is
supported with 32-bit hardware, it can make real-time power estimation for a real wind turbine. The main
motivation for this study; To develop a model that can predict the output power for the Vestas V44-600 model
based on wind speed and air density data. In addition, it is to produce the Fuzzy Interface System (FIS) file
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that enables the developed model to run on embedded systems.
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Onemli Katkilar (Highlights)

e Aglarin graflarla modellenebilirliginden bahsedilerek, graflarda zedelenebilirlik yardimiyla da
aglarda giivenligin saglanabilecegi konusu iizerinde durulmustur

e Komsu ve izole kavramlarinin 6nemi vurgulanarak komsu izole sagilma sayisinin ¢alismada
kullanim amaci ortaya konulmustur.

e Zedenelebilirlik 06l¢iim parametrelerinin yaptigr Ol¢iimii hesaplayan algoritma g¢alismalarinin
literatiirdeki 6rneklerinden bahsedilmis, algoritma ile hesaplama yapildiginda insan isgiiciinden
zaman ve ¢aba konusunda tasarruf saglanacagimin onemi vurgulanmis ve komsu izole sagilma
sayisini hesaplayan algoritma literatiirde ilk kez verilmistir.

e Verilen algoritma cesitli yazilim metrikleri ile analiz edilmis, algoritma karmasiklig1 hesaplanmis ve
kullanulabilir bir algoritma oldugu gosterilmistir.

e Verilmis olan komsu izole sacilma sayisint hesaplayan algoritmanin iirettigi hesaplama sonuglari ile
gercek komsu izole sagilma sayist hesaplama sonuglar: tablolarla karsilastirilarak olgiimlerin

dogrulugu gosterilmistir.
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OZ: Ag giivenligi ve giivenilirligi, bilgisayar aglarinin énemli bir pargasidir. Bilgisayar korsanlari
nedeniyle ag giivenligi iyilestirilmek zorundadir. Is stirekliligi, iyilestirme icin baska bir nedendir. Aglar
graflarla modellenebilir. Graflarin ve dolayisiyla aglarin zedelenebilirligini 6l¢mek icin gesitli parametreler
mevcuttur. Bu makalede, komsu izole sagilma sayisi ele alinmis ve Onerilen zedelenebilirlik 6l¢tim
parametresinin herhangi bir graf icin Olciilmesini 6nerdigimiz bir algoritma gelistirilmis ve algoritma
yazilim kod metrikleri ile analiz edilmis ve faydali oldugu gosterilmistir. Boylelikle herhangi bir graf icin
zedelenebilirlik 6l¢timii yaparken algoritma kullanarak insan isgiiciinden tasarruf saglanacag: sonucuna
varilmigtir.

Anahtar Kelimeler: Graf Teori, Algoritma, Ag Tasarimi, Zedelenebilirlik, Komsu Izole Sagilma Sayist (NIS)

Algorithm of Neighbor Isolated Scattering Number

ABSTRACT: Network security and reliability is an essential part of computer networks. Network security
has had to improve due to hackers. Business continuity is another reason for improvement. Networks can
be modeled with graphs. Various parameters exist to measure the vulnerability of graphs, and hence of
networks. In this paper, we consider neighbor isolated scattering number and an algorithm has been
developed for the proposed vulnerability measurement parameter, which we recommend to measure for
any graph and the algorithm is analyzed by software code metrics and have been shown to be useful. Thus,
it has been concluded that humanpower will be saved by using an algorithm while measuring
vulnerability for any graph.

Keywords: Graph Theory, Algorithm, Network Design, Vulnerability, Neighbor Isolated Scattering Number (NIS)
1. GIRIS AINTRODUCTION)

Herhangi bir ag, merkezleri ve aralarinda baglantilari olan iliskisel bir yapidir. Bu yapida merkezler
tepelerle (diigiimlerle) ve baglantilar ayritlarla (kenarlarla) ifade edildiginde bir graf modeli olusturulur.
Aglar graflarla modellendiginde tasarlanirken zedelenebilirlikleri oOlgiilebilir ve ayrica maliyeti
hesaplanabilir. Ag, heniiz tasarim asamasindayken giivenlik aciklarini ongérmek ve onlemek, bunu
yaninda daha ekonomik ve giivenli aglar tasarlamak i¢in Onerilmis baglanirlik (connectivity) [1],
mukavemet (tenacity) [2] ve kopma derecesi (rupture degree) [3] gibi zedelenebilirlik 6l¢iim parametreleri
bulunmaktadar.

Bir agin merkezleri veya baglantilar fiziksel veya siber yolla hasar aldiginda iletisim kesintiye ugrar.
Zedelenebilirlik 6l¢iimii, bu iletisim kesintisine kadar agin direncini ifade eder. Bu 6l¢iimler, bir agin ne
kadar hassas veya dayanikli olduguna dair fikir verir. Sagilma sayist [4], bu zedelenebilirlik Sl¢iim
parametreleri igin bir 6rnektir.
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Birgok parametre tiirii, etkilenen ag merkezlerinin komsularini yok sayar. Casus aglarda bir merkez
desifre oldugunda, o merkezin komsular1 da desifre olur. Bu da iletisimin kesilmesine neden olur [5]-[7].
Bu nedenle komsuluk da dikkate alinmalidir. Komsuluk kavramini kullanan parametrelerden biri komsu
izole sag¢ilma sayisidir [8]. Komsu izole sagilma sayisinin, [8] ¢alismasinda kullanilabilirligi ve ayirt edici
sonuglar verdigi gosterilmistir. [8]'te komsu izole sacilma sayis1 i¢in matematiksel agiklamalar, teoremler
ve bunlarin detaylar1 verilmistir.

Literatiirde sagilma sayisi tabanli, ancak izole ve komsuluk kavramlarini tek basma kullanan
zedelenebilirlik parametrelerinin algoritmalar1i Onerilmistir. Bunlar, izole sagilma sayisim1 Olgen
algoritmalar [9], [10] ve komsu sagilma sayisini Olgen algoritma [11] ¢alismalaridir. Biz, bu ¢alismada
komsuluk ve izole kavramlarini bir arada kullanan komsu izole sagilma sayisin1 6lgen algoritmayz ilk kez
Oneriyoruz. Bu calisma, [8] calismasindan farkli olarak komusu izole sagilma sayisini Slgen bir algoritmayi
ve bu algoritmanin analizini icermektedir.

Bu calismadaki amacimiz, komsu izole sag¢ilma sayisinin algoritmasini olusturmak ve insan giiciinii
azaltmaktir. Zedelenebilirlik Ol¢iim parametreleri c¢alismalarinda verilen tamimlar graflarin
zedelenebilirligini 6lgerken insan giiclinii kullanmay1 azaltiyor olsa da standart bir 6zel graf sinifina
girmeyen graflarin algoritma kullanilarak hesaplanmasi insan giiciinii daha ¢ok azaltir. Bu algoritmanin
kullarushligi yaziim kod metrik analiz sonuglariyla gosterilmistir. Gelistirilen algoritma, Python
programlama dili ile test edilmistir. Bu baglamda kod metrikleriyle analiz gerceklestirmek i¢in Radon [12]
kiitiiphanesinden yararlanilmigtir.

Radon, Halstead metriklerini, ham metrikleri, siirdiiriilebilirlik endeksini ve dongiisel karmasiklig1
hesaplayabilir [12]. Dongtisel Karmasiklik, bir kod blogunun art1 1 igerdigi kararlarin sayisina karsilik
gelir. Kod boyunca dogrusal olarak bagimsiz ayritlarin sayistyla bu say1 (ayrica McCabe numarasi olarak
da adlandirilir) esittir. Bu say1, bloklarda kosullu mantig1 (dongi, if, boolean gibi mantiksal ifadeler) test
ederken kilavuz olarak kullamilabilir. Stirdiiriilebilirlik Endeksi, farkli metriklerin bazi degerlerinin
kullanilmasiyla hesaplanir. Ham metrikler, diger kod metriklerinin hesaplamak adina kullandigi kod
igerindeki satir sayisini, yorum satir1 sayisini, ¢ok satirhi dizeleri, bos satir sayisini vb. ifade eder. Kodun
Olctilebilir oOzelliklerini ve aralarindaki iligkileri tanimak Halstead’in amacidir [13]-[16]. Radon
kiittiphanesinin sonuglarin1 verdigi bu yazilim metriklerinin detaylar1 yazinin sonraki bolimiinde
verilmistir.

2. YAZILIM METRIKLERI (SOFTWARE METRICS)

Yazilim metrikleri, yazilimda gergeklestirilen dlgtimlere dayali olarak ol¢tiilebilen veya hesaplanabilen
degerlerdir. Bes ana yazilim metrigi boyut, kalite, caba, maliyet ve stiredir [17]. Yazilim gelistirme
siirecinde kaydedilen metrikler, hatalarin tespit edilmesine, yazilimin izlenmesine ve Kkalitesinin
artirllmasina yardimci olur. Yazilimda c¢ok gesitli bilgiler bulundugundan farkli metrikler de
gelistirilebilir. En iyi bilinen metriklerden biri, genellikle kaynak kodun basit satir say1s1 olarak tanimlanan
kodun boyutudur [18]. Chidamber Kemerer (CK) tarafindan tanimlanan Nesne Yonelimli metrikler de
yaygin olarak kullanilan metriklerdir. Ayrica Halsteadin karmasiklik metrigi [19] ve McCabe’in Dongiisel
Karmasiklik metrigi (CC) gibi baz1 metrikler de gelistirilmis ve yaygin olarak kullamilmaktadir. CC, (1)
denkleminde verilen formdille hesaplanir [20].

CC=E—N+2P 1)

Burada E, yazilimin kontrol akis grafinin ayrit sayisini, N tepe sayisimi ve P bu graftaki bagl
bilesenlerin sayisini temsil eder. CC igin belirlenmis olan ideal sinurlar sdyledir; 1-10 aralig: diisiik risk ve
basit karmasik, 11-20 aralig1 orta risk ve daha karmasik, 21-50 aralig yiiksek risk ve karmasik ve 50 tizeri
¢ok yiiksek risk ve test edilemez kod [20]-[22].

Yorum Orani, (2) denkleminde goriildiigii gibi yorum ifadesinin sayisimin toplam ifade sayisina
boliinmesiyle hesaplanur.
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Yorum Orant = Yorum ifadesi/Toplam ifade )

Ayrica, literatiirde Ortalama Derinlik ve Maksimum Derinlik gibi metrikler de tanimlanmstir [22],
[23]. Ortalama Derinlik, koddaki her bir ifadenin blok derinliklerinin toplanmasi ve ardindan bu toplamin
(2) denkleminde verilen toplam ifadeye boliinmesiyle hesaplanir. Maksimum Derinlik, en derin ig ice
ifadenin blok derinligidir.

Halstead Metrikleri: Halstead metrikleri, yazilimin 6l¢iilebilir 6zelliklerini tanimlamak i¢in kullanilir.
Bu metrikler statik olarak kaynak koddan hesaplanir. (3) denkleminde Halstead program uzunlugu (N)
hesaplamas1 gosterilmistir.

N =n,logy ny + 1y logz n; (3)
14, farkl1 operatorlerin sayisini, 1,, farkh islenenlerin sayisini temsil etmektedir. Bu sayilardan cesitli
yazilim Olgiileri hesaplanabilir. Programlama dillerinde sabit veya degiskenleri isleyen karakterlere

operatOr (operator), bu operatorlerin isledigi sabit veya degiskenlere ise islenen (operand) denilmektedir.

Cizelge 1. Baz1 yazilim metriklerinin hesaplanmasi
Table 1. Calculations of Some Software Metrics

Program sozlugi n=n+mn;
Program uzunlugu N =N, + N,
Hesaplanan program uzunlugu N =1, log, 1, + 1, log, 1,
Hacim V' =Nlog,n
Zorluk D = (11/2) * (N2/n3)
Caba E=Dx*V

Buglar B =V/3000

N;, toplam operator sayisini, N, toplam islenen sayisinu ifade eder. Verilen bu metriklerin ideal
sinirlar1 Halstead tarafindan [19] ¢alismasinda belirtilmistir.
Siirdiiriilebilirlik endeksi, (4) denklemindeki gibi hesaplanir [12], [15], [16].

171 —=52InV —0.23G — 16.2InL — 50sinv2.4C (4)

Surdurulebilirlik Endeksi = max|0,100 = 171

Burada V Halstead hacmini, G dongiisel karmasikligi, L kodun kaynak satir sayisini (SLOC), C ise yorum
satirlarinin radyana doniistiiriilmiis yilizdesini ifade eder. Cikan sonug¢ kotiiden iyiye su sekilde
yorumlanir; 0-9 aralig C (kotii), 10-19 aralig B (orta) ve 20-100 aralig1 A (iyi) [12], [15], [16].

3. KOMSU iZOLE SACILMA SAYISI (NEIGHBOR ISOLATED SCATTERING NUMBER)

Bu calismada komsuluk parametrelerinden biri olan komsu izole sagilma sayisi kullanilmistir ve
komsu izole sacilma sayisinin tanimi su sekilde verilmektedir: Bir G grafi i¢in, komsu izole sagilma sayis1

NIS(G) = max{i(G/X) — |X|:i(G/X) = 1} (5)

olarak tanimlanir. X, G grafinin kesme stratejisidir, maksimum tiim kesme stratejileri icin alinur ve i(G /X),
G/X grafinda izole tepelerin sayisidir. G grafinin tiim tepelerini iceren kiime V(G) olarak ifade edilir.
NIS(G) = i(G/X) — |X] ise, bir X € V(G) kiimesine G grafinin NIS-kiimesi oldugu sOylenir [8].

Komsu izole sagilma sayisi, bir ag zarar gormeden 6nce karsilasacagi hasari 6lger, boylece aga gelecek
zarar Onceden goriilebilir. Kullanilmasi planlanan iki graftan birinin biiyiik bir komsu izole sagilma sayis1
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varsa, graf daha savunmasizdir. Bu yiizden kiiciik degere sahip olan grafin kullanilmasi ag i¢in daha
giivenilir olacaktir. Komsu izole sagilma sayisi ile ilgili detaylar Aslan tarafindan [8]‘te verilmistir.

3.1. Bir Grafin Komsu izole Sacilma Sayisin1 Hesaplayan Algoritma (Algorithm for Calculating the
Neighboring Isolated Scattering Number of a Graph)

Bu kisimda bir grafin komsu izole sagilma sayisini hesaplayan algoritma verilmistir. Sekil 1'deki
algoritmada goriildiigii gibi temel birkag islemin de yiiriitiilebilmesi i¢in bazi metotlar kullanilmistir.
Bunlar Python igin gelistirilmis NetworkX [24] kiitiiphanesi i¢inde kullanilan graf yapisindaki metotlar ve
arayiizlerdir. Izole tepe say1sini belirleyen IsolatedCount ve komsulariyla birlikte belirtilen tepeyi graftan
kaldiran NeighborRemoveVertex olmak iizere iki yardimci metot hesaplama i¢in hazirlanmistir.

Sekil 1'deki algoritma, graflar i¢in komsu izole sagilma sayisin1 hesaplayabilir.

4. ALGORITMA ANALIZi VE SONUCLARI (ALGORITHM ANALYSIS AND RESULTS)

Verilen algoritma ve yardimci metotlar Python'da gelistirilmis ve test edilmistir. Test sonucunda
yonsiiz ve agirliksiz graflar icin, [8] galismasinda bulunan “Bazi Ozel Graf Smiflarinin Komsu izole
Sagilma Sayis1” boliimiindeki teoremlere gore dogru sonug verdigi gortilmiistiir.

Verilen algoritmanin karmasikliginin hesaplanmasi (6), (7), (8), (9) ve (10) denklemlerinde gosterilmis
ve 0(2") olarak bulunmustur. T(0), karmasiklikta ilk ve en kisa adimdir ve T(0) = 1’dir.

Tm)=Tnh—1)+Tn—-2)+--+T(0) (6)
Tm—-1)=Tn—-2)+T(n—-3)+--+T(0) (7)

T() =T -1 +T(n—1)=2+T(n—1) = 2% 2+ T(n—2) (®)
Tn)=2"«*Tn—n)=2"+«T(0) =2"x*1 )

T(n) =0(2") (10)

Radon kiitiiphanesi yardimiyla elde edilen yazilim metrikleri analiz sonuglar1 Cizelge 2-5 {izerinde
goriilmektedir. Algoritma tarafindan hesaplanan bazi zedelenebilirlik 6l¢iim sonuglar1 da Cizelge 6-9
tizerinde goriilmektedir.

Cizelge 2'ye gore NIS algoritmasi 44 satirdan (LOC) olusur. Mantiksal satirlarin sayis1 (LLOC) 34’tiir.
Yorum satirlarinin LLOC’ye oraninin %20’nin iizerinde olmasi, programin yorum satirlariyla iyi
anlatildig1 anlamina gelir. SLOC, siirdiiriilebilirlik endeksi taniminda da goriildiigii gibi stirdiiriilebilirlik
endeksi hesaplamasinda yardimei olur. C%L, yorum satir1 sayisi ile LOC arasindaki orani, C%S, yorum
satir1 sayisi ile SLOC arasindaki orani, C+M%L ise yorum ve ¢ok satirli dize satirlarinin sayisi ile LOC
arasindaki orani ifade eder.
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Girdi: G graf,
L graftaki toplam tepe sayisi olan 6zymeleme sayisi,
S etkilenen tepe sayisi.
Ciktr: G grafimn komsu 1zole sagilma sayist
1: if L = 0 then
2: # Eger dzyineleme sayis: 0 ise G grafindaki izole tepe sayisim déndiir
return IsolatedCount(G)
3. esleif L =1 then
: # Eger azyimeleme sayist 1 ise G grafimn NIS degerini dondiir
return IsolatedCount(G)—S§
5. else
# Maksimum NIS i minimum integer olarak tammla

maxNIS «— minlnt
7: # G grafimn tepelerinin listesi
vertices +— G nodes
8 for all v in vertices do
9: # Gecici graf olarak G grafimn kopyasini al
tempG «— copy.deepcopy(G)
10: # v tepesini komgulariyla birlikte ¢ikar
tempG. NeighborRemoveVertex(1)
11: # Gegici graf i¢in NIS i hesapla
tempNIS1 +— IsolatedCount(tempG)—S
12: # Gecici grafian bir tepe daha silerek NIS'i hesapla
tempNIS2 «— NIS(tempG, L — 1, S + 1)
13: # Gegici NIS leri maksimum NIS ile karsilasnr
14: if tempNIS1>maxNIS then
15: maxNIS « tempNIS1
16: end if
17: if tempNIS2>maxNIS then
18: maxNIS « tempNIS2
19: end if
20: tempG.clear()

21:  end for

22:  #Hesaplanan NIS’i dondiir
return maxNIS

23: end if

Sekil 1. Bir G grafinin Komsu izole sagilma sayisini veren s6zde kod algoritmasi (NIS)
Figure 1. Algorithm in pseudocode that gives Neighbor Isolated Scattering Number of a graph G (NIS)

Cizelge 2. NIS"in ham metrikleri
Table 2. Raw Metrics of NIS

Ham Metrikler NIS
LOC 44
LLOC 34
SLOC 34
Yorumlar 15
Tekil yorumlar 7
Coklu yorumlar 0
Bos satir 3

Yorum istatistikleri
(C%L) 34%
(C%S) 44%

(C+M%L) 34%




Komsgu Izole Sagilma Sayisinin Algoritmast 155

Cizelge 3. NIS'in Halstead metrikleri
Table 3. Halstead Metrics of NIS

Halstead Metrikler NIS

m 5
N2 14
N, 11
N, 22
Kelime Bilgisi 19
Uzunluk 33
Hesaplanan Uzunluk ~ 64.91
Hacim 140.18
Zorluk 3.93
Caba 550.71
Zaman 30.60
Buglar 0.05

Halstead metrikleri, fonksiyonel yazilim karmasikligimi 6l¢gmek icin kullanulabilir. Bu dogrultuda
Cizelge 3’e gore, Cizelge 1'de verilen program uzunlugu formiiliinden hareketle N; + N, 33 olarak
hesaplanir. Ideal iist limit 300'{in altindadir. Program hacim degeri 140 olarak hesaplanmigtir. Hacim igin
ideal st limit degeri 1000 oldugundan algoritma karmasik bir yapiya sahip degildir. Caba, bir kalite
standard: olarak goriiliir ve algoritma, siur degeri 5000’in altinda sonug vermistir. Bu da programin
metrikleri agisindan bir baska art1 olarak goriinmektedir. Aym sekilde zaman degerinin 90'in altinda
olmas1 da programin kalitesini gosteren bir diger degerdir. Bug degeri 0’a ¢ok yakindir, tahmini hata
sayisini ifade eder, bu programda cok diisiik bir hata olasiligina sahip oldugunu gosterir.

Cizelge 4. NIS'in siirdiiriilebilirlik endeksi
Table 4. Maintainability Index Metrics of NIS

Algoritma Siirdiiriilebilirlik Endeksi
NIS A

Cizelge 4’e gore Stirdiiriilebilirlik Endeksi, programin daha sonra giincellenebilirligini gosterir.
Gelistirilen algoritma A ile en yiiksek degeri almistir. Bu, algoritmanin gerekli kosullar i¢in giincellenebilir
oldugunu gostermistir.

Cizelge 5. NIS'in dongiisel karmasiklig1
Table 5. Cyclomatic Complexity of NIS

Algoritma cC

NIS 16
IsolatedCount 4
NeighborRemoveVertex 11

Cizelge 5, gelistirilen algoritmada, IsolatedCount oldukga kiiciik bir deger almistir ve diisiik risk
sinifindadir. NIS ve NeighborRemoveVertex, 10'un {izerinde bir degere sahip olduklari icin orta risk ve
daha karmasik smnifta yer almaktadir. Dongiisel karmasiklik igin iist simr 50 oldugu icin programin
dongiisel karmasiklik olusturmadig goriilmektedir.

Algoritma, yol, cember, tekerlek ve tam graflar gibi cesitli graf siniflarinda test edilmistir. Cizelge 6-9,
bu graflar i¢in komsu izole sagilma sayis1 degerlerini igerir. Ayrica Cizelge 6-9 {izerinde bulunan s(V(G))
ifadesi, bir G grafindaki toplam tepe sayisini gosterir.
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Cizelge 6. B, yol grafi i¢in sonuglar
Table 6. Results for P, path graph

n s(V(P,)) NIS(P,) Siire (sn)
5 5 1 0.0018
6 6 0 0.0044
7 7 0 0.0091
8 8 0 0.022
9 9 1 0.0546
10 10 0 0.1315
11 11 0 0.4395
12 12 0 0.9855
13 13 1 2.9267

Farkl1 n tepe sayilar1 igin her bir P, yol grafinin komsu izole sacilma sayisi, gelistirilen algoritma ile
hesaplanmis ve hesaplanan komsu izole sagilma sayilar1 ve bu sayilarin ne kadar siirede hesaplandig:
Cizelge 6 igerisinde gosterilmistir.

Cizelge 7. C,, cember graf1 icin sonuglar
Table 7. Results for C,, cycle graph

n sV(,)) NIS(C,) Siire (sn)
4 4 0 0.001
5 5 -1 0.0018
6 6 -1 0.0039
7 7 -1 0.0068
8 8 0 0.0201
9 9 -1 0.0325
10 10 -1 0.0841
11 11 -1 0.2811
12 12 0 0.5891
13 13 -1 1.7682
14 14 -1 4.8263
15 15 -1 14.653
16 16 0 46.092

Farkl1 n tepe sayilari icin her bir C,, gember grafinin komsu izole sacilma sayisi, gelistirilen algoritma
ile hesaplanmis ve hesaplanan komsu izole sagilma sayilar1 ve bu sayilarin ne kadar siirede hesaplandigi
Cizelge 7 igerisinde gosterilmistir.

Cizelge 8. W, tekerlek graf1 i¢in sonuglar
Table 8. Results for W, wheel graph

n s(WVW,)) NIS(W,) Siire (sn)
5 5 0 0.0012
6 6 -1 0.0018
7 7 -1 0.003

8 8 -1 0.0071
9 9 0 0.0158
10 10 -1 0.0348
11 11 -1 0.1759

12 12 -1 0.2111
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Farkli n tepe sayilar1 icin her bir W, tekerlek grafinin komsu izole sacilma sayisi, gelistirilen algoritma
ile hesaplanmis ve hesaplanan komsu izole sagilma sayilar1 ve bu sayilarin ne kadar siirede hesaplandig:
Cizelge 8 icerisinde gosterilmistir.

Cizelge 9. K,, tam graf i¢in sonuglar
Table 9. Results for K,, complete graph

n s(WV(K,)) NIS(K,) Siire(sn)
5 5 -1 0.0009
6 6 -1 0.0015
7 7 -1 0.0023
8 8 -1 0.0024
9 9 -1 0.0027
10 10 -1 0.0035
11 11 -1 0.0051

Farkli n tepe sayilari igin her bir K, tam grafinin komsu izole sagilma sayisi, gelistirilen algoritma ile
hesaplanmis ve hesaplanan komsu izole sagilma sayilar1 ve bu sayilarin ne kadar siirede hesaplandig:
Cizelge 9 icerisinde gosterilmistir.

5. SONUC (CONCLUSION)

Bu calismanin amaci, insan giiciinden tasarruf etmek i¢in komsu izole sagilma sayis1 algoritmasini
olusturmaktir. Zedelenebilirlik parametreleri, tanimlar1 ve teoremleri sayesinde dlciimde insan giiciinden
tasarruf sagliyor olsa da standart dis1 graflarin zedelenebilirligini 6l¢mek igin bu tanum ve teoremler
yetersiz kalacagindan bunlarin algoritmalarinin olusturulmasi ve gelistirilmesi insan giiciinden daha fazla
tasarruf saglayacaktir. Bir graf modeli hazirlanmak istendiginde grafin herhangi bir saldir1 girisimine
kars1 oldukca dayanikli olmas: beklenir. Bu nedenle istenilen graf modelinin zedelenebilirlik analizi
komsu izole sagilma sayis1 gibi parametrelerle belirlenmelidir. Graflarin zedelenebilirliginin Sl¢iimiinde
yaygin olarak kullanilan parametrelerden komsu izole sagilma sayisi ele alinmistir. Parametreyi
hesaplamak igin bir algoritma Onerilmis ve Radon yazilim metrikleri ile analiz edilerek ve birkag graf
tiiriinde sonuglarla birlikte ¢alisma siireleri gosterilmistir. Sonugclar, gelistirilen algoritmanin komsu izole
sagilma sayisin1 dogru bir sekilde hesapladigini gostermistir. Algoritmanin Radon yazilim metriklerinden
elde edilen sonuglar1 ideal sinirlar icinde yer almistir. Sonuglara gore NIS algoritmasinin komsu izole
sac¢ilma sayisin 6lgmek igin faydali oldugu gortilmiistiir.
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ABSTRACT: Polyamides are preferred polymer materials for manufacturing industrial products due to
their lightness, resistance to corrosion, ease of processing, and recyclability. In this study, the
machinability properties of Polyamide 6 (PA6) polymer composite plates reinforced with chopped carbon
fiber (CF) and multi-walled carbon nanotube (MWCNT) in different proportions were investigated by the
drilling method using different cutting tools and cutting parameters. The experiments were carried out
according to the L16 orthogonal array. Drilling experiments were carried out in a dry environment. The
deformations occurring on the inlet and outlet surfaces of the drilled samples were calculated, and the
surface roughness (Ra) of the hole walls was measured. According to the results obtained, the particle
addition made to the PA6 polymer reduced the Ra. It has been observed that high cutting speed and low
feed rate are ideal parameters to achieve low Ra and low inlet-outlet deformations.

Keywords: Drilling, Polymer Composite, Optimization, Polyamide 6
1. INTRODUCTION

In recent years, the use of materials with high-level properties has increased in many rapidly
developing industries. Due to the fact that these materials are intended to be lightweight, studies on
particle reinforced polymer composites are one of the current research topics [1-2]. Polyamide’s (PA) is
the most widely used semi-crystalline polymer type among engineering plastics due to its high
strength/weight ratio, corrosion resistance, resistance to UV and gamma rays, very simple and economical
production processes compared to conventional materials [3-7]. PA6 polymer are used in automotive,
aviation, energy industries, in areas where flexibility as well as temperature and chemical resistance is
required, packaging, household appliances, sport equipment’s etc. [4-5]. However, due to the presence of
polar amide groups, high moisture absorption, low dimensional stability, low heat deflection temperature,
low impact resistance at low temperatures and sensitivity to heat with easy flammability limit the usage
areas of PA polymer [7-8].

Although polymers and polymer composites are produced by molding methods, some machining
operations are required to be transform them into the final product. Drilling is one of the most important

*Corresponding Author: Ferhat YILDIRIM, ferhatyildirim@comu.edu.tr
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machining operations and involves approximately 33% of the machining operations. Again, 25% of the
total time spent in machining processes is spent as drilling [9]. In machining operations, the main target
has always been to achieve optimum machining conditions in order to reduce cost and increase
performance [9]. For example, while millions of holes are required for rivets and bolted connections in the
manufacture of aircraft, delamination, and micro-cracking in the holes significantly reduce the
performance of the composite material. In the aviation industry, 60% of all parts rejected during the final
assembly of an aircraft structure are due to defects in drilling operations associated with delamination [10-
11]. For this reason, the study of the quality and performance of holes in composite structures is of great
importance when considering the large financial losses that they can cause and the irreparable loss of life.

To reduce or eliminate the problems encountered in the processing of composite materials, researchers
are conducting different studies. These studies focus on issues such as cutting parameters, cutting
conditions, tool geometries, and different cutting tool materials [12]. The including high data amount and
the size of the number of variables be required complex statistical analysis in the improvement studies.
Early in the 60s, Genichi Taguchi's new methodology is start to use due its success in improving all kind
of industrial performance. The small number of experiments, easy implementation and easy evaluation of
the variables are the features that increase the prevalence of the Taguchi method [13-16].

Composite materials can be produced as different combinations using different reinforcing materials,
resin materials, and production methods. Different materials used in the production of composite
materials improve these structures' mechanical, impact, thermal, and abrasion properties [4-5, 17].
However, it is necessary to investigate how the machining processes of these composite structures.
Although there are many studies in the literature on the machining processes of composite materials,
studies are generally carried out on drilling tests of layered polymer composite materials using thermoset
resin.

[18] conducted a study using different cutting parameters and drill bit diameters to reduce the
deformation that occurs when drilling glass fiber reinforced polyester composite materials. In addition to
these parameters, [19] also took into account the fiber orientation angle. The effects of cutting parameters
on surface quality were also examined in the studies conducted on machinability. It has been observed
that increasing the number of cutting edges and decreasing the point angle reduce the damage factor on
the entry surfaces [20]. It is believed that reducing the thrust forces and torque that occur in drilling
experiments will reduce surface damage. The thrust force increases due to the increase in the feed rate and
drill bit diameter [21-22]. As a result of increasing the number of revolutions and drill bit diameter, it is
observed that the Ra of hole surface increases [23].

In the studies conducted on the machinability of reinforced and non-reinforced polyamide materials,
the effects of cutting parameters and cutting tool geometries were investigated. [24] found that the increase
on PA66 hole quality with the addition of glass fiber whiskers. On another study according to the findings
it is said that tool wear is greater in machining of reinforced Polyamide 6 composite material [25]. [26]
investigated the milling of multi-walled carbon nanotube reinforced Polyamide 6 composite. They pointed
out the feed rate was most effective parameter on Ra. Low feed rate and high spindle speed were the best
combination for obtaining good Ra. They explained that the multi-walled carbon nanotube slightly
improved the surface quality compared to non-reinforced Polyamide 6. In experimental studies conducted
with different drill bit materials, it is observed that the surface roughness of the drill bit material affects,
and carbide was found the ideal drill bit material [27]. [28-29] investigated the hole quality, surface
roughness in drilling of polyamide (PA6) and 30% glass fibers reinforced polyamide (PA66 GF30) using
cemented carbide (K20) tool. The effects of cutting speed, feed rate, tip point was analyzed by response
surface methodology based second order and third-order mathematical models. PA66 GF30 material
provides better surface finish by employing low feed rate with low to medium speed for all the surface
results compared to the neat PA6. Performed analysis also showed that the quality of holes can improved
by employing higher spindle speed with low feed rate and point angle during drilling for both neat and
reinforced polyamides. The drill bit temperature and chip formations were experimentally investigated
in the drilling of neat and carbon black reinforced polyamide by [30]. According to the results, the drill bit
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temperature increased with increasing the cutting speed and with decreasing the feed for both
polyamides. In addition, higher drill tip temperatures were observed in the drilling of carbon black
reinforced polyamide compared to the neat polyamide. The regular chips were formed at low cutting
speed and high feed rate values. In addition, the carbon black reinforced polyamide has created more
uniform chips compared to neat polyamide due to the more heat was transferred to the drill bit from the
drilling region.

According to the literature, composite reinforcement materials affect the properties of the production
processes such as molding, machinability due to its characteristic properties in forming compounds. The
exposure of production strategies to the effects of additive-based unknown variables constitutes an
important node point that needs to be investigated in terms of efficiency. In this study, the machinability
properties of carbon fiber (CF), and multi walled carbon nanotube (MWCNT) reinforced Polyamide 6
polymer composite materials were investigated by experimentally and statistically on drilling
experiments. Inlet and outlet surface damages and hole wall surface roughness were examined in
experiments conducted using different cutting speed, feed rate and four kind of drill bit materials.
Manufactured composite used parameters and drill bit materials were not evaluated together in the
literature before. Thus, it was aimed to contribute to the literature and production industry by examining
its multivariate machinability processes of Polyamide 6 and that one of the highly used polymers in the
industry.

2. MATERIAL AND METHOD
2.1. Materials

In the study, the used Polyamide 6 (PA6) polymer (Cas Number:25038-54-4) was purchased from the
EMAS A.S. (Sumika Polymer Compounds, Bursa/Tiirkiye). Mechanical properties of PA6 according to the
supplier were given in Table 1 (http://www.emasplastik.com.tr/). The chopped carbon fiber (CF) used as
the micro sized filler was purchased with AC-4101 commercial code from DOWAKSA Advanced
Composite Materials Industry (Yalova/Tiirkiye). The physical and mechanical properties of CF according
to the supplier were given in Table 2 (https://www.dowaksa.com/tr). The multi-walled carbon nanotube
(MWCNT) was used as the nano sized filler and purchased from DETSAN A.S. (Eskisehir/Tiirkiye). The
technical properties of MWCNT according to the supplier were given in Table 3
(https://www.detsankimya.com.tr).

Table 1. Technical specifications of Polyamide 6 (PA6) [31].

Material Polyamide 6
Density g/cm? 1.12
Viscosity (%96 H2504) 2.40-2.80
Melting Temperature (°C) 220

Moisture absorption (23 °C, %50RH)  %2.50-3.50

Table 2. Technical specifications of Carbon fiber (CF) [32].

Material Carbon Fiber
Tensile Strength (MPa) 4200
Modulus of Elasticity (Tensile) (MPa) 240
Elongation (%) 1.8
Density(g/m?3) 1.76

Fiber length (mm) 6

Typical bulk density (6 mm length) (G/1) 500
Emulsion type Polyamide based
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Table 3. Technical specifications of Multi Walled Carbon Nanotube (MWCNT) [33].

Material Multi Walled Carbon Nanotube
Outer diameter (nm) <8

Inner diameter (nm) 2-5

Purity (%) >97

Length (um) 10-30

Specific surface area (m?/g) 500

Electrical conductivity (S/cm)  >10?

2.2. Manufacturing of Composite Materials

Composite manufacturing process was designed according to the PA6 supplier, literature, and past
studies of our study group [4-5] PA6 material was dried for 4 hours at 80 °C in the Niive FN120 model
oven before production due to its high moisture absorption property. The dried PA6 and CF materials
were mixed using the mechanical mixing method in a dry form. In the mixture of MWCNT and PAS6, the
MWCNT solution prepared in alcohol essence was added to the polymer for maximum wetting and
dispersion, and mechanical mixing was applied again, and then the alcohol was evaporated in the drying
oven. Thus, it was tried to obtain homogeneous mixtures for both groups of materials. The materials
prepared from the mixture were then passed through two different extruder processes and made into a
composite mixture ready for final injection production. The extrusion process of the CF and PA6 mixture
was carried out in a Coperion branded extruder with a screw diameter of 26 mm, an L/D ratio of 46, and
11 heat zones located in Gama-Alfa Plastic Co. Istanbul. The extruded polymer was cooled and then
granulated again in the crusher. Materials prepared by mixing MWCNT and PA6 were produced in a co-
rotating twin-screw extruder with a screw diameter of 22 mm, an L/D ratio of 32, and 6 heat sections
located in Kiitahya Dumlupinar University, Faculty of Engineering, Department of Mechanical
Engineering. After the mixture of MWCNT and PA6 was also granulated in the crusher. In injection
molding process, the polymer material heated around the ball screw melts and is mixed again thanks to
the ball screw. Mixing the remelted material within itself again ensures that the unbalanced parts are
dispersed. The polymer material pushed into the mold from the outlet nozzle at the end of the machine is
produced here as the desired drilling sample plate. Figure 1 shows the production stages of a polymer
composite material [4-5].



164 A. GENG, F. YILDIRIM, M. KOYUNBAKAN, S. H. YETGIN, V. ESKiZEYBEK, G. KUS

Cropped carbon fiber Multi Walled Carbon Nanotube

|

Mechanical
. b

mixing

Polyamide 6

Extrusion
Process

Crusher

Injection Process

Figurel. Manufacturing process of PA6 composites.

Scanned Electron Microscopy (SEM) images of the reinforced PA6 composite samples are given in
Figure 2 and Figure 3. Also, Table 4 shows the materials used in the experiments and their abbreviations.
In the study, with PA6 polymer, 6 different samples were produced, including by weight 10%, 20%, and
30% CF added and 0.1%, 0.2%, and 0.3% MWCNT added composites. In addition, neat PA6 polymer was
manufactured with the same procedure except reinforcement process.

0456 AN 1000KV B3

Figure 2. SEM images of CF reinforced polymer composite.
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Figure 3. SEM images of MWCNT reinforced polymer composite.

DPU-ILTEN

Table 4. Experimental materials and their abbreviations.

Materials Abbreviations
Polyamide 6 PA6

Polyamide 6 + 10 % wt. Carbon Fiber PA6+10CF
Polyamide 6 + 20 % wt. Carbon Fiber PA6+20CF
Polyamide 6 + 30 % wt. Carbon Fiber PA6+30CF
Polyamide 6 + 0.1 % wt. Multi Walled Carbon Nanotube = PA6+0.IMWCNT
Polyamide 6 + 0.2 % wt. Multi Walled Carbon Nanotube = PA6+0.2MWCNT
Polyamide 6 + 0.3 % wt. Multi Walled Carbon Nanotube = PA6+0.3MWCNT

2.3. Experimental Study

165

Drilling experiments of all PA6 composite were carried out in the VMC850B branded CNC vertical
machining center (Figure 4). The maximum number of revolutions of the machine is 8000 rpm, and drilling
operations were carried out in a dry environment. Drilling experiments were carried out using different
cutting speeds (40, 70, 100, and 130 m/min), feed rates (0.1, 0.2, 0.3, and 0.4 mm/rev), and drill bits material.
High Speed Steel (HSS), Tungsten Carbide, Polished Tungsten carbide (cutting faces has been polished
for composite materials), and Polly Crystal Diamond (PCD) are selected as drill bit materials. The diameter
of all drill bits were 6 mm. Cutting parameters and drill materials were selected from the most widely
used and preferred ones in the machining industry. It has been decisive in criteria such as cost and

availability.
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Figure 4. CNC Machining center.

Figure 5 shows the drill bits used in the study. The cutting parameters and the experimental design
are given in Table 5. A L16 orthogonal experimental design was performed for drilling experiments, and
the Taguchi method was used to determine the effects of the experimental parameters on machinability.
Factor levels in the experimental design were determined as Cutting Speed (m/min) (A), Feed Rate
(mm/rev) (B), and Drill bit Material (C).

Figure 5. Drill bit maférialé: a) HSS, b) Tungsten carbide, c) Polished tungste.nﬂcarbide, d) PCD.

Because of the drill bit materials data was non-numerical, they were assigned numerical values as 1,
2, 3, and 4 for HSS, Tungsten carbide, Polished tungsten carbide and PCD respectively for use in Taguchi.
Thus, the meaning of each factor can be better interpreted in prediction and validation experiments. The
recommendations of cutting tool providers and the literature have been considered in the selection of
cutting parameters [18, 20-23, 27].
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Table 5. L16 Orthogonal array.

Test No Cutting Speed (m/min) (A) Feed Rate (mm/rev) (B) Drill bit Material (C)
1 40 0.1 HSS (1)
2 40 0.2 Tungsten carbide (2)
3 40 0.3 Polished tungsten carbide (3)
4 40 0.4 PCD (4)
5 70 0.1 Tungsten carbide (2)
6 70 0.2 HSS (1)
7 70 0.3 PCD (4)
8 70 04 Polished tungsten carbide (3)
9 100 0.1 Polished tungsten carbide (3)
10 100 0.2 PCD (4)
11 100 0.3 HSS (1)
12 100 0.4 Tungsten carbide (2)
13 130 0.1 PCD (4)
14 130 0.2 Polished tungsten carbide (3)
15 130 0.3 Tungsten carbide (2)
16 130 0.4 HSS (1)
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The lowest results for Ra are detected from experiments with cutting parameters, and drill bits
materials can be determined as optimal cutting conditions. As a result of the experiments, the TIME TR
200 surface roughness measuring device was used to measure the roughness of the inner walls of the hole

on. The roughness measurements were performed perpendicular to the hole surface at 4 mm length with
3 repetitions on the prepared measuring setup [34]. The calibration of the device was checked before each
measurement group. Optical images of the inlet and outlet surfaces of the holes were taken to detect
surface deformations. An INSIZE brand optical microscope was used to take the images. Dmax and Dmin
diameters were measured by image processing on obtaining images. Where Dmax is maximum diameter of
the delamination region and Dmin is the diameter of the hole. The ratio of these values to each other gives
the deformation factor [14-15]. The performed experimental study are given in Figure 6.

Drilling Experiments

Sample
Holder

Surface Roughness
Measurement

Optical Image Inspection

Figure 6. Experimental procedure.
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3. RESULT AND DISCUSSION
3.1. Drilling Results of CF Reinforced PA6

As a result of drilling experiments of CF reinforced PA6 composite materials, Ra was measured, and
deformation factor values were calculated. The obtained results were examined and interpreted in two
groups. The measured Ra values are given in Table 6, and the calculated deformation factors are given in
Table 7.

Table 6. Surface roughness (Ra) of CF reinforced PA6 composites.

Surface Roughness (Ra), (um)

TestNo  pa6  PA6+10CE  PA6+20CF  PAG+30CF
1 0.489 0.484 0.422* 0.744
2 0.701 0.569* 0.843 0.917
3 0.951 0.590 0.467 0.437*
4 0.911 0.722 0.614* 0.711
5  0810* 1.458 1.956 1.673
6 0337 0.882 0.669 0.790
7 1.081 0.881 0.749 0.705*
8  0.82 0.913 1.078 1.147
9 1.046 0.796* 0.966 1.565
10 1324 1.410 1.164 0.875*
11 0665 1.070 0.760 0.493*
12 0528 0.744 1.670 0.561*
13 1.089 1.420 0.738* 0.719
14 1274 1.347 0.966* 2327
15 0.998* 1531 1.366 1.455
16 0966 1.738 0.751* 0.790

*: Lowest value.

When Table 6 and Table 7 are examined, the surface roughness and deformation factor values
obtained from PA6+20CF reinforced material were generally found as the lowest or close to the lowest
than the other CF reinforced materials. Taguchi analysis was performed on the experiments conducted for
this material and presented in detail. The S/N ratio is determined according to three basic performance
characteristics. Since the Ra and deformation factor were required to be low in the drilling of PA6+20CF
composite materials, the “smaller-better” performance characteristic was chosen for the S/N ratio. The
Equation (1) used to calculate the S/N ratios is given below [13, 15, 35-36].

1
S/Nss =1 = —10log[- X, y7| ()

Statistical analyses were performed with Minitab 17 software. The S/N ratio response table for
PA6+20CF material is given in Table 8. The main effect graphs for the S/N ratios prepared according to
the Ra and deformation factors which derived from the "smaller-better" rule for 4-level cutting speed, feed
rate, and drill bits material, which are the parameters in drilling the composites, are shown in Figure 7.
The results of the analysis of variance for S/N ratios are given in Table 9.
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Table 7. Inlet and outlet deformation factors of CF reinforced PA6 composites.

Test Inlet deformation factors Outlet deformation factors

No PA6 PA6+10CF PA6+20CF PA6+30CF | PA6 PA6+10CF PA6+20CF PA6+30CF
1 1.047 1.023 1.019* 1.028 1.063 1.030 1.020* 1.033
2 1.010 1.017 1.015 1.009* 1.011 1.009* 1.015 1.012
3 1.014 1.013 1.017 1.010* 1.036 1.019 1.015% 1.017
4 1.016* 1.018 1.028 1.017 1.028 1.019 1.028 1.015%
5 1.013* 1.019 1.031 1.066 1.024 1.039 1.018 1.017*
6 1.036 1.027 1.022* 1.034 1.060 1.033 1.028* 1.035
7 1.019* 1.019* 1.019* 1.022 1.027 1.018 1.018 1.015*
8 1.018 1.019 1.019 1.014* 1.024 1.015* 1.020 1.018
9 1.032 1.017 1.018 1.007* 1.046 1.018 1.012% 1.017
10  1.022 1.015* 1.025 1.017 1.029 1.019 1.013 1.011*
11 1.023% 1.028 1.024 1.034 1.035 1.016* 1.020 1.030
12 1.016* 1.018 1.018 1.018 1.007* 1.013 1.015 1.015
13 1.020 1.016 1.019 1.013% 1.040 1.038 1.015% 1.019
14 1.021 1.023 1.033 1.015* 1.027 1.018 1.015* 1.017
15  1.011* 1.020 1.039 1.020 1.020 1.033 1.017 1.008*
16  1.016* 1.021 1.030 1.039 1.023* 1.024 1.026 1.038

*: Lowest value.

Table 8. Response table for PA6+20CF sample surface roughness (Ra) S/N ratio.
Surface Roughness (Ra)  Inlet deformation factors Outlet deformation factors

Level Cs FR DM Cs FR DM Cs FR DM
1 49523 11470 39566 -0.1753 -0.1912 -0.2079 -0.1713 -0.1428 -0.2045
2 01215 09867 1.6398 -0.1998 -02080 -0.1929 -0.1859 -0.1566 -0.1401
3 07745 21978 -2.8775 -0.1856 -02160 -0.2226 -0.1343 -0.1573 -0.1445
4 0.6757 04005 20130 -02624 -02078 -0.1996 -0.1601 -0.1948 -0.1624

Difference 57268 17973 6.8341 00871 00248 0.0297 00516 00520 0.0644
Dol 2 3 1 1 3 2 3 2 1

CS: Cutting Speed (m/min), FR: Feed Rate (mm/rev), DM: Drill bit Material, Dol: Degree of Importance.

When the results for PA6+20CF polymer material were examined, the lowest Ra was obtained as 0.422
pm in an experiment using a 40 m/min cutting speed, 0.1 mm/rev and HSS drill bit. The lowest inlet
deformation factor was found as 1.015 in the experiments using 40 m/min cutting speed, 0.2 mm/rev feed
rate, and tungsten carbide drill bit, and the lowest outlet deformation factor was found as 1.012 in the
experiments using 100 m/min cutting speed, 0.1 mm/rev cutting speed and polished tungsten carbide drill
bit for PA6+20CF. However, it should be noted that the while the 1.012 was the lowest value for outlet
deformation factor, 1.015 was the second lowest value for inlet deformation factors. The PA6+30CF sample
has the lowest inlet deformation factor with 1.009 value. It can be thought that the 30%CF reinforced
sample is better than the other but when the Ra and outlet deformation factors taken into account
PA6+30CF sample was not enough good as the PA6+20CF sample. This unusual situation is thought to be
due to the anisotropic structure of the composite. In addition, beside to the parameters, different drill bit
material also lead to the differences in the cutting results due to the interactions that occurred between
drilling bit and composite during drilling [15].
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Figure 7. Main effect graphs for PA6+20CF sample S/N ratios a) Surface Roughness (Ra), b) Inlet

deformation factors, c¢) Outlet deformation factors.

When the results obtained were interpreted by performing Taguchi analysis, drill bit material was

found to be the most effective parameter for Ra and outlet deformation factor. However, the cutting speed
was the most effective parameter for inlet deformation factor in line with the principle of smallest is the
best. When Figure 7 is examined, A1B3C1 combination is the most suitable for optimum Ra level, while
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A1B1CS3 for inlet deformation, and A3B1C3 for optimum outlet deformation factors. The drill bit material
and cutting speed are predominantly the most influential parameter. The analysis of variance (ANOVA)
was performed, to determine the effect of differences between the factors affecting the process for
PA6+20CF polymer composite. The effects of parameters in ANOVA are calculated by comparing the F-
values of each factor [13]. As seen from Table 9, drill bit material is the most effective parameter on surface
roughness and outlet deformation factor, while cutting speed only effect the inlet deformation factor. Drill
bit material and cutting speed are the main factors to be considered statistically. The semantic coefficients
are quite close to each other. Although statistically feed rate has less meaning, cannot be excluded due to
the nature of machinability process and it is one of the parameters that must be selected in the system.
However, the weakness of its statistical significance can be evaluated as flexibility of parameter selection
in the machinability process.

Table 9. Analysis of variance (ANOVA) for PA6+20CF sample S/N ratio.

ss MS F P
Source DoF
SR IDF ODF SR IDF ODF SR IDF ODF SR IDF  ODF

Cutting
Speed 3 79.993 0018315 0000078 79.993 0.006105 0.000026 26664 127 2.63 0004 0367 0.145
(m/min)
Feed Rate

3 6728 0001308 0000082 6728 0000436 0.000027 2243 009 276 00383 0963 0.134
(mm/rev)
ﬁzltliz:l 3100312 0001968 0.000143 100312 0.000656 0.000048 33.437 014 479 0002 0935 0.049
R;Srlfo‘ial 6 11.087 0028878 0.000060 11.087 0.004813 0.000010  1.848

Sum 15 198119 0.050469 0.000364

DoF: Degree of Freedom, SS: Sequential sum of squares, MS: Mean sum of squares, F: F-Value, P: Probability, SR:
Surface Roughness (Ra), IDF: Inlet Deformation Factor, ODF: Outlet Deformation Factor,

Most studies in the literature are on the machinability of composites obtained by layered production
of woven fibers. When the machinability of these materials is examined, high cutting speed and low feed
rate are the most recommended cutting parameters for optimal cutting of fiber integrity [3, 10, 21].
However, when the machinability of composites is made of thermoplastic polymers is examined, there
are opposite findings. Accordingly, it has been determined that the heat at the drill bit disrupts the chip
formation cut from the polymer, thus negatively affecting the performance of the cutting process and the
Ra. To compensate for this, it is thought that the cutting speed should be reduced, and the feed rate should
be increased. Due to the low cutting speed, the drill bit will heat up less. The drill bit material will quickly
move away from the cutting zone. Thus, the negative effect of heat on the chip form and the material
surface will be eliminated [30, 34-37].

3.2. Drilling Results of MWCNT Reinforced PA6

A similar detailed examination was also made for MWCNT added PA6 polymer materials. Surface
roughness’s for all doped samples are given in Table 10. According to the findings 0.2% MWCNT added
PA6 polymer composites generally has the lowest Ra values compared to other MWCNT reinforced
composite materials. All deformation factors occurring on the inlet and outlet surfaces have been
calculated for PA6 polymer materials versus MWCNT reinforcement are given in Table 11.
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Table 10. Surface roughness (Ra) of MWCNT reinforced Polyamide 6 composites.

rll"\?(s)t Surface Roughness (Ra), (um)
PA6+0.IMWCN PA6+0.2MWCN PA6+0.3MWCN
PA6
T T T
1 0.489% 1.204 1.654 0.729
2 0.700 0.918 0.497* 0.732
3 0.951 0.640 0.888 0.599*
4 0.911 0.789* 1.101 1.385
5 0.810 1.551 0.679* 1.540
6 0.337% 1.214 0.614 1.457
7 1.081 0.738 0.663* 0.847
8 0.822 1.876 0.649* 1.231
9 1.046% 1.457 1.716 3.005
10  1.324 1.005 0.413* 0.832
11 0.665 1.725 0.653* 2.446
12 0.528 0.619 0.483* 0.627
13 1.089* 1.431 1.094 2.290
14 1274 2.069 0.657* 1.652
15 0.998 1.419 1.033 0.526%
16 0.966 0.562* 1.251 0.972

*. Lowest value.

Table 11. Inlet and outlet deformation factors of MWCNT reinforced PA6 composites.

Inlet deformation factors Outlet deformation factors

11:? pag PA6+01 PA6+02 PA6H03 . 1;?&2’; PA6+0.2 PAG6+0.3

MWCNT MWCNTMWCNT T MWCNTMWCNT
1 1.047 1.053 1.030* 1.038 1.063 1.046 1.028* 1.055
2 1.010* 1.012 1.036 1.034 1.011* 1.019 1.066 1.028
3 1.014 1.018 1.011* 1.025 1.036 1.013* 1.028 1.014
4 1.016* 1.055 1.020 1.029 1.028* 1.052 1.054 1.057
5 1.013 1.024 1.012* 1.022 1.024 1.019* 1.019* 1.033
6 1.036 1.035 1.020* 1.034 1.060 1.042 1.024* 1.039
7 1.019 1.045 1.017* 1.027 1.027 1.016* 1.056 1.078
8 1.018 1.017 1.015* 1.020 1.024 1.034 1.024 1.017*
9 1.032 1.031 1.013* 1.035 1.046 1.021 1.027 1.019*
10 1.022 1.061 1.015 1.010*  1.029* 1.042 1.044 1.077
11 1.023* 1.042 1.031 1.030 1.035 1.035 1.023* 1.037
12 1.016* 1.026 1.016* 1.016* 1.007* 1.025 1.020 1.017
13 1.020* 1.052 1.021 1.028 1.040 1.082 1.035* 1.109
14 1.021 1.062 1.018* 1.040 1.027  1.066 1.036 1.023*
15 1.011* 1.069 1.026 1.051 1.020* 1.034 1.080 1.051
16 1.016 1.030 1.025 1.029 1.023 1.034 1.023 1.029

*: Lowest value.

The lowest Ra was obtained as 0.337 um at 70 m/min cutting speed, 0.2 mm/rev feed rate, and HSS
drill bit in experiments conducted for neat PA6. Thus, for PA6+0.2MWCNT sample Ra was measured as
0.413 pm at 100 m/min cutting speed, 0.2 mm/rev feed rate, and PCD drill bit parameters. It has been
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observed that the MWCNT reinforcement was reduces the Ra. However, this Ra value was lower than the
CF reinforced PA6 composites. Similarly, while [26], stated that the Ra decrease with CNT addition
compared to neat PA6 in their study, [24] found out the increase on PA66 hole quality with the addition
of glass fiber whiskers. It was declared that the decrease of Ra was corelated with the heat transformation
from drilling region to tool bit and chip [30]. It has been thought that carbon-based particles improve the
heat transfer mechanism in the structure, and the removed heat contributes to the improvement of the
cutting surface between the drill bit-polymer. The results showed that the PA6+0.2MWCNT sample are
better than the other MWCNT reinforcement ratios. The lowest inlet and outlet deformation factors found
as 1.030 and 1.028 respectively, for PA6+0.2MWCNT sample in MWCNT reinforcement composite group.
However, both of the deformation factor obtained at 40 m/min cutting speed, 0.1 mm/rev and HSS drill
bit parameters. It is thought that the obtaining better result of the 0.2% reinforcement ratio is attributed to
the efficiency of the cutting surface between the drill, the reinforcement material, and the polymer.
Amount of the carbon-based reinforcement materials let the friction decrease more than the other ratios
between the drill and composite. This phenomenon also related with the manufacturing process of
composite. Efficient contact interface with the PA6 and MWCNT was observed by mixing, extrusion, and
injection manufacturing process. However, it is possible to talk about the efficiency of dissipating the
friction-induced heat and removing the chips in an ideal way [30, 37]. Taguchi analysis was performed for
the results obtained from this material for Ra, inlet, and outlet deformation factors. The S/N ratios response
table is given in Figure 8.

According to the Figure 8, A2B2C2 parameters are the required combination for ideal Ra level. For
obtaining optimum inlet deformation and outlet deformation factors, A2B1C3 and A3B1C1 combinations
have to be chosen, respectively. While the drill bit material and feed rate are looks likes the most influential
parameters, according to the graphs all parameters have close and high effects for getting optimum
drilling performance of MWCNT reinforced composites. Moreover, this effect is even greater compared
to the drilling of CF reinforced PA6 composites. The meaning of the feed rate parameter is greater
compared to the drilling of CF reinforced materials. Feed rate is usually directly proportional to the
increase in deformation factors when drilling polymer composites. It has been determined that feed rate
is the most important factor in many machinability studies conducted in the literature [14]. Similar to these
results, which are valid for thermoset polymers and layered composites, the low feed rate in thermoplastic
composites resulted in less deformation. For low Ra, medium feed rates were found to be effective. The
lower the feed rate, the more friction it causes. Therefore, it can be said that the feed rate for Ra, unlike
deformation, should be moderate and high.

In Table 12, The results of the ANOVA for the PA6+0.2MWCNT composite are given. According to
the analyzes, it is seen that the feed rate parameter for the Ra, and the drill bit material for the inlet and
outlet deformation factors are the effective parameters. It is observed that the outlet deformation factor
for carbon fiber and carbon nanotube reinforced materials is greater than the inlet deformation factor.
Also, [38] stated in his study that the output deformation is larger than the input. In this case, it is
consistent with our study. This is due to the blasting force's effect when the material exits the lower surface
of the drill bit. The material that is not supported from the bottom is partially stretched during exit, which
causes contact failure on the cutting surface of the drill bit. However, the thickness of the material itself
provides good support for the drill bit during entry. Thus, the cutting mouth of the drill bit is in contact
with the material at a better angle. The importance of cutting angles in the cutting process is known. The
deterioration of these angles by the wear of the cutter or the deterioration of the material by deformation
adversely affects the efficiency of the cutting process.
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Main Effects Plot for SN ratios
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Figure 8. Main effect graphs for PA6+0.2MWCNT sample S/N ratios a) Surface roughness (Ra), b) Inlet
deformation factors, ¢) Outlet deformation factors.

When the effects of the factors on the cutting parameters are examined one by one, it can be thought
that a factor affects only one parameter. According to the F and P values given on Table 12, feed rate has
no effect on results except the Ra. On the other hand, it seems that the drill bits' material has an effect only
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deformation factors. But cutting speed are not statistically enough significant. The statistical weakness of
the parameters does not negate the fact that they must be selected for workability. However, it is an
inevitable fact that machinability can be done efficiently by bringing together the independent variables
in an optimum level. For this reason, it is important to research and find the most effective parameters on
results such as deformation and Ra and to work on formulas that will be brought together at an optimum
level. In addition, the weakness of the effect of a parameter can be turned into an advantage as flexibility
in production processes for manufacturers. According to the statistical results, choice of the feed rate and
drill bit material should be emphasized in the efficient drilling of MWCNT reinforced PA6 composites.

Table 12. Analysis of variance (ANOVA) for PA6+0.2MWCNT sample S/N ratio.
SS MS F P
SR IDF ODF SR IDF ODF SR IDF ODF SR IDF ODF

Source DoF

Cutting
Speed 3 4093 0.012565 0.05562 13.644 0.004188 0.01854 2.09 1.36 1.14 0.203 0.342 0.406
(m/min)
Feed Rate
(mm/rev)
Drill bit
Material
Residual
Error
Sum 15 208.17 0.058177 0.33948
DoF: Degree of Freedom, SS: Sequential sum of squares, MS: Mean sum of squares, F: F-Value, P: Probability, SR:
Surface Roughness (Ra), IDF: Inlet Deformation Factor, ODF: Outlet Deformation Factor.

98.88 0.002133 0.07482 32.960 0.000711 0.02494 5.05 0.23 153 0.044 0.872 0.300

[65}

29.21 0.024957 0.11134 9.736 0.008319 0.03711 1.49 2.69 228 0.309 0.139 0.180

[65}

6 3915 0.018522 0.09770 6.525 0.003087 0.01628

3.3. Confirmation Experiments

In the experimental study, optimal results of surface roughness, inlet, and outlet deformation factors
according to the independent variables of cutting speed, feed rate and drill bit material were obtained by
using the Taguchi optimization method. In addition, the validity of the statistically derived ideal
parameters was tested with the confirmation experiments [9, 13]. Relation between the statistically
prediction levels and confirmation experiment were given in Table 13. The suggested confirmation
experiment for the Ra, inlet and outlet deformation factors were the A1B1C1 parameter test in our
experimental design. The results obtained in the estimation analysis with Minitab 17 software was
overlapped with the results obtained from the current experiment for PA6+20CF composite.
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Table 13. Comparison of prediction levels and confirmation experiments result.

Taguchi Optimization Prediction Confirmation Experiment

Level Al B1 C1 Al B1 C1

Drilling parameters 40 0.1lmm/rev HSS 40 0.1 mm/rev HSS
m/min m/min

Surface Roughness (Ra) 0.3606062 0.42267

Inlet Deformation Factor 1.018912 1.01975

Outlet Deformation Factor 1.022462 1.02008

Taguchi Optimization Prediction Confirmation Experiment

Level Al B1 C1 Al B1 C1

Drilling parameters 40 0.Imm/rev HSS 40 0.1 mm/rev HSS
m/min m/min

Surface Roughness (Ra) 1.6085 1.65433

Inlet Deformation Factor 1.02975 1.03096

Outlet Deformation Factor 1.02276 1.02803

According to the obtained prediction levels with Minitab 17 software, suggested confirmation
experiment for the Ra, inlet and outlet deformation factors was the A1B1C1 parameter. The performed
test results confirm the levels of optimum control factors determined based on Taguchi optimization
method for Ra, inlet, and outlet deformation factors in our experimental design.

4. CONCLUSIONS

An experimental study was carried out to examine the machinability properties of PA6 thermoplastic
composite materials produced by adding carbon fiber and multi-walled carbon nanotubes at different
rates. In the study, feed rate and cutting speed were used as cutting parameters, and 4 different drill bit
materials were used as cutters. To examine the effects of Ra, inlet deformation, and outlet deformation
factors on the material, Taguchi analysis was used. Based on the analysis, the following conclusions were
obtained within the selected parameters.

According to the Ra, inlet deformation, and outlet deformation results, 20% ratios for CF reinforced
composites and 0.2% ratios for MWCNT reinforced composites generally gave better results.

MWCNT has more positive effect on both reducing Ra and reducing inlet-outlet deformations
compared to the CF. The CF reinforcement increased the Ra while reduced the inlet and outlet deformation
factors.

Lowest Ra value was obtained at A1B3C1, lowest inlet deformation obtained at A1B1C3, and the
lowest outlet deformation obtained at A3B1C3 parameters for the PA6+20CF composite. Drill bit material
was found to be the most effective parameter for Ra and outlet deformation factor, while cutting speed
was the most effective parameter for inlet deformation factor for drilling of PA6+20CF composite material.

The lowest Ra was obtained at A2B2C2, lowest inlet deformation A2B1C3, and the lowest outlet
deformation A3B1C1 parameters are required for the PA6+0.2MWCNT composite. While the feed rate has
great effect on the Ra, the drill bit material for both inlet deformation and outlet deformation factors are
the effective parameter for drilling of PA6+0.2MWCNT composite material.

It is observed that the outlet deformation factor for both carbon fiber and carbon nanotube reinforced
materials is greater than the inlet deformation factors.

According to the confirmation experiments, Multi-response Taguchi optimization shows successful
approach to obtaining minimum Ra, inlet, and outlet deformation.

When all variables are optimized, the A1B1Cl1 are the ideal parameters for drilling both PA6+20 CF
and PA6+0.2MWCNT composite.
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As further research, the effects of lubricating additives and different fiber types can also be examined.
In addition, possible damage mechanism can be analyzed by simulating usage processes by performing
fractured sample tests.
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OZ: PLA esasli biyokompozit filmlerin gelistirilmesine yonelik ¢alismalar son yillarda hiz kazanmistir. Bu
calismada ¢ozelti dokiim yontemi ile elma kabugu (%0,5 w/w) ve/veya mikrokristalin seliiloz (%0,5 w/w)
katkili polilaktik asit esashi filmler tiretilmistir. Katkilarin tek tek ve birlikte kullaniminin filmlerin, yapisal,
mekanik, termal ve optik Ozelliklerine etkisi sirasiyla FT-IR spektrofotometresi, mekanik test cihazi,
termogravimetrik analizor (TGA) ve UV spektrofotometresi kullanilarak karakterize edilmistir. Katki
maddelerinin polimer matriste iyi dagilim gostermistir. Katki maddelerinin eklenmesi, saf PLA filmlerin
¢ekme dayanimi ve esnekligini arttirirken, seffafligimi biraz azaltmistir. En yiiksek ¢ekme dayanimina
(41,36 = 0,7 MPa) sahip olan filmin elma kabugu katkili PLA filmi oldugu belirlenmistir. Ttim filmler iyi
termal kararliliga sahiptir. Elma kabugu ve/veya mikrokristalin seliiloz katkil1 filmler ile saf PLA esash
film Kkarsilastirildiginda filmlerin termal bozunma davramislarinin degismedigi belirlenmistir. PLA
biyokompozit filmlerinin basarili {iretimi, ¢evre dostu ambalaj malzemeleri olarak kullanilma
potansiyeline sahip olduklarini gostermistir.

Anahtar Kelimeler: Polilaktik Asit, Mikrokristalin Seliiloz, PolimerKompozit, Tarimsal Atik

Investigation of Properties of Microcrystalline Cellulose and Apple Peel Incorporated Polylactic Acid
Based Films

ABSTRACT: Studies on the development of PLA-based biocomposite films have gained momentum in
recent years. In this study, apple peel (%0,5 w/w) and/or microcrystalline cellulose (%0,5 w/w) loaded
polylactic acid based films were produced via solvent casting method. The effects of using the additives
individually and together on the structural, mechanical and optical properties of the films were
characterized by using FT-IR spectrophotometer, mechanical tester, thermogravimetric analyzer (TGA)
and UV-3600 spectrophotometer, respectively. Additives showed good dispersion in the polymer matrix.
The addition of additives increased the tensile strength and the flexibility of the neat PLA films, while
slightly decreased the transparency. It was determined that the film with the highest tensile strength (41.36
+ 0.7 MPa) was the apple peel loaded PLA film. All the films had good thermal stability. When the apple
peel and/or microcrystalline cellulose loaded films were compared with the pure PLA film, it was
determined that there was no change on thermal degradation behavior of the films. The successful
production of PLA biocomposite films indicated that they have potential to be used as environmental-
friendly packaging materials.
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1. GIRIS INTRODUCTION)

Polilaktik asit (PLA), yenilenebilir kaynaklardan (6rnegin misir, nisasta, seker kamisi vb.) elde
edilebilen, petrol tiirevi polimerlerin yerini alma ve siirdiiriilebilirligi ile ilgili sorunlar1 ¢6zme
potansiyeline sahip biyoesasli termoplastik bir polimerdir [1]. Cevre dostu bir polimer olan PLA,
biyouyumluluk, biyolojik parcalanabilirlik ve UV kararlilig gibi 6nemli 6zelliklere sahiptir [2-3]. Tim
biyoesasli polimerler arasinda PLA, geleneksel sentetik polimerlere kiyasla kolay islenebilirligi ve
karsilastirilabilir mekanik ve termal ozellikleri nedeniyle biiyiik ilgi gormektedir [1]. PLA catal, bicak,
bardak, kapak, pipet, canta ve film ambalajlar1 gibi bir¢ok tek kullanimlik {iriinlerin {iretiminin yanisira
esnek ve sert gida paketleme uygulamalarinda yaygin olarak kullanilmaktadir [4]. Fakat PLA nin fiziksel
yaslanmasinin hizli olusu [5], kirilgan yapisi, diisiik bariyer 6zellikleri ve yiik altinda egilme sicakligi (~55
°C) emtia iirtinlerinin imalatindaki uygulamasini sinirlandirmaktadir [1]. PLA'nin 6zellikleri kristallik
oraninin ayarlanmasi, ilave fonksiyonel monomerin kopolimerizasyonu, diger polimerlerle harmanlama
ve mikro/nano-dolgu malzemeleri ile giliclendirilmesi gibi farkli modifikasyon stratejileri ile
iyilestirilebilir [3].

PLA'min 6zelliklerini iyilestirmekle birlikte maliyet performans dengesini optimize edebilecegi icin
dolgu malzemesi olarak dogal liflerin kullanimi son yillarda biiyiik nem kazanmistir. Dogal lifler diisiik
maliyetleri, diisiik yogunluklari, yenilenebilirlikleri, kolay bulunabilirlikleri ve biyolojik olarak
parcalanabilmeleri nedeniyle inorganik malzemeler veya diger sentetik lif takviyeleri yerine ikame olarak
kullanmilmak i¢in biiyiik bir potansiyele sahiptir [3]. Dogal lif olarak seliiloz ve tiirevleri [6], kenevir [7],
seker kamisi [5], sisal [8], muz [8], ananas [9] ve hindistan cevizi [10] lifi gibi malzemeler PLA esash
kompozitlerin tiretiminde degerlendirilmistir.

Mikrokristalin seliilloz (MCC), beyaz, kokusuz, tatsiz, kristal toz halde olan saflagtirilmis kismen
depolimerize edilmis seliilozdur [11]. MCC kolay bulunabilirlik, nispeten diisiik maliyet, diisiik yogunluk
ve yiiksek mekanik dayanim 6zelliklerinden dolay: organik esasli dolgu malzemeleri arasinda giderek
daha fazla ilgi gormektedir [12]. MCC biyouyumlu oldugu, toksik ve alerjik olmadigr icin gida
iirtinlerinde kullanilmak tizere onaylanmistir [13]. MCC katkili PLA esash filmlerin gelistirilmesine
yoOnelik calismalar literatiirde mevcuttur [6, 14]. Fakat, katki oranina bagli olarak PLA esash filmlerin
mekanik Ozelliklerinin iyilesmedigi belirtilmistir [6]. MCC’'nin nihai malzemenin 6zelliklerini iyilestirme
potansiyelinin, matris/seliilloz sistemi ve proses kosullar1 gibi faktorlerle iliskilendirilebilecegi
vurgulanmistir [6].

Benzer sekilde, tarimsal ve gida endiistrisi atiklar1 da polimerler icin sentetik dolgu maddelerinin
potansiyel ikamesi olarak arastirilmaktadir [15]. Elma (Malus pumila Mill.), diinyada en yaygin olarak
yetistirilen meyvelerden biridir [16]. Elma piiresi, elma suyu veya konserve elma iiretiminde yan {iriin
olarak biiyiik miktarlarda elma kabugu aciga ¢ikmaktadir [16-17]. Fakat genellikle elma kabuklar: etkili
bir sekilde degerlendirilememektedir. Literatiirde elma kabugu katkili karboksimetil seliiloz [16] ve
kitosan/jelatin [18] esash biyokompozit filmlerin gelistirildigi calismalar vardir.

Bu calismanin amaci, PLA'nin performansimi iyilestirmek igin siirdiiriilebilir ve biyobozunur
katkilarin kullanimi ile PLA esasl1 biyokompozitlerin tiretilmesi igin dnciiliik etmektir. Bu ¢alismada, PLA
matris, mikrokristalin seliiloz ve elma kabugu katki maddesi olarak kullanilarak filmler hazirlanmaistir.
PLA esasl dort farkli film ¢ozelti dokiim yontemi kullanilarak gelistirilmistir. Bu katkilarin tek tek ve bir
arada kullaniminin filmlerin mekanik, optik, termal ve yapisal 6zelliklerine olan etkisi incelenmistir.

2. MATERYAL ve YONTEM (MATERIAL and METHOD)
2.1. Malzemeler (Materials)

Mikrokistalin seliiloz (MCC, beyaz toz, yogunluk 0,27-0,34 g/mL, <100 um), Tito firmasindan
(Ttirkiye) satin alinmistir. PLA (ortalama molekiiler agirlik 80 g/mol, kalinlik 1.77 mm) ABG Filament
firmasindan (Tiirkiye) satin alinmistir. Kloroform Isolab firmasindan (Almanya) satin alinmistir. Elma
marketten satin alinarak kabuklari soyulduktan sonra etiivde 65°C’de 72 saat boyunca kurutulmustur.



182 P. TERZIOGLU, K. C. TOHUMCU

Kurutulan elma kabuklar1 elektrikli 6giitiicti ile 6giitiilerek toz haline getirilmistir. Toz haldeki elma
kabuklar elenerek (<100 um) deneylerde kullanilmstir.

2.2. Filmlerin Hazirlanmasi (Preparation of Films)

Bu calismada dort farkli biyokompozit film hazirlanmistir. Filmlerin kompozisyonu Cizelge 1'de
gosterilmektedir. Kontrol filmi ¢ozeltisi, PLA (2 g)'min kloroform (20 ml) igerisinde 1sitmali manyetik
karistiricida 150 rpm karistirma hizi ile 50°C’de 2 saat karistirilmasi ile hazirlanmistir. Cozelti cam petri
camina (¢ap1 11 cm) dokiilerek 24 saat boyunca oda sicakliginda kurumaya birakilmigtir. Sonrasinda agz
kilitli posetlerde saklanmustir.

Katkil1 filmlerin hazirlanmas: i¢in PLA kloroform igerisinde 1 saat karistirildiktan sonra ayri ayri
PLA'nin agirhginca %0,5 oraninda seliiloz, elma kabugu ve iki katki bir arada eklenerek {iretim
gerceklestirilmistir (Sekil 1). Bu filmler sirasiyla PLA/MCC, PLA/EK ve PLA/MCC/EK seklinde
isimlendirilmistir.

Cizelge 1. Filmlerin kompozisyonlari
Table 1.Composition of the films

Film PLA Miktar1 (gram) Seliiloz Elma Kabugu Miktar1 Kloroform Miktar
Miktar1 (% w/w PLA) (ml)
(% w/w PLA)
PLA (kontrol) 2 - - 20
PLA/MCC 2 0,5 - 20
PLA/EK 2 - 0,5 20
PLA/MCC/EK 2 0,5 0,5 20
PLA Graniil
—b ;.
PLA/Klorofom I(:I’::‘l:‘ Dékiim PLA Esash Biyoambalaj
Cozeltisi ?
+- Seliiloz / Elma Kabugu
PLA Graniil
e = s
PLA/Klorofom PLA/Seliiloz Cozelti Dokiim PLA Esash Biyoambalaj
Cozeltisi PLA/Elma Kabugu islemi
Karismm

Sekil 1. Filmlerin hazirlanisinin sematik gosterimi a)PLA kontrol filminin b) PLA/MCC/EK filminin
hazirlanisi

Figure 1. Schematic representation of the preparation of the films a) PLA control film b) Preparation of the PLAIMCC/EK film
2.3. Filmlerin Karakterizasyonu (Characterization of the Films)
2.3.1. FTIR analizi (FTIR analysis)

Kompozit filmlerin kimyasal yapilar1 ve etkilesimleri FT-IR spektroskopisi (Thermo Nicolet iS50 FT-
IR, ABD) ile incelenmistir. Filmlerin spektral bilgileri, % gegirgenlik modu kullanilarak 4 cm-!
¢oziiniirliikte ve 500- 4000 cm* dalga sayis1 araliginda kaydedilmistir [19].
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2.3.2. Film kalinlig1 (Film thickness)

Film kalinligi, her numune igin bes rastgele konum segilerek bir dijital kumpas (ABS ASIMETO,
Tiirkiye) ile 6l¢iilmiistiir. Sonuglar, 6l¢iim degerlerinin aritmetik ortalamas: olarak verilmistir.

2.3.3. Mekanik 6zellikler (Mechanical properties)

Kompozit filmlerin ¢ekme dayanimi (TS), kopma uzamasi (€) ve Elastisite (Young) modiilii (E), ASTM
D882 standart test metoduna gore 1 KN yiik ve 25 mm/dk ¢ekme hizinda AGS-X Serisi Universal test
cihazi (Shimadzu, Japonya) kullanilarak incelenmistir. Her numunenin ii¢ ayr olglimiinden mekanik
Ozellikleri belirlenmistir. Sonuglar, ortalama veriler + standart sapma olarak verilmistir.

2.3.4. Film transparanlig1 (Transparency of the films)

Film transparanliginin belirlenmesi i¢in her numunenin yiizde transparanlik degeri 200-800 nm dalga
boyu araliginda Shimadzu UV-3600 spektrofotometresi (Shimadzu, Japonya) kullanilarak kaydedilmistir.
Filmlerin transparanligi Denklem 1 kullarularak hesaplanmaistir [19].

Transparanlik = log(%Tes00) "

%Teo0 = gecirgenlik yiizdesi ve x = film kalinligi (mm).
2.3.5. Filmlerin termogravimetrik analizi (TGA) (Thermogravimetric analysis of films)

Filmlerin termal bozunmasi termogravimetrik diferansiyel termal analiz (TG/DTA) teknigi ile
TA/SDT650 (TA Instruments, Inc., New Castle, ABD) cihazi kullanilarak belirlendi. Analizler filmlerin
sirastyla nitrojen atmosferi ve oksijen atmosferi altinda 25 °C'den 600 °C'ye ve 600 °C'den 900 °C'ye
cikilmasi ile gergeklestirilmistir [20]. Isittma hizi 20 °C/dk olarak ¢alisilmigtir.

3. BULGULAR ve SONUCLARIN iIRDELENMESI (RESULTS and DISCUSSIONS)
3.1. Filmlerin Mekanik Ozellikleri (Mechanical Properties of Films)

Farkl: katkilarin PLA esasl filmlerin ¢ekme dayanimi, kopma uzamasi ve Young modiilii tizerindeki
etkisi Cizelge 2'de sunulmaktadir. Cekme dayanimy, bir filmin dayanabilecegi maksimum kuvveti temsil
ederken kopma uzamasi, bir filmin esneme yeteneginin 6l¢timiidiir. Filmlerin mikro yapis1 ve molekiiller
arast kuvvetler mekanik 6zelliklerinde 6nemli bir rol oynamaktadir [21]. PLA filminin ¢ekme dayanimi
ve Young modiilii sirasiyla 15,12 MPa ve 478,07 MPa iken kopma uzamas1 % 26,98 olarak bulunmustur.
PLA esash filmlere eklenen tiim katkilar filmlerin ¢ekme dayanimini (~31-41 MPa) arttirmistir. Cekme
dayanimi sonuglar1 incelendiginde elma kabugu katkili PLA esasli filmin en yiiksek mukavemet degerini
sagladig1 goriilmektedir. PLA/MCC/EK filminin de saf PLA filmine gore daha yiiksek mekanik 6zelliklere
sahip oldugu gozlemlenmistir. Katkilarin mekanik 6zellik {izerindeki olumlu etkisinin katkilarin PLA
matrisi igerisinde iyi dagilim gostermesi ile iligkilendirilebilir [22-23]. Yaptigimiz calismada katk:
miktarinin az olmasi nedeniyle katkilarin matriste iyi bir dagilim gosterdigi ve bir araya gelme egilimi
gostermedigi diistiniilmektedir. [6] calismasinda ¢ozelti dokiim yontemi ile MCC dolgu malzemesi olarak
%3-7 oranlarinda PLA matrisine eklenmistir. MCC eklenen PLA esasli filmlerin elastik modiiliiniin %18-
28 azaldigi belirlendi. Bu durum fazlar arasindaki zayif etkilesim nedeniyle PLA matrisindeki MCC
agregalarinin neden oldugu zayif dagilim ile iligkilendirilmistir.

Kopma uzamas: sonuglarma bakildiginda, katkili filmlerin tiimiinde PLA filmine gore diislis
gosterirken Young Modiilii degerlerinde saf PLA filmine gore artis gozlemlenmistir. En fazla artisi
PLA/EK filminde gerceklesmistir. Young modiiliindeki artis hidrojen baglarindaki artis ve katki
maddesinin sertlestirme etkisinden kaynaklanmaktadir [24]. Kopma uzamasinda meydana gelen diisiis
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ise ¢ekme testi sirasinda PLA'min segmental zincir hareketini katkilarin kisitlamasi ile aciklanabilir [24].
Benzer sonuglar literatiirde de mevcuttur [23, 25]. [25] ¢alismasinda seliiloz nanolifi katkili PLA esash
filmlerin ¢ekme dayaniminin saf PLA filminden daha yiiksek oldugu fakat kopma uzamasinin diistiigii
belirlenmistir. Bir diger calismada ise seliiloz nanokristal katkisi ile PLA esasl filmin Young modiiliiniin
arttig1 ortaya konulmustur [26].

Cizelge 2. Filmlerin mekanik 6zellikleri
Table 2. Mechanical properties of films

Numune Kalinlik Cekme Dayanimi1  Kopma Uzamasi Young Modiilii
(mm) (MPa) (%) (MPa)

PLA 0,15 15,12+ 4,1 26,98 + 6,2 478,07 +136,5

PLA/EK 0,15 41,36 + 0,7 23,38+1,0 1313,27 +42,5

PLA/MCC 0,15 34,29 +4,1 20,55+2,4 1108,73 + 126,0

PLA/MCC/EK 0,15 31,54+2,6 17,6313 1004,91 £ 92,9

3.2. Filmlerin FT-IR analizi (FT-IR analysis of films)

Filmlerin FTIR spektrumu Sekil 2'de verilmektedir. Ayrica, karakteristik piklere ait fonksiyonel
gruplar Cizelge 3'de sunulmaktadir. Filmlerin spektrumlari karsilastirildiginda saf PLA filminde
belirlenen 753, 867, 964, 1081, 1273, 1450, 1750, 2933, 2945, 3005 cm 'deki pik pozisyonlarinda katki ilavesi
sonrasinda kiiciik kaymalar meydana geldigi belirlenmistir. PLA ait spektrum incelendiginde 753 cm-
deki pik kristal faz1 ve 867 cm™deki pik amorf faz1 gostermektedir [27]. 1273 ve 1265 cm™ araliginda
bulunan pikler C-O eter gerilmesinden kaynaklanirken, 964 ve 956 cm™ araliginda bulunan pikler alken
C-H biikiilmesinden kaynaklanmaktadir [27]. 1080 cm ‘de bulunan pik kompleks C-O-C grubunun
asimetrik gerilmesi ile iligkilidir [27]. 1451 cm’deki pik -CHs grubuna aittir. Tiim numuneler, karbonil
grubunun (-C=0) laktit tarafindan asimetrik gerilmesini gosteren 1750 cm-’deki tipik pike sahiptir [28].
2945 cmdeki pik, PLA ana zincirindeki -CH- gruplarina aittir [29]. 3002 cm™" deki pik L-laktik asidin
terminal -OH'sini gosterir [29].

MCC, genis spesifik ylizey alanina sahip kiiciik parcaciklardan olustugu icin hidroksil gruplari
arasinda molekiiller arasi hidrojen baglarinin olusumuna yol agmaktadir. Elma kabugunda bulunan
polifenollerin -OH gruplar1 arasindaki hidrojen baglar1 da matris ile etkilesime katkida bulunmaktadir
[21]. Ozellikle PLA/EK ve PLA/MCC/EK filmlerinde 921 cm’deki pikin yogunlugunun arttig
belirlenmistir. Pik pozisyonlar1 ve yogunluklarindaki degisimler dolgu malzemelerinin, polimer esasl
kompozitlerde artan hidrojen bagina yol agtigini ve bdylece PLA esasli kompozit filmlerin mekanik
mukavemetini gelistirmek icin faydali olabilecegini gostermektedir [30].

FLAEK

Gegirgealik

4000 3500 3000 2500 2000 1500 1000 00

Dalga Sayis fem')

Sekil 2. Filmlerin FT-IR spektrumu
Figure 2. FT-IR spectrum of films
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Cizelge 3. Filmlerin karakteristik pikleri ve fonksiyonel gruplari
Table 3. Characteristic peaks and functional groups of films
Dalga Sayis1 (cm™)

PLA PLA/EK PLA/MCC PLA/MCC/EK Karsilagtirma Fonksiyonel Gruplar

756 753 753 756 PLA/EK ve PLA/MCC’de sag PLA kristal faz1 [27]
tarafa kayma oldu.

871 874 868 871 PLA/EK'de sol tarafa ve PLA amorf fazi[27]
PLA/MCC'de  sag  tarafa
kayma oldu.

921 921 924 921 PLA/MCC’de sol tarafa kayma -CHs helisel iskelet titregsimleri
oldu. [31]

956 956 956 956 - Alken C-H biikiilmesi [27]

1083 1080 1083 1080 PLA/EK ve PLA/MCC/EK'de C-O-C grubu asimetrik
sag tarafa kayma oldu. gerilmesi [27]

1133 1130 1127 1130 PLA/EK, PLA/MCC ve PLA yapisindaki ester gruplari
PLA/MCC/EK'de sag tarafa [32]
kayma oldu.

1181 1080 1080 1081 -CH-O grubundaki -C-O- bag

gerilmesi [28]

1271 1268 1265 1268 PLA/EK, PLA/MCC ve C-O eter gerilmesi [27]
PLA/MCC/EK'de sag tarafa
kayma oldu.

1306 1306 1306 1304 -CH biikiilmesi [27]

1359 1359 1356 1359 PLA/MCC’de sag tarafa -CHs gruplarinin  simetrik
kayma oldu. deformasyonu [27]

1386 1383 1383 1383 -CH deformasyonu [31]

1451 1454 1454 1454 PLA/EK, PLA/MCC ve -CHs gruplarmin asimetrik
PLA/MCC/EK’de sol tarafa deformasyonu [27-28]
kayma oldu

1748 1748 1748 1745 PLA/MCC/EK'de sag tarafa Karbonil grubunun (-C=0O)
kayma oldu laktik asit tarafindan asimetrik

gerilmesi [28]

2946 2943 2946 2946 PLA/EK’de sag tarafa kayma PLA'nin ana zincirindeki -CH-
oldu gruplar1 [29]

3002 2996 2996 2996 PLA/EK, PLA/MCC ve Yan zincirlerdeki -CHs

PLA/MCC/EK'de sag tarafa
kayma oldu.

gruplarinin C-H asimetrik ve
simetrik titresimi [29]

3.3. Filmlerin Fiziksel Goriiniimii ve Optik Ozellikleri (Physical Appearance and Optical Properties of Films)

Renk ve transparanlik gibi optik 6zellikler, filmin dis goriiniimiinii etkileyen 6nemli 6zellikleridir.
Gida ambalaji uygulamalarinda malzemelerin transparanligi ¢cok dnemlidir ¢iinkii tiiketicilerin bir {irtinti
satin almadan 6nce incelemesini saglar ve gekici bir goriiniime sahip iiriinler saticilar tarafindan daha iyi
sunulabilir [33]. Filmlerin gorsel goriiniimleri Sekil 3'te verilmektedir. Genel olarak, filmlerin
transparanligi iyi goriinmektedir. Saf PLA esasli filme gore filmlerin transparanlik degerlerinde katkilarin
ilave edilmesi ile birlikte az bir miktar azalis belirlense de gorsel incelemede seffafliklarin1 korudugu
belirlenmistir. Bu sonug, PLA kompozit filmlerin gida ambalajlama uygulamalar1 i¢in uygun oldugunu
gostermektedir.

Diger bir agidan bazi gida veya UV'ye duyarli iiriinler i¢in ambalaj malzemelerinin, malzeme
bozulmasina ve kimyasal reaksiyonlara neden olabilecek UV radyasyonundan korunmas: beklenmektedir
[23]. Filmlerin UV 1g1k bariyer 6zelligi, 15181n gida bozulmas: iizerindeki etkilerini azaltan koruyucu bir
ajan olarak gida ve igecek uygulamalar i¢in ambalajin etkinligi hakkinda fikir vermektedir. PLA esash
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filmlerin UV bariyer 6zellikleri, UVA (360 nm), UVB (300 nm) ve UVC (240 nm) bolgelerinde numunelerin
151k gecirgenligi ile degerlendirilmistir (Cizelge 4). Filmlerin UVC bolgesinde gecirdigi 1s1ginin yiizdesi
(%7,10-9,90) diisiiktiir. Saf PLA esash film tiim numunelere gore tiim dalga boyu araliginda en yiiksek
gecirgenlik yiizdesine sahiptir. Bu da filmin yiiksek seffafligini gostermektedir. PLA matrisine elma
kabugu ve mikrokristalin seliiloz ilavesi sonucunda filmin transparanlik degerlerinde az miktarda diisiis
meydana gelmistir. Bu azalma, polimer icerisinde katki maddesinin 1s1k penetrasyonu ve UV korumasi
i¢in bariyer seklinde davranmasina atfedilebilir [26].

PLA PLA/EK PLA/MCC PLA/MCC/EK

Sekil 3. Filmlerin gorsel goriiniimleri
Figure 3. Visual appereance of the films

Cizelge 4. Filmlerin UV 151k gegirgenligi yiizdesi (T%) ve transparanlik degerleri
Table 4. Percentage of UV light transmittance (T%) and transparency values of films

Numune uvcC UVB UVA Transparanlik
(240 nm) (300 nm) (360 nm)
(T%) (T%) (T%)
PLA Kontrol 9,90 90,09 96,56 13,34
PLA/EK 8,35 88,56 95,68 13,33
PLA/MCC 7,10 87,00 94,88 13,31
PLA/MCC/EK 7,47 84,54 93,32 13,31

3.4. Filmlerin Termal Kararlilig1 (Thermal Stability of Films)

PLA esasl filmlerin termal kararliligi, TG-DTA analizi kullanilarak belirlenmistir. Elde edilen
termogram Sekil 4'de verilirken %10 (Td10),% 50 (Tds0) ve % 90 (Tdw) kalan agirlikta bozunma sicakligi
degerleri Cizelge 5'te sunulmustur. Sonuglara bakildiginda tiim filmlerin azot atmosferinde iki asamali
bozunma gosterdikleri tespit edilmistir. Filmlerin Tdio ve Tdso sicakliklarinin birbirlerine yakin degerler
oldugu belirlenmistir. Tds degerleri incelendigindeyse saf PLA filmine mikrokristalin seliiloz ilavesi ile
bu degerin az da olsa arttigi, elma kabugu ve elma kabugu ile mikrokristalin seliiloz birlikte
katildigindaysa bu degerin gorece azaldig belirlenmistir. PLA esash filmlerde 6ncelikle 100°C-230°C
arasinda hizli bir kiitle kayb:1 (yaklasik % 7) gerceklesmistir. Ikinci bozunma asamasi ise 330°C-395°C
araliginda gerceklesmistir. Ik asamada molekiiller arasi ve molekiil ici hidrojen baglari, yavas yavas su
kaybiyla birlikte parcalanmaktadir. Tkinci agirlik kaybr ise tiim filmlerin depolimerizasyon ve pirolitik
ayrigsma ile termal bozulmalarindan kaynaklanmaktadir. Tiim bu degerlendirmeler 1s1ginda saf PLA’ya
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elma kabugu ve mikrokristalin seliilozun tek tek ya da birlikte dahil edilmesinin filmlerin termal bozunma
davranislarini degistirmedigi sonucuna varilmistir.
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Sekil 4. Filmlerin TGA termogramlari
Figure 4. TGA termograms of films

Cizelge 5. Filmlerin %10 (Td1o),% 50 (Tds0) ve % 90 (Tdw) kalan agirlikta bozunma sicakliklari
Table 5. Decomposition temperatures of biocomposite films at 10 % (Td1o), 50 % (Tdso) and 90 % (Tdso) residual weight

Numune Tdwo Tdso Tdoo
(°C) (°C) (°C)
PLA Kontrol 386,7 371,6 340,5
PLA/EK 385,1 370,5 338,0
PLA/MCC 386,6 371,8 342,6
PLA/MCC/EK 383,9 368,7 336,6

4. SONUCLAR (CONCLUSIONS)

Biyokompozit filmler PLA matrisine mikrokristalin seliiloz ve elma kabugu eklenerek ¢ozelti dokiim
yontemi ile basarili bir sekilde hazirlanmistir. Filmlerin mekanik, optik ve yapisal 6zelliklerinin katki
maddelerinin ilavesi ile degistigi gozlemlenmistir. Filmlerin ¢ekme dayanimi ve esneklik degerleri
katkilarin ilavesiyle artarak pozitif bir davrams gostermistir. Katkili filmlerin termal bozunma
davranisinin saf PLA filmininkine benzer oldugu tespit edilmistir. Bu ¢alismanin sonuglari, PLA gibi
biyopolimerler esasli malzemelerde elma kabugu tozu ve mikrokristalin seltilozun diisiik maliyetli dolgu
maddesi olarak degerlendirilebilecegini desteklemektedir. Degerlendirilen oOzellikler goz Oniine
alindiginda, biyokatk: iceren filmlerin, sentetik muadillerine kismi bir alternatif olarak ambalaj
endjiistrisinde potansiyel uygulamalar bulabilecegi diisiiniilmektedir.
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Highlights

It is necessary to carry out the necessary controls and maintenance in order to protect and maintain

the historical structures that have existed from the past to the present.

e While there is only unreinforced masonry building type in the 2007 earthquake regulation regarding
the design rules of masonry buildings, 3 new masonry building types have been added in addition to
the unreinforced masonry building type in the 2018 earthquake regulation.

e In 2007 earthquake regulation, the calculation method of safety stresses is used while making the
investigations. With 2018 earthquake regulation, the calculation method of safety stresses was
abandoned and the method of calculation of bearing capacity began to be used.

e  The calculation methods for masonry buildings with the 2018 earthquake regulation are more detailed
and comprehensive than the 2007 earthquake regulation.

e Earthquake parameters can be obtained directly from AFAD by entering the coordinates where the
building is located in the earthquake hazard map of Turkey in the 2018 earthquake regulation.

e There is no separate section in our 2018 earthquake regulation for studies on historical buildings.

e It is necessary to create an additional section to our earthquake regulation regarding the calculation

methods of historical buildings.
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ABSTRACT: Preservation of historical structures that have survived from the past to the present and their
sustainability; It is possible with education, knowledge and ongoing care. Historical buildings have been
damaged over time due to natural and artificial reasons. However, thanks to the craftsmanship of the
period in which they were built, they have managed to reach the present day. It is very important to
examine the current conditions of these structures, to determine the damage, to choose the most
appropriate technique for repair and strengthening, and to make the necessary intervention in a timely
manner.

In this study, the Historical Iplik¢ci Mosque in Konya was modeled with the finite element model in
the SAP 2000 program. On the model, earthquake resistant design rules and calculation methods were
compared according to the Regulation on Buildings to be Constructed in Earthquake Zones (06/03/2007)
and Turkey Building Earthquake Regulation (18/03/2018). As a result of the study, it was seen that the
calculation methods used with TBDY 2018 and the rules to be followed have changed and new building
types were added. As a result of the analyzes obtained from the examined structure, it was seen that the
structure did not meet the DBYBHY 2007 principles, but the TBDY 2018 principles.

Keywords: Code, Comparison, Earthquake, Historical Buildings, Masonry
1. INTRODUCTION

Historical buildings; are the structures that human beings have built for different purposes from past
to present, that we need to protect today and that we are responsible for transferring to other generations.
To such structures; mosques, madrasas, churches, synagogues, palaces, schools, hospitals, administrative
buildings, water structures, military barracks, fortifications and towers can be given as examples [1].

Historical buildings are artifacts that have been built from the natural materials of the region they are
located in, have different functional properties, and have survived from the time they were built to the
present day. Investigations should be carried out in the buildings in order to maintain and protect the
historical buildings. According to the damage assessments obtained as a result of the examinations, it is
necessary to select the appropriate repair and strengthening techniques.

Different studies have been carried out in the literature on issues such as the repair and strengthening
of historical buildings and their behavior under the influence of earthquakes. In his study on the bearing
systems of masonry structures, the types of materials used, the examination of earthquake safety, the
repair and strengthening of historical buildings, Kara [2] conducted a study on the examples of the
practices made on these issues and the repair and strengthening methods that can be applied currently.
Akoz [3] worked on the repair and strengthening of historical masonry structures and modeled a historical
masonry structure in three dimensions and made static and dynamic analyses on the model. He focused

*Corresponding Author: Eliftnur SAKALAK, elifnursakalak@isparta.edu.tr
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on the need to determine the earthquake safety of the structure and strengthen it and the strengthening
methods. Dondiiren et al. [4] in their studies, they discussed in detail the types of damage seen in historical
buildings and argued that static problems and new methods should be developed by adhering to the
original, except for the cleaning and repair works of historical buildings. Tetik [5] created the finite element
model of the Seyh Siileyman Masjid in the Historical Peninsula of Istanbul. By examining the condition of
the structure under its own weight, vertical loads and earthquake loads; static, dynamic and time history
load analyzes were performed. Similarly, in her study, Chamaky [6] created models of the historical Cinili
Police Station, Fatih Primary School and Sirkeci Kredi Han buildings in Istanbul using the finite element
method and analyzed them with linear methods. In a different study, Tiirker [7] examined the Istanbul
University Faculty of Pharmacy building to investigate the causes of damage to historical buildings. He
set up an Excel-based program for the earthquake analysis of the building. Firat et al. [8] interpreted the
damages in the Hac1 Yusuf Tas Mosque, which was affected by an earthquake in 2020, near the Sivrice
District of Elazig. The current state of the building and the solution proposals were modeled with the finite
element model and analyzed. Isik and Halefoglu [9] carried out a structural analysis of Hoca Ahmet
Mosque in Diyarbakir. As a result of the examination, they offered suggestions that could be useful for
repair and strengthening works for the existing structural problems they identified. Firat and Kayabasi
[10] investigated the effect of the tie-rod system on the behavior of the stone arch in their study. They
tested the repaired belt with one reference without tie-rod system and six tie-rod systems under vertical
loading. They also analyzed the samples in a computer program called LUSAS [11]. They compared the
experimental results with the results obtained from the program. In a different study, Nuhoglu et al. [12]
examined the structural problems in the eastern fortifications of the Ayasuluk Castle in Izmir, determined
the repair and strengthening methods and implemented them. Dogan [13] determined the structural
problems of Beyzade Efendi Mansion in Elazig and suggested solutions. Firat et al. [14] examined the
method of strengthening damaged dome building forms with clamping. In their study, they compared
the experimental results of the reference dome and the reinforced dome. They concluded that the clamping
method, which is widely used in dome reinforcement, did not increase the bearing capacity of the dome.

With the change of earthquake regulations in our country, new and old earthquake regulations have
started to be considered together. Keskin et al. [15] studies, they examined the 2007 Regulation on
Buildings to be Constructed in Earthquake Zones (DBYBHY) [16] and the Turkish Building Earthquake
Regulation (TBDY) [17] which entered into force on 18 March 2018 for the province of Kirklareli. Using
the Elastic Design Spectra in the 2007 earthquake regulation and the 2018 earthquake regulation, they
obtained and compared the Horizontal Elastic Design Spectra for two different soil classes. According to
the 2007 and 2018 earthquake regulations, they calculated the earthquake analysis of a 4-storey building
in different ground classes using the ETABS [18] program and compared the results. Similarly, Basaran
[19] calculated and evaluated the equivalent earthquake loads on 5 and 10 storey reinforced concrete frame
models for Afyonkarahisar Center. In another study, Nemutlu [20] compared the 2007 and 2018 Turkish
earthquake regulations and examined the innovations introduced and analyzed 3 different reinforced
concrete structures and showed the differences between the regulations on the calculation. In their study,
Ozmen and Sayin [21] analyzed a five-storey reinforced concrete building using the SAP2000 [22] package
program according to the 2007 and 2018 earthquake regulations using the Equivalent Earthquake Load
Method. They concluded that the results obtained from the 2018 earthquake regulation were more reliable
and realistic. Baran et al. [23] analyzed a 2-storey masonry building in StatiCAD-Masonry [24] and
SAP2000 package programs. They used the 2007 and 2018 Turkey Building Earthquake regulations in the
analysis. They compared the base cutting forces obtained as a result of the analysis for both regulations.
They also compared the results they obtained from the two different package programs they used. In a
different study, Cetinkaya [25] examined the reinforced concrete school building in Bilecik according to
the 2007 and 2018 earthquake regulations. He proposed reinforcement for the structure and concluded
that the reinforcement and the structure met the criteria for the life safety performance level.
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In this study; The Historical Iplik¢i Mosque in Konya was modeled in the SAP2000 V20.2.0 program.
The sections of the DBYBHY 2007 regulation and the TBDY 2018 regulation on the design rules and
calculation methods of masonry buildings were compared on the building model.

2. MATERIAL AND METHODS

In the study, the Iplik¢i Mosque, which was built in Konya province at the beginning of the 13th
century, was examined. The survey and restoration information of the building was obtained from the
Konya Regional Directorate of the General Directorate of Foundations. The mosque examined was
modeled in three dimensions with the help of SAP2000 V20.2.0 finite element program. On the model,
analyzes were made according to the Regulation on Buildings to be Constructed in Earthquake Zones
(06/03/2007) and the Turkish Building Earthquake Regulation (18/03/2018). In this section, information
about Iplikci Mosque is given. The model of the structure in SAP2000 V20.2.0 program and the 2007 and
2018 Turkish earthquake regulations were explained.

2.1. Iplik¢i Mosque

There is no certainty about the construction date of the Historical Iplik¢i Mosque in Konya. According
to the researches, the first construction date of the Iplik¢i Mosque, known as Ebu'l-Fazl Masjid and later
also known as Ahmet Bey Mosque, dates back to the beginning of the 13th century. According to the repair
inscription found in the mosque, the structure was repaired and renovated in H733/M1332 by Samurcu
Mesud Zade Hac1 Ebubekir, who is also claimed to be a descendant of Iplik¢i, during the Karamanogullar
period who is also claimed to be a descendant of Iplik¢i, during the Karamanogullari period [26].

Mosque; it consists of 32 column, 44 arches, 4 domes and 32 strut elements. The external appearance
of the mosque, which has been renovated and taken its current form, is misleading compared to its former
form. In Figure 1 and Figure 2, external images of the old and new state of the building are given. In Figure
3, there are images of its current state.

Figure 1. North side of Iplik¢i Mosque
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Figure 3. Images from the current state of Iplik¢ci Mosque

2.2. Modeling in SAP2000 program

Considering the survey of the building given in Figure 4, the wall thickness was taken as 1.07 m in the
modeling. The dome of the heating room on the south side of the mosque, which has 4 domes in total, has
a thickness of 76 cm. The thickness of the remaining 3 domes is 50 cm. While the building was being
repaired in the 1940s, the domes were surrounded by walls. The top of the mosque is filled with a prism
8 meters wide and 4 meters high. Since the domes are in a rectangular prism, they are not visible when
looking at the structure.

Brick material is defined for walls and domes, stone material for column and arches, and wood
material for braces. The properties of the materials are given in Table 1. In the model (Figure 5), column
and arches from the bearing elements of the structure are defined as frames, and other bearing elements
are defined as shells. 17332 nodes were used in the modeled structure. A total of 15057 shells were created.
In the model, 359 fixed bearings are defined at the points transferred to the ground.
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Table 1. Properties of materials used in building

.. Poi
Eleman Tipi  Elastisite Modiilii E (kN/m?®) Ozgiil agirhik(kN/m?)  Kiitle(t/m?) g)lrs::ln
Tas (harg ile) 3500000(3500 MPa) 24 2,45 0,2
Tugla 3000000(3000 MPa) 0,0177 0,0018 0,2
Ahsap 12500000(12500 MPa) 6 0,6 0,001
Kaplama 13000000(1300000 MPa) 2,2 0,22 0,16
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Figure 4. Iplikci mosque survey

195



196 E. SAKALAK, M. S. DONDUREN

Figure 5. Structural modeling of the Iplik¢i Mosque

On the prepared structure model, two separate loads with fixed loads and earthquake loads are
defined. Earthquake loads were applied in both directions, x and y (EQx and EQy). Calculations in
earthquake strength were made according to the mode superposition method.

In order to easily evaluate the results, G, GtEx and G+Ey load combinations were prepared by taking
into account G (constant loads), EQx and EQy (Earthquake loads).
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Finite element analysis method was used to determine the structural performance of the Iplikgi
Mosque. After the analysis, the tensile or compressive stresses and shear stresses generated for the
DBYBHY 2007 regulation according to the local axis of each Shell element provide information about the
strength of the structure. The tensile or compressive forces and shear forces that occur for the TBDY 2018
regulation provide information about the strength of the structure.

According to the format of the SAP 2000 program, in the analysis made according to the DBYBHY
2007 regulation, tensile or pressure stresses are defined as S11 for x direction and S22 for y direction, and
shear stresses are defined as S12.

In the analysis made according to the TBDY 2018 regulation, the tensile or pressure forces are defined
as F11 for the x direction and F22 for the y direction, and the shear forces are defined as F12.

Interpreting the results obtained from structural analyzes made using the finite element method in
historical buildings is different from interpreting the calculation results of the structures produced today.
It is quite complicated to determine the material properties and bearing capacities of building elements,
especially since it is very difficult to take samples from historical buildings and test them in our country.

The properties of the materials used for the calculations in the Iplik¢i Mosque were determined by
using both the correlations proposed in the international literature and the studies of previously built
structures similar to the work examined.

2.3. Turkish Earthquake Code (DBYBHY - 2007)

Parameters used in the calculation of earthquake forces that will affect the structures:

e A0 (Earthquake Zone Coefficient) = 0,1 (4th Zone)

o If the soil class is not foreseen, S(T) = 2.5 is taken in accordance with DBYBHY.

e I (Building Importance Coefficient) = 1,0

¢ R (Carrier System Behavior Coefficient) =2

e Local Soil Class = Z3

Stress calculation was made for the structure. Tensile, pressure and shear safety tensile values were
found.

2.4. Turkish Earthquake Code (TBDY - 2018)

The parameters used in the calculation of earthquake forces that will affect the structures according
to TBDY 2018 are:

e I (Building Importance Coefficient) = 1,2

¢ BKS (Building Use Class) =2

e R (Carrier System Behavior Coefficient) =2,5

e D (Strength Excess Coefficient) = 1,5

e BYS (Building Height Class) =8

e DTS (Earthquake Design Class) =3

e Earthquake Ground Motion Level = DD2

e Local Soil Class = ZD

Map spectral acceleration coefficients, local ground effect coefficients and periods to be used in the
calculations (Table 2); For the x = 37.871906, y = 32.496726 coordinates where the structure is located, it
was obtained from the Earthquake Hazard Maps at https://tdth.afad.gov.tr.
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Table 2. Map spectral acceleration coefficients, local ground effect coefficients and period information

Short period map spectral acceleration coefficient (Ss) 0.306

Map spectral acceleration coefficient for a 1.0 second period (51) 0.073

Short period design spectral acceleration coefficient (Sps) 0.476

Design spectral acceleration coefficient for a 1.0 second period (So1) 0.175

Transition period to the constant displacement region in the horizontal 6

elastic design spectrum (T¢)

Local ground effect coefficient for 1.0 second period (F1) 2.400

Local ground effect coefficient for the short period region (Fs) 1.555

Spectrum corner period (Ts) 0.368

The calculation was made according to the Bearing Power Method for the structure. With the
calculation of the vertical load design strength of the wall, the design shearing force strength of the wall
was calculated.

3. RESULTS and DISCUSSIONS

In this study, a structure with a masonry carrier system used as a historical mosque in Konya province
at the coordinates x = 37.871906, y = 32.496726 was analyzed according to DBYBHY 2007 and TBDY 2018.
The differences between the calculation results and the regulations are explained.

3.1. Calculation Results According to 2007 Earthquake Code

As a result of the calculations made according to DBYBHY 2007, the pressure safety stress, tensile
safety stress and shear safety stress values of the Historical Yarn Mosque were obtained (Table 3).
Table 3. Safety stresses of brick wall

Malzeme Basing Emniyet Cekme Emniyet Kayma Emniyet
Tipi Gerilmesi (MPa) Gerilmesi (MPa) Gerilmesi (MPa)
Tugla 1.0 0.9 0.373

High stresses were obtained in the finite element model created using the SAP2000 program of the
structure (Figure 6). These stresses exceeded the safety stresses calculated in the regulation. The 2007
earthquake regulation did not meet the boundary requirements.

Although high stresses were obtained as a result of the structural analysis, large and risky cracks were
not found when the door and window gaps and wall junction zones, which are critical areas for masonry
structures, were examined. In this case, it can be said that the structure retains its stability.
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Figure 6. Stress distributions in load combinations for DBYBHY 2007

3.2. Calculation Results According to 2018 Earthquake Code

From the calculations made according to TBDY 2018, the vertical load design strengths and design
shear force strengths of the Historical Iplik¢i Mosque were obtained. As stated in the regulation, these
calculated design strengths are above the design force and design shear force values (Table 4). This
suggests that the accounts meet the principles of TBDY 2018. It was also observed that the forces obtained
in the finite element model created using the SAP2000 program of the structure (Figure 7) did not exceed
the forces calculated in the regulation.
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Table 4. Design strength and design forces of the brick wall

Diisey Dogrultuda  Kesme Kuvveti = Tasarim Kesme

Mal Diisey Yiik T
e}rizeime D:§:Z1mli (N ads)?:;?:) Etkiyen Tasarim Dayanimi (Vrax-  Kuvveti (Veax-
R
P y Kuvveti (Neda)(ton) VRay) (ton) VEgy) (ton)
Tugla 48608 32294 631.6 350 73.9 794
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Figure 7. Force distributions in load combinations for TBDY 2018

3.3. Results of Mod Combination Method

The sum of the effective masses calculated for the mode superposition method applied according to
DBYBHY 2007 within the framework of earthquake-resistant building design should not be less than 90%
of the total mass of the building. In TBDY 2018, it was updated that the sum of the calculated effective
masses should not be less than 95% of the total mass of the building.

As a result of the modal analysis of Iplik¢i Mosque in the SAP2000 program, 60 modes were defined
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and free vibration periods were obtained. The mass participation rates for DBYBHY 2007 and TBDY 2018
and the ratios of effective masses to the total mass of buildings for x and y directions are given in Table 5
and Table 6, respectively.

Table 5. Mass participation rates for DBYBHY 2007 and TBDY 2018 regulations

KUTLE KATILIM ORANLARI
X YONU Y YONU
DBYBHY 2007 0,71 (MODE 5) 0,76 (MODE 3)
TBDY 2018 0,64 (MODE 8) 0,74 (MODE 3)

Table 6. The ratio of the sum of the effective masses to the total mass of the building for the DBYBHY
2007 and TBDY 2018 regulations (%)
ETKIN KUTLELERIN TOPLAMININ BiNA TOPLAM

KUTLESINE ORANI (%)
X YONU Y YONU
DBYBHY 2007 %86 %85
TBDY 2018 %74 %83

When Table 6 is examined; In the values taken from TBDY 2018, it was seen that the ratio of the sum
of the effective masses to the total mass of the building was below the 95% value given in the regulation
and came very close to this value which was 90% in DBYBHY 2007.

3.4. Displacement Results

In both regulations, both in the control of constant load (Figure 8) and in the displacement control
according to combinations (Figure 9), the most displacement occurred in the upper floor (roof).

Pt Obj: 12611
PtEIm: 12611
U1= 00031
U2 = 0.0454
U3 = -24.0251
R1 = -5€-05
R2 =-0.00014
R3 = 4.675E-06

Pt Obj: 12650
Pt Elm; 12650
e U1 =-0.0023
U2 = 0.0663
U3 = -23.8585
R1=-0.00032
R2 =-0.00064
R3 = 3.69E-06

Figure 8. Maximum displacement under G loading (mm) for DBYBHY 2007 and TBDY 2018
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R2 = -0.00018
R3 = 7E-05

Figure 9. Maximum displacement under G+EX G+EY loading (mm) for DBYBHY 2007 and TBDY
2018

3.5. Differences Between DBYBHY 2007 and TBDY 2018 Regulations and Discussion

As a result of the studies, it was seen that there were significant changes between DBYBHY 2007 and
TBDY 2018 regulations. The changes concerning the section related to the design rules of masonry
buildings and the results obtained from the study are briefly summarized below.

¢  While there was only one type of masonry building without reinforcement in the 2007 earthquake
regulation, 3 new masonry building types were added in addition to the unreinforced masonry
building type in the 2018 earthquake regulation. These; reinforced masonry building, surrounded
masonry building and reinforced panel system building. In TBDY 2018, calculation methods and
boundary conditions of new masonry building types were added. With TBDY 2018, it is possible
to construct masonry buildings with more floors than in previous years.

e In DBYBHY 2007, the calculation method of safety stresses is used while making the
investigations. With TBDY 2018, the calculation method of safety stresses was abandoned and the
method of calculation of bearing capacity began to be used.

e For the mode coupling method applied according to DBYBHY 2007, the ratio of the sum of the
effective masses to the total mass of the building should not be less than 90%, while this value was
changed to 95% in TBDY 2018.
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In TBDY 2018, the coordinates of the structure are entered on the earthquake hazard map of
Turkey and the earthquake parameters are determined. In DBYBHY 2007, earthquake parameters
were calculated manually from the relevant section.

While the carrier system behavior coefficient is taken as 2 in masonry structures for DBYBHY
2007, the carrier system behavior coefficient is taken as 2.5 in TBDY 2018.

According to DBYBHY 2007, the modulus of elasticity was calculated as 200*fd (fd: masonry wall
design compressive strength). In TBDY 2018, it is calculated as 750 * fk (fk: masonry wall
characteristic compressive strength).

According to DBYBHY 2007, the investigations made using the safety stresses calculation method
and the stresses obtained from the finite element model created using the SAP2000 program of
the structure were compared. These stresses exceeded the safety stresses calculated in the
regulation and did not meet the principles of DBYBHY 2007.

According to TBDY 2018, the investigations made using the bearing power calculation method
and the forces obtained from the finite element model created using the SAP2000 program of the
structure were compared. It was observed that these forces did not exceed the strengths calculated
in the regulation and met the principles of TBDY 2018.

As a result of the analysis, it was seen that the ratio of the sum of the effective masses to the total
mass of the building was very close to the value given in DBYBHY 2007 (90%), but it was below
the value given in TBDY 2018 (95%).

In both regulations, it was seen that the most displacement occurred in the upper floor (roof) in
both constant load control and displacement control according to combinations.

It has become clear that the new calculation methods for masonry buildings are more detailed and

comprehensive. However, there is no separate section in our 2018 earthquake regulation on the studies on
historical buildings. While conducting studies on the subject, it is necessary to make some acceptances.

An additional section should be established in our earthquake regulation on the calculation methods of
historical buildings.
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ABSTRACT: Cervical disk herniation (CDH) is a disease that affects the quality of life of many people due
to the neck pain it causes. The aim of this study was to develop an automatic prediction system to aid in
diagnosis by evaluating the change in the surface electrical activity of the trapezius muscle in SDH disease
in order to find an answer to the question: 'Can the surface electromyogram (sEMG) recorded from the
trapezius muscle be an effective indicator for the diagnosis of SDH disease?". To this end, a dataset will be
created using preprocessing and feature extraction methods from sEMG signals from CDH patients and
healthy individuals. In the first step, the Savitsky-Golay filter is used to denoise the sSEMG signals and the
dominant frequency signals between 20 and 150 Hz are included in the study using the Butterworth filter
design. Twenty PSD-based features in the frequency domain were then obtained from the signals to which
we applied the Burg method. Eleven of the most significant features based on the information gain, gain
ratio, and Gini values are selected to be submitted to the classifiers. 80% of all new feature areas are used
for classification and the rest for prediction. The best classification accuracy of 91.6% was obtained with
the Tree classifier using 10-fold cross-validation for classification. In addition, neural networks and CN2
rule inducer provided 87.5% classification accuracy for prediction using 20% of the remaining data that
the classifiers had not seen before. The experimental results demonstrate that the trapezius muscle has
different surface electrical activity in CDH patients and healthy subjects and that the frequency domain
characteristics of this activity are important for disease prediction.

Keywords: EMG, Machine Learning, Classification, Prediction, Frequency Domain
1. INTRODUCTION

Cervical disk herniation (CDH) is a condition that causes compression of the spinal cord or nerve roots
between the C5-C6 and C6-C7 vertebrae. CDH usually causes pain radiating to the upper extremities and
paresthesias felt on the skin [1-3]. CDH is usually characterized by arm and neck pain, and neurologists
make the diagnosis through physical examination, imaging, and electrodiagnostic tests such as
electromyography (EMG). MRI is the main diagnostic method that guides physicians in diagnosing CDH,
but it is a time-consuming and expensive procedure. On the other hand, the needle EMG method is also
used, which provides a faster solution in clinical evaluation. However, needle EMG is invasive and may
cause various complications. The alternative to needle EMG is surface EMG (sEMG), which allows the
measurement of total muscle action potentials on the surface. It is not preferred in clinical assessments
because it involves superficial muscles. In this study, we aimed to investigate the usability of sSEMG in
diagnosing CDH patients for clinical and biomedical applications. Based on extensive anatomical
preparations, [4] have described more than twenty muscles involved in head and neck movements.
Unfortunately, few of them are superficial enough to be reached with surface electrodes [5]. Following the
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physical model developed for the neck muscles, Bernhardt et al. [6] identified four muscles in the cervical
spine that can be reached by superficial EMG: Semispinalis Capitis, Splenius Capitis, Sternocleidomastoid
(SCM), and Trapezius. The trapezius muscle is the most painful muscle due to acute trauma and
occupational myalgias. Many studies have emphasized that the trapezius muscle does not contribute to
head and neck movements, but when the arms are actively used, this muscle should be examined to
monitor the electrical activity of the adjacent muscles [7].

The electromyogram is defined as the graphical representation of the electrical activity that occurs in
resting and contracted muscles and provides important information for the diagnosis of abnormalities in
both muscles and the motor system [8]. The sEMG is a complex, unstable, and noisy signal. The amplitude
of the sEMG signal is arbitrary and can usually be expressed as a Gaussian distribution. The amplitude
range of the signal is 0-10 mV (peak-to-peak) or 0-1.5 mV (RMS). The useful energy of the sEMG is in the
frequency range of 0-500 Hz, but the dominant energy is in the range of 50-150 Hz [9].

In the literature, some studies classify neuromuscular diseases [10-12], detect muscle activity [13-14],
muscle fatigue [15-16], and classification of low back pain [17-18] and neck pain [19-21] using sEMG. To
our knowledge, no study classifies CDH patients using surface EMG, except [22]. In addition, some studies
draw attention to the upper trapezius muscle during semi-static activities that require repetitive
movements of the upper extremity. This is the most common area for muscle pain. This pain sometimes
indicates chronic trapezius myalgia or tension neck syndrome [7].

In studies of SEMG or EMG signals, there are several approaches to generating features from the
signals. Generally, three approaches are preferred for feature generation, namely time domain, frequency
domain, and time-frequency representation [23-24]. Phinyomark et al. evaluated 37 different features
based on both time-domain and frequency-domain, and found that the frequency-domain features of
sEMG signals are not more redundant than those of the time-domain [23]. However, in the experimental
setup of this study, a specific movement was not repeated, but the corresponding muscle performed the
task of maintaining a specific weight at a constant height. Therefore, using the frequency domain
approach, it was easier to detect the presence of a pain signal associated with the frequency of the signal
generated in the muscle in the frequency domain.

This study attempted to develop a predictive model for the detection of CDH disease by analyzing
trapezius muscle sEMG data. For this purpose, the study focused on frequency domain features of
trapezius muscle signals. The features were tested using classification algorithms. After the designed
experimental study, it was found that a clear classification can be made between healthy subjects and
subjects suffered from cervical hernia, and it is also possible to develop predictive models for the disease
using these models.

There are many current studies in the literature for feature extraction and classification from EMG
signals. These methods differ according to experiment design and selected muscle group and, high
classification accuracy is obtained. EMG classifications are used in the automated diagnostic system for
neuromuscular diseases or used for prosthetic device control. Although needle electrodes are preferred in
neuromuscular disorders, there are also few studies using surface EMG. Some of them are presented in
Table 1.



Prediction of Cervical Disc Herniation Disease 207

Table 1. Similar studies in the literature

EMG Machine

Authors sample Feature Extraction Learning Method Best Accuracy
Katsis et al. [25] Normal, Raw EMG signals SVM 93%
Neuropathic 95%
Myopathic 92%
Rasheed et al. [26] Time domain Adaptive fuzzy k- 93.5%
- Wavelet domain NN 92.6%
% Gokgoz and Subasi ~ Normal, Music k-NN, SVM, ANN 82.11%
= [27] ALS, 92.55%
0 Myopathic 90.02%
- Kamali et al. [28] Normal, Time domain SVM 97%
% & Neuropathic ~ Time-Frequency
8 § Myopathic domain
e E Artameeyanant et Healthy, Statistical feature MLPNN, SVM, k- 98.36%
-L; g al.[29] Myopathic, extraction NN 99.17%
§ L= Amyotrophi
g c
5 Hazarika et al. [30] Normal, Discrete Wavelet k-NN 98.8%
2 ALS, Transform-Canonical
Myopathic correlation analysis
Istenic et al. [31] Muscular Multiscale entropy SVM 81.5%
Q Neuronal
E ) Disorder
g = Barmpakos et al. Neuropathy Discrete Wavelet Random Forest, 88.8%
€% B Myopathy ~ Transform, K-NN
& Power spectral
density
g O Ozmen and Normal Short Time Fourier ANN 99%
B 2 G FEkmekd[22] CDH Transform
?3 Y= (Fatigue- Discrete Wavelet
E "E @ state) Transform
S & AR model

2. DATA SET AND DATA PREPARATION

The experimental design used in this study focused on the trapezius muscle and the relationship
between the muscle and CDH disease. The trapezius muscle is defined by Moore et al. [33] as a "broad,
apartment, superficial muscle extending from the cervical to the thoracic region on the posterior aspect of
the neck and trunk" Because the trapezius muscle is superficial and directly connected to the cervical
region, this study focused on the basic question: "Can the presence of CDH be detected from the sEMG
signals of the upper trapezius muscle?" To answer this question, an experimental study was performed.
Detailed information about the experimental study can be found in [22], but the present study only
addresses the resting state data recorded from the trapezius muscle. In this prospective study, sSEMG data
were collected by a physician and a technician in the neurology department of Selcuk College Faculty of
Medicine using surface electrodes and a Neoropack Nihon Kohden EMG device in 10 CDH patients (8
males and 2 females, aged 17 to 67 years) and 10 healthy volunteers (4 males and 6 females, aged 19 to 48
years). Participants were selected among right-handed individuals. This study was approved by the local
ethics committee (decision no: 2010/33). Each participant completed the informed consent form. For the
rest condition, participants were asked to wait 20 seconds without moving the right arm in an upright
sitting position. The aim is to investigate the electrical activity of the trapezius muscle while standing in
its natural position and to determine the difference in CDH patients.
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In this study the raw data were recorded as unsigned 16-bit integers with a sampling frequency of 10
kHz. Thus, each data packet contained 200,000 samples per subject. The data were then segmented into 20
equal parts each. The goal of this division is to take samples of each signal with a duration of 1 second.
Figure 1 presents the general flowchart of the entire process. According to the Figure 1 some preprocessing
steps are applied to the segmented EMG data. Then the features used for ranking were extracted from the
frequency domain features of the pre-processed data. After the ranking test, the most informative features
are selected. Finally, the classification algorithms are trained and tested with the cross-validation test and
the results are compared. The tested classifiers are Random Forest, Naive Bayes, CN2 rule inducer, Tree,
Support Vector Machine (SVM), Neural Networks.

Upper Trapezius .~1-1-1

j 4 I Filtering & o Frequency Domain o "
[ Pata Recordng "l Freprocessing "\ Feature Extraction Fanking Test
= 3
 § ,.
Decision . e Train - Test Dataset Selacting Most
k [ Testing the Classifiers Generation Meaningful Features

Support System |

L8 r,

/

Figure 2 presents the pre-processing steps. The first step of preprocessing is to normalize the data in

Figure 1. General flowchart of the entire process

the range of [-1,1]. In general, normalization is not necessary when power spectrum analysis is applied to
the sSEMG signals [34], but in this study, the experiment consists of no motion, so the signal contains low-
frequency components with a high DC basis. The DC base signal was different for each subject. Therefore,
to make each signal comparable, it was appropriate to normalize each signal. To separate valuable
information from the signal noise, the second step was to apply the Savitsky-Golay (5-G) filter to the signal
to smooth the data. Due to the nature of the Savitsky-Golay filter [35], the informative components of the
data are preserved while the strong noise is suppressed. In this study, an 8-order S-G filter with a width
of 1023 frames is used.

Normalize PR - Bandpass Filter
[ Recorded Data H Range: [1 1] HSaultzk}r Golay FllterH 20-150 Hz ]

[ Frequency Domain ]

Feature Extraction

Figure 2. Flowchart of the preprocessing

The next step of preprocessing was bandpass filtering. The structure of the signal was a regular sSEMG
signal, so the current value of the signal depended on previous values. For this reason, a recursive filtering
technique was preferred. In this case, a Butterworth-type filter was the filter of choice (Pauk 2008). Since
the data used in this study did not include motion and very low and high frequencies were not
meaningful, the passband of the filter was chosen to be in the range of (20 - 150) Hz

The final step of preprocessing is feature extraction from the signal. To extract the features from the
signal, Power Spectrum Density (PSD) analysis was applied to the signal using Burg's method [36], so that
the features are based on the frequency domain characteristics. In this study, the data length was shortened
by dividing the 20-second data into 1-second epochs. Since the FFT is not suitable for determining the PSD
in non-stationary signals such as EMG and non-parametric methods such as the periodogram-based
Welch method are not preferred because they provide high resolution at long data lengths. Parametric



Prediction of Cervical Disc Herniation Disease 209

spectral analysis methods such as the AR method are the most effective methods in analyzing PSD for
short-time signals, and one of them, the Burg method, gives more stable results than the Yule-Walker and
Cov methods [37]. Figure 3 shows the original and preprocessed EMG signal in each control's time and
frequency domain.
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Figure 3. (A) Original and preprocessed EMG in the time domain (B) Original and preprocessed EMG in
the frequency domain

3. FEATURE EXTRACTION

The PSD approach provides detailed information about the power distributions of each frequency in
the analyzed frequency window. Figure 4 shows the boxplot of the peak frequency values of the SEMG
signal for both normal and patient subjects.
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Figure 4. Box plot of the peak frequency distribution of the dataset

In Figure 4, class number 1 represents the subjects with CDH disease and 2 represents the normal
subjects.

From the box plot data, it can be seen that there is a shift in peak frequency between healthy and CDH
patients, while the PSD data provides more information. In this study, 19 different features were analyzed
and selected as features for classification [38-39]. These features are listed in Table 2; the last, 20.
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Table 2. Frequency Domain features used in this study.
Feature = Description Feature Description
AF1 The frequency at which the PSD of | W1 Width of the dominant
the sEMG signal is maximum frequency.
AF2 The frequency at which the PSD of | W2 Width of second dominant
the sEMG signal is the second frequency
maximum
P1 The magnitude of Dominant iqrF The difference between the third
Frequency F1 quartile and the first quartile
range of PSD
P2 The magnitude of the Second fF1 Number of peaks under
Dominant Frequency F2 dominant frequency
QF1 Quality factor of F1 (QF=F1/wF2) fF2 Number of peaks under the
second dominant frequency
QF2 Quality factor of F2 (QF=F2/wF2) varF The variance of PSD of sSEMG
signal.
meaF Mean of all peak values of PSD. kurtF Kurtosis of PSD
mealF Mean of all peak values under skewF Skewness of PSD
dominant frequency.
mea2F Mean of all peak values under medF Median of all peak values of PSD
second dominant frequency.
Diag Diagnosis feature (target)

The ranking values of the PSD-based features of the sEMG signal and the top 10 features are
determined based on the information gain, gain ratio, and Gini values calculated previously. Table 3
shows the main features selected for classification. The most important features are highlighted in the
table with a darker background. Information gain was chosen as the main ranking method in selecting the
characteristics, and 0.25 was used as the threshold. The features that are below the threshold of 0.25 are

rejected.
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Table 3. Selected features

# Info.gain Gainratio Gini
medF 1 0.5210 0.2605 0.2644
igrF - 2 0.4521 0.2261 0.2425
Mean 3 0.4505 0.2253 0.2459
mealF 4 0.4370 0.2185 0.2369
meaF 5 0.4370 0.2185 0.2369
varyF 6 0.4249 0.2124 0.2321
P17 0.4197 0.2098 0.2300
AF1 8 0.4197 0.2098 0.2300
mea2F 9 0.4051 0.2025 0.2238
fF1 10  0.2853 0.1561 0.1752
QF1 11  0.1604 0.0802 0.1046
P2 12 0.1266 0.0633 0.0826
skewF 13 0.1220 0.0610 0.0815
AF2 14  0.1097 0.0548 0.0729
kurtF 15  0.1066 0.0533 0.0717
W2 16  0.1058 0.0529 0.0701
QF2 17  0.0863 0.0432 0.0572
W1 18  0.0832 0.0416 0.0556
fF2 19 0.0499 0.0250 0.0337
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Statistical information of the most significant features is also represented in Table 4. The entire dataset

has no missing values.

Table 4. Statistical information of the features

Name  Center Dispersion  Min Max
fF1 -0.535 -0.816883 -1 1
mea2F -1.17e-16 -2.806e-16 2.806e-16
AF1 -0.61347 -0.720118 -1 1
P1 -0.671574  -0.592841 -1 1
varyF  -0.738759  -0.529157 -1 1
meaF -0.475416  -1.17414 -1 1
mealF -0.475416 -1.17414 -1 1
Mean -0.721069  -0.517747 -1 1
igrF - -0.177202  -3.29478 -1 1
medF -0.450080  -1.292014 -1 1

4. CLASSIFICATION AND PREDICTION

After turning the raw signals into a dataset, the dataset is separated into two parts. The first part
consists of 80% of the entire data and is used to train the classifier algorithms. The second part which
consists of 20% of the entire data is used for testing the classifiers after training. The classifiers which the
dataset represented to are listed as Random Forest, Naive Bayes, CN2 rule inducer, Decision Tree, Support
Vector Machine (SVM), and neural network algorithms [40-41]. During training, 10-fold cross-validation

was applied to the classifiers. Classification algorithms require some predetermined parameters for the

training process. Therefore, each classifier is developed with a specific architecture with its characteristics.

Decision trees also called C4.5, use a divide-and-conquer algorithm to generate an initial tree. It requires
a certain set S of cases. The dataset can be discrete or continuous [40]. Naive Bayes is a supervised learning
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method that is very easy to construct. The method does not require complex parameters or schemes. It can
be easily used with huge datasets [40]. Due to the nature of the algorithm, the Naive Bayes algorithm did
not require extra parameters in this study. CN2 algorithm based on ID3 algorithm like the Decision Trees.
According to the definition algorithm, “CN2 produces an ordered list of if-then rules” [41]. Random forest
is a tree-based algorithm. The algorithm uses several tree predictors. Each tree is represented with a
random vector which is independently taken from the same distribution in the forest. The algorithm has
a generalization error limit. Equal tree affects the generalization error. Hence when the trees in the forest
reach a result, they are voted for the most possible class [42]. SVM works on hyperplanes which are high-
or infinite-dimensional space [43]. It requires fewer samples to train, is sensitive to dimensionality, and is
considered a very robust algorithm for classification tasks [40]. Neural networks or Artificial Neural
Networks (ANN) algorithms are based on interconnected nodes of computation units that mimic real-life
neurons. In the architectural design, layers are created by nodes and each node is connected to the
previous and next layers with weight coefficients. Training the ANN means finding the proper weight
value for each node that performs the classification task. The design parameters of each algorithm are
explained in Table 5.

Table 5. Classifiers’ Design parameters

Decision Tree:

Tree size: 7 nodes, 4 leaves
Edge widths: Relative to parent
Target class: None

Pruning; at least two instances in

leaves, at least five instances in

internal nodes, maximum depth 100
Splitting: Stop splitting when the
majority reaches 100% (classification

only)

CN2 Rule Inducer:

Rule ordering: unordered
Covering algorithm: exclusive
Gamma: 0.7

Evaluation measure: Laplace
Beam width: 6

Minimum rule coverage: 2
Maximum rule length: 5
Default alpha: 1.0

Parent alpha: 1.0

Random Forest:

Number of trees: 14
Maximal number of
considered

features: unlimited
Replicable training: No
Maximal tree

depth: unlimited

Stop splitting nodes with
maximum instances: 5

Support Vector Machine
SVM type: SVM, C=0.8, e=0.1

Kernel: Polynomial, (auto x-y + 0.0)35

Numerical tolerance: 0.001
Iteration limit: 100

Neural Network

Hidden layers: 20, 20 (2 hidden
layers with 20 nodes each)
Activation: tanh

Solver: Adam

Alpha: 0.0001

Max iterations: 200

Replicable training: True

Naive Bayes:

The naive Bayes algorithm
did not require extra
parameters in this study

5. RESULTS and DISCUSSION

The classification algorithms are trained and tested with the Stratified 10-fold Cross validation test,
the average over classes results is shown in Table 6. The metrics used to evaluate the models are listed as
Area Under Curve (AUC), Classification Accuracy (CA), F1, Precision, and Recall [44].



Prediction of Cervical Disc Herniation Disease 213

Table 6. Testing results of algorithms via 10-Fold cross-validation.

Model AUC CA F1 Precision  Recall

Random Forest 0,9643 00,9333 0,9334 0,9344 0,9333
Tree 0,9266 0,9333 0,9332 0,9340 0,9333

Neural Network 0,9568  0,9222 0,9223 0,9225 0,9222
AdaBoost 0,9107 09111 09111 09111 09111

SVM 0,9464  0,8889 0,8890 0,8926 0,8889

CN2 rule inducer 0,9501  0,8667 0,8655 0,8722 0,8667
Naive Bayes 0,9375  0,8667 0,8667 0,8667 0,8667

During the cross-validation, only 80% of the entire data set is used for both training and testing. The
rest of the data was never represented to the classifiers until the training of the models finished. After the
training, the rest of the data is presented to the trained classifiers, and predicted results are compared with
the actual results. The prediction results of the classifiers are shown in Table 7.

Table 7. Prediction results of the classifiers
Model AUC CA F1 Precision Recall

Neural Network 0.972 0.875 0.878 0.891 0.875
CN2 rule inducer 0.875 0.875 0.876 0.878 0.875
Naive Bayes 0.903 0.825 0.830 0.861 0.825
Tree 0.850 0.800 0.805 0.827 0.800

Random Forest 0.893 0.775 0.782 0.836 0.775
SVM 0.937 0.650 0.655 0.786 0.650

Given Tables 6 and 7, the following can be said: the determined frequency characteristics are suitable
for an unambiguous classification. Considerable success has been achieved. Considering that the signals
are obtained while the studied muscle maintains a certain position and does not move, although the signal
is stationary, it can be said that it contains classifiable frequency components. The most obvious reason
for this result is that the peak frequency of the signals obtained from CDH patients is slightly shifted
towards high frequencies.

When examining Table 6, the top 3 algorithms are Random Forest, Tree (decision tree), and Neural
Network algorithms by classification accuracy. However, when examining Table 7, the top 3 algorithms
are Neural Network, CN2 rule inducer, and Naive Bayes algorithms. This situation can be interpreted as
follows: Random Forest and Tree algorithms are very similar; they are based on the same methods that
include pruning steps. The neural network algorithm, on the other hand, is suitable for continuous data
and no pruning is applied. Since the prediction data set has not yet participated in the training, tree-based
algorithms can prune the branches that will process this data during modeling. In contrast, since artificial
neural networks are more immune to this situation, they were more successful in the prediction
experiment. However, the CN2 algorithm, whose basic logic is similar to tree-based algorithms, was also
successful because it focuses on creating rules rather than branches. To understand the effects of feature
selection, an additional experiment was also applied to the entire dataset without feature ranking. In this
final experiment, all the features in Table 3 were used in the training and testing process. Table 8 shows
the test results of the classifiers with all features.
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Table 8. Classification results with no feature selection

Model AUC CA F1 Precision Recall
Tree 0,9289 10,9167 0,9142 0,9266 0,9167
Neural Network 0,9424 0,8833 0,8828 0,8828 0,8833
AdaBoost 0,8643 0,8833 0,8815 0,8846 0,8833
Random Forest 0,9360 0,8500 0,8456 0,8546 0,8500
Naive Bayes 0,9248 0,8500 0,8519 0,8656 0,8500
CN2 rule inducer 0,8314 0,8333 0,8239 0,8511 0,8333
SVM 0,6769 0,8167 0,8043 0,8386 0,8167

Classification using all features has shown a lower success rate than classification using selected
features Although it is thought that a more detailed classification will be made when more features are
used in classification, it seems that considering the features with low information gain negatively affects
the success of the classification. When the overall results are evaluated, the most successful algorithms are
tree-based algorithms. Two classification results can be given as examples. Figure 5 represents the decision
tree result for the experiments and

1
52.5%, 42/80
ort2F

2.10329e-16 > -2.10329-16
1
82.4%, 42/51
skewF
< 0.249612 > 0.249612
1 2
90.5%, 38/42 55.6%, 5/9
skewF medF
< -0.744409 > -0.744409 < -0.959704 > -0.959704
2 L 1 1
75.0%, 3/4 97.4%, 37/38 80.0%, 4/5
igrF medF
< -0.947685 > -(.94 768301794 > -0.991794
1 1 1 1
87.5%, 7/8 100%, 30/30 100%, 3/3 50.0%, 1/2
pksW1
< -0.524247 > -0.524247

1
50.0%, 1/2

1
100%, 6/6

Figure 5. Decision Tree result with the selected features

Table 9 represents the rules generated by the CN2 Rule Inducer algorithm.
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Table 9. Induced rules for the selected features.

.
TR T
5 E 5 9 5
IF conditions E é" E B, &
iy = ) g =2
@ S %
1 QF2>-0.8524 AND ort2F>-2.1015e-16 1 [13, 0] 93:7 0.933 2
2 iqrF>-0.7337 AND skewF>-0.7148 AND ort2F>-1.7791-16 1 [22, 0] 96:4 0.958 3
3 ort2F>-2.1031e-16 AND iqrF<-0.9476 AND QF2>- 1 [5, 0] 86:14 0.857 4
0.9892 AND medF=>-0.9936
4 medF>-0.9937 AND medF<-0.9925 AND iqrF>-0.9638 1 [2, 0] 75:25 0.750 3
5 ort2F<-2.1031e-16 AND pksW2>-0.9865 2 [0, 25] 4: 96 0.963 2
6 skewF=20.4860 AND pksW1>-0.97145 2 [0, 4] 17:83 0.833 2
7 pksW2<-0.9732 AND medF=>-0.9363 2 [0, 4] 17:83 0.833 2
8 skewF<-0.7148 AND pksW2>-0.6413 2 [0, 2] 25:75 0.750 2
9 QF22-0.9894 AND QF2<-0.9653 AND pksW1>-0.5121 2 [0, 2] 25:75 0.750 3
TRUE 1 [42,38] 5248  0.524

6. CONCLUSION

This study focused on two questions, first question is “Could sEMG signal recorded from the trapezius
muscle be an effective method in the diagnosis of CDH disease” and the second question is “what kind of
classifiers are suitable for this task?”. For this purpose, PSD-based features were preferred, because, in the
experiment, muscles remained at a certain position, so a time series approach was not suitable for this
task. Feature extraction was not enough precursor for the classification task, so feature selection was also
very important. During the analysis of the features, it has been obvious that the peak frequency value
plays an important role in the features. So, when the feature selection metrics were applied to the features,
the top 10 of them were based on peak frequency values.

The final step was evaluating the performance of different classifier algorithms. There are many
methods used for the classification of sSEMG data [45-49]. In this study, tree-based algorithms and
hyperplane-based algorithms were used. In comparison, an interesting situation has occurred. After the
training and cross-validation process, the most successful algorithms were tree-based algorithms,
depending on the results it can be said that the frequency features obtained from sEMG signals are more
suitable to be classified with the tree-based algorithms like Decision Tree or Random Forest. Hence the
success rates of all algorithms were good enough to classify the subjects accurately.

There are many current studies in the literature for feature extraction and classification from EMG
signals. These methods differ according to experiment design and selected muscle group and generally,
high classification accuracy is obtained. EMG classifications are generally used in the automated
diagnostic system for neuromuscular diseases or used for prosthetic device control.

In conclusion, according to the results, this study claims that Cervical Disc Herniation affects the
electrical activity of the trapezius muscle utilizing resting-state sSEMG signals. Our findings are compatible
with the literature and provide higher classification accuracy than studies using surface EMG in muscle
disorders [31-32].

The main contribution of this study is high classification and prediction values that will be beneficial
with non-invasive sSEMG in the clinical assessment before MRI in the diagnosis of Cervical Hernia patients.
It is considered that this study is an important step in determining the source of muscle pain occurring in
the neck region.
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The main limitation of this study is the small number of subjects. When the number of subjects is
increased, the results will become more reliable, and an automated diagnosis system could be designed.
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OZ: Atesli silahlarin tasariminda mekanizma parcalarimin ve tahrik sistemlerinin enerji ve kuvvet
hesaplamalari, silahin konforu ve etkinligi agisindan hayati nem arz etmektedir. Silah uzuvlarinda olusan
kuvvetlerin bilinmesi, uzun émiirlii pargalarin tasarimina olanak saglar. Otomatik silahlarda patlamadan
sonra aciga ¢ikan enerjinin bilinmesi ise gaz deligi ¢apinin ve konumunun optimum hesaplanmasini
miimkiin kilar. Bu hesaplarin sonucunda daha konforlu ve performansi ytiksek silahlar tasarlanabilir. Bu
calisma kapsaminda; silah ateslenmesinde olusan tepme kuvvetini ve sahlanma momentini 6l¢ebilen, iki
serbestlik dereceli, gelen kuvvetleri soniimleyebilen rijit bir test makinasinin Ansys/Workbench programi
kullanarak yapisal analizleri, 6zgiin tasarimi ve MATLAB/Simulink ile PID konum kontrol simiilasyonlar1
gerceklestirilmistir. Ayrica test makinasinin prototip imalat1 icin olduk¢a 6nemli teknik bulgular elde
edilmistir.

Anahtar Kelimeler: Silah Tepme Kuvveti, Sahlanma Momenti, Sonlu Elemanlar Yontemi, Test Makinasi,
Simiilasyon

Design and Simulation of Gun Rebound and Rampancy Test Machine

ABSTRACT: In the design of firearms, the energy and force calculations of the mechanism parts and
actuation systems are vital for the comfort and effectiveness of the gun. Knowing the forces formed on the
gun limbs enables the design of long-lasting parts. Knowing the energy released after the explosion in
automatic guns enables optimum calculation of the gas hole diameter and position. As a result of these
calculations, more comfortable and high performance guns can be designed. In this study; the novel design
and simulation of a rigid test machine is realized using a finite element method which is two degrees of
freedom and can measure the rebound force and rampancy moment formed on gun firing and absorbs
incoming forces. In addition, very important technical findings are obtained for the prototype
manufacturing of the testing machine.

Keywords: Gun Rebound Force, Rampancy Moment, Finite Element Method, Test Machine, Simulation
1. GIRIS INTRODUCTION)

Enerji, sahip oldugu 6nem nedeniyle iizerinde durulan konulardan biridir. Bilindigi gibi enerjinin
korunumu kanununa gore enerji yoktan var edilmez, var olan enerji de yok edilemez, sadece bir sekilden
digerine doniisiir [1]. Silahlarda kullanilan enerji kimyasaldir. Barutun yanmasi sonucu anlik olarak
ortaya ¢ikan sicak gazlar hacimde ¢ok hizli bir bityiimeye sebep olur ve genlesme sonucu basinca maruz
kalan namlu igerisindeki mermi, yiiksek hizlara ulagir. Tiim ategli silahlar bu mantik ger¢evesinde calisir.
Bu durumda kimyasal enerji sonucu agiga ¢ikan basing, merminin firlatilmasinda kullanildiktan sonra
otomatik tiifeklerde silahin yeniden doldurulmasi icinde kullanilir. Namluda bulunan kiigiik bir delik
vasitasiyla icerideki yiiksek basingli gaz, gaz-piston mekanizmasina dolarak mekanizmanin hareket
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etmesini saglar. Mekanizmamin kinetik enerjisi sayesinde bos kovan tahliye edilerek dolu fisek atim
yatagina siiriiliir [2].

Mekanizma hareketi mekanizmay1 tasiyan gévdenin geometrisi geregi sinirhidir. Bu sinir boyunca
hareket eden mekanizma tepe noktasina ulastiginda teorik olarak hizi sifir olmalidir. Sahada yapilan
gozlemler sonucunda mekanizma hareketi strok sonunda sifir olamamaktadir. Enerji, strok boyunca icra
yayina aktarildiktan sonra, hiz sifira diismedigi i¢in mekanizmanin strok sonundaki hizinin, sahip oldugu
kinetik enerji carpma vasitasiyla kullaniciya aktarilmaktadir. Bir diger ger tepme kuvvetini olusturan
unsur ise ilk patlamadir. Patlama gerceklestikten sonra atis eksenin mermi ¢ekirdegi ‘+' yonde hareket
edildigi varsayilirsa silah govdesi patlamadan dolay1 ‘-* yonde hareket etmektedir. Mermi ¢ekirdegini
namlu boyunca iten sicak basingli gaz namlu bitiminde yiiksek hizla namluyu terk ettigi icin namlu
cikisinda omza dogru bir geri tepme kuvveti gerceklestirmektedir. Silah ateslenme esnasinda olusan
kuvvetler Sekil 1'de gosterilmistir.

: :_: Fiepme
= i rrmm-'-—”"'" 1
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Sekil 1. Kuvvetlerin gosterimi
Figure 1. Notation of forces

Ayrica geri tepme kuvvetlerinden dolay: kullanic1 omzuna gore silah da sahlanma momenti meydana
gelmektedir. Tiim bunlarin Olgiilmesiyle silah geometrisinde yapilacak iyilestirmeler sayesinde silah
tizerindeki kuvvetler azaltilabilir. Bu iyilestirmeler ile silahin daha konforlu hale gelmesi ayn1 zamanda
performansinin da artmasi saglanabilir. Bu nedenlerden dolay1 prototip silahlarin geri tepme
kuvvetlerinin ve sahlanma momentlerinin Olciilmesi ve elde edilen sonuglara gore silah {izerinde
tasarimsal degisikliklerin yapilmasi gerekmektedir [3-5].

Singh ve arkadaglari manyetoreolojik amortisorler kullanilarak top geri tepmesinin optimum
kontroliinii gergeklestirmisler ve olduk¢a onemli teknik bulgular elde etmislerdir [6]. Yine Singh ve
arkadaslari, bu sefer dogrudan ateste topun geri tepmesinin manyetoreolojik soniimleyiciler kullanilarak
optimum kontroliinii incelemislerdir [7]. Ouyang ve arkadaslar1 sahra silahinin geri tepmesini azaltmak
i¢in yeni bir manyetoreolojik soniimleyicinin kontrol edilebilirlik analizini ve testini gerceklestirmislerdir
[8]. Liu ve arkadaslari ., 2021) hedefe giren deniz silah1 test mermisi i¢in bir tasarim plani ve analizi {izerine
calismislardir [9]. Noh ve arkadaslar1 otomatik tabanca icin geri tepme sistemi analiz modeli gelistirmesini
incelemiglerdir [10]. Hong ve arkadaslari karma mod manyetoreolojik soniimleyiciler i¢in boyutsuz bir
Bingham modelinin analitik ve deneysel dogrulamasim yapmuslardir [11]. Hongsheng ve arkadaslar: bir
manyetolojik silah geri tepme amortisoriiniin kontrol edilebilirligi {izerine incelemede bulunmuslardir
[12]. Li ve arkadaslari, manyetolojik sivi damperi kullanan bir tabanca geri tepme sistemi {izerinde
arastirmalar yapmuslardir [13]. Mao ve arkadaslar1 bir manyetoreolojik enerji sogurucu tasarim analizinin
deneysel dogrulamas: {izerinde calismislardir [14].

Bu calismada, literatiirde yer alan ¢alismalardan tamamen farkls, silah ateslenmesinde olusan tepme
kuvvetlerini ve sahlanma momentini 6lgebilen, iki serbestlik dereceli bir test makinasinin sonlu elemanlar
yontemi kullanilarak 6zgilin tasarimi ve simiilasyonlar: gerceklestirilmistir. Ayrica test makinasinin
prototip imalat1 i¢in oldukca 6nemli teknik bulgular elde edilmisgtir.
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2. TEST MAKINASININ MODELLENMESI VE SIMULASYONU (MODELING AND SIMULATION OF THE
TEST MACHINE)

Yapilan ¢alismada ilk olarak test makinasinin {i¢ boyutlu tasarimlar: gergeklestirilmistir. Oncelikle atig
sirasinda olusan kuvvetlerin Ol¢iilmesi i¢in silahin dogru sekilde test makinasina baglanmas: gerektigi
dikkate alinmistir. Bu baglantidan kasit, olusan kuvvetlerin hicbir uzva etki etmeden dogrudan makine
tizerindeki algilayicilara iletilmesidir. Atis sirasinda olusan kuvvetler ise silahtan silaha degismektedir.
Yiiksek kalibreli tiifeklerde tepme kuvvetleri de yiiksek olacag: igin lglimlerin ve test makinasi govde
sasesinin rijit bir yapida olmasi gerekmektedir. Bu nedenle makine {izerinde soniim sistemi tasarlanmistir.
Silahin testini gergeklestirirken hedef almak i¢in silah tablasina iki hareket ekseni saglanmistir. Boylece
tablanin yatayla agis1 ve yonii kontrol edilebilmektedir. Test makinas: sahada kullanilacagindan dolay1
hem atisin saglig1i¢in hem de sevkiyatin kolaylig1 icin makine {izerinde dort adet katlanir tekerden olugan
tastyic1 ayak sistemi tasarlanmigtir. Atig aninda 6lgiim yapabilmek icin kuvvetlerin yoniiniin anlagilmasi
gerekir. Bu Ol¢limler sirasinda sase tizerinde yiik ¢ekebilen tek mesnet makine {izerine yerlestirilecek
sensor (Load Cell) olmalidir. Bu durumda ancak dogru 6l¢tim yapilabilir. Ayrica silahin hareket yoniine
dogru silahin baglanildig1 sase serbest hareket edebilmeli fakat bu hareketi de Load Cell engellemelidir.
Boylece silahtan gelen tiim kuvvetler sadece Load Cell tizerinden gectikten sonra saseye dagilacaktir. Bu
arastirmalara gore yapilan tasarimda olusan kuvvetlerin hassa bir sekilde dl¢lilmesi saglanmistir. Silahta
omza dogru geri tepme kuvvetlerinin 6l¢limiinii yapabilmek icin kullanicinin omzu simiile edilerek
omzun dayanacagi konuma yani dipgik boliimiine gore bir sase tasarlanmustir. Dipgik béliimiinde 6l¢giim
yapacak sistem Sekil 2 de gosterilmistir.

Sahlanma
momentlerini
kargilayan sase

kuvveti.(Fsensér)

Omza gore sahlanma momenti ve
diger déndiirme momentleri.

Patlamadan dolayi olugan,
omza etkiyen +X yonlii
kuvvetler.

R

ATIS EKSEN| /]

Sekil 2. Silah etkilerinin sase ile iliskisi
Figure 2. The relationship of the gun effects with the chassis

Namlu bolimii her tiirden silahi baglamak i¢in boyu ayarlanabilir sekilde adaptif yapida
tasarlanmustir. Geriye dogru olusan kuvvetler omzun iistiinden gectiginden, silahta omza gére moment
olusmaktadir. $ahlanma momentinin hesaplanmasinda ise 6l¢iim noktasi ile omuz arasindaki mesafe ile
Load Cell den okunan kuvvet degerinin ¢arpilmasi esas alinmistir.
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Duntg Mafsal

Load Cell

Test Silahs

Dipgik Dayama

Sekil 3. Dipcik boliimii
Figure 3. The stock part

Olusan kuvvetlerin biiyiik boliimii dilcikten kullanici omzuna etki etmektedir. Bu durumda 6l¢iim
yapilacak noktalardan birisi dip¢ik boliimiidiir. Silahin omuz ile temas ettigi boliim belirli derecede biiyiik
tasarlanmistir. Bunun nedeni her ebatta dipcigin baglanmasina olanak saglamaktadir.

Silah dipgigi saseye dayanip yerlestirildikten sonra iki yonden sikma somunlari ile sikilarak sabitlenir.
Sabitlenen boéltimiin arkasinda silahin omza gore doniisiinii simiile edecek bir mesnet bulunur. Bunun
sebebi daha 6ncede bahsedildigi gibi silah1 hareket agisindan serbest birakmaktir. Baglanti hali Sekil 3" de
gosterilmistir. Dipgik boliimiindeki tiim pargalarin 10 mm St37 malzemeden yapilmas: diisiintilmiistiir.

Cizelgel. S5t37 malzeme 6zellikleri
Table 1. St37 material properties

Ozellik Deger Birim

Elastikiyet Modiilii 210000.0031 N/mm?
Poisson Orani 0.28 -

Yirtilma Modjiili 79000 N/mm?2
Kiitle Yogunlugu 7800 kg/m?3
Gerilme Mukavemeti 360 N/mm?
Akma Mukavemeti 235 N/mm?2

Termal Genisleme Katsay1s1 1.1e-005 1/°K
Termal iletkenlik 14 W/(m.K)
Ozgiil Ist 440 J/ (kg.K)

Dipgik boliimiinde yiikleme durumu Solidworks programinda simiile edilerek giivenli oldugu
anlasildiktan sonra dipgik sasesinin tasarimi tamamlanmistir. Bu statik analiz cergevesinde, dipcik
dayama boliimiine 50 kgF yiik uygulanmistir. Kullanilan malzeme olan St37 &zellikleri Tablo 1’ de
verilmistir. Statik yiikleme durumu igin elde edilen gerilme ve yer degistirme sonuglari Sekil 4’te
gosterilmistir.
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Sekil 4. Dipgik boliimdi statik analiz sonuglar: a. Gerilme sonuglar1 b. Yer Degistirme Sonuglari
Figure 4. Stock section static analysis results a. Stress results b. Displacement results

Olgiim noktalarindan bir digeri de namlu boliimiindedir. Bu l¢iim noktasinda silahin dénmesi
serbest birakilmakta ve donme sadece Load Cell tarafindan engellenmektedir. Bu durumda olusan
moment, mesnet kuvveti ile yiik kolu ¢arpimi seklinde hesaplanmaktadir. Burada yiik olarak bahsedilen
uzunluk élgﬁm noktasi ile donme noktasi arasindaki mesafedir. Bu durumu Sekil 5'te gosterilmistir.
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Sekil 5. Sahlaflma momenti
Figure 5. Rampancy moment

Namlu boliimiinii olusturan kisimlar Sekil 6’da verilmistir. Bu boliimde Load Cell” e gelen kuvvet
dipgik boliimiinde oldugu gibi maksimum olarak belirlenen 50 kgF” dur. Bu kuvvet namlunun bu béliimle
temas ettigi yiizeye verilerek Solidworks programinda statik analize tabi tutulmustur.
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Ust cene saplamasi

st cene ayar somunu

Load Cell tasiyicist

Load Cell

Ana miller

Ust Cene

Alt cene

Alt cene ayar somunn

Alt cene saplama

Namh bélimii ayar yiizdiklen

Sekil 6. Namlu boliimii
Figure 6. Barrel part
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6 mm ve 10 mm kalinlikla 5t37 malzemeden olusturulan namlu boliimiiniin gerilme ve yer degistirme
sonuglar1 Sekil 7 de verilmistir. Sonuglardan yola ¢ikilarak dl¢iimii ve makine rijitligini tehdit eden bir

sorunla kargilagilmamuistir.

18.388

von Mises (N/mm#2 (MPa))

18.388

16,855

15.323
. 13,791
o 12,258
10.726
9.194
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6,129
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3.065

1532

0.000

a. b.

0.013
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Sekil 7. Namlu boliimii statik analiz sonuglari a. Gerilme sonuglar1 b. Yer Degistirme Sonuclar:

Figure 7. Static analysis of the barrel part a. Stress results b. Displacement results
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Tablaya baglanabilecek tiifeklerin ebatlar1 degisiklik gostermektedir. Bu degisiklige karsin 6lgiimiin
diizdiin yapilabilmesi icin silahin tabla ile paralel ateslenmesi gerekmektedir. Burada dogacak bir
ylikseklik farki soz konusudur. Bu farkin giderilmesi i¢in namluyu sikistiran alt ¢ene ve iist ¢enenin,
saplamalarla ve bunlara ait sabitlenmis, donebilen somunlarla yiiksekligi ayarlanabilecek sekilde tasarim
yapilmustir. Boylece silah testten once tablaya paralel konuma getirilebilmektedir.

Sekil 8. Silah tablas1 tasarimi
Figure 8. Design of the gun table

Tabla iizerinde iki kenarda bulunan millerin {izerinde hareket eden namlu boliimii silahin el kundag:
ve namlu uzunluguna gore 1077 mm’ ye kadar acilabilmektedir. Silahin el kundagi-dip¢ik uzunlugu 1077
mm’yi gecmedigi siirece tablaya baglanabilmektedir. Bu aralik ¢ogu silah1 kapsamakta ve bu sekilde
silahin boyu ayarlanabilmektedir. Ayrica test atis1 sirasinda silahtan tahliye edilen bog kovanlarin gevreye
dagilmamasi igin bir tiir set tasarlanmigtir. Kovan perdesi ismi verilen bu boliim silah boyuna gore hareket
etmektedir. Bunlara ilave olarak tasarimda, silahin baglandig1 boliim olan silah tablasinda ayni1 zamanda
silahin otomatik ateslenmesini saglan bir sisteme alt yapi olan bir boliimde mevcuttur. Bu boliim
yliksekligi ayarlanabilir olacak sekilde servo motor ile kontrol edilecek sekilde tasarlanmistir. Silah tablasi
soniim boliimiinde ise 4 adet lineer rulman ve soniim yaylarin sikigtiran bir adet de sase bulunmaktadir.
Bu lineer rulman ve sase sayesinde atistan sonra olusan kuvvetler soniimlenebilmektedir. Tasarimda
dikkate alinan bu unsurlar Sekil 8" de gosterilmistir. Silah tablasi daha 6nce belirtilen 50 kgF’lik kuvvete
ve soniim yay kulagindan silah geri tepmesine ters yonde olacak sekilde 100N’luk bir kuvvete maruz
birakilarak gerilme ve yer degistirme sonuglar1 elde edilmistir. Sekil 9-10 da verilen sonuglara gore silah
tablasinin emniyetli olarak tasarlandig1 sonucuna varilmstir.
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von Mises (N/mmA2 (MPa))
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Sekil 9. Silah tablasi gerilme sonuglari

Figure 9. Stress results of the gun table
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Sekil 10. Silah tablasi yer degistirme sonuglart

Figure 10. Displacement results of the gun table

Séniim boliimii silah tablast ile yiikseklik bdliimii arasinda yer alan bir boliimdiir. Uzerinde lineer
rulman kizaklar1 mevcuttur. Silah tablasi bu kizaklar iizerinde hareket etmektedir. Ayni zamanda bu
boliim tizerinde bulunan iki adet soniim yay1 vasitast ile atistan sonra olusan kuvvetler
soniimlenmektedir. Bu soniimlemenin nedeni alt saseyi zorlamamak ve Ol¢limii saglikhi
gerceklestirmektir. Soniim boliimii tasarimi Sekil 117 de verilmistir.
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Sekil 11. S6niim boliimii tasarimi
Figure 11. Damper part design

Soniim boliimii statik analize tabi tutulmus, bu analiz ¢ercevesinde mafsal ve kizak baglantisindan
sabitlenen CAD modele iki ugtan ve soniim mil sasesinden 100kgF keyfi yiik uygulanarak gerilme ve
egilme durumu arastirilmistir. Sonuglar Sekil 12" de gosterilmistir.

von Mises (N/mmA2 (v URES (mm)

492,448 2253

l 451414

L 410.380

2,065
L 1878
. 369.347 . 1690
. 328313 . 1502

. 287.278 L 1314

-T 246,245 Mg 1127
L 205.211 L 0939
/ FPXT] . 164178 . 0751
L 123144 . 0.563
82.110 0.376
I 41076 I 0.188
0.042 0.000
a. b.

Sekil 12. Sontim boliimii statik analiz sonuglari a. Gerilme sonuglar1 b. Yer Degistirme Sonuglar:
Figure 12. Static analysis results of the damper part a. Stress results b. Displacement results

Silah tablasi ile soniim boliimii arasinda lineer rulmanl baglant: vardir. Bu durum kuvvet soniim
sistemine iletilmektedir. Soniim yay sabitin optimum diizeyde olmas1 bu sistemin en iyi sekilde ¢alismasi
demektir. Yay sabitinin arastirllmasinda Matlab/Simulink/SimMechanics programi kullanilmuistir.
Sistemin ti¢ boyutlu kati modeli Matlab/SimMechanics ortamina aktarilmis ve sistemin simiilasyon
modeli elde edilmistir. Sistemin Matlab/Simulink/SimMechanics modeli Sekil 13’de verilmistir.

Matlab ortaminda soniim sistemi ile silah tablasi arasina ‘Body Spring & Damper’ oOzelligi
kullanilarak yay tanimlanmistir. Matematiksel olarak sistemde soniim eleman: bulunmamaktadir. Bu
durumda Matlab ortaminda kuvvet girislerinden sonra silah tablasinin titresim hareketi yapmasi
dogaldir. Titresim grafiklerinde 6nemli olan kisim ilk tepe noktasinin numerik degeridir. Bu deger silah
tablasinin atistan sonra ne kadar geri gelecegini sdylemektedir. Test makinasinda tasarim geregi
geometrik olarak izin verilen strok boyunca hareket eden tabla, soniim yaymna enerjisini aktarir ve
carpisma Onlenmektedir. Ayni sekilde bu durum geri doniis i¢inde gecerlidir. Bu durumda silah tablasi
bir tam devir yaptiginda hiz sifira diismektedir. Belirlenen strok ise 268 mm’dir. Kat1 model iizerinden
simiilasyonun gergeklesmesi icin silahin tabla ile temas ettigi noktalara kuvvet tamimlanmustir.
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Tanimlanan noktalar Sekil 14" de verilmistir. Kuvvetler simiilasyonun birinci saniyesinde etkimektedir ve
0.1s kadar stirmektedir. Bu kuvvetlerin grafikleri Sekil 15" de gosterilmistir.

YOKSEKUK GIRI§

Sekil 13. Test makinas1 Matlab/Simulink/SimMechanics modeli ve blok diyagrami
Figure 13. Matlab/SimMechanics model and block diagram of the test machine
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Sekil 14. Temsili atis kuvvetleri gosterimi
Figure 14. Representative shot force display
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Sekil 15.Temsili giris kuvvetleri
Figure 15. Representative input forces.

gore tablanin konum degisimi grafikleri Sekil 16’da verilmistir.
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Sekil 16. Yay sabitlerine gore tabla hareketinin degisimi

(k=7 N/m, k =10 N/m, k = 15N/m)

Figure 16. Variation of table movement according to spring constants
(k=7 N/m, k=10 N/m, k=15N/m)

Bu sonuglara gore yay sabiti 7 N/m iken tablanin 242.2 mm, 10 N/m iken 200 mm ve 15 N/m iken 164,6
mm maksimum deplasmana ulastig1 goriilmektedir. Yay sabiti 7 N/m ve 10 N/m oldugunda tablanin
ulagtigt konum izin verilen strok igerisindedir. Fakat gliclii silahlarin verebilecegi geri tepme

-
=3




Silah Geri Tepme ve Sahlanma Test Makinasi Tasarimi ve Simulasyonu

231

kuvvetlerinin verilen temsili degerlerin {istiine ¢ikabilecegi diistiniildiigiinde soniim sisteminde ¢arpisma
gerceklesmesi soz konusudur. Bu nedenle tasarimda yay sabiti 15 N/m olarak alinmis ve Load Cell’in
maksimum dayanabilecegi kuvvet olan 50kgF a gore tablanin konum ve hiz analizleri gerceklestirilmistir.
Elde edilen simiilasyon sonuglari Sekil 17'de verilmistir.
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Sekil 17. 50kgF etkisindeki tablanin konum ve hiz degisimleri
Figure 17. Position and velocity changes of the table under the influence of 50 kgF

Sekil 17’deki sonuglara gore tablanin hareketinde izin verilen strogun disina ¢tkmistir. Atistan sonra
carpisma aninda yay sasesinin bu kuvvete kars: tepkisi arastirilmasi igin ¢arpisma ani simule edilmis ve

carpismanin 1.38 saniye sonra gergeklesecegi bulunmustur. Ayrica maksimum ivmenin 1.05 saniyede

olustugu Sekil 18’de goriilmektedir.
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Sekil 18. Tablanin ¢carpma an1 konum, hiz ve ivme sonugclari
Figure 18. Position, velocity and acceleration results of the table at the moment of impact
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Sekil 19. Carpma parametreleri
Figure 19. Collision parameters

Simiilasyon sonucunda elde edilen veriler ve ¢arpma ani Sekil 19°da gosterilmistir. Olusturulan
carpma senaryosuna gore carpma kinetik enerjisi 9.483 Joule, carpma kuvveti ise 486.272 N olarak
bulunmustur. Hesaplanan ¢arpma kuvvetine gore soniim boliimiiniin gerilme ve sekil degistirme
analizleri gerceklestirilmis ve Sekil 20’de verilmistir. Bu sonuglara gore maksimum olusan gerilme 7.538
MPa ve maksimum sekil degisimi 0.032 mm’dir. Carpisma sonucunda tasarimi yapilan sase iizerinde
rijitlik bozulmamais ve ¢arpisma kuvveti soniimlenmistir.
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Sekil 20. Soniim boliimii gerilme ve sekil degisimi sonuglari a. Gerilme sonuglar1 b. Yer Degistirme

Sonuglar1
Figure 20. Damping section stress and strain results a. Stress results b. Displacement results

Silah tablasini ve soniim boliimiinii tasiyan yiikseklik sisteminin tasarimi Sekil 21’de verilmistir.
Yiikseklik boliimiiniin mekanizma pimlerinden ve soniim boliimii baglantisindan diisey yiinlti 100kgF
uygulandiktan sonra elde edilen gerilme ve sekil degistirme sonugclar1 Sekil 22’de verilmistir.
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Yoowkik Melonisman

Sekil 21. Yiikseklik boliimii tasarimi
Figure 21. Height part design
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Sekil 22. Yiikseklik boliimii gerilme ve yer degistirme analizleri a. Gerilme sonuglar1 b. Yer
Degistirme Sonuglari
Figure 22. Stress and displacement results of the height part a. Stress results b. Displacement results

Sekil 22" de verilen gerilme ve yer degistirme sonuglarina gére maksimum gerilme 100.282 MPa ve
maksimum yer degistirme 0.291mm olarak bulunmustur. Maksimum gerilme degerinden anlasilacag:
lizere tasarlanan yiikseklik boliimiiniin de mukavim oldugu goriilmektedir. Test silahinin yatayla agisini
kontrol etmek i¢in tasarlanmis olan yiikseklik mekanizmasi, vidali mildeki donme hareketini vidali mil
tizerinde bagli olan somunun Otelenmesiyle donme hareketine gevirerek calismaktadir. Hassasiyet ve
ylikleme durumuna bakilacak olursa, vidali mil ¢ap1 ve hatve konusundan sec¢im yapilmis ve yiiklemeyi
karsilayacak vidali ¢ap1 25 mm olarak secilmistir. Sekil 23’de yiikseklik mekanizmasinin tasarimi
verilmistir.
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Sekil 23. Yiikseklik mekanizmasi
Figure 23. Height mechanism

Yiikseklik mekanizmasinin dayanimini 6l¢mek i¢in mekanizma sabitlendikten sonra mekanizma
ucundan asag1 yonlii 250kgF yiik tanimlanarak statik analiz yapilmis ve sonuglar Sekil 24’de verilmistir.
Sekil 24’ de verilen gerilme ve yer degistirme sonuglarina gore maksimum gerilme 217,348 MPa ve
maksimum yer degistirme 0,556 mm olarak bulunmustur.

von Mises (N/mmA2 (MPa) URES (mm)
mmj
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Sekil 24. Yiikseklik mekanizmasi gerilme ve yer degistirme analizleri a. Gerilme sonuglar1 b. Yer
Degistirme Sonuglar1
Figure 24. Stress and displacement results of the height mechanisma. Stress results b. Displacement results

Matlab/Simulink/SimMechanics programinda vidali mile doniis hareketi verilerek soniim boliimii ve
tablanin agisal hizinin zaman icindeki degisimi incelenmistir. Bu hareketi incelemeden 6nce tablanin
belirlenmis olan +10° yiikseklik hareketinde olusan vidali mil somunun hareketi hesaplanmistir. Bunun
yapilma nedeni, belirlenen hareket kabiliyeti igerisinde, vidali milin agisal hizina gore tablanin agisal
hizinin nasil degistigini gormektir. Tablaya +10° hareket verilerek somunun konum degisimi incelenmis
ve somunun sifir konumundan +10° yapmak igin 24.483 mm geri, -10° yapmak icin 57.9705mm ileri
hareket yapmasi sonucuna varilmistir. Sekil 25’de vidali milin konum degisimi verilmistir.
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Sekil 25. Tablanin +10° hareketi sonucu vidali milin konum degisimi
Figure 25. Position change of the ball screw as a result of +10° movement of the table

Yiikseklik vidali mili 90 derece/s agisal hiz ile donerek yiikseklik vidali mil somununa 1.25mm/s hiz
kazandirmaktadir. Vidali milin, 46.3764 saniyede ileriye dogru attig1 11.59 turda somun 57.9705mm ileri
gitmekte, vidali milin 19.5864 saniyede geriye dogru attigr 4.89 turda somun 24.483mm geri hareket
etmektedir. Bu hareketler sonucunda tablanin yatayla acisi sirasiyla -10° ve +10° olarak degismektedir.
Belirlenen vidali mil somunu parametreleri Matlab/simulink programinda modele tanimlanarak tablanin
agisal hiz1 incelenmistir. Tablanin bu parametreler etkisindeki ileri ve geri hiz-zaman grafikleri Sekil 26’da
verilmistir.
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Sekil 26. Tablanin yatayla + 10° hareketinin agisal hiz degisimi
Figure 26. Angular velocity variation of + 10° movement of the table with the horizontal

Tablanun -10° hareketi incelendiginde hareketin sonuna dogru hizin 0.18 derece/s’ye yaklastig1
goriilmektedir. Tablanin +10° hareketi incelendiginde ise hareketin sonuna dogru hizin 0.11 derece/s
ulagmaktadir. Yiikseklik vidali mili i¢in secilen 90 derece/s hiz1 tablada herhangi bir hassasiyet problemi
vermemektedir. Bu durumda uzun menzilli test hedefine hassas bigimde nisan alinmasi miimkiindyiir.
Tablanin +10° hareketin -10° hareketine gore daha yavas olmasi iyidir. Clinkii +10° hareketinin daha ¢ok
kullarnulacak bir hareket olmasindan dolay1 mekanizma kinematigi bu harekette nisan almak icin daha
avantajlidir. Tanimlanan hareketler sonucunda tabla +10° ve -10° “ ye hareket ettirilmis ve bu tasarim
tizerinde bu durum $ekil 27’de gosterilmistir.
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Sekil 27.Tablanin +10° ve -10°'ye pc;zisyonlarl
Figure 27. Positions of the table to +10° and -10°

Test makinesi tasinmay1 kolaylastirmak i¢in parcalara ayrilir sekilde tasarlanmistir. Kontrol boliimii
ise gecmeli sekilde montajlanarak makine kullanima hazir hale gelecek sekilde tasarlanmistir. Sensorlere
ve servo motorlara gii¢ saglayan akii ve elektrik sistemlerinin bulundugu pano bu béliimde bulunaktadir.
Yon ve kontrol boliimiiniin genel yapisi Sekil 28’de verilmistir.

Elektrik veKontrol Panosa Servo Motor

UCFL20S

SFUR250S

fdals Mil Soemmu

Sekil 28. Yon ve kontrol boliimii tasarimi
Figure 28. Direction and control section design

Yo6n bolimiiniin yitk dayanimini sinamak icin ayak boliimii ile baglant: deliklerinden sabitlenir.
Kamali millerden diigey ytinlii 50kgF, ytikseklik boliimii ile baglant1 yerinden 100kgF ve kontrol boliimii
temas sasesinden 50kgF tanimlanarak yapilan gerilme ve yer degistirme analiz sonuclar1 Sekil 29'da

verilmistir.
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Sekil 29. Yon boliimii gerilme ve yer degistirme sonuglari a. Gerilme sonuglar1 b. Yer Degistirme
Sonuglar1
Figure 29. Direction section stress and displacement results a. Stress results b. Displacement results
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Yon boliimiine belirtilen yiiklemeler yapildiktan sonra gerilme diyagrami incelendiginde maksimum
gerilmenin kamali milleri tastyan parcada 244.528 MPa oldugu goriilmektedir. Bu yiikleme durumunda
ise kamal1 millerde 1.859 mm egilme meydana gelmistir. Yonlendirme mekanizmasimin gerilme ve yer
degistirme sonuglari ise Sekil 30"da verilmistir.

URES (mm)

von Mises (N/mmA2 (MPa
w612
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| 231343
. 208.209
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a. b.
Sekil 30. Yonlendirme mekanizmasi gerilme ve yer degistirme sonuglari a. Gerilme sonuglari b. Yer
Degistirme Sonuglari
Figure 30. Steering mechanism stress and displacement results a. Stress results b. Displacement results

Matlab/Simulink/SimMechanics programinda yon mekanizmasinin hizi incelenmis ve -10° ve +10°

vidali mil somunun konum degisimini Sekil 31’de verilmistir.
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Sekil 31. Yon vidali mili konum degisimi.
Figure 31. Direction screw shaft position change
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Vidali mil somunu +88.16 mm yol aldiginda yon boliimii saga 10°, -88.16 mm yol aldiginda ise yon
boliimii sola 10° donmektedir. Vidali milin hiz1 hassasiyeti artirmak amagh oncelikli olarak saniyede
yarim tur olarak belirlenir.

Bu durumda;

(0.5 dev)/(1 s) x 1s/(1/60)dk = 30dev/dk 1)

e
1

0.5dev/1sn x 360derece/1dev = 180 derece/s (2)

e
i

olarak bulunur.
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Lineer Hiz = Hatve x A¢isal Hiz ve (3)
Hatve = 5 mm ( Devir basina ilerleme ) ise;
Lineer Hiz = (5mm/dev) x (30 dev/dk) = 150mm/dk =2.5mm/s(somun hiz1) 4)

(+)88.16 mm sola ve (-)88.16 mm saga hareket.

Sola Lineer Hareket = Hatve x Saga Acisal Hareket 5)

(88.16mm)= (5mmy/dev) x ( Saga Acisal Hareket) (6)

Saga Acisal Hareket = 17.632dev olarak bulunur.

Yol = Hiz x Zaman @)

(88.16mm) = (2.5mm/s) x (tsag veya tsol) (8)

tsag = tsol = 35.264 s olarak bulunur

Yon vidalt mili 180 derece/s agisal hiz ile donerek yon vidali mil somununa 2.5 mm/s hiz
kazandirmaktadir. Vidal milin, 35.264 saniyede saga ve sola dogru attig1 17.632 turda somun 88.16 mm
saga ve sola gitmektedir. Bu hareketler sonucunda tablanin yon agis1 -10° ve +10° olarak degismektedir.
Belirlenen vidali mil somunu parametreleri Matlab/Simulink programinda modele tanimlanarak tablanin
agisal hizi incelenmistir. Tablanin bu parametreler etkisindeki saga ve sola hiz-zaman grafikleri Sekil 32’de

gOsterilmistir.
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Sekil 32. Yon boliimii hiz degisimi

Figure 32. Direction section speed change

180 derece/s yon vidalt mil hizina gore yon boliimiiniin hiz-zaman grafigi Sekil 32’de gosterilmistir.
Bu grafige gore yon doniis hizi 0.2 derece/s olarak kabul edilebilir. Bu hiz ise yon boliimiiniin hassasiyeti
agisindan uygundur. Tanimlanan hareketler sonucunda yon boliimii +10° ve -10° “ ye hareket ettirilmis ve
bu durumlar i¢in pozisyonu $ekil 33’de verilmistir. Kontrol boliimiiniin 50kgF yiik altinda statik analiz
sonuglar1 Sekil 34’de verilmistir.
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Sekil 33. Yon boliimii +10° ve -10° pozisyonlarinin goriiniimii
Figure 33. Direction section +10° and -10° positions view

wvon Mises (N/mmA2 (MPa))
164.122
150.445
L 136.769
. 123.092
. 109.416
(Maks.: T164122 ]

95.739
82.062
68.386
54.709
L 41033
27.356

13.680

a. b.
Sekil 34. Kontrol boliimii gerilme ve yer degistirme sonuglar1 a. Gerilme sonuglar1 b. Yer Degistirme

Sonuglar
Figure 34. Control section stress and displacement results a. Stress results b. Displacement results

Kontrol boliimiine 50 kgF kuvvet uygulanmasi sonucunda gerilme degerinin sinurlar icinde kaldig1
ancak 4.607 mm yer degistirme sonucunun ortaya ¢ikti§1 goriilmektedir. Ancak kullanim yiikiiniin
50kgF’e ulasmayacagindan dolay1 yer degistirme sonucunun makul oldugunu séylemek miimkiindjir.

Sekil 35. Ayak boliimii tasarimi
Figure 35. Foot section design

URES (mm)

4.607

4223

T 3.839
. 3.455

L 3071

2687
2.303
1920

1536

L 1152

0.768
0.384

0.000



240 0. KOG, M. TINKIR

Ayak boliimii tiim sistemi tasiyan en alt boliimdiir. Atis sirasinda makinanin rijit olmas1 énemlidir.
Bu rijitligi saglamak {izere makine atis sirasinda 8 adet endiistriyel makine ayag lizerinde calismaktadar.
Ayak boliimii silah tablasini kullanicinin isini kolaylastirmak igin belli bir yiikseklikte tutmakta ve ayni
zamanda bu boliim sayesinde kontrol boliimii de yerden yiikselebilmektedir. Makinanin hareket
ettirilmesini kolaylastirmak igin test bittikten sonra ayak boliimiinde bulunan teker mekanizma
basamagina basilarak katlanmakta ve dort adet teker acilmakta ve makine tekerler iizerinde hareket
etmektedir. Gerektiginde ise mandal yardimiyla kapatilarak ayaklar {izerine oturmaktadir. Ayak boliimii
genel yapisi Sekil 35’ de verilmistir. Ayak boliimii tiim sistemleri tasiyan boliim oldugundan yon boliimii
ile her temas noktasindan 100kgF ile tepme yoniine gore de 50kgF kuvvet ile statik analize tabii

URES (mm)
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Sekil 36. Ayak boliimii kullanim pozisyonunda statik analiz sonuglar1 a. Gerilme sonuglar1 b. Yer
Degistirme Sonuglari
Figure 36. Static analysis results in foot section usage position a. Stress results b. Displacement results
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Sekil 37. Ayak boliimii teker tizerindeyken statik analiz sonuglar1 a. Gerilme sonuglar1 b. Yer
Degistirme Sonuglar1
Figure 37. Static analysis results when the foot section is on the Wheel a. Stress results b. Displacement results

3. SONUCLAR ve TARTISMA (RESULTS AND DISCUSSION)
Makine tablasina baglanan test silahinin atesleme sonucunda verecegi geri tepme kuvveti 100 N ve

sahlanma momentine sebep olan kuvvet ise 50 N olarak kabul edilmistir. Silahin atisini simule etmek icin
her atis 0.1 s siirmektedir. Atiglarin zamani simiilasyon senaryosuna gore belirlenmistir. Silahin

URES (mm)

0.640
0.587

0533

- 0.480
. 0427

L 0373

0320
0.267

L0213

0.160
0.107
0.053
0.000



Silah Geri Tepme ve Sahlanma Test Makinasi Tasarimi ve Simulasyonu 241

ateslenmesi test makinasinin kontrolii agisindan bozucu giris olarak kabul edilmistir. Bozucu girisler,
makinanin maksimum agilarinda daha etkili olacagindan dolayr maksimum agilarda simiilasyonlar
yapilmustir. Belirlenen senaryoya gore bozucu girislerin yani tepme ve sahlanma kuvvetlerinin grafikleri
Sekil 38-39’da verilmistir.

Sahlanma Kuvvet-Zaman Grafigi
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Sekil 38. Sahlanma kuvveti bozucu girisi
Figure 38. Rampancy force disturbance input

Tepme Kuvvet-Zaman Grafigi
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Sekil 39. Tepme kuvveti bozucu girisi
Figure 39. Rebound force disturbance input

Grafiklerden anlasilacag: iizere test atislar1 yani bozucu girisler 6, 12.1, 18.2 ve 24.3'{incii saniyelerde
gerceklesmektedir. Huglu marka HTB model 12 gauge bir av tiifegi silah tablasina baglandiktan sonra
makinanin izin verilen maksimum agilara getirilerek ates edilmesiyle olusan bir senaryoya gore otomatik
kontrol yapilmistir. Bu agilarda makinanin test edilmesinin sebebi geri tepme kuvvetinin makinaya
tesirinin en fazla oldugu noktalarin maksimum acilarda olmasidir. Yani bozucu etki en fazla maksimum
acilarda meydana gelmektedir. Maksimum durumda otomatik kontrol yapilarak daha az agilarda olugan
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bozucu etkilere karsi tablanin kontrolii gerceklestirilmistir. Olusturulan bu senaryo Sekil 40’da
gosterilmistir
B

2.ATIS
+10 derece

-10 derece -10 derece

3.ATIS 2
ORJIN EKSENI

Sekil 40. Simiilasyon senaryosu
Figure 40. Simulation scenario

Oncelikle tabla orijin dogrultusundan (OE) 1. atig dogrultusuna (OA) gidecektir. 1. atis1 gergeklestirip,
strastyla 2. (OB) 3. (OC) 4. (OD) atis dogrultularina giderek atis yapacaktir. Atislar1 tamamladiktan sonra
orijin dogrultusuna (OE) donecektir. Bu senaryoda her atistan sonra ve dnce birer saniye bekleyecektir.
Yiikseklik ve yon mafsallarindaki hizlar 5 derece/s ‘dir. Hizin daha 6nce belirtilen hizlardan kat ve kat
fazla olmasmin nedeni senaryoyu kisaltmak ve yiiksek hizlarda kontrolii saglamaktir. Belirlenen
senaryoya gore yon mafsalinin derece cinsinden referans konum degisimi Sekil 41’de verilmistir.
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Sekil 41. Yon mafsali referans konum degisimi
Figure 41. Direction joint reference position change

Belirlenen senaryoya gore yiikseklik mafsalinin derece cinsinden referans konum degisimi Sekil 42’de
verilmistir. Sistemin Matlab/Simulink programinda olusturulan kontrol blok diyagrami Sekil 43’de
verilmigtir. Makinanin y6n ve yiikseklik konum kontrolii asagida verilen diyagrama gore
gergeklestirilmistir. Kontrolcii olarak PID (oransal+integral+tiirev) kontrol kullanilmistir. PID kontrol
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kazang parametreleri konum cevaplarina gore optimize edilmis ve K, = 22, Ki= 8, Ka = 2,5 olarak
bulunmustur.
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Sekil 42. Yiikseklik mafsali referans konum degisimi
Figure 42. Altitude joint reference position change
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Sekil 43. Test makinasinin Matlab/Simulink kontrol blok diyagrami
Figure 43. Matlab/Simulink control block diagram of the test machine

Yon mafsali ve yiikseklik mafsalinin PID kontrollii konum cevaplar: Sekil 44 ve Sekil 45’ de verilmistir.
Konum kontrolii sonuglarina gore bazi noktalarda kalici durum hatas1 meydana geldigi goriilmektedir.
Fakat atis i¢in durulan anlarda referans sinyali yakalanarak dogru pozisyonda atis yapilmakta bu
durumda kontrol saglikli sekilde gerceklesmektedir. Bozucu girislerin grafiklerden okunacag tizere
hareketlere herhangi bir etkisi goriilmemektedir. Bu durumda silah atislarinda olusan kuvvetlerin vidali
mil tarafindan soniimlendigi sdylenebilir.
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Yon Mafsali Konum-Zaman Otomatik Kontrol Grafigi
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Sekil 44. Test makinasinin yon mafsali PID konum kontrolii
Figure 44. PID position control of the direction joint
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Sekil 45. Test makinasinin yiikseklik mafsali PID konum kontrolii
Figure 45. PID position control of the test machine height joint

Bozucu giris olarak tanimlanan dort adet test atisinin sebep oldugu tabla hareketinin konum degisimi
Sekil 46’da verilmistir.
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Sekil 44. Silah tablasi konum degisimi
Figure 44. Position change of the gun table

4. YORUMLAR ve ONERILER (COMMENTS AND SUGGESTIONS)

Bu calisma kapsaminda; silah ateslenmesinde olusan tepme kuvvetini ve sahlanma momentini
Olgebilen, iki serbestlik dereceli, gelen kuvvetleri soniimleyebilen rijit bir test makinasinin sonlu elemanlar
yontemi kullanilarak 6zgiin tasarimi ve simiilasyonlar: gerceklestirilmistir. Calisma sonunda elde edilen
tasarimun literatiirde yer alan test makinalarindan tamamen farkli oldugunu sdylemek miimkiindiir.
Ayrica test makinasiin prototip imalati i¢in olduk¢a 6nemli teknik bulgular elde edilmistir. Huglu Av
Tiifekleri Kooperatifi destegi ile prototip imalatina baglanan test makinasi sayesinde av tiifegi ve savunma
sanayi sektoriinde gelistirilen tiifeklerin testleri yapilarak elde edilecek miihendislik sonuglari ile daha
konforlu ve performansli silahlarin tasarlanmas1 miimkiin olacaktir.
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e  Akrilatlanmis epoksitlenmis soya yagi, kekik yagi ve nanokil ile nanokompozit filmler elde
edilmistir.
¢ Biyofilm ve nanokompozitlerin antibakteriyel aktiviteleri belirlenmistir.

e Subuharn gecirgenlik 6zellikleri, pH, sisme-¢oziiniirliik-su igerigi incelenmistir.
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OZ: Bu calismada, tamamen yenilenebilir ve biyolojik olarak parcalanabilen kompozit filmler
tiretmek i¢gin; akrilatlanmis epoksitlenmis soya yagi (AESO) polimer matris olarak kullanilmistir. Bu
biyobazli matris yapiya oncelikle antibakteriyel 6zelligi kanitlanmis bir esansiyel yag olan kekik yag:
(KY), farkli oranlarda (kiitlece %0, %1, %2, %3, %4, %5) ilave edilmistir. Elde edilen filmlerin
antibakteriyel Ozellikleri incelenmis ve en uygun oran belirlenmistir. Bu oran sabit tutularak
calismanin ikinci asamasinda farkli oranlarda (kiitlece %1, %2, %3, %4, %5) nanokil (NK) ilavesi ile
nanokompozit filmler hazirlanmistir. Elde edilen malzemelerin antibakteriyel aktivite testleri
yapilmis, su buhar1 gegirgenlik Ozellikleri incelenmis, ayrica pH, sisme-coziiniirliik-su igerigine
bakilmigtir. Su igerisinde sisme orani ortalama %0,2437-2,1500 arasinda belirlenirken, suda
¢ozlintirlik orant %0,1550-0,3100 araliginda olmustur. Su sorpsiyonu ise %0,6633-0,8917 araliginda
degerler almistir. 72 saat sonunda pH degerleri 7,23-7,29 araliklarinda 6l¢iilmiis ve bu deger cilt pH'1
ile uyumlu bulunmustur. Son olarak su buhari gegirgenligi testinde 1381,9- 2,1357x10-1° g.m/(m?*Pa*s)
araliginda kaydedilen degerler, filmlerin oldukg¢a diisiik bir su buhar1 gegirgenligine sahip
olduklarini gostermistir.

Anahtar Kelimeler: Kekik Yag:, Antibakteriyel Aktiflik, Nanokil, Biyobazli Film Kompozit

Investigation of the Properties of Biopolymer Composite Films Prepared with Thyme Oil

ABSTRACT: In this study, to produce fully renewable and biodegradable composite films; acrylate
epoxidized soybean oil (AESO) was used as the polymer matrix. Thyme oil (TO), an essential oil with
proven antibacterial properties, was added to this biobased matrix structure at different rates (0, 1, 2, 3,
4, and 5 wt%). The antibacterial properties of the films obtained were examined and the most suitable
ratio was determined. The antibacterial properties of the films were investigated and the most suitable
TO ratio was determined. In the second stage of the study, the amount of TO was kept constant and
nanocomposite films were obtained by adding nanoclay (NC) at different weight ratios (1, 2, 3, 4, and 5
wt%). The antibacterial activity tests of the obtained materials were carried out, their water vapor
permeability properties were examined, and also pH, swelling-solubility-water content were examined.
While the swelling ratio in water is determined between 0,2437-2,1500%, the water solubility ratio is
between 0,1550-0,3100%. In water content, values were in the range of 0,6633-0,8917%. After 72 hours,
pH values were measured between 7,23-7,29 and this value is compatible with skin pH. Finally, the
values recorded in the range of 1381,9-2,1357x10-10 g.m/(m?*Pa*s) in the water vapor permeability test
showed that the films had a very low water vapor permeability.

Keywords: Thyme Oil, Antibacterial Activity, Nanoclay, Biobased Film Composite
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1. GIRIS AINTRODUCTION)

Geleneksel epoksi regineler, otomobil, havaciik ve gemi yapiminda, elektronik cihazlarda,
paketleme ve diger sektorlerde yaygin olarak kullanilmaktadir. Nanokompozitlerde matris olarak tercih
edilen yiiksek diizeyde capraz bagli epoksi recinelerin sahip olduklar: yiiksek sertlik ve mukavemete
ragmen kirilganlik gibi plastik deformasyonu, bir¢ok uygulama ic¢in 6nemli bir malzeme kusuru haline
gelebilir [1]. Ote yandan, geleneksel epoksi reginelerin dogada geri doniistiiriilmesi zordur.
Biyobozunur olmayan 1styla sertlesen malzemeler olarak kategorize edildikleri i¢in genellikle atik olma
egilimindedir [2]. Fosil yakit stogunun tiikenmesi, plastik atiklarin artmas: giintimiizde ¢evresel acidan
siirdiiriilebilir olmayan sorunlar olarak ciddiye alindiginda, petrol bazli polimerleri miikemmel
yenilenebilirlik ve maliyet etkinligine sahip dogal biyopolimerlerle ikame etmek veya hatta degistirmek
i¢in acil bir talep vardir [3].

Soya fasulyesi yag1 (50), yeni biyoplastikler i¢in yiiksek potansiyele sahip hammaddelerden biridir.
Modifiye SO, plastik levha kaliplama bilesikleri, kaplamalar ve yapistiricilar dahil olmak tizere bir¢ok
uygulamada umut verici bir alternatiftir. Epoksitlenmis soya yag1 (ESO) ise diisiik maliyetli bir epoksi
bilesigidir. Ayni1 zamanda dahil oldugu kompozitin biyobaz igerigini artirirken epoksi reginenin de
dayarukliligini artirmaktadir [4]. ESO'nun bir polimer kompozit yapi igerisinde kullanilmas: kompozitin
fiziksel ve mekanik (¢ekme mukavemeti, darbe dayanimi, kopmada uzama gibi) Ozelliklerini
iyilestirmektedir [5-7]. Ayrica capraz baglama yogunlugunun Kkilit faktorlerden biri olarak hareket
etmekte, bu nedenle ¢ok ince bir ESO tabakasiyla bile iyi bir su direnci elde edilebilmektedir [8].
Tanrattanakul ve Saithai'nin 2009’da yaptiklar bir ¢alismada akrilatlanmis epoksitlenmis soya yagi
(AESO)'nin ESO’dan daha yiiksek mekanik ozellikler gosterdigini kaydetmislerdir [4]. Bundan baska;
nihai kompozitin termal kararliliginin [5, 7, 9-12] ve korozyon direncinin arttig1 [5, 13] ve son olarak
yapinun adezyon 6zelligini artirdig: [12] kaydedilmistir.

Kompozit filmlerin fizikokimyasal 6zelliklerini iyilestirmek veya degistirmek i¢in nano boyutlu kil,
metal veya metalik oksitler gibi nanolifler, polimer, polimer kombinasyonlari, antioksidan/antibakteriyel
ozellik kazandiran malzemelerin kullanimina yo6nelik parametreler denenmektedir. Teknolojik
gelismelerle birlikte temizlik konusuna olan bakis acimiz ve beklentilerimiz de artmistir. Ozellikle
kullanima sunulan ambalaj gibi materyallerin antibakteriyel 6zelligi tasimasi giiniimiizde giderek ilgi
¢cekmeye baslamistir. Tibbi ve aromatik bitkilerin kok, govde ve yaprak gibi gesitli kisimlarindan
presleme ya da destilasyon gibi yontemlerle elde edilen esansiyel yaglar (ugucu yaglar) belli oranlarda
antibakteriyel 6zellik tasiyabilmektedir. Bu ugucu yaglar kullanilarak bazi yiizeylerde antibakteriyel
yap1 olusturmak miimkiindiir. Antimikrobiyal etkisi belirlenmis olan esansiyel yaglardan biri de kekik
yagidir [14].

Polimer nanokompozitler genellikle saf polimerlerden énemli dlglide farkli olup daha iyi 6zellikler
sergilerler. Polimer nanokompozitlerin 0Ozellikleri, dahil edilen nanopargaciklarin sekli, boyutu,
konsantrasyonu ve polimer matrisi ile etkilesimleri tarafindan yonetilir. Nano dolgu maddelerinin
eklenmesi, bazen geleneksel dolgu maddeleri ile sinerji i¢inde, fiziksel, mekanik, optik, elektriksel ve
termal Ozellikler dahil olmak {izere malzemelerin degisken 6zelliklerini 6nemli Olciide iyilestirirler. Kil
malzemeleri ticari olarak temin edilebilir, ucuzdur, agindirica degildir ve dogasi geregi geri
doniistiiriilebilir. Kompozitlerde kullanilan nanotakviye tiirlerinden en yaygin olan ise nanokillerdir.
Nanokiller genellikle yaklasik 1 nm kalinliginda, bir boyutta yaklasik 50-150 nm yiizeylerde bir
fillosilikat veya tabaka yapisina sahip bir kil mineralidir [15-16].

Giintimiizde nanokillerin en Onemli uygulamalarindan biri polimer-kil nanokompozitlerin
tretimidir. Pek ¢ok arastirmaci, kolay bulunabilirligi nedeniyle hibrit polimerik kompozitlerde ve
bunlarin laminatlarinda dolgu maddesi olarak montmorillonit (MMT) nanokil kullanmistir [17-18].
MMT'nin kiigiik bir miktarinin (kiitlece %0.5-5.0) dahil edilmesi, polimeri modifiye ederek, geleneksel
malzemelerle karsilastirildiginda elde edilen kompozitin fiziksel, mekanik, kirilma, aginma direnci,
termal stabilite, alev geciktirici, biyouyumluluk ve kimyasal &6zelliklerinde kayda deger bir iyilesme
olmustur [19-21]. Nanokiller ayrica plastik endiistrisi {irlinlerinin yangin giivenligini artirmak icin
onlarda alev geciktirici olarak kullanilmaktadir. Nanokilleri plastige entegre etmek, yanmay1 onleyen
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koruyucu bir tabaka araciligiyla yanici malzeme miktarini ve yanginin yayilmasin biiyiik lgiide azaltir
[9].

Yapilan ¢alismada, ilk kez elde edilen AESO bazli kompozit filmlerine belli oranlarda ilave edilen
NK, biyobazli matriste takviye malzemesi olarak kullanilirken, KY ile de antibakteriyel 6zellik
kazandirilmas: amaglanmistir. Tamamen yenilenebilir ve biyolojik olarak parcalanabilen yeni kompozit
filmler iiretmek icin; polimerik matris ve takviye malzemesi, yenilenebilir kaynaktan elde edilmistir.
Sonug¢ olarak kati atik olusturmayan, dogada c¢oziiniirken c¢evreye zarar vermemesi beklenen bir
malzeme olmasi planlanmistir.

2. MATERYAL ve YONTEM (MATERIAL and METHOD)
2.1. Materyaller (Materials)

Calismada matris olarak akrilatlanmis epoksitlenmis soya yagi (AESO) (yogunluk: 1.04 g/cm3;
vizkozite: 18,000-32,000 cps) (Sigma-Aldrich) (Sekil 1a) kullanilmistir. Kekik yag1 (KY) olarak Gaziantep
ve Hatay cevresinde yetisen bir kekik tiirii olan Zahter kekik yagi kullanilmistir ( Hatay ili Semir Eraslan
Baharat). Calismada kullamilan mikroorganizma suslar1 Selcuk Universitesi Fen Fakiiltesi Biyoteknoloji
boliimiinden temin edilmistir. Kiirlestirici olarak iki tiir ajan kullanilmistir. Birincisi IPOX EH 2041(TAD
305-335 mgKOH/g) bir poliamin tiirii kiirleme ajarudir (Sar Chemical Co.'dan (Tiirkiye)). Ikinci ise UV
kiirlestiricidir: Irgacure 184 bir radikalik fotobaslaticidir )( Sigma-Aldrich) (Sekil 1b). Hizlandirict olarak
2,4,6-tris(dimetil amino metil) fenol (CisH2rNsO- yogunluk: 25°C’de 0,969 g/cm? ) kullanilmugtir.

o D i

o

Sekil 1a. Akrilatlanmis epoksitlenmis soya yag1 (AESO)
Figure 1a. Acrylated epoxidized soybean oil (AESO)

: OH :

0
Irgacure 184

Sekil 1b. UV Kkiirlestirici : Irgacure 184
Figure 1b. UV curing agent: Irgacure 184

Montmorillonit yapiya sahip nanokil (NK) (saflik: %99,9; boyut: 800 nm), Nanografi Co. Ltd.
(Tiirkiye) tarafindan gelistirilmistir. Tetrametilamonyum kloriir (TMAC) Merck (Darmstadt, Almanya)
tarafindan saglanmuistir.

2.2. Yontem (Method):
2.2.1. Nanokilin (NK) Hazirlanmas1 (Preparation of nanoclay)

NK modifikasyonu igin tetrametil amonyum kloriir (TMAC) kullanilmistir. NK ilk olarak saf su
icinde 30 dakika mekanik karistirma ile safsizliklardan uzaklastirilmistir. Daha sonra 5g/0.5 L TMAC
¢ozeltisi damla damla ilave edilerek 24 saat oda sicakliginda karistirmaya devam edilmistir.
Modifikasyondan sonra NK, santifuj yardimiyla ¢oktiiriilerek, kloriir iyonlarindan arindirilincaya kadar
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distile su ile yikanmis olup, yikama suyundan CI-iyonlarinin tamamen uzaklastigini kontrol etmek igin
0.1 M 100 mL giimiis nitrat (AgNOs) ¢ozeltisi kullanilmigtir. Son olarak 60°C sicakliktaki etiivde 48 saat
kurutma islemi uygulanmstir (Sekil 2).

Sekil 2. NK’'nin modifikasyon asamalar1
Figure 2. NC modification steps

2.2.2. Kompozitlerin Hazirlanmasi (Preparation of Composites)

Calisma iki asamada gergeklestirilmistir.
Ik asamada:

AESO ve kiitlece % 0, 1, 2, 3, 4, 5 oranlarinda KY behere alindiktan sonra 200 rpm'de ve 25°C'de 15
dakika boyunca manyetik karistiricida karistirilmistir. Daha sonra onceki calismamizda belirlemis
oldugumuz kiitlece %4 oraninda Irgacure 184 fotobaslaticis1 [22] ve %30 oraninda IPOX ilave edilerek
cam baget ile kopiik olusturmayacak sekilde karistirilmigtir. Ultrasonik banyoda 15 dakika kabarciklarin
giderilmesi icin bekletilmistir. Numuneler jel dokme yontemiyle 10x10x0,5 cm ebatinda kestirilen teflon
ylizey malzemesine ve mikrobiyolojik analiz i¢in petri kaplarina yerlestirilmistir. UV kiirleme cihazinda
filmlerin her iki ytizii 6 dakika kiirlendikten sonra vakumlu etiivde 100°C’de 24 saatte kiirlenme
tamamlanmugtir. Antibakteriyel analiz sonucu en uygun KY orani belirlenmistir.

Deneyin ikinci kisminda;

Bir onceki sette uygun goriilen KY orani sabit tutularak AESO ve NK ile (matrisin kiitlece % 1, 2, 3,
4 ve 5 oraninda) 200 rpm'de ve 25°C'de 15 dakika boyunca manyetik karistiricida karistirilmistir. Yapilan
diger islemler ilk asama ile ayrudir (Sekil 3).

.-

L] /7ﬁ\
[ £
A e 3 e J
—_— Ultrasonik Banyo S S UV kiirleme Cihazi

Sekil 3. Nanokompozit film yapim asamalari
Figure 3. Nanocomposite film production steps
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2.2.3. Analiz ve Testler (Analysis and Tests)
2.2.3.1. Bakteriyolojik analiz (Bacteriological analysis)

AATCC TM 147-1998'de aciklanan agar difiizyon yoOntemi kullanilarak test edilmistir.
Antibakteriyel aktivite iki farkli bakteri: Gram negatif (Escherichia coli, Pseudomonas aeruginosa) ve Gram
pozitif (Staphylococcus aureus) bakterilere kars1 degerlendirilmistir. 0,9 cm ¢apindaki numune, her iki
taraftan 10 dakika boyunca UV 15181 altinda sterilize edilmis ve daha once bir test bakterisi agilanmis
agar ylizeyine nazikce yerlestirilmistir. 37°C'de 24 saat inkiibasyondan sonra, numunenin veya
antagonistik zone bolgesi sinirlar1 boyunca ¢aplari Slgtilmiistiir.

2.2.3.2. Su buhar gecirgenligi testi (Water vapor permeability test)

Film numunelerinin su buhar gegirgenlik degerlerini belirlemek icin ASTM E96'ya gore kurutucu
yontemi uygulanmistir. Numune, 2,5x10“#m? bir yiizey alanina sahip dairesel bir sekilde kesilmis ve
1+%]1 bagil nem saglayan, kurutulmus silika jel ile doldurulmus silindirik camin iizerine yerlestirilmistir.
Numuneler daha sonra para film ile camla tamamen kapatilmis ve % 75+1 bagil nem degerine ulasmak
icin doygun NaCl ¢ozeltisi ile doldurulmus bir desikatore yerlestirilerek bir saatlik araliklarla agirlik
degisimleri kaydedilmistir. Film Orneklerinin su buhar1 gecirgenlikleri (SBG) asagidaki sekilde
hesaplanmistir:

SBG= w/t*L/AP/A

w/t =Kararl1 durumda kiitlelerin zamana kars1 grafiginden elde edilen regresyon katsay1s1

A= film alani (m?2)

L= ortalama film kalinlig1 (m)

AP= filmin her iki ylizii arasindaki kismi su buhar1 basing farki (Pa)

2.2.3.3. Coziiniirliik-sisme- su icerigi testleri (Solubility-swelling-water content tests)

Coziiniirliik-sisme-su igerigi testleri igin iki farkli setten 1,5 cm ¢apinda diskler hazirlanmistir. Film
orneklerinin ilk agirhiklar: tartilmis (W1) ve etiivde bir giin boyunca 70°C’de bekletilmistir (W2).
Numuneler 20 ml saf su icerisinde 24 saat sonrasi yas agirliklart alinmistir (Ws). Son olarak tekrar etiivde
bir giin boyunca 70°C’de bekletilerek son tartimi alinmistir (Ws4). Elde edilen degerler asagidaki
formtiller kullanilarak filmlerin ¢oziintirliik-sisme-su igerikleri belirlenmistir.

% Su igerigi = (W1-W2)/(W1) x 100
%Sisme = (W3-W2)/(W2) x 100

% Cozuntrlik = (W2-W4)/(W2) x 100

Her bir film kompozisyonu icin sisme, ¢Oziiniirliik ve su igerigi analizi en az 3 defa tekrar edilmis ve
bulunan degerlerin istatiksel olarak analizleri yapilmistir.

2.2.3.4. pH Testleri (pH Tests)

25x25mm ebatinda kesilmis film 6rneklerinin pH 6l¢iimii, 20 mL %0,9 NaCl ¢ozeltisinde 72 saat
bekletilerek gergeklestirilmistir. 24 saat araliklarla alinan pH degerleri tabloya gegirilmistir.

2.2.3.5. Istatistik Analizleri (Statistical Analysis)
Veriler, MINITAB® release 17.0 programinda tek yonlit ANOVA kullanilarak analiz edilmis ve elde

edilen ortalama analitik degerler, p<0.05'de Tukey ¢oklu aralik testi kullanilarak anlamli farkliliklar
agisindan kargilagtirilmisgtir.
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3. BULGULAR ve SONUCLARIN IRDELENMESI (RESULTS and DISCUSSIONS)
3.1. Bakteriyolojik Analiz (Bacteriological analysis)

Calismada kompozit filmlerin bakteriyolojik analizleri i¢in kullamlan Staphylococcus aureus (Gramt),
dogal olarak insanlarin burnunda ve bogazinda ayrica cilt yaralarinda bulunabilmektedir. Cevre
kosullarina dayarmklidir ve bircok enfeksiyona neden olabilmektedir. Ozellikle gida kaynakl
zehirlenmelerde 6nemli bir rolii bulunmaktadir [23-24]. Hayvansal ve hastane kaynakl enfeksiyonlarda,
gida zehirlenmelerinde ve su kirliligine etken olan en 6nemli patojenlerden biri olan Escherichia coli
(Gram-), ortamda kolaylikla yayilabilmektedir [25]. Klinik olarak, E. coli tiim yas gruplarinda diyare,
idrar yolu enfeksiyonlari, bakteriyemi, menenjit, septisemi ve pnémoni dahil olmak tizere gesitli klinik
hastaliklara neden olabilir [26]. Pseudomonas aeruginosa (Gram-) ise yaruk yarasi enfeksiyonlari,
bakteriyemi, hastane ve ventilator ile iligkili Pnémoni dahil nozokomiyal enfeksiyonlara ve ayrica kistik
fibroz enfeksiyonuna neden olabilen bir bakteri tiirtidiir [27].

Kekigin yapisinda esansiyel yaglardan karvakrol (%80’e kadar degisen oranlarda), timol (%64’e
kadar degisen oranlarda), y-terpinen, p-simen, linalool, terpinen-4-ol ve sabinen hidrat bulunur.
Karvakrol ve timol kekikte major bilesenlerdendir ve antiseptik (fenolden 20 kat fazla), antifungal ve
antibakteriyel 0zellik gostermesinin en temel nedenidir [28-29]. AESO polimer film igerisindeki kekik
yag1 orani ile olusan zone goriintiileri Sekil 4’te verilmistir. Buna gore olgiilen inhibisyon caplar1 ise
Cizelge 1'de goriilmektedir.

P. aeruginosa
7 g

(a) (b)
Sekil 4. Polimer film icerisindeki KY orani ile olusan zone goriintiileri (a): Gram pozitif,

(b) Gram negatif bakterileri
Figure 4. Zone images formed by the ratio of TO in the polymer film (a): Gram positive, (b) Gram negative bacteria

Cizelge 1. Polimer film igerisindeki KY orani ile inhibisyon ¢ap1 degisim tablosu
Table 1. Inhibition diameter change table with the ratio of TO in the polymer film

KY oram1 inhibisyon ¢ap1 (mm)
(kiitlece %) S.aureus Gram (+) E.coli DH5a Gram (-) P.aeruginosa Gram (-)

0 X X X

1 10,498+0,057 B 10,002+0,158 P 10,550+0,505 ©
2 10,540+0,010 B 11,200+0,592 © 10,540+0,513 ©
3 11,238+0,102 B 11,442+0,516 B¢ 11,422+0,548 B¢
4 13,244+0,687 A 12,050+0,405 A® 11,748+0,220 B
5 13,440+0,450 ~ 12,340+0,428 ~ 12,022+0,677 A

1Aynu siitundaki farkl harfler érnekler arasindaki istatistiksel farklilig1 ifade etmektedir (p<0.05)

Cizelge 1’den KY icermeyen kontrol filmlerinde hicbir inhibisyon bolgesi olmadig1 anlagilmaktadir.
Istatistiksel olarak, Gram pozitif olan S.aureus bakterisinden inhibisyon ¢ap1, KY oram %1 den %3 olana
kadar 6nemli bir artis olmazken %4 te 6nemli miktarda artmis, %4’ten %>5’e olan artis ise istatistiksel
olarak onemsiz bulunmustur (p<0.05). Gram negatif bakterisinden olan E.Coli bakterisinde KY orani
arttik¢a inhibisyon ¢apinin da arttigini, P.aeruginosa bakterisinde ise KY oraninin %3’ten sonra anlaml
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bir artis oldugu goriilmektedir (p<0.05). KY'nin yiiksek oranda sahip oldugu fenolik bilesikler ile
bakterinin hiicre duvarina yapigsarak, hiicre membran bitiinliiglinii bozdugu ve bu mekanizma
araciligiyla mikroorganizmalar: inhibe etmektedir [30]. Genel olarak Gram pozitif ve Gram negatif
bakterilerine karsi benzer bir antibakteriyel 6zellik gézlenmis olsa da %5 KY igeren film, Gram pozitif
olan S.aureus bakterilerine kars: 13,440 mm'lik inhibisyon ¢ap1 ile en yiiksek bakteriyostatik etkiyi
gostermistir. Nitekim Marino ve arkadaslar1 yaptiklar: calismada kekik esansiyel yaginin antimikrobiyal
etkisinin Gram (+) bakteriler {izerinde Gram (-) bakterilerden daha fazla oldugunu goézlemlemislerdir
[31]. Daha 6nceki bir¢cok ¢alismada da elde edilen sonuglar bizim sonug¢larimizi desteklemektedir [32-34].

AESO polimer film yapiya en fazla %5 oraninda KY ilavesi yapilabilmistir. Daha fazla ilave
yapilmasi kompozit yapi1 biitiinliigiinii bozarak film yapiyr elde etmede zorluk olusturmustur.
Antibakteriyel acidan %4 ile %5 KY orani arasinda anlamli bir fark olmadigindan calismanin ikinci
asamasinda %4’liikk oran sabit tutulmus ve farkli oranlarda NK (kiitlece %1, %2, %3, %4, %5) ilavesi ile
nanokompozit filmler hazirlanmistir. Kil minerali yapisi itibariyle hidrofilik yapidadir. Buna karsin
polimer molekiilleri genellikle hidrofobik yapiya sahiptir. Kilin modifikasyonu islemi, bu iki farkl
yapiya sahip olan malzemelerin birbiri ile uyumunu artirmak i¢in polimer nanokompozit calismalarinda
uygulanan yaygin bir yontemdir [35]. Sekil 5te AESO polimer kompozit filmlerinin artan NK oranina
kars1 olusan zone goriintiileri verilmistir. Cizelge 2’'de de 6l¢iilen inhibisyon ¢aplar1 6zetlenmistir.

@ (b)
Sekil 5. Polimer kompozit film sabit KY iceren artan NK oranina karsi olusan zone goriintiileri: (a) Gram

pozitif, (b) Gram negatif bakterileri
Figure 5. Zone images of polymer composite film containing fixed HF against increasing NK ratio: (a) Gram positive, (b) Gram negative
bacteria

Cizelge 2'ye gore %1 oranda NK ilave edilmis kompozit filmler, bakteriyolojik olarak ii¢ bakteri
tiirtinden de hig etkilenmemistir. Daha fazla nanokil ilavesi ile Gram pozitif olan S.aureus bakterisi %3
NK oranina kadar istatistiksel olarak onemli bir degisiklik olmayip %5 NK ilavesi ile inhibisyon
capindaki azalma istatistiksel olarak onemli bulunmustur (p<0.05). Gram negatif bakterinden E.coli
DHb5a’ye bakarsak, %3 ve sonrasi zon ¢apindaki azalma istatistiki acidan 6nemli bulunmus olup daha
fazla NK ilavesinin istatistiksel agidan antibakteriyel Ozellik etkisini Onemsiz oranda azalttig
gozlemlenmistir (p<0.05). Son olarak P.aeruginosa bakterisine karsi olusan inhibisyon ¢ap1 %3 NK
ilavesine kadar istatistiksel agidan Onemli bulunmazken %5 NK ilaveli nanokompozit filmin
antibakteriyel 6zelligindeki azalma istatistiksel olarak 6nemli olarak kaydedilmistir (p<0.05).
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Table 2. Inhibition diameter change with increasing NC ratio of polymer film containing 4% TO

NK orani

Inhibisyon ¢ap1 (mm)
(kiitlece %) S.aureus Gram (+) E.coli DH5a Gram (-) P.aeruginosa Gram (-)

0

= W N =

5

13,244+0,450 A

13,440+0,450 A

13,036+0,36548
12,240+0,694 B¢
12,038+0,698 B¢

11,720+0,566 ©

12,050+0,428 A
12,040+0,428 A
11,950+0,517 A8
11,580+0,480°8
11,340+0,416°

11,200+0,592 8

11,748+0,677 A
11,742+0,677 A
11,700+0,417 2B
11,650+0,644 B¢
11,590+0,468 B¢
11,120+0,602 €

1Ay siitundaki farkli harfler 6rnekler arasindaki istatistiksel farklilig1 ifade etmektedir (p<0.05).

3.2. Coziiniirliik-sisme-su icerigi testleri (Solubility-swelling-water content tests)

Cizelge 3(a)'ya gore film yapisi igerisinde KY orani arttik¢a istatistiksel agidan sisme oraminda
onemli bir artis kaydedilmistir (p<0.05). KY miktarinin artmasiyla AESO filmlerinin sisme degerlerinin
sayisal olarak artmasi KY bilesenlerindeki hidroksil gruplarindan kaynaklanabilecegi diistiniilmiistiir
[36]. Film yapiya % 4 NK ilavesine kadar istatistiki agidan 6nemli bir sisme gozlenmezken %4 ve sonrasi
ve bir miktar sisme kaydedilmistir (p<0.05) (Cizelge 3(b)).
sahiptir [37]. Bu nedenle kompozit yapida kil orami arttikca bir miktar su ¢ekmesi beklenen bir

durumdur.

Cizelge 3. (a) Artan KY oraninin sisme oranina etkisi, (b) sabit %4 KY iceren ve artan NK oranina karsi

Table 3. (a) The effect of increasing TO rate on swelling rate, (b) the change in swelling rate versus increasing NC rate with a fixed 4% TO

1Aynu siitundaki farkli harfler 6rnekler arasindaki istatistiksel farkliig: ifade etmektedir (p<0.05)

Cizelge 4. (a) Artan KY oraninin suda ¢oziiniirlitk oranina etkisi, (b) %4 KY igeren polimer filmin artan

Table 4(a). The effect of increasing TO ratio on water solubility ratio, (b) Change of water solubility of polymer film containing 4% TO against

sisme orani degisimi

Kil, yapis1 geregi suyu emme oOzelligine

KY orani Sisme orani NK orani Sisme orani
(kiitlece %) (%) (kiitlece %) (%)
0 0,2437+0,0100F 0 1,5043+0,0129¢
1 1,2160+0,0101F 1 1,5133+0,0208¢
2 1,3467+0,0153P 2 1,5600+0,04585¢
3 1,4190+0,0165¢ 3 1,6067+0,0751B¢
4 1,5043+0,01298 4 1,9333+0,152848
5 1,5823+0,01084 5 2,1500+0,32794

NK oranina kars1 sudaki ¢oziiniirliigiiniin degisimi

increasing NC ratio
KY oran1  Suda ¢6ziiniirliikk oran1  NK oran1 Suda ¢oziiniirlitk oran1
(kiitlece %) (%) (kiitlece %) (%)
0 0,15500+0,005004 0 0,25000+0,045834
1 0,24333+0,051324 1 0,25333+0,050334
2 0,24000+0,017324 2 0,26333+0,047264
3 0,25333+0,050334 3 0,27667+0,032154
4 0,25000+0,045834 4 0,28000+0,026464
5 0,26333+0,047264 5 0,31000+0,085444

!Aynu siitundaki farkli harfler 6rnekler arasindaki istatistiksel farklihig: ifade etmektedir (p<0.05)
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Cizelge 4(a)’'da goriildiigii gibi AESOmin suda ¢oziiniirlitk ozelligi diisiiktiir. KY oranimnin
artmasiyla istatistiksel olarak ¢oziiniirliigiindeki artis onemsiz bulunmustur (p<0.05). Yapiya NK ilavesi
yapilmasi da suda ¢oziiniirliik oranini 6nemsiz oranda artirdig1 goriilmektedir (Cizelge 4(b)).

Filmlerin ¢oziintirliik degerleri, eklenen katki maddelerinin dogasina, konsantrasyonuna ve bu katki
maddelerinin hidrofilik ve hidrofobik indekslerine bagli olarak farklilik gosterir. Hidrofilik 6zellik
arttikca ¢oziiniirliigiin de artmasi beklenir [38]. Sonug olarak kompozit film yapaisi igerisinde KY ve NK
oraru arttikca hidrofobik yapinin bozulmadig: sdylenebilir.

Cizelge 5. (a) Artan KY oraninin su igerigi oranina etkisi, (b) %4 KY iceren polimer filmin artan NK
oranina karsi su igerigi degisimi
Table 5. (a) The effect of increasing TO ratio on the water content ratio, (b) the change in water content versus increasing NC ratio of the
polymer film containing 4% TO

KY oram Su igerigi NK orami Su icerigi
(kiitlece %) (%) (kiitlece %) (%)
0 0,66333+0,015288 0 0,82000+0,070004
1 0,67333+0,020828 1 0,85333+0,045094
2 0,71667+0,1040848 2 0,85667+0,090184
3 0,81667+0,0763848 3 0,88000+0,062454
4 0,820000,0700048 4 0,88667+0,060284
5 0,85000+0,050004 5 0,89167+0,052524

1Aynu stitundaki farkls harfler 6rnekler arasindaki istatistiksel farklilig1 ifade etmektedir (p<0.05)

Cizelge 5(a)da verilen bulgulardan da anlasilacag: gibi, AESO filmlerine eklenen KY, su
molekiillerine olan afiniteyi biraz artirmistir. %4 KY ilavesine kadar artan su igerigi nemsiz bulunurken
%5 KY iceren polimer filmin su igerigi istatistiki agidan &nemli bulunmustur (p<0.05). Ote yandan NK
oraninin artmasi ile su igeriginde istatistiki olarak dnemsiz bir artis olmustur (p<0.05) (Cizelge 5 (b)).

3.3. pH odl¢iimleri

Her iki set i¢in 72 saat tuzlu suda bekletilmis film 6rneklerinin pH degerleri Cizelge 6(a) ve Cizelge
6(b)’ de goriilmektedir.
Cizelge 6(a). Artan KY oraninin pH etkisi
Table 6(a). pH effect of increasing TO ratio

KY oram pH degerleri
(kiitlece %) 0 saat 24 saat 48 saat 72 saat
0 7,33+0,1544 7,2940,04A2 7,260,024 7,23+0,0342
1 7,35+0,1544 7,30+£0,034 7,27+0,0144 7,230,024
3 7,37+0,0444 7,33+0,044.ab 7,27+0,0340 7,28+0,034p
4 7,37+0,0144 7,33+0,054.2b 7,29+0,064.2b 7,25+0,02 Ab
5 7,38+0,0344 7,33+0,054.ab 7,29+0,044.2b 7,25+0,024p

ABAym siitundaki biiyiik harfler 6rnekler arasi farkliliklari, #*Aym satirdaki kiigiik harfler siireler arasindaki farkliliklar:
gostermektedir (p<0.05)

Istatiksel olarak pH degerleri 6rnekler arasi farkliliklar ve siireler arasi farkliliklar olmak {izere iki
farkli parametre agisindan degerlendirilmistir. Polimer filmlere farkli oranlarda KY ilavesinin 6rneklerin
pH degerlerine etkisi 0., 24., 48., 72. saatlerde belirlenmis ve Cizelge 6(a)’da verilmistir. Cizelgedeki
verileri standart sapmalar1 da dikkate alinarak siireler arasi farkliliklar agisindan inceledigimizde, KY
icermeyen kontrol 6rneklerinde ilk pH 6l¢iimdi ile 72. saat sonras1 kompozit filmlerin pH degeri 7,33 den
7,23’e azalmis ve asitlikteki bu artis istatistiksel olarak onemsiz bulunmustur (p<0.05). pH 7,37'den 7,28
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digsen %3 KY igeren filmin 48. saatten sonra istatistiksel agidan Onemli bir asitlik artisi olarak
degerlendirilmis, 72. saatteki asitlik artis1 nemsiz bulunmustur. %4 ve %5 KY igeren polimer filmin 72.
saatteki asitlik artist 6nemli bulunmustur (p<0.05). Cizelge 6(a)’daki verileri ornekler arasi farkliliklar
acgisindan inceledigimizde ise ilk pH Ol¢iimlerinde (0. saat) %0’dan %5 KY iceren 6rneklerde, KY oram
arttikca pH degerinde hafif bir azalma tespit edilse de, bu azalma istatistiki agidan Onemli
bulunmamustir. 72. saat sonunda ise pH degerleri karsilastirildiginda yine istatistiksel olarak belirgin bir
fark gozlenmemistir (p<0.05).

% 4 oranda KY iceren kompozit filmlere farkli oranlarda NK ilavesinin 6rneklerin pH degerlerine
etkisi 0., 24., 48., 72. saatlerde belirlenmis ve Cizelge 6(b)’de verilmistir. Cizelgedeki degerleri siireler
arast farkliliklar agisindan inceledigimizde, NK icermeyen kontrol 6rneklerinde ilk pH 6l¢iimii ile 72.
saat sonrasi kompozit filmlerin pH degeri 7,37 den 7,25’e azalmis ve asitlikteki bu artis istatistik olarak
onemli bulunmustur (p<0.05). %1’lik NK iceren film yapida baslangictan 72. saate kadar pH degerleri
arasindaki farkliliklar istatistiki olarak onemsiz bulunmustur. %3’litk NK igeren film igin 48. saate kadar
pH degerinde 6nemli bir diistis kaydedilmis (p<0.05), 72. saatte pH'in degismedigi goriilmiistiir. Son
olarak %51lik NK iceren kompozit filmlerde siiredeki artisa bagli olarak gozlemlenen pH diisiisii
istatistiki olarak 6nemsiz bulunmustur (p<0.05).

Cizelge 6(b)'deki verileri Ornekler arasi farkliliklar agisindan inceledigimizde ise ilk pH
Olctimlerinde (0. saat) %1 NK iceren 6rneklerde NK icermeyen Orneklere gore pH degerinde hafif bir
azalma tespit edilse de, bu azalma istatistiki agidan 6nemli bulunmamistir. Ancak kompozit film yapida
NK oram1 %1’den %3’e ¢iktiginda Orneklerin pH degerinde istatistiki olarak Onemli bir artis
gozlemlenmistir. Bunlara ek olarak NK oraninin %5’e c¢ikarilmasinin pH degerini etkilemedigi
belirlenmistir. 24., 48. ve 72. saat sonrasi yapilan pH Ol¢iimlerinde film yapisinda NK miktarindaki
artisin, 6rnekler arasinda istatistiki olarak herhangi bir fark olusturmadig: gozlenmistir (p<0.05).

Bir malzemenin pH degerlerinin cilt pH degeri ile uyumlu olmas: 6nemli bir 6zelliktir ve literatiirde
bu aralik pH 5,25-7,9 olarak verilmektedir [39]. Bu calismada hazirlanan tim filmlerin pH"1 72 saat
sonunda 7,23-7,29 araliginda olup cilt pH'1 ile uyumlu bulunmustur.

Cizelge 6(b). %4 KY iceren polimer filmin artan NK oranina kars1 pH degisimi
Table 6(b). pH change of polymer film containing 4% TO against increasing NC ratio

NK orani pH degerleri
(kiitlece %) 0 saat 24 saat 48 saat 72 saat
0 7,37+0,014Ba 7,330,054 7,29+0,0642b 7,25+0,0240
1 7,33+0,0482 7,29+0,0442 7,29+0,0442 7,27%0,0142
3 7,40+0,0242 7,34+0,0342  7,30+0,034b 7,29+0,042°
5 7,39+0,0242 7,34+0,0342 7,31£0,0442 7,29+0,0642
ABAym stitundaki biiyiik harfler 6rnekler arasi farkliliklari, »*Ayni satirdaki kiigtik harfler siireler arasindaki farkliliklar:
gostermektedir.

3.4. Su buhar gecirgenligi testi (Water vapour transmission rate)

Polimerik biyobozunur filmlerin kullanim potansiyelini belirleyen 6nemli faktorlerden bir tanesi su
buhar1 gecirgenlik kapasitesidir. Ozellikle elde edilen biyobozunur filmler gida sanayisinde ambalaj
malzemesi olarak kullanilacaksa buradaki temel amaci gida ile gevresindeki atmosfer arasinda
gerceklesen nem transferini 6nlemek veya azaltmaktir [40].
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Cizelge 7(a). Artan KY oraninin su buhar gegirgenligine etkisi, (b) sabit %4 KY iceren ve artan NK

oranina kars1 su buhari gegirgenlik etkisi
Table 7(a). The effect of increasing TO ratio on water vapor permeability, (b) water vapor permeability effect against increasing NC ratio with
a fixed 4% TO content

KY oran1  Su buhar gecirgenligi NK orani gegif;el:l;li};z 1010
(kiitlece %)  x10° [g.m/(m>*Pa*s)] (kiitlece %) [g.m/(m?*Pa*s)]
0 1381,9+124,364 0 5,0251+0,00014
1 2,1356+0,53294 1 2,1357+0,53294
2 1,7588+0,71064 2 2,2613+0,35534
3 3,7688+1,77664 3 5,0251+0,00014
4 5,0251+0,00014 4 5,0251+0,00014
5 5,0251+0,00014 5 3,7688+1,77664

1Aynu stitundaki farkls harfler 6rnekler arasindaki istatistiksel farklilig1 ifade etmektedir (p<0.05)

AESO polimeri lipit bazli olmasindan dolay: hidrofobik yap1 olusturarak su buhar1 gecirgenligine
kars1 dayariklidir [41-42] ve su buhar gegirgenligi ortalama 1,38191x107 olarak Olciilmiistiir. Cizelge
7(a)'ya baktigimizda %1 KY ilavesi ile bu deger 2,1356 x10-1° degerine diiserek su buhar1 gecirgenligi
sayisal olarak bir miktar daha azalmis gibi goriiniiyor olsa da daha fazla KY ilavesi su buhar
gecirgenligine istatistiksel olarak bir degisim yapmamistir (p<0.05). Film yapisina NK ilavesinin olmasi
da genel olarak sabit bir deger verdigi soylenebilir.

4. SONUCLAR (CONCLUSIONS)

Calismada, polimer bazl filmlere kekik yagi (KY) katilarak antibakteriyel tiriinler elde edilmistir.
Tkinci asamada, belli oranlarda nanokil (NK) ilave edilerek bir biyobozunur nanokompozit film elde
edilmistir. Incelenen bakteri tiirleri icin polimer filmlerdeki KY miktar1 arttikca zon caplarinda belli bir
artis gozlenmistir. Coziiniirliik-sisme-su icerigi testlerinde birbirine benzer sonuglar gozlenmis olup
AESO polimeri igerisinde KY ve NK oran: arttik¢a bu 6zelliklerde az da olsa bir azalma olmustur. 72
saat boyunca incelenen pH test sonucuna gore, en diisiik pH degeri %4 KY ve %5 NK ilaveli kompozit
filmlerde gozlenmis olup 7,29 olarak tespit edilmistir. Bu da insan cildine zarar vermeyecek bir pH
degeridir. Son olarak su buhar1 gecirgenligi testi uygulanan 6rneklerde KY ilavesinin AESO’nun su
buhar1 gecirgenligini azalttigi, NK ilavesinin 6nemli bir degisim yapmadig1 kaydedilmistir. Bu
antibakteriyel 6zelligi sayesinde {iretilen filmler baska analizlerle de desteklenerek gida ambalajlarinda
veya medikal endiistrilerde degerlendirme imkani bulabilir.
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Onemli Katkilar (Highligts)

e Biyokiitle karbonlu malzeme iiretmek i¢in 6nemli bir hammaddedir.
e Farkli biyokiitlelerden elde edilen karbonlu malzemelrin fizikokimyasal o6zellikleri birbirinden
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e Rekasiyon sartlarinin se¢imi karbonlu malzemenin uygulama alanina gore onemlidir.
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OZ: Bu calismada, yenilenebilir bir kaynak olan iki farkli biyokiitlenin (karacam agaci talas: ve mese agaci
talas1) detayli karakterizasyonu, bu biyokiitlelerden farkl sicakliklarda (400, 500 ve 700 °C) karbonizasyon
yontemi ile karbonlu malzeme iretilmesi ve {retilen bu malzemelerin karakterizasyonu
gergeklestirilmistir. Calismanin amaci, biyokiitle tipinin ve karbonizasyon sicakliginin elde edilen
karbonlu malzemenin fizikokimyasal 6zellikleri {izerine etkisinin belirlenmesidir. Bu sebeple biyokiitle
ornekleri segilirken, birinin sert odun (hard wood) digerinin yumusak odun (soft wood) olmasina dikkat
edilmistir. Biyokiitle ve elde edilen 6rneklerin 6n analizleri gerceklestirilmistir. Elementel analiz, Fourier
doniisimlii kizilotesi spektrometresi (FT-IR) ve Taramali elektron mikroskobu (SEM) teknikleri
kullanilarak karakterizasyon calismalar1 tamamlanmistir. Elde edilen sonuglara gore, karbonizasyon
sonucu elde edilen karbonlu malzemenin fizikokimyasal 6zelliklerinin hammadde tipi ve reaksiyon
kosullarina bagli oldugu belirlenmistir.

Anahtar Kelimeler: Biyokiitle, Karbonizasyon, Karakterizasyon

Production of Porous Carbon Materials From Biomass: The Effect of Biomass Type and
Temperature on Physiochemical Properties

ABSTRACT: In this study, detailed characterization of two different biomass samples (black pine wood
sawdust and oak wood sawdust) which is a renewable resource, carbonization of these biomass at
different temperatures (400, 500 and 700 °C) and the characterization of produced carbonaceous materials
were carried out. The aim of the study is to specify the effect of biomass type and carbonization
temperature on the physicochemical properties of the carbonaceous materials obtained. For this reason,
while selecting biomass samples, importance was attached to ensure that one of them is hard wood and
the other is soft wood. Pre-liminary analyses of biomass and obtained carbonaceous samples were
executed. Characterization studies were completed using elemental analysis, Fourier transform infrared
spectroscopy (FT-IR) and Scanning electron microscopy (SEM) techniques. According to the results, it was
determined that the physicochemical properties of the carbonaceous material obtained as a result of
carbonization depend on the raw material type and reaction conditions.

Keywords: Biomass, Carbonization, Characterization
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1. GIRIS INTRODUCTION)

Yiiksek katma degerli karbon malzemeler, karbonun yakit olarak kullanilmasinin yaru sira aktif
karbon [1], karbon nanotiipler [2], karbon nanofiberler [3], gozenekli karbon fiber [4-5], N-katkili
gozenekli karbon [6] ve grafen [7] dahil olmak {izere karbon iceren tiim malzemeleri kapsamaktadir. Bu
karbonlu malzemeler genellikle yiiksek spesifik yiizey alani, iyi adsorpsiyon kapasitesi, ytiiksek
mukavemet, yiiksek sertlik ve yiiksek iletkenlik 6zelliklerine sahiptir. Atik su aritma [8], baca gaz1 aritimi
ve gaz saflastirma [9-10], katalizor destek malzemesi [11], siiperkapasitor [12], enerji depolama [13], glines
paneli [14] ve yar iletken [15] uygulamalarinda yaygin olarak kullanilmaktadir. Gozenekli karbonlu
malzemeler konvensiyonel yontemlerde genellikle komiir, petrol ve tiirevlerinden hazirlanmaktadir ve
bu da enerji kitligina ve gevresel krizlere yol agmaktadir. Bu nedenle, yeni, ¢evre dostu, diisiik maliyetli
ve yenilenebilir hammaddeler bulmak ve goézenekli karbonlu malzemelerin hazirlama yontemlerini
gelistirmek, enerji verimliligini saglamak ig¢in Onemlidir. Biyokiitlenin karbon notr olmas:
kullanilmasindaki en biiyiik avantajidir ve karbon igeren tek yenilenebilir enerji kaynagidir. Aym
zamanda Ustiin fizikokimyasal 6zelliklere sahiptir ve biiyiik miktarlarda, yaygin olarak ve iklimine uygun
olarak her yerde yetistirilebilir. Biyokiitle, kiiresel krizle basa ¢ikmada, fosil yakitlardan kimyasal
hammadde iiretiminin yerini almada, iklim degisikligi, enerji arzi ve enerji tiiketimi arasindaki
uyumsuzlugun giderilmesinde, c¢evrenin korunmasi ve en Onemlisi karbonsuzlastirmanin
gerceklestirilmesinde ¢ok dnemli role sahiptir. Biyokiitlenin karbon agisindan zengin, siirdiiriilebilir ve
yenilenebilir dogasi, onu yenilenebilir karbon malzemelerin {iretiminde umut verici bir hammadde haline
getirmektedir [16].

Biyokiitle, genel olarak diinyada yasayan tiim organizmalarin zamanla olusturdugu toplam kiitle
miktar1 olarak tanimlanmaktadir [17]. Bitkisel kokenli lignoseliilozik biyokiitle kaynaklar1 karbonlu
malzeme {iretiminde kullanilarak, kolay elde edilebilen, ucuz, siirdiiriilebilir ve atik yonetimine katkida
bulunan malzeme iiretimi gerceklestirilebilmektedir [18]. Biyokiitle yiiksek karbon (C) igeriginin yamni sira
hidrojen (H), oksijen (O), azot (N) ve az miktarda alkali, toprak alkali ve agir metaller icermektedir [19].
Lignoseliilozik biyokiitle, hemiseliiloz, seliilloz ve ligninin bir araya gelerek olusturdugu odunsu
biyokiitle olarak tanimlanmaktadir. Diger biyokiitlelere gore daha fazla lignin iceren odunsu biyokiitle,
sert odunlu (hardwood) ve yumusak odunlu (softwood) olmak tizere iki gruba ayrilir. Sert odunlu agaglar
genis yapraklidir, yavas biiyiirler, tam olgunlasmasi 100 yil1 bulabilir, daha ¢ok tropik iklimlerde yetisir
ve lignin igerikleri kiitlece yaklasik %20-25'dir. Sert odunlu agaglara kizilagag, kayin, maun, ak¢aagac,
megse ve ceviz agaci rnek olarak verilebilir [20]. Yumusak odunlu agaclar ise, igne yaprakli ve kozalaklar1
olan agag tiirlerindendir. Sert agaclara gore daha hizl biiyiirler, karacam, ardig, sedir, goknar, ¢am, ladin
ve porsuk agaci yumusak odunlu agaglara 6rnek olarak verilebilirler [21].

Biyokiitleden gozenekli karbonlu malzeme iiretim tekniklerinden biri karbonizasyondur. Bu
yontemde biyokiitle oksijensiz ortamda yiiksek sicakliklara c¢ikarilarak, 1sil olarak parcalanma
gergeklestirilir. Karbonizasyon reaksiyonunun kati iiriinii, hammadde ve reaksiyon kosullarina gore
degismek tizere yaklasik %85 karbon iceren, az miktarda oksijen ve hidrojen de igeren aromatik organik
yapida bir katidir [22]. Kat1 iiriin veriminin en yiiksek oldugu yontem yavas karbonizasyondur. Yavas
karbonizasyonda 1sitma hiz1 diisiik, reaksiyon siiresi ise uzun tutulur. Karbonizasyon sonucunda elde
edilen {iriin verimi ve 1s1l degeri hammadde tipine ve reaksiyon kogsullarina bagl olmak iizere sirasi ile
kiitlece yaklasik %35-55 ve 20-36 M]/kg araliginda degismektedir [23]. Yaashikaa ve arkadaslari, biyokiitle
tipi, sicaklik, basing, partikiil boyutu, 1sitma hiz1 gibi reaksiyon kosullarinin kat: {iriiniin fizikokimyasal
oOzellikleri iizerinde etkili oldugunu belirlemislerdir [24]. Karbonizasyon sicaklig1 artirildiginda kati
triiniin yiizey alani artmakta ve mikro-gozenekliligi gelismektedir [25-26]. Farkli kaynaklardan elde
edilen biyokiitlelerin karistirilmasi ve karbonizasyonuna tabi tutulmasiyla elde edilen kat iirtin 6zellikleri
incelendiginde ise, reaksiyon sicaklig1 ve karistirma oraninin en 6nemli iki reaksiyon parametresi oldugu
gorulmiistiir [27-28].

Elde edilen kati {iriin sahip oldugu mikro- ve mezo-gozenekler sayesinde dogrudan toprak iyilestirici
olarak, atiksu aritiminda ve adsorpsiyon uygulamalarinda yaygin olarak kullanilirlar [29]. Buna ek olarak,
sanayide enerji kaynag olarak ve kimya sanayisinde bazi kimyasallarin hammaddesi olarak
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kullanilabilmektedir [30-31].

Yapilan bu calismada, sert odun (mese agaci talasi) ve yumusak odun (karagam agaci talas1) olmak
tizere iki farkl tip biyokiitleden farkli sicakliklarda (400 °C, 550 °C ve 700 °C) gozenekli karbonlu malzeme
tiretilmistir. Iki farkl1 tipte biyokiitle secilmesi ve farkli sicakliklarda gerceklestirilen karbonizasyon iglemi
ile biyokiitle tipi ve reaksiyon sicakliginin elde edilen biyokomiir 6rneklerinin fizikokimyasal 6zelliklerine
etkisinin belirlenmesi hedeflenmistir. Literatiirdeki biyokdmdir {iretim teknikleri incelendiginde, ¢ogu
calismada saf inert gaz akisinin saglandigl 6zel piroliz reaktorleri ya da tiip firinlarin kullanildig:
goriilmektedir [32-37]. Bu calismada kullanilan yontemde ise, biyokomiir atik biyokiitle 6rneginden
piroliz yontemi gibi Ozel reaktorler gerektirmeyen ve daha kolay bir yontem olan kil firinda
karbonizasyon yontemi ile {iretilmistir. Biyokiitle ornekleri secilirken 6zellikle gida degeri olmayan,
mobilya sektorii atif1 olan hammaddelerin secilmesine 6zen gosterilmistir. Boylelikle yapilan bu calisma
ile hem siirdiiriilebilir bir kaynak olarak biyokiitle atig1 degerlendirilmis hem de atik yonetimine katkida
bulunulmustur.

2. MATERYAL ve METOD (MATERIALS and METHOD)
2.1. Biyokiitle Orneklerinin Karakterizasyonu (Characterization of Biomass Samples)

Calisma kapsaminda kullanilan biyokiitle drneklerinden karacam agaci talasi (KC) Sila Orman
Uriinleri (Bilecik, Tiirkiye); mese agaci talagi (M) Arslanoglu Kereste (Bilecik, Tiirkiye) firmalarindan atik
olarak temin edilmistir. Oncelikle, KC ve M orneklerinin yigm (ASTM E 873-82) [38] ve gercek
yogunluklar: (He gaz piknometresi, Micromeritics-AccuPyc II 1340), nem (Nem tayin cihazi, Sartorious,
MA 150), kiil (ASTM 1102-84) [39], ucucu madde (ASTM E 897-82) [40] ve sabit karbon (100-
(Nem+Kiil+Ugucu Madde)) miktarlari belirlenmistir. KC ve M 6rneklerinin igerdigi karbon, hidrojen, azot
ve oksijen miktarin tayin etmek icin elementel analiz cihazi (LECO CHN/S 628) kullanilmus, elde edilen
veriler ve Dulong formdilii [41] kullanilarak 6rneklerin iist 1s1l degerleri hesaplanmistir. Hammaddelerin
icerdigi fonksiyonel gruplarin tanimlanmasi igin kullanilan Fourier Doniisiimlii Kizil6tesi Spektrometresi
(FT-IR, Perkin Elmer, Spectrum 100) 4000-380 cm' dalga boyu araliginda, 4 cm? ¢oziiniirliikte
calistirilmistir. Analizler gergeklestirilirken zayif toplam frekans (ATR) modiilii kullanilmistir. Biyokiitle
orneklerinin yilizey morfolojik 6zelliklerinin belirlenmesi igin taramali elektron mikroskobu (SEM, ZEISS
SUPRA 40VP) kullanilmigtir. Goriintiiler elde edilirken ikincil elektron (SE) dedektor kullanilarak, 10 kV
elektron yiikii ve ~10 mm g¢alisma mesafesi sartlarinda calisilmistir. SEM analizinden 6nce iletkenligin
saglanmasi i¢in drnekler Au/Pd ile kaplanmistir (Quorum Q300).

2.2. Biyokiitle Orneklerinin Karbonizasyonu (Carbonization of Biomass Samples)

KC ve M Ornekleri tartilarak toprak kaplara yerlestirilmis, agizlar1 hava almayacak sekilde sikica
kapatilmis ve kiil firna konmustur. 20 °C/dk 1sitma hiz: ile istenilen sicakliga cikarilan ornekler bu
sicakliklarda 15 dk bekletilmistir. KC ve M 6rneklerinin farkli sicakliklarda karbonizasyonu ile elde edilen
kat1 Grtinler KC-400, KC-550, KC-700, M-400, M-550, M-700 olarak kodlanmistir. Elde edilen bu 6rneklere
on analizler (y1gin yogunluk tayini, gercek yogunluk tayini, kiil miktar tayini, nem miktar tayini, sabit
karbon miktar tayini), elementel analiz, FT-IR ve SEM analizleri KC ve M o6rneklerine uygulanan ayni
sartlarda uygulanmistir. Deneysel yontemi 6zetleyen sematik gosterim Sekil 1’de verilmistir.
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Sekil 1. Deneysel yontemin sematik olarak gosterimi
Figure 1.. Schematic representation of the experimental method

3. BULGULAR ve TARTISMA (RESULTS and DISCUSSION)
3.1. Biyokiitle Orneklerinin Karakterizasyon Sonuglar1 (Characterization Results of Biomass Samples)

KC ve M orneklerine uygulanan 6n analizler ve elementel analiz sonuglar1 Cizelge 1’de verilmistir.
Hammaddelerin gergek yogunluk ve yigin yogunluk degerleri arasinda fark olmasi, biyokiitlelerin
gozenekli yapida oldugunu gostermektedir. KC kiitlece % 4,45 nem, % 2,34 kiil ve %70,42 ugucu madde
igerirken; M Ornegi %3,56 nem, %4,88 kiil ve %68,32 ucucu madde icermektedir. Hammaddelerin icerdigi
sabit karbon miktar1 ise sirasi ile kiitlece %22,79 ve %23,24’diir. KC ve M Orneklerinin diisiik nem ve
yiiksek ugucu madde miktarina sahip olmasi bu hammaddelerin uguculastirma/karbonizasyon yontemi
ile karbonlu malzeme iiretimi icin uygun oldugunu gostermektedir. Karbonizasyon yonteminde
hammadde reaktif olmayan ortamda, yiiksek sicaklikta 1sil olarak bozundurulur. Islem sirasinda
hammaddeye verilen 1s1 6ncelikle yiizeydeki nemin uzaklastirilmasinda kullanildigindan, diisiik nem
igerigine sahip biyokiitleler karbonizasyon ile degerlendirilmek icin tercih edilmektedir [42]. Elementel
analiz sonuglarina gére KC ve M Orneklerinin igerdigi karbon miktar1 sirasi ile kiitlece %40,22 ve
%41,59'dur. Orneklerin sahip oldugu yiiksek karbon miktari, bu hammaddelerden karbonlu malzeme
tiretilmesi igin uygundur.

Cizelge 1. Biyokiitle 6rneklerinin 6n analiz ve elementel analiz sonuglar1
Table 1. Preliminary analysis and elemental analysis results of biomass samples

Ozellik KC M

Gercek Yogunluk (g/cm?) 1,38 1,27
Yi1gin Yogunluk (g/cm?3) 0,21 0,26
Nem (%) 4,45 3,56
Kiil (%) 2,34 4,88
Uc¢ucu Madde (%) 70,42 68,32
Sabit Karbon (%)" 22,79 23,24
Karbon (%) 40,22 41,59
Hidrojen (%) 6,58 6,19
Azot (%) 0,25 0,16
Oksijen (%)™ 52,95 52,06
Isil Deger (M]/kg) 13,55 13,61

“Farktan (Sabit Karbon= 100- (Nem+Kiil+Ucucu Madde))
“Farktan (Oksijen=100- (Karbon+Hidrojen+Azot)

KC ve M orneklerinin sahip oldugu fonksiyonel gruplari gosteren FT-IR spektrumlar: Sekil 2'de
verilmistir. Sekil 2 (a)’da 3339 cm'de ve Sekil 2 (b)’de 3321 cm™ de yer alan genis pik, -OH grubuna aittir.
Bu pikler ham maddelerin yapisinda bulunan yiizey nemi ile alkol ve fenollerin igerdigi O-H gerilimini
gostermektedir [43]. KC Orneginde 2915 cm™ metil ve metilen gruplarmi ifade eden C-H gerilme
titresimine ait pik bulunmaktadir [44]. Hammadde yapisinda bulunan karboksilik asit, keton, aldehit ve
esterleri belirten C=O grubu 1739 cm! ve 1598 cm! bolgesindeki pikler ile belirtilmistir. C=C gerilimini
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gosteren alkenlere ait pik 509 cm bolgesinde yer almaktadir [45]. Seliiloz yapisindaki C-H ise 1281 cm-
"de gozlenen pik ile belirlenmistir [46]. 1021 cm ve 1262 cm™! bolgesinde goriilen pikler C-O gerilme
titresimine aittir ve yapidaki alkol, fenol, eter ve ester gruplarini gosterir [47]. M 6rneginde ise 2887 cm!
de alifatik CHs gruplar gosteren bir pik yer almaktadir. C-H gerilmesine ait pik 1254 cm™’de, C-O ve C-
O-C baglarina ait olan pik ise 1019 cm™de goriilmektedir [48].
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Sekil 2: (a) KC (b) M 6rneklerinin FT-IR spektrumlar:
Figure 2: FT-IR spectra of (a) KC (b) M

KC ve M orneklerine ait SEM goriintiileri sirasi ile Sekil 3 ve Sekil 4'te verilmistir. Buna gore KC ornegi

az gozenekli ve diizlemsel yapida, M ise karmasik, daha g6zenekli ve ¢ok tabakali lifli apldadlr.
LA h \ = } N

Sekil 3: K('ye ait SEM goriintiileri (a) 500x (b) 2kx
Figure 3: SEM images of KC (a) 500x (b) 2kx

Sekil 4: M’ye ait SEM goriintiileri (a) 500x (b) 2kx
Figure 4: SEM images of M (a) 500x (b) 2kx

3.2. Karbonizasyon Sonucu Elde Edilen Orneklerin Karakterizasyon Sonuglari (Characterization 3.2.1.
Results of Carbonized Samples)

KC ve M orneklerinin farkli sicakliklarda karbonize edilmesi ile elde edilen 6rneklerin verimleri ve
fiziksel goriintiileri sirasi ile Cizelge 2 ve Sekil 5'te verilmistir. Karbonizasyon reaksiyon sicakliklari
arttikca, daha fazla ugucu hidrokarbonun biyokiitleden ayrilmasi ile kati {iriin veriminin literatiirle
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uyumlu bir sekilde azaldigr goriilmektedir [49]. Karbonizasyon sicakligmmin aym oldugu fakat farkli
biyokiitlelerin karbonizasyonu sonucunda elde edilen verim degerlerinin birbirinden farkli olmasi ise,
biyokiitle tipinin elde edilen iirtin veriminde etkili oldugunu gostermektedir.

Cizelge 2: Karbonizasyon reaksiyonu verimleri (%)
Table 2: Yields of carbonization reaction

Karbonizasyon Sicaklig1 (°C)

Biyokitle 400 550 700
KC 51,03 27,02 14,19
M 60,40 43,80 29,84

Biyokiitle tipi ve karbonizasyon sicakligi degistikce elde edilen katilarin morfolojik ve gorsel
Ozelliklerinin de farklilastigi gozlenmistir (Sekil 5). 400 °C’de elde edilen Orneklerin renkleri
kahverengimsiyken, reaksiyon sicaklig1 arttikca siyah renkli 6rnekler elde edilmistir.

Sekil 5: Orneklerin gorselleri (a) KC-400 (b) KC-550 (c) KC-700 (d) M-400 (e) M-550 (f) M-700
Figure 5: Images of (a) KC-400 (b) KC-550 (c) KC-700 (d) M-400 (e) M-550 (f) M-700

Farkl1 biyokiitlelerden farkl: reaksiyon kosullarinda elde edilen karbonlu malzemelerin 6n analiz ve
elementel analiz sonuglar1 Cizelge 3'te verilmistir. 400 °C, 550 °C ve 700 °C’de sentezlenen orneklerin
yogunluk degerleri karsilastirildiginda, yiiksek sicakliklara ¢ikildiginda gercek yogunluk degerlerinde
onemli bir degisiklik goriilmemistir fakat yigin yogunluk degerleri azalmustir. Yiiksek sicakliklara
cikildiginda, daha ¢ok ugucu hidrokarbon yapidan uzaklagsmis, buna bagli olarak gozeneklilik artmis ve
hesaplanan yigin yogunluk degerleri de diismiistiir. En diisiik yi1gin yogunluk degerleri en yiiksek
sicakliklarda sentezlenen KC-700 ve M-700 ornekleri i¢in sirasiyla 0,35 g/cm?® ve 0,40 g/cm?® olarak
bulunmustur. Karbonizasyon sicakligi arttikca her iki biyokiitle 6rneginde de genel egilimle nem
igeriginin azaldig1 belirlenmistir. Buna uymayan M-550 6rneginde nem degerinin yiiksek olmasi, nem
igeriginin iiretim sonrasi saklama kosullarindan etkilenmesi ile aciklanabilir. Karbonize edilmis 6rneklerin
sahip oldugu kiil miktarlar1 KC ve M'nin igerdikleri kiil miktarlarindan daha fazladir. Karbonizasyon
stirecinde yiiksek sicaklifa cikildiginda biyokiitle yapisindaki ugucu hidrokarbonlar yapidan uzaklasir,
kiil yapic bilegenlerin kiitlece yiizdeleri ise bagil olarak artar. Buna gore, elde edilen 6rneklerin kiil
igerikleri hammaddelerin kiil igeriginden daha fazladir. Elementel analiz sonuglarina gore, sicaklik
arttikca Orneklerin igerdigi karbon miktar1 ve buna bagh olarak hesaplanan 1sil degerlerde artis
goriilmiistiir.
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Cizelge 3. Karbonizasyon sonucu elde edilen drneklerinin 6n analiz ve elementel analiz sonuglar1
Table 3. Preliminary analysis and elemental analysis results of carbonizated samples

KC-400 KC-550 KC-700 M-400 M-550 M-700

Gerg¢ek Yogunluk (g/cm3) 1,39 1,34 1,35 1,24 1,28 1,26
Y181n Yogunluk (g/cm3) 0,49 0,49 0,35 0,50 0,48 0,40
Nem (%) 1,17 0,75 0,87 0,88 1,33 0,51
Kiil (%) 1,03 2,01 1,65 23,82 19,73 21,47
Ucucu Madde (%) 56,54 53,67 49,23 50,76 48,07 35,27
Sabit Karbon (%) 41,26 43,57 48,25 24,54 30,87 42,75
Karbon (%) 42,05 47,98 53,65 45,73 46,12 50,09
Hidrojen (%) 5,97 5,32 5,88 512 5,20 5,32
Azot (%) 0,23 0,21 0,19 0,29 0,34 0,21
Oksijen (%) 51,75 46,49 40,28 48,86 48,34 44,38
H/C 1,70 1,33 1,32 1,34 1,35 1,28
o/C 0,92 0,73 0,56 0,80 0,79 0,67
Isil Deger (M]/kg) 13,50 15,52 19,36 14,04 14,38 16,61

KC ve M oOrneklerinin farkli sicakliklarda karbonizasyonu sonucu elde edilen &rneklerin FT-IR
spektrumlari sirasi ile Sekil 6 ve Sekil 7’ de verilmistir. Sekil 6’da KC-400 6rneginde 3350 cm' O-H grubunu
gosteren, 2868 cm™’ de bulunan metil ve metilen gruplarini gosteren ve alkol, fenol, eter ve ester gruplarina
ait C-O gerilme titresimlerini gosteren piklerin siddeti en yiiksektir [50]. KC-400 Orneginde 2917 cm-!
bolgesinde goriilen yayvan ve diisiik siddetli pik, alkil gruplarina ait C-H gerilme titresimini
gostermektedir ve bu alifatik zincir biyokiitle 6rneklerinin ana yapisina aittir [51]. KC-550 ve KC-700
orneklerinde bu pikin goriilmemesinin sebebi, yiiksek sicaklikta karbonizasyon reaksiyonlarinin daha
yiiksek verimde gergeklesmesi ve elde edilen biyokomiir 6rneklerinin biyokiitle yapisindan tamamen
uzaklagmasiyla agiklanabilir [52]. Bu sonug elementel analiz sonuglari ile de uyum igerisindedir.
Karbonizasyon sicakligi arttikca elde edilen biyokdmiir orneginin karbon igeriginin de arttig:
belirlenmistir. KC-550 6rneginde 1688 cm™ ve 1576 cm™ bolgesinde bulunan keton, aldehit, karboksilik
asit ve esterlerin gruplarini gosteren C=0O gerilme titresiminin siddeti en fazladir.
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Sekil 6: FT-IR spektrumlar: (a) KC-400 (b) KC-550 (c) KC-700
Figure 6: FT-IR Spectra (1) KC-400 (b) KC-550 (c) KC-700

Sekil 7’de verilen spektruma gore karbonizasyon sicakligr degistikce O-H grubuna ait bant titresimi
(3403 cm), C-H bant titresimi (2874 cm1) ve C=0O (1590 cm™) gerilme titresimine ait pik siddetlerinde
farklilik olmadigi belirlenmistir. Fakat M-400 6rneginde (en diisiik karbonizasyon sicakligt) C=O gerilme
titresimini gosteren 1594 cm " de gozlenen pik en yiiksek siddettedir. Reaksiyon sicaklig: arttikca yapidaki
C-H grubunu (1405 cm) gosteren pik siddetinin arttigi, C-H grubuna ait pikin (873 cm) ise M-700
orneginde en yiiksek siddette oldugu belirlenmistir.
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Hammaddeler ve karbonizasyon sonucu elde edilen karbonlu malzemelerin FT-IR spektrumlari
incelendiginde, KC ve M 6rneklerinin daha ¢ok tek bagl alkil bilesenlerden olustugu, reaksiyon sonrasi
elde edilen drneklerin ise ¢ift bag ve aromatik yapilardan olustugu belirlenmistir.
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Sekil 7: FT-IR spektrumlari (a) M-400 (b) M-550 (c) M-700
Figure 7: FT-IR Spectra (a) M-400 (b) M-550 (c) M-700

Farkl1 bityiitmelerde alinan SEM goriintiileri Sekil 8 ve Sekil 9’da verilmistir. KC-400, KC-550 ve KC-
700 orneklerinin SEM goriintiileri incelendiginde yiiksek sicakliklara ¢ikildikga gozenekliligin arttigr ve
diizgiin kafes yapilarimin gelistigi goriilmektedir. M-400, M-550 ve M-700 Orneklerinde de yiiksek
sicakliklara ¢ikildik¢a gozenekliliginin arttigr fakat siingerimsi yapida gozeneklerin olustugu

belirlenmistir.

Sekil 8: SEM goriintiileri (a) KC-400, 500x (b) KC-400, 2kx (c) KC-550, 500x (d) KC-550, 2 kx (e) KC-700,
500 x (f) KC-400, 2kx
Figure 8: SEM images (a) KC-400, 500x (b) KC-400, 2kx (c) KC-550, 500x (d) KC-550, 2 kx (¢) KC-700, 500 x (f) KC400, 2kx
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I8 0 R\ T
Sekil 9: SEM goriintiileri (a) M-400, 500x (b) M-400, 2kx (c) M-550, 500x (d) M-550, 2 kx (e) M-700, 500 x

(f) M-400, 2kx
Figure 9: SEM images (a) M-400, 500x (b) M-400, 2kx (c) M-550, 500x (d) M-550, 2 kx (e) M-700, 500 x (f) M-400, 2kx

4. SONUCLAR (CONCLUSION)

Hammaddelerin igerdigi C, H, N ve O miktarlarmnin belirlenmesi ic¢in elementel analiz
gerceklestirilmis ve sahip olduklar: 1s1l degerler KC ve M i¢in sirasiyla 13,55 MJ/kg ve 13,61 MJ/kg olarak
hesaplanmistir. FT-IR analizlerine gore KC ve M yapilarinda alkol, fenol, eter, keton, aldehit, karboksilik
asit ve ester gruplarina ait pikler tespit edilmistir. Orneklerin karbonize edilmesi ile yapida metil ve
metilen gruplarina, keton, aldehit, karboksilik asit, esterlerin gruplarina, alkol, fenol, eter ve ester gruplari
belirlenmistir. Karbonizasyon oncesi ve sonrasi gerceklestirilen SEM analizine gore, ylizey morfolojik
yapisinin 1s1l islem ile degistigi, sicaklik arttikca gozenekliligin arttigi belirlenmistir. Bu sonug, yigin
yogunluk degerlerinin sicaklik arttik¢a azaliyor olmasi ile de desteklenmektedir. Yumusak odunlu agag
(KQ) ve sert odunlu aga¢ (M) olarak orneklerin fizikokimyasal 6zellikleri birbiriyle karsilastirildiginda,
KC'nin kiil igeriginin daha diisiik, ucucu madde igeriginin daha yiiksek oldugu belirlenmistir.
Biyokiitleden karbonlu malzeme iiretiminde, kiil miktarinin diisiik ve ugucu madde miktarinin yiiksek
olmasi tercih edilmektedir, buna gore karbonizasyon islemi icin KC 6rneginin daha uygun oldugu
belirlenmistir. KC 6rneginden elde edilen biyokdmiir 6rnekleri ise M 6rneginden elde edilen biyokomiir
orneklerine gore daha diisiik kiil ve daha yiiksek gozeneklilik 6zelligine sahiptir.

Yapilan karakterizasyon c¢alismalarindan elde edilen sonuglara gore, biyokiitle yenilenebilir,
strdiiriilebilir ve temiz bir kaynak olarak karbonlu malzeme iiretiminde gelecek vadeden bir
hammaddedir. Biyokiitleden elde edilen karbonlu malzemenin ytizeysel, fiziksel ve kimyasal 6zellikleri
hammadde tipi ve reaksiyon kosullarina baglidir ve bunlarin se¢imi karbonlu malzemenin uygulama
alanina yonelik olmak iizere ¢ok Onemlidir. Belirlenen hammaddenin atik biyokiitle olarak
degerlendirilmesi ise hem {iretim maliyetini azaltmakta hem de atik yonetimine katkida bulunmaktadir.
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OZ: Gelismekte olan malzemeler icerisinde yer alan akilli malzemeler giintimiizde oldukca dikkat ¢eken
ve ¢ok farkli uygulamalarda kullanim alani bulan en 6nemli miihendislik malzemelerinden biridir. Bu
calisma ile akilli polimerlerin mevcut kullanim alanlarina ek olarak gelecekteki potansiyel
uygulamalarinin belirlenmesi, akilli polimer teknolojilerindeki giincel gelismelerin izlenmesi, akill
polimerler konusunda temel bir siiflandirmanin olusturulmasi, literatiiriin derlenmesi, konu hakkinda
calisanlar ve konuya ilgi duyanlarin basvuracag: Tiirkce bir kaynak olusturulmas: amaglanmaktadir. Bu
calismada; akilli polimer teknolojilerindeki son gelismeler mevcut ¢alismalar dogrultusunda incelenecek,
polimerlerin akilli malzeme olarak kullanimmin avantajlari, dezavantajlari, akilli polimer
teknolojilerindeki son gelismelerin 15181 altinda degerlendirilecektir. Calismada akilli polimerler, (i)akill
polimerik jeller, (ii)sekil hafizali polimerler, (iii)kendi kendini onaran/iyilestiren polimerler ve (iv) iletken
polimerler seklinde dort baslikta siniflandirilarak incelenmistir

Anahtar Kelimeler: Akilli Polimerler, Hidrojeller, Sekil Hafizali Polimerler, Kendi Kendini Onaran/lyilestiren
Polimerler, Iletken Polimerler

Polymers as Smart Materials and Their Applications

ABSTRACT: Smart materials, which are among the developing materials, are one of the most important
engineering materials that attract attention and find use in many different applications. In this study, it is
aimed to determine the potential future applications of smart polymers in addition to the current use, to
monitor the current developments, to create a basic classification, to compile the literature. Therefore, a
Turkish resource is created for the researchers who work on the subject and are interested. In the present
work, the latest developments in smart polymer technologies will be examined in line with current studies,
their advantages, and disadvantages of using polymers as smart materials will be evaluated. Smart
polymers are classified under four headings as (i) smart polymeric gels, (ii) shape memory polymers, (iii)
self-healing polymers and (iv) conductive polymers.

Keywords: Smart Polymers, Hydrogels, Shape Memory Polymers, Self-Healing Polymers, Conductive Polymers
1. GIRIS INTRODUCTION)

Bilim ve teknolojideki gelismelerle birlikte ortaya ¢ikan yeni teknolojiler, daha tistiin 6zelliklere sahip
malzemelerin gelistirilmesinde ve {iretiminde biiyiikk bir kolaylik saglamustir. Ozellikle kompozit
malzemelerle ilgili olarak son yillarda yapilan calismalar, gelecekte akilli malzemeler konusunda
yapilacak calismalarin daha da artacagini ve malzemelerin akilli malzeme siniflandirilmasinda yer
almasini saglayacak farkli bir¢ok yeni 6zelligin malzemelere kazandirilmaya ¢alisilacagini 6ngoérmektedir
[1-2].
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Bir malzemenin akilli malzeme olarak siniflandirilabilmesi, malzemenin ¢evresel uyaranlara (is1,
sicaklik, mekanik ve manyetik) kars1 tepki verme yetenegini kazanmasi ve buna bagh olarak performans
veya Ozelliklerini degistirebilmesi, malzemenin uyaricilara kars: tepkilerinin ag¢iklanabilir, anlasilir ve
Ongoriilebilir olmasi, enerji alis-verisinde bulunabilmesi (1sik yayan, elektrik iireten ve enerji degisimi
yapabilen) ve tersine gevrilebilirlik (malzemenin niteliginde ve fazinda degisimin gerceklesmesi ve bu
degisimin geri alinabilir olmasi) gibi 6zelliklere sahip olmasi beklenmektedir [1,3]. Akilli malzemeler,
giinlimiizde yukarida kismen ifade edilen avantajlar1 nedeniyle gelismis uygulamalar icin ilgi cekici bir
malzeme sinifi olarak karsimiza ¢ikmaktadir [4]. Cevreye gore ozelliklerini degistirebilen ve duyusal
yeteneklere sahip, otomatik olarak kendi kendini tamir edebilen, 1s1 ile sekil degistirebilen veya manyetik
alan uygulandiginda aninda faz degistirebilen malzemeler, piezoelektrik malzemeler (sensorler ve
aktiiatorler), sekil hafizali alasimlar, manyeto-reolojik malzemeler ve elektro-reostat malzemeler akilli
malzemelerin kullanildig1 uygulamalara 6rnek alanlardir [3]. Cok fazla uygulama alanina sahip olsalar
da, akill1 malzemelerin siniflandirilmasiyla ilgili hentiz akademik ve ticari olarak kullanilan ve yaygin
kabul gormiis bir simiflandirma sistemi mevcut degildir. Yeni kullanim alanlar1 ortaya ciktik¢a bu
malzemelerde akilli malzeme sinifina dahil edilmektedir. Giiniimiizde termoelektrikler, multiferroikler,
mangnetokalorik malzemeler, magnetoreolojik ve elektroreolojik akiskanlar, sekil hafizal1 malzemeler,
termo ve 1s18a duyarli polimerler de akilli malzemeler simifina eklenmistir. Ayrica, sicaklik, ¢oziicii
bilesimi, pH gibi dis kosullarda kiigiik bir degisiklikle hacmini yiizlerce kez degistirebilen polimer jeller
de akilli malzemeler olarak kabul edilmektedir [2].

Bir polimerin akilli malzeme tanimlanabilmesine; c¢evresel uyaranlara (sicaklik, nem, pH, 1sik
yogunlugu, elektriksel veya manyetik alan vb. gibi dis etkenler) karsi tepki vermesi, renk veya
transparanligini degistirmesi, iletken veya su gecirgen hale gelmesi ya da sekil degistirerek bu tepkiye
yanit vermesi gibi Ozellikler 6rnek olarak verilebilir. Akilli polimerlerin tepki oramni, fonksiyonel
uyaranlarin yogunlugu ile kontrol edilebilmektedir. Akilli polimerlerin fizyokimyasal 6zelliklerinin
degisimi ve kontrolii, farkl1 uygulamalarda kullanimi ve istenilen 6zelliklerin diizenlenebilmesi igin tercih
edilmektedir [5-6]. Akilli polimerler genel olarak, sicakliga duyarli polimerler, pH'a duyarli polimerler,
1518a duyarli polimerler, kendinden iletken polimerler, polimer hidrojeller, sekil hafizali polimerler, kendi
kendini onaran/iyilestiren polimerler gibi genis bir kullanim alaniyla karsimiza ¢ikmaktadir [5, 7].

Polimerler, seramik ve metallere gore sahip oldugu bazi avantajlar nedeniyle akilli malzemelerde
yaygin olarak kullanilmaktadir. Polimerlerin kolay islenebilirligi, proses kolayligi, esnekligi, diisiik 1s1l ve
elektrik iletkenligi, metallere oranla yiiksek kimyasal ve korozyon direnci ve ¢ok iyi mukavemet/agirlik
oram vb Ozellikleri akilli malzemeler igin temel tercih sebepleri arasindadir [8-10]. Insan viicudu ile
uyumlu polimer tiirleri doku yenilenmesi, kikirdak, kemik, periodontal doku, sinirlerin tamiri vb.
biyomedikal sektoriinde akilli malzeme olarak tercih edilmektedir. Bu tiir malzemelerin sahip oldugu
sekil hafizasi, polimerlerin kolay islenebilmesini saglamaktadir [2]. Polimerik misel ve dendrimer yapilar
biyouyumluluklar1 nedeniyle ila¢ tasinim sistemlerinde kullanilmaktadir. Biyouyumlu bir polimerden
beklenen baslica 6zellikler, biyolojik olarak parcalanabilmesi, par¢alanma sonucu olusan yapilarin toksik
olmamas1 ve bu yapilarin viicut tarafindan giderilebilmesidir [11]. Baz1 akilli biyopolimerler
elektrofizyolojide, organik kimyasal transistorlerde, organik elektronik iyon pompalarinda, elektronik
tekstillerde, elektronik cilt vb. biyoelektronik alanlarinda basarili bir sekilde kullamilmaktadir [12].
Polimerik akilli hidrojeller ilag/gen dagitim sistemleri, doku miihendisligi protezleri, biyosensorler,
fotografcilik, boya/kaplama sektorii, aktiiatorler vb. uygulamalarda biiyiik bir potansiyel kullanima
sahiptir [13].

Sekil hafizali akilli polimerler harici bir uyaran tarafindan uyarildiginda énceden tanimlanmis kalici
seklini geri kazanma yetenegine sahip polimerler seklinde tanimlanmaktadir [14]. Uyaranlarin 1s1, 11k,
nem, manyetik alan, elektrik alan, basing, pH olabildigi sekil hafizali polimerler, havacilik, miihendislik,
tip, tekstil, litografi ve ev iiriinlerinde 6nemli potansiyel uygulamalara sahiptir [15].

Alkilli polimerler sinifinda yer alan ve genis bir kullamim alanina sahip olan kendi kendini
onaran/iyilestiren polimerler hasar olustugunda bunu hissedebilen ve hasar daha ¢ok ilerlemeden bunu
durdurarak kendi kendine tamir edebilen bir yapiya sahiptirler. Silikon bazli kendi kendini
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onaran/iyilestiren polimerler dinamik aglarni yeniden diizenlemeleri sayesinde kendi kendini
iyilestirebilmekte [16] ve bu 6zelligi nedeniyle hasarin 6nlenmesinin istenildigi enerji, biyomedikal gibi
baslica alanlarda kullanilmaktadir [17-18]. Kovalent bagl kendi kendini onaran/iyilestiren hidrojeller, ilag
ve protein dagitim sistemlerinde, doku-materyal bariyerlerinde, onarici tipta [5] ve yara pansuman
uygulamalarinda [19] tercih edilmektedirler. Kendi kendini onaran/iyilestiren polimerler kullanim alan1
buldugu uygulamalarda, temel olarak dis yardim olmadan kendi kendini iyilestirme veya kaybolan
islevlerin restorasyonu seklinde faaliyet gostermektedir [20]. Kendi kendini onaran/iyilestiren polimerik
malzemelerin kullanimi enerji, biyomedikal vb. sektorler igin biyouyumluluk, maliyet, verimlilik, tirtiniin
kullanim 6mriiniin uzamasi gibi biiyiik avantajlar saglamaktadir.

Iletken polimerler, elektriksel iletkenlige sahip konjuge karbon zinciri iceren polimerlerdir. Iletken
polimerlerin elektriksel iletkenligi metallerle karsilastirilabilir nitelikte olup, iletkenlik yiik tasiyict gorevi
goren bosluklara ve birbirini izleyen tek ve ¢ift baglardan olusan karbon zincirlerine dayanir [21-22]. Baz1
iletken polimerler esnek ve biyouyumlu olmasinin yaninda fiiretim ve uygulama kolayligi da
saglamaktadir. Bu nedenle, medikal uygulamalar, robotik sistemler, tekstil iiriinleri, transistorler, sensor
ve biyosensorler vb. i¢in 6nemli bir yapi iskelesi haline gelmistir [23-24].

Akilli malzemelerde polimer kullaniminin bir¢ok avantaji olmasina ragmen bazi kisitlamalar1 da
mevcuttur. Ornegin; polimerlerin erime ve bozunma sicakliklar diisiiktiir [25-26]. Sicaklik dzelliklerine
bagh olarak polimer malzemeler yiiksek sicakliklarda kullanima uygun degildir [27]. Baz1 polimerler
termal radyasyon, atmosferik kosullar ve UV 1s1m1 altinda bozuna bilmektedir. Bu bozunmay1 6nlemek ve
yapiy1 iyilestirmek i¢in polimerik yapiya iiretim esnasinda gesitli katki ve dolgu maddeleri katilmaktadir
[28-29].

Doku miihendisliginde bosluk doldurma malzemesi ve hiicre ve ila¢ dagitimi ic¢in kullanilan
biyopolimer esash iskelelerin implantasyonunun ameliyat gerektirmesi bir eksiklik olarak goriilmektedir
[29]. Benzer sekilde kendi kendini onaran/iyilestiren polimerlerde daha 6nce hasar gérmdiis ve iyilesmis
bolgelerde tekrarlanan iyilesme ile ilgili sinirlamalar bulunmasi, ilag salinim sistemlerinde kullanilan 1s1ya
duyarli bazi polimerlerin biyolojik olarak bozunmama, parcalanma ve lokal 1s1 kontrolii altinda kontrollii
ilag salimi gergeklestirme gibi smirlamalar1 akillh polimerlerin kullanimlarinda bir dezavantaj
olusturmaktadir [30].

Akilli polimelerin kullanim alanlari, avantaj ve dezavantajlari, akilli polimer teknolojilerindeki son
gelismelerle ilgili calismalar oldukga sinirh ya da tek bir alana (kullanim alanina) odaklanmaktadir. Bu
durum, akilli polimerler konusundaki giincel gelismelerin takip edilmesini ve farkli alanlara
uyarlanmasini zorlastirmaktadir. Bu ¢alismada; akilli polimer teknolojilerindeki son gelismeler mevcut
calismalar dogrultusunda incelenecek, polimerlerin akilli malzeme olarak kullaniminin avantajlari,
dezavantajlari, akilli polimer teknolojilerindeki son gelismelerin 15181 altinda degerlendirilecektir. Bu
calisma ile akilli polimerlerin mevcut kullanim alanlarina ek olarak gelecekteki potansiyel
uygulamalarinin belirlenmesi, akilli polimer teknolojilerindeki giincel gelismelerin izlenmesi, akilli
polimerler konusunda temel bir siniflandirmanin olusturulmasi, literatiiriin derlenmesi, konu hakkinda
calisanlar ve konuya ilgi duyanlarin bagvuracag: Tiirkce bir kaynak olusturulmasi amaglanmaktadir.

2. AKILLI POLIMERLER ve SINIFLANDIRILMASI (SMART POLYMERS and THEIR CLASSIFICATION)

Akilli malzemeleri tanimlamada kullanilan standart bir tanim yoktur. Akilli malzemeler igin en
yaygin kabul géren tanimlama, malzemenin dissal bir uyarana tepki olarak 6zelliklerinin birini veya daha
fazlasim1 ongoriilebilir ve kullamish bir sekilde degistiren bir malzemeyi belirtmesidir [31] Zeki
malzemeler ya da aktif malzemeler seklinde de isimlendirilen akilli malzemeler terimi, essiz 6zelliklere
sahip bir grup malzeme grubunu ifade etmektedir [32] Addington ve Schodeck’e [33] gore; bir
malzemenin akilli malzeme olup olmadig:

o Aciliyet: Gercek zamanli olarak uyaranlara tepki verme
o  Gegicilik: Birden fazla cevre durumuna tepki verebilme
¢ Kendini harekete gecirme: Zekd, malzemenin disindan degil, dahili bir hareket ile
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o Secicilik: Uyaranlara verdigi tepkiler ayrik ve ngoriilebilir
o  Dogrudanlik: Uyaranlara verdigi tepkileri lokal olarak etkinlestirme

incelenerek ayirt edilebilir. Farkli kullanim ve uygulama alanlari, polimer tiirleri dikkate alindiginda,
akilli polimerleri siiflandirmak olduk¢a zordur. Ancak bugiine kadar yapilan bilimsel caligmalar ve
kullanim alanlar1 g6z 6niinde bulunduruldugunda, akilli polimerleri Sekil 1’de gosterildigi gibi dort temel
baslik altinda ele alarak incelemek miimkiindiir. Buna gore akilli polimerler, (i)akilli polimerik jeller,
(ii)sekil hafizal1 polimerler, (iii)kendi kendini onaran/iyilestiren polimerler ve (iv)uyaranlara duyarh
polimerler seklinde siniflandirilabilir. Her ne kadar konuyu daha anlagilir hale getirmek adina boyle bir
siniflandirma yontemi secilmis olsa da akilli polimerler aslinda birbirleriyle oldukga giiglii bir etkilesime
ve baz1 benzer 6zelliklere sahip olan malzemelerdir.

v

v

Akall Polimerik Tletken
Jeller Polimerler

Sekil 1. Akilli polimerlerin siniflandirilmasi
Figure 1. Classification of smart polymers

3. AKILLI POLIMERIK JELLER (SMART POLYMERIC GELS)

Hidrojeller, fiziksel veya kimyasal olarak capraz baglanabilen ii¢ boyutlu ag yap: 6zelligine sahip
polimerlerdir. Hidrojeller, hidrofilik fakat capraz bagli yapilari nedeniyle polimeri ¢ozmeden, sudaki kuru
agirliklarinin binlerce katina kadar biiyiik miktarda suyu emen ii¢ boyutlu (3B) dogal veya sentetik
polimerik aglar seklinde de tanimlanabilir [4, 34]. Bir jelin hidrojel olarak tanumlanabilmesi icin kendi
agirliginin en az %20’si kadar su absorplayabilmesi gerekmektedir [35]. Genel olarak hidrojeller, su ile
etkilestiklerinde ¢oziinmez ve ¢oziicliyii i¢ine alarak siserler. Bu durumun gergeklesmesi, polimer
zincirinde yer alan hidrofilik ozellige sahip gruplarin varligi ve ag seklindeki gozenekli yapidan
kaynaklanmaktadir [36]. Sahip oldugu su tutma kapasitesi, yumusak ve esnek yapailari ile hidrojeller canli
dokulara benzerlik gostermektedir. Suda ¢oziinen maddeler icin gecirgen olmalari, insan viicudu ile
uyumlu olmalari, su ile etkilesip sistiginde yumusak ve diisiik siirtiinmeye sahip olmalari, ilag salinim
sistemlerinde kullanilabilmeleri, yiiksek su tutma kapasiteleri hidrojellerin en 6nemli avantajlar1 arasinda
yer almaktadir. Bunun yaninda hidrojellerin zayif mekanik dayanima sahip olmasi, mukavemet
gerektiren alanlarda (kemik dokusu gibi) kullanimini kisitlamaktadir [37]. Hidrojellerin kullanim alanlari;
kontakt lensler, yapay tendon materyalleri, biyosensorler, yiizey ortii malzemeleri, yapay kas, yapay deri,
ila¢ salim sistemleri, estetik cerrahi, tarimda akilli sulama sistemleri, agir metal giderimleri vb. seklinde
siralanabilmektedir [30-38].

Alalli hidrojeller, gevresel kosullarda kiiciik dis degisikliklere (uyaranlara) yanit olarak ani tersinir
hacim faz gegislerine veya sol-jel faz gecislerine maruz kalan hidrojeller olarak tanimlanir. Geleneksel
hidrojellere kiyasla akilli hidrojellerin bu tepkilere yanit1 daha hizlidir. Akilli hidrojeller igin literatiirde
¢ok farkli siniflandirma yontemi mevcuttur. Ancak yaygin olarak akilli hidrojeller; (i) uyariciya duyarh
sekil degistiren hidrojeller (sicakliga, Ph vb.) (ii) sivi kristalli hidrojeller seklinde iki ana gruba
ayrilmaktadir [39].

3.1. Uyariciya duyarl1 akilln hidrojeller (Stimuli sensitive smart hydrojels)

Uyaranlara duyarli polimerler, sicaklik [40] mekanik stres [41] manyetik/elektrik alan [42] nem
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dalgalanmalari, pH [43] baz: kiiciik molekiiller (CO2 vb.) ve bazi biyomolekiiller (glikoz vb.) gibi dis
parametrelere tepki veren akilli polimerlerdir. Dis uyaranlara verilen tepki, polimerin sekil, renk ve
¢ozunirliigiindeki fiziksel veya kimyasal bir degisiklik olabilmektedir [15, 44-45]. Bu tiir akilli polimerler,
biyoloji ve tip alanlarinda bircok uygulamada potansiyel kullamima sahiptirler. Ornegin; sensor ve
biyosensor olarak kontrollii ila¢ dagitiminda [45-46] cevresel iyilestirmede [47] ve kemo-mekanik
aktiiatorlerde [48] yaygin olarak kullanilmaktadirlar.

Uyariciya duyarl: akilli hidrojeller, programlanabilir dogas1 geregi tipik hidrojellerden ayrilmaktadir.
Uyaranlara duyarl hidrojeller, 1s1k, sicaklik, kimyasallar, pH, elektrik sinyali gibi dis uyaranlara yanit
olarak sekillerini degistirebilmektedir. Uyaranlara duyarliliklari, yiiksek hidrofilik o6zellikleri,
molekiillerin hizli difiizyon yetenekleri, biyouyumluluklar: ve ayni1 zamanda yumusak yapilar: nedeniyle
bircok farkli uygulamada tercih edilmektedir. flag/gen dagitim sistemleri, biyosensorler, sivi kontrolii,
aktiiatorler, hiicre kiiltiirti, algilama uygulamalari, ayirma islemleri baslica kullanim alanlari olarak
karsimiza ¢ikmaktadir [30-31]. Bu uygulamalarin ¢ogunda, uyaran hidrojelin sisme derecesini etkileyen
molekiiler bir degisime (iyonizasyon, ¢capraz baglanma) neden olur.

3.2. Isiga duyarl: akill1 hidrojeller (Light sensitive smart hydrojels)

Sicaklik disinda, uyaranlara duyarli polimerlerin 1sik ve pH'a duyarl: tiirleri tizerine de c¢alismalar
yapilmaktadir. Ornegin; iyonize olabilen fonksiyonel gruplara sahip pH'a duyarli polimerler, cevresel pH
degisikliklerine bagli olarak proton bagislayabilen veya proton kabul edebilen 6zelligi sahiptir. Bazi
yaygin ornekler, akrilik asit (AAc) [49-50] ve N,N-dimetilaminoetil metakrilattir (DMAEMA) [51-52]. Isiga
duyarli monomerler hem sicaklik hem de 1sik duyarliifi sergileyen malzemeleri iiretmek icin de
kullanilabilir. Buna yaygin bir ¢rnek azobenzendir [53-54]. Cogu durumda bu polimerlerin tepkisi,
polimere dahil edilen 1s18a duyarli molekiillerin 1sikla tetiklenen izomerizasyonu veya 1sikla tetiklenen
iyonizasyonu ile gerceklesmektedir. Benzer sekilde; biyolojik olarak duyarli sistemlerden de, ornegin,
enzime [55] ve glikoza [56] gibi biyolojik yapilarda dogal olarak mevcut olan uyaranlara yanit verme
ozelligine sahip polimerler iiretilebilir [57].

Zhao [58] blok kopolimer misellerinin foto-indiiklenmis bozulmasina yol acan temel mekanizmalar
gelistirmistir. Gelistirilen bu mekanizmalar biyomedikal uygulamalar icin ¢ok 6nemli olan uyarma dalga
boyu sorununa ¢oziimler sunmustur. Foto-tepki blok kopolimerlerinin kendi kendine montaji yoluyla
olusturulan polimer miseller veya vezikiiller, kontrollii ila¢ dagitimi icin tasiyicilar olarak
kullanilabilmektedir. Foto kontrollii polimer miseller i¢in genel mekanizma Sekil 4'te sematik olarak
gosterilmistir. Sekilde goriilecegi gibi malzemeler 1515a maruz kaldiginda, foto kromik gruplarla modifiye
edilmis blokta ¢oziiniirlitk degisiklikleri meydana gelir ve bunun sonucunda miseller ¢oziiliir. Birinci
yaklasim (Sekil 2a), blok kopolimerlerin (BKP) hidrofilik-hidrofobik dengesinin optik olarak
kaydirilmasina dayanmaktadir. Bu yaklasimda; misel i¢cinde hidrofobik blogun polaritesinde (veya suda
¢ozliniirliigiinde) bir artisla sonuglanan bir fotokimyasal reaksiyon meydana gelir. Bu degisiklik,
hidrofilik-hidrofobik dengeyi miselin kararsizlasmasina dogru kaydirir ve bdylece sulu ¢ozeltide
coziilmeye yol acar. Tkinci yaklasimda (Sekil 2b), bir foto reaksiyon, hidrofilik ve hidrofobik bloklarin
birlesimini basitce keserek misel bozulmasina yol agar. Ugiincii yaklagim (Sekil 2c), BKP miselinin hizli
foto-indiiklenmis bozulmasimi saglayan hidrofobik blogun ana zinciri boyunca tekrar tekrar foto-
parcalanabilir birimlerin yerlestirilmesinden olusur. Dordiinctii yaklasimda (Sekil 2d) ise, BKP misellerinin
tamamen optik stabilizasyonu ve dengesizlestirilmesi igin tersinir bir foto ¢capraz baglama reaksiyonunu
gostermektedir. Blok kopolimerler, 6zellikle misel stabilitesinin gerekli oldugu durumlarda yararhdir.
Reaksiyon tersine gevrilip farkli bir dalga boyu kullanildiginda, foto-indiiklenmis ¢apraz baglanma (misel
olusumu) ve foto-indiiklenmis kararsizlastirma (misel yapinin bozulmasi) miimkiin olabilmektedir.
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Sekil 2. Cesitli tipte 151ga duyarli blok kopolimer miseller (a—d) sematik gosterimi [58]

Figure 2. Schematic representation of various types of photosensitive block copolymer micelles (a—d) [58]

Peng ve ark. [13] tarafindan ¢apraz baglanma, bir proteinin salinimini kontrol etmek i¢in dekstran
hidrojellerine uyarlamis ve konak-misafir molekiilleri dekstran omurgasina baglanmstir. Trans
formunda, konak-konuk kompleksi olusturulmus, boylece dekstranin etkin bir sekilde capraz baglanmasi
ve hidrojel olusumu saglanmistir. Sistemde yesil floresan proteini (GFP) kapsiillenmistir. Capraz bagh
sistemde, GFP jelin i¢inde kalir, ancak UV 1s1ik 1s1tnimindan sonra GFP jelden difiize olabilir ve serbest
birakilir. Peng ve ark. tiyol-maleimid reaksiyonunu kullanarak dekstranlar, azobenzen (AB) veya [3-
siklodekstrin (CD) pargcalar ile islevsellestirmistir. Amagclar: bu polimerleri proteinlerin 151k kontrollii
salimi i¢in supramolekiiler olarak gapraz baglanmis bir hidrojelin yap: taslar1 seklinde kullanmaktir.
Sistemin mekanizmas1 temel olarak su sekilde gerceklesmektedir: (i)azobenzenler(AB) trans
konfigiirasyonundayken jel olusumunu indiikler, (i)UV 15181 (365 nm) ile 1s1nlamadan sonra azobenzen
kisimlar1 transtan cis konfigiirasyonlarina izomerlesir, (iii)bu izomerlesme capraz baglant1 noktalarinin
ayrilmasina neden olur ve (iv)hapsedilmis proteinin ortama go¢ etmesine izin verir. Sekil 3'te yukarda
aciklanan sistem sematik olarak verilmistir. Bu strateji ¢apraz bagli formda polimer agimin disina
yayilmayan, biiyiik molekiillere (yani protein, DNA veya yiiksek molekiiler agirlikli bir ilag) uygun olarak
gelistirilmesine olanak saglamuistir.
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Sekil 3. Trans yapida bulunan jelden 1s1ga duyarli protein saliniminin sematik gosterimi [13]
Figure 3. Schematic representation of photosensitive protein release from the trans-structured gel [13]

3.3. Sicakliga duyarli akilli hidrojeller (Temperature sensitive smart hydrojels)

Sicaklik, uyaranlara duyarli polimerlerde iizerine en fazla calisma yapilan alanlardan biridir.
Sicakliktaki degisikliklerin disaridan miidahalesiz bir sekilde uygulanabilmesi sicakliga duyarh
polimerleri ilgi odag: haline getirmistir. Baz1 polimerler daha "diisiik kritik ¢ozelti sicakligi" (LCST)
sergiler. Diisiik kritik ¢ozelti sicakligi, sicaklikla indiiklenen (sicaklik kaynakli) karisim gidermenin
meydana geldigi en diisiik sicakliktir [59]. LCST'nin altindaki sicakliklarda, sistem her oranda tamamen
karisabilir. LCST'nin altinda polimer zincirleri ve solvent molekiilleri homojen olarak karismis fazdadir.
LCST'nin tizerinde ise faz ayrimi entropik olarak yonlendirilen bir islem yoluyla gerceklesir. Sicakliga
duyarli hidrojeller, sicaklik degisimlerine maruz kaldiklarinda sisme Ozelliklerini degistirebilme
yetenegine sahiptir. Diisiik kritik ¢ozelti sicakligi (LCST) ve yiiksek kritik ¢ozelti sicakligr (HCST) olmak
tizere, sicakliga karsi farkli davranisa sahip iki tiir hidrojel mevcuttur. Sicaklik artisi, LCST de sismeyi
azaltirken, HCST ise sismeyi arttirir [27]. Sicakliga duyarl akilli hidrojeller, ag yapilarini, kinetiklerini,
gecirgenliklerini, mekanik kuvvetlerini ve yiizey Ozelliklerini ortamin sicakligina gore degistirir.
LCST'den daha diisiik sicakliklarda sivi, hidrojelin hidrofilik kismi ile etkilesir ve hidrojen baglari
olusturur. Bu etkilesim jel sismesini arttirir. Ancak sicaklik yiikselip LCST'den daha yiiksek sicakliklara
cikildiginda, hidrofobik etkilesimler gii¢lenir ve hidrojen baglar1 azalir. Bu fenomen, interpolimer zincir
birlesiminden dolayi jelin biiziilmesi seklinde agiklanabilir [32].

Poli(N-izopropilakrilamid) (pNIPAm), ~32°C'de bir LCST sergileyen ve {izerinde en ¢ok calisilan
sicakliga duyarli polimerlerden biridir [60-61]. Cozelti sicaklignt LCSTnin {izerine ¢iktiginda, pNIPAm
zincirleri uzatilmis (¢6ziilmiis) rastgele bir bobinden kompakt (¢6ziillmemis) bir kiiresel konformasyona
gecis yapar [62]. Polimer zincirlerinin, bobin seklinden (¢oziilmiis) globiile (¢oziilmemis) gecisi, polimer
bilesimi ayarlanarak termodinamik olarak kontrol edilebilir. Polimerin sirasiyla bir hidrofilik veya
hidrofobik monomer ile kopolimerizasyonu, LCST’nin daha yiiksek veya daha diisiik sicakliga kaymasini
saglamaktadir [63-64]. Saf pNIPAm hidrojelleri genellikle sinurl: bir ilag yiikleme kabiliyetine sahiptir ve
hidrojellerdeki basit fiziksel etkilesim kuvvetleri nedeniyle siirekli bir ilag¢ salinim1 i¢in uygun degildirler.
Bu durum ilag dagitimindaki uygulamalarini biiyiik olgiide engellemektedir. Bu sorunun iistesinden
gelmek amaciyla Cao ve ark. [65] 3K peptidini pNIPAm ile karigtirarak hibrit bir hidrojel iiretmistir (Sekil
4a). Bu sistemde, sicaklik 33 °C'nin iizerine ¢iktiginda bir 3D hidrojel ag1 olusturmak igin IsK kendinden
montajli fibriller, pNIPAm ile karistirilmistir. Hidrojen baglanmasi, hidrofobik etkilesim ve sterik engel
gibi fiziksel etkilesimler tarafindan ydnlendirildigi i¢in bu sol-jel prosesi sicaklik degisimi ile tersine
cevrilebilir 6zellik gostermektedir (Sekil 4b). Calismada; model ilag olarak antibakteriyel peptit G(IIKK)sl-
NH: kullanilmistir. lag, daha diisiik bir sicaklikta dogrudan IsK/PNIPAM karisik ¢ozeltisine eklenmistir.
Daha sonra jellesmenin gerceklesmesi ve model ilacin kompozit hidrojel iginde kolayca kapsiillenmesi i¢in
sicaklik 33 °C 'nin tizerine ¢ikartilmistir. Bu ilag yiiklii hidrojel yiiksek sicakliktaki suya konuldugunda,
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G(IIKK)sI-NH: hidrojelden siirekli ve dogrusal bir sekilde salinabilir. Bu kompozit sistem, PNIPAM'n
sicakliga duyarli faz gecisini ve peptit fibrillerinin ilag yiikleme yetenegini birlestirerek kontrollii ilag
salimi ve termo-ters gevrilebilirlik gibi avantajlar sunmaktadir. Farkli sekillerde kompozit hidrojellerin
gelistirilebilmesi pratik ila¢ salinim uygulamalar i¢in son derece umut vericidir.
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Sekil 4. a)Termotersinir peptit/pNIPAm karigik hidrojellerinin hazirlanmasi ve kontrollii salim igin
antibakteriyel peptit G(IIKK)s I-NH: 'nin yiiklenmesi, b)pNIPAm LCST'nin altinda veya istiinde

sicaklikta sSK/pNIPAm aglarinin 6nerilen durumlarinin sematik diyagramlar1 [65]
Figure 4. a) Preparation of thermoreversible peptide/pNIPAm mixed hydrogels and loading of antibacterial peptide G(IIKK)3 I-NH2 for
controlled release, b) Schematic diagrams of the proposed states of IBK/pNIPAm networks at temperature above or below the pNIPAm LCST
[65]

Sicakliga duyarl akilli hidrojellerin bir¢ogu (6rnegin; homopolimer ve kopolimer NiPAAm) biyolojik
olarak parcalanmamaktadir [66]. Biyomedikal uygulamalar: i¢in bazi hidrojellerin biyolojik olarak
parcalanabilmesi istenmektedir. Bu amagla; Nakayama ve ark. [33] kontrollii ilag salim1 i¢in termal olarak
duyarli, biyolojik olarak parcalanabilen polimerik miseller hazirlamislardir. Arastirmacilar, suda
¢ozlinmeyen ilaglari sisteme dahil etmek i¢in misellerde hidrofobik bir blok kullanmislardir. Bu sayede
biyolojik olarak parcalanabilen, kontrollii boyutlara ve 40 °C civarinda bir LCST'ye ve faz gegis
sicakliklarina sahip hidrofobik polimerik miseller iiretmislerdir. Isiya duyarli blok LCSTnin altindaki
sicakliklarda miselin dis kabugunu olusturur. Ancak LCST'nin {izerindeki sicaklik artisiyla beraber blok
giderek hidrofobik hale gelerek kiiciiliir ve salinim gerceklesir. Sekil 5'te sicaklik artisina bagli olarak
polimer miselden ilag salinimi sematik olarak gosterilmistir.
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Sekil 5. Sicaklik artisina bagh olarak polimer miselden ilag salinimi [33]
Figure 5. Drug release from polymer micelle due to temperature increase [33]

3.4. pH duyarl1 akill1 hidrojeller (pH sensitive smart hydrogels)

pH’a duyarli polimerler omurga yapilarinda iyonlasabilen gruplar iceren polielektrolit yapidadirlar.
Bulunduklar1 ortamin pH'indaki bir degisiklige tepki olarak hacimlerini degistirebilme yetenegine
sahiptirler. Cevresel pH degisikliklerine tepki olarak protonlar1 kabul edebilir veya serbest birakabilirler.
Cok kiigiik pH degisikliklerini (10 pH kadar) dakikalar icinde tespit edebilmekte ve yiiksek hassasiyetle
onemli ol¢lide sisebilmektedirler [67-68]. pH'a duyarl bir hidrojelin iyonizasyon derecesi (pKa veya pKb),
pH'taki degisikliklere gore degisir. Polimer zincirinin net yiikiindeki bu degisiklik, hidrojelin elektrostatik
itici kuvvetler nedeniyle hacim deformasyonuna ugramasima neden olmakta ve bu durum biiyiik bir
ozmotik sisme kuvveti yaratmaktadir [4, 34]. Siireci yOneten ana fenomen, sulu ortamdaki pH
degisimlerinden dolay1 hidrojen iyonlarini ayristirma ve iligkilendirme yetenegidir. Bu protonasyon-
deprotonasyon tersine cevrilebilir oldugundan, hidrojel sismesi-biiziilmesi ortamdaki ¢ozeltinin pH'1
degistirilerek kolayca tersine gevrilebilir [34- 36].

Ph’a duyarli akilli hidrojeller, genis ol¢iim araliklar1 nedeniyle pH algilamasina bagli olarak
gelistirilen sistemler i¢in umut vericidir [67-68]. pH’a duyarl1 hidrojel tabanli sensorlerin kiigiiltiilebilir
olmasi ve mikro sistemlerle birlestirilebilmesi [69-70] ilag saninim sistemleri, epidermal yara izleme, ilag
salma kemoterapisi, mide ve bagirsaga ila¢ dagitimi gibi biyomedikal uygulamalar igin &nemli bir
kullanum potansiyeli olusturmaktadir. pH'a duyarli hidrojellerin yara durumunu izleme ve ayni anda ilaci
salma kabiliyeti yakin zamanda Bahram ve ark. [71] tarafindan rapor edilmistir. Calismada, pH'a duyarli
hidrojel, antibiyotik ajanlar1 serbest birakmis ve pH saptamasini bir gosterge seklinde kullanarak yara
bolgelerinin bakteriyel enfeksiyonlari izlenmistir (Sekil 6). Sekil 6’da sematize edilen pH'a duyarli hidrojel,
radikal kopolimerizasyon yoluyla poli(N-izopropilakrilamid-koakrilik asit) tiretilmistir. Hidrojel, yaranin
14 giin boyunca sahip olacag1 pH (6.7-7.9) araligina bagli olarak, farkli oranda salinimi yapilacak olan sigir
serum albiimini (BSA), vaskiiler endotelyal biiyiime faktdrii ve epitermal biiyiime faktorii ile
yliklenmistir. Sistemde, biiyiime faktorlerinin serbest birakilmasi, yara pH'indaki bir artisla artacak
sekilde ayarlanmigtir. Biiylime faktorleri ile yiiklenen hidrojel, murin eksizyonel yara modelinde test
edilmis ve geleneksel siirekli salim biiyiime faktorii tedavisine kiyasla yara iyilesmesinde bir artig
gosterdigi goriilmiistiir. Bakteriyel enfeksiyonlar: tespit etmek i¢in hidrojel dogrulugu, ticari sistemlerle
karsilastirilabilir niteliktedir. Calismada akilli telefonlardan yara kosullarinin okunmasi ve takibi igin
faydalanilmistir.
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Sekil 6. Yaralari izlemek ve iyilestirmek i¢in kullanilan yara 6rtiisiiniin semas: ve pH'a duyarl ilag

salma sistemi [71]
Figure 6. Diagram of dressing and pH sensitive drug delivery system used to monitor and heal wounds [71]

3.5. Sivi kristalli hidrojeller (Liquid crystalline hydrogels)

Sivi kristal elastomerler (LCE'ler), tersinir mezomorfik-izotropik faz gecislerine maruz kalabilen, ana
zincir veya yan zincirinde sivi1 kristal birimleri iceren elastik polimer aglardir. Siv1 kristal alanlar tipik
olarak birbirlerine gore rasgele yonlendirilir ve bu nedenle siv1 kristal ¢oklu alanlar olarak isimlendirilir.
Bir sivi1 kristal elastomer aginin olusumu sirasinda disaridan harici bir manyetik alan, germe kuvveti vb.
uygulanarak siv1 kristal alanlar belirli bir yonde hizalanabilirler [37-38]. Polimer zincirlerinin hizalandig1
bu durum “siv1 kristalin monodomen” olarak adlandirilir. Bu yapilar zincirlerin gerdirilmis hali olarak
diisiiniilebilir. Polimer belli bir sicaklik degerinin tizerinde 1sitildiginda zincir anizotropisi azalarak
biiziilme gerceklesir [39, 72]. Polimer belli bir sicaklik degerinin altina sogutuldugunda ise orijinal
anizotropik duruma gelir ve uzar.

Sivi kristal elastomerler ilgi ¢ekici sekil degistirme davranislarina sahiptir. Ancak gegis sicakliklarinin
ayarlanmasi ve sentezlenmesindeki zorluklar, LCE'lere alternatif malzeme arayislarina neden olmustur.
2008'de Mather ve ark.[73] yar1 kristal bir polimer aginin benzer bir davrans sergiledigini gosteren 6nemli
bir kesif bildirmistir. Lendlein ve ark. [74] ise 2010 yilinda yayimladiklari ¢alismada, iki farkli erime gecis
sicakligina sahip yari kristal bir agin, sabit bir dis stresin varliginda, farkl: sekiller arasinda (orijinal sekil,
1sitildiktan sonra ve sogutulduktan sonra uygulanan ¢ekme kuvvetine bagli olarak malzemenin kazandigi
diger sekiller arasinda) gecis yapabilen tiglii bir sistem bildirmistir.

Siv1 kristal hidrojeller, biyo-iskeleler, kiitle tagima sistemleri, yumusak robotik ve optik alanlar gibi
uygulamalarda farkli ayarlanabilir 6zellikleri sayesinde dikkat cekmektedir [75-77]. Zhang ve ark. [78]
hidroksipropil seliiloz (HPC), termal duyarli Poli(akrilamit-ko-akrilik asit) (PACA) ve karbon
nanotiiplerin (CNT) avantajlarin1 entegre ederek E-cilt igin istenen bir seliiloz hidrojel modelini
iiretmislerdir. Arastirmacilar tarafindan; HPC'nin fotonik sivi kristal yapr olusturabildigi ve katki
maddeleri ile parlak yapisal renk gosterebildigi, CNT'lerin yapisal rengin doygunlugunu arttirdig: ve
PACAnin polimerizasyondan sonra HPC monte edilmis yapiy: bulabildigi rapor edilmistir. Kompozit
hidrojelin HPC ve PACA yap1 iskelesi sayesinde, sicaklik degisimleri, mekanik basing ve gerilim dahil
olmak {izere farkli uyaranlar altinda hacmini veya dahili nanoyapiy1 degistirebildigi ve bunlar1 goriiniir
renk anahtarlarina déniistiirdiigii ifade edilmistir. Iletken CNT'ler sayesinde, hidrojelin dahili
nanoyapilarla degisen direnci elektrik sinyali ¢iktisi seklinde alinabilmistir. Boylece, E-derilerden olusan
kompozit hidrojeller, elektrik sinyalleri yoluyla ¢oklu uyaranlari nicel olarak geri beslemekle kalmayip,
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ayn1 zamanda uyaran bolgenin konumunu da renk degisimi yoluyla gorsel olarak belirleyebilecektir. Bu
ozellikler, iletken seliiloz siv1 kristal hidrojelin, ¢ok islevli E-derinin tasariminda ve imalatinda yeni bir
q1g1r acabilecegini gostermektedir. E-cilt, uyaranlar altinda bu ikili yamt veren mekanizmasi nedeniyle,
saglik hizmetlerinde ve degisken cihazlarda biiyiik bir kullanim sahiptir.

Sekil 7'de Bukalemundan esinlenilen ve seliiloz siv1 kristal hidrojel kullanilarak {iretilen ¢ok islevli bir
E-deri 6rnegi verilmistir. Bukalemun derisi, periyodik guanin nanokristal dizileri icerisindeki kontrol
yoluyla rengini degistirme yetenegine sahiptir [78]. Bu ozelligi taklit etmek i¢in, periyodik nanoyapilar
kazandirilarak olusturulan ve akilli tepki veren polimerlere, 151k yayilimini modiile edebilen akilli yapisal
renk hidrojelleri eklenmis ve istenilen renk degistirme 6zelligi elde edilmistir [79-80].

Uyaran

Sicakhk
Basing
Gerilim

P(AAm-co-AAc) Hidrojel Karbon Nanotiip Hidroksipropil Seliiloz

Sekil 7. Tletken seliiloz yapisal renkli hidrojelin semalari. a) Bukalemunun renk degisimi. b) Nano

yapinin semast ve iletken seliiloz yapisal renkli hidrojelin bilesimi [78]
Figure 7. Schematics of the conductive cellulose structural colored hydrogel. a) The color change of the chameleon. b) Diagram of nanostructure
and composition of conductive cellulose structural colored hydrogel [78]

4. SEKIL HAFIZALI POLIMERLER (SHAPE MEMORY POLYMERS)

Sekil hafizal1 malzemeler, harici bir uyaranla sekillerini degistirebilen ve dis uyaran kaldirildiginda
ve/veya dogru uyaran uygulandiginda 6nceden tanimlanmais orijinal sekillerini geri kazanma yetenegine
sahip olan malzemelerdir [81-82]. Sekil hafizali polimerler, sekil degisikliklerini mikroskobik veya
makroskopik olarak gerceklestirebilirler. Sekil degisikligi iiretim esnasinda aldiklar: sekil ile uyarilma
sonras1 aldiklari sekil arasinda degismektedir. Bu degisiklik genellikle birka¢ doniisiim ¢evrimi ile
sinirlidir [29]. Polimerlerin yani sira seramikler ve metal alasimlar da sekil hafiza 6zelligine sahiptir.
Ancak sekil degistirme ve tekrar orijinal seklini geri kazanma mekanizmalar1 birbirinden oldukga farkli
sekilde gerceklesmektedir [81]. Sekil hafizali alasimlarda uyaranlar 1s1 ve manyetik alanla sinirliyken, sekil
hafizali polimerlerde bunlara ek olarak sogutma, 151k ve kimyasallar da kullanilabilmektedir [83-85].

Genel olarak, sekil hafizali polimerler dendiginde ilk akla gelen tek yonlii sekil hafizali polimerler olsa
da, polimerlerde sekil hafiza etkisi “tek yonlii, ¢ift yonlii ya da ¢ok yonlii” olabilmektedir. Tek yonlii sekil
hafizali polimerler iki aktif fazdan olugmakta ve bir fazdan digerine gecisi aktive edebilecek bir dig uyaran
gerekmektedir. Bu iki fazin biri polimerin baslangi¢ seklini ezberleyebilen sabitlik fazi, digeri ise gegici
sekli sabitlemeye izin veren “anahtar faz1” olarak islev gormektedir. Iki faz arasindaki gegis, dis uyaran
tarafindan diizenlenen bir “programlama” ve “diizelme/iyilesme” asamasindan olugur. Programlama
asamasi, sabitlik seklinden gegici sekli diizeltirken, iyilesme asamas1 malzemeyi gegici sekilden sabit
sekline geri ¢evirmektedir [86].

Behl ve ark. [81] termal olarak indiiklenen sekil hafizali polimerlerde, sicakligin etkisiyle “programlama”
ve “diizelme/iyilesme” fazlari arasindaki gecisi incelemiglerdir. Arastirmacilar, malzemenin gegis
sicakliginin  {istlinde bir sicaklikta sekillendirilmesi ve sogutulmasmnin polimer zincirlerinin
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kristallesmesine yol actigin1 bulmuslardir. Sekil 8'de termal olarak indiiklenen sekil hafiza etkisinin
molekiiler mekanizmas1 sematik olarak verilmistir. Sekilden de goriilecegi gibi; en yiiksek termal gecis
sicaklig1 (Tperm) ile ilgili alanlar sert segmentler (sert kisim) olarak islev gormektedir. Tkinci en yiiksek
termal gecis Ttrans'a sahip alanlardaki zincir boliimleri ise molekiiler anahtarlar (bir anahtarlama boliimii)
olarak islevine sahiptir. Malzemenin gecis sicakliginin tiizerinde sekillendirilmesi ve ardindan
sogutulmasi, segmentlerin kristallesmesine yol acar. Gegici sekil, fiziksel capraz baglarla sabitlenir.
Malzemeyi gegis sicakliginin tizerinde 1sitmak, kristal yapinin yeniden erimesine neden olur ve malzeme
orijinal sekline geri doner. Sekil hafiza etkisinde, sekil programlama ve sekil kurtarma asamalarinin
gerceklesmesi i¢in malzemenin esnek bir yapida olmas: gerekmektedir.

°c
A) eTtrans \ L?e(ma
Sogutma
' =

& GTtrans
c) RT Isitma

trans

@ Sert Segment Anahtarlama Segmentlen, Gevsemis Halde
i ~~  Anahtarlama Segmentleri, Uzatilmss ve Sabit Halde
Sekil 8. Termal olarak indiiklenen sekil hafiza etkisinin molekiiler mekanizmasi. Ttrans = Anahtarlama
asamastyla ilgili termal gegis sicaklig1 [81]
Figure 8. Molecular mechanism of thermally induced shape memory effect. Ttrans = Thermal transition temperature associated with the
switching stage [81]

Polimerik malzemelerde sekil hafizas: etkisini {iretebilen bir¢ok uyaran vardir. Ornegin; sicakliktaki
bir degisikligin neden oldugu sekil degisikligine termal olarak indiiklenen sekil hafizas: etkisi denir [87].
Termal olarak indiiklenen sekil hafizali elastik polimerlerde uygun uyaranlara duyarli molekiiler
anahtarlar ve ag noktalar1 bulunur. Ag noktalari, polimer agmin kalici seklini belirler ve fiziksel
(molekiiller arasi etkilesimler) veya kimyasal (kovalent baglar) nitelikte olabilir. Sekil hafizali polimerlerin
en bilinen ticari uygulamalar1 arasinda, kablo endiistrisinde kullanilan 1styla biiztisebilen borular, ambalaj
i¢in kullanilan 1s1yla biiziisebilen etiketler ve biizgiilii oyuncaklar sayilabilir. Biyomedikal ve havacilik
alanlarindaki diger yiiksek katma degerli uygulamalarda kullanimi da aktif olarak aragtirilmaktadir [88-
90]. Lendlein ve ark. [91] sekil hafizali polimerlerin performansini incelemislerdir. Calismada, Sekil 9'da
gosterildigi gibi cubuk seklinde kalic1 bir sekle sahip olan malzeme programlama sirasinda spiral bir gegici
sekle deforme olmustur. Malzeme 70 °C’lik sicak havanin etkisi altinda, trans anahtarlama sicakligina
ulasmis ve kalicr seklini geri kazanmistir. Oligo(«-kaprolakton) dimetakrilatlar ve n-biitil akrilat bazli
polimer aglarindan olusan sistem, miikemmel sekil hafizasi 6zelligi gostermistir. Onemli yapisal
parametreler olan oligo(«-kaprolakton) dimetakrilatin molekiiler agirlig1 ve n-biitil akrilatin komonomer
igerigi, aglarin makroskopik 6zelliklerini gliclii bir sekilde etkilemistir. Sekil hafizali polimer aglarinin ¢ok
yonliiliigli ve potansiyel olarak bilesenlerin biyouyumlulugu farkli alanlarda, 6zellikle biyomedikal
sektoriinde sayisiz yeni uygulamanin gergeklestirilmesi icin olduk¢a umut vericidir.
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Sekil 9. Polimer aglarinin makroskopik sekil-hafiza etkisini gosteren bir dizi fotograf. Kalic1 sekil bir
cubuktur, gecici sekil bir spiraldir. Fotograflar, 70 °C'de geciciden kalic1 sekle gegcisi gostermektedir [91].
Figure 9. A series of photographs showing the macroscopic shape-memory effect of polymer networks. The permanent shape is a stick, the
temporary shape is a spiral. Photos show transition from temporary to permanent form at 70 °C [91].

5. KENDI KENDINI ONARAN/IYIiLESTIREN POLIMERLER (SELF-HEALING POLYMERS)

Dogal malzemelerde oldugu gibi, insan yapimi malzemelerde de hasarin olugmas: kaginilmaz bir
gergekliktir. Bir sistemin maruz kaldig1 hasarin miktar1 zamana (yaslanma gibi yorgunluk hasar1) ve tek
seferlik olumsuz durumlara (darbe veya cizilme gibi ani olay hasar1) baglidir [92-93]. Bu nedenle hasar,
malzemenin orijinal islevselliginin zarar gormesine neden olan, molekiiler veya makro 6lcekte meydana
gelebilen istenmeyen degisiklikler olarak tanimlanabilir. Kendi kendini onaran/iyilestiren malzemeler,
herhangi bir hasar durumunda 6zerk veya uyarilmis onarim kavraminmi uygulayarak yapilarin veya
sistemlerin Omriinii uzatmayr amaglar. Bu nedenle, kendi kendini onaran/iyilestiren malzemeler,
herhangi bir hasar durumunda kendi kendini otomatik olarak onarma/iyilestirme dzelligine sahip uzun
Omiirlii mithendislik malzemeleri olarak tanimlanabilir. Kendi kendini onaran/iyilestiren malzemeler,
biyolojik sistemlerdeki kendi kendini onarma ozelliginden yola ¢ikan ve dogadan ilham alan
arastirmacilar tarafindan gelistirilmistir [86]. Dry [94] 1996 yilinda yayimladig: bir ¢alismada, bir beton
matrise s1v1 yapistirici igeren ici bos cam elyaflar1 dahil etmis ve boylece hasari iyilestirme 6zelligi elde
etmistir. Oncii niteliginde olan bu galismadan sonra hasari 6nlemekten ziyade iyilestirebilen polimer
kompozitler tasarlama konusuna olan ilgi her gecen giin daha da artmstir.

Kendi kendini onaran/iyilestiren polimerlerin bir kism1 malzeme &zelliklerini tamamen 6zerk olarak
geri kazanabilirken, bir kismi1 geri kazanim siirecini baslatmak igin 1s1, UV 15181 [95] elektrik ve nem
aktivasyonu [92] gibi harici bir uyarana ihtiya¢ duymaktadir. Malzeme 6zelliklerini 6zerk olarak geri
kazanabilen kendi kendini onaran/iyilestiren polimerler i¢sel ve dissal olarak kendi kendini iyilestirebilme
Ozelliklerine gore iki kategoride simiflandirilmaktadir [95-97].

Daigsal olarak kendi kendini iyilestirebilen polimerlerde, iyilestirici ajan (monomer, oligomer, ¢oziicii
vb.) izole edilmis ayr bir faz (kap, kapstil, lif, damar ag1, nano tasiyici vb.) igerisinde sisteme dahil
edilmektedir. Malzemenin hasari iyilestirme yetenegi iyilestirici ajan varlifiyla gerceklesmektedir [95, 98-
99]. Benzer bir mekanizmanin verildigi Sekil 8'den goriilebilecegi gibi; kompozit matris igerisine,
mikrokapsiillii bir iyilestirici ajan ve iyilestirici ajanu polimerize edebilen bir katalizor gomiilmdiistiir.
Sistemin temel calisma mekanizmasi; hasara bagl olarak matriste catlaklar meydana gelir (Sekil 10a),
catlak mikrokapsiilleri yirtarak kilcal etki yoluyla iyilestirici maddeyi catlak diizlemine birakir (Sekil 10b)
ve iyilestirici ajan katalizorle temas ederek reaksiyona girer, catlak bolgesini kapatan polimerizasyon
gergeklesir (Sekil 10c). Bu dissal konseptte, ana avantaj, hasar meydana geldiginde kapsiillerin yirtilmasi
ve igerdigi iyilestirici ajanin serbest birakilmasi sonucu lokalize bir tepki sunmasidir.
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Sekil 10. Kapsiillenmis iyilestirici ajanin ¢atlagi onarma mekanizmast
Figure 10. Crack repair mechanism of encapsulated healing agent

Dissal kendi kendini iyilestirebilen polimerlerde, gomiilii siv1 iyilestirme ajanlarina dayanan farkh
yaklagimlar mevcuttur. Bu yaklagimlarin {i¢ ana 6rnegi Sekil 11'de verilmistir [100]. 1yile§tirici ajanin
kapsiillendigi ve katalizoriin matris i¢cinde dagildig: iki ajanli bir sistem Sekil 11a’da verilmektedir. Hasar
meydana geldiginde, kapsiil kirilir ve iyilestirici ajan katalizor ile temas eder sonrasinda iyilestirici ajan
sertlesir ve catlagin iki tarafim bir arada tutan bir yapigtiric1 gérevi goriir. Ayni konsept, bir kapsiil tipinin
iyilestirici ajam1 ve ikinci kapsiil tipinin sertlestiriciyi icerdigi ikili kapsiilleme sistemleri icin de
kullarilabilir. $ekil 11b’de hasar durumunda reaksiyonun nem ile gerceklestigi ve alttaki metalin bariyer
koruyucu bir yiizey tabakasi olusturdugu ortamla reaksiyona giren tek ajanli bir sistem 6rnegi verilmistir.
Sekil 11c’de ise termoplastik bir matris igine kapstillenmis bir ¢oziicii eklenmistir. Hasar sonucu ¢oziicii
kapsiil disina ¢ikmakta ve matris ile reaksiyona girmektedir. Sistem hasari kapatmak igin yeterli
hareketlilige izin veren bir yapidadir.
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Sekil 11. Kapsiilleme yolunu kullanan mevcut kavramlar. a) iki bilesenli iyilestirici ajan. b) Tek bilesenli
iyilestirici ajan. c) Termoplastik polimerde kapsiillenmis ¢oziicii [100]
Figure 11. Existing concepts using the encapsulation route. a) Two component healing agent. b) One component healing agent. c) Solvent
encapsulated in thermoplastic polymer) [100]

White ve ark. [101] bir epoksi matrisine birinci nesil Grubbs' katalizor pargaciklar: ve iginde sivi
iyilestirici ajanlar (s1vi endo-dicyclopentadiene (endo-DCPD)) bulunduran mikrokapsiiller yerlestirmistir.
Sekil 12'de gosterildigi gibi; calismada hasar giderme adimlari, (i) herhangi bir hasar aninda
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mikrokapsiillerin kirilmasiyla sivi iyilestirici ajanlarin catlaga salinmasi, (ii) sivi iyilestirici ajanlarin
matriste dagilmis olan Grubbs katalizoriiyle temas etmesi ve (7ii) boylece polimerizasyona ugrayarak
catlak ylizeyine yapisan ¢apraz bagl bir ag olusturarak catlag: iyilestirmesi seklinde gerceklesmektedir.

PC

Cl.,Rl 72 Ph #
=

[+ il H
Flyy

 e————
endo-DCPD Birined MNesil

Grubbe' Katalizér Gapraz Bagh
Polimer Az

Sekil 12. Siv1 iyilestirici ajan(sivi endo-dicyclopentadiene (endo-DCPD) ve birinci nesil Grubbs'

katalizoriin reaksiyonu sonucunda ¢apraz baglh polimer ag olusumu [101]
Figure 12. Cross-linked polymer network formation as a result of the reaction of liquid curing agent (liquid endo-dicyclopentadiene (endo-
DCPD) and first generation Grubbs’ catalyst [101]

Icsel kendi kendini iyilestirebilen polimerlerde ise; hasari giderme islemi, malzemenin kendi kimyasal
yapisi sayesinde gerceklesmektedir. Icsel kendi kendini iyilestirebilen polimerler, malzemenin hasarli
alanda yeniden akmasina yol agan gecici bir hareketlilik artis1 yoluyla hasar1 onarabilen malzemelerdir.
Bu tiir davranis, polimerlerin belirli molekiiler yapilara sahip olmasina ve 1s1, UV 15181 [95] elektrik ve nem
aktivasyonu [92] gibi belirli uyaranlar altinda hasar iyilesmesini saglayan performansina dayanir. Bu
durumda, polimerin gegici olarak lokal hareketliligine izin veren enerji girisiyle agilan mevcut tersinir
baglar iyilesme siirecini gergeklestirir. Sonug olarak, polimer, hasari iyilestirme olarak bilinen bu stiregte
bir hasar bolgesindeki ayna diizlemlerini kdpriileme yetenegine sahiptir. Sonrasinda ise kimyasal veya
tiziksel bag kuvvetinin restorasyonu (hasar iyilesmesi) stireci takip eder (Sekil 13). Kendi kendini onaran
polimerler, "ikinci nesil" kendi kendini onaran bir malzeme olarak goriilebilir. Ancak bu malzemeler
hasarli bir malzemeyi neredeyse ilk haline (hasar gormemis durumuna) geri yiikleme yetenegine sahiptir
[100].

Hasarh Polimer

Polimer Matris Catlak Olusumu LT

Is1, nem, UV 15181,
elektrik alan vh.
dis etkenler

Onarilan/iyilesen
Polimer Matris

Sekil 13. D1s uyaranlarla i¢sel kendi kendini onaran bir polimer matrisin sematik gosterimi; a) polimer

matris, b) hasarli polimer matris, c) kendini onaran polimer matris
Figure 13. Schematic representation of an intrinsic self-healing polymer matrix with external stimuli; a) polymer matrix, b) damaged polymer
matrix, c) self-healing polymer matrix

Kendi kendini iyilestiren polimer kompozitlerin {iretiminde dolgu malzemesi olarak, kullanildig:
driinlerde boyutsal kararlilig1 arttirmasi, triiniin mekanik 6zelliklerini (6zellikle darbe mukavemeti)
gelistirmesi, 1s1 ve ses yalitimi saglamasi, matris malzemesi kullanimini azaltarak iiriin maliyetlerini
azaltmasi gibi 6ne ¢ikan ¢ok yonlii 6zellikleri nedeniyle son yillarda mikrokiireler 6n plana ¢tkmaktadir
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[102]. Cam veya plastikten i¢i bos sekilde iiretilen mikrokiirelere, uygulanan islemlerle farkli 6zelliklerin
kazandirilmas: miimkiindiir [103]. Mikrokiireler kullanilarak iiretilen polimer kompozitler, askeri
uygulamalar basta olmak tizere, biyoteknoloji, tibbi cihazlar, elektrik-elektronik sanayi, yalitim sektordi,
havacilik ve yiiksek hizli trenler gibi ¢ok farkli uygulamalarda kullanilmaktadir [104]. Mikrokiireler icinde
kapsiillenmis gomiilii Grubbs rutenyum katalizorii ve disiklopentadien’den (DCPD) olusan bir yerinde
sistemle kendi kendini iyilestirebilen polyester matrisli bir termoset kompozit iireten Jung [104] hacim
orani arttikca elastisite modiiliiniin azaldigini ve kirilma toklugunun maksimuma ulastigini rapor
etmistir. Sekil 14'te verilen kendi kendini iyilestirme mekanizmasinda goriildiigii gibi, mikrokiireler bir
catlakla karsilastiklarinda kirilarak agilmakta ve igeriklerini ¢atlaga salarak matrise gomidilii bir katalizor
polimerizasyonu baslatmaktadir. DCPD’den ¢atlak dolgu maddesinin polimerizasyonu iki asamali olarak
gerceklesmektedir. DCPD monomeri Grubbs katalizorii ile temas ettiginde, 1,3-Siklopentadien
dimmerinin birinci halkasi, dalli poli-disiklopentadien olusturan halka agilmasi metatez polimerizasyonu
ile acilir. Tkinci halkadaki cift bag daha sonra acilir ve polimer vinil polimerizasyonu ile capraz baglanir.
Reaksiyon boyunca, "yasayan" Grubbs katalizorii aktif olarak kalir.

(a)

LN ? » Mikrokapsiil

¢ Katalizér K
Callal: ; J q
0:0:0

® » o
Sekil 14. Kendi kendini iyilestirme mekanizmasi: (a) matriste mikrokiire, (b) catlak yayilimi (soldan

saga), (c) iyilestirici icerigin serbest birakilmasi [102-103]
Figure 14. The self-healing mechanism: (a) sphere in matrix,(b) crack propagation (from lefte to right), (c) content release [102-103]

* *
limerlesmis
arici ajan

6. ILETKEN POLIMERLER (CONDUCTIVE POLYMERS)

Polimerlerin 1s1 iletimi metallere oranla olduk¢a dustiktiir. Ancak termal iletkenlik istenen
uygulamalarda, iletken dolgu maddeleri kullanilarak termal iletkenlik ozellikleri gelistirilmis yeni
malzemeler iiretilebilmektedir [105]. Polimerlerde kullanilabilecek iletken dolgu maddeleri arasinda
grafit, karbon fiberler (CF), karbon nanotiipler (CNT), grafen, altigen boron nitriir (hBN), metal ve
seramik tozlar1 vb. bulunmaktadir [106]. Ozellikle karbonlu dolgu maddeleri hem termal hem de
elektriksel olarak iletken oldugundan, polimer nanokompozitler, sekil hafizali polimerler [107], sensorler
ve aktiiatorler [108] gibi uygulamalar icin fonksiyonel malzemeler olarak da tercih edilmektedir.
Polimerik kompozitlerin sahip oldugu termal 6zellikler, bagta elektrik-elektronik sanayi olmak iizere baz
uygulamalarda cihazlarin performansini ve giivenilirligine etki etmektedir.

Is1 iletkenligi elde etmek igin, 6nce dolgu partikiilleri ve polimer partikiilleri birlikte karigtirilmali ve
sonrasinda polimer partikiillerinin 1s1 ileten dolgu partikiilleri ile cevrelendigi 6zel bir dolgu dispersiyon
durumu elde etmek igin karisimi preslenerek kaliplanmalidir. Bu sayede, polimer matrisi igerisine
gomiilmiis bu dolgu maddeleri, polimer igerisinde 1s1 ileten yollar olusturabilmektedir. Yu ve ark. [109]
benzer bir yontemle bakir (Cu) dolgulu termoplastik polistiren (PS) hazirlamiglardir. PS ve Cu 6nce oda
sicakliginda iyice karistirilmis ve ardindan sicak preslenerek kaliplanmistir. PS matrisindeki benzersiz tig
boyutlu Cu kabuk aglarin izotropik bir yap: sergiledigi goriilmiistiir (Sekil 15). Yapilan bu ¢alisma, sicak
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preslemenin izotropik termal ve elektriksel iletken kompozitler icin basit ve yiiksek verimli bir kompozit
hazirlama yontemi oldugunu gostermistir.

Sekil 15. Cu kapli PS kompozitinin (a) du§uk ve (b) yiiksek biiytitmeli optik mikroskop goriintiileri [109]
Figure 15. (a) Low and (b) high magnification optical microscope images of Cu-plated PS composite [109]

Polimerler, elektriksel iletkenlik agisindan genel olarak yalitkandirlar ve yillar boyunca elektrik
yalittiminda kullanilmiglardir. Polimerlerin elektriksel olarak yalitkan oldugu kanisi, birbirini izleyen tek
ve ¢ift baglardan olusan konjuge karbon zincirine sahip polimerlerin kesfine kadar devam etmistir.
Konjuge polimerler olarak bilinen bu iletken polimerler, elektriksel iletkenlikleri ve metallerle
karsilastirilabilir 6zellikleri ile karakterize edilmektedir. Polimerlerin iletkenligi, katkil ytiik tasiyicilarin
serbest hareketliligini saglayan atomlar arasindaki konjuge cift baglara dayarur. Elektriksel iletkenlik,
serbestce hareket eden yiik tasiyicilar1 gerektirir. Bu nedenle, elektriksel olarak iletken polimerler, yiik
tastyicilart olarak hizmet eden bosluklar ile konjuge cift baglar seklinde genis bir m-elektron sistemine
sahiptir. Aromatik veya heteroaromatik halkali polimerler ve ii¢lii baglara sahip polimerler polikonjuge
bag sistemleri grubuna aittir [21, 24]. Tletken polimerler sinifinda, poliasetilen (PAc), polipirol (PPy),
politiyofen (PT), poli(3,4-etilendioksitiyofen) (PEDOT), polianilin (PAni), poliselenofen (PSe), polifuran
(PFu), poli(para-fenilen) (PPP) ve poli(p-fenilen vinilen) (PPV) gibi polimerler yer almaktadir [2,4].
Bunlarin arasinda poli-3,4-etilendioksitiyofen (PEDOT), polipirol (PPy) ve polianilin (PANI), mitkemmel
elektriksel ve optik 6zellikler sunan iyi bilinen iletken polimerlerdir [110]. Sekil 15, diger kat: malzemelere
kiyasla polimerlerin elektriksel iletkenlik 6zelliklerini gostermektedir [111]. Polimerler kimyasal yapilar:
ve iletken dolgu (demir, bakir gibi metal tozlari, karbon siyahi, grafen, grafen oksit vb.) durumlarina bagh
olarak yalitkan, yari iletken veya iletken olarak hareket edebilir. [letken polimerler otomotiv motorlarinda,
tekstilde, medikal uygulamalarda, robotik sistemlerde, Sensor ve biyosensorlerde, transistdrlerde vb.
alanlarda yaygin bir kullanima sahiptir [22-23].
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Sekil 15. Baz1 malzemelerin iletkenlik dlgegi
Figure 15. The conductivity scale of some materials
Feiner ve ark. [112] biyomolekiillerin kontrollii salinimi igin kullanilmak tizere elektronik ¢ip
uretmigslerdir. Elektronik ¢ip arastirmacilar tarafindan; (i)doku elektriksel aktivitesinin algilanmasi,
(ii)hiicre ve doku elektriksel stimiilasyonu ve (iij)Jdoku mikro-cevresinde biyomolekiillerin kontrollii
saliimi amaciyla elektrotlar icerecek sekilde tasarlanmistir. Cip, kardiyak doku biiyiimesi ve doku
montaj: i¢in destekleyici bir 3D mikro-ortam saglamak {izere elektrospun nanofiber bir iskele ile entegre
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edilmistir. Dahili elektronik cihaz (¢ip), doku fonksiyonunun gevrimigci olarak izlenmesini saglar ve
gerekirse dokular etkinlestirmek icin miidahale edebilir. Elektroaktif polimerlerin belirlenmis elektrotlar
tizerine dahil edilmesi, doku biiyiimesini veya konakg ile entegrasyonu tesvik edebilen proteinlerin ve
kii¢iik molekiillerin salinimi tizerinde kontrol saglar (Sekil 16).

alim
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SRS 111
Kalp hiicreleri Algilama/Uyarici elektrot
Sekil 16. Mikroelektronik kardiyak yama konseptinin semalar: [112]
Figure 16. Schematics of the microelectronic cardiac patch concept [112]

Silvia ve ark. [113] algilamay1 ve aktif/pasif aktivasyonu tek bir kompozit malzeme i¢inde ayni anda
birlestirme potansiyeline sahip bir aktiiator iiretmiglerdir. Yapinin hareketi, Sekil 17’de gosterildigi gibi,
bir elektrik akimi uygulanarak veya ortam nemindeki degisikliklerle kontrol edilebilir. Poli(3,4-
etilendioksitiyofen):polistiren  siilfonat (PEDOT:PSS) katmaninin higroskopik ozellikleri, ortam
nemindeki bir degisiklige (bagil nem %1.25 - %10 aras1) bagl olarak elektrik direncinde varyasyonlara
neden olabilir ve bu durum tersine gevrilebilen algilama yetenekleri saglar. PEDOT:PSS'nin piezodirengli
davranigi, bu malzemenin, igsel algilama ve calistirma yeteneklerine sahip aktif biyo-ilhamli elemanlar
olarak gerinim ve dokunma sensorlerinde hassas bir katman olarak kullanilmasina olanak saglamaktadir.
Ortam nemini emme/desorpsiyona dayal1 olarak aktiiatorlerin arkasindaki ¢alisma prensibinin sematik
gosterimi Sekil 17a’da gosterilmistir. Sekle gore; aktiiatoriin cevresiyle dengede oldugu orijinal
konumdayken (merkezi), bir elektrik akimi uygulamir ve PEDOT:PSS katmanina (sagda) dogru bir
biikiilme hareketine neden olan Joule-isitma kaynakli su desorpsiyonuna bagli olarak PEDOT:PSS

katman biiziiliir. Sonrasinda, tersine proseste cevresel nem igerigi arttikca aktiiator, yeni bir denge
kurulana kadar suyun emilmesi nedeniyle orijinal konumundan PDMS katmanina dogru egilir. Sekil

17b’de elektrikle ¢alisan ¢igek bicimli bir aktiiatoriin ¢alistirma hareketi ve karsilik gelen termal goriintiiler
verilmistir. Sekil 17c’den de goriilebilecegi gibi; elektrotlar arasina bir voltaj uygulandiginda, desen her
bir tag yaprag: (petal) boyunca akimin akisini yonlendirir ve yapinin katlanmasini saglar.
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Sekil 17. Elektrikle calisan ¢gicek seklindeki bir numunede ¢evresel nemin sorpsiyonunu/desorpsiyonunu

temel alan PEDOT/PDMS aktiiatorlerin arkasindaki ¢alisma prensibinin sematik gosterimi [113]
Figure 17. Schematic illustration of the working principle behind PEDOT/PDMS actuators based on the sorption/desorption of environmental
moisture in an electrically driven flower-shaped sample [113]

Takamatsu ve ark. [114] kalin 6rme tekstiller tizerinde iletken polimerlerin modellenmesine izin veren
bir caligma yapmustir. Arastirmacilar; bu sayede saglik hizmetlerini izlemede kullanilabilecek giyilebilir
ve insan viicudu ile uyumlu basit ve giivenilir elektronik cihazlarin iiretilebilecegini ifade etmislerdir. Bu
islem, ticari olarak temin edilebilen yiiksek iletkenlige sahip polimer PEDOT:PSS ve daha iyi cilt temasim
destekleyen bir iyonik sivi jel kullanarak, kutanoz elektrotlarin (cutaneous electrodes) imalatina
uygulanmigtir. Uretilen malzemenin performansi insan kalbinin elektrofizyolojik kayitlarinda
degerlendirilmistir. Olciimler, tekstil elektrotlarin cilt ile diisiik empedansli bir temas olusturdugunu ve
hareket sirasinda bile elektrofizyolojik sinyali yiiksek dogrulukla yakalayabildigini gostermigtir. Bu
sonuglar, tekstiller {izerinde gesitli biyomedikal cihazlarin basit bir sekilde iiretilmesinin Oniinii
agmaktadir. Calismanin iiretim asamalar1 Sekil 18’de verilmistir. PDMS, ilk olarak istenen modelin ana
hatlarini tanimlayan bir poliimid master {izerinde biriktirilir. Tekstil daha sonra poliimid film iizerine
yerlestirilir ve PDMS kademeli olarak tekstil kiitlesine aktarilir. Kisa bir termal tavlamadan sonra,
PEDOT:PSS soliisyonu tekstilin korumasiz bolgesi {izerine fir¢a ile kaplamr ve kurutulur.
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1. PDMS ile kaplanmis poliimid sablon
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Sekil 18. Japon kimono boyama yonteminden esinlenerek tekstiller {izerinde PEDOT:PSS'nin

modellenmesi icin stireg akisi [114]
Figure 18. Process flow for modeling PEDOT:PSS on textiles inspired by the Japanese kimono dyeing method) [114]

7. SONUCLAR (CONCLUSIONS)

Polimer malzemeler, gegmiste cogunlukla statik yapisal pargalar olarak kullaniliyordu. Giiniimiizde
malzeme teknolojilerindeki gelismelerle birlikte, dis kosullara tepki olarak 6zel islevler sergileyebilen
gelismis akilli malzemeler seklinde de farkli uygulamalarda kullanilmaktadir. Akilli polimerler seklinde

isimlendirilen bu tiir malzemeler c¢evresel uyaranlara (is1, 1s1k, sicaklik, pH, mekanik, manyetik ve
elektriksel uyaranlar vb.) karsi tepki verme yetenegine sahip malzemelerdir. Bu calismada; akilli
polimerler, (i)akilli polimerik jeller, (ii)sekil hafizali polimerler, (iii)kendi kendini onaran/iyilestiren
polimerler ve (iv)iletken polimerler seklinde dort baslikta siniflandirilarak incelenmistir. Bu ¢alismadan

elde edilen sonuglar asagidaki gibi listelenebilir:

1.

Alkall1 hidrojeller, cevresel kosullarda kiiciik dis uyaranlara maruz kalinca, yanit olarak ani tersinir
faz gecisleri sergileyen ii¢ boyutlu ag yap1 ozelligine sahip hidrojellerdir. Akilli hidrojeller,
biyouyumluluklari, fonksiyonel ve esnek yapilar gibi 6zelliklerinden dolayi, doku miihendisligi
protezlerinde, sensdr/biyosensorlerde, ilag/gen dagitim sistemlerinde, aktiiatorlerde biiyiik bir
potansiyel kullanima sahiptir.

Sekil hafizali akilli polimerler, 1s1k, 1s1, nem, mekanik stres, manyetik alan, elektrik alan vb. gibi
bir dis uyaric uygulandiginda sekil ve renk gibi makroskobik ozelliklerini degistirebilen ve
uyaric etkisi ortadan kaldirildiginda gegici seklinden kalic1 sekline geri donebilen (kalici seklini
geri kazanma yetenegine sahip) polimerler seklinde tanimlanabilir. Sekil hafizali akilli polimerler,
sahip oldugu bu 6zellik nedeniyle, tibbi uygulamalarda, havacilikta, tekstilde ve ev iirtinlerinde
onemli bir kullanim alanina sahiptir.

Kendi kendini onaran/iyilestiren malzemeler, herhangi bir hasar durumunda kendi kendini
otomatik olarak onarma/iyilestirme 6zelligine sahip uzun omiirlii mithendislik malzemeleridir.
Bu tiir malzemeler, hasar olusumunu algilayan ve hasarin ilerlemesini durdurarak tamir edebilen
yapidadirlar. Bu nedenle hasarin Onlenmesinin ve iirtiniin kullanim Omriiniin uzamasinin
istendigi ilag dagitim sistemlerinde, doku-materyal bariyerlerinde, onaric1 tipta, yara pansuman
uygulamalarinda ve enerji alaninda tercih edilmektedir.
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4. Tletken polimerler, elektriksel iletkenlige ve metallerle karsilastirilabilir 6zelliklere sahip konjuge
karbon zinciri igeren polimerlerdir. Elektriksel iletkenlik, yiik tasiyici gorevi goren bosluklara ve
birbirini izleyen tek ve cift baglardan olusan konjuge karbon zincirlerine dayamir. Iletken
polimerler esneklik, biyouyumluluk, iretim ve uygulama kolaylig1 gibi avantajlar1 nedeniyle
tekstilde, medikal uygulamalarda, robotik sistemlerde, sensor ve biyosensorlerde, transistorlerde
vb. alanlarda yaygin bir kullanima sahiptir.
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e Havaalikta kullanilan video veri yolunun akill tasitlar i¢in kullanim olasilig1
e ARINC 818 video veri yolunun kisaca tanitilmasi
e Akill tasitlarda sensor ve kameralarin sayisinin artmast ile birlikte iletisimde yiiksek hiz gereksinimi

e ARINC 818 veri yolunun akilli tasitlar {izerinde kullaniminin degerlendirilmesi
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OZ: Gergek zamanli sistemlerdeki en énemli sorunlardan birisi algilayicilardan toplanan verinin yeterli
hizda komuta ve kontrol sistemine tasinamamasidir. Bu islem de veri yollar1 vasitasi ile olmaktadir. Bu
makalede sayisal haberlesme igerisinde havacilikta kullanilan video veri yolu standardinin kara
ulasimindaki akilli tasitlar i¢in kullanim olasilig: iizerine bir incelemede bulunulmaktadir. Bu inceleme
yapilirken sadece teknik anlamda bir incelemede bulunulmaktadir. Bu makaledeki ana motivasyon; kara
ulasiminda akilli tasit sistemleri gelistiren kisilerin, havacilik alanindaki gelismelerden haberdar edilerek
farkindalik olusturulmasidir. Bir ulasim alanindaki ulagim araglarinin yetenekleri yeri geldiginde diger
bir ulasim alanindaki araglara esin kaynag: olabilmektedir. Havacilik alaninda coklu algilayicilarin
kullanimi ve bunlarin ger¢ek zamanda iletilmesi {izerine ¢ok uzun zamandir ¢alismalar yer almaktadir.
Ozellikle hiz konusu ortaya kondugunda hava araglarinin hiz gereksinimlerinden dogan iletigsimin de izl
olmasi gereklilikleri bu alanda bir¢ok ¢alismanin yapilmasina neden olmustur. Bu makalede, havacilikta
kullanilan video veri yolu standardi teknik anlamda genel hatlari ile tarutildiktan sonra otomotivde olasi
kullanimz1 {izerine yorumlar sunulmaktadir. Gelecekte akilli tasitlar igin sensor ve kameralarin artmasi ile
birlikte veri iletim hizinin isterlerinin daha da artmasi durumu olusabilir. Otonom araglarda aymni
havaciliktaki gibi sensorlerden ve kameralardan gelen bilginin hem hizli hem de giivenilir bir sekilde
iletilmesi ¢ok 6nemlidir. Havaciliktaki video veri yolunun sahip oldugu 6zelliklerin otomotiv sektoriiniin
ihtiyaclar1 6zelinde incelenmesinin gelecegin akilli tasitlarinin veri yollar: tasariminda énemli olabilecegi
ongoriilmektedir.

Anahtar Kelimeler: Akill: Ulasim Sistemleri, Havacilikta Video Veri Yolu, Coklu Sensorler

A Review On the Possibility of Using the Video Data Bus Standard in Aviation for Smart Vehicles

ABSTRACT: One of the most important problems in real time systems is that the data collected from the
sensors cannot be transferred from the sensors to the command and control system at a sufficient speed.
This process is done via data bus. In this article, a review is made on the possibility of using the video data
bus standard used in aviation in digital communication for smart vehicles in land transportation. While
this review is being done, only a technical review is made. The main motivation in this article; it is to raise
awareness by informing the people who develop smart vehicle systems in land transportation about the
developments in the field of aviation. The capabilities of transportation vehicles in one transportation area
can be a source of inspiration for vehicles in another transportation area when appropriate. There have
been studies on the use of multiple sensors and their real-time transmission in the aviation field for a long
time. Especially when the speed issue is brought forward, the necessity of fast communication arising
from the speed requirements of aircraft has led to many studies in this field. In this article, after
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introducing the video data bus standard used in aviation in technical terms, comments on its possible use
in automotive are presented. In the future, with the increase of sensors and cameras for smart vehicles,
the demands of data transmission speed may increase even more. In autonomous vehicles, just as in
aviation, it is very important to transmit information from sensors and cameras both quickly and reliably.
It is envisaged that examining the features of the video bus in aviation, specific to the needs of the
automotive industry, will be important in the design of the busses of the smart vehicles of the future.

Keywords: Intelligent Transportation Systems, Video Data Bus In Aviation, Multi-Sensors
1. GIRiS INTRODUCTION)

Ulasim konusu hi¢ kuskusuz insanlik tarihi ile beraber en 6nemli sektorlerden birisidir. Ulasim ayrica,
hizmet sektoriiniin de haberlesme ile beraber en 6nemli unsurlarindan da birisidir. Kara, deniz ve hava
ulasim alanlarindaki ulasim araglarinin yetenekleri yeri geldiginde diger bir ulasim alanindaki araglara
esin kaynagi olabilmektedir. Genelde her bir ulasim alaninin kendi kosullar1 nedeni ile kendi zorluklar:
olmaktadir. Zorluklara istinaden de gereklilikler ortaya ¢ikmakta ve bunun sonucunda da o alanda
¢ozlimler ortaya konmaktadir. Diinya savaslarinda ¢ok biiyiik yikimlarin olmasina ragmen ¢ok biiytiik
buluslarin da bu savaslar esnasinda bulunmas: tesadiif degildir. Yeni bir aciim yapmanin en 6nemli
motivasyonu hi¢ kuskusuz gerekliliktir.

Guniimiizde yapay zekanin hizli bir sekilde ilerleyisi ile artik daha ¢ok hayallerde diisledigimiz bir
¢ok durumun gergeklesme ihtimali artmaya baslamistir. Kara iizerinde yasayan canlilar olarak bizleri de
en ¢ok ilgilendiren ulasim cinsi olan kara ulasimi da bu gelismelerden etkilenmektedir. Akilli ulasim
sistemleri igerisinde otonom kara tasitlarinin da giderek dneminin artmasi ongdriilebilir. Otonom ve
hareketli bir sistemin ii¢ 6nemli unsuru bulunmaktadir. Bu ti¢ 6nemli unsur:

e Govde/Viicut (Body): Hareketi ve enerjiyi saglayan tiim aksamlar/yapilar. Insan ile benzetim
kurulacak olunursa; insan viicudu, kas sistemi, sindirim sistemi, metabolizma, v.b.

e Algilama (Sensing): Kendini ve etrafini algilamasini saglayacak araglar/algilayicilar (sensors).
Insan ile benzetim kurulacak olunursa; duyu organlar.

e Komuta ve kontrol (Command and control): Otonom sistemin komutasini ve kontroliinii saglayan
donanimlar ki genelde giiniimiizde sayisal elektronik devreler ile olusturulan donanimlardir. Insan ile
benzetim kurulacak olunursa; sinir sistemi (beyin, beyincik, omurilik ve sinirler).

Otonom ve hareketli bir sistemin {i¢ unsurunun da ¢ok 6nemli olmasina ragmen, bu makalenin
konusu gercegi algilama ile komuta kontrol arasindaki haberlesmeye odaklanilacaktir. Otonom bir
sistemde komuta ve kontrol sistemi kendi kendine verileri toplayip karar verebilen bir sistemdir. Bir
govdeyi komuta ve kontrol etmek ic¢in o govdeye ait dinamik ve statik yapinin modellenmesi ve bu
modellere gore kontrol edilmesi bir ¢6ziim yoludur. Bu islem gergeklestirilirken hem gdvdenin durum
degiskenlerinin bilinmesi hem de o an ki durumundaki cevresel degiskenlerin bilinmesi dogru karar
almak icin ¢ok Onemlidir. Algilayicilar vasitas: ile alinan verilerin gercek zamanda islenerek karar
verilmesi dinamik bir sistemin en zor problemlerinden birisidir. Ger¢ek zamanda ¢alisan bir sistem igin
sistem biitiinliigli icerisindeki her bir parcanin olabildigince hiz isterlerini/gerekliliklerini karsilamasi
gerekmektedir. Bu alandaki en 6nemli sorunlardan birisi, algilayicilardan toplanan verinin gercek
zamanda islenebilmesi i¢in yeterli hizda komuta ve kontrol sistemine taginabilmesidir. Bu islem de veri
yollar1 vasitasi ile yapilmaktadir.

Sayisal elektronik kullanilmadan 6nce telli veya telsiz seklinde analog olarak kanallar {izerinden veri
iletimi gerceklesmekteydi. Bu alandaki en bilindik uygulamalardan birisi genlik modiilasyonu
(Amplitude Modulation, AM) radyolardir. Giiniimiizde analog ve/veya sayisal elektronik temelli
haberlesme sistemleri bir ¢ok uygulamada kullanilmaktadir [1].

Bu makalede sayisal haberlesme igerisinde havacilikta kullanulan video veri yolu standardinin —
ARINC 818 [2], Aviyonik Djjital Video Yolu (Avionic Digital Video Bus, ADVB), -(Great River Technology,
2021) kara ulagimindaki akilli tasitlar i¢in kullanim olasilig tizerine bir incelemede bulunulmaktadir. Bu
inceleme yapilirken sadece teknik anlamda bir incelemede bulunulmaktadir. fsin hukuki boyutu da dahil
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diger alanlarina deginilmemistir. Bu makaledeki ana motivasyon; kara ulasiminda akill tasit sistemleri
gelistiren kisilerin, havacilik alanindaki gelismelerden haberdar edilerek farkindalik olusturulmasidir.
Havacilikta kullanilan video veri yolu standardinin teknik anlamda genel hatlar1 ortaya konularak bir
bilgilendirme yapilacaktir. Daha 6nce de belirtildigi gibi bir ulasim alanindaki ulasim araglarinin
yetenekleri yeri geldiginde diger bir ulasim alanindaki araglara esin kaynag: olabilmektedir. Havacilik
alaninda ¢oklu algilayicilarin kullanimi ve bunlarin gercek zamanda iletilmesi {izerine ¢ok uzun zamandir
calismalar yer almaktadir [3]. Ozellikle hiz konusu ortaya kondugunda hava araglarinin hiz
gereksinimlerinden dogan iletisimin de hizli olmas: gereklilikleri veya bagka bir deyis ile algilayicilarin
Oornekleme zaman araliklarmin kisa olmast durumu bu alanda bir¢ok ¢alismanin yapilmasima neden
olmustur. Bir bagka bakis acis1 ile havacilik alan1 dogas: geregi ortaya ¢ikan bu tip isterler nedeni ile bazi
konular1 ¢alismaya kara alanindaki tasitlari calisan arastirmalardan daha once ¢alismaya baslamasi
dogaldir. Bu noktada yeni bir a¢ilim yapmanin 6nemli bir motivasyonunun gereklilik oldugunu
unutmamak gerekir. Bu neden ile bu makalede havacilik i¢in ¢ok énemli bir veri yolu olan video veri yolu
standardinin kara ulasimindaki akill tasitlar i¢in kullanim olasilig: tizerine odaklanilmaistir.

Makalenin ileriki boliim plani su sekildedir: Gelecek boliimde ARINC 818 teknik anlamda genel
hatlari ile tanitilacaktir. Ugiincii boliimde ise otomotivde kullanilan veri yollarindan bahsedilecektir. Son
boliimde ise ARINC 818 standardinin otomotivde olas1 kullanumi {izerine yorumlar sunulacaktir.

2. ARINC 818 (ARINC 818)

ARINC 818, yiiksek bant genisligi, diisiik gecikme siiresi, sikistirllmamis dijital video iletimi igin
gelistirilmis bir video arayiizii ve protokol standardidir. Yiiksek performansh dijital videonun zorlu
gereksinimlerini karsilamak ve gorev kritik sistemler i¢in Aeronautical Radio Incorporated (ARINC) ve
havacilik toplulugu tarafindan 2007 yilinda yayinlanmistir (Great River Technology, 2021). Ticari ve askeri
sistemlerde kullanilmak {izere tasarlanmistir. Resmi olarak yaymlanmadan once hem Airbus A400M
projesinde hem de Boeing 787 Dreamliner projesinde kritik alt video sistemleri icin ARINC 818
standardini benimsemistir [4]. Baslangicta kokpit ekranlar: i¢in tasarlanan bu standart, yiiksek bant
genisligi, giivenirliligi, entegrasyon sirasindaki esnekligi acgisindan kizilotesi ve optik kameralar gibi
yliksek hiz gereksinimi duyulan sensor ve kameralarda da kullanilmaya baslanmistir [5].

Hava araclarinda giderek artan miktarda bilginin bir sekilde kokpite aktarilmasi ihtiyact dogmustur.
Bu bilgileri servis etmenin bir yolu gorsel olarak sunmaktir. Gorsel olarak sunulan bu bilgiler kokpitteki
ekranlar vasitasi ile pilota sunulmaktadir. Bu bilgiler ekranlara gelmeden once karmasik bir video
sisteminden geg¢mektedir. Bu video sistemleri havacilikta bir¢ok alanda 6nemli rol oynamaktadir. Bu
uygulamalar arasinda taksi ve kalkis yardimi, kargo yiikleme, hedef takibi, seyriisefer, carpismadan
kag¢inma gibi uygulamalar bulunmaktadir. Ayrica asagidaki gibi alt sistemleri icermektedir.

e Kizilbtesi ve optik sensorler

e  Optik kameralar

e Radar

e Ucus kayit cihazlar

e Harita sistemleri

e Sentetik goriintii

e  Goriinti fiizyon sistemleri

e Basiistii gosterge sistemi (Head-Up Displays, HUD)
e Cok fonksiyonlu ekranlar

e Video yogunlastiricilar



Havaailiktaki Video Veri Yolu Standardinin Akilli Tasitlar icin Kullanum Olasilig1 Uzerine Bir Inceleme 303

KOKPIT
EKRANLARI

BASUSTU KASKA
GOSTERGE ENTEGRE

S 1

> UGUS
KAYIT

KABIN . . . VIDEO iSLEME
EKRANLARI Rl G BILGISAYARI
KAMERA KIZILOTESI
ViDEO KAMERA
I I GOREV I I
BILGISAYARI

Sekil 1. Hava araci {izerindeki video sistemleri
Figure 1. Video systems on aircraft

ARINC 818 standardindan 6nce, aviyonik video iletimi i¢in herhangi bir standart bulunmamaktaydi.
Bundan dolay1 her yeni hava araci icin kokpit tasarimi, ekranlar ve video sistemlerinin gerektirdigi 6zel
formatlar kullanilmaktaydi. Bu da beraberinde kullanilan ekranlar ve diger video sistemlerini daha
maliyetli bir hale getirmekteydi. Yiiksek maliyet, hiz, esneklik, yiiksek bant genisligi, giivenirlilik gibi
gereksinimlerden dolay1 aviyonik video iletimi i¢in yeni bir standart ihtiyaci ortaya ¢ikmistir. ARINC 818
komitesi tarafindan Digital Visual Interface (DVI), Gigabit Ethernet (GigE) ve Fiber Kanal-Ses Video (Fibre
Channel-Audio Video, FC-AV) dahil olmak {izere bu standart i¢in gesitli teknoloji secenekleri gézden
gecirilmistir. Diisiik gecikme siiresi, hiz secenekleri, veri butiinliigii, gomiilii veriler, C-130 aviyonik
modernizasyon programi ve F/A-18E Super Hornet gibi askeri uygulamalarda da kendini kanitlamasi
sebebiyle ARINC 818 baslangi¢ noktasi olarak Fiber Kanal-Ses Video standardini benimsemistir [6]. Fiber
Kanal-Ses Video standardi ¢ok genis endiistri ve uygulama alanini kapsasa da ARINC 818 ozellikle
aviyonik video ihtiyaglarina odaklanmaktadir. Bu nedenle ARINC 818 standardi, Fiber Kanal-Ses Video
standardina gore daha basitlestirilmis bir yaprya sahiptir.

2.1. ARINC 818 ve Diger Veri Yollarinin Karsilastirilmasi (Comparison of ARINC 818 and Other Data Buses)

ARINC 818 komitesi, bu standart i¢in gesitli video veri yollarini aragtirmistir. Arastirilan video veri
yollarinin 6zellikleri asagidaki gibidir.

Camera Link: Camera Link, genellikle yapay gorme ve endiistriyel uygulamalar i¢in kullanilan seri
ve paralel haberlesme protokoliidiir. Bu protokol Ulusal Yariiletkenler “Kanal Link” araytiiziine dayanan
bir protokoldiir. Camera Link 2.0, bakir {izerinde 850 Mbps'ye kadar veri hizlarini destekleyebilirken,
Camera Link HS, fiber ve ¢oklu kanallarin eklenmesiyle daha yiiksek hizlar1 ulasabilmektedir. Camera
Link protokoliiniin aviyonik uygulamalardaki en biiyiik eksikligi DO-254 gibi sertifikasyon eksikligi
problemidir [7]. Ayni zamanda fiziksel katman olarak 19 telli kablo kullanilmasi nedeniyle kablaj agirlig1
ve sinirli ¢alisma uzunlugu olusmasindan dolayi aviyonik uygulamalarda tercih edilmemektedir.

Ethernet: Ethernet, ev ve igyerlerinde ¢ok yaygin olarak kullarulan hizli ve diigiik maliyetli bir ag
standardidir. Hem bakir hem de fiber iizerinde 10 Gbps’ye kadar hizlar1 destekleyebilen bir protokoldiir.
Aviyonik video sistemlerinde diisiik gecikmeli video durumu ¢ok kritik bir 6neme sahiptir. Ethernetin,
deterministik iletim siirelerinin olmamasindan dolayr aviyonik video sistemlerinde kullanimi tercih
edilmemektedir [7]. Havaciliktaki Aviyonik Tam Cift Yonlii Anahtarlamali Ethernet (Avionics Full-
Duplex Ethernet, AFDX) ARINC 664 ismiyle standartlasan protokol de ethernete dayanmaktadir [8]. Bu
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standart deterministik bir yapiya sahiptir, bununla birlikte veri iletim hiz1 100 Mbps’ye kadar sinirhdir.
Yiiksek bant genisligi ve yiiksek ¢oOziiniirliik gereksinimlerinden dolay1 aviyonik video iletim
sistemlerinde kullanilmas1 uygun olmamaktadir.

DVI (Digital Visual Interface): DVI, siv1 kristal ekran (Liquid-Crystal Display, LCD) ve djital
projektorler gibi video cihazlarinin goriintii kalitesinin arttirilmasi igin endiistri standartlarinda
tasarlanmuis bir standarttir. Sikistirilmamus dijital video verisinin tasinmasini saglamaktadir.

Firewire: IEEE 1394 standardina dayalidir ve yiiksek veri aktarim hizindan dolay1 gergek zamanh veri
transferi yapabilen video cihazlari, kameralar ve harici disk gibi cihazlarda kullanilmaktadir. ARINC 818
komitesi, DVI ve Firewire standartlarini da gézden gecirdi. Fiziksel katman, mesafe, hiz ve kararlilik gibi
ozelliklerden dolay1 aviyonik video iletimi igin gelistirilecek olan standartta baslangi¢ olarak bu
standartlar tercih etmedi [4].

Fiber Kanal Ses Video: Fiber Kanal-Ses Video standardinin resmi tanimi: American National
Standards Institute (ANSI) 356-2002 olarak bilinmektedir [7]. Bu standart, ses ve video bilgilerinin fiber
kanal tizerinden taginmasini ve fiber kanala bagli dijital segmentlerin diger analog ve sayisal ekipmanlarla
birlikte ¢alismasini belirtmektedir. Fiber Kanal-Ses Video standardi ¢ok genis endiistri uygulamalarim
kapsamaktadir. Aviyonik uygulamalarda ise C-130 aviyonik modernizasyon programi ve F/A-18E Super
Hornet projesinde disiik gecikme siiresi, hiz segenekleri, veri biitiinliigli, gomiilii veriler gibi
ozelliklerinden dolay1 kendini kanitlamis bir standarttir [9]. ARINC 818 komitesi, diisiik gecikme siiresi,
hiz segenekleri, veri biitiinliigii, goriintilleme zamanlamas: gereksinimleri ve Fiber Kanal-Ses Video
standardinin kendini kanitlamasi sebebiyle baslangi¢ noktas: olarak Fiber Kanal-Ses Video standardini
secmistir [4].

2.2. ARINC 818 Ozellikleri (ARINC 818 Features)

Yiiksek Bant Genisligi: Bir hava platformunun ekranlarina gercek zamanlh goriintii fiizyon
islemlerinin, drnegin semboloji ya da imleg bilgisinin ger¢ek zamanh video ya da harita goriintiilerinin
tizerine yerlestirilmesi, yapilabilmesi i¢in goriintiilerin sikistirilmamis olmast gerekmekteydi.
Sikistirilmamis video icin de yiiksek bant genisligi gerekmektedir. ARINC 818 standardimnn ilk
zamanlarinda fiber kanal protokolii ile 1.0625, 2.125, 4.25 ve 8.5 Gbps hizlar1 desteklemekteydi. Daha
yiiksek hizlara ihtiya¢ duyuldugundan dolay: giintimiizde 12.75, 14.025 ve 28.05 Gbps baglant1 hizlar1 da
desteklenmektedir [10].

Diisiik Gecikme Siiresi: ARINC 818’in en 6nemli 0zelliklerinden biri sikistirilmamais videoyu ¢ok
diisiik gecikmelerle iletebilmesidir. Diisiik gecikme gercek zamanli kokpit ekranlarinda ve basiistii
gostergelerde oldukca biiyiik bir dneme sahiptir. Ozellikle basiistii gostergelerde, basiistii gdsterge
goriintiisii ile gergek diinya arka plani arasindaki farkliliklar pilotun bas dénmesine sebep olabilmektedir
[11]. Goriintiilerin diisiik gecikme ile pilota iletilmesi hem pilotun gorev icrasi i¢in hem de ergonomi gibi
gereksinimlerden olay1 6nemli olmaktadir. ARINC 818 standardinda kare hizlari ile ilgili herhangi bir
siirlama yoktur ve yiiksek kare hizlarinda bile daha diisiik gecikmeler gézlemlenmektedir [10].

Fiziksel Katman: Biiyiik ucaklarda video kaynaklar1 ve ekranlar arasindaki mesafe ortalama olarak
50 metre olabilmektedir [4]. Bant genisligi, mesafe, agirlik ve elektromanyetik girisim kabiliyetlerinden
dolay1 video kaynaklar: ve ekranlar arasinda fiziksel katman olarak fiber optik kablo tercih edilmektedir.

Kanal Baglama: Daha yiiksek bant genisligine sahip uygulamalarda video akisini tasiyabilmek icin
birden fazla kanalin kullanilmas: bir segenek olarak karsimiza ¢ikmaktadir. Bu durum kanal baglama
olarak adlandirilmaktadir. Genellikle uygulamalarda giris, verici cihazda iki veya daha fazla ARINC 818
gergevesine boliiniir ve goriintiileme veya kayit icin alicida yeniden birlestirilir.

Esneklik ve Birlikte Calisilabilirlik: Aviyonik goriintii sistemlerinde farkli ¢oziintirliikler, gri
tonlamalar, piksel formatlari ve kare hizlarinin olmasi nedeniyle ARINC 818 standardinin esnek olmasi
uygulama kolaylig1 ve birlikte ¢alisabilirlik a¢isindan oldukc¢a 6nemli olmaktadir.

Hata Denetimi ve Veri Biitiinliigii: ARINC 818, fiber kanal ¢ercevelerini (paket) icermektedir. Bu
standart hata kontrolii ve goriintlii dogrulama i¢in Dongiisel Artiklik Denetimi (Cyclic Redundancy
Check, CRC) kullanmasi nedeniyle yiiksek veri biitiinliigii saglamaktadir [10].
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2.3. ARINC 818-2 (ARINC 818-2)

ARINC 818 standardi, 2013 yilinda standardin yenilenmesi, bazi hatalarin diizeltilmesi ve yeni
Ozellikler eklenmesi igin ARINC 818-2 olarak giincellenmistir. ARINC 818-2, ARINC 818-1
uygulamalariyla birlikte yedi yillik bir deneyime sahip olmaktadir ve sikistirma, sifreleme ve daha yiiksek
hiz secenekleri saglarken standardizasyonu da arttirmaktadir. ARINC 818-2 standardina eklenen yeni
ozellikler:

Kanal Birlestirme: Baglanti bant genisligi simrlamalarimin iistesinden gelmek icin ARINC 818-2
paralel olarak birden ¢ok baglantiy1 desteklemektedir. Bu islemi gerceklestirmek icin video gergevesi daha
kiiciik parcalara boliinerek ve iki veya daha fazla baglant1 iizerinden iletimi gerceklestirilir.

Anahtarlama: ARINC 818 ilk olarak noktadan noktaya bir protokol olarak tasarlanmasina ragmen,
ARINC 818’in yeni uygulamalarinin birden ¢ok ekrani veya kanali oldugundan zaman igerisinde
anahtarlama daha oOnemli bir konu haline gelmistir. Anahtarlama, yalmizca cerceveler arasinda
gerceklesmektedir.

Alan Siral1 Renk Sistemi: ARINC 818-2 ile birlikte alan sirali renk sistemini destekleyen video format
kodu standart igerisine eklenmistir [12]. Alan sirali renk sisteminde tipik olarak her bir renk bileseni ayr1
bir konteyner igerisinde génderilmektedir. Ornegin RGB modunda ilk olarak R, sonrasinda G ardindan
da B gonderilir.

Sadece Veri Baglantilar1 (Data-Only Links): Komut ve kontrol kanallarinda (durum ya da
dokunmatik ekran koordinatlari) kullanilan sadece veri baglantilarini icermektedir.

Sikistirma ve Sifreleme: ARINC 818 baslangicta yalnizca sikistirilmamis video ve ses tasityacak
sekilde tasarlanmasina ragmen, yiiksek ¢oziiniirliiklii sensorler, yiiksek bant genisligi ihtiyaci ve yalnizca
veri baglantilar1 gibi uygulamalardan dolay: sikistirma ve sifreleme 6zelligi ARINC 818-2 igerisine
eklenmistir.

Cift Yonlii Kontrol: Giincellenen ARINC 818-2 protokoliinde, bir yonde yiiksek hizli video iletimi
yapilirken diger yonde de veri iletimi yapilabilmektedir. Doniis yollar: (return path) dokunmatik ekranh
genis alan ekranlarda ve yiiksek ¢oziintirliiklii sensorlerde yeni kullanilmaya baslanmistir [11]. Bunlar
tipik olarak komuta ve kontrol kanallaridir. Ornek olarak bir sensériin odak veya beyaz dengesini
diizeltme islemleri verilebilir.

ARINC 818-1, 1.0625 Gbps (fiber kanal 1x) ile 8.5 Gbps (fiber kanal 8x) hizlar1 arasini desteklerken, bu
hizlar ARINC 818-2’de giincellenerek, standardin daha yiiksek hizlari desteklemesi saglanmistir. ARINC
818-2 ile birlikte 1.0625 Gbps’den (fiber kanal 1x) 28.05 Gbps (fiber kanal 32x) fiber kanal hizina kadar
baglant1 hizlar1 desteklenmektedir [11].

2.4. ARINC 818-3 (ARINC 818-3)

ARINC 818-2, diinya genelinde aviyonik kokpit ekrani uygulamalarinda tiim modern cihazlar icin
tercih edilen video veri yolu olmaya devam etmektedir. ARINC 818 ayn1 zamanda giivenirlilik, hata
diizeltme ve zamanlamanin kritik oldugu kameralar ve sensorler icin de kullanilabilmektedir.

Kokpit ekranlari, kameralar, sensorler ve diger cihazlar i¢in artan ¢oziiniirliikler, kare hizlar1 ve veri
gereksinimleri yiiksek bant genisligi ihtiyacini ortaya ¢ikarmaktadir. Bu nedenle 2018 yilinda ARINC 818
komitesine ozelliklerin giincellenmesi, bazi hatalarin diizeltilmesi ve yeni 0zellikler eklenmesi icin bir
teklif gonderilmistir. ARINC 818-3 standardinin eger kabul edilir ise bu eklemeler ile birlikte; 4K ve 8K
ekranlar, penceresiz kokpitler, sanal gerceklik, ugak gevresindeki yiiksek bant genisligi sensorleri ve
kameralar gibi teknolojilere izin vermesi beklenmektedir [13](Alexander & Grunwald, 2019). Aym
zamanda ARINC 818-3 standardina eklenebilecek en 6nemli 6zellik 10 Gbps tizerindeki hizlarda 64B/66B
kodlamanin olmasidir [13].



A.PAMUK, U. SAKARYA

306

Cizelge 1. ARINC 818 ve diger veri yollarinin karsilastirilmasi

Table 1. Comparison of ARINC 818 and other data buses
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3. ARINC 818 PROTOKOL YAPISI (ARINC 818 PROTOCOL STRUCTURE)
3.1. ADVB Paket Yapis1 (ADVB Packet Structure)

ARINC 818 standardi, bir kanal igerisinde temel tasima mekanizmasini bir ADVB c¢ercevesi ile
saglamaktadir. Video gerceveleri ile olas1 bir karisiklig1 ortadan kaldirmak amaciyla bu paketlere yalnizca
cerceveler demek yerine ADVB cerceveleri olarak tanimlanmaktadir [9]. Bir ADVB c¢ergevesinin yapisi
Sekil 2 ile gosterilmektedir.

4 24 4-2112 4 4
s C E
0 R 0
F c F

Sekil 2. ADVB Paket Yapisi
Figure 2. ADVB Packet Structure

Bir ADVB cergevesinin baslangici, bir baslangi¢ cercevesi (Start of Frame, SoF) tarafindan sinyallenir
ve bir bitis cercevesi (End of Frame, EoF) ile sonlandirilir. Her ADVB cergevesi alt1 adet 32 bitlik kelimeden
olusan bir ¢erceve bashigina (frame header) sahiptir. ADVB baslig1 igerisinde kaynak (Source_ID), hedef
(Destination_ID), dizi igerisinde ADVB ¢ercevelerinin konumu (SEQ_CNT) gibi bilgiler bulunmaktadir.
ADVB c¢ergevesi icerisinde yiik (Payload), konteyner (Container) ya da nesne (Object) olarak ifade edilen
kisim ise video, video parametreleri veya yardimci veriler igermektedir. Yiikiin boyutu degiskenlik
gosterebilmektedir ancak maksimum 2112 byte ile sinirh olmaktadir. Veri biitiinliigiinii saglamak igin
hata kodlamasi da bu ADVB paket yapisi igerisinde yer almaktadir. SoF ile CRC arasindaki veriler igin
hesaplanan 32 bitlik CRC hesaplamas1 bulunmaktadir.

ADYVB Konteyner Yapisi (ADVB Container Structure)

ARINC 818, bir konteyner1 video (goriintii kismi) ve sesi tasimak i¢in kullanilan bir dizi ADVB
gercevesi olarak tanimlamaktadir [99]. Nesne olarak da bir konteyner igerisinde bulunan belirli veri tiirleri
olarak tanimlamaktadir. Konteyner igerisinde belirli ADVB c¢erceveleri nesnelerin bir parcasi olmaktadir.
Nesne tipleri Cizelge 2 ile gosterilmektedir.

Cizelge 2. ADVB konteyner yapisi
Table 2. ADVB container structure

Object 0 Yardimc Veriler

Object 1 Ses Verisi

Object 2 Video Verisi

Object 3 Video Verisi- Interlaced format gift alan

ADVB'’de Object 0; o konteyner ile ilgili verileri iceren tek bir ADVB ¢ercevesidir. Eger ses bilgisi
igeriyorsa Object 1 igerisinde yer almaktadir. Object 2 ve Object 3 ise video yiikil igermektedir. Gegisli
(Interlaced) formatlarda Object 2 tek alan yiikii i¢in Object 3 ise ¢ift alan yiikii i¢in kullanilmaktadir.
Progressive (tek gecisli) video formati i¢in yalnizca Object 2 gereklidir. ADVB konteyner yapisi tek gecisli
formattaki bir video igin Sekil 3 ile gosterilmektedir.
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OBJECT 0 — ADVB GERGEVESI OBJECT 2 - VIDEO YUKLU ADVB CERCEVELERI
SOF EOF

Sekil 3. Tek gegisli video formatindaki konteyner yapisi

Figure 3. Container structure in progressive video format

Gegisli video formatinda Object 2 tek (odd) alan yiikii i¢in Object 3 ise ¢ift (even) alan yiikii igin
kullanilmaktadir ve ADVB konteyner yapisi Sekil 4 ile gosterilmektedir.

OBJECTO0-ADVB OBJECT 2 - TEK (ODD) ALAN ADVB OBJECT 3 — CiFT (EVEN) ALAN ADVB
SOF EOF

Sekil 4. Gegisli video formatindaki konteyner yapisi
Figure 4. Container structure in interlaced video format

4. OTOMOTIVDE KULLANILAN VERI YOLLARI (BUSES USED IN AUTOMOTIVE)

Elektronigin gelismesine baglh olarak otomotiv endiistrisinde ¢ok cesitli sensorlerin kullanimi artis
gostermektedir. Otomobillerde radar Light Detection and Ranging (LIDAR), kizil6tesi, motor/krank devir,
manifold hava sicaklik, kiitle hava akis, yakit, yakit sicaklik, anti blok sistemi (ABS), vuruntu, hiz, gaz
kelebegi, park sensorii gibi cesitli algilayicilar ve dlgerler kullanilabilmektedir [14]. Ayni1 zamanda akilli
sistemlerin yayginlasmastyla birlikte akilli tasitlarin sayis: giin gectikce cogalmaktadir. Ugaklarda var olan
“Otomatik Pilot” uygulamasindan esinlenerek kara ulasim platformlarinda akilli tasitlar ortaya ¢ikmaya
baslamistir [14]. Akalli tasitlarda, yol ¢izgilerini anlama, trafik levhalarini anlama, trafik 1siklarini anlama,
kisi ve canli cansiz nesne algilama, kaza uyarisi yapma gibi alt sistemler biiyiik 6nem kazanmaktadir [15].
Buna bagli olarak akill tagitlarda radar sensor, lidar sensor, ultrasonik sensor ve normal/kizilotesi kamera
kullanim1 artis gostermektedir.

Cok cesitli sensorler ve kameralar otomobil igerisinde ¢esitli veri yollar1 {izerinden veri aktarimi
yapmaktadir. Otomobillerde kullanilan veri yolu sistemlerine 6rnek olarak
Controller Area Network (CAN) Bus [16]

Local Interconnect Network (LIN) Bus [17]

Media Oriented System Transport (MOST) Bus [18]
FlexRay [19]

verilebilir.

Zaman tetiklemeli bir seri veri yolu olan CAN, otomotiv sektdriinde kullanilmak {izere Robert Bosch
tarafindan 1983 yilinda kablo karmasikligini azaltmak amaciyla gelistirilmistir [16]. Veri iletim hiz1 5 Kbps
ile 1 Mbps arasinda degismektedir. 40 m veri yolu uzunluguna kadar 1 Mbps'lik yiiksek veri hizi
saglayabilmektedir. Ayni zamanda uzaktan ileti destegi olan bu veri yolu ¢ok yiiksek saglamlik ve
giivenirlilik saglamaktadir [20].

LIN veri yolu, bir alternatif olarak gelistirilmis olup ucuz ve daha az hata ¢ikarmas1 amaglanmistir
[21]. MOST veri yolu ise daha ¢ok otomobil igerisinde bulunan medya ve eglence araglarinin baglanmasi
amactyla kurulmus bir agdir [22].
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Ozellikle x-by-wire uygulamalar1 icin tasarlanan FlexRay, gelecegin otomobillerinde kullanilmasi
planlanmaktadir. FlexRay 10 Mbps kapasiteli iki kanali sayesinde hizli ve giivenilir bir haberlesme
standardidir. FlexRay sistemi {izerinde ¢alismalar halen devam etmektedir [23].

5. ARINC 818'IN OTOMOTIVDE OLASI KULLANIMI (POSSIBLE USE OF ARINC 818 IN AUTOMOTIVE)

Otomotiv sektoriinde sensorlerin gelismesiyle birlikte otonom araglarin sayist giin gegtikce artis
gostermektedir. Bu akilli araglar tizerinde ¢ok fazla sayida cesitli sensorler ve kameralar bulunmaktadir.
Gelecegin akilli araglarinda basarili bir otonom siiriis i¢in daha fazla sensor ve kamera ihtiyaci ortaya
cikacagl ongoriilmektedir. Bununla birlikte biitiin sensorlerin ve kameralarin bilgileri ¢ok hizli ve
glivenilir bir sekilde iletilmesi gerekmektedir. Her bir sensor verisinin iletimi otomobil tizerinde bulunan
CAN, MOST ve LIN veri yollar1 aracigiyla yapilmaktadir. Giiniimiizde otomobillerde kullanilan en
yaygin veri yolu olan CAN, en fazla 1 Mbps veri iletim hizin1 desteklemektedir. Her ne kadar 10 Mbps
veri iletim hizini destekleyen FlexRay veri yolu tizerinde calismalara devam edilse de sagladig: veri iletim
hizinin akilli araglarda gelecekte olusacak isterleri/gereksinimleri tam olarak karsilayip karsilamayacag:
sorusu Onemli bir sorudur. Giin gegtikce teknolojide yeni agilimlar ile karsi karsiya gelebilmekteyiz.
Ozellikle sensdér ve yapay zeka teknolojilerindeki yenilikler bizleri gitgide biiyiik veri ile
yiizlestirmektedir. Biiyiik bir veri ile kisith zamanda ¢oziimler bulmak genel bir problem olarak karsimiza
cikmaktadir.

Gelecekte akilli kara tasitlar1 igin sensor ve kameralarin artmasi ile birlikte veri iletim hizinin
isterlerinin daha da artmasi durumu olusabilir. ARINC 818, 28.05 Gbps'ye kadar veri iletim hizinm
desteklemektedir. Bu veri yolunun hizli, giivenilir, esnek, kararli olmasi gibi ¢ok fazla avantajlari
bulunmaktadir. Fiziksel katman olarak fiber optik kablo kullanilmasindan dolay: arag iizerindeki kablaj
konusunda da bir avantaj olabilir. ARINC 818 veri yolunun sahip oldugu ozelliklerin otomotiv
sektoriiniin ihtiyaclar1 6zelinde incelenmesinin gelecegin akilli tasitlarinin veri yollar: tasariminda énemli
olabilecegi dngoriilmektedir.

6. SONUC VE TARTISMA (RESULT and DISCUSSIONS)

ARINC 818, yiiksek bant genisligi, diisiik gecikme siiresi, sikistirilmamus dijital video iletimi igin
gelistirilmis bir video araytizii ve protokol standardidir. Her ne kadar baslangicta bu standart kokpit
ekranlari igin tasarlanmis olsa da yiiksek bant genisligi, glivenirliligi, entegrasyon sirasindaki esnekligi
agisindan kizilotesi ve optik kameralar gibi yiiksek hiz gereksinimi duyulan sensor ve kameralarda da
kullanilmaya baglanmigstir. Otomotiv sektdriinde sensorlerin gelismesiyle birlikte hem otonom araclarin
sayist artmakta hem de bu akilli araglar igerisinde ¢ok fazla sayida gesitli sensorler ve kameralarin
kullanimi artis gostermektedir. Otomotivde kullarulan mevcut veri yollar1 (CAN, MOST, LIN, FlexRay)
maksimum olarak 10 Mbps veri iletim hizini desteklemektedir. Gelecekte akilli tasitlar i¢in sensor ve
kameralarin artmasi ile birlikte veri iletim hizinin isterlerinin daha da artmasi durumu olusabilir. Otonom
araglarda ayni havaciliktaki gibi sensorlerden ve kameralardan gelen bilginin hem hizli hem de giivenilir
bir sekilde iletilmesi ¢ok énemlidir. ARINC 818, 28.05 Gbps’ye kadar veri iletim hizin1 desteklemektedir
ve hizli, giivenilir, esnek, kararli olmas: gibi ¢ok fazla avantajlar1 bulunmaktadir. ARINC 818 veri yolunun
sahip oldugu o0zelliklerin otomotiv sektdriiniin ihtiyaglar1 6zelinde incelenmesinin gelecegin akilli
tasitlarinin veri yollar: tasariminda 6nemli olabilecegi 6ngoriilmektedir.

Etik Standartlar Bildirimi (Declaration of Ethical Standards)

Yazarlar tiim etik yonergelere uygun bir sekilde calismay1 hazirlamigtir.



310

A.PAMUK, U. SAKARYA

Yazar Katki Beyannamesi (Credit Authorship Contribution Statement)

Yazarlarin calismadaki katki oranlar esittir.

Cikar Catismasi Beyannamesi (Declaration of Competing Interest)

Calisma kapsaminda herhangi bir kurum veya kisi ile ¢ikar ¢atismasi bulunmamaktadir.

Destek / Tesekkiir (Funding / Acknowledgements)

Calisma herhangi bir destek almamuistir. Tesekkiir edilecek bir kurum veya kisi bulunmamaktadir.

Veri Kullanilabilirligi (Data Availability)

Aragtirma verileri herhangi bir veri havuzunun kullanimina agilmamastir.

KAYNAKLAR (REFERENCES)

(1]

2]
[3]
[4]
[5]

[6]
[7]

[8]
[9]

[10]
[11]
[12]
[13]

[14]

[15]

[16]

P. Devgan, V. Urick, ]J. McKinney and K. Williams, "Hybrid Analog-Digital Fiber Optic Network
for Aircraft Communication and Control,” 2007 IEEE Avionics, Fiber-Optics and Photonics
Technology Conference, 2007, pp. 17-18.

TECHWAY, “ARINC 818”, TECHWAY, 2021. [Online]. Available: https://www.arinc818.com,
[Accessed Sept. 04, 2022].

T. Ricker, “Avionics Bus Technology: Which Bus Should I Get On?”, 2017 IEEE/AIAA 36 Digital
Avionics Systems Conference (DASC), 2017.

T. Keller, "ARINC 818 Avionics Digital Video Bus", Great River Technology, 2013. [Online].
Available: https://www.arinc818.com, [Accessed Sept. 04, 2022].

T. Keller and P. Grunwald, "ARINC 818 Add Capabilities for High-Speed Sensors and Systems",
SPIE Defence + Security, 2014.

K. Bisson, "Arinc-818 testing for avionics applications" 2007 IEEE Autotestcon, 2007, pp. 321-326.
P. Grunwald, "Why ARINC 8187?," 2017 IEEE/AIAA 36th Digital Avionics Systems Conference
(DASC), 2017, pp. 1-4.

J. Villegas, S. Fortes, V. Escafio, C. Baena, B. Colomer and R. Barco, "Verification and Validation
Framework for AFDX Avionics Networks," in IEEE Access, vol. 10, pp. 66743-66756, 2022.

J. Alexander and T. Keller, "Using ARINC 818 avionics digital video bus (ADVB) for military
displays", Proceedings of SPIE-The International Society for Optical Engineering, 2007.

M. Zimmerman, "High bandwith, real-time video transport with ARINC 818", SPIE Commercial
+ Scientific Sensing and Imaging, 2017.

P. Grunwald, "What's new in ARINC 818 supplement 2," 2013 IEEE/AIAA 32nd Digital Avionics
Systems Conference (DASC), 2013, pp. 2B2-1-2B2-7.

P. Grunwald, "ARINC 818 specification revisions enable new avionics architectures", SPIE
Defence + Security, 2014.

J. Alexander and P. Grunwald, "ARINC 818 Revision 3," 2019 IEEE/AIAA 38th Digital Avionics
Systems Conference (DASC), 2019, pp. 1-8.

KIA, “Araclardaki Sensorler Nelerdir? Sensor Cesitleri ve Gorevleri”, KIA, 2021. [Online],
Available: https://www.kia.com/tr/faydalibilgiler/haberler/Teknoloji/arac-sensorleri-
nelerdir.html, [Accessed Sept. 04, 2022].

H. Gokozan and M. Tastan, "Akilli Tagitlar ve Kontrol Sistemleri Smart Vehicles and Control
Systems", International Vocational Science Symposium, IVSS, 2018.

H.A. Thompson, H. Benitez-Perez, D. Lee, D.N. Ramos-Hernandez, P.]. Fleming and C.G. Legge,
“A  CANbus-based safety-critical distributed aeroengine control systems architecture



https://www.arinc818.com/
https://www.arinc818.com/
https://www.kia.com/tr/faydalibilgiler/haberler/Teknoloji/arac-sensorleri-nelerdir.html
https://www.kia.com/tr/faydalibilgiler/haberler/Teknoloji/arac-sensorleri-nelerdir.html

Havaailiktaki Video Veri Yolu Standardinin Akilli Tasitlar icin Kullanum Olasilig1 Uzerine Bir Inceleme 311

(17]

(20]

[21]

demonstrator”, Microprocessors and Microsystems, Volume 23, Issue 6, pp 345-355, 1999.

A. Vaskova, M. Portela-Garcia, M. Garcia-Valderas, C. Lopez-Ongil and M. Sonza Reorda,
"Hardening of serial communication protocols for potentially critical systems in automotive
applications: LIN bus," 2013 IEEE 19th International On-Line Testing Symposium (IOLTS), 2013,
pp- 13-18.

S. Lee, B. -S. Cho, Y. -J. Choi and K. -R. Baek, "Implementation of MOST/CAN network
protocol,” 2011 International Conference on Electrical and Control Engineering, 2011, pp. 5974-
5977.

P. -S. Murvay and B. Groza, "Efficient Physical Layer Key Agreement for FlexRay Networks,"
in IEEE Transactions on Vehicular Technology, vol. 69, no. 9, pp. 9767-9780, Sept. 2020.

O. Kayan, “Can-Bus Protokolii”, July, 2016. [Online]. Available:
http://omerkayan.blogspot.com/2016/07/can-bus-protokolu.html, [Accessed Sept. 04, 2022].
D.G. Vrachkov and D.G Todorov, “Remote real-time tracking of vehicle data from LIN-bus over
the Internet”, 2018 IEEE 27th International Scientific Conference Electronics, ET 2018 -
Proceedings, 2016, pp. 19-21.

R. N. Tuncay and O. Ustiin, "Otomotiv Elektronigindeki Gelismeler", IX. Otomotiv ve Yan Sanayi
Sempozyumu, 2004, pp. 27-28.

A. Demirci, E. Schmidt, E. Yiriiklii and U. Karakaya, "Flexray Aragici Haberlesme Aglarinin
Deneysel Basarim Degerlendirmesi", 5. Otomotiv Teknolojileri Kongresi, 2010.


:%20%20http:/omerkayan.blogspot.com/2016/07/can-bus-protokolu.html
:%20%20http:/omerkayan.blogspot.com/2016/07/can-bus-protokolu.html

	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\1_0Kapak.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\1_1Kapak.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\1_2Kapak.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\1_3Kapak.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\1_4KONJES_c11_s1.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\KONJES_11_01_01_1139083.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Kapak_Sayfasi_01.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\KONJES_11_01_01_09.pdf‎

	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\KONJES_11_01_02_1172687.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Kapak_Sayfasi_02.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\KONJES_11_01_02_10-20.pdf‎

	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\KONJES_11_01_03_1088530.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Kapak_Sayfasi_03.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\KONJES_11_01_03_21-40.pdf‎

	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\KONJES_11_01_04_1171227.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Kapak_Sayfasi_04.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\KONJES_11_01_04_41-58.pdf‎

	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\KONJES_11_01_05_1130504.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Kapak_Sayfasi_05.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\KONJES_11_01_05_59-70.pdf‎

	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\KONJES_11_01_06_1179030.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Kapak_Sayfasi_06.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\KONJES_11_01_06_71-86.pdf‎

	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\KONJES_11_01_07_1164260.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Kapak_Sayfasi_07.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\KONJES_11_01_07_87-102.pdf‎

	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\KONJES_11_01_08_1136042.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Kapak_Sayfasi_08.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\KONJES_11_01_08_103_123.pdf‎

	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\KONJES_11_01_09_1150611.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Kapak_Sayfasi_09.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\KONJES_11_01_09_124_135.pdf‎

	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\KONJES_11_01_10_1200149.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Kapak_Sayfasi_10.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\KONJES_11_01_10_136-149.pdf‎

	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\KONJES_11_01_11_1101410.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Kapak_Sayfasi_11.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\KONJES_11_01_11_150_159.pdf‎

	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\KONJES_11_01_12_1186888.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Kapak_Sayfasi_12.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\KONJES_11_01_12_160-179.pdf‎

	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\KONJES_11_01_13_1178923.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Kapak_Sayfasi_13.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\KONJES_11_01_13_180-190.pdf‎

	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\KONJES_11_01_14_1174453.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Kapak_Sayfasi_14.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\KONJES_11_01_14_191-204.pdf‎

	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\KONJES_11_01_15_1185629.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Kapak_Sayfasi_15.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\KONJES_11_01_15_205-219.pdf‎

	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\KONJES_11_01_16_1199857.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Kapak_Sayfasi_16.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\KONJES_11_01_16_220-246.pdf‎

	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\KONJES_11_01_17_1193618.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Kapak_Sayfasi_17.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\KONJES_11_01_17_247-260.pdf‎

	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\KONJES_11_01_18_1205637.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Kapak_Sayfasi_18.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\KONJES_11_01_18_261-273.pdf‎

	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\KONJES_11_01_19_1106955.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Kapak_Sayfasi_19.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\KONJES_11_01_19_274-299.pdf‎

	‎C:\Users\lenovo\Desktop\11_1\Yeni klasör\KONJES_11_01_20_1205746.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Kapak_Sayfasi_20.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\KONJES_11_01_20_1106955.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\Kapak_Sayfasi_20.pdf‎
	‎C:\Users\lenovo\Desktop\11_1\KONJES_11_01_20_300-311.pdf‎




