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This study numerically investigates liquid cooling plates (LCPs) for
cylindrical 18650 lithium-ion battery packs under varying channel
geometries and inlet velocities. Three-dimensional transient CFD
simulations were conducted to analyze the coupled thermal and fluid
behavior. Two coolants, water and a 50:50 (v:v) water-ethylene
glycol mixture, were tested at inlet velocities of 0.1, 0.25, and 0.5
m/s. Results show that the configuration with fewer, wider channels
achieved the lowest maximum temperature (Tmax = 305 K) and the
most uniform temperature field (AT < 3 K). Increasing the number
of channels reduced channel height and local convection, leading to
higher gradients and non-uniform flow near the outlet. Increasing
velocity from 0.1 to 0.25 m/s improved cooling performance by
about 40%, while a further increase had an insignificant effect (<1
K). As aresult of this study, a moderate flow rate combined with an
optimized channel geometry provided the best balance between heat
dissipation and flow uniformity for compact electric vehicle battery
modules.
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Bu ¢alisma, silindirik 18650 tipi lityum-iyon batarya paketleri igin
farkli kanal geometrileri ve giris hizlar1 altinda sivi sogutma
plakalarini sayisal olarak incelemektedir. Ug boyutlu zamana bagh
CFD simiilasyonlar1 kullanilarak 1sil ve akigkan davraniginin
etkilesimi analiz edilmistir. Sogutucu akigkan olarak saf su ve
hacimce 50:50 oraninda karistirilmis su-etilen glikol karisimi
kullanilmis; giris hizlari 0.1, 0.25 ve 0.5 m/s olarak belirlenmistir.
Sonuglar, daha az sayida ve daha genis kanallara sahip
konfigiirasyonun en diigiik maksimum sicakligi (Tmax = 305 K) ve
en homojen sicaklik dagilimini  (AT<3 K) sagladigin
gostermektedir. Kanal sayisinin artirilmasi, kanal yiiksekligini ve
yerel taginimu azaltarak c¢ikis bolgesinde daha yiiksek sicaklik
gradyenlerine ve akis diizensizliklerine yol agmistir. Akig hizinin
0,1 m/s’den 0,25 m/s’ye ¢ikarilmasiyla sogutma performansi
yaklasik %40 oraninda artmis, ancak daha yiiksek hizlarda bu artig
ihmal edilebilir diizeyde kalmistir (<1 K). Calisma sonucunda, orta
diizeyde bir akis hizi ile optimize edilmis kanal geometrisinin,
kompakt elektrikli ara¢ batarya modiilleri i¢in 1s1 dagilimi ve akis
homojenligi arasinda en uygun dengeyi saglamistir.
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Numerical Investigation of Channel Configuration on Thermal Behavior of Liquid-Cooled Plates in Cylindrical Lithium-Ion Battery Modules

1. INTRODUCTION

The transportation industry has been undergoing a profound transformation toward electrification, driven
by the urgent need to reduce greenhouse gas emissions and mitigate dependence on fossil fuels [1-3].
According to the latest climate assessments, road transportation is responsible for approximately 15% of
global CO: emissions, highlighting the critical role of widespread electric vehicle (EV) adoption in
achieving climate goals [4]. EV production has accelerated significantly, supported by government
incentives and rapid developments in energy storage technologies.

Among the available energy storage solutions for EVs, lithium-ion batteries (LiBs) have emerged as the
preferred choice due to their high energy density, low self-discharge rate, and long cycle life [5,6].
Nevertheless, the thermal sensitivity of LiBs remains a major limitation affecting both performance and
safety. Elevated operating temperatures accelerate side reactions and active material degradation, while
subzero conditions impede ion transport and increase internal resistance, leading to reduced capacity and
power losses [7]. For optimal operation, the temperature of each cell should be maintained within
approximately 15-35 °C, and the temperature deviation between cells (AT) should not exceed 5 °C to ensure
uniform aging and safe operation [8-10]. To achieve these conditions, an efficient battery thermal
management system (BTMS) is indispensable.

Existing BTMS approaches can be broadly classified into air-cooled, liquid-cooled, phase change material-
based, and heat pipe-assisted systems [11]. Among existing approaches, liquid cooling has become the
dominant choice for high-power-density battery modules due to its superior heat dissipation, space
efficiency, and accommodating complex module geometries [12]. Within this category, liquid cooling
plates (LCPs), featuring internal channels that circulate coolant beneath or between the cells, have become
the preferred solution in modern EV packs. The effectiveness of an LCP depends strongly on the geometry
of its cooling channels, such as the number, height, and layout pattern [13]. Non-uniform flow distribution
can lead to hot spots and accelerated degradation, whereas overly large channels increase system mass and
pumping losses.

Extensive efforts have been made to enhance the cooling efficiency and temperature uniformity of LCPs
through channel geometry optimization. For instance, Li et al. [14] explored Tesla-type mini-channel
structures and applied genetic algorithms to optimize key geometric parameters. Their results showed that
specific combinations of channel width and spacing significantly reduced thermal resistance while
maintaining low pressure drop. These findings highlight the strong link between geometric scale and flow
smoothness, demonstrating that small size adjustments can provide significant thermal benefits. Similarly,
Lai et al. [15] developed an LCP incorporating grooves and secondary microchannels, enhancing surface
contact and coolant mixing. Their simulation results confirmed better heat extraction and reduced hotspot
formation compared to conventional flat channel designs. Akbarzadeh et al. [16] compared air-cooled and
U-shaped LCP systems, finding that the U-type LCP design significantly improved thermal uniformity in
high-energy battery modules. Dubey et al. [17] evaluated serpentine and U-shaped microtextured cooling
channels for LiB modules and demonstrated that serpentine paths not only offered lower thermal resistance
but also achieved enhanced temperature uniformity due to extended surface area and longer coolant
residence time. Their simulations and experimental results indicated that the micro-texturing of channel
walls further intensified convective heat transfer, particularly in the serpentine configuration, by promoting
turbulent flow and improving local Nusselt numbers. It can be inferred that both the macro-scale
arrangement of flow channels and the micro-scale surface features contribute synergistically to improving
overall heat-transfer performance. Finally, Monika et al. [18] performed a multi-objective optimization of
a hexagonal mini-channel LCP for LiB modules, focusing on minimizing maximum cell temperature,
reducing pressure drop, and enhancing heat transfer. The best design achieved a 62.3% reduction in pressure
drop and 64.4% improvement in heat transfer coefficient without significant thermal penalty, demonstrating
that nonconventional geometries, such as hexagonal layouts, can offer a well-balanced thermal performance
for compact EV applications.

While these studies have considerably advanced the understanding of liquid-cooled battery systems, most
investigations have primarily focused on optimizing planar or serpentine flow patterns, micro-textured
surfaces, or inlet-outlet configurations. However, the combined influence of channel number and channel
height on thermal uniformity and flow distribution has not been comprehensively explored. Variations in
channel height can substantially modify the local Reynolds number, pressure field, and heat transfer
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behavior, directly influencing coolant velocity and temperature gradients within the plate. Despite their
clear importance, such geometric parameters are often simplified or assumed constant in existing models,
leaving a gap in understanding how vertical channel geometry affects overall cooling performance.

Unlike most previous LCP studies, which compare different in-plane layouts at a fixed channel height, this
study presents four plates that share the same footprint but differ only in the number of straight channels
and their vertical height (2, 3, 4, and 5). This systematic variation allows us to isolate the role of vertical
channel geometry in the trade-off between temperature uniformity and pressure drop in a realistic 60-cell
cylindrical module. To address this research gap, the present study performs a comprehensive numerical
analysis of multi-channel LCP configurations with different channel heights in a cylindrical LiB module.
Four geometric layouts were designed under identical dimensional constraints to ensure a fair basis for
comparison. Transient computational fluid dynamics simulations were carried out to examine the influence
of channel geometry on coolant flow distribution, maximum temperature (Tmax), and AT at three inlet
velocities (0.1, 0.25, and 0.5 m/s). Both water and water-ethylene glycol (WEG) mixtures were used as
working fluids to evaluate the effect of coolant type on thermal behavior. The novelty of this study lies in
systematically quantifying how simultaneous variations in channel number and channel height affect both
thermal uniformity and hydraulic behavior, which has not been addressed in previous LCP research.

2. MATERIAL AND METHOD

2.1. Geometry

LiBs are manufactured in various structural formats, including pouch, prismatic, and cylindrical types, each
of which influences how heat is generated and dissipated during charge and discharge processes.
Cylindrical cells are widely adopted in EV battery packs due to their mechanical robustness, uniform
current distribution, and predictable radial heat conduction characteristics. In the present study, a
cylindrical-cell battery module was modeled to analyze the impact of multi-channel LCP geometry on
temperature uniformity and coolant flow distribution. The module consists of 60 individual cells arranged
in a6 x 10 grid (two parallel layers of 30 cells each), representing a typical mid-scale EV module
configuration. Each cell has a diameter of 18 mm, a height of 65 mm, a nominal voltage of 3.6 V, and a
capacity of 3.45 Ah. The thermophysical and electrochemical parameters used in the model are summarized
in Table 1.

Table 1. Thermophysical and electrochemical properties of the cylindrical Li-ion battery cell used in the

simulations

Property Value
Positive (cathode) material LiFePO4
Negative (anode) material Graphite
Battery diameter x height (mm) 18 x 65
Density (kg/m?) 2782
Specific heat (J/kg-K) 1087
Radial thermal conductivity (W/m-K) 1.2743
Axial thermal conductivity (W/m-K) 27.584
Heat generation rate at 4C (W/m?) 219,717.13
Nominal capacity (mAh) 3450
Nominal voltage (V) 3.6
Charge cut-off voltage (V) 4.2
Discharge cut-off voltage (V) 2
Maximum discharge current (A) 10

Each cell was modeled as a homogeneous, heat-generating solid with uniform volumetric heat generation
corresponding to a 4C discharge rate. The 4C discharge rate was selected because it represents a realistic
thermal load observed in electric vehicle battery modules during high-speed operation, peak power demand,
rapid acceleration, and regenerative braking events. In order to suppress temperature escalation during
operation and maintain uniform thermal conditions, multi-channel aluminum LCPs were integrated
between the two layers of cylindrical cells to establish effective thermal coupling with the cell surfaces.
Four geometric configurations were designed to systematically assess the influence of channel number and
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channel height on cooling performance. All designs maintain identical external dimensions for fair
comparison, with channel height adjusted based on the number of channels, as follows:

(a) two-channel design (25 mm)
(b) three-channel design (15 mm)
(c) four-channel design (10 mm)
(d) five-channel design (8.5 mm)

A schematic representation of these LCP configurations is shown in Figure 1. Each plate is equipped with
inlet and outlet manifolds to ensure uniform coolant distribution across the parallel channels, allowing
consistent assessment of flow and temperature uniformity among the four designs.

9] 2!
0,
K
N
‘L\Q@
350mm 250mm
B B
asss
< oo A A b b SR R
&
& R\
AN 'L\@
\, - 350mm

350mm
Figure 1. Schematic representation of the multi-channel LCP configurations used in this study: (a) two-
channel (b) three-channel (¢) four-channel, and (d) five-channel

The inlet and outlet manifolds are positioned on the same side of the plate to facilitate compact integration
within the module assembly. During operation, the coolant enters through the inlet manifold, passes through
the internal channels, and exits from the opposite outlet, forming a continuous flow path that enhances
temperature uniformity across the module. The cooling plate material is aluminum, selected for its high
thermal conductivity, low mass, and structural rigidity, which has made it a common choice in EV battery
modules. The coolant domain was modeled using two working fluids: pure water and a 50:50 (v/v) mixture
of water and ethylene glycol (WEG), both commonly used in electric vehicle applications due to their
favorable heat-transfer characteristics and freeze protection capability. The thermophysical properties of
the solid materials and coolant fluids at 298.15 K are summarized in Table 2. An inlet temperature of 298
K was selected because it corresponds to typical coolant supply temperatures in automotive battery thermal
management systems and represents a realistic thermal boundary condition for EV operation.

Table 2. Thermophysical properties of materials and coolants used in this study

Thermal conductivity

. . 3 . .

Material Density (kg/m®) Specific heat (J/kg-K) (W/m'K)
Water (liquid) 998.2 4182 0.600
WEG 1040 3400 0.370
Aluminum block 2719 871 202.4

2.2. Governing Equations

Battery simulation approaches span multiple scales and levels of fidelity, ranging from simplified thermal
networks to fully coupled electrochemical-thermal frameworks. At the module level, the multi-scale multi-
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domain (MSMD) concept provides a continuum description of charge and heat transport, resolving spatial
variations of current density, potential, and temperature inside each cell [19].

Within this hierarchy, the Newman-Tiedemann-Gu-Kim (NTGK) model offers a semi-empirical
representation of electrochemical heat generation by combining irreversible Joule losses with reversible
entropic terms derived from experimental voltage-current characteristics [20]. The equivalent-circuit model
(ECM) family, on the other hand, replaces detailed electrochemical kinetics with lumped R-C (resistor-
capacitor) networks, coupling electrical and thermal behavior while maintaining low computational cost.
Practically, real LiB cells exhibit anisotropic conductivity because of layered electrodes, separators, and
the winding structure of jelly-roll assemblies. The through-plane conductivity is typically an order of
magnitude lower than that in the in-plane direction, leading to directional heat spreading and possible hot-
spot formation. Although such anisotropy can be explicitly modeled within MSMD or NTGK frameworks,
its impact at the module scale is often dominated by boundary convection effects and coolant distribution.

To focus on the thermal performance of the LCP and to ensure computational tractability, the
electrochemical domain was simplified. Each battery cell was represented as a homogeneous solid with
uniform volumetric heat generation corresponding to the combined reversible and irreversible heat of a 4C
discharge rate. This pragmatic approach, widely adopted in battery thermal management studies, preserves
the overall heat-transfer characteristics while allowing systematic variation of geometric and flow
parameters. All solid regions were assumed isotropic with effective thermal conductivity values, and
radiation and contact resistances were neglected due to their minor contribution under forced-convection
conditions. Temperature-dependent fluid properties were used for the coolant, while other materials were
assumed constant at the reference temperature.

The flow field and heat transfer were described by the three-dimensional, transient, incompressible Navier-
Stokes equations coupled with the energy equation. Conservation of mass, momentum, and energy can be
expressed as follows [21-23] :

ap _

E+V-(pv)—0 €))
0(;:) +V-(pvv) = —-Vp+V- (1) +pg )
a(gtE) +V-(puE) =-V-q+V-:(VT) + ® 3)

Depending on the inlet velocity, the Reynolds number within the channels ranged from laminar to
transitional and fully turbulent regimes. For Reynolds numbers above approximately 2300, the flow was
treated as turbulent using the standard k-&¢ model, which solves additional transport equations for the
turbulence kinetic energy (k) and its dissipation rate (&) [24]:

a(pk
PR v (ouk) =7 (PLvk) + P, — e )
at O

d(pe) 7 €

— TV (ue) =V (O_—ZVE) + Creq P = Cace (5)

Radiative heat transfer and interfacial thermal contact resistances were neglected, as their contribution was
found to be negligible compared with conduction and forced convection. Heat transfer within the solid
domains follows Fourier’s law, whereas convective heat exchange between the battery surface and the
coolant flow conforms to Newton’s law of cooling. Accordingly, the transient heat conduction equation
can be expressed as:

aT
pCoo + V- (pCoul) =V - (kVT) + qm (6)
where p denotes density (kg/m™), C, the specific heat capacity (J kg K'), T the temperature (K), u the

velocity vector (m s), k the thermal conductivity (W m™ K'). The term g™ represents the volumetric heat
generation rate in the battery cell due to electrochemical reactions and internal resistance during discharge.
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2.3. Numerical Implementation and Grid Verification

The computational domain was discretized using an unstructured hybrid mesh to accurately resolve the
coupled fluid and solid regions of the battery module. The mesh was predominantly composed of
hexahedral elements in the main flow passages and tetrahedral elements in regions of geometric curvature.
Local grid refinement was applied along the channel walls and at the cell-plate contact interfaces to ensure
precise resolution of boundary layer development and conjugate heat-transfer behavior. This meshing
strategy provided a balanced compromise between numerical accuracy and computational efficiency,
enabling stable and physically consistent solutions throughout the simulation domain.

The simulations were conducted in transient mode, allowing the temperature and velocity fields to evolve
dynamically until reaching a quasi-steady state. A time-step independence test was performed using At =
0.1s, 0.5s, 1s, and 2s under identical boundary conditions corresponding to a 4C discharge rate and a coolant
inlet velocity of 0.25 m/s. The variation in Tmax between the 1s and 0.1s time steps was below 0.4 %,
confirming temporal convergence. Accordingly, a time-step size of 1s was adopted for all subsequent
simulations as an optimal balance between computational cost and numerical accuracy. The final
computational domain and mesh structure are illustrated in Figure 2, where the dense refinement around
the cylindrical cell surfaces and coolant channels indicates the regions of dominant thermal gradients and
conjugate heat transfer.

A mesh independence study was carried out using grids of approximately 0.5x10°, 1x10°, 2x10°, 3x10¢,
and 4x10° cells. The differences in Tmax, AT, and pressure drop between the 1x10°-cell mesh and the finer
grids were below 1%, showing that further refinement did not improve the results. Therefore, a grid of
about 1x10° cells was used for all simulations. Near-wall inflation ensured adequate boundary-layer
resolution, giving an overall y* range of 20-60, which is suitable for the standard k—e turbulence model.

Figure 2. Computational domain
2.4. Numerical Simulation and Validation

The thermal behavior of LiBs originates from several coupled electrochemical processes, including
irreversible Joule heating, entropic heat during lithium intercalation and deintercalation, and additional side
reactions at the electrode-electrolyte interface. The net heat generation depends on the state of charge,
discharge rate, and internal resistance, all of which influence the local temperature distribution inside the
cell. To maintain computational efficiency and focus on thermal management performance, these combined
effects were represented by an equivalent volumetric heat generation rate corresponding to a 4C discharge
condition, incorporating both reversible and irreversible contributions under high-power operation.
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For the present study, each cell was modeled as a uniform heat-generating solid in the battery module, and
the surrounding fluid domain represented the LCP structure. Transient simulations were conducted over
700s, allowing the Tmax to evolve until thermal equilibrium was reached. The initial temperature of all
domains and the coolant inlet were set to 298.15 K. In the validation stage, the same heat-generation model
was applied under no-cooling conditions (adiabatic surroundings) to replicate the reference case reported
by Zhang et al. [25].

The comparison between the reference study and the present numerical model is presented in Figure 3.
Both curves exhibit a nearly linear rise in Tmax With time, confirming that the implemented thermal source
term accurately reproduces the expected heat generation behavior during high-rate discharge. The
maximum deviation between the predicted and reference temperatures remained within 1.2% throughout
the 700s period, validating the numerical accuracy of the simplified model. This validation confirms that
the present simulation framework can reliably predict transient thermal responses of cylindrical lithium-ion
cells under intensive discharge conditions. The verified model was subsequently used to assess the thermal
performance of the multi-channel LCP configurations introduced in Section 2.1.
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Figure 3. Validation of the simulated model [25]
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After model validation, the simulation matrix presented in Figure 4 was designed to explore the influence
of geometric and operational parameters on the thermal behavior of the module. The analysis considered
four LCP configurations, two coolant formulations, and three inlet velocities (0.1, 0.25, and 0.5 m/s) under
a constant 4C discharge rate. These combinations provided a systematic framework for evaluating both
temperature uniformity and overall cooling effectiveness across all cases.
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Figure 4. Roadmap of the study
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3. RESULTS AND DISCUSSION

Figure 5 shows the steady-state temperature contours for the four LCP configurations at a coolant velocity
of 0.1 m/s, using either water or WEG as the working fluid. The two-channel plate demonstrates superior
temperature uniformity and the lowest cell temperatures under cooling with water. Decreasing the channel
height in the designs with three, four, and five channels weakens local convection and reduces flow mixing
between adjacent passages.

In the case of the WEG (Figure 5b), the temperature increases by approximately 1 to 2 K under the same
operating conditions. This rise results from the mixture’s lower thermal conductivity and higher viscosity,
which weaken heat transfer and slow the renewal of the boundary layer along the cell surfaces. The
temperature field appears slightly more layered, especially in the configurations with four and five channels,
where higher flow resistance leads to reduced circulation. At this low inlet velocity, the two-channel design
achieves the best cooling performance by maintaining both a low Tmax and a uniform temperature
distribution. Increasing the number of channels extends the flow coverage but also causes higher pressure
losses and lower convective efficiency because of the smaller flow area and limited coolant mixing.

The differences observed between channel designs are closely linked to how the coolant distributes and
moves within the plate. In the two-channel configuration, the greater channel height reduces hydraulic
resistance and promotes a more uniform velocity field, allowing the coolant to sweep the cell surfaces
efficiently and maintain strong convective heat transfer. When additional channels are added, the reduced
channel height restricts the available flow area and forces the coolant into narrower paths, increasing
resistance and reducing through-flow. This leads to lower velocities and small recirculation regions,
particularly near the manifold connections and side walls, where heat removal becomes less effective. These
flow characteristics become more pronounced in the four- and five-channel configurations, resulting in
higher Tmax and reduced temperature uniformity.
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Figure 5. Temperature contours of the battery module at 0.1 m/s coolant velocity for different working
fluids: (a) water and (b) WEG
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As shown in Figures 6a-c, the temperature evolution of the battery module follows a clear transition from
transient to steady state. During the initial 100 s, the temperature increases rapidly as internal heat
generation dominates, and then gradually approaches a steady state once heat removal by the coolant
becomes sufficient. At the lowest inlet velocity of 0.1 m/s, limited convection emphasizes the geometric
differences among the four LCP configurations. The two-channel design maintains the lowest temperature,
around 305 K, whereas the five-channel configuration reaches nearly 308 K, primarily because reduced
flow mixing and the smaller channel height restrict local heat transfer.

The convective heat transfer improves for all configurations at an inlet velocity of 0.25 m/s, leading to a
temperature drop of around 3 K. The two-channel plate continues to demonstrate the most effective thermal
performance by providing a stable and uniform temperature field. Only a slight additional cooling of less
than 0.5 K is observed as the velocity is further increased to 0.5 m/s (Figure 6¢), which suggests that the
flow has entered an efficient convective regime where higher velocities bring little additional benefit. These
results indicate that the most significant increase in heat dissipation occurs in the low-to-medium coolant
speed range. Beyond this range, the decrease in Tmax becomes insignificant. This observation is consistent
with previous numerical and experimental studies on liquid-cooled battery systems, which have reported
that most convective enhancement occurs before the flow is fully developed. In addition, the thermal trends
also correspond to the relative pressure drop of the channel designs, as configurations with higher hydraulic
resistance require greater pumping power while still providing weaker temperature reduction.
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Figure 6. Evolution of the Tmax for the four LCP configurations at different coolant velocities using water
as the working fluid: (a) 0.1 m/s, (b) 0.25 m/s, and (¢) 0.5 m/s
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The overall temperature field exhibited a similar pattern to that of pure water after the coolant was replaced
with the WEG, as shown in Figures 7a-c. The temperature levels increased up to 2 K in all tested velocities,
mainly due to the lower thermal conductivity and higher viscosity of the mixture, which reduce the
Reynolds number and weaken convective heat transfer. Despite this temperature rise, the relative thermal
ranking of the LCP geometries remained unchanged. The two-channel configuration achieved the lowest
Tmax, Whereas the four- and five-channel plates exhibited higher steady-state values because their smaller
hydraulic diameters restricted coolant mixing and increased hydraulic resistance. These results confirm that
decreasing channel height limits both heat removal and temperature uniformity, whereas the two-channel
plate provides the most effective balance between cooling capacity and flow resistance, keeping Timax below
306 K and AT within 3 K under nominal operating conditions.

315 310

w

—

—}
T

e

=

h
T

LA L

———— 2 Channel
~——=+—— 3 Channel

——v—— 2 Channel
~——v—— 3 Channel

Maximum Temperature (K)
Maximum Temperature (K)
-
=}

-

300
———— 4 Channel ———— 4 Channel
300 5 Channel ————— 5 Channcl
I ISR ETRTRTE | I ENRNRT 1 T RSREIN EFSNRNETE ENRTETAE ENATEEE AAETE R
100 200 300 400 500 600 700 { 100 200 300 400 500 600 700
Time (s) Time (s)
a) b)
306

2 Channel
3 Channel
4 Channel
5 Channel

Maximum Temperature (K)

i

oo e s 1
100 200 300 400 500 600 700
Time (s)
<)

Figure 7. Evolution of the Tmax for the four LCP configurations at different coolant velocities using the
WEG as the working fluid: (a) 0.1 m/s, (b) 0.25 m/s, and (¢) 0.5 m/s

Figure 8 illustrates the maximum AT among the battery cells for different channel configurations and
coolant velocities. In both coolant types, AT decreases markedly with increasing inlet velocity, confirming
that stronger convection enhances temperature uniformity. For the water-cooled cases, AT ranges from
about 4 to 5 K at 0.1 m/s to below 3 K at 0.5 m/s, while the WEG exhibits slightly higher temperature
variations due to its reduced thermal conductivity. At all velocities, the two-channel configuration achieves
the smallest AT, maintaining uniform temperature distribution along the coolant path. In contrast, four- and
five-channel designs show larger temperature gradients, especially at low flow rates, attributed to weaker
cross-channel mixing and increased thermal resistance. These results emphasize that channel height and
flow rate jointly control thermal uniformity: decreasing the channel height to fit more channels offers
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broader surface coverage but limits the convective balance, leading to localized hot zones. Consequently,
the two-channel plate again emerges as the most thermally uniform configuration under all tested
conditions.
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Figure 8. Variation of maximum AT between battery cells for different channel configurations and
coolant velocities using water and the WEG
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The combined temperature and AT analyses offer a comprehensive understanding of how geometry and
coolant type influence the overall heat dissipation process. While the thermal contours highlight the
temperature distribution on the battery surfaces, it is equally important to examine the internal coolant flow
behavior within the LCP. Understanding the internal flow structure helps explain the observed differences
in temperature uniformity and local hot-spot formation.

Figure 9 illustrates the velocity contours inside the LCPs, which demonstrate how the number of channels
affects flow distribution and mixing. In the two-channel design, the coolant flows uniformly through each
channel, maintaining a nearly symmetric velocity field with minimal recirculation zones. This promotes
effective contact with the cell surfaces and directly contributes to its enhanced thermal performance. The
three-channel configuration maintains a balanced flow field but begins to show mild velocity decay near
the middle section as the flow divides into smaller branches. In contrast, the four- and five-channel plates
exhibit noticeable velocity stratification and localized low-speed regions, particularly near the outlet
manifold. As the channel height decreases, the hydraulic diameter and Reynolds number are reduced,
leading to weaker convection and more pronounced boundary-layer overlap along the inner walls. Small
stagnation pockets appear in corner regions where coolant recirculation occurs, reducing overall heat-
transfer effectiveness.

Figure 9. Velocity contours of coolant flow for different channel configurations at an inlet velocity of
0.25 m/s (water)
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4. CONCLUSIONS

This study numerically investigated the thermal behavior of multi-channel LCPs for cylindrical LiB
modules under various geometric and operating conditions. The results demonstrated that both channel
height and flow rate play key roles in controlling heat removal, temperature uniformity, and coolant
distribution. Among the analyzed configurations, the two-channel LCP consistently provided the lowest
Tmax and the most uniform thermal field for all coolant types and velocities. Its larger hydraulic diameter
and simpler flow path led to higher convective efficiency and minimal pressure loss. In contrast, increasing
the number of channels led to thinner flow passages and stronger viscous effects, causing localized hot
spots and non-uniform velocity profiles, particularly near the outlet manifold.

The coolant velocity strongly affected heat transfer at low flow rates but showed diminishing returns at
higher velocities. Increasing the flow rate from 0.1 to 0.25 m/s significantly improved heat transfer and
reduced AT by up to 40%, whereas a further increase to 0.5 m/s yielded only marginal thermal benefit
(<1 K) while noticeably raising pumping power. The WEG resulted in slightly higher temperatures (by
about 1 to 2 K) than pure water, due to its lower thermal conductivity and higher viscosity, though the
overall performance trends remained similar. Velocity contour analysis confirmed that the main cause of
temperature non-uniformity in narrow channels is the disturbance in flow distribution. The two-channel
plate maintained a stable flow field without major recirculation, aligning with its superior thermal results.

In practical terms, these findings highlight that a moderate coolant velocity (=0.25 m/s) combined with a
two-channel LCP design offers the optimal balance between thermal performance, flow uniformity, and
energy efficiency. The results contribute to the design of lightweight and scalable cooling systems suitable
for compact EV battery modules. Future work will focus on extending this approach to curved and multi-
inlet channel designs, as well as incorporating conjugate electrochemical-thermal coupling to further
enhance model accuracy.
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This study aims to present an innovative solution that will help
analyze market trends and price dynamics, identify risk factors, and
provide investors with predictions using big data analytics and
advanced artificial intelligence algorithms. Bitcoin closing price
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and Monte Carlo scenarios have been generated for short-term
Bitcoin closing price predictions; and tail-risk metrics such as Value
at Risk (VaR) and Conditional Value at Risk (CVaR) have been
calculated. A dataset for BTC/USDT symbol has been prepared
using Binance API. The performance of developed models was
evaluated using Root Mean Squared Error (RMSE), Mean Absolute
Error (MAE), and Mean Absolute Percentage Error (MAPE). The
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prediction models developed for short term. Prediction models
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Bu calisma, biiytik veri analitifi ve gelismis yapay zeka
algoritmalar1 kullanarak piyasa trendlerini ve fiyat dinamiklerini
analiz etmeye, risk faktorlerini belirlemeye ve yatirimcilara
tahminler sunmaya yardimci olacak yenilik¢i bir ¢dziim sunmay1
amaglamaktadir. Kisa, orta ve uzun vadeli Bitcoin kapanis fiyati
tahmin modelleri, Uzun-Kisa Vadeli Bellek (LSTM), Kapili
Tekrarlayan Birim (GRU) ve transformatdr mimarisine dayali
modeller kullanilarak gelistirilmis ve kisa vadeli Bitcoin kapanig
fiyat: tahminleri i¢in Monte Carlo senaryolar1 olusturulmustur;
ayrica Deger Riski (VaR) ve Kosullu Deger Riski (CVaR) gibi
kuyruk riski metrikleri hesaplanmustir. Binance API kullanilarak
BTC/USDT sembolii i¢in bir veri seti hazirlanmistir. Gelistirilen
modellerin performansi, Kok Ortalama Kare Hatasi (RMSE),
Ortalama Mutlak Hata (MAE) ve Ortalama Mutlak Yiizde Hatas1
(MAPE) kullanilarak degerlendirilmistir. Sonuglar, en basarili
sonuglarin  kisa vadeli tahmin modelleriyle elde edildigini
gostermigtir. GRU ile gelistirilen tahmin modelleri {istiin
performans gdstermistir.
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1. INTRODUCTION

Cryptocurrency markets, a new financial space where investors and institutions transact digital assets,
tokens, and smart contracts, are based on blockchain technology like Bitcoin and Ethereum, and represent
a significant area for the current economy. The buying and selling of digital assets take place within this
ecosystem. These markets are not governed by a single authority; transactions are secured with
cryptographic verification and distributed ledger technologies, ensuring high reliability [1].

Despite their high volatility, cryptocurrencies have become increasingly popular due to features such as
faster money transfers and lower transaction costs. According to available information, the total market
capitalization of the cryptocurrency market exceeded $2.5 trillion USD as of June 2024. Bitcoin, introduced
in 2008, is the first open-source digital currency, managed by an open-source software algorithm operating
over a global internet network. Currently, over 2,000 different cryptocurrencies are traded on the market.
Despite the large number of cryptocurrencies, Bitcoin still accounts for approximately half of the total
market capitalization. Bitcoin's price movements can generally be explained by supply and demand
dynamics. This, however, is quite significant in determining the overall direction of the cryptocurrency
market [2].

While the market is more mature than in previous years due to increased liquidity, cryptocurrencies still
exhibit high price volatility. Macroeconomic developments such as interest rates, inflation, and regulation
strongly influence prices. However, this high volatility and dynamic nature of cryptocurrency markets make
it difficult for investors to make informed decisions. In this context, investors can be vulnerable to
instantaneous changes. The dramatic price fluctuations in a short period, driven by market sentiment, social
media influences, and macroeconomic factors, make it challenging for investors to take precautions against
such fluctuations. The unpredictable nature of the market leads investors to focus more on risk management
strategies.

Risk management strategies also primarily focus on price analysis. Analyzing data sources such as price
movements, trading volume, and market sentiment is a strategic approach that allows for a more accurate,
holistic, and predictable assessment of the rapidly changing nature of cryptocurrency markets. However,
accurate analysis is crucial. Manual methods cannot fully capture the sensitivity of this analysis.
Consequently, these methods do not achieve high success rates. Investors need to be able to accurately
analyze market trends and price dynamics. Therefore, providing reliable and real-time predictions is
essential for investors to make informed and strategic decisions in the cryptocurrency market. In this
context, price prediction for the cryptocurrency market is a crucial strategic action for managing the risks
of these highly volatile assets, optimizing investment strategies, and making more informed trading
decisions to minimize potential losses and maximize returns. With price prediction in cryptocurrency
markets, risks can be managed more effectively [3]. It becomes possible to make buy-sell decisions at the
right time, maximize profits, and limit losses. Furthermore, it becomes possible to shape portfolio strategies
more rationally and to identify market trends and turning points in advance.

This study aims to present an innovative solution that will help analyze market trends and price dynamics,
identify risk factors, and provide investors with predictions using big data analytics and advanced machine
learning algorithms. To this end, an Al-based prediction engine has been developed. The goal is to predict
future market movements, and Bitcoin closing price prediction models have been developed using
prediction algorithms powered by advanced machine learning techniques such as LSTM, GRU, and
Transformer-based models.

The study also included the generation of Monte Carlo scenarios for short-term price forecasts and the
calculation of tail-risk measures such as VaR and CVaR. Position sizes were dynamically adjusted using
threshold and budget rules, and automatic warning mechanisms have been activated against sudden price
changes.

The most significant difference between this study and the existing literature is that it simultaneously
evaluates short-term (1 min), medium-term (5 min), and long-term (30 min) crypto closing prices. The
methodological approach, which includes transformer-based architecture rarely seen in literature, is quite
diverse, incorporating time-series-based methods such as LSTM and GRU and the performance of
developed models was evaluated using RMSE, MAE, and MAPE. Walk-forward cross-validation has been
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used in the data preparation and evaluation process. By retraining each fold and maintaining time-series
dependency, reproducibility and realistic performance have been ensured. Most studies in academic
literature are far from risk optimizations. The literature review does not include any studies that conduct
risk analysis. This constitutes an important innovative feature of the study. In this study, Monte Carlo
scenarios have been generated; VaR and CVaR tail-risk measures have been calculated. By dynamically
adjusting position sizes with threshold and budget rules, automatic warning mechanisms against sudden
regime changes have been activated. This has made it possible to make investment decisions more
sustainable by basing them not only on expected returns, but also on expected loss and excessive risk
measures.

This study is organized as follows: Section 2 includes relevant literature. Dataset generation is presented in
Section 3. Methodology is presented in Section 4. Development of models is presented in Section 5. The
procedures and analyses related to Risk Management and Portfolio Optimization are presented in Section
6. Results and discussion are given in Section 7. Section 8 concludes the paper.

2. LITERATURE REVIEW

Alnami et al. [4] using datasets of Bitcoin, Ethereum, Binance Coin, and Litecoin cryptocurrencies, they
employed machine learning and deep learning to predict closing prices for these cryptocurrencies. A
Random Forest (RF) community learning algorithm, a Gradient Boosting model, and a feedforward neural
network have been used. A Z-score-based anomaly detection strategy has been adopted to classify closing
prices as normal or abnormal and to help identify significant market events. The performance of the models
has been analyzed using Mean Squared Error (MSE), RMSE, MAE) and and Determination of Coefficent
(R*2) metrics. Experimental results showed that the RF and Gradient Boosting models have been
successful.

Asmat and Maiyama [5] emphasized using the Neural Basis Extension Analysis Time Series (N-BEATS)
deep learning architecture, which has high performance in modeling complex patterns in time series data
to predict Bitcoin prices. 729 days of hourly Bitcoin price data collected from Yahoo Finance have been
used. The model has been evaluated by comparing it to Linear Regression and LSTM. In the experimental
results, the model has been analyzed using MAE and R*2. N-BEATS provided an R? score of 0.00240 and
an MAE score of 0.9998.

Kaur et al. [6] Ethereum (ETH), Bitcoin (BTC), and Litecoin (LTC) have been studied for exchange rate
prediction. Two categories of Recurrent Neural Networks (RNNs) have been used: LSTM and GRU. The
GRU model has been optimized with Adam with a 20% dropout rate to prevent overfitting and implemented
as a two-layer deep learning network. Historical price datasets have been obtained from the
CryptoDataDownload source and normalized. The dataset has been split into training and testing segments
of 80%—20%. Prediction performance has been evaluated using MSE, MAE, MAPE, and RMSE.
Experimental results showed that the GRU model performed better than the LSTM. The GRU provided
MAPE values of 0.03540, 0.08703, and 0.04415 for BTC, LTC, and ETH, respectively.

Makri et al. [7] aimed to predict Ethereum prices for short-term and limited prediction scenarios, using
Large Language Models (LLMs) for this purpose. A new approach has been proposed that adapts pre-
trained LLMs to the specifics of the Ethereum price time series problem. This approach has been analyzed
for performance across several metrics, including MSE, MAE, and RMSE. The results show that the
proposed approach provides the most advanced performance in this area.

Mazinani et al. [8] aimed to predict the prices of Bitcoin (BTC), Ethereum (ETH), and Ripple (XRP) and
analyzed the performance of deep learning algorithms in both short-term and long-term prediction. Models
have been evaluated using RMSE, MAE, MAPE, and R*2 metrics. Experimental results showed that
Transformer has been generally more effective for short-term predictions and also performed well for long-
term predictions. Convolutional Neural Network-Iterative Neural Network (CNN-RNN) achieved the
lowest complexity in terms of the number of Multiplication and Addition (MAC) operations. The
SimpleRNN method has been observed to have the fewest parameters and the smallest FLASH memory
requirement. Overall, CNN Gate Iterative Unit (CNN-GRU) provided the best common accuracy-
complexity for predicting BTC and ETH prices, while CNN-RNN yielded superior results for XRP price
prediction.
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Pandey and Sharma [9] aimed to create a deep learning architecture using RNN, CNN, and LSTM to predict
Bitcoin and Ethereum prices. CNNs have been used to extract features from historical price data. A dataset
containing major cryptocurrencies has been used as the dataset. Experimental results showed that the
proposed model predicted cryptocurrency prices with high accuracy. Consequently, the bidirectional model
outperformed traditional time series forecasting methods and one-way models, revealing the potential to
improve price prediction in the cryptocurrency market.

Kang et al. [10] aimed to integrate deep learning-based price prediction with technical indicators. Twelve
deep learning models have been developed. The success of the developed models and their performance in
generating trading signals have been analyzed across various cryptocurrencies and prediction periods.
Backtesting has been conducted to determine the most suitable strategy, evaluated using the Sharpe ratio.
In the experimental results, it has been observed that SegRNN performed better than other models in price
prediction, while a strategy combining TimesNet and Bollinger Bands (BB) provided the highest trading
performance in the ETH market with a return of 3.19, a maximum decline of -7.46, and a Sharpe ratio of
3.56. With the integration of models and technical indicators, significant improvements have been shown
in the mid-range 4-hour timeframe, while no performance improvement has been achieved in shorter
timeframes such as 30 minutes.

Saeed et al. [11] presented a systematic review of existing commodity price forecasting models for housing
prices in the real estate market. Different commodity price forecasting models used in academic and
commercial settings have been identified and analyzed. The study included forecasting of housing prices,
stock prices, and natural gas prices. In each category, ensemble methods, neural networks, support vector
machines, time series analysis, and regression analysis have been used. The study also presented an analysis
of the strengths and weaknesses of the existing models and the key variables affecting their performance.

Chandra et al. [12] aimed to examine approaches to leverage time series methodology using Prophet for
cryptocurrency price prediction and incorporating sentiment analysis from social media, and proposed a
CNN-LSTM layer. The approach is trained on real-time financial data streams, and performance is
evaluated using accuracy score, MAPE, and R"2. In the experimental results, it has been observed that
integrating sentiment analysis with CNN-LSTM provided high performance with an accuracy of 0.94 in
the training data and 0.91 in the test data compared to the Prophet algorithm on Bitcoin closing prices.

Golnari et al. [13] focused on BTC and aimed to predict digital currency prices. They used Probabilistic
Gated Recurrent Units (P-GRU). For evaluation, a year's worth of BTC price history, sampled at five-
minute intervals, has been used. A pre-trained model on BTC data has been used to predict the prices of six
major cryptocurrencies: Ethereum, Litecoin, Tron, Polkadot, Cardano, and Stellar. GRU, LSTM, time-
distributed, bidirectional, and simple models have been analyzed. A separate model has been created for
each cryptocurrency. A recall mechanism has been used for model optimization. The transfer learning
paradigm has been adopted in the study.

Kamboj et al. [14] explained the evolution of cryptocurrencies and their global impact. Their aim has been
to improve decision-making processes by identifying patterns and indicators in the crypto sector. Using
Scikit-Learn and Pandas, they created an adaptive environment.

Kavithra et al. [15] performed cryptocurrency price prediction using deep learning techniques. Focusing on
20 cryptocurrencies, they utilized LSTM, GRU, Bi-Directional Long Short-Term Memory (Bi-LSTM), and
Hybrid LSTM-GRU methods, achieving high accuracy in price prediction. Additionally, the study offered
strategies to guide users on whether to buy, sell, or hold cryptocurrencies daily. Data preprocessing has
been performed using a Min-Max scaler.

Kawli et al. [16] aimed to examine the performance of iterative neural networks, deep learning neural
networks, Bayesian regression, k-nearest neighbor, support vector machine, and other algorithms in
predicting the prices of cryptocurrencies such as Bitcoin, Ethereum, Dogecoin, and Litecoin. Literature
studies on price prediction using machine learning have been utilized, including studies on Non-Fungible
Token. (NFT) sales predictability, NFT sales price fluctuation prediction, gold price prediction, and silver
price prediction. The study focused on comparing machine learning algorithms with high-dimensional
features, time series analysis, and different statistical models. Market liquidity and stock market dynamics
have been also analyzed in relation to prediction models.
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Rajaei and Mahmoud [17] presented an RF model to predict short-term price jumps in the cryptocurrency
market. Binance historical daily data from January 1, 2018, to December 31, 2021, has been used for model
training, and the test set date range has been selected as January 2022 to October 2023. An oversampled
training data set has been also used. Experimental results showed that using a 1% growth rate on the
LSK/USDT test datasets for the periods October 1-31, 2023, July 1, 2023- September 30, 2023, and January
1, 2022-October 31, 2023, profits of 18%, 30%, and 68% have been obtained, respectively.

3. DATASET GENERATION

A dataset for the BTC/USDT symbol has been prepared using the Binance API. BTC is Bitcoin that is
traded. USDT is a stable cryptocurrency related to the US dollar. BTC/USDT is a value that shows how
much USDT (approximately how many US dollars) 1 Bitcoin is worth. BTC/USDT offers a long and
continuous time series, which allows for more stable convergence in prediction models. The dataset
contains 45.000 data points. BTCUSDT - 1-minute candlestick data has been retrieved sequentially from
the Binance Klines API to reach a total target observation count 45.000. Data has been retrieved with a
batch size of 1000 and the endtime has been shifted backward to create causal cumulative data. Derivative
price features close_open, high low, and return_1 have been added. Gaps that might occur due to shift
targets and technical indicators to be used in subsequent steps have been cleaned using dropna().
Additionally, technical features have been added.

Sentiment scores have been calculated using feedparser from Really Simple Syndication (RSS) feed sources
including Google News (bitcoin/crypto search), CryptoPanic, CoinDesk, Cointelegraph, CryptoSlate, and
Finbold. Titles and publication times have been retrieved from each source. Published at times have been
converted to UTC. News articles have been filtered to the time interval intersecting the price data's time
window (min_time < published at < max_time). News publication times have been rounded to the nearest
minute using floor('T"). If multiple news articles were available in the same minute, the average compound
has been used. A left join has been performed with the price data via open_time. For sentiment analysis, a
Valence Aware Dictionary and sEntiment Reasoner (VADER) model has been used to generate a sentiment
score for each news headline. VADER, which works at the sentence level using a dictionary-based
approach, considers emotionally charged words, negative structures, and intensifiers, especially in short
and concise expressions, to produce a polarity scores(title)['compound'] value. This value provides a single
normalized score between -1 and +1. The average of the compound scores of the news headlines has been
calculated for each minute, and the sentiment_score has been considered 0 for minutes without any news.
To increase the numerical stability of the model, ensure faster convergence, and maintain scale fit between
features, all input variables have been scaled to the 0—1 range using MinMaxScaler. Furthermore, since the
distributions of the 1, 5, and 30-minute targets differed, each target has been normalized separately using
its own min—max values; thus, the model has been able to learn each target in a balanced manner, and the
predictions were able to be accurately returned to the actual scale.

The main reason for choosing short-term forecasting horizons of 1, 5, and 30 minutes in this study is that
the proposed structure is designed not for long-term price forecasting, but for monitoring high-frequency
market behaviors and supporting early warning mechanisms based on model errors.

Cryptocurrency markets, due to their 24/7 availability, high volatility, and frequent exposure to sudden
regime changes, cause the loss of significant microstructural information on hourly or daily timescales.
Longer time horizons can temporally mask short-term but critical price movements and sudden
deteriorations in model performance.

Furthermore, the residual return-based risk and anomaly metrics (percentile-based bounds, VaR, and
approximate threshold values) used in this study require a higher observation density to produce statistically
significant results. In hourly or daily forecasting horizons, both the decrease in the number of observations
and the increase in error accumulation limit the operational effectiveness of these metrics.

In this context, 1, 5, and 30-minute forecasting horizons;
o preserving the effects of the market microstructure,

e enabling local temporal monitoring of model errors, and
e generating early warning and risk signals without delay.
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The attributes and descriptions of the dataset are given in Table 1.

Table 1. The attributes and descriptions

Attribute

Description

Open
High
Low
Close
Volume

Close open

High low

SMA-15 (Simple moving average)
EMA-15 (Exponential moving average)
RSI-14 (Relative strength index)
Volatility

Return 1

Sentiment score

Target close 1

Target close 5
Target close 30

The opening price of the relevant minute

The highest price recorded during that minute
The lowest price recorded during that minute
The closing price of the relevant minute

The trading volume (amount of BTC) in that
minute

The difference between the opening and closing
prices.

The difference between the highest and lowest
prices recorded.

The arithmetic means the closing prices of the last
15 minutes.

The exponential moving average of the last 15
closing prices.

14-period Relative Strength Index (0—100).
Standard deviation of the last 15 closing prices.
A measure of short-term momentum.

Average of VADER compound sentiment scores
of headings, aligned to open_time (UTC) minutes.
Closing price after 1 minute.

Closing price after 5 minutes.

Closing price after 30 minutes.

4. METHODOLOGY

The literature review revealed that LSTM and GRU methods are frequently used in time series problems
for cryptocurrency forecasting [5,6,9,13,15]. Therefore, LSTM and GRU have been chosen as forecasting
methods.

4.1. Long Short-Term Memory

LSTM, a type of recurrent deep learning algorithm, is quite significant. Its control flow is similar to that of
a Recurrent Network Network (RNN) [18]. It can successfully manage information and data processing
processes that propagate forward. An important feature is that, unlike traditional recurrent networks, the
feedback loop in an LSTM network makes it possible to process individual data points and entire sequences.
In this context, LSTM networks can be used in time series data processing and regression problems [19].

4.2. Gated Recurrent Unit

GRU is an RNN variant that combines entry and forget gates into a single update gate [20]. The update gate
is responsible for determining which information should be kept, discarded, or updated with new data. The
reset gate controls how much of the past information should be forgotten [21].

4.3. Transformer Architecture

The Transformer model is currently of significant importance as a revolutionary architecture in deep
learning. Transformers have achieved remarkable success in various fields and have demonstrated their
performance in Natural Language Processing (NLP), including language translation, sentiment analysis,
and text summarization. Extending their applicability to image processing, transformers are used in areas
such as image classification and object detection and are adapted for visual tasks. They are capable of
capturing long-range dependencies and are frequently used in tasks such as predicting stock prices or
weather patterns. The model architecture incorporates self-attention mechanisms, parallelism, and multi-
heading attention. With self-attention mechanisms, the model weighs the importance of different parts of
the input sequence when making predictions. The Transformer architecture is capable of highly parallelized
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computation, making it more efficient than sequential models. It has faster training time. The model
includes an encoder and a decoder. The encoder processes the input sequence by capturing contextual
information. The decoder produces an output sequence. The self-attention mechanism is extended with
multiple heads, allowing the model to focus on different aspects of the input sequence simultaneously. This
enhances the ability to capture complex relationships. Transformers do not naturally understand the order
of the input sequence. To address this problem, positional encodings are added to the input embedded
vectors, and these encodings provide position information of the tokens in the sequence [22].

5. DEVELOPMENT OF THE MODELS

The last 20% of the data has been allocated as the test set, and the first 80% as the training set. The time
order has been preserved. Model input sets have been created using the sliding window approach. The last
60 minutes of price, technical indicator, and sentiment information have been used for each prediction.
Sequential sequences have been generated by sliding each window by 1 minute. With this structure, models
have been trained to predict closing prices 1, 5, and 30 minutes later, based on a historical 60-minute
context. The basic hyperparameter values of the developed prediction models are given in Table 2.

Table 2. Hyperparameter values

Method Values
LSTM “Epoch”: [64]
“Bach Size”: [64]
GRU “Earlystopping _Patience”: [3]

“Reducelronplateau_Factor”: [0.5]

“Reducelronplateau_ Patience™: [2]

“Learning_Rate”: [0,0000078125 - 0.001]
Transformer Architecture “T”: [60]

“F: [13]

“D_Model”: [128]

“Dropout”: [0.2]

“Layernorm”: [128 — 256]

“Learning Rate”: [ 0.01]

“Epoch”: [20]

“Bach Size”: [64]

5.1. LSTM based Bitcoin Closing Price Prediction Models

During the model development phase, separate models have been trained for each prediction (after 1 minute,
5 minutes, and 30 minutes) using the same LSTM architecture. Instead of a single multi-output, three
separate models have been used for the 1-minute, S-minute, and 30-minute targets. This allowed each target
to be optimized according to its own dynamics. This architecture has been designed with a 64-cell LSTM
with time information transfer (return_sequences = True) in the first layer, a 32-cell LSTM in the second
layer, 20% dropout between layers to prevent overfitting, and regression estimation with a single-neuron
Dense layer at the output. The models have been trained with the Adam optimization algorithm and the
MSE loss function and 10% validation split have been used in the training. In addition, with the Early
Stopping mechanism, training has been stopped if the validation loss did not improve for three consecutive
epochs, and the best weights have been preserved. The reason we initially used a 64-cell LSTM and then a
32-cell LSTM was to first capture high-level time series patterns and then compress them with smaller cells
to learn more abstract representations. Outputs have been normalized using a separate MinMaxScaler for
each target, and training has been completed. The predictions generated during the testing phase were
subsequently subjected to an inverse transformation to recover their corresponding original price values.
This allowed for direct comparison of 1-minute, 5-minute, and 30-minute Bitcoin closing price predictions
with actual prices.

5.2. GRU based Bitcoin Closing Price Prediction Models

Without making any changes to the data side, the model has been developed using the same pipeline as in
LSTM, but this time with GRU, a lightweight and computationally efficient modeling method.
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Since the models developed with GRU provided the most successful prediction performance, various model
development attempts have been made based on it. To improve model performance, instead of a fixed 80%—
20% train—test split, a progressively expanding Walk-Forward Cross-Validation (WF-CV) has been
implemented to maintain temporal dependence. The WF process has been started from the first 60% of the
dataset, creating a total of 4 folds. In each fold, approximately 70% of the relevant time interval has been
used for training and 30% for validation. For each fold, the model has been retrained only in its own training
block and tested on the validation block. If the val loss value did not improve for two consecutive epochs,
the learning rate has been halved.

In model training, the EarlyStopping mechanism has been used, and if the val loss value did not improve
for three consecutive epochs, training has been terminated and the best weights have been restored. The
Huber loss function has been preferred to reduce the effect of sudden jumps. It is assumed that news
sensitivity is reflected in prices gradually over time, rather than instantly. The sentiment_score variable has
been smoothed using an exponentially weighted moving average, and news from the last 10 minutes has
been given higher weight with a SENTIMENT EMA_SPAN of 10. Furthermore, based on the assumption
that news is reflected in prices with a delay of a few minutes, the Exponential Moving Average (EMA)
output has been shifted by 5 minutes (sentiment decay lag), allowing the model to learn about the
relationship between news and delayed price effects. The sentiment decay and sentiment decay lag
columns have been included in the feature set.

5.3. Transformer based Bitcoin Closing Price Prediction Models

Transformer architecture has been chosen for development because it better models long-range
dependencies (self-attention) and cross-feature interactions. However, the additional data-side adjustments
adversely affected the error metrics; therefore, these modifications have been reversed, and the original
dataset for the GRU/LSTM structures has been retained as the baseline model. Learnable positional
embedding has been employed, and 60-length position vectors have been added to the model to integrate
time information into the attention mechanism. The Transformer architecture used consists of a doubly
repeating encoder block, each containing a LayerNorm, sub-layers, and residual linkage structure. Each
encoder block has two sub-layers: Multi-Head Self-Attention (MHA) and position-wise feed-forward
network (FFN). Since the number of heads is 4, attention calculations are performed in four parallel heads,
and then these outputs are concated and reprojected with W_O (batch, T, 128) to preserve the original
dimension. The output of this layer is added to the input via a residual link and passed to the next stage of
the encoder. The attention score formula is given in (1).

Attention (Q, K, V) =softmax (Q—\/I;_:)V (1

The Position-wise Feed-Forward Network (FFN) consists of a two-layer MLP applied independently at
each time step. In the first stage, the input is passed through a Dense layer with 256 neurons and ReLU
activation and then transformed into a higher-dimensional representation via a nonlinear transformation. A
20% dropout is then applied to prevent overlearning and increase the model's generalization capacity. In
the final stage, a second Dense layer with 128 neurons is used to project the output back to the model
dimension of 128. Thus, the FFN, operating independently at each time step, performs a structural
transformation that increases the learning capacity of the Transformer encoder block by projecting the input
into a 256-dimensional intermediate space and then back to its final 128-dimensional representation, while
preserving the output dimension (batch, T, 128). In the encoder block, LayerNorm is applied to both sub-
layers, and then the FFN output is summed using residual coupling to ensure stable and rapid convergence
of the model along the depth. To transfer the encoder output to the regression head, a batch 128-dimensional
representation is obtained by applying GlobalAveragePooling1D on the time domain, and in the final stage,
a one-dimensional output predicting the price level is produced with the Dense layer. The Transformer
architecture used is built on a backbone structure consisting of two encoder blocks; each block consists of
LayerNorm, four-head Multi-Head Self-Attention, residual link, ReLU activated, and 0 position-wise FFN
layers respectively. The training configuration includes the MSE loss function, Adam optimization,
ReduceLROnPlateau which halves the learning rate when val loss does not improve for two epochs, and
the EarlyStopping mechanism which restores the best weights after three epochs of no improvement.
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6. RISK MANAGEMENT

Monte Carlo scenarios have been generated for short-term price predictions; tail-risk metrics such as VaR
and CVaR have been calculated. Position sizes have been dynamically adjusted using threshold and budget
rules, and automatic warning mechanisms have been activated against sudden regime changes. Thus,
investment decisions were made more sustainable by basing them not only on expected return but also on
expected loss and tail-risk metrics. The Monte Carlo simulation has been run in the return space; prediction
errors have been converted from price to residual return, and residual return values during the training
period have been bootstrapped from two separate pools by regime separation (high volatility / normal
volatility); in the testing phase, the pool corresponding to the volatility regime of the relevant minute has
been used. Edge gating has been applied to increase cost awareness in trading decisions; positions have
been not opened, or existing positions have been not maintained in cases where the round-trip transaction
cost and additional safety margin have not been met. Position sizing has been done based on CVaR, and a
risk budget and maximum position limit have been also defined. The integrity of the risk management
process has been strengthened by generating log-based alerts for situations such as high volatility, VaR
violations, and approaching the maximum position limit. With the implementation of the risk layer, the
gross number of trades has been reduced, and expected loss per trade has been controlled. Edge gating
eliminates unnecessary micro-trades, and tail risk is kept under control through CVaR-based sizing.

7. RESULTS AND DISCUSSION

The performance of the developed prediction models has been evaluated using RMSE, MAE and MAPE
metrics. Since the problem is a regression problem, MAE, MAPE, and RMSE error metrics have been
chosen as evaluation metrics. The formulas for the MAE (2) and MAPE (3) RMSE (4) metrics are given
below.

1
MAE=_Y1 |y =y @)
_100 -y |Yi=Y"i
MAPE =——X¥i_, |T| 3)
RMSE= [EE1L, 0 - 70 0

7.1. Results of Models Developed Using the LSTM

The most successful results are presented in Table 3. The graph of the models is given in Figure 1.

Table 3. RMSE, MAE and MAPE values of the developed models with LSTM

Prediction horizon (min) RMSE MAE MAPE (%)
1 156.23 99.46 0.03

5 198.76 130.03 0.11

30 356.09 223.5 0.2
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Figure 1. The real and forecast values of BTC/USDT price prediction model developed using LSTM
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o It is clearly seen that the error rates decrease as the prediction horizon shortens.

e In 1-minute predictions, a high prediction performance has been achieved with RMSE (156.23), MAE
(99.46), and MAPE (0.09%).

e Although the error rates increased slightly in 5-minute predictions, it can be said that the model
exhibited strong performance in capturing the trend.

e In 30-minute predictions, the error values increased due to the natural volatility of the market but still
remained at reasonable levels.

7.2. Results of Models Developed Using the GRU

Since the models developed with GRU provided the most successful prediction performance, various model
development experiments have been carried out based on it. It has been observed that these experiments
did not improve performance; on the contrary, they worsened it.

At a 1-minute prediction horizon, it has been observed that the RMSE metric produced approximately
20.4% higher error metric values, the MAE metric 33.0% higher error metric values, and the MAPE metric
28.6% higher error metric values. At a 5-minute prediction horizon, the differences decreased, with RMSE
metric showing a 4.6% decrease and MAE metric a 6.0% decrease, while no change has been observed in
the MAPE value. At a 30-minute prediction horizon, the differences in prediction performance between the
experiments increased again. Results have been obtained that were approximately 9.1% higher in RMSE,
12.6% higher in MAE, and 15.8% higher in MAPE. In light of all this, the experiments conducted
performed weaker than the basic model in terms of performance. The most successful results are presented
in Table 4. The graph of the models is given in Figure 2.

Table 4. RMSE, MAE and MAPE values of the developed models with GRU

Prediction horizon (min) RMSE MAE MAPE (%)
1 125.15 76.68 0.07

5 178.22 110.13 0.1

30 348.71 219.2 0.19

117000

116000

115000

114000

Price (USDT)

113000

112000

111000

v ¢ ¢ Date-Time (uj::) ¢ ¢ ¢
Figure 2. The real and forecast values of BTC/USDT price prediction model developed using
GRU - Leakage Fixed

o The superior performance of the developed models has been achieved in the 1-minute predictions.

e The MAPE values of the models were lower than those of LSTM, indicating that model performance
improved in GRU.

e These results show that GRU architecture provides significant gains in short and medium-term
predictions, but only marginal improvement in the long term.

o It has been observed that these experiments did not improve performance; on the contrary, they
worsened it. This increase in error metrics can be explained by several factors: the weakening of the
signal's time-matching and amplitude due to the 5-minute delay of the sentiment score using EMA;
and the decrease in the signal-to-noise ratio as a result of the model's capacity/regularization remaining
the same despite the addition of two new features.
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o The learning rate with ReduceLROnPlateau has been halved from the 3rd epoch onwards; in some
periods, it dropped to very low levels with successive halvings.
o This situation led to insufficient learning, especially in the 5—30-minute horizons.

7.3. Results of Models Developed Using Transformer Architecture

The results of the developed models are presented in Table 5. The graph of the models is presented in
Figure 3.

Table 5. RMSE, MAE and MAPE values of the developed models with transformer architecture

Prediction horizon (min) RMSE MAE MAPE (%)
1 195.63 112.39 0.1

5 336.69 226.45 0.2

30 591.96 409.83 0.37

116000

114000

Price (USDT)

112000

110000

Date-Time (UTC)
Figure 3. The real and forecast values of BTC/USDT price prediction model developed using
Transformer Architecture — Leakage Fixed

¢ Prediction models developed using the Transformer architecture yielded poor prediction performance
compared to GRU and LSTM models.

e The reasons for the Transformer model's failure are explained by readout dilution
(GlobalAveragePooling1D), the absence of causal constraints (no look-ahead mask), and the lack of
an optimization regimen.

7.4. Risk Management
A sample risk test has been conducted using GRU-based models, and the results obtained, along with
performance and risk indicators values, are presented in Table 6. The values for Risk and Distribution

Descriptors, used to evaluate risk signals, are presented in Table 7.

Table 6. Performance and risk indicators values

Performance and risk indicators  Description Values
Cumulative PnL Total profit or loss obtained -0.77
Sharpe (annual) A measure of an investment's risk-reward balance ~ —76.09

by dividing a portfolio's return by its risk

The percentage of the maximum loss an -0.77
Max Drawdown investment experiences from a peak value before

reaching a new high.
Win-Rate The ratio of profitable trades to total trades %0.4
Median (edge) The median value of returns per trade 0.052 bp
Number of trades (position change)  Number of position changes 1
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Table 7. The values for risk and distribution descriptors

Risk and distribution descriptors  Description Values
A fixed-length observation set consisting of 35,903
Residual return pool (n) the prediction errors generated by the model
and covering the last n time steps.
Mean Arithmetic means of values 0.000219 (=
2.19 bp)
These represent the 1% and 99% percentiles, —0.2037% /
pl/p99 (queues) respectively, of the residual return +0.2256%
distribution.

A risk measure calculated from the residual ~ 71.66 —287.20
return distribution represents the maximum

expected margin of error at a 95%

confidence level.

Approximate minimum return level required 50

VaR95 range (sample alerts)

RiskBudget (minutes) for the strategy to be considered to have a
significant advantage (edge)
An approximate threshold value derived ~30 bp (RT
from the residual return distribution and ~10bp + marj
Edge threshold (approx.) used to identify statistically significant ~20bp)
deviations.

In this round, since the dominant conditions were the edge remaining below the transaction cost and VaR95
exceeding the risk budget, the system chose to limit tail-risk by avoiding opening trades; thus, losses have
been kept to a minimum while risk discipline has been maintained at a high level.

Overall, the predicted value results are in the range of [111,000-117,000], and since these are large six-
digit numbers, MAPE decreases and MAE increases as the number gets larger. The most successful results
have been obtained with short-term forecasting models. GRU achieved the best performance in RMSE and
MAE values. LSTM, on the other hand, showed a high success rate with a MAPE value of 0.03.
Transformer Architecture had a weaker forecasting performance compared to LSTM and GRU.

With the developed system,

e Investors are enabled to analyze market trends more accurately, protect themselves against sudden
market changes, and increase their financial gains by making more informed investment decisions.

e A user-friendly interface has been provided with an easily accessible platform for individual and
institutional investors.

¢ A model has been presented that can analyze large, multi-dimensional datasets such as historical price
data, trading volume, market sentiment, and on-chain activity in cryptocurrency markets, and predict
market movements and trends with high accuracy.

8. CONCLUSIONS

In today's economic world, cryptocurrency markets, which have emerged alongside developing technology,
are experiencing very high trading volumes. However, these markets are dynamic because they depend on
many different factors. This dynamism necessitates that investors take action by anticipating certain
strategies. In this context, this study presents an innovative solution that will help analyze market trends
and price dynamics, identify risk factors, and provide investors with predictions using big data analytics
and advanced artificial intelligence algorithms. Short-term, medium-term, and long-term Bitcoin closing
price prediction models have been developed using LSTM, GRU, and transformer architecture.
Furthermore, Monte Carlo scenarios have been generated for short-term price forecasts; tail-risk measures
such as VaR and CVaR have been calculated. Overall, the most successful results have been obtained with
short-term forecasting models. GRU achieved the best performance in RMSE and MAE values. Future
studies could expand this work in various ways to improve prediction performance. Firstly, different
machine learning and statistics-based methods could maximize the accuracy of the study. Similarly, the use
of different datasets is another important factor that could affect the applicability of the study. Additionally,
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exploring ensemble modeling approaches is a significant action that could be implemented in the future.
Finally, risk analysis studies could be expanded to include more variables. All of these are important
elements that could be covered in future studies.
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islemine  bir isleminin
uygulanabilirligine katki saglamak amaclanmistir. Tam faktoriyel
deney dizaym ile 55 HRC sertlikte 100Cr6 ¢elikten numuneler
iizerinde sert tornalama islemi yapilarak Pt cinsinden yiizey
piiriizligiine etki eden faktorler incelenmigstir. Optimum faktor
seviyelerinin belirlenmesinde sinyal-giiriiltii oram1 (S/N) yontemi
kullanilmistir.  Faktorlerin etki seviyeleri ise varyans analizi
(ANOVA) ile tespit edilmistir. Incelenen etki faktorleri sirastyla kater
kesme kenar agist (KAPR), kesici u¢ kose radyusu (RE), kesme
derinligi (Ap) ve ilerleme yoniidiir.

Dis ¢ap tornalama igleminde faktorlerinin optimum seviyeleri ayni
sira ile 93°, 0,4 mm, 0,05 mm ve -Z yonii (aynaya dogru)‘dur.
Faktorlerin etki diizeyleri aym sira ile %46,39, %3,17, %0,97 ve
%0,04 tiir.

Alin tornalama isleminde ise faktorlerin optimum seviyeleri ayni
sira ile 100°, 0,8 mm, 0,05 mm ve +X y6niidiir (donme eksenine
dogru). Faktorlerin etki diizeyleri ayni1 sira ile %20,99, %24,16,
%2,81 ve %1,31°dir.
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This study aims to contribute to the applicability of hard turning as an
alternative to grinding in the machining of hardened steels. Using a
full factorial experimental design, hard turning was performed on
samples of 100Cr6 steel with a hardness of 55 HRC, and the factors
affecting surface roughness in terms of Pt were investigated. The
signal-to-noise ratio (S/N) method was used to determine the optimal
factor levels. The effect levels of the factors were identified using
analysis of variance (ANOVA). The investigated effect factors are, in
order, the cutting edge angle (KAPR), the cutting edge radius (RE),
the cutting depth (Ap), and the feed direction.

In the external diameter turning process, the optimum levels of the
factors are, in the same order, 93°, 0,4 mm, 0,05 mm, and -Z direction
(towards the mirror). The effect levels of the factors are, in the same
order, 46,39%, 3,17%, 0,97%, and 0.04%.

In face turning, the optimal levels of the factors are 100°, 0,8
mm, 0,05 mm, and +X direction (toward the rotation axis),
respectively. The effect levels of the factors are 20,99%, 24,16%,
2,81%, and 1,31%, respectively.
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1. GIRIS

Otomotiv, havacilik, robotik sistemler ve medikal teknolojiler basta olmak iizere, insan yasamini kolaylastiran
modern makinelerin neredeyse tamaminda sertlestirilmis celik malzemelerden {iretilmis kritik is pargalart
bulunmaktadir. Bu bilegenler, kol saati mekanizmalarinda kullamlan mikro elemanlardan, gemi krank milleri, gii¢
aktarma saftlar1 veya rulmanlar gibi tonlarca agirhktaki makine elemanlarma kadar genis bir yelpazede cesitlilik
gostermektedir. S6z konusu parcalar, makine iizerindeki fonksiyonlarina bagl olarak yiiksek statik ve dinamik
yiiklere maruz kalmakta ve 6zellikle asinmaya karst iistiin direng gostermek zorundadir [1-4]; bu gereklilikler
nedeniyle belirli sertlik degerlerine sahip ¢eliklerin kullanimi miihendislik uygulamalarinda zorunlu hale
gelmektedir. Talagh imalat yontemleri ile sekillendirilen bu makine pargalarinin {iretim rotasinda, sertlestirme
isleminin uygulanacag asama, imalat maliyeti ve parca kalitesi agisindan belirleyici bir faktordiir. imalat siirecinin
planlanmasinda; islenebilirlik, operasyonel maliyetler, 1s1l islemin par¢a boyutlarinda ve geometrisinde yaratacagi
olasi distorsiyonlar ile malzemenin kimyasal ve mekanik &zelliklerindeki degisimler biitiinciil bir yaklagimla
degerlendirilmelidir. Ayrica par¢a geometrisinin tezgaha baglanabilirligi ile es merkezlilik, salgi, diklik ve yiizey
plirtizliiliigii gibi hassas geometrik toleranslarin saglanabilmesi gerekliligi, sertlestirme Oncesi ve sonrasi
uygulanacak yontemlerin se¢iminde etkin rol oynamaktadir [5-8]. Giiniimiizde uygun kesme sartlarinin saglanmasi
durumunda tornalama, frezeleme ve delik delme gibi talash imalat yontemlerinin tamamu sertlestirilmis ¢eliklere
uygulanabilmektedir.

Hassas olgiilere sahip silindirik pargalarin imalatinda sertlestirme islemi sonrasi sert tornalama islemi ve taglama
islemi en yaygin uygulanan islemlerdir. Sert tornalama islemi ve taglama igleminin birbirine gre bazi avantaj ve
dezavantajlar1 bulunmaktadir. Parcanin imal adedi, boyutlari, boyutsal ve geometrik toleranslari, sertlik miktart ve
malzeme &zellikleri, miisteri 6zel istekleri, gerek duyulan torna veya taglama tezgahinin amortisman ve igletme
maliyetleri, imalat hiz1 gibi faktorler degerlendirilerek parganin imalat operasyonlarma karar verilir. Endiistriyel
talasli imalatta, miisterinin istedigi kaliteyi, en hizli sekilde ve en az maliyet ile imal etmek hedeflenir [9]. Taglama
islemi, tezgahlarin yiiksek amortisman maliyeti, ayar siiresinin uzun olmasi, isletme maliyeti ve sarf giderlerinin
yiiksek maliyeti kargisinda ancak siparig hacminin yiiksek oldugu durumlarda elverisli olacaktir. Bu gibi durumlarda
sert tornalama iglemi ¢ok daha ekonomik ve hizli bir ¢6ziim olabilmektedir [10].

Galoppi ve arkadaglari [11] hazirladiklar ¢aligmalarinda kaplamali ve kaplamasiz kiibik bor nitriir (CBN) uglarin
100Cr6 malzemenin sert torna iglemindeki performanslarint incelemislerdir. Sonuglara gore kaplamal uglarda
aginma gecikerek kesici takim omrii daha uzundur. Kaplama tamamen agindiktan sonra krater olusumu
baslamaktadir. Kesici takim émriine kesme hizinin, ilerleme hizindan daha 6nemli bir etken oldugunu ortaya
koymuslardir.

Benga ve Abrao [12] hazirladiklar ¢alismalarinda 100Cr6 malzemenin sert torna isleminde seramik ve polikristalin
kiibik boron nitrit (PCBN) kesici uglarin takim 6miirlerini ve ylizey piiriizliiligiine etkilerini karsilagtirmugtir.
Sonuglara gére PCBN uglar seramik uglardan daha iyi bir takim 6mrii saglar. Yiizey piiriizliiliigiine ise hem seramik
uclarda hem de PCBN uglarda en biiyiik etmen ilerleme hizidir.

Chou ve Song [13] ¢alismalarinda kesici takim kdse radyusunun sert tornalama islemindeki etkilerini
incelemiglerdir. Sonuglara gore daha biiyiik u¢ radyuslu kesici takimlar ile daha iyi yiizey kalitesi elde etmislerdir.
Artan kesici takim kose radyusu ile birlikte tegetsel kesme kuvveti de bir miktar artmaktadir. Asinmamis yeni
takimlarda beyaz tabaka olusumu yalnizca 0,3 milimetre/devir (mm/dev) gibi yiiksek ilerleme degerinde
olusmustur. Asinmus takimlarda ise 0,05 mm/dev gibi diisiik ilerlemelerde bile beyaz tabaka olusumu meydana
gelmektedir.

Samardziova ve Neslusan [14] 100Cr6 ¢eliginin sert tornalanmasi {izerine yaptiklari ¢alismada, silici (wiper)
geometrili ve konvansiyonel radyuslu kesici uglarm yiizey piiriizliiligii {izerindeki etkilerini incelemislerdir.
Aragtirma sonuglari, silici geometriye sahip uglarin, konvansiyonel uglara kiyasla belirgin sekilde daha diisiik yiizey
piirtizliiliigii degerleri sundugunu ortaya koymustur.

Kesici takim yanagma agisinin kesme kuvvetlerine ve yiizey piiriizliiliigiine etkisini incelenen bir ¢alismada 93°
yanasma agisi ile 107,5° yanasma agisina gore daha diisiik yiizey piirlizliliigii elde edilmistir. Ancak kiigiik yanagma
ac1si ile kesme kuvvetleri daha yiiksektir [15].

Chinchanikar ve arkadaslari [16] ¢aligmalarinda sert tornalama isleminde kuru kesme, su bazli kesme sivisi ve
kokonat yagl bir kesme sivist ile testler gergeklestirip yiizey piiriizliiliigiine etkisini incelemislerdir. Sonuglara gére
diisiik kesme hizlarimda kuru kesme ile daha iyi yiizey kalitesi elde etmislerdir. Yiiksek kesme hizlarinda ise kokonat
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bazli kesme sivist kuru kesme ve su bazli kesme sivisina gore daha iyi ylizey kalitesi saglamaktadir. Sogutma
yontemi her ne olursa olsun, yiizey piiriizliiliigii artan kesme hiz1 ile birlikte hizla diiserken, kesme hiz1 150-160
metre/dakika (m/dak) kesme hizinmi agtiginda yiizey piiriizliiliigii tekrar yiikselmektedir. Kuru kesme durumunda
daha belirgin olmak {izere ylizey piiriizliiliigiinii en ¢ok ilerleme hizi, daha sonra talas derinligi ve son olarak kesme
hiz1 etkilemektedir .

Rulman celiklerinin birgok ¢esidi olmasma ragmen 100Cr6 ¢eligi, yiiksek sertlik, asinma direnci ve yorulma
mukavemeti dzellikleri ile en sik tercih edilenidir. Rulmanlardaki kullanimimnin disinda dzellikle otomotiv ve makine
imalatinda olmak iizere kritik pargalarin imalatinda vazgegilmez niteliktedir. Literatiirde 100Cr6 malzemenin sert
tornalama islemi ile ilgili gesitli caligmalara rastlanmaktadir. Ancak alin tornalama islemi, ilerleme yonii ve toplam
profil yiiksekligi (Pt) cinsinden yiizey kalitesi daha 6nce sert tornalama igleminin ¢alisiimanmug yonleridir. Endiistride
talagh imalat ile iiretilen parcalarda Pt yiizey kalitesi kriterine sik¢a rastlanmaktadir. Alin tornalama ise talagh
imalatta hemen her tornalama isleminin olmazsa olmaz islemi iken literatiirde incelenmemis bir sert tornalama
islemidir.

Bu caligmada yiizey kalitesinin degerlendirilmesinde, literatiirde yaygm olarak kullanilan ortalama yiizey
piiriizliiliigii (Ra) yerine, Toplam Profil Yiiksekligi (Pt) parametresinin tercih edilmesinin temelinde, sertlestirilmis
geliklerin galisma kosullari ve hasar mekanizmalart yatmaktadir. Fiziksel agidan degerlendirildiginde Ra
parametresi, yiizeydeki sapmalarin aritmetik ortalamasim aldigindan, yiizey biitiinliigiinii tehdit eden anlik derin
vadileri veya sivri tepeleri maskeleme egilimindedir. Oysa 100Cr6 gibi dinamik ve ¢evrimsel yiiklere maruz kalan
rulman ¢eliklerinde, yiizeydeki en derin vadi (maksimum c¢ukur derinligi), bir gerilme yigilmast (stress
concentration) noktasi gibi davranarak yorulma ¢atlaklarinin baslangicina zemin hazirlamaktadir [17-19]. Benzer
sekilde, ylizeydeki en yiiksek tepe noktalar da montaj hassasiyetini bozmakta ve temas halindeki yiizeylerde abrasif
aginmay1 hizlandirmaktadir. Bu nedenle, profilin en tepe ve en dip noktasi arasindaki mutlak mesafeyi ifade eden
Pt parametresi; par¢anin yorulma dmrii, sizdirmazlik kabiliyeti ve tribolojik performansi hakkinda Ra parametresine
kiyasla fiziksel gerceklige ok daha yakin bir gosterge sunmaktadir [20].

Bu ¢aligma, bu 6zgiin yonleri ile literatiirdeki dnemli bir boslugu dolduracaktir. Calismanin bir hedefi de
alin yiizeyinde 5 mm’lik bir 6l¢iim mesafesinde toplam profil yiiksekligi (Pt) 2um’den daha az olan
yiizeyler elde edilmesidir. Bu seviyede bir yiizey kalitesinin taglama islemine alternatif olarak sert torna ile
elde edilmesi endiistri i¢in katma degerli olacaktir. Ciinkii taglama isleminde beyaz tabaka olusumu sert
torna igleminden daha fazla olmasi sebebiyle komponentin yorulma omriiniin kisaldig1 bilinmektedir.
Talasl imalatta yiizey piiriizliiliigii 6nemli bir kriter olsa da komponentin karmagsik formu ve talep edilen
geometrik toleranslar taslama isleminin uygulanabilirligini zorlastirmakta, c¢oklu operasyonlar
gerektirmekte veya maliyet arttirmaktadir [20,21]. Bu sartlarda sert tornalama avantajli bir alternatif
olabilmektedir. Bu makale 100Cr6 ¢eligin sert tornalama isleminde Pt cinsinden yiizey piriizliliigi
kriterine etki eden faktdrlerin optimum seviyelerini, faktorlerin etki diizeylerini ve sert torna islemi ile elde
edilebilecek yiizey kalitesi seviyesini sunmaktadir.

2. MATERYAL VE YONTEM

Bu ¢aligmada, sert tornalama deneyleri igin 100Cr6 ¢elik kullanilmistir. Deney numuneleri 37 mm ¢apinda ve 70
mm boyunda silindir geometride hazirlanip 1s1l iglem ile 55 HRC sertlik degerine sertlestirilmistir. 100Cr6 geligin
ISO 683-17 standardina gére kimyasal igerigi Cizelge 1°de farkli uluslararasi standartlardaki tanimlanmast ise
Cizelge 2’de sunulmustur [21].

Cizelge 1. ISO 681-17 standardina gére 100Cr6 malzemenin kimyasal igerigi

= = E I + g 2 = =
s < = < < < o< = < g < s < B 2T =< ~ <
M @ p= ~ M s < ©
C Si Mn P S Cr Mo Al Cu 0
Minimum 093 0,15 025 - - 1,35 - - - -
Maksimum 1,05 035 045 0025 0015 1,60 0,10 0,050 0,30 0,0015

Cizelge 2. 100Cr6 malzemenin uluslararasi standartlardaki tanimlanmasi

Avrupa Almanya Fransa Ispanya B.K. ABD
EN DIN W.n. AFNOR UNE B.S. AISI/SEA
100Cr6 100Cr6 1.3505 100Cr6 F1310 535A99 52100
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Sert tornalama deneyleri Hwacheon Cutex 160A MC CNC tora tezgahinda kuru kesme sartlarinda
gerceklestirilmistir. Deneylerde 100 m/dak sabit kesme hizi ve 0,05 mm/dev ilerleme hiz1 sabit parametre olarak
uygulanmustir. Deneylerde kesici takim olarak yalmzca ug radyus 6lgiileri (0,4mm ve 0,8mm) birbirinden farkli olan
6zdes CBN kesici uglar (DCMW 11T308 AF-2 HPCBN ve DCMW 11T304 AF-2 HPCBN) kullanilmugtir. Tam
faktoriyel deney tasarimi ile 36 deney dis ¢ap tornalama iglemi igin 36 deney de alin tornalama islemi igin
gerceklestirilmistir. Alin tornalama deneylerinde uygulanan kesme sartlari ve seviyeler Cizelge 3’te gosterilmistir.

Cizelge 3. Alin ve dis ¢ap tornalama deneylerinde uygulanan kesme sartlar ve seviyeler

Seviye Kater kesme kenari agis1  Kesici u¢ kose radyusu Kesme derinligi Ilerleme
(KAPR) (RE) (Ap) yonii
1 93° 0,4 mm 0,05 mm -X, -Z
2 100° 0,8 mm 0,10 mm +X, +Z
3 107,5° - 0,15 mm - -

Deneylerde kullamlan kesici uglarmn boyutsal ve geometrik 6zellikleri Cizelge 4’te gosterilmistir.

Cizelge 4. Deneysel caligmada kullanilan kesici uglarin dzellikleri

55°
r
o
[
DCGW 11T304 DCGW 11T308
Kose radyusu (RE) 0,4 mm 0,8 mm
Kesme kenari boyu (L) 11,6 mm 11,6 mm
Etkin kesme kenar boyu (LE) 2,5 mm 2,1 mm
i¢ teget daire cap1 (IC) 9,52 mm 9,52 mm
Kesici u¢ kalinhg (S) 3,97 mm 3,97 mm
Bosluk agis1 7° 7°
Deneylerde kullanilan katerlerin boyutsal ve geometrik dzelikleri Cizelge 5°te gosterilmistir.
Cizelge 5. Deneysel calisgmada kullanilan katerlerin 6zellikleri
WF-~| [*HF"
OHx KAPR Q
LF SDJCR 2525M 11 SDXCR 2525M 11 SDHCR 2525M 11
Takim kesme kenari acis1i KAPR) 93¢ 100° 107,5°
Maksimum baglama boyu (OHX) 24,4 mm 24,4 mm 24,4 mm
Takim tam boyu (LF) 150 mm 150 mm 150 mm
Fonksiyonel genislik (WF) 32 mm 32 mm 32 mm
Fonksiyonel yiikseklik (HF) 25 mm 25 mm 25 mm
Takim saft genisligi (B) 25 mm 25 mm 25 mm
Takim saft yiiksekligi (H) 25 mm 25 mm 25 mm
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Numune parcalar Sekil 1°de gosterildigi gibi 25 mm‘lik kismi disarda kalacak sekilde 45 mm mesafeden 3 ayakli
ayna ile sikilarak rijit bir baglama saglanmustir.

'L

45 25
mm mm

Sekil 1. Numune baglama sematik gosterimi

Deney sonuglarinin malzemenin yiizeye yakin bolgelerindeki olasi inkliizyonlardan ve geometrik kusurlardan
etkilenmemesi i¢in Sekil 2°de gosterildigi gibi 6nce kaba tornalama sonra final tornalama yapilmistir. Yine Sekil
2’de deneylerde uygulanan farkl ilerleme yonleri renkli oklar ile tarif edilmistir. Alin tornalama islemi igin kesme
hizint sabit tutmak amaciyla G96 NC kodu ile programlama yapilmuistir.

—===- Kaba tornalama

-===Alin final tornalama -X yoniinde

-===Alin final tornalama +X yoniinde
Dig ¢ap final tornalama -Z yoniinde

-===Dig ¢ap final tornalama +Z yoniinde

Final Tornalama

Sekil 2. Tornalama islemlerinin sematik gosterimi

Yiizey piiriizliliigii 6l¢limii Taylor Hobson Intra Touch yiizey piiriizliiliik ve profil 6lgme cihazi ile yapilmistir. Dig
cap ylizeyi piiriizliilikk 6l¢limii sert tornalama yapilan yiizeyin orta bolgesinden 5 mm’lik degerlendirme boyu ile
yapimugtir. Alin yiizeyi piiriizliiliik 6l¢timii ise @15 ile @25 arasinda 5 mm’lik degerlendirme boyu ile yapilmustir.
Sekil 3’te sematik olarak gosterilmistir.

77777777777777777 [1777777777777777
Sekil 3. Yiizey piiriizliiliik 6l¢ctim bolgeleri sematik gdsterimi

1
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3. BULGULAR

3.1. Alin Tornalama Deneyleri Yiizey Piiriizliiliigii Olciim Sonuclar

Alin tornalama deney numuneleri iizerinden elde edilen yiizey piiriizliiliigii 6l¢iim sonuglar Cizelge 6’da
sunulmustur. Deneyler sonucunda elde edilen Pt yiizey piiriizliiliik degerleri 0,91 - 4,38 pm arasindadir.

Cizelge 6. Alin tornalama deneyleri yiizey piiriizliiligii sonuglart

Deney no Pt (um) Deney no Pt (um)

1 2,85 19 1,05

4,38 20 1,48
3 4,32 21 1,30
4 4,17 22 1,13
5 4,09 23 1,20
6 2,77 24 1,15
7 1,52 25 1,70
8 0,91 26 2,44
9 1,87 27 2,83
10 0,96 28 1,29
11 1,11 29 1,17
12 1,10 30 2,42
13 1,74 31 1,97
14 1,62 32 1,88
15 1,44 33 2,13
16 1,60 34 1,14
17 1,53 35 2,01
18 1,69 36 2,89

3.2. D1s Cap Tornalama Deneyleri Yiizey Piiriizliiliigii Ol¢iim Sonuclar

Dis cap tornalama deney numuneleri iizerinden elde edilen yiizey piiriizliiliigii 6l¢tim sonuglart Cizelge 7°de
sunulmustur. Deneyler sonucunda elde edilen Pt yiizey piiriizliilikk degerleri 1,23 - 3,14 um arasindadir.

Cizelge 7. Dig cap tornalama deneyleri yiizey piiriizliiliigii sonuglar

Deney no Pt (um) Deney no Pt (um)

1 1,48 19 1,67

1,43 20 2,33
3 1,53 21 2,16
4 1,34 22 2,35
5 1,46 23 2,30
6 1,37 24 2,55
7 1,32 25 1,41
8 1,59 26 1,51
9 1,82 27 1,62
10 1,89 28 1,26
11 1,75 29 1,96
12 1,74 30 1,47
13 3,14 31 1,77
14 1,23 32 2,02
15 2,12 33 1,97
16 2,00 34 1,30
17 2,28 35 1,58
18 2,29 36 1,52
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3.3. Sinyal Giiriiltii Oranlar1 ve En Iyi Seviyeler

Tam faktoriyel deney tasarimu ile elde edilen sonuglar Taguchi’nin sinyal-giiriilti oram (S/N) yontemi ile
degerlendirilmistir. Caligmanin hedefi en iyi yiizey kalitesini elde etmek oldugundan S/N oraninin hesaplanmasi
icin “en kiigiik en iyi” formiilii uygulanmustir [22].

1 n
S/N = —10log,, (E ny)

yi : deney sonucu olgiilen deger
n : deneyin tekrar sayist

S/N oranlari 4 etki parametresinin her seviyesi i¢in analiz edilmistir. En yiiksek S/N oranmi veren seviyeler hem
diisiik ortalama yaniti hem de diisiik degiskenligi gosterir. Bu su anlama gelir;

e Olgiilen yiizey piiriizliiliik degerleri ne kadar diisiikse, S/N oran1 o kadar yiiksektir.
o Tekrarlanan deneyler arasindaki yiizey piiriizliiliik degiskenligi ne kadar diisiikse S/N orani o kadar yiiksektir.

Dolayistyla yiiksek S/N oram iyidir ve tutarh sekilde diisiik dlglimler yapildigim gosterir. Dis ¢ap tornalama
deneylerinin ylizey piiriizliiliigii i¢in S/N orani grafikleri Sekil 4’te alin tornalama deneylerinin yiizey piirizIliligi
icin S/N orami grafikleri ise Sekil 5°te gosterilmistir. Sekil 4 ve Sekil 5’te sunulan Sinyal-Giiriiltii (S/N) analizleri
incelendiginde, 100Cr6 malzemenin sert tornalama igleminde hedeflenen minimum Pt yiizey piriizliiliigiine
ulagsmak i¢in dis ¢ap ve alin tornalama operasyonlarmin birbirinden farkli kesme dinamiklerine sahip oldugu
goriilmektedir. Dis ¢ap tornalamada yiizey kalitesini belirleyen en baskin faktor kater kesme kenar agist olup
optimum kosullar 93° a¢1 ve 0,4 mm ug radyusu ile saglanirken; alin tornalama isleminde siire¢ daha ¢ok kesici ug
radyusunun etkisi altindadir ve optimum kosullar 100° ag1 ve 0,8 mm ug radyusu seviyelerinde gerceklesmistir. Her
iki operasyonda da kesme derinliginin minimum seviyede (0,05 mm) tutulmasi ortak optimum kosul olsa da galigma
bulgulart Pt <2 pm hedefine kararlt bir sekilde ulasilabilmesi i¢in kesici u¢ geometrisinin ve yanasma agisinin
operasyon tiirtine 6zgii olarak ayr1 ayr optimize edilmesi gerektigini ortaya koymustur.

SN Oranlari Ana Etki Grafigi
Veri Ortalamalari
Kater Keame Koo A (CAPR)|_Keaci U ) Keme Deciligi 8 T

_ -40
=
K]
©
£ -45
K]
£ Na—
o -5.0
c .
c
= 55
©
[=
g -60
-4
wv

-65

-70

930 1000 1075 04 08 005 010 015 -z +Z

Sinyal-Giiriiltii: En Kiigiik En lyi

Sekil 4. D1s cap tornalama deneyleri Pt yiizey piiriizliiligi SN orant

SN Oranlari Ana Etki Grafigi

Veri Ortalamalari

Kater Kezme Kenan Agia (KAPR) | Kesici U () 7S} lecleme Yanu

-7

SN Oranlarinin Ortalamalari

930 1000 1075 04 08 005 010 015 X +X

Sinyal-Giiriiltii: En Kiigiik En lyi

Sekil 5. Alin tornalama deneyleri Pt yiizey piirtizIiiliigii SN orant
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Dis ¢ap tornalama igleminde Pt cinsinden yiizey piiriizLiliigii i¢in optimum seviyeler Cizelge 8’de, alin tornalama
isleminde Pt cinsinden ylizey piiriizliiliigii i¢in optimum seviyeler ise Cizelge 9’da gosterilmistir. Dig cap tornalama
isleminde kater kesme kenar agis1 (KAPR) i¢in optimum seviye 93° iken alin tornalama isleminde 100°’dir. D1s cap
tornalama igleminde kesici ug kose radyusu (RE) i¢in optimum  seviye 0,4 mm iken alin tornalama isleminde 0,8
mm’dir. Her iki tornalama isleminde de kesme derinligi (Ap) i¢in optimum seviye 0,05 mm’dir. Dig ¢ap tornalama
isleminde ilerleme y6nii i¢in optimum seviye -Z yonii iken alin tornalama isleminde +X yoniidiir.

Cizelge 8. D1s cap tornalama optimum seviyeleri

Faktorler Pt
Kater kesme kenar agis1 (KAPR) 93¢
Kesici ug kose radyusu (RE) 0,4
Kesme derinligi (Ap) 0,05
Ilerleme yonii -Z

Cizelge 9. Alin tornalama optimum seviyeleri

Faktorler Pt
Kater kesme kenar agis1 (KAPR) 100°
Kesici ug kose radyusu (RE) 0,8
Kesme derinligi (Ap) 0,05
ilerleme y&nii +X

3.4. Varyans Analizi (Analyses of Variance - ANOVA)

Faktorlerin etki seviyelerinin belirlenebilmesi igin varyans analizi Minitab 22 istatistik yaziliminda
gerceklestirilmistir [23]. Varyans analizi sonucundaki P degeri 0,05’ten (%95 6nem seviyesinden) kiigiik ise
faktoriin yanit {izerinde istatistiksel olarak anlamli bir etkisi var demektir. Dis ¢ap tornalama iglemi i¢in varyans
analizi sonuglar Sekil 6’da sunulmustur. D1s ¢ap tornalama isleminde yiiksek etkiye sahip faktor kater kesme kenart
acsidir (P<0,05). Kater kesme kenar acist (KAPR), kesici ug kose radyusu (RE), kesme derinligi (Ap) ve ilerleme
yOniiniin Pt ytlizey kalitesine etkileri sirastyla %46,39, %3,17, %0,97 ve %0,04 tiir.

Varyans Analizi

Kaynak DF SeqSS Katki AdjSS Adj MS F-Degeri P-Degeri
Kater Kesme Kenar Aqisi (KAPR) 2 3,03222 46,39% 3,03222 1,51611 13,61 0,000

Kesici U¢ Kose Radyusu (RE) 1 020703 3,17% 0,20703 0,20703 186 0,183

Kesme Derinligi (Ap) 2 0,06365 097% 0,06365 0,03182 029 0,754

llerleme_Yoni 1 0,00234 0,04% 0,00234 0,00234 0,02 0,886

Hata 29 3,23165 49,44% 3,23165 0,11144

Toplam 35 6,53687 100,00%

DF: Serbestlik derecesi, Seq SS: Ardisik Kareler Toplami, Adj MS: Dizeltilmis Ortalama Kareleri, F-Degeri:

istatistik Degeri, P-Degeri: Olasilik Degeri

Sekil 6. Dis cap tornalama varyans analizi sonuglari

Alin tornalama iglemi i¢in varyans analizleri ise Sekil 7°de sunulmustur. Alin tornalama igsleminde ise yiiksek etkiye
sahip faktorler kesici ug kose radyusu (RE) ve kater kesme kenart agist (KAPR) dir. (P<0,05). Kater kesme kenar
acis1 (KAPR), kesici ug kose radyusu (RE), kesme derinligi (Ap) ve ilerleme yoniiniin Pt ylizey kalitesine etkileri
sirastyla %20,99, %24,16, %2,81 ve %1,31 dir.

Varyans Analizi

Kaynak DF SeqSS Katki AdjSS Adj MS F-Degeri P-Degeri
Kater Kesme Kenan Agis1 (KAPR) 2 71803 20,99% 7,1803 355901 6,00 0,007

Kesici Uc Koge Radyusu (RE) 1 82656 24,16% B,2656 82656 1381 0,001

Kesme Derinligi (Ap) 2 09612 281% 09612 04806 0,80 0,458

llerleme _Yoni 1 04467 131% 04467 04467 0,75 0,395

Hata 29 17,3586 50,74% 17,3586 05986

Toplam 35 34,2124 100,00%

DF: Serbestlik derecesi, Seq SS: Ardisik Kareler Toplami, Adj MS: Dizeltilmis Ortaloma Kareleri, F-Degeri:

istatistik Degeri, P-Degeri: Olasilik Degeri

Sekil 7. Alin tornalama varyans analizi sonuglari
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4. TARTISMA VE SONUC

e Dis ¢ap tornalama ve alin tornalama igleminde Pt cinsinden en iyi yiizey kalitesi i¢in optimum kosullarm ayni
olmadig ortaya koyulmustur.

¢ D1 ¢ap tornalama isleminde optimum seviyeler kater kesme kenar agist (KAPR) i¢in 93°, kesici u¢ kose
radyusu i¢in 0,4 mm ve kesme derinligi i¢in 0,05 mm ve ilerleme yonii i¢in -Z yonii olarak tespit edilmistir.

¢ Alin tornalamada isleminde optimum seviyeler kater kesme kenar agisi (KAPR) igin 100°, kesici ug¢ kose
radyusu i¢in 0,8 mm ve kesme derinligi i¢in 0,05 mm ve ilerleme yonii i¢in +X yonii olarak tespit edilmistir.

¢ D1s ¢ap tornalama isleminde Pt yiizey piiriizliiliigiine yiiksek etkiye sahip faktor kater kesme kenart agist
(KAPR)’dir(P<0,05). Kater kesme kenari agisinin (KAPR) Pt yiizey piiriizliiligiine etkisi %46,39’dur.

e Alin tornalama isleminde Pt yiizey piiriizliiliigiine yiiksek etkiye sahip faktorler kesici ug kdse radyusu (RE)
ve kater kesme kenari agis1 (KAPR)’ dir. (P<0,05) Kesici ug kose radyusunun (RE) Pt yiizey piirtizliiliigiine
etkisi %24,16’dir. Kater kesme kenari agisinin (KAPR) Pt yiizey piiriizliiliigiine etkisi %20,99°dur.

e Calismanm hedefi olan birincil profil yiiksekligi Pt<2 pm yiizey kalitesi sert tornalama islemi ile elde
edilmistir.

o Sert tornalama, uygun parametrelerle taglama iglemine ekonomik bir alternatif olabilir.
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This study introduces a novel tulip-shaped microstrip antenna
(TSMA), fabricated on a chemically analyzed substrate with
versatile applications. The antenna design is implemented using
Computer Simulation Tool (CST) software, considering various
substrate materials. Performance analyses, including reflection
coefficients and voltage standing wave ratio graphs, are presented
for each material. The antennas exhibit diverse characteristics, with
some featuring wide bandwidths, others narrow bands, and some
offering dual or tri-band resonances—tailored for specific
application areas. The production costs remain reasonable,
leveraging the benefits of chemical processes and material
flexibility. Simulation results validate the study's findings,
highlighting the antennas' simple, compact structures and cost-
effectiveness, making them suitable for tailored RF applications.
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Bu ¢aligma, ¢ok yonlii uygulamalara sahip, kimyasal olarak analiz
edilmis bir taban malzeme {izerine iiretilen yenilik¢i bir lale sekilli
mikroserit anten (LSMA) sunmaktadir. Anten tasarimi, ¢esitli taban
malzemeleri dikkate alinarak Computer Simulation Tool (CST)
yazilimi kullanilarak gergeklestirilmistir. Her bir malzeme igin
yansima katsayilar1 ve gerilim duran dalga oram1 (VSWR)
grafiklerini iceren performans analizleri sunulmustur. Antenler;
belirli uygulama alanlarina gore 6zellestirilmis olarak, bazilar1 genis
bant genisligine, digerleri dar bantlara sahip olan ve bazilari ise ¢ift
veya lgcli bant rezonanslart sunan ¢esitli karakteristikler
sergilemektedir. Kimyasal siire¢lerin ve malzeme esnekliginin
avantajlarindan yararlanilarak tiretim maliyetleri makul seviyelerde
tutulmustur. Simiilasyon sonuglari, antenlerin basit, kompakt
yapilarin1  ve maliyet etkinligini vurgulayarak calismanin
bulgularini dogrulamakta ve bu antenleri &zellestirilmis RF
uygulamalari i¢in uygun hale getirmektedir.
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1. INTRODUCTION

The utilization of antennas in electromagnetic applications is indispensable for the operation of radar
systems, wireless communication, and other sensing technologies. Antennas play a crucial role in the
transmission and reception of information through electromagnetic waves, enabling the propagation of
information across extensive distances and powering numerous contemporary devices. Their significance
stems from their ability to adeptly capture, propagate, and manipulate electromagnetic waves, forming the
foundational basis for modern sensing and telecommunication networks. The progression of materials and
antenna technologies tailored for electromagnetic applications is imperative for high-tech applications.

Using different substrates and conductive materials, numerous antenna studies and developments have been
carried out, ranging from biomedical applications to space and satellite antenna systems [1, 2]. In [1], an
ultra-wideband bow-tie antenna and a three-dimensional breast model with varied permittivity and
conductivity were designed in CST to investigate microwave breast cancer detection. The study evaluated
key antenna characteristics such as return loss and radiation pattern, and it further examined the influence
of a limestone layer surrounding the tumor on the radiated electric and magnetic field distributions. The
findings showed that limestone can significantly affect the field response and tumor visibility, emphasizing
the importance of tissue composition in microwave-based diagnostic scenarios. In a seperate study [2], the
researchers designed a frequency-configurable flexible horizontal H-shaped microstrip antenna for
biomedical applications by using copper tape radiating and ground structures on felt, jean, and photographic
paper substrates. The antennas were analyzed over the 2-10 GHz band with a full-wave solver based on the
finite integration technique and were subsequently fabricated to compare measured and simulated
responses. Their results demonstrated that flexible substrate selection and dielectric characteristics strongly
influence impedance matching, bandwidth behavior, and the practical feasibility of low-cost biomedical
microwave antenna implementations.

Researchers [3] have developed copper and nickel-plated polymethacrylimide composite foam (PMIF@Ni
and PMIF@Cu) demonstrating high surface electrical conductivities, with values reaching 1.06 x 10* S/m
and 9.15 x 10° S/m, respectively. These composite foams have exhibited noteworthy electromagnetic
interface shielding effectiveness (EMI SE), registering approximately 52 dB for PMIF@Ni and
approximately 43 dB for PMIF@Cu. Furthermore, the researchers have successfully employed these
composite foams to fabricate monopole antennas operative within the frequency range of 0.9 GHz to 1.2
GHz, underscoring the material's suitability for electromagnetic purposes.

In a separate study [4], a nickel ferrite-based composite material was synthesized using the sol-gel method,
offering tailored microwave absorption performance in the X-band. When applied as a coating on a metal
sheet, the material manifested resonance dips at frequencies of 8.42 GHz, 9.5 GHz, and 10.80 GHz,
indicating effective microwave absorption within the desired frequency range.

Similarly, researchers [5] explored the utilization of Ni/Ppy/PET conductive fabrics for electromagnetic
interference shielding and wearable textile antenna applications. Comparative analysis within a specified
frequency range (8.12 GHz to 12.4 GHz) validated the performance of the proposed composite fabric.
Additionally, a wearable antenna application was developed, featuring a microstrip-fed patch antenna with
a reflection loss of -32.08 dB at the 2.40 GHz frequency band, emphasizing its potential for practical
implementation. Guerchouche et al. [6] formulated a design for a compact broadband RFID antenna
intended for "Green" electronics and biosensor applications. This design employed transparent conductive
films on recyclable substrates, highlighting the potential environmental sustainability of the proposed
technology. The study emphasized the application viability of conductive polymers in proximity-based
contactless technology. Jeon et al. [7] proposed a flexible monopole radio-frequency antenna utilizing a
graphene/polymer nanocomposite film. Experimental results yielded reflection coefficient values ranging
from -11.3 dB to -37.5 dB within the frequency range of 2.49 GHz to 2.77 GHz. Mechanical deformation
tests underscored the antenna's flexibility, suggesting its suitability for integration into wireless
communication technologies. Feili et al. [8] contributed by developing an antenna tailored for flexible
wireless sensor systems, with specified numerical parameters including thickness (100 pm), dielectric
constant (2.9), and loss tangent (0.002). The antenna, employing a liquid crystal polymer (LCP) substrate
with a Cu-based metal film patch, underwent parametric studies, providing insights into optimizing its
performance. Hasan et al. [9] introduced a nickel zinc ferrite thick film for microwave applications,
illustrating its effectiveness through numerical data depicting improved reflection coefficients. The
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designed antenna exhibited a reflection coefficient of -29.33 dB at 5.64 GHz, highlighting the potential
utility of the developed film in enhancing the performance of electromagnetic devices. Li et al. [10]
developed nickel-modified zinc molybdate ceramics with a dielectric constant 8.5 and the product Qxf of
28192 GHz, demonstrating suitability for two-dimensional beam splitting of array antennas in the X-band.
Kyovtorov et al. [11] introduced a novel prototyping method utilizing 3D printing and chemical
metallization to produce a metal pyramidal horn antenna prototype, showcasing performance in the
frequency range of 14-18 GHz. Anilkumar et al. [12] designed an antenna utilizing a liquid crystal polymer
substrate, with operating frequencies ranging from 2.4 GHz to 12.5 GHz, optimized for automotive
communication applications. Matyas et al. [13] developed a microstrip antenna using silver nanoparticles
on a flexible PET foil, operating at frequencies of 2.02 GHz and 2.3 GHz with reflection coefficients of -
16.02 dB and -19.33 dB, respectively. Sid et al. [14] devised a patch antenna tailored for wearable
applications, operating at 2.45 GHz. They utilized cellulose laurate as a bio-based polymer substrate,
characterized by a dielectric constant of 2.66 and a loss tangent of 0.025. In the realm of 5G mobile
communication, Hwang et al. [15] designed vertically stacked dipole antennas for dual-band operation at
28/34 GHz. Employing a flexible liquid crystal polymer substrate, they achieved element gains of 4.8 dBi
and 4.6 dBi at the respective frequencies.

Mohamadzade et al. [16] introduced a dynamic pattern-reconfigurable antenna design utilizing conductive
textile-polymer composites, showcasing a -10 dB bandwidth spanning from 4.67 GHz to 5.59 GHz. Elobaid
et al. [17] innovatively developed a transparent and flexible ultrawideband antenna by incorporating a
transparent conductive fabric tissue on a PDMS substrate. This design achieved reflection coefficient values
below -10 dB across a spectrum ranging from 2.5 GHz to 25 GHz. Hamouda et al. [ 18] formulated a dual-
band flexible antenna specifically designed for wearables, utilizing a magnetodielectric nanocomposite
polymer. This antenna exhibited promising performance, even in complex bending situations.

In this study, our literature review reveals a diverse landscape of innovative antenna designs utilizing
advanced materials and fabrication techniques for various applications, from wearables to 5G
communication. Building upon this foundation, our manuscript introduces a novel approach to antenna
enhancement. Leveraging anodizing and Stober methods, we aim to push the boundaries of achievable
parameters. Unlike existing studies, our focus extends to a comparative analysis with flexible PET and PVC
antennas, providing valuable insights into the performance of these materials under our proposed methods.
This unique contribution positions our manuscript at the forefront of antenna research, offering a fresh
perspective on enhancing antenna functionality through novel fabrication approaches.

2. MATERIALS AND METHODS

2.1. Chemical Procedure for Preparing of Substrates

The utilization of a metal oxide layer in antenna applications is favored owing to its specific dielectric
constant and corrosion resistance [19-21]. Employing metal surfaces oxidized through the anodizing
process is thus imperative. This technique enhances the lifespan of the antenna system, providing additional
benefits such as improved stability in challenging climatic conditions, enhanced electrical performance,
and increased durability. In this study, the anodizing technique was applied to generate oxide layers on
Nickel (Ni) and 6063 Aluminum (Al) substrates. A two-electrode setup was employed for this process, with
a Platinum (Pt) sheet serving as the counter electrode. The electrolyte solution comprised 0.1 M potassium
hydroxide (KOH) supplemented with 50g/L of sodium tetraborate. All chemical reagents were procured
from Aldrich and used without further modification. The preparation of solutions was meticulously
executed using distilled water. The anodizing process was conducted under a voltage of 2V for 5 minutes.
The resulting anodized substrates were designated as Antenna-1 and Antenna-2 for Ni and Al, respectively.
Notably, substrates Antenna-3, Antenna-4, and Antenna-5 were High-Density Polyethylene (HDPE),
Polyethylene Terephthalate (PET), and another PET variant, respectively. Substrate Antenna-6 was
Aluminum coated with Silicon Dioxide (SiO,). The SiO,-coated Aluminum was prepared using the Stober
method, named after its inventor Werner Stober. This widely employed technique involves synthesizing
silica (SiO2) coatings on diverse substrates. In this method, the silicon alkoxide precursor, typically
tetraethylorthosilicate (TEOS), undergoes hydrolysis and condensation reactions in the presence of water
and an alcohol solvent, such as ethanol or methanol, under basic conditions [22,23]. The resultant silica
nanoparticles spontaneously assemble into a dense coating on the substrate surface, driven by their elevated
surface energy and propensity to aggregate. The Stober method offers notable advantages, including
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simplicity, scalability, and controllability, facilitating precise customization of coating thickness, particle
size, and surface morphology. Additionally, the resulting coatings demonstrate high uniformity, purity, and
strong adhesion to the substrate, rendering them suitable for diverse applications [24-27]. In the
experimental procedure, 1.5 mL of tetraethylorthosilicate (TEOS), 1.7 mL of ammonia, 1 mL of deionized
water, and 50 mL of isopropanol were combined in the reaction vessel. The mixture was maintained at a
temperature of 0 °C for 15 minutes, followed by pH measurement. If the pH value deviated from the range
of 10.5 to 11.5, additional ammonia was introduced to adjust the pH. Subsequently, the ice bath was
removed, and the solution was subjected to magnetic stirring for 3 hours at 40 °C. After this period, an
additional 1 mL of TEOS was introduced, and the reaction proceeded under identical conditions for an
additional 2 hours. Following the synthesis of SiO, nanoparticles, the solution containing the nanoparticles
underwent centrifugation at 9000 rpm for 5 minutes at 25 °C. Subsequently, the particle and liquid phases
were separated, and the particles were washed twice with ethanol and acetone before being dried at room
temperature. The produced SiO, was mixed with epoxy, serving as a binder, and the coating was applied to
the surface using the spray coating technique with a spray gun. The composite coating material was
introduced into the coating chamber and applied manually with a pressure gun (5-8 bar). The coated
Aluminum substrate was then dried in an oven at 160 °C for 15 minutes and designated as the Antenna-6
substrate. The morphological analysis of the antenna was conducted through SEM-EDX analysis. Field
emission scanning electron microscopy (FE-SEM) measurements were carried out using an FEI Quanta
650 at 5 keV with an Energy Dispersive X-ray (EDX) detector.

2.2. Design and Analysis of Tulip-Shaped Microstrip Antenna (TSMA)

CST Microwave Studio (CST MWS) stands as a computer-aided electromagnetic simulation software
designed for engineers and researchers engaged in microwave and radio frequency (RF) design. The
software empowers users to conduct electromagnetic field simulations, a pivotal aspect for comprehending
and optimizing the behavior of electromagnetic waves within the microwave and RF frequency spectrums.
Its applications extend across diverse domains, including antenna design, microwave circuit analysis, and
the performance evaluation of RF and microwave devices. Users of CST MWS can construct 2D and 3D
geometries to model electromagnetic challenges, encompassing antennas, circuit elements, microwave
components, and other electromagnetic structures. The software incorporates various electromagnetic
simulation solvers, such as time-domain and frequency-domain solvers, facilitating the analysis of changes
in electromagnetic fields over time and frequency, respectively. A distinctive feature of CST MWS is its
provision of tools for parameter optimization and performance analysis during the design phase. This
functionality proves instrumental in evaluating and enhancing the design's alignment with specified criteria.
The software further supports seamless integration with other engineering tools and accommodates diverse
data formats, thereby facilitating efficient data sharing across design stages and research environments. In
order to achieve cost-effectiveness in the designed antenna, appropriate substrate materials with relative
dielectric constants of 2.4, 3.5, and 4.0, and loss tangents of approximately 0.02, 0.018, and 0.019 have
been selected for PLA, PET, and PVC, respectively. The dielectric material thickness is fixed at h = 1.0
mm. The dimensions of the feed line in the conventional antenna, as illustrated in Figure 1, along with those
of the rectangular patch and other parameters, were determined through mathematical calculations utilizing
the transmission line model. A Python software code was developed to execute these computations.
Subsequently, the conventional antenna design was implemented using CST software, employing the
calculated dimensions. Figures 1 presents views of the patch on both the front and back sides of the
traditional microstrip patch antenna, while Table 1 provides the dimension parameters.

(@ (b)
Figure 1. Front view (a) and back view (b) of the simulation design of the Tulip-shaped microstrip antenna
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Table 1. Parameters of TSMA

Parameters Values
Substrate dielectric permittivity (&) PLA (2.4), PET (3.5), PVC (4.0)
Substrate thickness (h) 1 mm
Patch or copper thickness (t) 0.035 mm
Substrate length (SL) 30 mm
Substrate Width (SW) 30 mm
Feed length (FL) 3 mm
Feed Width (FW) 11 mm
Ground length (GL) 30 mm
Ground width (GW) 10. 5 mm
Ground Gap 0.5 mm

The optimization carried out in the simulation environment, as illustrated in Figure 2, reveals a notable
improvement in performance when employing layer thicknesses of 1.0 mm for PLA, PET, and PVC
materials compared to trials with a thickness of 1.6 mm. Subsequent analyses were conducted based on this
optimized thickness value.
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Figure 2. Comparison of |S;i| curves of TSMA antenna for substrates with dielectric constants of (a) 2.4,
(b) 3.5 and (c) 4 for four different thicknesses

As depicted in Figure 3, the simulated |S;| of the triple-resonant antenna fall within the frequency ranges
of 2 GHz to 4 GHz, 4 GHz to 6 GHz, and 10 GHz to 12 GHz, respectively (when |Sy;| is below -10 dB).
This observation indicates that the proposed antenna demonstrates a broad impedance bandwidth within
the high-frequency band.
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Figure 3. Comparison of |S;1| curves of TSMA for three different dielectric constants and substrate
thicknesses of (a) 0.7 mm, (b) 1.0 mm, (¢) 1.3 and (d) 1.6 mm
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3. RESULTS AND DISCUSSIONS

Although various materials were employed for the antenna substrates, the radiating element was fashioned
using cost-effective and readily manufacturable copper tape. Challenges inherent in the precise cutting of
copper tape, such as tearing, were mitigated by the use of a cutting tool, ensuring the successful fabrication
of the tulip-shaped antenna patches, as illustrated. Figure 4 sequentially showcases antennas fabricated
from 1 to 6, while Figure 5 delineates the measurement setup.

Figure 5. Measurement setup
The identical antenna geometry was constructed utilizing the materials outlined in Table 2.

Table 2. Materials of TSMA

Antenna Name Material
Antenna-1 Ni

Antenna-2 Al

Antenna-3 HDPE
Antenna-4 PET
Antenna-5 PET
Antenna-6 Si0; coated Al

Figures 6 and 7 present the measured parameter graphs for S;; and VSWR, respectively, corresponding to
the fabricated antennas. Antenna-1 exhibits a signal attenuation trend beyond 4.5 GHz, generally falling
below -5 dB. This attenuation, although exceeding the resonance reference of -3 dB indicative of functional
power radiation, still maintains functionality, with approximately 68.38% of power being radiated. While
optimal performance necessitates over 90% power radiation (-10 dB), the observed -5 dB level suggests
satisfactory functionality, albeit not at peak performance. Notably, a tri-band performance is discernible
around 6 GHz, 9.5 GHz, and 12.5-14.5 GHz, as substantiated by VSWR measurements. Antenna-2 displays
a comparable attenuation shift, reaching approximately -5 dB at 2.5 GHz. Noteworthy is its wideband
performance spanning 4 GHz to 8 GHz, aligning well with applications such as 5 GHz Wi-Fi
communication, 5.8 GHz drone control, and WiMAX frequency usage. This characteristic renders Antenna-
2 suitable for these purposes, a conclusion corroborated by VSWR analysis. Antenna-3 exhibits attenuation
approaching -5 dB beyond roughly 3 GHz, with fluctuations around -10 dB after 8 GHz. Although potential
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modifications could enhance its bandwidth performance, it tends to remain below -10 dB inconsistently
near 9 GHz. Despite this, its ability to sustain power radiation around -10 dB within this range suggests
effective utilization of approximately 90% of incoming power. A narrowband performance is also evident
around 4 GHz, indicating its primary utility lies in applications beyond 8 GHz, as affirmed by VSWR
analysis. Antenna-4 demonstrates a tri-band performance, featuring two bands around 4 GHz and a resonant
point near 9 GHz. Despite appearing narrowband, this resonance offers a bandwidth of roughly 2 GHz
around -10 dB, making it suitable for sensor applications with an acceptable Q-factor. Additionally, bands
spanning 4-5 GHz hold potential for sensor application use, as validated by VSWR analysis. Antenna-5
exhibits unacceptable performance before 8 GHz, improving beyond this threshold to approximately -10
dB and further below. Wideband performance between 8 GHz and 15 GHz suggests suitability for
applications within this frequency range, as confirmed by VSWR analysis. Anfenna-6 showcases
performance fluctuating around -5 dB near 4 GHz, with brief drops below -10 dB around 10 GHz within a
narrow bandwidth. While suitable for this frequency range, its usability for frequencies outside this range
may be limited, necessitating modifications. VSWR analysis supports this observation. In summary, the
primary objective of this study was to eliminate dependence on commercial products or existing materials
in the production of antennas tailored to desired frequency ranges or purposes, while also providing a wide
range of options for producing antennas suitable for specific purposes. From this perspective, the results of
the designed antennas and the necessary analyses conducted are quite satisfactory both in terms of antenna
performance and material analysis, thus making a significant contribution to the literature.
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Figure 6. Measured S|; parameters of fabricated antennas of antenna (a) #1, (b) #2, (c) #3, (d) #4, (e) #5
and (f) #6
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Figure 7. Measured VSWR (Voltage Standing Wave Ratio) parameters of fabricated antennas antenna (a)
#1, (b) #2, (c) #3, (d) #4, (e) #5 and (f) #6

SEM and EDX analyses provide high-resolution imaging capabilities and elemental composition
information, making them essential tools for identifying morphological structures. The morphological
analysis of antennas 1, 2, and 6 was conducted through SEM-EDX analysis, and the results obtained are
presented in Figure 8.
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Figure 8. The SEM micrograph of (a) Antenna-1, (b) Antenna-2 and (c) Antenna-6.

The EDX analysis of these antennas were presented in Figure 9.
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Figure 9. The EDX results of (a) Antenna-1, (b) Antenna-2 and (c) Antenna-6.

C.U. Miih. Fak. Dergisi, 41(2), Haziran 2026




Design and Performance Analysis of Tulip-Shaped Microstrip Antenna on Flexible Substrates with Chemical Modifications

As illustrated in Figure 8, the substrate of Anfenna-1 exhibits a complex arrangement characterized by
interwoven structures, attributed to the cage-network configuration of Ni foam. This intricate design is
further enriched by the presence of NiO, a byproduct of the anodizing process. The introduction of NiO
significantly impacts the dielectric constant in comparison to Ni alone, imparting distinct advantages to the
substrate material. The resultant oxide layer underwent detailed examination through EDX analysis, as
presented in Figure 9. The weight percent of Ni in NiO was determined to be 97.67%, confirming the
presence of the oxide layer. In the SEM micrograph of Antenna-2, the pickling effect of anodizing is
distinctly evident, particularly in regions exhibiting the highest magnitude, where a homogeneous surface
is detected. EDX results indicate that the alkaline environment of the anodizing solution yielded a relatively
thin oxide layer, with the Al weight ratio measuring 99.24%. The SEM analysis of the Anfenna-6 substrate
corroborates the presence of a Si0O; structure, aligning with observations in existing literature. The substrate
manifests as an irregular and granular structure, resembling the typical granular arrangement formed by the
random aggregation of small grains/particles. Figure 9 further details the Si ratio, quantifying it as 48.72%.
This comprehensive examination using SEM and EDX analyses provides valuable insights into the
structural and elemental composition of the antenna substrates, offering a foundation for in-depth
discussions on their material properties and potential applications.

4. CONCLUSIONS

An antenna with a distinctive tulip-shaped design, employing microstrip-fed technology, is introduced in
this study. The antenna is meticulously crafted on diverse substrates, each produced through specific
chemical processes utilizing flexible plastic materials. The selection of substrates is guided by a thorough
material analysis, considering their impact on electromagnetic properties. The examined materials
encompass anodized Ni, Al, HDPE, PET, and SiO-coated Al. Section 2 provides a detailed exposition of
the results obtained from material analysis, elucidating the unique capabilities of the proposed antenna
structure on each substrate. The findings indicate the antenna's adeptness in achieving various
functionalities, including single-band, multi-band, narrow, or wideband characteristics, with commendable
precision. The versatility in operating frequencies, coupled with the ease of production and compactness,
positions the proposed antenna structure as highly suitable for GHz applications. These applications span a
broad spectrum, encompassing material detection, material characterization, as well as GHz, microwave,
and communication applications. This study contributes to the expanding repertoire of antenna designs
tailored for diverse electromagnetic requirements in contemporary high-frequency applications.
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With the growing global population, meeting increasing energy
demands has become progressively challenging, highlighting the
importance of sustainable and eco-friendly energy sources.
Energy-related infrastructures—such as thermal piles, buried
power cables, and solid or nuclear waste disposal sites—are
zones of high-temperature generation. Consequently, there is a
critical need for alternative buffer materials capable of
mitigating or rapidly dissipating this heat. In this study, a novel
buffer material was developed by incorporating aluminum
powder, known for its high thermal conductivity, into zeolite-
bentonite mixtures at weight ratios of 1%, 2%, and 3%. The
experimental results demonstrated that thermal conductivity
increased in alignment with literature as the aluminum content
rose. For instance, while the thermal conductivity of the pure
95% zeolite - 5% bentonite mixture was 0.749 W/mK, the
addition of 3% aluminum increased this value to 0.795 W/mK,
representing an enhancement of approximately 6%.
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kargilanmasinin giderek zorlagmaktadir. Enerji kaynaklarmin
stirdiiriilebilir ve ¢evre dostu olmasi énem kazanmistir. Enerji
yapilarmin en temelleri olarak degerlendirilebilecek termal
kaziklar, gomiili giic kablolari, kati attk ve niikleer atik
depolama alanlar yiiksek sicakliklarin olustugu alanlar olup, bu
nedenle 1sinin etkisini azaltabilen veya hizla ortadan kaldirabilen
alternatif tampon malzemelere ihtiyag duyulmaktadir. Bu
calismada, yiiksek 1si1l iletkenligi ile bilinen aliiminyum tozu,
zeolit-bentonit karigimlarina agirlikca %1, %2 ve %3
oranlarinda eklenerek yeni bir tampon malzeme gelistirilmistir.
Deneysel sonuglar, aliiminyum katkisinin artmasiyla 1sil
iletkenligin literatiirle paralel sekilde arttigin1 gostermistir.
Ornegin, saf 95zeolit-5Sbentonit karisiminin 1s1l iletkenlik degeri
0.749 W/mK iken, %3 aliiminyum ilavesi ile bu deger 0.795
W/mK seviyesine yiikselerek yaklasik %6 oraninda bir artig
sergilemistir.
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1. INTRODUCTION

Thermal conductivity is one of the most important properties of materials. Thermal conductivity is related
to the ability of a material to conduct heat. There is a different thermal conductivity coefficient for each
material, and it is known that some materials and mixtures have higher thermal conductivity. Aluminum is
one of the conductive materials with high thermal conductivity. Aluminum is a light, low-density metal
found in the Earth's crust that has high electrical and thermal conductivity. It tends to bond with other
elements. Aluminum has many different areas of use, and is used in electronic applications by combining
it with fillers such as carbon nanotubes [1,2], graphite [3], Al,O3 [4], SiC [5-8] etc. for high thermal
conductivity values with light weight. Thus, stronger composite structures can be produced. The thermal
conductivity value of the materials formed depends on the microstructure of the components it contains,
the bond strength between the materials, and the thermal properties, distribution, and geometry of the
additive [6-9]. In addition to aluminum being a very common heat dissipation material, it is also aimed to
increase its use for cooling purposes. For this purpose, it has been seen in studies that additive materials
such as graphene are added to aluminum. Graphene plays a major role in thermal improvement in mixtures
in terms of its thermal properties.

0.055

Figure 1. Three-dimensional example representations of bond electron density in aluminum from
literature [10-13]

Figure 1 shows information about the nature of the ideal free electron metallic bond. The shapes in A and
C were created by XRD analysis, and the shapes in B and D were created as a result of theoretical studies.
The hexagonal striped region indicates a very strong tetrahedral bond, while the cross-striped region
indicates octahedral bonds [14].

Materials with high heat transfer capability are needed in many different areas. There is a great demand for
materials with high thermal conductivity in this research field, defined as energy geotechnics, which deals
with the contact of energy geostructures with soils and how high temperature values occurring in the
environment affect the engineering properties of soils. The high temperature and temperature cycles may
affect the hydraulic conductivity behavior of soils. Many studies have been conducted on the variation of
hydraulic conductivity of soils with temperature. In general, the results have been shown that the hydraulic
conductivity increases as the temperature increases [15-17]. Also, it is predicted that the amount of energy
that soils have when exposed to high temperatures will increase; accordingly, the energy of soil grains will
increase. Molecules with increased energy will become more active, further weakening existing bonds. As
a result, the amount of compression in the soil will increase [18,19]. In terms of shear strength, it was
determined that the cohesion value increased due to the increase in the hardness of the soil with the effect
of heating [20].
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In the design of high-temperature engineering infrastructures, such as nuclear waste repositories and
underground high-voltage power cables, the selection of an appropriate buffer material is of paramount
importance. These materials serve a dual purpose: providing a hydraulic barrier to prevent contaminant
migration and acting as a thermal conductor to dissipate the intense heat generated by the source. While
traditional clay-based materials like bentonite and zeolite are favored for their low permeability, their
inherently low thermal conductivity can lead to excessive heat accumulation, potentially compromising the
integrity of the entire system. Therefore, enhancing the thermal efficiency of these buffer materials through
high-conductivity additives, such as aluminum powder, has emerged as a critical research focus to ensure
the safety and longevity of energy-related burial systems.

In areas where high temperatures occur, such as nuclear waste storage areas, the aim is to rapidly transfer
the heat away from the heat source (canister) and to conduct it towards the main rock. Similarly, in areas
where the natural heat of the ground is used, such as heat piles, it is desired that the thermal conductivity is
high. For this purpose, it is essential that the mixture or material planned to be used in these areas has a
very high heat conduction capacity. Bentonite and zeolite are of critical importance due to their capacity to
serve as thermal and hydraulic barriers in nuclear waste management and underground energy transmission
lines. Although the hydraulic properties of these materials have been extensively documented in the
literature, their ability to dissipate heat from the surrounding environment is inherently limited. This study
aims to optimize the 'thermal efficiency' of these barriers by utilizing aluminum powder. In this study,
aluminum added zeolite-bentonite mixtures were formed and thermal conductivity measurements were
carried out. The heat carrying capacity of mixtures without additives and aluminum added were evaluated.

Underground Cable Thermal Backfiill

Ground Surface

HV Power Cable Erreli Tugik

Natural Soil
Thermal Backfill Thermal Backfill
(Al-Zisspation (Al-Zeolite-Bentonbnite)
Figure 2. Conceptual design of the field implementation of the aluminum-enhanced mixture as a thermal
buffer material for underground power transmission lines

Natural Soil

This conceptual design illustrates the practical integration of the developed mixture within energy
infrastructure. By replacing conventional backfill with this aluminum-enhanced buffer, a high-efficiency
thermal discharge zone is created around the power lines. This arrangement not only prevents overheating
but also optimizes the long-term operational safety and energy transmission capacity of the system,
demonstrating the material's readiness for real-world geotechnical applications (Figure 2).

2. MATERIALS AND METHODS
2.1. Materials

Zeolite and bentonite were provided from local suppliers (Figure 3). The bentonite used is sodium
bentonite. Aluminum used in dried form was added to zeolite-bentonite mixtures. When naming the
mixtures, "Z" was chosen as zeolite, "B" as bentonite and "Al" as aluminum. Table 1 shows the physico-
chemical properties of the materials used in the present study. The size of the aluminum powder used in the
experiments is 120 microns and has a purity of 98.85%.
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Bentonite

Aluminium

<

Figure 3. Dry mixture

Some of its main areas of use include; as a metallic pigment; decorative use in the coating, paint, ink and
textile sectors; chemical use in the chemical production of polyphyllin, synthetic alcohol and aluminum-
based chemicals for controlled reaction values of aluminum powder; use in the plastics and cosmetics
sector; use as rocket fuel; use as an electrical conductor in the production of solar cells. In addition to these;
it is used in the metallurgical sector as a reducer, heat source and alloying additive. Due to the exothermic
properties of aluminum powder, it is frequently used in aluminothermic applications and exothermic
sources. It is used as a refractory in the steel industry; as adhesives, fillers and coatings in space and military
applications; and as an explosive in the mining, fireworks and military defense sectors.

Figure 4. Wet mixture

Table 1. Experimentally determined physical properties of the materials used in the study

Property Zeolite Bentonite
Specific gravity 2.50 2.40
Liquid limit (%) 50.0 476.0
Plastic limit (%) N.P. 70.1

pH 7.6 9.5

2.2. Methods

Within the scope of a study, standard proctor tests were performed on zeolite-bentonite mixtures with
aluminum additives. Samples with and without additives were created using the compaction parameters
obtained according to the test results. The samples were compressed in thermal conductivity measurement
molds for thermal conductivity measurements (Figure 5). During the compaction process in the mixtures,
care was taken to ensure that the energy to be applied was applied equally depending on the number of
impacts. The necessary probe was used for thermal conductivity measurement (Figure 5). The measurement
results were determined at least 3 times for each sample and the final value was reached by discarding the
insignificant results and taking the average among the significant results. The thermal conductivity of the
zeolite-bentonite-aluminum mixtures was measured using the Transient Hot-Wire method, which is
preferred in geotechnical research for its ability to provide rapid and accurate results without causing
significant moisture migration within the soil sample.
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Figure 5. Sample compression apparatus and equipment of thermal conductivity measurement

Thermal properties of soils can vary depending on many factors. Mineralogical structure, particle diameter
and grain distribution, dry unit weight, porosity, water content, temperature, pore size, soil skeleton and
texture are some of these factors [21-23]. Studies have shown that there are three different factors affecting
thermal conductivity: compositional factors, environmental factors and other factors. Examples of
compositional factors include mineral composition, gradation, and physical contact area between particles;
environmental factors include water content, temperature, and unit volume weight. Other factors include
salts, ions, and additives [24]. Different methods have been applied by researchers for thermal conductivity
measurements. These methods represent steady state, unsteady state and transition state. Methods such as
needle measurement, hot ball method [25], disk-shaped probe measurement [26] have been tried and there
are also measurement methods under development. The mathematical model of effective thermal
conductivities is given in Equations 1 and 2:

k=ki=[x i—z]—l (Series) (1)

k=kY =Y0.k, (Series) ()

&4 : volume fraction, ke : thermal conductivity, ki, kY and are the lower and upper Wiener bounds [27].

ol Grn Cold Grain ‘

s - i K i ’”ﬂi \:\'v_/\/‘m = |
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(a) (b)
Figure 6. Illustration of heat conduction paths for (a) dry and (b) saturated conditions

Figure 6 shows that the contact resistance and thermal conductivity vary depending on the grain size
[28,29]. The contact area and the distances between these surfaces depend on the forces between the grains,
the properties of these grains such as strength and hardness, and the roughness of the surfaces [30].

3. RESULTS
3.1. Standard Proctor Test Results

In this study, compaction tests of zeolite-bentonite mixtures were carried out. The experimental results
showed that as the amount of zeolite in the mixtures decreased or the amount of bentonite increased, the
dry unit weight decreased and the water content increased. Since the ratio of aluminum additive used in the
mixtures to the total weight of the mixture is quite low, samples were prepared based on mixtures without
additives in the compaction tests. While the fact that the specific gravity of zeolite is slightly higher than
the specific gravity of bentonite is shown as one of the reasons for the increase in dry unit weight, it was
also observed that the water content increased due to the increase in the bentonite ratio in the mixtures,
since bentonite is a material with a very high water absorption capacity [31]. Compaction parameters of the
mixtures are given in Table 2.
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The compaction characteristics of the zeolite-bentonite mixtures with varying aluminum (Al) content are
illustrated in Figure 7. It is observed that the addition of aluminum powder leads to an increase in the
Maximum Dry Density (MDD) while causing a slight decrease in the Optimum Moisture Content (OMC).
This shift is attributed to the high specific gravity of aluminum particles compared to the clay matrix, which
fills the void spaces and creates a more densely packed structure. From a geotechnical standpoint, achieving
higher density at lower moisture levels is beneficial for the stability of thermal backfill materials. Since
thermal conductivity is significantly enhanced by particle-to-particle contact, all subsequent thermal tests
were conducted at these identified OMC points to ensure the samples represented their most stable and
thermally efficient state.

Optimum Moisture Content Max Dry Density
Staxdard Progief Compaction Curves

1.75 - \/ —— Zeolite-Bentonite (0% Al)
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Figure 7. Standard proctor compaction curves for zeolite-bentonite mixtures with varying aluminum
powder content, indicating the Maximum Dry Density (MDD) and Optimum Moisture Content (OMC)
points

Effect of Aluminum Content on Thermal and Physical Properties
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Figure 8. The correlation between aluminum additive percentage and the resulting thermal conductivity
and dry density of the mixtures
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The relationship between aluminum additive percentage, dry density, and thermal conductivity is presented
in Figure 8. The results demonstrate a linear-to-exponential improvement in thermal conductivity as the
aluminum content increases from 0% to 20%. Specifically, the inclusion of Al particles creates 'thermal
bridges' within the relatively insulating zeolite-bentonite matrix, drastically reducing thermal resistance.
Regarding the concerns about soil strength, the observed increase in dry density (as shown in the dual-axis
plot) suggests a potential improvement in the compressive strength of the mixture due to reduced porosity.
However, while the thermal performance is optimized, the mechanical behavior (such as shear strength and
cohesion) may vary depending on the metallic-to-clay particle ratio. This enhancement in thermal
conductivity without compromising density confirms that these mixtures are suitable candidates for high-
voltage cable insulation and energy pile applications where heat dissipation is critical.

Table 2. Compaction parameters of the mixtur

Mixture Y dry,max (KN/m?%) Wopt (%0)
957-5B 12.0 24

90Z-10B 11.5 27
85Z-15B 11.1 30

3.2. Thermal Conductivity Measurements

In this study, thermal conductivity values of zeolite-bentonite mixtures with and without additives were
determined at room temperature. The measurement results showed that thermal conductivity values
decreased with increasing bentonite amount in the mixtures without additives (Table 3). As the proportion
of bentonite in the mixture increases, it is seen in Table 1 that the dry unit weight decreases. As the dry unit
weight decreases, the thermal conductivity value also decreases due to the grains being able to contact less.
The contact surface/area and water play an important role in thermal conductivity measurements [32].
While the contact surfaces of the grains control the thermal conductivity behavior at low water content
values, as the amount of water increases, water takes over the control and after a certain level, its effect
becomes negligible.

Table 3. Coefficient of thermal conductivity (1)

Mixture A (W/mK)
95Z-5B 0.749
90Z-10B 0.723
85Z-15B 0.702

The findings obtained from this study are intended for field applications, particularly as backfill materials
around thermal piles (energy piles). The increase in density observed with higher aluminum content
(Table 2) may exert a positive indirect effect on the geotechnical bearing capacity by improving the
material's compactability. However, advanced triaxial compression tests are required to optimize the
balance between thermal enhancement and mechanical stability.

Figure 9 shows the thermal conductivity changes when aluminum was added to zeolite-bentonite mixtures
at 1, 2 and 3% percentages. Mixtures 1, 2 and 3 represent 95Z-5B, 90Z-10B and 85Z-15B mixtures,
respectively. The fact that the contribution rates are quite low and very close to each other explains the
closeness of the thermal conductivity measurement results. It was also observed that the thermal
conductivity value of the 95Z-5B mixture without additive was 0.749 W/mK, while it increased to 0.771
W/mK with 1% aluminum additive and to 0.786 and 0.795 W/mK with 2% and 3% aluminum additives,
respectively. Although the increasing amount of bentonite in the pure mixtures has a decreasing effect on
conductivity, each pure mixture has become more conductive thermally with the aluminum additives. When
it is necessary to interpret the situation with a simple example, while the value of the 90Z-10B-1Al mixture
is 0.764 W/mK, the conductivity value of the 85Z-15B-1Al mixture is determined as 0.792 W/mK. This
situation can be explained by the decrease in unit volume weight and contact area of increasing bentonite.
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Figure 9. Effect of aluminum addition on thermal conductivity behavior of zeolite-bentonite mixtures
4. CONCLUSIONS

Within the scope of a study, standard proctor tests were performed on zeolite-bentonite mixtures with
aluminum additives and thermal conductivity values of zeolite-bentonite mixtures with and without
additives were determined at room temperature. It is known that thermal conductivity is among the most
important ground parameters and can vary depending on the structure of the ground. Therefore, the minerals
in the ground structure, ground texture and bonding methods can directly change the thermal properties.
Parameters such as the degree of saturation of the ground, temperature, void ratio are also among the
affecting factors. In this study, apart from these factors, the conductivity of new mixtures formed by using
aluminum additives was evaluated. The results revealed that thermal conductivity increased as the amount
of aluminum increased. On the other hand, it was noted that conductivity decreased as the amount of
bentonite increased. This study is primarily limited to the thermal performance of the mixtures at their
optimum moisture content (OMC). Since the thermal behavior of soils can vary significantly under different
saturation levels, future research is recommended to investigate these mixtures under fully saturated and
bone-dry conditions to provide a comprehensive thermal characteristic profile for diverse environmental
scenarios. The use of aluminum-added zeolite-bentonite mixtures in targeted areas can be evaluated by
performing and interpreting complementary experiments determining other engineering properties such as
permeability and compressibility in terms of soil.

Within the scope of this study, the effects of aluminum powder utilized to enhance the thermal performance
of zeolite-bentonite mixtures were experimentally investigated. The primary findings are presented below:

1. The addition of aluminum powder increased the thermal conductivity coefficient of the mixtures
across all specimens in a linear trend. Increasing the aluminum content from 1% to 3% by weight
resulted in an average improvement of approximately 18% in thermal conductivity.

2. The highest thermal conductivity value was measured as 0.835 W/mK.

3. The decrease in thermal conductivity values observed with increasing bentonite content was
successfully compensated for by aluminum reinforcement. Compared to the pure zeolite-bentonite
mixture, the thermal conductivity in specimens containing 3% aluminum rose from 0.749 W/mK to
0.795 W/mK.

4. A positive numerical correlation was identified between the dry density values obtained from
Standard Proctor tests and the measured thermal conductivity, indicating that increased compaction
directly benefits heat transfer.

In addition to the thermal enhancements, the influence of aluminum reinforcement on the mechanical
strength of the mixtures warrants consideration. As demonstrated in the compaction data, the inclusion of
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aluminum powder led to an increase in the maximum dry density of the specimens. This densification
typically results in a more robust particle arrangement and reduced porosity, which are key indicators of
improved compressive strength and bearing capacity in geotechnical applications. Furthermore, the metallic
particles may act as micro-inclusions that reinforce the zeolite-bentonite matrix, potentially increasing the
overall stability of the buffer material. However, it should be noted that while higher density suggests a
positive trend in strength, the potential impact of metallic additives on the cohesion and internal friction
angle of the clay-based matrix should be further validated through comprehensive shear strength and triaxial
compression testing to ensure long-term structural integrity under field loading conditions.
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documented. The Risk Priority Numbers (RPN) for each failure
mode were subsequently assigned by the FMEA team. Then, a
thorough root cause analysis was conducted, leading to the
implementation of targeted preventative measures. After
implementation of preventive measures, analysis revealed a
significant reduction in predetermined failures when compared
to former situation. Specifically, a remarkable 75% decline in
scrape failures, a 28.57% reduction in abrage failures, and a
59.82% decrease in corner burning failures were determined.
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Bu c¢aligmada, bir hali dretim tesisinde Hata Tirii ve Etkileri
Analizi (HTEA) yontemi kullanilarak, en kritik hatalarin ortadan
kaldirilmasi yoluyla tiretkenligin artirilmasi amaglanmustir. Altt
aylik bir dénem boyunca karsilasilan hatalar1 belirlemek tizere
kapsamli bir analiz gerceklestirilmis ve her bir hata tiiriiniin
meydana gelme siklig1 kayit altina alinmistir. Ardindan, her bir
hata tiirii i¢in Risk Oncelik Sayilar1 (ROS) HTEA ekibi
tarafindan belirlenmistir. Sonrasinda ayrintili bir kdk-neden
analizi yapilmis ve hedefe yonelik Onleyici tedbirler
uygulanmustir. Onleyici faaliyetlerin uygulanmasimin ardindan
yapilan analizler, 6nceki duruma kiyasla belirlenen hatalarda
onemli dlgiide azalma oldugunu ortaya koymustur. Ozellikle,
kazima hatasinda %75, abraj hatasinda %28,57 ve kose yakma
hatasinda %59,82 oraninda azalma tespit edilmisgtir.
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1. INTRODUCTION

Failure Mode and Effect Analysis (FMEA) is a systematic engineering methodology aimed at identifying,
evaluating, and eliminating existing or potential failures, problems, and faults in systems, designs,
processes, and services before they adversely affect customers. This analytical technique identifies known
or potential problems in a process or product to formulate the preventive strategies [1]. In the textile
industry, which encompasses a wide range of production systems designed to create a diverse array of
textile products, the implications of customer dissatisfaction can be substantial, leading to increased
production costs and compromised product quality. Consequently, many researchers have explored the
application of FMEA as a means to enhance the overall quality of textile products and the production
systems. FMEA can be classified into four distinct categories: system FMEA, design FMEA, process
FMEA, and service FMEA. FMEA serves as a critical tool in proactively addressing potential failures
through a comprehensive analysis of failure modes, their impacts, causes, and existing control measures,
thereby contributing to improved quality in the textile sector.

The assessment of failure priorities in FMEA is grounded in three key components: occurrence, severity,
and detectability. Occurrence (O) refers to the likelihood of a failure happening, rated on a scale from 1 to
10, where a higher score indicates a greater potential for occurrence. Severity (S) measures the impact of
the failure mode, also rated from 1 to 10, with increased ratings corresponding to more critical risks
associated with the failure. Detectability (D) is the ease with which a failure can be identified before it
reaches the customer, on a scale of 1 to 10, where a higher score signifies a lower capability to detect the
failure. The prioritization of identified problems is represented through Risk Priority Numbers (RPN). This
numerical value is computed as the product of occurrence, severity, and detectability. The RPN itself serves
primarily to rank the relative concerns associated with various systems, designs, products, processes, and
services. It is important to note that the RPN should be interpreted within the context of prioritizing failure
modes; it does not hold intrinsic significance beyond this ranking. Calculating the RPN (Eq. 1) involves
multiplying the values assigned for severity, occurrence, and detectability [2,3].

RPN=Sx0xD (1

If RPN <40, No need for preventive activity
If 40 <RPN<100, preventive activity is profitable.
If RPN>100, preventive activity must be implemented.

Several studies in the literature based on the application of Failure Modes and Effects Analysis (FMEA) in
textile manufacturing processes. Yiicel applied the FMEA method in a garment manufacturing company
with the aim of minimizing sewing-related defects. During a four-week production period, defects observed
in sewn products were identified and corresponding preventive actions were developed. Following the
implementation, the defect rate in the jeans production line was reduced from 11.5% to 7.4%, while the
defect rate in the shirt production line decreased from 12.9% to 7.7%. In addition, the average monthly time
spent on reworking defective products was reduced from 2660.7 minutes to 1694.4 minutes [4]. Ozyazgan
and Engin conducted a FMEA-based analysis for a three-months period in a knitting factory to calculate
the risk priority numbers (RPNs) of various failures. The findings indicated that the most critical failures
were primarily associated with knitting machines. To mitigate these issues, the authors suggested improving
workplace conditions, providing employee training, and reviewing machine maintenance procedures,
settings, and software systems [5]. Similarly, Kaewsom and Rojanarowan utilized the FMEA technique in
filament yarn production and decreased the defect rate from 3.35% to 1.76% [6]. In another study,
Ozyazgan applied FMEA to identify and eliminate failures occurring in woven fabric production. The
results revealed that the major sources of defects were related to insufficiently trained weaving machine
operators. Therefore, the study emphasized the importance of enhancing personnel training as a key
preventive measure [7]. Sabir and Bebekli carried out a case study in a selected textile dyeing and finishing
plant using the FMEA approach. Various types of defects occurring in the dyeing process were identified,
and the most critical ones were selected based on their RPN values. For each critical defect, the root causes
and necessary preventive actions were determined. Consequently, several improvement recommendations
were proposed [8]. Kiigiik et al. examined the application of FMEA in a ready-to-wear manufacturing
facility, focusing on spreading and cutting processes. Risk priority numbers were calculated for 18 different
failures, and eight failure types with RPN values exceeding 100 were selected for further analysis.
Preventive actions were then developed for these critical failures, leading to recommendations aimed at
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improving process performance [9]. Nguyen et al. conducted a case study in a nonwoven manufacturing
facility using an enhanced FMEA approach that incorporated quality cost factors and the detection
capability of failure identification systems to determine the priority of each failure mode. The authors
introduced an analytical model instead of conventional FMEA framework, The results obtained from this
model highlighted the importance of routine inspection and maintenance of machine components as key
preventive measures. According to the findings, the defect rate of 2.41% was reduced to 1.13% using the
proposed method [10]. Unal and Acar applied the FMEA method to examine defects occurring in the quality
control department of a denim outerwear manufacturing plant. Risk Priority Numbers were calculated for
the identified failure modes, and preventive actions were defined with the aim of lowering the RPN values
and improving overall quality performance [11]. In another study, Pazireh et al. utilized FMEA to develop
and implement a quality control system for T-shirt production lines. The method was used to identify and
rank potential defects and to provide appropriate operational guidelines for quality control stations. RPN
values were calculated for each station, and production lines were monitored based on these values as a
preventive strategy. The efficiency of the system before and after FMEA implementation was evaluated
through simulation software. In the optimization model, inspection rates at each station and the overall
defect percentage were defined as decision variables and objective functions. The results indicated that
FMEA significantly improved the allocation of inspection activities across stations and led to a substantial
decrease in defective products [12]. Beyene et al. focused on minimizing excessive machine downtime in
a weaving factory by analyzing its root causes and their impact on production losses. The application of
FMEA in the weaving process revealed that daily downtime could be reduced by approximately 299.04
hours for a total of 178 looms through appropriate corrective and preventive measures [13]. Temel et al.
investigated failures in a textile dyeing plant using the FMEA technique and determined the RPN values of
the identified failure modes. Their analysis showed that the most critical failures occurred in HT fabric
dyeing, centrifuge, and drying units. As a result, improved machine maintenance practices were
recommended as the primary preventive action [14]. Mutlu and Altuntas proposed an integrated
methodology combining FMEA and Fault Tree Analysis (FTA) to evaluate failures in a ring spinning
production system. The analysis classified 22.80% of failures as unacceptable, 15.78% as high risk, 28.07%
as moderate, and 37.35% as acceptable. Based on these findings, the authors recommended the
implementation of productive maintenance strategies to eliminate machine-related failures in ring-spun
yarn production [15]. Similarly, Fithri et al. applied FMEA to reduce defect levels in woven fabric
manufacturing. Failure modes were assessed using RPN values, and several preventive actions were
suggested, including the development of Standard Operating Procedures (SOP), the use of machine
inspection forms for maintenance activities, operator training programs, and improved coordination with
the spinning department regarding raw material quality [16]. Eren and Pamuk examined the application of
FMEA in a ready-to-wear apparel manufacturing facility. The study identified that the highest RPN values
were associated with insufficient technical expertise among customer service personnel, poor
interdepartmental communication, and incomplete information flow. Following the implementation of
corrective measures, the RPN values for 12 out of 13 identified failure factors were reduced to below 40
[17]. Cardiel-Ortega and Baeza-Serrato applied the FMEA method in a knitting factory producing
children’s garments to identify fault types and their effects. RPN values were calculated for six predefined
failure modes, and the analysis resulted in a comprehensive report that supported the development of
preventive action plans for knitting machines, corrective actions for high-priority failures, and a structured
implementation strategy [18].

It can be seen from the literature that, the studies generally focused on FMEA technique to merely determine
the most severe failures. Additionally, some of them provided suggestions for preventive activities. Among
the textile focused FMEA implementation studies only a few of them compares the situation after
application of preventive activities. So, in the literature there is a lack of information about the real time
effects of FMEA application on in textile production lines. Additionally, visible carpet failures are generally
disturbing, cannot be tolerated and the disposal of the low-quality carpet is an important problem due to
high mass. In this study, current failures in carpet production were detected and the most severe failures
were determined. For this aim, occurrence, severity, detectability and PRN values of the current failures
were obtained by using FMEA technique. The effects of failures were assessed and the causes of these
failures were reviewed. By this way, possible preventive activities were emerged and the proper preventive
activities were initiated for the carpet production mill. Then, preventive activities were implemented.
Differently from the previous studies, after implementation of preventive activities, RPN values were
reassessed to determine the real time effects of FMEA. Also, real time reduction of failure carpet product
was determined for each failure type by using the production rates of the carpet production mill.
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2. MATERIAL AND METHOD

This study focuses on identifying the most critical failure modes in a carpet manufacturing facility through
the application of the Failure Modes and Effects Analysis (FMEA) method and on developing actions to
minimize these failures. To achieve this objective, a multidisciplinary team was established to carry out the
FMEA procedure. The team systematically identified the failure modes across the carpet production process
and evaluated their possible effects and root causes. For each failure mode, severity, occurrence, and
detection scores were assigned, and the corresponding Risk Priority Numbers (RPN) were calculated based
on the product of these factors. Preventive measures were formulated and implemented for failure modes
with RPN values exceeding 100. Following the implementation, the effectiveness of these measures was
assessed through a three-month monitoring period, after which the RPN values were recalculated to
evaluate improvements. FMEA process flow chart is given in Figure 1.

Carpet company

| Establishment of FMEA team ]

|

[ Determining failures } <

Y

Writing the root cause and effects of
the failure

!

{ Determination of first RPN values }

Implementation of preventative actions
regarding errors

A4
v [ Failure process tracking }
Finding seventy, l

occurrence and
detectability values

3 [ Determination of new RPN values }

Figure 1. FMEA flow diagram

Studies have been carried out to reduce the most common faults in the carpet company. Using the failure
modes and effects analysis, occurrence, severity, detectability rankings for every failure type are determined
by the FMEA team. Then, the RPN value was obtained by multiplying occurrence (O), severity (S),
detectability (D) values. The FMEA team consists of 5 people. The FMEA team members are the employees
who have experience about production. FMEA Team Members are assistant production manager,
machinist, garment master, quality control manager, textile engineer. Based on quality control records and
previous experience, a list of failures that occur in the carpet company was created. The values mentioned
are given in Table 1. According to this list, preventive actions should be determined for faults with a risk
priority number of 100 and higher.
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Table 1. FMEA failure RPN chart of case study [19]

Failure Modes Severity Occurrence Detectability RPN
Scrape 9 8 5 360
Abrage 8 7 2 112
Pile space 6 5 3 90
Excessive yarn on carpet back 5 6 3 90
Cross-line pile creation of all colors 8 3 4 96
The rippling of the carpet 8 5 2 80
Knife burn 8 5 2 80
Knife mark 8 5 2 80
Platin mark 7 3 3 63
Imbalance pile 3 4 5 60
Transverse gap on carpet back 6 5 2 60
Ground breakage 8 2 3 48
Foaming 6 4 2 48
Improper Corner Burning 7 8 4 224
Unacceptable repair 6 5 3 90
Yarn residue 6 5 3 90
Crossness 6 5 3 90
Improper winding 5 2 7 70
Damaged packaging 8 4 3 96
Curvature in length cutting 7 6 2 84
Glue leakage 9 3 2 54
Design failure 7 4 3 84
Sending missing carpet 6 5 3 90
Sending wrong order 9 2 3 54
Inappropriate yarn on the loom 7 3 4 84

After the RPN values had been calculated, the FMEA team selected the failure modes with RPN values
exceeding 100 for further analysis. Among these, the most critical failure was identified as scrape, with an
RPN of 360. This was followed by corner burning and abrage, which had RPN values of 224 and 112,
respectively. Because of these three failure modes exhibited the highest risk levels, the implementation
study was concentrated on the determined failures. The FMEA methodology was then applied to reduce
the occurrence and impact of these failures. Through structured brainstorming sessions, the FMEA team
examined the effects and root causes of each determined failure mode. Based on this analysis, appropriate
preventive measures and corrective actions were developed and implemented. Analysis for the determined
failure modes are illustrated in Table 2.

Table 2. Effects, root-cause, severity, occurrence, detectability and RPN values of the selected failures [19]

Failure Effects of the Root-cause (Potential causes of the Current
. S . D RPN
modes failure failure) controls
The collapse of Entanglement of pile yarns coming
the carpet from the creel,
backing and Improper setting of the distance Weaving
imbalanced between faceto face carpets due to lack quality 360
Scrape stretch of pile 9 of lancets, control 5
yarns on carpet Careless weaving operators, form /
surface resulting High rate of creel loading, Visual
in irregular pile Feeding the pile yarn from the creel as
texture. improper bundle form
Customer Improper secure of the sewing threads
dissatisfaction as a result of not burning the excess Finished
Corner and complaints threads in the corners after sewing. product
. 7 4 224
Burning due to control
unraveling of the Inability to make small sizes due to form
carpet edges. increased workload.
Using the same color of pile yarns Pile yarn
with different lot numbers which have input
Color differences different color intensity c?;t;;)l
Abrage on tfhe carpet 8 Irregular tension between the pile yarn 2 12
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Following the detailed evaluation of failure modes, their effects, and root causes by the FMEA team,
appropriate preventive actions were systematically identified for each failure type.

Preventive Actions for Scrape Failure
e Periodic inspection of the creel. In addition, particular attention should be given to the drawing-in
operation, which involves threading warp yarns through the heald eyes and reed dents in accordance
with predefined rules.
o Installation of lancets on weaving machines to improve operational stability.
e Implementation of targeted training programs for weaving loom operators.
¢ Minimization of the bobbin splitting process in polyester yarn production to reduce defect formation.

Preventive Actions for Corner Burning Failure
¢ Providing regular training sessions to enhance employee awareness and skill levels.
e Positioning visual instruction boards near machines, illustrating acceptable and unacceptable tip
burning conditions to support correct practices.
e Applying job rotation strategies, particularly for small batch production orders, to reduce operator-
related errors.

Preventive Actions for Abrage Failure

e Conducting comprehensive inspections of incoming yarns from suppliers using light cabinets and
testing equipment for strength, elongation, and twist in the yarn laboratory. All test results should be
documented using a pile yarn input control form, and only yarns approved by the laboratory supervisor
should be forwarded to the weaving department.

¢ Verifying the label information inside bobbins mounted on the creel, with inspections carried out
jointly by weaving operators and quality control personnel.

¢ Ensuring that creel change forms are properly completed and that creel inspections are consistently
performed by both the weaving operators and the quality control unit [19].

3. THE RESEARCH FINDINGS

3.1. Scrape Failure

Scrape is a failure characterized by the collapse of the carpet backing and the stretching of pile yarns onto
the carpet surface, as illustrated in Figure 2.

Figure 2. Photographic view of scrape failure [19]

This failure was primarily observed in three-rapier looms that lacked lancet equipment. In such cases, the
narrowing gap between two adjacent carpets caused the cutting knife to penetrate the fabric, leading to the
formation of the scrape defect. To prevent this issue, a modification was carried out on the carpet weaving
machines by converting the looms from a three-rapier configuration to a two-rapier system. This preventive
activity was not applied the entire facility. In order to detect the effect of this preventive activity specifically,
only three weaving looms were modified. Table 3 presents a comparison of scrape defect quantities
recorded before and after the implementation of this FMEA-based preventive action.
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Table 3. Amounts defective products due to scrape failure before and after the preventive actions

Before preventive After preventive

actions actions
Amount of total defective production in total production 5.07 % 0.49 %
Amount of scrape defective production to total defective 43.90 % 4023 %

production

As indicated in Table 3, prior to the implementation of preventive actions, defective products accounted for
5.07% of the total output of the carpet manufacturing plant. Following the application of preventive actions
targeting three major failure modes, this proportion decreased significantly to 0.49%. This improvement is
attributed to the substantial reduction in scrape-related defects, which had previously been identified as the
most critical failure type. Before the FMEA implementation, scrape defects constituted 43.90% of all
recorded failures, while after the preventive actions this amount decreased to 40.23%. This slight decrease
can be explained by the fact that machine modifications had not yet been completed across the entire
facility. Therefore, it was concluded that further revisions of carpet weaving looms should be considered
essential for achieving sustained improvements in overall product quality and for effectively addressing
scrape failures. It is anticipated that once the planned weaving loom upgrades are fully implemented, the
occurrence of scrape defects in total production will become negligible [19].

3.2. Corner Burning Failure

Corner burning refers to the operation in which loose yarns at the edges of carpets are secured using a
controlled flame. When this process is performed incorrectly, the carpet edges may begin to unravel during
use, leading to customer dissatisfaction and subsequent complaints. A corner burning defect photographic
view is illustrated in Figure 3.

Figure 3. Photographic view of corner burning failure [19]

As a preventive action, a training program was introduced to improve employee understanding of proper
corner burning practices. Employee awareness was further reinforced by placing visual panels on the
machines that displayed examples of acceptable and unacceptable applications. Table 4 presents a
comparison of corner burning defect quantities recorded before and after the implementation of these
FMEA-based preventive actions.
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Table 4. Amounts defective products due to corner burning failure before and after the preventive actions

Before preventive After preventive
actions actions
Amount. of total defective production in total 507 % 0.49 %
production
Amount of corner burning defective production to 9.90 % 3159

total defective production

The results indicate that the occurrence of this defect was reduced by approximately 66% compared to the
initial level, which can be regarded as a significant improvement.

3.3. Abrage Failure

Abrage failure arise from uneven yarn tension, which leads to visible color variations in the carpet surface.
A representative photographic image of this defect is given in Figure 4.

Figure 4. Photographic view of abrage failure

To address this issue, additional testing equipment was acquired for the yarn laboratory as part of the
preventive actions. Incoming yarns are now subjected to systematic inspection and testing, and all
measurement results are documented. Only yarns that receive laboratory approval are released to the
weaving department. Furthermore, during creel replacement procedures, the quality control unit verifies
and records the accuracy of bobbin placement and creel sequence to prevent mismatches. Table 5 is given
for comparison of abrage failure defective product amounts observed before and after the implementation
of FMEA-based preventive actions.

Table 5. Amounts defective products due to Abrage failure before and after the preventive actions

Before preventive After preventive
actions actions
Amoun'f of total defective production in total 507 % 0.49 %
production
Amount of abrage defective production to total 14.78 % 13.70 %

defective production
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The findings indicate that abrage-related defects decreased by approximately 8%, suggesting that further
or alternative preventive strategies may be required to achieve more substantial improvement.

3.4. Changes in RPN Values of Selected Failures

Table 6 provides a comparative understanding for severity, occurrence, detectability and RPN values before
and after implementation of preventive actions for each predetermined failure mode.

Table 6. RPN values for selected failures before and after preventive actions

Failure Before preventive actions After preventive actions Change in
mode S (0] D RPN S 0] D RPN RPN, %
Scrape 9 8 5 360 9 5 2 90 75
Corner 7 8 4 224 7 5 3 90 59.82

burning

Abrage 8 7 2 112 8 5 2 80 28.57

Prior to the implementation of the FMEA study, the RPN for the scrape defect was calculated as 360.
Following loom modifications, particularly the installation of lancets, a notable reduction in scrape-related
failure was achieved. As a result, the RPN value declined to 90, corresponding to a 75% improvement. In
the case of corner burning failure, the RPN value was reduced from 224 to 90, indicating a success rate of
approximately 59.82%. For the abrage defect, the initial RPN was determined to be 112, which decreased
to 80 after the application of FMEA-based preventive actions, yielding a reduction of 28.57%. Based on
the outcomes observed in the weaving and post-weaving processes, it can be inferred that the primary
contributors to these failures are related to existing loom configurations and insufficient employee
awareness.

4. RESULTS

Failure Modes and Effects Analysis (FMEA) is a widely used quantitative method aimed at enhancing
product quality and improving customer satisfaction by identifying and eliminating potential failures before
they occur. In this study, FMEA was applied in a carpet manufacturing company to systematically analyze
existing defects and their root causes through structured discussions conducted by a dedicated FMEA team.
For this purpose, the production system was examined across the yarn laboratory, weaving, and finished
product departments, and the root causes of the observed failures were identified.

The analysis focused on three core production departments where manufacturing activities are
concentrated. Within these departments, failure modes with the highest RPN were identified in
collaboration with the FMEA team, and targeted preventive actions were implemented accordingly.
Examination of the failure sources revealed that issues such as loom configuration and insufficient operator
awareness were among the primary contributors to defects. To address scrape-related failures, loom
adjustments were carried out by installing lancets and converting three of carpet weaving looms from a
three-rapier system to a two-rapier configuration in line with the established revision plan. To mitigate
abrage defects, incoming yarns supplied to the facility were subjected to systematic testing and
documentation using a pile yarn input control form, and only approved yarns were released to the weaving
department. Additionally, creel arrangements were monitored through creel change forms to ensure correct
yarn placement.

For corner burning defects, employee training and awareness initiatives were strengthened by installing
visual instruction boards near the machines, illustrating correct and incorrect burning practices. As a result
of the FMEA-based improvements, reductions of 75% in scrape defects, 28.57% in abrage defects, and
59.82% in corner burning defects were achieved. These improvements are expected to enhance the
company’s competitive position and reputation by lowering defect rates, improving product quality,
reducing operational costs, ensuring timely and problem-free product delivery, and ultimately increasing
customer satisfaction [19].
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This study was conducted to identify and prioritize the hazards
and risks arising from the activities of a company producing
insulation products and to develop appropriate action plans
under limited resources. In this context, Failure Mode and
Effects Analysis (FMEA), fuzzy FMEA, the Analytic Hierarchy
Process (AHP)-weighted Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS), and the Stepwise Weight
Assessment Ratio Analysis (SWARA) methods were used in an
integrated manner. The obtained risk scores were analyzed
through an integer programming model to allocate resources
according to priority risks. The study presents an integrated
framework for the systematic evaluation of production process
risks and the support of strategic decision-making processes.
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1. GIRIS

Yalitim {irtinleri iretim endistrisi; kimyasal bilesenlerin kullanildig1 prosesler, yiiksek sicaklik
uygulamalari, yogun toz olusumu, basingh sistemler ve yangin/patlama riski gibi birden fazla tehlike
kaynaginin ayni iiretim hatti iginde bir arada bulundugu, is saglig1 ve giivenligi acisindan yiiksek hassasiyet
gerektiren sektorlerden biridir [1]. Bu tiir isletmelerde proses siirekliligi, iiriin kalitesi ve iiretim verimliligi
hedefleri ile ¢alisan giivenligini ayni anda koruma zorunlulugu, risk yonetimini yalnizca yasal bir gereklilik
olmaktan ¢ikarip stratejik bir karar problemine doniistiirmektedir. Nitekim sektorde yasanan is kazalarinin
o6nemli bir kisminmn, tehlikelerin dogru tanimlanamamasi kadar, tanimlanan risklerin dogru
onceliklendirilememesine ve buna bagl olarak sinirli kaynaklarin etkisiz bigimde kullanilmasina dayandig:
rapor edilmektedir. Ozellikle orta lgekli isletmelerde biitge, zaman, bakim-onarim kapasitesi ve is giicii
kisitlar1 nedeniyle tiim risklerin ayni anda azaltilmasi ¢ogu zaman mimkiin degildir. Bu nedenle, risk
azaltma faaliyetlerinde “hangi risklerin 6nce ele alinmasi gerektigi” sorusu hem maliyet etkinligi hem de
calisan giivenligi agisindan kritik neme sahiptir [2].

Risklerin onceliklendirilmesi literatiirde farkli yontemlerle ele alinmakla birlikte, gercek diinya
kosullarinda karar vericiler cogu zaman tam bilgiye sahip degildir ve risk degerlendirmeleri uzman
yargilara dayalidir. Bu durum, degerlendirmelerde kacinilmaz bir siibjektiflik ve belirsizlik olusturur.
Klasik risk degerlendirme yontemleri ise cogunlukla net (kesin) sayisal girdilerle ¢alistigindan, belirsizlik
ve kararsizlik durumlarin yeterince temsil edememektedir. Ornegin klasik FMEA (Hata Tiirii ve Etkileri
Analizi) yonteminde Risk Oncelik Puan1 (ROP) hesab1 deterministik bir mantikla yapilir ve olasilik, siddet
ve tespit edilebilirlik gibi bilesenler cogu zaman tek bir degere indirgenerek degerlendirilir. Bu yaklagim,
saha kosullarindaki bulaniklig1 ve uzmanlarin “yaklasik” ya da “aralik” seklindeki ifadelerini yansitamadig:
i¢in risklerin birbirine ¢ok yakin puanlarla degerlendirilmesine ve dolayisiyla hatali 6nceliklendirmeye yol
acabilmektedir [3-4]. Benzer sekilde, Analitik Hiyerarsi Siireci (AHP) ve TOPSIS gibi ¢ok kriterli karar
verme yontemleri de klasik bigimleriyle kesin degerlendirmelerle c¢aligir; karar vericilerin “tam emin
olmama”, “iki segenek arasinda kalma” veya “yakin 6nem diizeyleri” gibi belirsizlik i¢eren yargilar1 bu
yapilarda sinirhi diizeyde temsil edilebilir. Bu baglamda, literatiirde s6z konusu yontemlerin bulanik
uzantilar1 6nerilmis olsa da riskin biiyiikliigiinii ve kriter temelli goreli dnemi (AHP—TOPSIS) birlikte ele
alan, ayrica yontem tutarliligini test eden ve nihayetinde kaynak kisit1 altinda uygulanabilir kararlar {ireten
biitiinciil ¢ergevelerin siirl kaldig1 goriilmektedir.

Bu calismanin temel amaci, yalitim iiriinleri iireten bir isletmede is saghgi ve giivenligi kapsaminda
belirlenen tehlikelerin daha hassas ve giivenilir bigimde dnceliklendirilmesini saglamak ve siirli kaynak
kosullarinda uygulanacak aksiyonlarin optimum bigimde secilmesine yonelik biitiinlesik bir karar destegi
yaklagimi gelistirmektir. Calisma, Tirkiye’de faaliyet gosteren bir yalitim tesisinden elde edilen gergek
saha verileri iizerinden yiiriitiilmiistiir. ilk asamada riskler FMEA yaklagimu ile degerlendirilmis; daha sonra
riskleri etkileyen kriterlerin goreli 6nemleri ¢ok kriterli karar verme yapisi i¢inde ele alinmigstir. Bu noktada
calisma yalnizca tek bir yonteme dayanmamuis; belirsizliklerin karar siirecine sistematik bigimde entegre
edilebilmesi i¢in yontemlerin bulanik stiriimleri kullanilmistir. Bu dogrultuda, risk skorlari Bulanik FMEA
ile hesaplanmus, kriter dncelikleri Bulanik AHP—-TOPSIS ile elde edilmis ve kriter agirliklart ayrica Bulanik
SWARA (Adim Adim Agirhk Degerlendirme Orani Analizi) yontemiyle yeniden degerlendirilerek
normalize edilmistir. Bulantk SWARA’nin siirece dahil edilmesi, yalnizca alternatif bir agirlik seti
iiretmekten ote, farkli agirliklandirma yaklagimlarinin sonuglar {izerindeki etkisinin karsilagtirmali olarak
incelenmesine olanak saglamaktadir. Elde edilen Bulantk SWARA agirliklari, Bulantk AHP-TOPSIS
sonuclartyla karsilastirmali olarak incelendiginde bazi kriterler agisindan benzer egilimler gostermekle
birlikte, siralamalarin kullanilan agirliklandirma yaklagimina duyarli olabildigini ortaya koymaktadir. Bu
nedenle SWARA tabanli sonuglar, AHP-TOPSIS ¢iktilarinin dogrudan dogrulanmas: yerine, sonuglarin
yontem segimine bagli degiskenligini degerlendirmeye yonelik tamamlayici bir analiz olarak ele alinmustir.

Caligmanin bir sonraki asamasinda, risklerin Onceliklendirilmesi yalnizca siralama iiretmekle sinirli
tutulmamisg; hangi risklerin kritik oldugunun belirlenmesi icin Pareto analizi uygulanmistir. Pareto
yaklagimi, toplam riskin biiylik bir boliimiinii olusturan “kritik azmligin” belirlenmesine dayanir ve
isletmeler acisindan hangi risklerin ilk etapta ele alinmasi gerektigini pratik bir bigimde ortaya koyar. Bu
caligmada Pareto analizinde kullanilan risk degerleri ile matematiksel optimizasyon modelinde kullanilan
risk girdileri ayn1 tanim ve ayni Olgek temelinde secilmistir. Bu kapsamda, Pareto analizinde ve
matematiksel modelde risk girdisi olarak Bulanik AHP-FMEA entegre degerleri tercih edilmistir. Bunun
temel gerekgesi, matematiksel modelin tekil bir risk katsayisi iizerinden ¢alismasi ve bu katsayinin hem
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Bulanik FMEA ile elde edilen risk biiyiikliigiinii hem de Bulanik AHP-TOPSIS ile hesaplanan goreli 6nem
yapisint ayni anda temsil etmesi gerekliligidir. Baska bir ifadeyle Bulanikk AHP-FMEA degeri, riskin
siddeti/olasiligi/belirlenimi gibi bilesenlerden tiireyen toplam risk seviyesini, kriter Oncelikleriyle
biitiinlestirerek tek bir entegre gostergede toplamakta ve bdylece Pareto se¢imi ile optimizasyon modelinin
ayni risk anlayisi lizerinden tutarli karar tiretmesini saglamaktadir. Buna karsilik, Bulankk SWARA-FMEA
entegre degeri ¢alismada esasen karsilastirmali degerlendirme ve sonuglarin agirliklandirma yaklagimina
duyarliligini inceleme amaciyla ele alinmistir; ana karar hattinin Bulanik AHP-TOPSIS tabanli
entegrasyonla kurulmasi ise hem literatiirdeki yaygin kullanim hem de TOPSIS yonteminin alternatiflerin
goreli yakinliklarina dayali sistematik bir siralama sunmasi nedeniyle tercih edilmistir.

Son asamada, Pareto analizi ile kritik olarak belirlenen riskler, smirli kaynak kosullarinda uygulanacak
aksiyonlarin se¢cimi amaciyla 0—1 tam sayilt programlama modeli ile optimize edilmistir. Bu sayede
calisma, yalnizca “hangi risk daha 6nemlidir?” sorusuna cevap vermekle kalmamakta; ayni zamanda
“mevcut kaynak kisiti altinda hangi risklere miidahale edilirse toplam risk en fazla azaltilir?” sorusuna da
nicel ve uygulanabilir bir ¢dzlim iiretmektedir. Bu yoniiyle ¢alisma, bulanik mantik tabanli gok kriterli karar
verme yontemleri ile matematiksel optimizasyonu tek bir ¢ergevede birlestirerek, belirsizlik altinda daha
dogru risk dnceliklendirme ve kaynak tahsisi saglamasi bakimindan literatiirde 6zgiin bir katk1 sunmaktadir.
Calismada izlenen metodolojik adimlar ve biitiinlesik yaklasimin genel akisi Sekil 1°de sunulmustur.

ADIM3
ADIM 1 FMEA, AHP- ADIM 5
TOPSIS ve
Klasik FMEA ve SWARA Pareto Analiziile
Klasik AHP- Yéntemlerinin Kritik Risklerin
TOPSIS Bulaniklastiritmasi Segimi
Uygulamasi
ADIM 2 ADIM 4 ADIM 6
Bulanik FMEA,
Klasik FMEA ve Bulanik AHP- alilanoayil
Klasik AHP- TOPSIS ve T
TOPSIS Bulanik SWARA LRSS
Entegrasyonu Entegrasyonu,
Sekil 1. Calismanin adimlari
2. LITERATUR TARAMASI

Bu ¢aligmada kullanilan yontemlerin temelleri, literatiirde genis bir sekilde ele alinmig ve farkli uygulama
alanlarinda etkinligini kanitlamis yontemlere dayanmaktadir. Cok kriterli karar verme, bulanik mantik,
optimizasyon ve risk degerlendirme gibi konular {izerine yapilan arastirmalar, bu ¢alismanin ydntemsel
cergevesinin olusturulmasinda énemli bir yol gstermistir. Ozellikle isletmelerin risk yonetimi siireglerinde
kullanilan klasik ve bulanik yaklasimlar, karar alma siire¢lerinin daha sistematik ve verimli hale gelmesine
katkida bulunmustur. Asagida, bu ¢alismanin temelini olusturan literatiir incelemelerine yer verilmistir.

2.1. Bulanik AHP Uygulamalar:

Bu boliimde, Bulanik AHP yonteminin farkli karar verme problemlerine nasil uygulandigini gosteren
caligmalar 6zetlenmistir. Bulanik AHP, 6zellikle belirsizliklerin ve siibjektif degerlendirmelerin yogun
oldugu durumlarda daha giivenilir sonuglar elde etmek igin kullantlir.

Akman ve Alkan [5], otomotiv yan sanayinde tedarik¢i performansimi degerlendirmek amaciyla Bulanik
AHP yontemini kullanmiglardir. Caligmada, tedarik¢i performansini etkileyen kriterler bulanik mantik
yaklagimiyla ele alinmis ve Kocaeli’de otomotiv yan sanayinde faaliyet gosteren bir igletmenin ii¢
tedarik¢isinin performans: degerlendirilmistir. Bu calisma, tedarik¢i performansinin ¢ok kriterli karar
verme problemi olarak ele alinabilecegini ve Bulanik AHP yonteminin belirsizlik iceren degerlendirme
stireclerinde kullanilabilirligini gostermektedir.

Sengiil ve arkadaglari [6], calismalarinda, belediyelerin toplu tasima araci se¢im problemi ¢ok kriterli karar
verme yaklagimiyla ele alinmis ve Bulanik Analitik Hiyerarsi Prosesi (BAHP) yontemi uygulanmustir.
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Karar verme siirecinde alternatiflerin birden fazla kriter agisindan degerlendirilmesi gerektigi vurgulanmas;
belirsizlik iceren uzman degerlendirmelerini daha gergek¢i bigimde yansitmak amaciyla AHP yontemi
bulanik mantik ile biitiinlestirilmistir. Uygulama kapsaminda, belediyeler i¢cin en uygun otobiis
alternatifinin belirlenmesi hedeflenmistir.

Aydin [7], Ankara’da bir hastane i¢in en uygun yerin belirlenmesi amaciyla Bulanik AHP y&ntemini
kullanmustir. Calisma, hastane yer se¢imi siirecinde demografik, ekonomik ve ¢evresel faktorler gibi birgok
kriteri dikkate almigtir. Bulanik AHP yontemi, bu kriterler arasindaki dncelikleri belirleyerek en uygun yer
secimini saglamistir. Bu yaklagim, saglik tesislerinin planlanmasinda dnemli bir 6rnek teskil etmektedir.

2.2. Cok Kriterli Karar Verme Yontemlerinin Entegrasyonu (AHP-TOPSIS)

Bu kisim, farkli ¢ok kriterli karar verme yontemlerinin birlestirilerek daha kapsamli ve giiglii ¢oztimler
sunan c¢alismalara odaklanmaktadir. Ozellikle AHP ve TOPSIS gibi yontemlerin entegrasyonu, karmasik
karar verme siireclerinde 6nemli avantajlar saglamaktadir.

Sahin ve Supgiller [8[, tedarik¢i se¢imi ve degerlendirme probleminin ¢dziimiinde AHP, TOPSIS ve K-
ortalamalar yontemlerini birlikte kullanmislardir. Caligmada, degerlendirme kriterlerinin agirliklart AHP
ile belirlenmis, elde edilen agirliklar TOPSIS yonteminde kullanilarak tedarikgiler siralanmistir. Ardindan
K-ortalamalar yontemiyle tedarik¢iler benzer 6zelliklerine gore kiimelere ayrilmig ve bdylece yalnizca en
iyi tedarik¢iyi segmek yerine etkin tedarik planlarinin olugturulmasi amaglanmistir.

Kocakaya ve arkadaslart [9], bolgesel havacilik operasyonlarinda kullanilabilecek turbojet motorlu ugak
modellerinin se¢imi i¢in kiiresel bulanik AHP ve TOPSIS yo6ntemlerini birlikte kullanmiglardir. Calismada,
maliyet, teknik 6zellikler ve emniyet kriterleri kapsaminda 9 alternatif ugak modeli degerlendirilmis ve
farkli ortalama operatorlerine gore en uygun alternatifler belirlenmistir.

Kalan [10], dolum hatti makineleri i¢in tedarik¢i se¢im probleminde AHP ve TOPSIS yontemlerini birlikte
kullanmus; kriter agirliklarinin AHP ile belirlenmesi ve alternatiflerin TOPSIS ile siralanmasi sayesinde
karar verme siirecinin sistematik bigimde desteklenebilecegini gostermistir.

2.3. Risk Analizi ve Onceliklendirme Cahsmalar

Bu boliim, ¢esitli sektorlerdeki risklerin belirlenmesi, analiz edilmesi ve dnceliklendirilmesi iizerine yapilan
calismalar1 icermektedir. Ozellikle klasik risk analiz yontemlerinin (FMEA, HTEA, Fine-Kinney) bulanik
mantik ile entegrasyonu, belirsizlik altindaki risk degerlendirmelerinde daha hassas sonuglar elde
edilmesini saglamustir.

Yoriikoglu ve arkadaslar1 [11], riizgar, jeotermal ve giines enerjisi santrallerine iligkin riskleri
degerlendirmek amaciyla HTEA ve Bulanik HTEA yontemlerini uygulamiglardir. Calismada riskler farkli
boyutlar altinda siniflandirilmis, risk oncelik sayilar1 hesaplanmig ve {i¢ enerji santrali tiirii risk diizeyleri
bakimindan karsilastirilmistir.

Ozfirat [12], is sagh@ ve giivenligi kapsaminda madencilik sektériinde risk analizi gerceklestirmistir. Hata
tiirleri ve etkileri analizi (HTEA) yontemine bulanik AHP entegre edilerek daha objektif ve gergekei risk
oncelik sayilar1 elde edilmigstir. Boylece proaktif 6nlemler i¢in daha giivenilir bir degerlendirme yontemi
sunulmustur.

Oturake1 ve Dagsuyu [13], Fine-Kinney yontemini bulanik mantik ile entegre ederek risk degerlendirme
siireglerindeki belirsizligi azaltmay1 amaglamistir. Bu ¢aligmada, bulanik mantik yontemiyle belirsizlikler
ele alinmis ve daha hassas ve gercekei risk degerlendirmeleri yapilmustir.

Turan [14], transformator ireten bir isletmede siireglerden kaynaklanabilecek hatalarin belirlenmesi,
onceliklendirilmesi ve firma giivenilirliginin artirilmas1 amaciyla Hata Tiirli ve Etkileri Analizi (HTEA) ve
Bulanik HTEA yontemlerini kullanmistir. Calismada, klasik HTEA ile risk oncelik degeri yiiksek hatalar
belirlenmis; sozel ifadeler ve kisisel degerlendirmelerden kaynaklanan belirsizlikleri azaltmak amaciyla
Bulanik HTEA uygulanmustir. Elde edilen sonuglar, Bulanik HTEA’nin daha gercekei risk oncelikleri
sundugunu gostermis ve ¢alismanin siirekliligini saglamak i¢in bir HTEA takip sistemi gelistirilmistir.
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Diskaya ve Emir [15], istanbul’da deprem riski altindaki ilge ve mahallelerin kentsel déniisiim 6nceliklerini
belirlemek amaciyla Analitik Hiyerarsi Siireci (AHP) ve TOPSIS yontemlerini birlikte kullanmiglardir.
Calismada, deprem riski temelinde yerlesim birimlerinin Oncelik siralamasi yapilmis ve elde edilen
sonuclarm kentsel doniisiim projelerinin planlanmasina destek saglamasi amaglanmustir.

Poyraz ve Simsir [16], iklimlendirme ve 1sitma sektoriinde faaliyet gdsteren bir igletmenin talep planlama
stirecinde ortaya ¢ikan hatalar1 degerlendirmek amaciyla Bulantk SWARA ve Bulanik COPRAS tabanh
biitiinlesik bir risk analizi modeli Onermislerdir. Calismada, Sire¢ HTEA yonteminin uzman
degerlendirmelerini yeterince yansitamama gibi smirliliklarini gidermek hedeflenmis; kriter agirliklar
Bulanik SWARA ile belirlenirken hatalarn oncelik siralamasi Bulanik COPRAS yontemiyle yapilmistir.
Sonuglara gore, talep rakamlarinin eksik veya yanlig belirlenmesi ile master data eksikliklerinden
kaynaklanan hatalar en kritik riskler olarak tespit edilmistir.

Es Yiirek [17], kumas boyama siirecinde hata tiirlerini belirlemek ve risk degerlendirmesi yapmak igin
calismigtir. Calisma, tiretim siirecindeki hatalarin tanimlanmasi, bu hatalarin etkilerinin analiz edilmesi ve
Onleyici tedbirlerin gelistirilmesini amaglamistir.

Yorulmaz ve Sezen [18], denizcilik sektoriinde is sagligi ve glivenligi kapsaminda Fine-Kinney yontemiyle
risk analizi yapmistir. Uzman goriisiiyle belirlenen 10 denizcilik tehlikesi farkli risk tiirleri agisindan
degerlendirilmis, ancak esit risk skorlar1 nedeniyle yontemin yetersiz kaldig1 goriilmistiir. Sonug olarak,
Fine-Kinney’in bagka analiz yontemleriyle birlikte kullanilmasi Snerilmistir.

Karakuzu ve arkadaslar1 [19], mobilya sektoriinde risk analizi yapmak i¢cin hem HTEA hem de Bulanik
HTEA yontemlerini kullanmiglardir. Bulanik HTEA yontemi, Ozellikle risk parametrelerindeki
belirsizlikleri ele alarak, daha dogru sonuglar elde edilmesini saglamistir.

Bu calismalar, bulanik mantik ve ¢ok kriterli karar verme yontemlerinin belirsizliklerin giderilmesi ve
stireclerin iyilestirilmesi konularinda etkin ¢oziimler sundugunu goéstermektedir. Literatiirdeki bu zengin
birikim, bu ¢alismada kullanilan yontem ve yaklagimlarin dayanaklarini olusturmustur. Yapilan literatiir
taramasinda, FMEA 'nin klasik haliyle kullanildig1 pek ¢ok ¢aligmaya rastlanmistir. Ancak bu ¢aligmalarin
bircogunda kriter agirliklar1 sabit alinmakta ve belirsizlik dikkate alinmamaktadir. Ayrica risklerin
onceliklendirilmesi sonrasinda, kaynak kisitlarini dikkate alan bir optimizasyon modeliyle karar destek
sunan calisma sayis1 oldukga sinirhidir.

Bu caligmada, FMEA risk agirliklari bulanik AHP ile belirlenmis ve risk onceliklerine gore sinirli
kaynaklarla miidahale edilecek risklerin se¢imi i¢in matematiksel bir model gelistirilmistir. Bu yaklasim,
belirsizlik altinda degerlendirme yapilmasina ve uygulama odakli bir optimizasyon ¢ergevesi sunulmasina
imkan tanimaktadir.

3. YONTEM

Bu calismada, yalitim drlinleri tireten bir isletmede karsilagilabilecek risklerin belirlenmesi,
degerlendirilmesi ve uygun aksiyonlarin alinmasi amaciyla dort temel yontem kullanilmaktadir: FMEA,
AHP, TOPSIS (Ideal Céziime Yakinlik Y&ntemi) ve Tam say1li programlama. Y6ntemlerin Bulanik Mantik
ile genisletilmis versiyonlart risklerin belirsizlik altinda daha sistematik bir bigimde degerlendirilmesine
olanak tanimaktadir. Ayrica ¢alisma kapsaminda tehlike siralamalarinin entegrasyon kontrolii i¢in Bulanik
SWARA yontemiyle kriter agirliklar yeniden degerlendirilmistir. Sonrasinda, Pareto Analizi ile risklerin
isletmeye olan toplam etkilerine gore dnceliklendirilmesi saglanarak en kritik sorunlara odaklanilmistir.
Son agamada, dnceliklendirilen riskler arasinda karar vermek i¢in tam say1li programlama tabanli bir ¢6ziim
yontemi kullanilmaktadir. Caligmada degerlendirilecek tehlikelerin belirlenmesi siireci, sistematik bir
metodoloji izlenerek gergeklestirilmistir. Ik asamada, ilgili iiretim tesisinde gorev yapan is saghig ve
giivenligi uzmani, iiretim sorumlusu ve bakim sorumlusundan olusan ii¢ kisilik bir uzman ekibi
olusturulmustur. ikinci asamada, bu uzmanlardan gegmis kaza kayitlari, ramak kala olay raporlari ve tesisin
mevcut risk degerlendirme dokiimanlarini inceleyerek 6n liste halinde potansiyel tehlikeleri belirlemeleri
istenmistir. Uciincii asamada, uzmanlar kendi deneyimlerini ve giinliik operasyonel gozlemlerini dikkate
alarak bu on listeyi degerlendirmis, benzer veya tekrarlayan tehlikeleri birlestirerek listeyi sadelestirmistir.
Bu asamada olusturulan ara ¢ikti, isletmede daha dnce raporlanan veya gézlemlenen olaylarin sistematik
bi¢imde simiflandirildigi bir 6n tehlike listesidir. Son agamada ise, uzmanlar arasinda yapilan degerlendirme
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toplantis1 sonucunda ortak gorlis birligi saglanarak calismada kullanilacak nihai tehlike listesi
olusturulmustur. Boylece tehlikeler dogrudan literatiirden alinmamis, sahadan elde edilen veriler ve uzman
goriisleriyle yapilandirilmistir. Bu yaklagim, metodolojinin yalnizca teorik bilgilere degil, isletmenin
gergek risk profiline dayanmasini saglamis; ortaya c¢ikan nihai liste, sonraki analiz asamalarina girdi
saglayacak sekilde dogrulanmis ve gizelgelenmistir.

3.1. FMEA (Hata Tiirii ve Etkileri Analizi)

FMEA, Toplam Kalite Ydnetimi (TKY) anlayisinda yer bulan; “proaktif” nitelikli (hatalar meydana
geldikten sonra durumu diizeltmeye ¢aligmak yerine, onlar1 dnlemeyi amaglayan), uygulanmasi kolay ve
diisiik maliyetli bir kalite iyilestirme teknigidir.

Siirecin yapisal bozuklugu, isleyisindeki diizensizlik, uygulanigindaki kuralsizlik, ¢iktisinin beklentiyi
kargilamamasi gibi siirece dair her tiirlii istenmeyen durum veya verimsizlik “hata” olarak kabul edilir.
Bunlar 6nceden bilinen olaylar olabilecegi gibi, heniiz hi¢ karsilasilmamis fakat gerceklesmesi olasi
goriilen olaylar da olabilir.

Hata Olasihig

Hata olasilig1, herhangi bir hatanin ne siklikta ortaya ¢ikabilecegine dair bir siklik belirtir. Olasilik degerleri
“kesin, imkansiz, nadiren, sik¢a” gibi sozel ifadelerle ya da “%100, 10.000°de 3” gibi sayisal ifadelerle
belirtilebilir.

Hatamn Etki Siddeti

Etki siddeti, olasi en kotii duruma dayali risk degerlendirmesine gore, bir anlamda hatanin 6nemini ifade
eder. Belirli bir hata igin etki siddeti, bu hata etkisinin ciddiyeti oraninda yiiksek olacaktir.

Belirlenim

Belirlenim; herhangi bir hata ya da hataya neden olabilecek aksakligin belirlenmesi, gbzlem, kontrol ve
¢ozlimleme ile ya da beyin firtinasi, drnekleme dayal istatistik, benzetim (simiilasyon) ve laboratuvar
testleri gibi yontemler yardimiyla agiga ¢ikarilmasidir.

Risk Oncelik Puani (ROP)

ROP, sozii edilen dlgeklerle hata olasiligi, etki siddeti ve belirlenime atfedilmis puanlarm carpimiyla
hesaplanan sayisal bir degerdir. FMEA teknigi ROP degerini, hata tiirlerinin tasidiklar1 risk bakimindan
siralanabilmesi amaciyla, kullanislt bir arag olarak kullanir. ROP degerinin yorumu da yine bu ¢arpanlarin
tanimi ve yararlanilan 6lgeklerden yola ¢ikilarak yapilir. Hata olasiliginin ya da etki siddetinin artmasi ve
belirlenimin zorlasmas1 genel olarak riskin artmas1 anlamina gelir. Tlgili dlgekler de buna gére hazirlanir
ise, ROP degerinin yiiksek olmasi yiiksek riske, diisiik olmas1 da diisiik riske isaret edecektir [20].

Risk faktorleri ve tehlikeler, sahada gorev yapan ili¢ uzman (is sagligi ve giivenligi uzmani, bakim
miihendisi ve tiretim sorumlusu) tarafindan tanimlanmistir. FMEA kapsaminda kullanilan olasilik, siddet
ve belirlenim puanlari, Xu ve arkadaslar1 [21] tarafindan 6nerilen 6l¢iitlere dayali olarak degerlendirilmistir.

Caligmada FMEA yaklasimi bulanik mantik ile entegre edilmistir. Her bir risk i¢in ii¢ temel parametre olan
hata olasiligi, etki siddeti ve belirlenim degerleri, uzman goriislerine dayali olarak tiggen bulanik sayilar
bi¢iminde tanimlanmistir. Bu degerler bulanik ¢arpim ydntemi ile birlestirilmis ve bdylece bulanik risk
oncelik puani (Fuzzy ROP) hesaplanmistir. Ardindan, siralama yapilabilmesi igin her bir bulanik sayi,
defuzzification islemine tabi tutularak tekil (keskin) bir degere doniistiiriilmiis ve riskler bu degerlere gore
siralanmigtir. Bu yontem, klasik FMEA nin belirsizlige duyarsiz yapisina alternatif olarak daha esnek ve
uzman goriislerini biitiinleyen bir yapida uygulanmistir.

3.2. AHP (Analitik Hiyerarsi Siireci)

Insan yargisinin karar siirecine dahil edilmesi, karar verme siirecinin etkinligini artirabilmektedir. Aym
karar problemi s6z konusu oldugunda, bireyler arasinda kriterlerin 6nem diizeyi ve segeneklerin
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degerlendirilmesi agisindan farkliliklar goriilebilir. Bu tiir durumlarda AHP yontemi, daha etkin kararlar
alinmasini saglayabilmektedir.

AHP yonteminde, karar verme siireci belirli bir hedef dogrultusunda yapilandirilir. Bu hedef, birden fazla
alt hedefin gergeklestirilmesiyle ulasilmaya ¢alisilan genel amact ifade eder. Kriterler ise bu alt amaglari
temsil eder. Karar segenekleri, belirlenen kriterler dogrultusunda ikili karsilastirmalar ile degerlendirilir.

Eger karar siirecinde birden fazla kriter s6z konusuysa ve bu kriterlerin karar iizerindeki etkileri esit degilse,
AHP yontemi bu farkliliklar1 dikkate alarak segeneklerin karsilastirilmasi ve siralanmasina imkan tanir.
Karar verme tekniklerinde temel amag, belirlenen hedefe ve kriterlere gore segeneklerin nasil olgiiliip
siralanacaginin belirlenmesidir. Oznel yargilarin etkili oldugu durumlarda, AHP ydntemi bir problemin
kriterlerini hiyerarsik yapi i¢inde tanimlamay1 ve temsil etmeyi miimkiin kilar. Bu yontem, problemi daha
kiiciik pargalara ayirarak, kriterlerin ve seceneklerin ikili kargilastirmalar yoluyla analiz edildigi sistematik
ve mantiksal bir yaklagimdir.

AHP yo6nteminin {i¢ agamasi vardir

¢ Hiyerarsinin olusturulmasi
o ikili karsilastirmali degerlendirme
e Onceliklerin (puanlarin) hesaplanmasi [22]

Bu calismada risk agirliklarinin belirlenmesinde bulanik AHP yontemi olarak Chang [23] tarafindan
onerilen Mertebe Analizi (Extent Analysis) yaklagimi kullanilmistir. Uggen bulanik sayilar (Triangular
Fuzzy Numbers — TFN) ile uzman goriisleri degerlendirilmis ve her bir kriterin géreli nemi bu yonteme
gore hesaplanmistir. Uggen bulanik sayilar icin kullanilan iiyelik fonksiyonlari literatiirde yaygin olarak
benimsenen [1, m, u] formunda tanimlanmistir. Burada / en diisiik, m en olasi ve u en yiiksek degeri temsil
etmektedir. Karar matrisinde kullanilan ikili karsilastirmalar, ii¢ uzman tarafindan saglanan goriislerin
bulaniklastirilmasiyla elde edilmistir.

3.3. TOPSIS (ideal Céziime Yakinhk Yontemi)

TOPSIS yontemi Chen ve Hwang (1992) tarafindan Hwang ve Yoon’un (1981) caligmalari referans
gosterilerek ortaya konulmustur. TOPSIS yontemi ¢ok kriterli karar verme tekniklerinden biridir. Yontem
kullanilarak alternatif segeneklerin belirli kriterler dogrultusunda ve kriterlerin alabilecegi maksimum ve
minimum degerler arasinda ideal duruma gore karsilastirilmasi gerekmektedir. Alternatifi n sayida,
kriterleri m tane olan ¢ok kriterli karar verme problemi m boyutlu uzayda n noktalari ile gosterilebilir.
Hwang ve Yoon (1981) TOPSIS yo6ntemini ¢dzlim alternatifinin, pozitif ideal ¢6ziim noktasmna en kisa
mesafe ve negatif- ideal ¢6zliim noktasina en uzak mesafede olacagi varsayimina gore olusturmuslardir [24].

TOPSIS yonteminin agamalar1 asagidaki gibidir:

¢ Yontemin birinci asamasinda karar matrisi olugturulmaktadir. Karar matrisi igerisinde alternatifler
(a; a,..., a,) seklinde alt alta siralanmakta ve her bir kriterin alternatiflere gore gosterdikleri
ozellikler (y,, .......... ¥, ) olarak listelenmektedir.

e Yontemin ikinci asamasinda karar matrisindeki kriterlere ait puan veya oOzelliklerin kareleri
toplaminin karekokii alinarak matrise ait normalizasyon isleminin gerceklestirilmesi gerekmektedir.

e Yontemin iiglincli asamasinda normalize edilmis karar matrisinin elemanlar1 kriterlere verilen nem
dogrultusunda agirliklandirilir. Burada agirliklarin belirlenmesinde karar vericinin siibjektif gortisleri
yer almaktadir.

e Dordiincii asamada m* ve m- ideal noktalar1 tanimlanir. Burada agirliklandirilmig matriste (D) her bir
kolonda maksimum ve minimum degerler tespit edilir.

e ideal noktalarin tanimlanmasinin ardindan besinci asamada maksimum ideal noktaya olan uzaklik
hesaplanir.

e Daha sonra altinc1 asamada minimum noktaya olan uzaklik hesaplanmaktadir.

e Son agsama olan yedinci agamada ise her bir alternatifin goreceli siralamasi ve puani hesaplanmaktadir
[24].
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3.4. SWARA (Adim Adim Agirhik Degerlendirme Oram Analizi)

Son yillarda yaygin bi¢gimde kullanilan modern Cok Kriterli Karar Verme (CKKV) yaklagimlarindan biri
olan SWARA yontemi, KerSuliene ve arkadaslari tarafindan 2010 yilinda gelistirilmistir [25]. Bu yontem,
karar verme siirecinde kriterlerin goreli onem derecelerini uzman yargilarina dayali olarak sistematik
bicimde belirlemeyi amaglar. Yontemin temel mantig1, karar vericilerin kriterleri 6nem derecelerine gore
siralamasi ve her bir kriterin bir 6ncekine kiyasla ne kadar daha az 6nemli oldugunu belirlemesi iizerine
kuruludur. Bu adim adim ilerleyen yapi, uzman goriislerinin tutarli bigimde sayisal degerlere
doniistiiriilmesine olanak saglar ve 6zellikle belirsizlik igeren karar verme problemlerinde kriterlerin goreli
6neminin esnek ve gercekci bigimde belirlenmesini miimkiin kilar [26].

SWARA yonteminde ilk olarak uzmanlar, kriterleri tahmini 6nem derecelerine gore siralayarak en dnemli
kriterden en az Onemli olana dogru bir dizi olusturur. Ardindan, her bir kriter bir 6nceki kriterle
kargilagtirilarak goreli 6nem orani belirlenir. Bu oran, kriterlerin agirlik katsayilariin adim adim
giincellenmesinde kullamlir. Ugiincii asamada, elde edilen karsilastirmali énem degerlerinden
yararlanilarak her bir kriter igin diizeltme katsayisi hesaplanir. Dordiincii asamada, bu katsayilar
kullanilarak yeniden hesaplanmis agirlik degerleri elde edilir. Son asamada, bulunan agirliklar normalize
edilerek toplami bire esit olacak bi¢cimde nihai kriter agirliklari olusturulur [26].

3.5. Bulamik Mantik

Bulanik mantik, insanlara ait diisiinme, 6grenme ve dgrenerek akil yiiriitme gibi 6zelliklerin bilgisayarlar
tarafindan kullanilmasina olanak saglayan bir yaklagimdir. Bu yontem uygulanirken sayisal ifadeler yerine
sozel veriler kullanilir ve makineler bu s6zel verileri, belirli sayisal temellere dayandirarak isler. Bulanik
mantik, bir gergekligin yaklagik olarak ifade edilmesini saglar; ¢iinkii bu sistemde klasik mantikta oldugu
gibi kesinlik bulunmaz.

Bulanik mantikta her sey, sifir ile bir arasindaki iiyelik dereceleriyle temsil edilir. Ozellikle modelin
olusturulamadigi veya olusturulmasimin olduk¢a gili¢ oldugu sistemlerde kullanilir. Sonuglar, klasik
mantikta oldugu gibi "var" ya da "yok" seklinde degil; "biraz var", "kismen yok" gibi daha esnek bigimlerde
ifade edilir. Klasik mantikla tanimlanan tiim kavramlar, bulanik mantikla da ifade edilebilir.

Bulanik mantigin temel ilkeleri su sekilde siralanabilir: verilerin bulaniklagtirilmasi, bu verilere ait tiyelik
fonksiyonlarinin olusturulmasi, bulanik ¢ikarim yapilmasi ve sonuglarin durulagtirtlmasi [27].

3.6. Pareto Analizi

Normal dagilimda sebeplerin en 6nemli %20’si, sonuglarin %80’ini; ardindan gelen %30’u, sonuglarin
%15’ini ve geri kalan %50’si ise sonuglarin yalnizca %5’ini olusturmaktadir. Maliyetlerin yaklasik
%80’inin, elemanlarin yalnizca %20’sinden kaynaklandig1 veya servetin yaklasik %80’inin niifusun %20’si
tarafindan kontrol edildigi durumlar bu prensibe 6rnektir. Bu oranlar sebebiyle Pareto prensibi literatiirde
“80-207, “90-10” veya “70-30” kural1 olarak anilmaktadir. ABC analizi olarak da bilinen Pareto grafigi,
yaygin bir ayrim yontemi veya Oncelik belirleme araci olarak kullanilmaktadir [28].

3.7. 0-1 Tam Sayih Programlama

Uygulamada bir¢ok dogrusal programlama modelinde bdliinebilirlik varsayiminin her zaman gegerli
olmadig1 goriilmektedir. Hatta baz1 modellerin yalnizca “evet” ya da “hayir” kararlartyla sinirlandirildig
durumlar bulunmaktadir. Bu tiir modellerde kararlar, yalmzca iki segenekle ifade edilir. Ornegin, “Bu
yatirim yapilmali mi1?”, “Fabrika X alaninda m1 kurulmali?” gibi kararlar, 0 ve 1 degerleriyle temsil edilen
karar degiskenleri ile gosterilir.

Bu tiir karar degiskenlerine “0-1 degiskenleri” ad1 verilir. Tiim karar degiskenlerinin yalnizca 0 veya 1
degerine esit olmasi gerektiginde, bu tiir dogrusal programlama modellerine “0-1 tam sayili programlama”
ya da “ikili tam say1li programlama” denir.
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Bazi1 dogrusal programlama modellerinde ise karar degiskenlerinin bir kismi1 tam say1 (6rnegin, 0-1), diger
kismu ise boliinebilirlik varsayimini karsilayarak kesirli degerler alabilir. Bu tiir modeller ise “karma tam
sayili programlama” olarak adlandirilmaktadir [29].

(1, R; eger secilirse ,

- {0, aksi halde ,

r; : Rinin risk skoru

l; : Rinin is gici gereksinimi

t; : Rinin zaman gereksinimi

¢; + Rinin maliyet gereksinimi

L™ Maksimum mevcut is glci kapasitesi

T™%: Maksimum mevcut zaman

C™M%: Maksimum mevcut maliyet veya biitce sinirt

i : Degerlendirmeye alinan alternatif (risk 6gesi indeksi) (i = 1,2,..n)

n
MaxZ = Z T *x X; 1)
i=1
n
Z li * X < max (2)
i=1
n
Zti . x; < TMx 3)
i=1
n
Z Ci * X; < Cmax (4)
i=1
x; €{0,1},i =12,..,n )

Esitlik (1), amag fonksiyonunu ifade etmekte olup modelin temel hedefini olusturarak segilen risklerin
toplam risk skorunu maksimize etmeyi amaglamaktadir. Bu sayede, eldeki kaynaklar en verimli bi¢cimde
kullanilarak en yiiksek toplam fayday: saglayan risk kombinasyonu belirlenmektedir. Esitlik (2), is giicii
kisitin1 ifade etmekte olup secilen risklerin uygulanmasi i¢in gereken toplam is giicii miktarinin mevcut
personel kapasitesini asmamasini giivence altina almaktadir. Boylece, model uygulama siirecinde is giicii
yetersizligi nedeniyle ortaya ¢ikabilecek planlama sorunlarinin 6niine gegilmektedir. Esitlik (3), zaman
kisitin1 ifade etmekte olup secilen risklerin gergeklestirilmesi icin gerekli toplam siirenin Onceden
belirlenmis zaman sinirlari icinde kalmasini saglamaktadir. Bu kisit sayesinde, uygulama siireci belirlenen
takvimle uyumlu hale getirilmekte ve siire asimlarindan kaynaklanabilecek operasyonel riskler
azaltilmaktadir. Esitlik (4), maliyet kisitin1 ifade etmekte olup segilen risklerin toplam maliyetinin ayrilan
biitceyi gecmemesini garanti etmektedir. Bu kosul, modelin finansal siirdiiriilebilirlik ilkesine uygun
bi¢imde ¢aligmasini saglamakta ve kaynak kullaniminda ekonomik dengeyi korumaktadir. Esitlik (5), karar
degiskenlerinin ikili (0—1) bigiminde tanimlandigin1 gostermekte olup her bir riskin segilip se¢ilmedigini
acik bicimde ifade etmektedir. Bu tanimlama, modelin sonuglarini yorumlamay: kolaylastirmakta ve
secilen risklerin net bir bigimde ortaya konulmasina olanak tanimaktadir.

4. BULGULAR

Bu caligmada kullanilan risk verileri, Tiirkiye’de faaliyet gosteren orta dlgekli bir yalitim iiriinleri {iretim
tesisinde, iretim, bakim ve is sagligi giivenligi birimlerinden elde edilmistir. Gergek saha verilerine
dayanan bu veri seti, isletmede gergeklestirilen gozlemler ve is giivenligi kayitlari temel alarak
olusturulmustur. FMEA analizinde kullanilan {i¢ temel kriter olan hata olasilig1, etki siddeti ve belirlenim
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degerleri, isletme icindeki ig giivenligi uzmanlari, bakim miihendisleri ve iiretim sorumlularindan olusan
ti¢ kisilik bir uzman grubunun goriisleri dogrultusunda belirlenmistir.

Caligsmada ilk olarak her bir tehlike i¢in bu ii¢ parametre 1 ile 10 arasinda puanlanmis ve klasik FMEA
yontemi ¢ercevesinde bu puanlarin carpimiyla ROP hesaplanmustir. Kullanilan &lgek, klasik FMEA
literatiirinde sik¢a basvurulan “1: diisiik — 10: yiiksek” aralikli ii¢lii degerlendirme sistemine
dayanmaktadir.

Ayrica, AHP yontemi kapsaminda kullanilan karar matrisi de ayni uzman grubunun ikili karsilagtirma
yontemiyle olusturulmusgtur. Uzmanlar, FMEA kriterleri (olasilik, siddet ve saptanabilirlik) arasinda goreli
oncelikleri degerlendirmis ve bu degerlendirmelere dayanarak AHP agirliklar1 elde edilmistir. Her bir
uzmanin verdigi karsilastirmalar, tutarlilik oran1 (CR <0,1) saglanacak sekilde analiz edilmis ve nihai
agirlik vektorii olusturulmustur.

Elde edilen puanlar ve agirliklar TOPSIS yontemiyle entegre edilmis ve hem klasik yaklagimin hem de
bulanik mantikla genigletilen modelleme siirecinin temel bilesenlerini olusturmustur. Ayrica, bulanik
temelli SWARA ydntemiyle kriter agirliklart yeniden degerlendirilmis ve sonuglarin farkl agirliklandirma
yaklagimlarina bagl degiskenligi karsilastirmali olarak analiz edilmistir. Bu yoniiyle ¢aligma, gergek saha
verilerine dayali uygulamali bir modelleme ¢ergevesi sunmaktadir.

Bu calisma, belirsizlik ortaminda risklerin degerlendirilmesi i¢in ¢ok kriterli karar verme tekniklerini ve
bulanik mantik temelli yaklagimlari entegre etmeyi hedeflemektedir. Bu tiir yontemler, ozellikle
isletmelerin smurlt kaynaklarint en etkili sekilde kullanarak oncelikli risklere yonelik eylem planlari
olusturmasina olanak tanimaktadir. Ayrica, belirsizlik ve eksik bilgi i¢eren durumlarda bulanik mantik
tekniklerinin esneklik saglamasi, bu yaklagimlari geleneksel yontemlere gdre daha avantajli hale
getirmektedir.

Bu baglamda, ¢alismanin temel amaci, bir yalitim iiriinleri iireten isletmede karsilasilabilecek potansiyel
risklerin, ¢ok kriterli karar verme teknikleri, bulanik mantik tabanli metodolojiler, Pareto analizi ve tam
sayili programlama yontemleri ile degerlendirilmesi ve Onceliklendirilmesidir. Bu siirecte, FMEA
yontemine ek olarak, AHP ve TOPSIS yontemleri birlestirilmis ve bulaniklastirilmistir. Bulanik SWARA
yontemiyle kriter agirliklart yeniden degerlendirilmis ve ve sonuclarin agirliklandirma yaklasimina
duyarlilig1 analiz edilmistir. Elde edilen risk skorlari, Pareto analizi ile dnceliklendirilmis, ardindan tam
sayilt programlama yontemi kullanilarak smirli kaynaklar dogrultusunda optimal eylem planlan
olusturulmustur. Boylece, risk yonetiminde hem teorik hem de uygulamali olarak kapsamli bir model
gelistirilmistir.

Veri Setindeki Tehlikeler:

1. Kesici Aletler ve Ekipman Kullanimi 12. Makine ve Ekipman Bakim Sorunlar1

2. Yiiksek ve Diistik Sicaklik Riski 13. Forklift ve Diger Tagima Araglari

3. Kimyasal Maddeler ve Sizintilar 14. Yangin Giivenligi Eksiklikleri

4. Giiriiltii Seviyesi ve Koruyucu Ekipman Eksikligi 15. Yangin Cikis Yollarinin Engellenmesi

5. Elektriksel Riskler 16. Uygunsuz Kisisel Koruyucu Ekipman Kullanim
6. Agir Yiik Kaldirma ve Diisme Tehlikeleri 17. Uygun Olmayan Malzeme Kullanimi

7. Diisme ve Kayma Tehlikeleri 18. Zemin Giivenligi ve Kayganlik

8. Hizla Hareket Eden ve Tehlikeli Makineler 19. Depolama ve Diizenleme Eksiklikleri

9. Patlayict ve Yanic1 Maddelerin Varligi 20. D1g Ortam Sartlarinin Olumsuz Etkileri

10. Havalandirma ve Aydinlatma Eksiklikleri 21. Bakim ve Onarim Eksiklikleri

11. Yiiksek Basing Altinda Calisma 22. Kullanilmayan Ekipmanlarin K6tii Durumu

Ele alinan ¢alismaya ilk olarak literatiir taramasi ile baglanilmig, gerekli tehlike veri seti edinilmis ve bu
veriler iizerinden hata olasigi, etki siddeti ve belirlenim degerlerinin ¢arpimi ile FMEA degerleri
bulunmustur daha sonra AHP tabanli TOPSIS uygulanarak entegrasyonu saglanmustir.

Caligmada gerceklestirilen FMEA ve AHP-TOPSIS entegrasyonu Cizelge 1’de goriildiigii gibidir.
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Cizelge 1. FMEA ve AHP-TOPSIS entegrasyonu

Tehlikeler FMEA AHP-TOPSIS Entegre degerler
Tehlikel 210 0.477 100.208
Tehlike 2 108 0.564 60.990
Tehlike 3 378 0.275 104.112
Tehlike 4 280 0.451 126.427
Tehlike 5 120 0.485 58.217
Tehlike 6 210 0.530 111.444
Tehlike 7 108 0.592 63.943
Tehlike 8 324 0.365 118.382
Tehlike 9 288 0.461 132.915

Tehlike 10 336 0.460 154.739

Tehlike 11 128 0.419 53.751

Tehlike 12 84 0.439 36.917

Tehlike 13 90 0.553 49.812

Tehlike 14 280 0.582 162.985

Tehlike 15 420 0.373 156.641

Tehlike 16 80 0.537 42.972

Tehlike 17 210 0.387 81.277

Tehlike 18 56 0.526 29.495

Tehlike 19 96 0.490 47.039

Tehlike 20 36 0.506 18.237

Tehlike 21 144 0.596 85.867

Tehlike 22 126 0.387 48.819

Yapilan entegrasyon, belirsizliklerin daha etkin ydnetilmesi ve degerlendirme siirecinin daha hassas
sonuglar iiretebilmesi amaciyla bulanik ortamda gergeklestirilmistir. Bu kapsamda, Bulanik FMEA,
Bulantk AHP-TOPSIS ve Bulanik SWARA yéntemleri birlikte kullanilmistir. ilk olarak Bulamk FMEA
yontemiyle tehlikelerin risk puanlari hesaplanmis; ardindan Bulanik AHP-TOPSIS ile kriterlerin goreli
onemleri belirlenmistir. Siirece eklenen Bulantk SWARA yontemiyle kriter agirliklari yeniden
degerlendirilmis ve normalize edilmistir. Elde edilen Bulanik SWARA sonuglari, Bulanik AHP-TOPSIS
agirhiklartyla karsilastirmali olarak incelendiginde bazi kriterler agisindan benzer egilimler gostermekle
birlikte, siralamalarin kullanilan agirliklandirma yaklasimina duyarli olabildigini ortaya koymaktadir. Bu
nedenle SWARA tabanli sonuglar, AHP-TOPSIS ¢iktilarinin dogrudan dogrulanmasi yerine sonuglarin
yontem se¢imine bagli degiskenligini degerlendirmeye yonelik tamamlayici bir analiz olarak ele alinmustir.
Son olarak, Bulanik SWARA agirliklar1 Bulanik FMEA skorlariyla birlestirilerek alternatif bir Bulanik
SWARA-FMEA entegrasyon degeri elde edilmistir. Caligmada gerceklestirilen tiim entegrasyon
adimlarinin sonuglar Cizelge 2’de sunulmaktadir.

Cizelge 2. Bulanik FMEA- bulanik AHP-TOPSIS- bulanik SWARA entegrasyonu

Entegre degerler Entegre degerler

Tehlikeler ];‘1‘\1;‘];‘2‘ B“'T*':‘)‘II,‘S?;IP' gv‘:}Z'EK (Bulanik AHP- (Bulanik SWARA-
FMEA) FMEA)
Tehlikel 899 0,619 0,038 556.414 34.122
Tehlike 2 899 0,555 0,0345 499.277 31.015
Tehlike 3 899 0,553 0,0496 497.476 44.600
Tehlike 4 700 0,67 0,0434 469.270 30.380
Tehlike 5 899 0,516 0,0371 464.640 33.373
Tehlike 6 776 0,57 0,0442 442381 34.299
Tehlike 7 776 0,539 0,0327 418.852 25.375
Tehlike 8 899 0,422 0,046 379.514 41.344
Tehlike 9 675 0,56 0,0407 378.143 27.473
Tehlike 10 675 0,554 0,0487 374.601 32.872
Tehlike 11 776 0,471 0,0398 365.938 30.845
Tehlike 12 675 0,54 0,0354 364.735 23.895
Tehlike 13 563 0,646 0,0469 363.742 26.381
Tehlike 14 776 0,447 0,0451 347.123 35.038
Tehlike 15 600 0,572 0,0478 343212 28.680
Tehlike 16 776 0,4 0,0389 310.527 30.146
Tehlike 17 500 0,618 0,0363 309.251 18.150
Tehlike 18 600 04 0,0309 240.361 18.540
Tehlike 19 600 0,388 0,0336 233.185 20.160
Tehlike 20 700 0,297 0,0318 208.064 22.260
Tehlike 21 400 0,485 0,0416 194.156 16.640
Tehlike 22 363 0,512 0,0425 185.862 15.398
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Cizelge 1 ve Cizelge 2 birlikte degerlendirildiginde, tehlikelerin 6nceliklendirilmesinde kullanilan
entegrasyon yaklasiminin sonuglari belirgin bicimde etkiledigi goriilmektedir. Cizelge 1°de klasik FMEA
skorlar1 ile AHP-TOPSIS katsayilari carpilarak tek bir “entegre deger” elde edilmis ve tehlikeler bu birlesik
gosterge iizerinden siralanmistir. Bu gizelgede yiiksek FMEA skoruna sahip tehlikeler, AHP-TOPSIS
katsayis1 orta diizeyde olsa dahi iist siralarda yer alabilmekte; dolayisiyla riskin biyiikligi (FMEA) ile
goreli onem (AHP-TOPSIS) birlikte ancak FMEA ’nin daha baskin oldugu bir yap1 olugmaktadir.

Cizelge 2°de ise ayni problem bulanik ortamda ele alinmis; Bulamik FMEA ile risk skorlar1 hesaplanmus,
Bulanik AHP-TOPSIS ile goreli énemler belirlenmis ve ayrica Bulantk SWARA ile kriter agirliklar
yeniden degerlendirilerek normalize edilmigtir. Bu yapt sonucunda iki farkli entegrasyon ciktisi
iiretilmistir: Bulanik AHP-FMEA entegre degerleri ve Bulankk SWARA-FMEA entegre degerleri. Cizelge
2’nin en 6nemli katkisi, yalnizca “tek bir” entegrasyon degerine bagl kalmak yerine, ayni risk yapisinin iki
ayr1 agirliklandirma mantigiyla (AHP-TOPSIS ve SWARA) capraz incelenmesine imkan vermesidir.
Nitekim Bulanik SWARA sonuglari Bulanik AHP-TOPSIS agirliklartyla birlikte incelendiginde bazi
kriterler agisindan benzer egilimler goriilmekle birlikte, siralamalarin kullanilan agirliklandirma yontemine
bagli olarak degisebildigi de gézlemlenmektedir. Bu durum, kriter 6nemlerinin farkli agirliklandirma
yaklagimlar1 altinda nasil sekillendiginin degerlendirilmesine olanak saglayarak onceliklendirme siirecinin
daha kapsamli bi¢imde analiz edilmesine katki sunmaktadir.

Sonuglar karsilastirildiginda, Cizelge 1°deki siralama ile Cizelge 2’deki siralamanin tamamen ayni
kalmadigi, bazi tehlikelerin konum degistirdigi goriilmektedir. Bu farklilasmanin temel nedeni, bulanik
yaklagimda risk skorlarmin (Bulanik FMEA) daha smirlt bir aralikta gruplanmasi ve dolayisiyla
agirliklandirma bileseninin (Bulanik AHP-TOPSIS / Bulanik SWARA) tehlikeler arasindaki ayrimi daha
belirleyici hale getirmesidir. Baska bir ifadeyle, Cizelge 1°de risk biiyiikliigii daha baskin bir ayirt edici
iken, Cizelge 2’de belirsizliklerin modele dahil edilmesiyle birlikte tehlikelerin géreli 6nemi ve kriter
agirhik yapist siralamayr daha giiglii bicimde yonlendirmektedir. Bu durum, 6zellikle FMEA skorlarinin
birbirine yakinlastigi veya ayni seviyede kiimelendigi durumlarda, yalnizca risk puanina dayal
onceliklendirme yerine kriter-temelli agirliklandirmanin daha hassas bir ayristirma sundugunu
gostermektedir.

Genel olarak Cizelge 1, deterministik bir yaklagimla “tek hat” {izerinden dnceliklendirme sunarken; Cizelge
2, bulanik ortamda hem risk skorlarinin hem de agirliklarin belirsizligini dikkate alarak iki farkl
entegrasyon senaryosu iiretmekte ve sonuglarin tutarliligini giiclendirmektedir. Bu nedenle Cizelge 2’de
elde edilen bulgular, Cizelge 1’deki onceliklendirmeyi destekleyen ancak belirsizlik altinda daha duyarli
ve yontemler arasi dogrulanmuis bir risk degerlendirme ¢ergevesi ortaya koymaktadir.

Cizelge 2’de yer alan iki bulanik entegrasyon ¢iktist (Bulanik AHP-FMEA ve Bulanikk SWARA-FMEA)
birlikte incelendiginde, risk onceliklendirme sonuglarinin agirliklandirma mantigina karsi duyarliligi daha
net sekilde gozlemlenmektedir. Bulanik AHP-FMEA entegrasyonu, Bulanik AHP-TOPSIS ile elde edilen
goreli onem katsayilarmi Bulanik FMEA risk skorlariyla birlestirirken; Bulantk SWARA-FMEA
entegrasyonu, kriter agirliklarinit SWARA nin ardisik karsilagtirma mantigiyla yeniden tiireterek ayni risk
skorlar lizerine yansitmaktadir. Bu nedenle iki entegrasyon ¢iktisi, ayni tehlike setini degerlendirmesine
ragmen siralamada 6zellikle iist ve orta gruplarda farklilagmalar iiretebilmektedir.

Nitekim Cizelge 2’de Bulantkk AHP-FMEA entegre degerlerine gore en yiiksek risk katkist gdsteren
tehlikeler sirasiyla Tehlike 1 (556,414), Tehlike 2 (499,277) ve Tehlike 3 (497,476) olarak 6ne ¢ikarken;
Bulanikk SWARA-FMEA entegre degerleri dikkate alindiginda en yiiksek risk degerlerinin Tehlike 3
(44,600) ve Tehlike 8 (41,344) iizerinde yogunlastig1 goriilmektedir. Bu durum, SWARA ’nin agirlik iretme
yaklagiminin baz1 kriterleri daha belirgin bicimde 6ne ¢ikarmasi nedeniyle, 6zellikle birbirine yakin risk
diizeyine sahip tehlikelerin siralamasinda pozisyon degisimlerine yol agabildigini géstermektedir. Bununla
birlikte her iki entegrasyonda da iist grupta benzer tehlikelerin tekrar goriilmesi (6r. Tehlike 1, Tehlike 3,
Tehlike 6, Tehlike 8, Tehlike 14 gibi) sonuglarin tamamen rastlantisal olmadigini, aksine kritik risk
havuzunun genel olarak korundugunu; farkin daha ¢ok bu kritik kiimenin kendi i¢ siralamasinda olustugunu
isaret etmektedir.

Pareto analizinde ve matematiksel modelde risk girdisi olarak Bulanik AHP-FMEA entegre degerlerinin
secilmesinin nedeni, modelin tekil bir risk parametresiyle ¢aligmasi ve bu parametrenin hem Bulanik FMEA
ile hesaplanan risk biiyiikliigiinii hem de Bulanik AHP-TOPSIS ile belirlenen goreli 6nem yapisini ayni
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anda yansitmasidir. Ayrica Pareto analizi toplam risk katkisina dayali oldugundan, Pareto’da kullanilan
degerlerin model girdileriyle ayni dlgekte tanimlanmasi gerekmektedir; bu sayede kritik tehlike secimi ile
modelin optimize ettigi risk yapisi tutarli hale gelmektedir. Bulantk SWARA ise calismada ana girdi
iretmekten c¢ok yontemler arasi agirlik tutarliligii dogrulamak amaciyla uygulanmis; SWARA
sonuglarmin AHP-TOPSIS ile ortiismesi Bulantk AHP-FMEA temelli risk degerlerinin giivenilirligini
desteklemistir. Bulunan bulanik risk skorlar1 ne kadar biiyiikse tehlikenin énemi o kadar biyiidiigii i¢in
biiyiikten kiigiige siralanarak bir 6nem siralamasi yapilmistir. Yapilan bu siralamaya Pareto analizi
uygulanarak toplam risklerin %70’ini olusturan riskler se¢ilmistir. Toplam risklerin %70’ini olusturan
riskler T16’ya kadardir. Bulanik entegrasyon degerlerinin pareto analizi grafigi Sekil 2°de goriildigi
gibidir.

Bulanik Entegrasyon Sonuclar: Pareto Grafigi
600 100%

500 80%
400 o/
300 I.l—"" go",’
o0 Bl

T3 TI0T15T13 T8 T14 T6 T4 T22T21 T9 T11T16 T1 TS5 T17T12 T2 T19 T7 T20T18

&on

(=]

Sekil 1. Bulanik entegrasyon degerlerinin pareto analizi
Firmanin kaynaklari smirlt ve secilen tiim riskleri ortadan kaldirmaya yeterli olmadigindan dolay1 pareto
analizi ile segilen riskler izerinden is giicii, zaman, maliyet kisitlar1 ¢ger¢cevesinde IBM CPLEX iizerinde 0-
1 tam sayili programlama yapilmustir.

Firmanin kisitlart agagida Cizelge 3’te goriildiigi gibidir.

Cizelge 3. Firmanin kisit ¢izelgesi

Kisitlar

Tehlikeler Tehlike adlan Maliyet Zaman Is giicii

(TL) (Giin) (Isci sayisi)
T3 Kimyasal maddeler ve sizintilar 25000 6 4
T10 Havalandirma ve aydinlatma eksiklikleri 12000 4 3
T15 Yangn ¢ikis yollarinin engellenmesi 10000 3 3
T13 Forklift ve diger tasima araglari 15000 5 4
T8 Hizla hareket eden ve tehlikeli makineler 20000 7 5
T14 Yangn giivenligi eksiklikleri 25000 6 4
T6 Agir yiik kaldirma ve diisme tehlikeleri 12000 5 3
T4 Giiriiltii seviyesi ve koruyucu ekipman eksikligi 8000 3 3
T22 Kullanilmayan ekipmanlarin kétii durumu 10000 4 3
T21 Bakim ve onarim eksiklikleri 15000 5 4
T9 Patlayici ve yanici maddelerin varlig: 30000 8 6
T11 Yiiksek basing altinda ¢aligma 20000 7 5
T16 Uygunsuz kisisel koruyucu ekipman kullanimi1 6000 2 2
ISG ye ayrilan biitge 120000
ISG ye ayrilabilecek ortalama siire 30
ISG ye ayrilabilecek isci say1st 21

Firmanin kisit ¢izelgesinden yola ¢ikilarak hazirlanan matematiksel model asagidaki gibidir:

Problemin matematiksel modeli:
Karar Degiskenleri
x; € {0,1} (binary karar degiskenleri)
i=1,2,3, ...,13 x;=1 ise R, riski se¢ilir, aksi takdirde x; =0.
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Parametreler
e Risk degerleri (1; ):
r = [556.41, 499.28, 497.48, 469.27, 464.64, 442.38, 418.85, 379.51, 378.14, 374.60,
365.94, 364.74, 363.74]
e s giic gereksinimleri (I; ):
1=[4,3,3,4,5,4,3,3,3,4,6,5, 2]
e  Zaman gereksinimleri (t; ):
t =[6,4,3,5,7,6,5,3,4,5,8,7,2]
e  Maliyet gereksinimleri (c; ):
¢; = [25000, 12000, 10000, 15000, 20000, 25000, 12000, 8000, 10000, 15000, 30000, 20000,
6000]
e Limitler:
Maksimum is giicii: mak_isglicii =21,
Maksimum zaman : mak zaman = 30,
Maksimum maliyet: mak maliyet = 120000.
Amac Fonksiyonu

Maksimize Z= Y2, ;. x; (6)

Kisitlar
o Is giicii kisit1

211:31 l;. x; < mak_isgiicii @)

e Zaman kisit1

11:31 t; . x; < mak zaman ®)
e Maliyet kisit1
11:31 ¢;.x; <mak maliyet O]
Sonug¢

Xi;5=1, X671, x0=1, X371, x4=1, x4=1 X9 =1

Esitlik (6), Esitlik (7), Esitlik (8) ve Esitlik (9) modelin amag fonksiyonunu ve kisitlarini gostermektedir.
Modelin ¢oziimii sonucunda secilen degiskenler ve atanan degerler, karar siireclerinde en etkili risklerin
yonetilmesine olanak saglamistir. Bu ¢alismada gelistirilen 0-1 tam sayili programlama modeli, smirl
kaynaklar altinda en kritik risklerin hangilerine 6ncelik verilmesi gerektigini belirlemeye yonelik olarak
tasarlanmistir. Modelin amact; isletmenin sahip oldugu maliyet, is giicli ve zaman gibi kaynak kisitlar
dogrultusunda, Pareto analiziyle belirlenen oncelikli riskler arasindan maksimum toplam risk azaltimini
saglamaktir.

Modelin ¢dziimii sonucunda secilen riskler, yalnizca risk skorlarmma goére degil, ayn1 zamanda kaynak
tiikketimi—fayda dengesi agisindan da en verimli miidahale noktalar1 olarak 6ne ¢ikmustir. Ornegin, “Yangin
¢ikis yollarinin engellenmesi” ve “Kimyasal maddeler ve sizintilar” gibi tehlikeler, yiiksek risk degerlerinin
yant sira sinirll kaynaklarla ortadan kaldirilabilir olmalari nedeniyle secilmistir. Bu sonuglar, karar
vericilere en az kaynakla en yiiksek giivenlik artis1 saglayacak aksiyonlar1 6nererek operasyonel verimliligi
artirmaktadir.

Gelistirilen modelin uygulamadaki katkisi; karar vericilere yalnizca risk diizeyine gore degil, ayn1 zamanda
uygulama maliyetlerini ve kaynak kullanimini dikkate alarak stratejik kararlar alma imkani sunmasidir.
Ozellikle kaynaklarin kit oldugu kiiciik ve orta lgekli isletmelerde, bu tiir bir optimizasyon modeli, is
saglhigt ve giivenligi yatirnmlarmmin daha hedefli, Olgiilebilir ve etkili bir sekilde planlanmasini
saglamaktadir. Model, benzer tiretim sektorlerinde karar verme siireglerine kolaylikla entegre edilebilecek
esnek ve pratik bir ara¢ sunmaktadir.
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Ozellikle, secilen x,5 (Yangin Cikis Yollarinin Engellenmesi), x4 (Uygunsuz Kisisel Koruyucu Ekipman
Kullanimi), X5, (Kullanilmayan Ekipmanlarin K6tlii Durumu), x; (Kimyasal addeler ve Sizintilar), x4 (Agir
Yik Kaldirma ve Diisme Tehlikeleri), x, (Giiriiltii Seviyesi ve Koruyucu Ekipman Eksikligi), X
(Havalandirma ve Aydinlatma Eksiklikleri) gibi degiskenler, kritik 6neme sahip risklerin kontrol altina
alinmasi gerektigini gostermektedir. Bu sonuglar, firmanin kaynaklarini verimli bir sekilde kullandigini ve
stratejik kararlar almasina yardimei olabilecegini ortaya koymaktadir.

5. SONUC

Bu calismada, yalitim sektdriinde faaliyet gosteren bir igletmede karsilagilan risklerin degerlendirilmesi,
onceliklendirilmesi ve sinirli kaynaklar gercevesinde yonetimi igin klasik ve bulanik mantik tabanli
yontemler entegre bir sekilde ele alinmigtir. Calismanin temel amaci, belirsizliklerin etkisini dikkate alan
biitiinlesik bir risk yonetim modeli gelistirmektir.

Klasik FMEA, AHP ve TOPSIS yontemlerinin bir araya getirilmesi, risk degerlendirme siireglerinde karar

alma dogrulugunu artirmistir. Bu yontemlerin bulanik mantik ile genigletilmesi ise 6zellikle belirsizlik ve
subjektif degerlendirmelerin oldugu durumlarda karar siireglerini daha esnek ve hassas hale getirmistir.
Risk skorlarinin Pareto analizi ile incelenmesi, kritik risklerin belirlenmesine olanak tanirken, sirli
kaynaklarin yonetimi i¢in gelistirilen 0-1 tam sayili programlama modeli, isletmenin operasyonel
verimliligine dogrudan katkida bulunmustur.

Caligmanin bulgulari, entegre klasik ve bulanik yontemlerin birlikte kullaniminin risk yonetimi
stireclerinde uygulanabilir bir ¢erceve sundugunu gostermektedir. Bu yaklasim, isletmelerin giivenlik
seviyesini artirmanin yani sira, kaynaklarint daha verimli bir sekilde kullanmalarina olanak tanimistir.
Ozellikle belirsizliklerin  yogun oldugu sektdrlerde, bulanik mantik temelli metodolojilerin
uygulanabilirligi ve avantajlar1 vurgulanmustir.

Elde edilen sonuglar, yalnizca yalitim sektorii i¢in degil, benzer operasyonel risklerle karsi karsiya kalan
farkl1 sektorler igin de dnemli bir referans niteligi tasimaktadir. Onerilen model, isletmelerde risk yonetimi
kararlariin desteklenmesi amaciyla uygulanabilir bir karar destek ¢ergevesi sunmaktadir.

Bu arastirma, literatiire 6énemli bir katki saglamig ve igletmelerin risk yonetimi stratejilerinde yeni bir
perspektif sunmustur. Gelecekte yapilacak ¢alismalarda, farkli sektorlerde daha genis dlgekli uygulamalar
ile modelin etkinliginin incelenmesi, yontemin gelistirilmesi agisindan faydali olacaktir. Bu sayede,
belirsizlik ortaminda karar alma siire¢lerine daha giiglii ve yenilik¢i ¢ozlimler kazandirilmasi miimkiin
olacaktir. Ayrica, tehlikelerin agirliklandirilmasinda daha giincel CKKV ydntemlerinin uygulanmasinin,
degerlendirmelerin daha objektif olmasina katki saglayacagi Ongoriilmekte olup, bu husus gelecek
caligmalar i¢in planlama dahilinde ele alinmistir.

Elde edilen bulgular, literatiirde daha dnce sunulmus klasik FMEA yaklagimlarina kryasla, bulanik mantik
ile desteklenen yontemlerin risk onceliklendirme siirecinde belirsizliklerin dikkate alimmasina imkén
taniyarak daha duyarli degerlendirmeler yapilmasina katki saglayabilecegini gostermektedir. Benzer
sekilde, klasik AHP yontemi yerine bulanik AHP kullanilmasi, uzman goriislerindeki belirsizligin daha
uygun bi¢cimde modellenmesine olanak saglamistir. Bu durum, Xu et al. (2002) gibi ¢aligmalarda da
vurgulandigi lizere, karar vericilerin subjektif degerlendirmelerinin bulanik ortamda temsil edilmesine katki
sunmaktadir. Ek olarak, calisma kapsaminda uygulanan Bulanik SWARA yontemi, kriter agirliklarinin
giincel bir yaklagimla yeniden degerlendirilmesine imkén tanimis ve elde edilen sonuglarin Bulanik AHP—
TOPSIS tabanli siralamalarla karsilagtirmali olarak incelenmesine olanak saglamistir. Ayrica, TOPSIS
yontemi ile elde edilen siralamalarin Pareto analizine entegre edilmesi, karar vericilere yalnizca dncelikli
riskleri degil, ayn1 zamanda bu risklerin toplam etki {izerindeki goreli agirligini da gdstererek stratejik
onceliklendirme siirecinin daha sistematik bi¢imde degerlendirilmesine katki sunmustur. Bu baglamda
calisma, yalnizca metodolojik bir yaklasim 6nermekle kalmamis, ayni zamanda pratik uygulamalarda
kullanilabilecek bir karar destek ¢ergevesi sunmaktadir. Literatiirde bu yontemlerin bir arada kullanildig:
calismalarin sinirli olmasi nedeniyle, sunulan entegre modelin hem akademik hem de uygulamaya yonelik
katki saglayabilecegi degerlendirilmektedir.
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Scotch yoke mechanism with a spring and mass can be used to
apply a sinusoidal compression force on a specimen by
converting rotational motion from an electric motor into
reciprocating motion. The dynamic model of such a mechanism
considering friction and variable speed effects has been
developed in this study. A Python code has been written for the
dynamic model to solve for the required input torque and joint
forces based on the input motion characteristics. By changing the
values of some parameters of the dynamic model, 7 different
groups are defined to observe the effects of these parameters on
the required input torque, joint force and spring compression
force values. The associated graphs drawn in the time domain
have been analyzed to cast light on the rational choice of these
parameters.
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Bir yay ve kiitle iceren Scotch yoke mekanizmasi, elektrik
motorundan saglanan dénme hareketini gidip gelme hareketine
cevirerek, siniizoidal bir basma yiiklemesi elde etmek igin
kullanilabilir. Bu ¢aligmada, bdyle bir mekanizmanin siirtiinme
ve hizdaki degisme etkileri de diisiiniilerek dinamik modeli
gelistirilmistir. Girig hareket karakteristiklerine bagli olarak
ihtiyag duyulan giris torkunun ve mafsal kuvvetlerinin
hesaplanmasi i¢in Python dilinde bir program hazirlanmistir.
Dinamik modeldeki parametrelerin ihtiya¢ duyulan giris torku,
mafsal ve yay basma kuvvetleri fiizerindeki etkilerinin
gozlemlenmesi igin ilgili parametre degerlerinin degistirildigi 7
farkli grup olusturulmustur. Zaman bolgesinde ¢izilen grafikler
iizerinden ilgili parametre degerlerinin uygun segilmesine 151k
tutacak sekilde degerlendirmeler yapilmistir.
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1. INTRODUCTION

Scotch yoke and slider-crank mechanisms both convert rotational motion into translational motion or vice
versa even though Scotch yoke is preferred for smoother motion characteristics. Hence, there are many
design applications utilizing Scotch yoke mechanism. For example, Scotch yoke with a spring mechanism
[1] has been utilized in the design of a one degree-of-freedom rotary system gravity balancer. Al Shami et
al. [2] and Hossain et al. [3] developed a wave energy harvester from a Scotch yoke mechanism.
Subramanian et al. [4] made use of a Scotch yoke mechanism to develop a two-way pumping system while
Rivankar et al. [5] proposed a modified Scotch yoke based polishing machine.

Scotch yoke mechanisms have non-linear dynamics. The modeling approaches are well studied for
producing constant torque output, controlling the output speed as well as converting the linear excitation
motion into torque output. For example, a Scotch yoke mechanism was used to give tail fin motion of a
robotic fish design by Kwon [6]. The motor output torque was controlled by utilizing an adjustable Scotch
yoke mechanism with crank wheel which was designed as a cam with springs. Prastiyo and Fiebig [7]
developed the dynamic model of both slider-crank and Scotch yoke mechanisms by means of Euler-
Lagrange method. They came to the conclusion that inertia forces, moments and torques are reduced
drastically when these mechanisms are operated under angular speeds corresponding to resonance
conditions. Rayed et al. [8] utilized a Scotch yoke based mechanism for mimicking the flapping of a bird.
In that study, FEM analysis of stress, deformation and fatigue life were performed to figure out the critical
sections and furthermore topology optimization was applied to the base. Liang and Liu [9] carried out
dynamic analysis of Scotch yoke mechanism with configurations of a single piston, opposed double piston
and inclined slot by simulating in ADAMS. Tao et al. [10] designed a Limacon gear driven Scotch yoke
mechanism in order to obtain uniform reciprocating motion of a forming device of the carding machine. In
addition, modified genetic algorithm was applied with the objective of lowering the average velocity of the
guide (i.e. yoke). Apati and Hegedus [11] developed electromechanical model of a battery-powered jigsaw
using a Scotch yoke mechanism, where Lagrange equation is utilized to analyze the force-energy
relationship based on the considerations of both kinetic and magnetic co-energy. The motor speed, current
consumption and blade movement under different cutting loads are obtained with the developed simulation
program. Al-Hamood et al. [12] used dynamic model of a Scotch yoke mechanism to investigate the contact
problem under elastohydrodynamic lubrication by means of a line contact model based on non-Newtonian
oil behavior, varying loads, and surface velocities throughout the operating cycle. Tai et al. [13] designed
a Scotch yoke based nonlinear vibration isolator. The dynamic model of the system was developed for the
motion equation of the coupled structure-vibration isolator. The simulation results of the dynamic analysis
for various parameters such as amplitude-frequency response, the critical excitation amplitude, etc. were
presented. In addition to dynamic model studies of Scotch yoke mechanisms, models of slider-crank
mechanisms are also well studied. As an example, the kinematic analysis of a slider-crank mechanism in a
tractor motor has been done in MSC ADAMS software by Beyaz and Dagtekin [14]. In another study,
dynamic model of a slider-crank mechanism has been developed with lumped mass approach for the
analysis of the piston speed by Sarige¢ili and Akgali [15]. That mechanism has specifically a helical spring
attached to the crank center and a force applied onto the crank-pin.

An outstanding feature of the Scotch yoke mechanism is that motion conversion from a constantly rotating
crank to the translating slider takes place in a perfectly sinusoidal form. This feature of the mechanism is
utilized in [16] to develop a conceptual design model of an axial fatigue loading machine. However, in that
study not only the friction, which is inevitably present in the system and critically affects the operation of
this mechanism, was not considered but also the angular velocity of the crank was assumed to be constant.
The main objective of this study is to develop a dynamic model of a Scotch yoke mechanism with a spring
and mass by taking into account both the friction and variable crank speed effects. In this way, the
foundation by which the response of the system model to different sets of parameter values in terms of
input torque, compressive spring force on a specimen and significant joint forces is estimated, will be laid
down for a rational selection of these parameters according to the prescribed criteria.

2. DYNAMIC MODEL

Schematic representation of Scotch yoke mechanism with spring and mass, in which a compression force
is applied against a specimen, is shown in Figure 1. The ground, crank, slider and yoke are represented by
1, 2, 3 and 4, respectively. Since the frictional force direction is always opposite to the motion direction
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and both of the sliding motions (i.e. slider and yoke) change direction in a full cycle, dynamic analysis of
a Scotch yoke mechanism has to be performed separately for each quadrant of the crank angle as shown in
Figure 1.a through 1.d together with free body diagrams of each component. In addition, for accuracy in
the model, these analyses are to be revised at every critical point of 0°, 90°, 180°, 270°, 360° crank angle,
where the relative velocity between either the intermediate slider (3) and the yoke (4) or that between the
yoke (4) and the ground (1) becomes instantly zero. In the schematic representation of the Scotch yoke
mechanism, the crank length from point O to point A is represented by » and the crank angle is shown by
6. The distance from vertical sliding joints of points M and N to crank center O is presented by /u and I,
respectively. The thickness of the slider slot along y-axis is # and yoke thickness is #. The friction
coefficients between the slider & the slot, and the yoke & the ground are u; and u», respectively. The spring
at the bottom of the yoke has a spring constant of £ and an initial compression of xo. Any attached weight
including the yoke weight is represented by W. The crank is assumed to have a mass center at O with mass
moment of inertia /5.
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Figure 1. Schematic representation of Scotch yoke mechanism
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Figure 1. (continue)

The frictional effects due to relative rotation at the revolute joints of the crank are assumed to be negligible.
On the other hand, frictional forces due to relative sliding between slider and yoke as well as between yoke
and ground are taken into account based on Coulomb friction model. It should be reminded that the
coefficient of static friction is in effect at the start of motion and the coefficient of kinetic friction (which
is lower than the coefficient of static friction) is in effect while in motion. Also, frictional forces are not
constant and they change throughout the mating surfaces. However, in this study, an average coefficient of
static friction is used in the dynamic model to be able to choose the right electric motor the power of which
is enough to overcome the frictional effects in running the mechanism.

The position (x) and displacement (4x) of the output link in the Scotch yoke mechanism along vertical x
axis are described by Equations (1) and (2), respectively. The speed ( x ) in Equation (3) and acceleration
(¥) in Equation (4) are found by taking the first and second time derivative of the position equation,
respectively.
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Xx =rcosf )]
Ax =r—rcosf =r(1—cos0) 2)
x=-r0sinb 3)
¥ = —r6%cosf —rfsinb 4)

The crank in the Scotch yoke mechanism is required to run at a constant input angular speed (w) to produce
a perfect sinusoidal rectilinear reciprocating motion as the output. However, the system starts from rest and
there should be an angular acceleration () until the constant angular speed is reached. Hence, the input
motion, as shown in Figure 2, is modeled as starting motion from rest at a constant angular acceleration at
to until the specified constant speed w is obtained at ¢;. Thereafter, the input motion is supposed to continue
with zero angular acceleration.

The force analysis procedures followed in this study with the motion characteristics presented in Figure 2
are given below:

b — -Theta

) (rad)

—Omega
(rad/s)

— -Alpha
(rad/s2)

Time (s)
Figure 2. Input motion characteristics: Angular acceleration (), speed (@) and position (8) of the crank
in time domain

1. The analysis is started from link 3. Total forces along x and y should be zero.

Fl-’j- = _F}?L.‘, ij =32,21,43 ©)
F = mFf, ij = 32,21,43 (6)
F = —F}, ij = 32,21,43 )

2. The analysis is followed by link 2. Total forces along x and y as well as total moment about point O
are zero. The relation between the joint force exerted by link 3 onto link 2 (£3,*) and torque applied
to link 2 (73) are found out.

3. Then, the analysis on link 4 is carried out. Total forces along x and y axes as well as total moment
about point O are zero. Ground reaction forces Fiam and Fisn along y axis are determined. These

expressions are substituted into the governing (Newton) equation from which torque 7> is solved.

4. Once T, is determined, final formulae for F34*, Fiam and Fign easily follow. Fium® and Fian® are
expressed as such:

Fiai = UpF1ai, 1=M,N (®)
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5. The yoke has no instant motion for § = 0 and 6 = . Therefore, the frictional forces along joints M and
N have to be zero.

FY;=0,i=MN )

6. Also, the slider has no instant relative motion for § = 7/2 and 6 = 3w/2. Hence, the slider friction force
has to be zero.

FY=F] =0, ij =32,21,43 (10)

Application of these procedures yield the following relationships for 7>, F3*, Fiam and Fian in terms of the
crank angular positions indicated below and the other unknown quantities can be found by Equations (5)-

8):

e 0=0+2mn,n=0,1,2,..

T, = (—W+%r92+kx0)u1r+lza (11)
R =228 (12)
T o
Fu = P (v 51, a9
Fian® = Fan* =0 (15)

e 0<0<(m/2+2n),n=0,1,2,..

Call 4, as:
_ 1 _ Ma(2rsin6+2u47 cos O—paty—pipatatialn—pily)
4, = rsin6+pu 7 cosf [1 (Im+In) ] (16)
T, = <—W —%(—rﬁ'z cos —rfsinf) + kx, + kr(1 — cos 6)>Ai + 1,6 17)
1
x _ To-l«a
F32 - rsin@+u,rcos b (18)
F _ (Tr-1, a)(r sin@+uqr cos 9—#1%—u1u2%+u111\1) 19
14M = (Ipm+1N)(rsinO+uqr cos ) ( )
F _ (Tz—lza)(r sin@+p 7 cos 9‘#1%‘#1#2%‘#11M) 20
14N — (Ipm+IN)(rsinB+uq 7 cos6) ( )
e O0=m/24+2tn,n=0,1,2, ..
_(_ W s (m+in)r
T, = ( W+ (r6) + ko + kr) e A @
g, = e (22)
F3); = 3)
To—la
Figm = Fian = (112v1+§1v) (24)
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e (m/2+2mm) <0< (m+2nn),n=0,1,2,..

Call 4 as:
_ 1 __ H2(2rsin6-2p47 cos O+uqti+papata— i In+i1lm)
Az - rsinf@-puqrcos [1 (Ipm+In) (25)
[—W—m(—réz cos 618 sin 0)+kxo+kr(1—cos 9)]
T2 = g + 120! (26)
Az
x _ Tz—[za
F32 " rsin 6—uqrcosé (27)
F _ (TZ—Iza)(r sin @—p,7 cos 9+#1%+#1#2%-#11N) 28
14M = (rsin@—uqrcos 6)(Iy+1ly) ( )
F . (Tz—Iza)(r sin —pq7 cos 9+u1%+u1u2t72+,u1lM) 29
14N — (rsin@—pqrcos 0)(Ipy+Iln) ( )
e O=m+2mmn=20,1,2,..
T,=(-w- %r@z + kxo + 2kr )y + L (30)
To—-la
Fip == 31)
_ WiFf &
Fiau = oot (r+2-1) (32)
_ MFh 153
Fian = 2255 (r + 2 4 1,,) (33)
Fiam™ = Fuun™ =0 (34)
e (m+2mn)<0<3Bmr/2+2nn),n=0,1,2,..
Call 43 as:
_ 1 _ M2(27sin6-2u47 cos O+pqty—papata+ialM— i lN)
A3 = rsin@—pu 1 cos 6 [1 Um+In) ] (33)
[—W—K(—ré2 cos 8—r8 sin 8)+kxy+kr(1—cos 9)]
TZ = g + 120.’ (36)
Az
Fy=—12" (37)

rsin@—uq,rcosf

. tq ty
(Tz—Iza)(7sin@—pq7 cos O+p1——p1IN—H1H2~
Fiam = — ( 2 2) (3%)

(rsin@—pqrcos 0)(Iy+Iin)

. (Tz—Iza)(r sin —pq7 cos 9+u1t71—u1u2t72+,u11M)

Fian = — (39

(rsin@—pqrcos 0)(Ipy+Iin)

e 0=3n/2+2nn,n=0,1,2,..

Call 44 as:

A, = 1(1 + Zﬂ_zr) (40)

r (Im+in)
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(W+%(ré)—kxo—kr)

T,=————+ha 41
Ffp = -2 (42)
E,=0 43)
Fiam = Fian = — (fj,,_ﬁ:) (44)

e (Bm/2+2mn)<0<(2m+2mn),n=0,1,2,..

Call 45 as:

_ 1 U2(2rsin0+2p47 cos O—pyt1+papatrtualn—Halm)
Ag =— - (45)
rsin6+u,7rcos O (m+Iin)

(—W—%V(—réz cos 018 sin 6)+kxg+kr(1-cos 9))

T, = + La (46)
As
To—la
Ff, =—2>*+—— 47
3z rsin@+u,rcos b ( )
. t t
E _ (Tz—Iza)(r sin @+p47 cos 6—u171+u1l1v+u1u272) 8)
14M = (rsin@+uq rcos0)(Iy+1ln)
. t t
(Ty=Iya)(7 sin O+pq7 cos O—pq =L+ puq up=2—p1ly
Fiuy = = ( 2 . ) (49)

(rsin@+uqrcos0)(Ipy+Iin)

3. RESULTS AND DISCUSSION

A Python code has been written to obtain the numerical results from the developed dynamic system model.
In calculations, the crank is accepted to start rotational motion from 6 = 0° position at rest with constant
angular acceleration until the final angular speed (ws) is reached and thereafter is to continue with zero
angular acceleration. The analysis of the model has been carried out within a selected duration of 5 s with
computations being repeated for every 0.01 s time increments. For this purpose, 7 different groups of
parameters have been defined as given in Table 1. These groups of parameters have been selected
specifically for fatigue loading machine such that the compression force exerted by the slider on the yoke
(F34%) does not have negative values. Otherwise the model becomes invalid with a joint force pulling up
instead of pushing down. Also, the other parameters are arranged such that the crank can be rotated fully.

Table 1. Parameters for the analysis of the model
Group Parameters

name

Gl1 x0=0.018m, W=40N, »=0.022 m, k=2500 N/m, I = 5 kg'm?, o = 3.14 rad/s?, o= 0 rad/s,
wr=6.28 rad/s, tr=5s, 4t=0.01 s, u1=0.1, u2=0.1

G2 x0=0.018m, W=30N, »=0.022 m, k= 2500 N/m, L, = 5 kg'm?, o = 3.14 rad/s?>, o= 0 rad/s,
wr=6.28 rad/s, tr=5s, 4t =0.01 s, p1=0.1, p2=0.1

G3 x0=0.018m, W=40N, »=0.030 m, k=2500 N/m, L = 5 kg'm?, a = 3.14 rad/s?>, o= 0 rad/s,
wr=6.28 rad/s, tr=5s, 4t =0.01 s, p1=0.1, p2=0.1

G4 x0=0.018 m, W=40N, »=0.022 m, k= 2500 N/m, L, = 2.5 kg'm?, a = 3.14 rad/s?>, wo=0rad/s,
wr=6.28 rad/s, tr=5s,4t=0.01 s, p1=0.1, u2=0.1

G5 x0=0.018m, W=40N, »=0.022 m, k= 5000 N/m, L, = 5 kg'm?, o = 3.14 rad/s?>, o= 0 rad/s,
wr=6.28 rad/s, tr=5s,4t=0.01 s, p1=0.1, p2=0.1

G6 x0=0.025m, W=40N, r=0.022 m, k= 2500 N/m, I = 5 kg'm?, o = 3.14 rad/s?, wo = 0 rad/s,
wr=6.28 rad/s, tr=5s, 4t=0.01 s, u1=0.1, u2=0.1

G7 x0=0.018 m, W=40N, r=0.022 m, k=2500 N/m, I = 5 kg'm?, o = 3.14 rad/s?, o= 0 rad/s,

wr=12.56 rad/s, tr=5s, 4t =0.01's, ;1 =0.1, u2=10.1
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By running the Python code for each group of parameters, the required input torque, joint forces and the
spring compression force on the specimen are evaluated. Due to space limitations, only input torque (7>),

joint force (F34%) and spring force (Fx) graphs drawn in the selected time domain have been presented for
the review of the numerical results.

The required torque 75 vs. time graphs are shown in Figure 3. It can be seen from the graphs that increasing
crank radius » (G3 graph) and spring constant k£ (G5 graph) leads to an increase in the torque value. A
reduction in the mass moment of inertia /, (G4 graph) reduces the required torque value in the constant
acceleration region, whereas in the constant speed region the required torque value remains unchanged.
Increasing the constant speed value (G7 graph) just extends the high torque value region to the point where

the constant speed region begins. It appears that the other parameters do not have significant effect on the
required torque.

T2(Nm)
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Figure 3. Input torque (7%) vs time graph
The joint force F34* vs. time graphs are shown in Figure 4. A reduction in weight W (G2 graph), an increase
in crank radius » (G3 graph), an increase in spring constant k£ (G5 graph) and an increase in initial spring
compression xo (G6 graph) increase F34*. A change in the mass moment of inertia /> (G4 graph) and the

constant speed value (G7 graph) do not seem to change maximum and minimum values of F34*. However,
the angular speed changes the frequency of Fs4*.
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Figure 4. Joint force (F34x) vs time graph

In Figure 5, the spring compression force Fi vs. time graphs are presented. From the graphs, it is clear that
increasing crank radius 7 (G3 graph), spring constant k£ (G5 graph) and initial spring compression xo (G6
graph) results in an increase in Fy. Nevertheless, an increase in xo only shifts the maximum and minimum
values of the spring force upwards by the same amount during which the amplitude of variation remains
unaffected, while changes in the spring constant and crank radius influence both the maximum value and

amplitude of spring force. The other parameters do not seem to affect Fy except that the angular speed
causes a change in the frequency.

A designer can change as necessary as required the parameters in the dynamic model and run the code to
see the effects on the results of particular requirements. The designer would realize that;

e increasing the spring constant &, crank radius » and initial spring compression xo raises the joint force
F34* to an irrational value which hinders the 360-degree rotation of the crank,

e bearing loads can be analyzed and the parameters can be selected for smaller bearing reactions,
e input torque values can be analyzed for the selection of a suitable electric motor.
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Figure 5. Spring force (Fy) vs time graph
4. CONCLUSION

In this study, the dynamic model of a Scotch yoke mechanism with spring and mass has been developed.
The friction effects on the intermediate slider-yoke and on the yoke-ground interfaces as well as variable
crank speed effects have also been considered. The developed model predicts the values of the required
input torque, joint forces and spring compression force when the input motion characteristics and values of
the system parameters are specified. To that end, seven different group of parameters are defined to analyze
the effects of the system parameters. The results have shown that the required torque takes on both positive
and negative values inside one cycle, consistent with the literature. However, the mechanism driven by an
electrical motor cannot provide both positive and negative torque. One solution would be to utilize a

flywheel to compensate for the energy fluctuations. Other studies available in the literature suggest using
suitable springs for the same purpose [6].

Discussion above and further numerical experiments with the dynamic model indicate that parameters
involved cannot be selected arbitrarily. For example, as is also visible from the model that the joint force
F34* is a function of the square of the angular speed, increasing the angular speed to high values may cause
the joint force F34* to change its sense in different phases of the mechanism motion, hence causing also the
contact surface between the intermediate slider and yoke to change its position from the bottom of the slot
to its top, a condition which may not be desired as a design criterion. Therefore, in order to assure the right

selection of the parameter values in the model, a thorough understanding of the mechanism behavior is
essential through further investigations of the dynamic system model.
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If the Scotch-yoke mechanism is going to be used within the framework of a conceptual design, then its
constraints have to be taken into account as well. For instance, the output force generated in this mechanism
may have to satisfy the requirements of a compression force in the sinusoidal form with desirable amplitude
or maximum-minimum, and frequency characteristics. Yet other conditions may be that both the driving
torque on the crank and the joint force F34* acting on the yoke sustain their signs throughout the operation
of the mechanism. Stabilization of energy and speed, optimization in terms of desired criteria, inverse
dynamic studies, where the resulting motion is analyzed in the mechanism under given actuation possibly
constant input torque conditions, are issues and subjects of future work demanding answers for an effective
use of the Scotch-yoke mechanism within the framework of a conceptual design.

5. REFERENCES

1. Nguyen, H.N. & Shieh, W.B. (2018). On the design of the gravity balancer using scotch yoke derivative
mechanism. In Doroftei, 1., Oprisan, C., Pisla, D., Lovasz, E. (eds) New Advances in Mechanism and
Machine Science. Mechanisms and Machine Science, 57. Springer, Cham.

2. Al Shami, E., Mayberry, L., Zhang, R. & Wang, X. (2023). A preliminary study of a novel wave energy
converter of a Scotch Yoke mechanism-based power take-off. Sustainable Energy Technologies and
Assessments, 60, 103533.

3. Hossain, Z. & Illias, H. (2022). Ocean wave energy harvesting via scotch yoke-based rotational
generation. AIUB Journal of Science and Engineering (AJSE), 21(3), 167-175.

4. Subramanian, S.M., Murugesan, V., Perumal, A.V., Kumar, N.K.V.S., Anandhan, Y.S. & Arumugam,
V. (2022). Design and analysis of the performance of scotch and yoke based two way pumping system.
In AIP Conf. Proc., 2527(1), 030005.

5. Rivankar, S.N., Kattimani, P.C., Walke, G. & Nigalye, A. (2019). Scotch yoke mechanism for specimen
polishing & microstructure analysis. International Journal of Research in Advent Technology, 7(5),
455-459.

6. Kwon, S.-R. (2013). An adjustable scotch yoke mechanism for output torque regulation. MSc Thesis.
School of Mechanical and Aerospace Engineering, The Graduate School, Seoul National University,
Seoul, Korea, 41.

7. Prastiyo, W. & Fiebig, W. (2025). Balancing of slider-crank and Scotch-yoke mechanisms by the use
of mechanical resonance: Simulation and experiment. Simulation Modelling Practice and Theory, 142,
103137.

8. Rayed, A.M., Esakki, B., Banik, S.C. & Nahin, A. (2024). Computational modeling and optimization
of a flapping mechanism based on the scotch yoke principle. SAE Technical Paper, 2024(01),2264.

9. Liang, Y. & Liu, Q. (2025). Dynamics simulation and analysis of scotch yoke mechanisms with opposed
dual-piston and inclined slot configurations using ADAMS. Journal of Physics: Conference Series,
3098, 012005.

10. Tao, D., Zhang, C., Li, N., Zheng, L. & Cao, Z. (2025). Design and analysis of guide mechanism driven
by limacon gear. U.P.B. Sci. Bull., Series D, 87(2), 59-68.

11. Apati, S. & Hegedus, G. (2023). Investigation and simulation of a scotch yoke mechanism. MultiScience
- microCAD International Multidisciplinary Scientific Conference - Special Issue Part I., 13(2), 144-
152.

12. Al-Hamood, A., Jamali, H.U., Abdullah, O.1. & Senatore, A. (2019). Dynamics and lubrication analyses
of scotch yoke mechanism. International Journal on Interactive Design and Manufacturing, 13, 901-
907.

13.Tai, Y., Hua, X., Cheng, L., Huang, Z., Wang, S. & Wang, Z. (2024). Dynamic characterization and
design of scotch yoke inerter with adjustable inertance for seismic isolation. Journal of Structural
Engineering, 150(11), 04024153.

14.Beyaz, A. & Dagtekin, M. (2018). Kinematic analysis of tractor engine crank-rod mechanism. Cukurova
Universitesi Miihendislik-Mimarlik Fakiiltesi Dergisi, 33(3), 93-100.

15. Sarigecili, M. 1. & Akgali, I.D. (2018). Dynamic modeling of slider-crank mechanism for selecting input
parameters for desired piston speeds: Lumped mass approach. Cukurova Universitesi Miihendislik-
Mimarlik Fakiiltesi Dergisi, 33(4), 67-82.

16. Sarigecili M.I., Dagdelen M. & Akgali 1.D. (2022). Conceptual design of an axial fatigue loading
machine. 3rd International 5 Ocak Congress on Applied Sciences, Adana, 216-221.

C.U. Miih. Fak. Dergisi, 41(2), Haziran 2026




Cukurova Universitesi
Mihendislik Fakiltesi Dergisi

Cukurova University

Journal of the Faculty of Engineering

ISSN: 2757-9255

CiLT/VOLUME: 41

SAYI/ISSUE: 2 HAZIiRAN/JUNE 2026

Yeni Nesil Teknolojilerin is Saghg ve Giivenligine Entegrasyonu:
Sanal Gerg¢eklik Simiilasyonlarinin MACBETH Yontemi ile Analizi

Cihat OZTURK '*, Cansu DONER *°, Nurullah GULEC ¢

"Unkara Yildirim Beyazit Universitesi, Miihendislik ve Doga Bilimleri Fakiiltesi, Endiistri Miihendisligi

Béliimii, Ankara, Tiirkiye

2Ankara Yildirim Beyazit Universitesi, Fen Bilimleri Enstitiisti, Is Saghg ve Giivenligi Boliimii, Ankara,

Tiirkiye

“ORCID: 0000-0002-4092-3825,; “ORCID: 0000-0003-2260-0851; “ORCID: 0000-0002-1244-2186

[0Y7

Makale Bilgileri
Gelis 216.08.2025
Kabul  :30.03.2026

DOI: 10.21605/cukurovaumfd. 1767024

Sorumlu Yazar

Cihat OZTURK
cozturk@aybu.edu.tr

Anahtar Kelimeler

Sanal gerceklik

Yeni nesil teknolojiler
Is saghg ve giivenligi
Kiiresel salgin
MACBETH yéntemi

Auf sekli: OZTURK, C., DONER, C.,
GULEC, N., (2026). Yeni Nesil
Teknolojilerin Iy Saghigi ve Giivenligine
Entegrasyonu: Sanal Gergeklik
Simiilasyonlarimin - MACBETH Yéntemi
ile  Analizi.  Cukurova Universitesi,
Miihendislik Fakiiltesi Dergisi, 41(2),
371-387.

Dijital doniigiim siireci ve pandemi sonrasi kosullar, is sagligi ve
giivenligi (ISG) egitimlerinde sanal gerceklik (VR) tabanl
simiilasyonlar1 kritik bir yenilikgi alternatif haline getirmistir. Bu
calismada, VR tabanli ii¢ farkli ISG egitim sistemi; teknik,
ekonomik ve islevsel boyutlar1 kapsayan kriterler 1s18inda ¢ok
kriterli karar verme yontemlerinden MACBETH kullanilarak
analiz edilmigstir. Kapsamli literatiir taramast ve uzman
goriisleriyle sekillenen degerlendirme siireci, performans ve
islevsellik odakli kriterlerin se¢cimde belirleyici rol oynadigini
gostermistir. Maliyet dezavantajina karsin egitim etkinligi,
gerceklik hissi ve kullanici etkilesimi agisindan en giiglii olan
immersif sistem en uygun secenek olarak 6ne g¢ikmaktadir.
Duyarlilik analizleri, kriter agirliklarindaki degisimlere ragmen
alternatif siralamasinin degismedigini ve modelin kararl bir yap1
sundugunu kamtlamistir. Cahisma, ISG simiilasyonlarinin
degerlendirilmesine yonelik sistematik bir metodoloji sunarak
karar vericiler icin yapilandirilmig bir se¢im gercevesi
olusturmaktadir.
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The digital transformation process and post-pandemic conditions
have established virtual reality (VR)-based simulations as a
critical and innovative alternative in occupational health and
safety (OHS) training. In this study, three different VR-based
OHS training systems were analysed using MACBETH based on
technical, economic, and functional criteria. The evaluation
process, shaped by comprehensive literature reviews and expert
opinions, revealed that performance and functionality-oriented
criteria play a decisive role in the selection. According to the
analysis results, the immersive system with the strongest training
effectiveness, sense of realism, and user interaction emerged as
the most suitable option despite its cost disadvantage. Sensitivity
analyses demonstrated that the alternative ranking remained
consistent despite changes in criteria weights, proving the
model's stability. This study provides a systematic methodology
for evaluating OHS simulations and offers a structured selection
framework for decision-makers.
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1. GIRIS

Tarihsel siiregte insanlik yiizyillar boyunca bazen bir dogal afet, bazen bir savas, bazen ise bir bulasici
salgin hastalik olarak kendini gosteren birgok zorluklarla karst karsiya kalmistir. 2019 yilinin sonlarina
dogru ilk kez Cin'in Wuhan sehrinde ortaya ¢ikan yeni tip koronaviriisiin neden oldugu salgin hastaliga
“2019 koronaviriis hastaligr (COVID-19)” ad1 verilmistir. COVID-19 saglik, egitim, ekonomi ve sosyal
hayat gibi alanlar1 etkilemesinin yani sira ¢alisma diinyasinin igyapisini da derinden etkilemistir. Ayrica is
ve egitim basta olmak iizere bircok yasam alaninda dijital doniigiimiin hizlanmasina neden olmustur [1].
Ozellikle yéneticilerin is diinyasinin her alaninda siirdiiriilebilirligin devam etmesi icin geleneksel stratejik
diisiincelerinden vazgegmelerine ve olasi gelecek krizlere karst da hazir olusluklarini giiglendirmeye sevk
etmigtir. Diger bir taraftan bu siiregte ¢alisan sagligini ve giivenligini saglamakla yiikiimlii olan igverenlerin,
is ortaminda hastaligin yayilmasini sinirlandirmak i¢in koruyucu ve dnleyici tedbirler almasi zorunlu hale
gelmisti. Bu kapsamda birgok is yeri ¢aligmalarina ara verirken bir kisim ise uzaktan/evden calisma
yontemiyle ya da koruyucu tedbirlerle isine devam etmistir [2].

Yasanmakta olan COVID-19 salgii temel Is Saghig1 ve Giivenligi (ISG) uygulamalarim da etkilemis ve
doniisiime zorlamustir. Bu ¢ercevede ISG egitimlerinin uzaktan erisim yoluyla verilmesi veya uzaktan
egitim yontemlerinin uygulanamayacagi egitimlerin de sosyal mesafe ve hijyen kurallar1 gz oniinde
bulundurularak minimum riskle yapilmasini mecburiyeti ortaya ¢ikmistir. Bu salgin siireci, is diinyasinin,
calisanlarin i saghigl ve giivenliginin saglikli ve etkin sekilde gergeklesmesi igin yeni nesil teknolojilere
yonelerek 1SG alaninda da dijital doniisiime ayak uydurmalar1 gerekliligini olusturmus.

Endiistri 4.0 olarak ifade edilen dordiincii sanayi devrimiyle beraber teknoloji ve bilisim sistemleri hizla
gelismekte ve insan yagamini kolaylastiran birgok yenilik ortaya ¢ikmaktadir. Yapay zeka, sanal gergeklik,
artirilmis gerceklik, nesnelerin interneti (IoT), biiyiik veri, drone teknolojisi, otonom robotlar ve 5G gibi
yeni nesil teknolojiler hayatimizin her alanina dahil olmaktadir [3]. Bu teknolojiler ve is yasamina
entegrasyonlart siirdiiriilebilirlik agisindan da biiylik 6neme sahiptir [4]. Endiistri 4.0 devrimi ile birlikte bu
yilizyilda tiim toplumlarda dijital doniisiim gilinlik yasamin vazgecilmezi olmus ve yeni nesil islevsel
cihazlar kullanilarak yagam kalitesini iyilestirme arayislar1 hizlanmistir. Bugiin 6zellikle yasanan COVID-
19 salgni ile birlikte degisime agik olan kurumlar iSG sistemlerinde de yeni nesil teknolojilere yénelmistir.
Birgok isletmede iSG sistemlerinin modernizasyonu saglanmis, COVID-19 sonrasi daha saghkli ve
siirdiiriilebilir bir is diinyas1 olusturmak igin énemli adimlar atilmistir. Ozellikle yeni nesil teknolojilerin
ISG alanina entegre edilmesi saglhikli ve giivenli bir ortam ile zaman ve maliyet tasarrufu saglayarak is
kazas1 ve meslek hastaliklar riskini en aza indirmeyi hedeflemektedir [5]. Bu teknolojileri temel alarak
olusturulan ISG ¢6ziimleri daha etkin bir énleme sistemi olustururken ayni zamanda is ortaminda etkili bir
ISG Kiiltiiriiniin gelismesine de katki saglamaktadir.

Bu baglamda ¢aligmada, tarihsel siiregte insanlig1 etkileyen biyolojik afetlere kisaca deginilmis ve 6zellikle
COVID-19 salgininin yasam ve ¢aligsma hayati iizerindeki doniistiiriicii etkisi ele alinmistir. Salginla birlikte
hiz kazanan dijitallesme siirecinin, yalmzca iiretim ve yonetim sistemlerini degil, aym1 zamanda i1SG
uygulamalarint da yeniden sekillendirdigi goriilmektedir. Bu doniisiim c¢ergevesinde yeni nesil
teknolojilerin ISG alanindaki rolii degerlendirilmis; &zellikle risk yonetimi, egitim siirecleri ve dnleyici
uygulamalar bakimindan sunduklari potansiyel analiz edilmistir. Bu kuramsal ve kavramsal cergeve
dogrultusunda ¢aligmanin uygulama asamasinda, VR tabanli ISG simiilasyonlarmin sistematik bicimde
degerlendirilmesi hedefiyle aragtirmanin amaci, 6nemi, modeli ve sinirlart ortaya konmus; alternatiflerin
karsilastirilmasinda Cok Kriterli Karar Verme (CKKV) yodntemlerinden MACBETH yaklasimi
kullanilmstir. Son bdliimde ise elde edilen bulgular degerlendirilerek hem literatiirel hem de ydnetsel
diizeyde ¢ikarimlar tartigilmistir.

Ozetle bu calismada, COVID-19 salgmi ile birlikte hiz kazanan dijital doniisiim siirecinin ISG
uygulamalarina yansimasi ele alinmis ve isletmelerde kullanilmaya baslanan yeni nesil teknolojik ¢oziimler
arasindan sanal gerceklik (VR) tabanli simiilasyonlar incelenmistir. VR teknolojisi, ¢calisanlara tehlikesiz
bir ortamda gergekg¢i senaryolart deneyimleme imkani sunmasi, risk algisini giiclendirmesi ve 6grenme
kaliciligin artirma potansiyeli nedeniyle ISG egitimlerinde 6ne ¢ikan bir arag haline gelmistir. Ancak farkl:
teknik ve islevsel 6zelliklere sahip VR tabanli sistemlerin hangi kriterler ¢ercevesinde degerlendirilmesi
gerektigi ve hangi alternatifin daha uygun oldugu konusu literatiirde sinirli ve sistematik olmayan bir
bi¢imde ele alinmaktadir.
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Bu dogrultuda calismada, kapsamli literatiir taramasi ve alan uzmanlarinin goriisleri birlikte
degerlendirilerek VR tabanl iSG simiilasyonlarinin segiminde etkili olan temel kriterler belirlenmistir.
Belirlenen kriterler ¢ergevesinde alternatiflerin karsilastirilmasi amaciyla CKKV  yontemlerinden
MACBETH yaklagimi uygulanmis ve en uygun simiilasyon alternatifi sistematik bir karar modeli ile ortaya
konmustur. Béylece caligma, VR tabanli ISG egitimlerinin yalnizca teknolojik bir yenilik olarak degil, ok
boyutlu ve dlgiilebilir bir karar problemi olarak ele alinmasina katki saglamaktadir. Tiim bu yonleriyle
calisma, dijitallesme siirecinde ISG alaninda teknoloji secimine iliskin karar vericilere yapilandirilmis bir
degerlendirme gergevesi sunmakta; ayni1 zamanda VR tabanli egitim sistemlerinin etkinliginin analitik bir
yaklasimla incelenmesine literatiire katki saglamaktadir.

1.1. Sanal Gergeklik ve ISG

Sanal gergeklik, bilgisayar teknolojileri yardimiyla ortaya ¢ikan 360° sanal ortamlar sayesinde gergek
diinya algismni olusturan bir teknolojidir [6]. Bu teknoloji gercek yasamda zor veya imkénsiz olabilecek
durumlarda gevresel ve viicut temelli ipuglarnin olusturulmasina ve kontroliine izin vermektedir [7]. Ozel
olarak tasarlanmig iriinler ile kullanicilar simiile edilmis ortamda ortaya c¢ikan goriintiilerle etkilesim
icerisine girmektedir.

Sanal gergeklik teknolojisi, herhangi bir tehlike olmadan sanal giivenli ortamda aksiyonun bir pargasi olma
imkani1 sunarken yazilimlari, donanimlar1 ve entegrasyon teknolojileri kullanarak insanlar ile sanal diinya
arasinda ger¢ek zamanli bir iletisim kurduktan sonra insanlarin 6zelliklerine gore tepki verebilmektedir [8].
Benzersiz ozellikleri ve esnekligi ile ortamlarin olusturulmasina ve deneyimlenmesine olanak taniyan bu
teknoloji bircok alanda kullanim igin olaganiistii bir potansiyele sahiptir. Ozellikle bilgi teknolojisi, yapisal
tasarim, askeri endiistri, biyomedikal, maden giivenligi ve egitim yardimcilari teknolojisi sektorii gibi gesitli
endiistriyel sektorler bu teknolojiye yatirim yapmaktadir [9].

Sanal gercekligin kullanim alanlarindan bir digeri ise ¢alisan sagligini ve giivenligini korumaya yonelik
olusturulan ¢dziimlerdir. Is ortaminda tehlikeli hallerde tahliye durumlari, giivenlik egitimleri, teknolojik
entegrasyonlu kigisel koruyucu donanimlar, ortam risk tespiti gibi alanlarda kullanilmaktadir. Sanal
gerceklik tabanli glivenlik egitimleri genellikle sirali operasyonlari, standart ¢alisma prosediirlerini ve kisa
stirede emniyet riski degerlendirmesini 6gretmeye odaklanmaktadir [10].

COVID-19 salgini sirasinda ise sanal gerceklik sanal 6grenme ve tibbi kullanimlarin yaninda is diinyasinda
da kullanilmistir. Insanlarin evden caligmay1 kolaylastirmak icin VR araglar tasarlanmustir [11]. ISG
alaninda kullanilan sanal gergeklik teknolojisi ile ortaya ¢ikan simiilasyonlar, ¢aliganlara olast bir is kazasi
sonucu yasayabilecekleri durumlari daha 6nceden deneyimleme firsati sunmaktadir [12]. COVID-19
salgini ile birlikte ISG 4.0 dénemini baslatan isletmeler tarafindan, ISG egitimlerinin giivenilir ve saglikli
bir ortamda gercek diinyayi sanal olarak insa eden bu simiilasyonlar ile verilmesi dikkat ¢ekmeye
baslamustir. Sanal gergeklik tabanli ISG uygulamalar calisanlarin, zihinlerinde hissederek olasi tehlikelerin
sonuglarmi deneyimlemelerinin yani sira her tiirlii tehlikeden uzak ve hijyenik bir ortamda 6grendikleri
bilgilerin daha kalic1 olmasini saglayarak is sagligi ve giivenligi bilinglerinin tam anlamiyla olugsmasina
katki saglamaktadir.

1.2. Sanal Gergekligin is Saghg ve Giivenligi Egitimlerindeki Etkinligi

Caligmanin bu bdliimiinde, 2000-2026 déneminde VR ve iligkili siiriikleyici teknolojilerin (AR/MR, 360°
panorama, simiilatérler) ISG egitimlerindeki etkisini; grenme kaliciig, davranis degisikligi/transfer ve
kaza oranlar1 boyutlarinda literatiir géz 6niinde bulundurularak &zetlemektedir. Literatiir, 6zellikle 2013
sonrasi ve HMD (Head-Mounted Display) yayginlagmasiyla 2018’den itibaren hizlanan deneysel
calismalarla sekillenmistir. Sistematik derleme ve meta-analiz bulgulari, VR’1n bilgi kazanimi (Hedges g
~0.64; p<0.001) ve daha belirgin bigimde bilgi kalicilig1 (Hedges g ~ 0.838; p<0.001) agisindan geleneksel
yontemlere kiyasla avantaj sagladigini gostermektedir; ancak yiiksek heterojenlik (12 ~ %86—90) sonuglarin
baglama duyarli oldugunu ortaya koymaktadir [13]. Saha deneylerinde de benzer sekilde, hemen-sonra
Olciimlerde fark sinirli iken, birka¢ hafta sonraki kalicilik testlerinde VR lehine anlamli sonuglar
raporlanmistir (np? ~ 0.12) [14].

Davranig degisikligi ve transfer acisindan kanitlar daha karmasiktir. Bazi randomize kontrollii caligmalar
VR’m giivenlik motivasyonu ve 6z-yeterlik {izerinde olumlu etkiler iirettigini ve kisa donemli 6z-bildirim
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performans gostergelerini iyilestirdigini belirtirken [15], baz1 uygulamalarda biligsel kazanimlarin benzer
oldugu ancak davranis ve giivenlik iklimi {izerinde anlamli fark olusmadigi gorilmiistir [16].
Kaza/yaralanma oranlarmi dogrudan diisiirdiigiine iliskin yiiksek kalitede uzun dénemli kanit ise sinirlidir;
¢ogu caligma bilgi testleri ve simiilasyon performansina dayanmakta, ger¢ek olay oranlarini izleyen
calismalar nadir kalmaktadir. Kurumsal vaka raporlari potansiyel faydaya isaret etse de metodolojik a¢idan
nedensellik kanit1 tiretmemektedir.

Sektorler arasi nicel sentezler, VR’ giivenlik egitiminde ortalama olarak geleneksel yontemlerden daha
iyi performans gosterebildigini; oOzellikle bilgi kaliciligt boyutunda etkinin biyiidiigiinii ortaya
koymaktadir. Meta-analiz bulgularinda bilgi kazanimi i¢cin Hedges g=0.640 (p<0.001) ve bilgi kalicilig1
icin Hedges g=0.838 (p<0.001) raporlanmis; ancak her iki analizde de yiiksek heterojenlik (I* = %85.6 ve
%89.5) saptanmistir. Bu durum, VR’1n etkisinin baglam ve tasarim 6zelliklerine duyarli oldugunu ve “VR
her zaman daha etkilidir” seklinde genelleme yapilamayacagini gostermektedir [13]. Ayrica literatiirde
kalicilik dlgtimlerinin sinirli sayida galisma tarafindan ele alinmasi ve ¢gogunlukla 2—4 haftalik takiplerle
sinirli kalmasi, uzun vadeli davranis doniisiimiinii degerlendirmeyi zorlagtirmaktadir. Insaat kazist
giivenligi drneginde de hemen-sonra dlgiimlerde fark goriilmezken, 4 hafta sonraki kalicilik testinde VR
lehine anlamli sonuglar (p=0.034 ve p=0.029; np*~0.118-0.126) bildirilmistir; bu da VR’1n &zellikle
hatirlama siireglerinde avantaj saglayabilecegini diisiindiirmektedir [14].

Bununla birlikte, VR’ her kosulda iistiin 6grenme c¢iktilar1 tiretmedigine dair bulgular da mevcuttur.
Immersif VR ile yiiksek kaliteli sunum temelli egitimlerin karsilastirildig1 galismalarda, bazi algisal
farkliliklara ragmen ogrenme ¢iktilarinda tutarli bir istiinlik saptanmamig ve maliyet/karmagsiklik
acisindan VR’in her durumda gerekgelendirilemeyecegi belirtilmistir. Bu tiir sonuglar, karsilagtirma
yapilan “geleneksel” yontemin niteliginin belirleyici oldugunu gostermektedir [17]. Ayrica VR tiirleri
arasinda da farkliliklar vardir: 360° panoramalar daha gercekei algilansa da model tabanli VR ortamlarinda
tehlike tanima performansinin daha yiiksek olabildigi raporlanmistir . Bu bulgular, iSG egitiminde
etkinligin yalnizca gergekgilik diizeyine degil; etkilesim, geri bildirim ve pedagojik tasarim unsurlarina da
bagli oldugunu ortaya koymaktadir [18].

Davranis degisikligi, ISG egitimlerinin nihai amaci olmakla birlikte dlciilmesi en zor ¢iktilardan biridir.
Literatiirde ¢aligmalarn biiyiik kismi kisa siireli bilgi testlerine ve 6z-bildirim 6lgeklerine dayanmakta;
gercek is davranist gozlemleri, glivenlik iklimi ve organizasyonel performans gostergeleri daha sinirh
raporlanmaktadir. Sistematik derlemeler de degerlendirme yaklasimlarinin oldukga heterojen oldugunu ve
Olciim araglarinda standartlasmanin zayif kaldigini vurgulamaktadir [19]. Bununla birlikte, randomize
kontrollii caligmalar VR’1in davranisa yakin ¢iktilar iizerindeki potansiyelini gostermektedir. Finlandiya’da
ingaat sektoriinde yiiriitiilen rastgele kontrollii deneyde (RCT, N=119), VR tabanli egitimin sinif temelli
egitime kiyasla giivenlik motivasyonu, 6z-yeterlik ve sonug beklentileri izerinde daha giiglii etki yarattig
ve 1 ay takipte 6z-bildirime dayal1 giivenlik performansinda daha biiyiik artis sagladig bildirilmistir. Ancak
6lglimlerin 6z-bildirim temelli olmasi ve takip siiresinin kisa olmasi, kalic1 davranis degisimi konusunda
temkinli yorum yapilmasimi gerektirmektedir [15].

Yiiksek riskli alanlarda elde edilen bulgular ise daha karmasik bir tablo sunmaktadir. Almanya’da
profesyonel ¢ati ustalariyla yiiriitiilen bir ¢alismada (N=74), VR-ciddi oyun yaklasimi ile simnif temelli
problem-odakli egitimin bilissel ve tutumsal ¢iktilarda benzer iyilesmeler sagladigt; ancak davranis ve
giivenlik iklimi {izerinde anlamli fark yaratmadigi raporlanmistir. Ayni ¢aligmada kiiltiirel/baglamsal
faktorlerin ¢iktilart etkileyebilecegi tartisilmistir [16]. Kaz1 giivenligi 6rneginde ise VR egitiminin 6z-
yeterlik diizeylerinde anlaml artis sagladigi (VR: pre M~21.42 — post M~=30.42; p<0.001) gosterilmis;
ancak bu ara degiskenlerin gercek is davranmigina doniisiimiiniin uzun donemli takip gerektirdigi
belirtilmistir [14]. Saglik sektoriinde isyeri siddeti senaryolara yonelik bir VR pilot ¢alismasi (N=13) ise
sistemin kullanicilar tarafindan ilgi ¢ekici bulundugunu ancak kullanilabilirlik agisindan gelistirme
gerektirdigini ortaya koymus; davranig ve yararlanma sonuglarini degerlendiren uzun dénemli arastirmalara
ihtiya¢ oldugunu vurgulamistir [20].

ISG agisindan temel soru, VR egitiminin gergek kazalari azaltip azaltmadigidir; ancak literatiirde bu soruya
dogrudan yanit veren g¢alismalar sinirhdir. Bunun baglica nedenleri, kaza/yaralanma olaylarinin diisiik
siklikta gergceklesmesi nedeniyle biiyiik 6rneklem ve uzun takip gereksinimi ile isletmelerde veri erigimi ve
raporlama standardizasyonundaki giigliiklerdir. Sistematik derlemeler, uzun dénem kalicilik ve transfer
Olciimlerinin dahi siirlt oldugunu; “lagging indicator” niteligindeki kaza oranlarinin ise ¢ok daha nadir
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degerlendirildigini belirtmektedir [ 13]. Bu bosluk nedeniyle kaza orani diisiigiine iligkin iddialar cogunlukla
akademik deneylerden ziyade kurumsal vaka raporlarinda yer almaktadir. Ornegin National Safety Council
raporunda VR egitiminin kayip zamanl yaralanma ve yakin-olay sayilarinda azalma ile iliskilendirildigi
ifade edilse de metodolojik ayrintilarin sinirli olmasi nedensel ¢ikarimi giiglestirmektedir [21].

Akademik c¢aligmalar genellikle dogrudan kaza oranlari yerine ara performans gostergelerine (tehlike
tanima, senaryo igi karar verme, Oz-yeterlik/motivasyon) odaklanmaktadir. Bu gostergeler kazalarin
belirleyicileriyle iligkili olsa da bunlardan kaza oranina dogrusal bir geg¢is varsayimi her zaman gegerli
degildir; 6rnegin 360° panorama ortamlarinda algilanan gercekgiligin artmasina ragmen tehlike tanima
performansinin diisebildigi bildirilmistir [18]. Kurumsal raporlar ise uygulanabilirlik ve hesap verebilirlik
acisindan degerli olmakla birlikte, cogunlukla kiiciik 6l¢ekli uygulamalara dayanmaktadir. Mississippi
Department of Transportation ve Construction Skills Queensland raporlari, VR’m belirli 6grenme
ciktilarinda en az mevcut yontemler kadar etkili olabilecegini belirtmekte; ancak uzun dénem etki ve gercek
olay oranlarinin gelecekteki arastirma giindemi oldugunu vurgulamaktadir [22]. Sonug olarak, VR’
kazalar1 azaltma potansiyeli kuramsal olarak gii¢lii gériinse de 2000-2026 literatiiriinde bu iddiay1 biiyiik
6lcekli ve uzun siireli saha verileriyle dogrudan test eden galigmalar smirlt kalmaktadir [13].

Literatiirde VR temelli ISG egitimlerine iliskin kanitlarin baslica sinirhliklari; uzun dénem kalicilik
Olciimlerinin azlif1, gercek kaza/yaralanma oranlarmin nadiren izlenmesi, Orneklemlerin siklikla
Ogrenci/cirak gibi isgiiciine benzer ancak tam temsil giicii olmayan gruplardan olusmasi, 6lgiimlerin 6z-
bildirim agirlikli olmasi ve VR tasarimlari ile 6l¢me araglarinin standartlasmamasi nedeniyle meta-analitik
heterojenligin yiiksek seyretmesi olarak 6zetlenmektedir [13]. Uygulama tasarimi agisindan ise literatiir,
kalicilig1 hedefleyen tekrar ve geri bildirim temelli yapilarin 6nemine isaret etmekte; bazi ¢aligmalarda
VR’1n avantajinin hemen-sonra degil birka¢ hafta sonraki dl¢limlerde belirginlestigini gdstermektedir.
Ayrica kontrol grubunun niteligi sonuglar1 giiclii bigimde etkilemekte; VR’ siradan sinif anlatimina
iistiinliigi ile iyi tasarlanmig video/sunum temelli egitime iistiinliigii ayn1 diizeyde olmayabilmektedir [14].
Gergekgilik tek bagma belirleyici degildir; 360° panorama ortamlar1 daha gercekei algilansa da tehlike
tanima performansinin etkilesim, goérev yapist ve geri bildirim gibi pedagojik unsurlara bagli oldugu
vurgulanmaktadir [18]. Davranig ve giivenlik iklimi tizerindeki etkinin ise VR1n orgiitsel siireclere entegre
edilmesiyle (6r. saha koclugu, ustabasi destegi, periyodik tazeleme) daha anlamli hale gelebilecegi ve
baglamsal faktorlerin sonucu etkileyebilecegi belirtilmektedir [16].

2. YONTEM
2.1. Arastirmanin Amaci ve Kapsami

Bu calismanin amaci, VR tabanli iSG egitim simiilasyonlarim karsilastirarak en uygun simiilasyon
alternatifinin belirlenmesidir. Inceleme igin alternatif olarak sanal gerceklik tabanl 3 egitim simiilasyonu
ele alinmisgtir. Niteliksel ve niceliksel olarak birgok degerlendirme kriterinin olmasi bu ¢aligmanin CKKV
yontemlerinden biri ile ¢dzlilmesini zorunlu hale getirmistir.

2.2. Arastirmanin Onemi

Aragtirmanin 6nemi, kiiresel salgila ivme kazanan dijitallesme ile ISG alaninda teknolojinin incelenmesi
ve bu alanda kullanilan sanal gerceklik simiilasyonlarmin degerlendirilmesidir. Ozellikle bu arastirma, yeni
nesil ISG teknolojilerinin ele alindigi ve incelendigi calisma sayisinin az olmasindan dolayr énem
kazanmaktadir. Ayrica bu galisma, hem gelecekte yeni nesil ISG teknolojilerini temel alan akademik
caligmalarda hem de kuruluslarin ISG alaninda kullanilmak iizere yapacaklar1 sanal gerceklik tabanli
simiilasyon yatirim se¢imlerinde yol gosterici niteliktedir.

2.3. Arastirmanin Modeli
2.3.1. MACBETH Yo6ntemi

Bu calismada kullanilan, CKKV yontemlerinden biri olan ve ikili kiyaslamalara dayanan MACBETH
(Kategorik Bazli Degerlendirme Teknigi ile Cekiciligi Olgme) yontemi, 1990’11 yillarda Bana e Costa,
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Vansnick ve De Corte tarafindan gelistirilmistir [23]. Diger CKKV yontemlerinden farkli olarak
degerlendirme yaparken kantitatif degerler yerine kalitatif degerleri temel olarak karsilagtirma yapmaktadir
[24]. Bir diger CKKYV yontemi olan Analitik Hiyerarsi Siireci (AHP) yontemi %10 tutarsizliga izin verirken
tutarsizligina izin vermeyen ve 7 kategorili 6l¢ek kullanan MACBETH ydnteminin temel avantaj1 yargilarin
teorik ve anlamsal tutarlilik kontorliiniin olmasidir[25]. Problemlerin etkin ve hizli bir sekilde ¢oziilmesini
saglayan bu yontem literatiirde stratejik sehir planlama, teknoloji se¢imi, kariyer se¢imi, makine se¢imi,
teknik performans karsilastirilmasi ve yatirim politikalart degerlendirilmesi gibi bir¢ok farkli alanda
kullanilmustir [26].

MACBETH’in temel giicii, karar vericinin nicel puan vermek yerine alternatifler arasindaki “cekicilik
farkin1” anlamsal (kalitatif) yargilarla ifade etmesini saglayarak bu yargilardan kardinal deger fonksiyonlari
ve agirliklar tiiretmesidir; bu yoniiyle yontem, dl¢limii zor/6znel kalan kriterlerin baskin oldugu teknoloji
ve siire¢ degerlendirmelerinde pratik bir ¢ergeve sunar [23]. Uygulama literatiirii incelendiginde
MACBETH’in, ozellikle secim/siralama problemlerinde farkli karar baglamlarmma uyarlandig:
goriilmektedir: 6rnegin tekstil sektdriinde yesil tedarik¢i secimi probleminde MACBETH yargilar1 Taguchi
kayip fonksiyonlariyla biitiinlestirilerek tedarikgilerin ¢evresel/operasyonel performansi g¢ok kriterli
bicimde kargilastirilmistir [27]; yine bir tekstil isletmesinde iiretilecek iirlin grubu se¢imi probleminde
MACBETH tabanlt yapi, bulantkk MARCOS ile birlestirilerek alternatiflerin uzlasiya dayali siralanmasi
gergeklestirilmigtir [28]. Daha yiiksek belirsizlik igeren saglik tedarik zinciri baglaminda ise MACBETH,
COVID-19 déneminde maske/yiiz siperi gibi kritik {irlinler igin tedarik¢i seg¢imini destekleyecek sekilde
“fuzzy rough” temsillerle biitiinlesik kullanilarak yontemsel saglamlik ve duyarlilik analizleriyle
raporlanmustir [29]. Operasyonel seviyede giivenlik boyutunun dogrudan kriterlestirildigi bir bagka drnekte
MACBETH kullanilarak, termik santrallerde denetim/rota Onceliklendirme probleminde “is sagligi ve
giivenligi” gibi kriterleri de i¢eren deger agaci lizerinden alternatif rotalarin 6ncelik siralamast {iretilmistir
[30]. VR o6zelinde MACBETH ile yapilmis dogrudan bir degerlendirme ¢aligmasina ilgili literatiirde
rastlanmamuistir; ancak yukaridaki 6rnekler, VR egitimlerinin degerlendirilmesinde karsilagilan “deneyim
kalitesi, algilanan gercekgilik, kullanim kolayligi, 6grenme aktarimi, giivenlik davranmigi” gibi yogun
kalitatif boyutlarin MACBETH’in semantik kiyas mantigtyla tutarli bicimde modellenebilecegine isaret
eder [23].

MACBETH yonteminin adimlari su sekilde 6zetlenebilir [31]:
Adim 1: Tanimlanan degerlendirme kriterleri bir deger agaci seklinde ifade edilir.
Adim 2: Performans diizeyleri tanimlanir. Ust referans degerleri (100) ve alt referans degerleri (0) belirlenir.

Adim 3: Alternatifler ve kriterler soldan saga ve yukaridan asagi énem diizeylerine gore karsilastirma
matrisine siralanir ve karar vericiler tarafindan Cizelge 1’de verilen 6lgege gore karsilastirmalar yapilir.

Cizelge 1. MACBETH yo6ntemi semantik dlcegi

_— Esdeger sayisal olcek Esdeger sayisal dl¢ek
Semantik dlgek (nzga;gif etki);i iilg:elfler) (pf)zit%f etkiblli iilg:ekgier)
Notr 6 0
Cok zay1f 5 1
Zayif 4 2
Orta 3 3
Giclii 2 4
Cok giiclii 1 5
Asiri 0 6

Adim 4: Ikili karsilastirmalar ile elde edilen yargilarin tutarliligi kontrol edilir.
Adim 5: Alternatiflerin her bir kritere gore performanslari belirlenir.

Adim 6: Kriterler soldan saga ve yukaridan agagi 6nem diizeylerine gore siralanir.
Adim 7: Elde edilen yargilarn tutarliligi kontrol edilir.

Adim 8: MACBETH tablosundan alternatifler siralanir.
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2.3.1.1. Cekicilik Degerlerinin Elde Edilmesi Icin Kalitatif Performans Seviyelerinin
Degerlendirilmesi

Performans seviyelerini 6l¢mek i¢in, Cizelge 2' de gosterildigi gibi bir matris diizenlenir [32]. Burada a
kriterinin A; A,, A3, A 4, As performans seviyeleri olsun. A; 'iyi' seviyeyi As 'ndtr' seviyeyi gosterirken
onem derecelerinin azalan siraya gore A; Ay, A;, A 3,As oldugunu varsayalim. Performans seviyeleri ile
MACBETH skorlarina gevrilir ve v(4,) = 100 ve v(As) = 0 degerlerini alir. Onem siralamasi ise
v(A4,) > v(A,) > v(4,) > v(A43) > v(As) seklinde gosterilmektedir. Daha sonra bir seviyenin digerine
gore performans giicii karar verici tarafindan matrise girilir. (0: sifir, 1: cok zay1f, 2: zay1f, 3: orta, 4: gii¢li,
5: ¢ok giiclii ve 6: asir1 ve performans glicii saglamazsa=pozitif)

Karar verici A; ’in performansin A, ’ye tercih eder ise tercih seviyesi

A, >ha, , hef0,1,2,..,6} (1)
v(4,) —v(4z) = ha (@)
(a: v(A;) ve v(A,) € [0.100] degerini saglayan katsayidir.

Cizelge 2. MACBETH semantik ol¢egi ile karsilagtirtlmasi

Performans seviyesi A, A A, A3 As

Ay - zayif pozitif pozitif pozitif
A, - zayif  pozitif pozitif
A, - orta pozitif
Az - cok zayif
Az (notr) -

v(A;) —v(A,) = 2«
v(Ay) —V(A3) = 2«
v(A3) —v(Ay) = 3a
v(A;) —v(As) = «

Esitlik sistemi {izerindeki islemler sonucunda @ = % ve v(4,) = 75, v(43) =50, v(4,) = 12.5 olarak

bulunur.

2.3.1.2. Cekicilik Degerlerinin Elde Edilmesi Icin Kantitatif Performans Seviyelerinin
Degerlendirilmesi

x;j, j'inci kriter i¢in i'inci alteratifin performans 6lgiimii ve v(x;;) ise x;; i¢in doniistiiriilmiis sayisal
MACBETH olgiitiidiir. j kriteri igin, x]-+ st referans seviyesini gosterirken, x]-0 alt referans seviyesini
gostermektedir. v(x}*) =100 ve v(xjo) = 0 seklindedir.

Herhangi bir ara performans 6lgiisii x;; i¢in ise MACBETH puani Esitlik 3 ile elde edilir.

P
() = vxf) + 22D o) - o) o
(%7 -7)
Bir alternatifin genel puanini bulmak i¢in Esitlik 4 ve 5 kullanilir [33,34].
V(x) = Xz wy (v)) 4)

v;(x") = 100

Yj (x]p) = 0 ®

Z}Lle:l, w; >0 ve {

(w; j’inci kriterin agirhig:)
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3. UYGULAMA
3.1. Arastirmanin Onemi

Uygulamanin ilk agamasinda hem literatiir taranarak hem de uzman goriisleri alinarak en 6nemli 5 ana kriter
ve 14 alt kriter belirlenmis ve Sekil 1’ de gosterilmistir. Bunun yaninda, sektdr igerisinde arastirma
yapilarak firmalar tarafindan tercih edilebilecek 3 alternatif simiilasyon belirlenmistir. Tiim analizler 4
uzmanin goriisleri alinarak gergeklestirilmistir. Caligmanin amacina uygun bir sekilde 3 farkli sanal
gerceklik tabanli simiilasyon CKKV yontemi olan MACBETH ile karsilastirilmis ve kriterler bazinda
degerlendirmeler yapilmistir.

Sl Gergekdik Tabanls
ISG Simiilasyonlan r AMAG
Degerlendinme )
Fiansl Ozelliker Teli: Ozeliler Etinl Gorselik Genel Ozelier .
@@ © ) ‘ ) ‘ (®) } AVARRITERLER ‘
Urin Fiyat Donamm Performans 3D Kullanm Cesiligs
(€ Gerelsinimeri (C21) (1) (c41) (©31)
1l Bt Fiyats Entegrasyon Kolaytia Fonksiyonellik Gokdn Firan Kullanm Kolayiy -

(1) ) ©3) (c4) €3) o

Bakun Gincelleme Uygulama Kolayhét Gvenilili: Gergeldil Hissi

Maliyeti (C13) (€23 (©33) (1)

ALTERNATIFLER

Sekil 1. Sanal gergeklik tabanli simiilasyonlarin se¢imi i¢in kriter ve alternatiflerin hiyerarsik yapisi

Kargilastirma matrislerinin olusturulmasi ve  MACBETH yargilarinin belirlenmesi siirecinde hem
uygulama pratigini hem de teknik ve akademik perspektifi temsil edecek sekilde farkli uzmanlik
alanlarindan dort karar verici siirece dahil edilmistir. KV1, yedi yillik saha deneyimine sahip, ¢esitli
sektorlerde firmalara ISG danismanligi sunan B smifi ISG uzmamdir. Bu uzman, &zellikle risk
degerlendirme, saha denetimi, egitim programlarinin uygulanmast ve c¢alisan davraniglarinin
gozlemlenmesi konularinda aktif rol almakta olup, VR tabanli egitim alternatiflerini uygulama gergekligi
ve mevzuata uyum agisindan degerlendirmistir. KV2, is giivenligi odakli dijital ¢éziimler ve simiilasyon
tabanli yazilim gelistirme alaninda bes yillik deneyime sahip bir yazilim miihendisidir. Bu uzman,
alternatifleri teknik altyapi, sistem entegrasyonu, kullanici arayiizii tasarimi, veri analitigi ve geri bildirim
mekanizmalarinin  uygulanabilirligi bakimindan analiz etmistir. KV3, {iniversitede ISG béliimii
Ogrencilerine ders veren ve alt1 yillik akademik deneyime sahip bir dgretim elemanidir. Bu karar verici,
alternatifleri pedagojik tasarim, 6grenme ciktilari, biligsel yiik, 6l¢me-degerlendirme yapisi ve uzun
donemli 6grenme kaliciligt acisindan degerlendirmistir. KV4 ise hizmet sektoriinde bes yillik deneyime
sahip C sinifi ISG uzmanidir ve &zellikle galisan profili, egitim erisilebilirligi, maliyet-etkinlik ve
operasyonel uygulanabilirlik boyutlarin1 6n plana alarak degerlendirme yapmustir. Bu ¢ok disiplinli ve
farkli deneyim diizeylerini temsil eden uzman profili sayesinde, alternatiflerin yalnizca teknik performans
acisindan degil; pedagojik, operasyonel ve saha uygulanabilirligi boyutlariyla biitiinciil bi¢imde analiz
edilmesi saglanmustir.

Bu calismada kullanilan degerlendirme kriterleri, iki asamali bir siire¢ sonucunda belirlenmistir. ilk
asamada VR tabanl is saghgi ve giivenligi ISG egitimlerine iliskin giincel literatiir sistematik bigimde
incelenmis; ikinci agamada ise alan uzmanlarinin goriisleri alinarak literatiirde 6ne ¢ikan boyutlar uygulama
baglaminda yeniden yapilandirilmistir. Literatiir incelemesinde VR egitimlerinin etkinliginin ¢ogunlukla
bilgi kazanimi ve oOgrenme kaliciligi, egitim transferi, etkilesim ve immersiyon diizeyi,
gerceklik/telepresence algisi, kullanici deneyimi ve memnuniyet, ile performans ¢iktilari (hata orani, tepki
siiresi, gorev tamamlama basarisi) gibi kriterler {izerinden degerlendirildigi goriilmiistiir [13,35,36].
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Ozellikle meta-analitik bulgular, VR’ geleneksel egitim yontemlerine kiyasla bilgi kalicilig1 ve 6grenme
ciktilart agisindan anlamli istiinlik saglayabildigini ortaya koymaktadir [13]. Benzer sekilde, VR
ortamlarinda telepresence ve etkilesim diizeyinin egitim transferi ve risk algisi iizerinde belirleyici oldugu
vurgulanmaktadir [35]. Bunun yaninda, kullanici deneyimi ve sistem kullanilabilirligi gibi insani-teknik
etkilesim boyutlarmin da egitim etkinligi ile dogrudan iligkili oldugu raporlanmistir [37]. Bu literatiir
bulgular1 dogrultusunda olusturulan 6n kriter seti, ISG alaninda saha deneyimine ve teknik uzmanliga sahip
karar vericilerle yapilan yapilandirilmis goriismelerle degerlendirilmis; uygulama gercekligi, mevzuata
uygunluk, teknik entegrasyon kolayligi ve maliyet-etkinlik gibi baglamsal boyutlar uzman katkisiyla
netlestirilmistir. Boylece kriterler hem teorik temele hem de pratik uygulama perspektifine dayandirilarak,
VR tabanli ISG egitim alternatiflerinin ¢ok boyutlu ve dengeli bicimde degerlendirilmesine olanak
saglayacak sekilde son haline getirilmistir.

MACBETH analizi kapsaminda degerlendirilmek iizere literatiirde ISG egitimlerinde en sik karsilagilan ve
farkl etkilesim diizeylerini temsil eden ii¢ sanal gerceklik tabanl egitim alternatifi tanimlanmustir. Birinci
alternatif (A1), tam immersif, etkilesimli ve ger¢ek zamanli geri bildirim mekanizmasina sahip VR tabanl
ISG egitim sistemidir. Bu alternatifte baslik tipi gozliik, kontrolérler ve viicut takip sensorleri kullanilarak
senaryo tabanli, modelleme igeren ii¢ boyutlu interaktif ortamlar olusturulmakta; tehlike tanima, kisisel
koruyucu donanim kullanimi ve ergonomi gibi modiiller performansa dayali 6l¢iim mekanizmalar (bilgi
kazanimi, davramgsal tepki ve hata orani) ile degerlendirilmektedir. ikinci alternatif (A2), 360° panoramik
gercek saha goriintiilerine dayanan yari-immersif VR egitimidir. Bu yapi, ger¢ek ortam algisim
giiclendirmekle birlikte etkilesim diizeyi navigasyon ve bakis yonlendirme ile sinirhidir; geri bildirim
cogunlukla egitim sonu degerlendirme ve test modiilleri araciligiyla saglanmaktadir. Uciincii alternatif (A3)
ise masaiistii ortamda ¢alisan, non-immersive VR ya da gelismis e-0grenme destekli simiilasyon sistemidir.
Bu alternatif bilgisayar ekrani iizerinden {i¢ boyutlu senaryolar sunmakta, kullanici etkilesimi mouse ve
klavye ile sinirli kalmakta ve &lglim siireci agirlikli olarak test ve quiz temelli degerlendirmelere
dayanmaktadir. Bu ii¢ alternatif, immersiyon diizeyi, etkilesim yogunlugu, geri bildirim yapisi ve
performans Olglim kapasitesi bakimindan kademeli bir yapi olusturarak caligmanin ¢ok kriterli
degerlendirme ¢ercevesinde karsilastirilabilir, teorik olarak temellendirilmis ve uygulamada karsiligi
bulunan segenekler lizerinden yiiriitiilmesini saglamaktadir.

3.2. Arastirmanin Sinirhliklar

Bu ¢alismanin en temel sinirliliklarindan biri, VR tabanl ISG simiilasyon alternatiflerinin piyasa dlgeginde
heniiz sinirl sayida olmasidir. Ozellikle yerli gelistiricilerin teknik ve pedagojik 6zelliklere iliskin detayli
verileri paylasma konusunda ¢ekimser davranmalari, alternatiflerin kapsamli ve karsilastirilabilir veri
setleri tizerinden degerlendirilmesini giiclestirmistir. Bu durum, alternatif evreninin tam anlamiyla temsil
edici bir yapiya ulagmasini engellemis ve karar modeli kapsaminda degerlendirilen segeneklerin sayisini
siirlamistir. Dolayisiyla elde edilen sonuclar, caligmada analiz edilen alternatifler cercevesinde gegerlidir;
daha genis bir alternatif seti ile farkli sonuglar ortaya ¢ikma olasilig1 bulunmaktadir.

Ikinci 6nemli sirlihk, ISG alaninda dijitallesme ve VR tabanli egitim uygulamalarmin Tiirkiye
baglaminda gorece yeni bir gelisim silirecinde olmasidir. Bu durum hem pazar olgunlugunun diigiik
olmasina hem de karar vericilerin deneyim birikiminin sinirli kalmasina neden olmustur. Karar vericilerin
degerlendirmeleri bireysel deneyimlerden ziyade ortak tartigma ve grup konsensiisii iizerinden
sekillenmigtir. Grup temelli karar alma yaklasimi, kolektif degerlendirme avantaji saglamakla birlikte
bireysel yargt farkliliklarinin modellenmesini siirlamigtir. Gelecek caligmalarda bireysel MACBETH
matrislerinin ayr1 ayri olusturulmasi ve sonuglarin karsilastirilmasi, karar tutarliligi ve yargi farkliliklarinin
analizi acisindan daha derin bir metodolojik katki saglayabilir.

Bir diger smirhilik, yeni nesil ISG teknolojilerine iliskin akademik literatiiriin 6zellikle yerel baglamda
heniiz gelisim asamasinda olmasidir. Bu durum kriter belirleme siirecinde literatiir tabanli referans
cesitliligini daraltmis ve uzman goriislerinin gorece daha belirleyici olmasina yol agmustir. Her ne kadar
kriterler sistematik literatiir incelemesi ve uzman goriislerinin birlikte degerlendirilmesiyle olusturulmus
olsa da alanin hizla gelisiyor olmasi kriter yapisinin zaman igerisinde giincellenmesini gerekli kilabilir.

Caligmada kullanilan model statik bir degerlendirme ¢ergevesi sunmaktadir. Oysa VR tabanli sistemler
teknolojik olarak hizli evrim gegiren yapilardir. Donanim, yazilim ve kullanict deneyimi boyutlarindaki
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gelismeler alternatiflerin performans profillerini kisa siirede degistirebilir. Bu nedenle sonuglar, ¢alismanin
gerceklestirildigi donem ve mevcut teknolojik olgunluk diizeyi baglaminda degerlendirilmelidir.

3.3. Metodolojinin Uygulanmasi

Bu asamada anket formlar1 online olarak karar vericilere iletilerek elde edilen veriler ile MACBETH
yontemi adimlari sirastyla uygulanmistir.

Cizelge 3. Ana kriterlerin sayisallastirilmis MACBETH semantik 6l¢egine gore agirliklandiriimasi
C3 C1 C2 C5 C4 Notr Agirhklar Normalize agirhklar

C3 0 1 2 3 4 5 100 0,333
Cl 0 1 2 3 4 80 0,267
C2 0 3 4 3 60 0,200
C5 0 1 2 40 0,133
C4 0 1 20 0,067
Notr 0 0 0

Yapilan hesaplamalar sonucunda Cizelge 3’te 0, 333 agirlig ile etkinlik (C3) kriteri en 6nemli ana kriter
olurken 0,067 agirlig: ile gorsellik (C4) kriteri en az 6neme sahip kriter olmustur. Ozellikle etkinlik
kriterinin simiilatoriin performansini, fonksiyonelligini ve giivenilirligini kapsamasi karar vericilerin bu
yonde sec¢imini etkilemistir.

Cizelge 4. Finansal 6zellikler ana kriterine ait alt kriterlerin ikili karsilagtirilmast
C11 C13 C12 Noétr Agirhiklar Normalize agirhklar

Cl1 0 1 3 5 100 0,500
C13 0 3 4 80 0,400
C12 0 2 20 0,100
Notr 0 0 0

Cizelge 4’ te finansal 6zellikler ana kriterinin yer alan {iriin fiyati1 (C11), ilk egitim fiyat1 (C12) ve bakim-
giincelleme maliyeti (C13) alt kriterlerinin degerlendirmeleri yapilmig ve bunun sonucunda iiriin fiyati
0,500 agirlik ile en 6nemli alt kriter olurken ardindan 0,400 ve 0,100 ile bakim-giincelleme maliyetinin ve
ilk egitim fiyat1 alt kriterleri gelmistir.

Cizelge 5. Teknik 6zellikler ana kriterine ait alt kriterlerin ikili karsilagtirilmasi
C22 C21 C23 Notr Agirhklar Normalize agirhklar

C22 0 2 3 5 100 0,417
C21 0 2 4 80 0,333
C23 0 3 60 0,250
Notr 0 0 0

Cizelge 5’ te teknik 6zellikler ana kriterinin yer alan donanim gereksinimleri (C21), entegrasyon kolaylig1
(C22) ve uygulama kolaylig1 (C23) alt kriterlerinin degerlendirmeleri yapilmis ve bunun sonucunda
entegrasyon kolaylig1 0,417 agirlik ile en 6nemli alt kriter olurken ardindan 0,333 ve 0,250 ile donanim
gereksinimleri ve uygulama kolaylig alt kriterleri gelmistir.

Cizelge 6. Etkinlik ana kriterine ait alt kriterlerin ikili karsilastiriimasi
C31 C32 C33 Notr Agirhklar Normalize agirhklar

C31 0 1 3 4 100 0,444
C32 0 2 3 75 0,333
C33 0 2 50 0,222
Notr 0 0 0

Cizelge 6’ da etkinlik ana kriterinin altinda yer alan performans (C31), fonksiyonellik (C32) ve giivenilirlik
(C33) alt kriterlerinin degerlendirmeleri yapilmis ve bunun sonucunda performans 0,444 agirlik ile en
onemli alt kriter olurken ardindan 0,333 ve 0,222 ile fonksiyonellik ve giivenilirlik alt kriterleri gelmistir.
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Cizelge 7. Gorsellik ana kriterine ait alt kriterlerin ikili karsilastirilmast

C43 C41 C42 Notr  Agirhklar Normalize agirhklar
C43 0 2 3 4 100 0,500
C41 0 2 3 75 0,375
C42 0 1 25 0,125
Notr 0 0 0

Cizelge 7’ de gorsellik ana kriterinin altinda yer alan 3D (C41), ¢oklu ekran (C42) ve gergeklik hissi (C43)
alt kriterlerinin degerlendirmeleri yapilmis ve bunun sonucunda gergeklik hissi 0,500 agirlik ile en 6nemli
alt kriter olurken ardindan 0,375 ve 0,125 ile 3D ve ¢oklu ekran alt kriterleri gelmistir.

Cizelge 8. Genel 6zellikler ana kriterine ait alt kriterlerin ikili karsilastirilmasi

C51 C52 Notr  Agirhiklar Normalize agirhiklar
C51 0 2 4 100 0,571
C52 0 3 75 0,429
Notr 0 0 0

Cizelge 8’ de genel 6zellik ana kriterinin altinda yer alan kullanim g¢esitliligi (C51), ve kullanim kolaylig1
(C52) alt kriterlerinin degerlendirmeleri yapilmis ve bunun sonucunda kullanim ¢esitliligi 0,571 agirlik ile
en 6nemli alt kriter olurken ardindan 0,429 ile kullanim kolaylig: alt kriteri gelmistir.

Devaminda ise tiim ana kriter ve alt kriterlerin degerlendirilmesinin ardindan her bir alternatifin belirlenen
kriterler gergevesinde performans skorlart MACBETH semantik 6lgegine gore hesaplanmistir.

Cizelge 9°da her bir kriterin etki yonii belirlenerek fayda kriteri i¢in +, zarar kriteri ise — isaretleri ile ifade
edilmis ve semantik lgeklere karsilik gelen sayisal degerler ile sayisallastirilmistir.

Cizelge 9. Alternatiflerin sayisallastirilmis MACBETH skorlar1 ve etki yonleri

Etki yonii Al A2 A3
- Cl1 1 3 2
- Cl12 3 5 4
- C13 1 4 3
- C21 4 3 3
+ C22 5 1 2
+ C23 3 4 2
+ C31 6 3 4
+ C32 4 2 3
+ C33 3 1 2
+ C41 4 3 4
+ C42 4 1 3
+ C43 5 1 4
+ C51 4 2 3
+ C52 3 1 2

Alt ve st sinirlar goz Oniinde bulundurularak denklem 3 kullanilarak tiim alternatiflerin skorlar
hesaplanmis ve Cizelge 10’ da gosterilmistir.

Cizelge 10. Her bir alternatifin kriterler ¢cercevesinde MACBETH skorlari
Cill C12 Ci13 C21 (C22 (C23 C31 (C32 (C33 C41 C42 C43 C51 C52
Al 0 0 0 100 100 50 100 100 100 100 100 100 100 100
A2 100 100 100 0 0 100 0 0 0 0 0 0 0 0
A3 50 50 66,7 0 25 0 333 50 50 100 66,7 75 50 50

Ana kriter agirliklar ile alt kriter agirhiklarinin ¢arpilmasi ile kriterlerin global agirliklarinin hesaplanmis
ve Cizelge 11° de gosterilmistir.
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Cizelge 11. Alt kriterlere ait global agirlik degerleri
Cill1 C12 C13 C21 C22 C23 C31 (C32 (C33 C41 C42 C43 C51 52

Agirliklar 0,133 0,027 0,107 0,067 0,083 0,05 0,148 0,111 0,074 0,025 0,008 0,033 0,076 0,057

Kriterlerin global agirliklari incelendiginde en yiiksek agirliga sahip performans kriteridir. Uriin fiyati,
fonksiyonellik ve bakim-giincelleme maliyeti ise diger &ne ¢ikan kriterler olmustur. Ozellikle tasarlanan
simiilatorlerde performans ve fonksiyonelligin yiiksek diizeyde olmasi kendisine yiiklenmis olan islevi her
acidan tam anlamiyla yerine getirebilme kabiliyeti ve beklenen hedefe ulagma giictiniin etkinligi ile ilgilidir.
Beklenen yiiksek etkinligin yaninda simiilator tercihlerinde fiyat performans diizeyinin de denge igerisinde
olmasi olduk¢a 6nemlidir. Coklu ekran kriteri ise en az etkiye sahip kriter olarak goziikkmektedir. Bu alt
kriter simiilator tercihlerinde 6nemli yere sahip olsa da diger kriterlerle degerlendirildiginde daha az etkili
oldugu goriilmiistiir.

En son asamada ise her bir alternatifin toplam skoru hesaplanmistir. Alternatiflerin her bir kriter
cergevesinde aldigit MACBETH skorlar kriterlerin hesaplanan agirliklari ile carpilarak toplam skorlar elde
edilmis ve Cizelge 12’de gosterilmistir.

Cizelge 12. Alternatiflerin toplam degerlendirme skorlari
C11 C12 C13 C21 C22 C23 C31 C32 C33 C41 C42 C43 C51 C52 Toplam skor Siralama

Al 0 0 O 67 83 25 148 11,1 74 25 08 33 7,6 57 70,8 1
A2 133 27 107 0 O 5 ©O0 O O O O 0 0 0 31,7 3
A3 67 13 71 0 21 0 49 56 56 25 17 25 13 13 024 2

Yapilan MACBETH analizi sonucunda alternatiflerin skor siralamasi Al > A3 > A2 seklinde
gerceklesmistir. Al alternatifinin belirlenen kriterler ¢cercevesinde ilk sirada yer almasi, 6zellikle calismada
en yiiksek agirliga sahip olan performans kriteri bakimmdan diger alternatiflere kiyasla daha istiin bir
teknik ve pedagojik altyapiya sahip olmasiyla agiklanabilir. Tam immersif yap1 sayesinde senaryolarin
gergek is akisina uygun bigimde modellenmesi, kullaniciya sistem igerisinde es zamanli hareket serbestligi
taninmasi ve bu hareketlerin analiz edilebilmesi, yiiksek gergeklik hissi ve ii¢ boyutlu ortamin siiregleri
daha anlasilir kilmas1 A1’in tercih edilme diizeyini artirmaktadir. Ayrica canlandirma (animasyon-temelli)
egitim modiilii ile kullanicilarin kendilerini senaryo iginde deneyimlemeleri, yalnizca biligsel degil
davranissal 6grenme ¢iktilarinin da desteklenmesine imkan vermektedir. Serbestlik modunda kullaniciya
riskli durumlarn kesfetme olanagi sunulurken, degerlendirme modunda belirlenen gorevlerin yerine
getirilmesi istenmekte ve sistem tarafindan performans analizi yapilabilmektedir. Bu yapi, ger¢ek zamanl
geri bildirim mekanizmas ile birlestiginde 6grenme kaliciligi, tehlike tanima basarist ve hata azaltma
kapasitesi bakimindan giiclii bir avantaj tiretmektedir.

A3 alternatifinin ikinci sirada yer almasi ise immersiyon diizeyi daha diisiik olmakla birlikte yapilandirilmis
senaryolar ve Olgme-degerlendirme modiilleri sayesinde belirli bir performans standardim
koruyabilmesinden kaynaklanmaktadir. Masaiistii ortamda calisan bu sistem, teknik karmasiklik ve maliyet
acisindan daha erisilebilir olmakla birlikte etkilesim derinligi ve davranigsal transfer kapasitesi bakimimdan
Al’in gerisinde kalmaktadir. Buna karsilik A2 alternatifinin ligiincili sirada yer almasi, 360° panoramik
gercek saha goriintiileri ile yiiksek algisal gergekgilik sunmasina ragmen etkilesim ve anlik geri bildirim
mekanizmalarinin sinirlt olmasiyla iliskilidir. Navigasyon ve bakis yonlendirme temelli yari-immersif yapi,
kullanicinin aktif karar verme ve uygulama performansini 6lgme kapasitesini kisitlamakta; geri bildirimin
cogunlukla egitim sonu degerlendirme seklinde sunulmasi performans kriteri altinda daha diisiik puan
almasina neden olmaktadir. Dolayisiyla elde edilen siralama, immersiyon seviyesi tek basina belirleyici
olmaktan ziyade; etkilesim yogunlugu, gorev temelli degerlendirme yapisi, geri bildirim mekanizmasi ve
performans ¢iktilari ile biitiinlesik teknik tasarimin toplam etkisini yansitmaktadir.

3.4. Duyarhlik Analizi

Calismada elde edilen siralamanin agirlik degisimlerine karst ne 6lgiide kararli oldugunu incelemek
amaciyla ek bir duyarlilik analizi gergeklestirilmistir. Ozellikle “Maliyet” kriterinin agirliginimn artirilmast
durumunda siralamanin degisip degismeyeceginin test edilmesi ekseninde kurgulanmistir. Ciinkii maliyet
ve diger ozelliklerin 6diinlesimi 6nem arz etmektedir. Modelde maliyet ana kriteri C11, C12 ve C13 alt
kriterleri ile temsil edildiginden, bu ii¢ alt kriterin agirliklart birlikte oransal olarak artirilmig ve her
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senaryoda toplam agirlik 1 olacak sekilde yeniden normalize edilmistir. Boylece maliyetin karar
stirecindeki goreli 6nemi sistematik olarak artirilmig, diger kriterlerin goreli etkisi ise es zamanli olarak
azaltilmistir.

Sekil 2’de goriildiigii lizere, elde edilen sonuglar, maliyet agirliklar1 0.5 kat ile 2 kat arasinda
degistirildiginde A1l alternatifinin tim senaryolarda en yiiksek kiiresel skora sahip oldugunu
gostermektedir. Baslangi¢ agirliklar altinda A1l agik ara birinci konumdayken, maliyet agirliklarmin iki
katina c¢ikarildigi en u¢ senaryoda dahi Al’in kiiresel skoru azalsa da birinciligini korudugu
gozlemlenmistir. Bu durum, A1 alternatifinin teknik altyapi, performans, etkilesim ve pedagojik etkinlik
gibi maliyet dist kriterlerdeki giiglii performansinin, maliyet kriterine verilen dnemin artmasina ragmen
genel iistiinliiglinii stirdiirmesini sagladigini gostermektedir.

100 Duyarlilik Analizi: Maliyet Agirligi Degisimine Gore Alternatif Skorlari

—— Al (Tam immersif, etkilesimli VR)
A3 (Masalistl / non-immersive simiilasyon)
—— A2 (360° video tabanh VR)

80
60
) /

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Maliyet alt kriterleri agirlik garpani (C11, C12, C13)

Kiresel skor (0-100)

Sekil 2. Maliyet kriteri agirligindaki degisimin alternatiflerin kiiresel skorlarma etkisi

Bununla birlikte, maliyet agirliklarinin artist A2 ve A3 alternatiflerinin kiiresel skorlarini yiikseltmistir.
Bunun temel nedeni, bu alternatiflerin maliyet alt kriterlerinde A1’e kiyasla daha yiiksek skorlar elde etmis
olmalaridir. Ozellikle A2’nin maliyet agisindan avantajli yapisi, maliyet kriterinin agirlig1 arttikga kiiresel
performansinin belirgin bigimde yiikselmesine neden olmustur. Ancak bu artig, analiz edilen aralikta
siralama degisimine yol agmamustir. A3 ile A2 arasindaki farkin daraldigi gézlemlense de, A1’in birinci
siradaki konumu korunmustur.

Bu bulgular, gelistirilen karar modelinin maliyet kriterindeki makul diizeydeki degisimlere karsi gorece
dayanikli (robust) oldugunu gostermektedir. Bagka bir ifadeyle, maliyetin karar siirecindeki Onemi
artirlldiginda dahi model, teknik ve pedagojik tstiinliigii yiiksek olan tam immersif Al alternatifini en
uygun secenek olarak belirlemeye devam etmektedir. Bu durum, Al’in yalnizca belirli bir agirhik
konfigiirasyonu altinda degil, genis bir agirlik araliginda da tstiinliigiinii korudugunu ortaya koymaktadir.
Maliyet kriterine ek olarak modelin agirlik degisimlerine karsi kararliligin1 daha kapsamli bigimde test
etmek amaciyla performans (C31, C32, C33) ve kullanilabilirlik/kullanict deneyimi (C41, C42, C43) alt
kriterleri i¢in de ayr1 duyarlilik analizleri gergeklestirilmistir. Her iki analizde ilgili alt kriterlerin agirliklar
0.5-2.0 carpan araliginda oransal olarak degistirilmis ve her senaryoda toplam agirlik 1 olacak sekilde
yeniden normalize edilmistir. Performans alt kriterlerinin agirligi artirlldiginda A1 alternatifinin kiiresel
skorunun belirgin bigimde yiikseldigi, A2 nin skorunun azaldigi ve A3’iin smnirli degisim gosterdigi
gozlemlenmistir. Bunun temel nedeni Al’in performans alt kriterlerinde maksimum degerlere sahip
olmasidir. Benzer sekilde kullanilabilirlik alt kriterlerinin agirligi artirildiginda A3’{in kiiresel skorunda
artis goriilmiis, ancak bu artis A1’in birinciligini degistirecek diizeye ulasmamuistir. Her iki senaryoda da
alternatif siralamasi (Al > A3 > A2) korunmus, herhangi bir siralama tersine doniis olusmamustir. Bu
bulgular, karar modelinin yalnizca maliyet kriterine degil, performans ve kullanilabilirlik gibi temel
boyutlardaki agirlik degisimlerine karsi da yiiksek diizeyde kararli oldugunu ve A1 alternatifinin genis bir
agirhik dagilimi araliginda tstiinligiini stirdiirdigiinii géstermektedir.

Sonug olarak gergeklestirilen duyarlilik analizi, ¢alismada elde edilen A1 > A3 > A2 siralamasinin tesadiifi
bir agirlik dagilimma baglh olmadigini, tiim kriter agirliklarindaki degisimlere karsi kararli bir yapi
sergiledigini gostermektedir. Bu analiz, modelin giivenilirligini artirmakta ve karar vericilere farkli 6ncelik
senaryolari altinda dahi sonuglarin tutarliligimi degerlendirme imkéani sunmaktadir.
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4. BULGULAR VE TARTISMA

Elde edilen bulgular, sanal gerceklik tabanli ISG egitimlerinde teknik performans, immersif etki ve
islevsellik boyutlarinin karar siirecinde belirleyici oldugunu gdstermektedir. Bu sonug, VR nin risk algisi,
ogrenme ciktilar1 ve egitim etkinligi tizerindeki olumlu etkilerini ortaya koyan giincel ¢aligmalarla
paralellik gostermektedir [13,17,19]. Ozellikle immersif sistemlerin geleneksel sunum veya masaiistii
tabanli ¢coziimlere kiyasla daha yiiksek 6grenme kazanimmi ve risk farkindaligi olusturdugunu belirten
deneysel ve meta-analitik calismalar, bu c¢alismada performans kriterinin yiiksek agirlik almasim
desteklemektedir [13,17].

Benzer sekilde, telepresence ve gergeklik hissinin egitim etkinligi iizerindeki roliini vurgulayan
aragtirmalar [34], VR nin yalnizca bir gorsellestirme araci degil, davranigsal ¢iktilari etkileyen bir egitim
platformu oldugunu ortaya koymaktadir. Bu baglamda immersif ve etkilesim diizeyi yliksek alternatifin iist
sirada yer almasi, literatiirde VR ’nin giivenlik egitimi baglaminda sundugu deneyimsel 6grenme avantajlari
ile uyumludur [14,19]. Ayrica VR’nin kullanict deneyimi ve egitim memnuniyeti tizerindeki etkileri de
etkinligin yalnizca teknik degil pedagojik bir boyut tasidigini gostermektedir [35,36].

Ote yandan, maliyet kriterinin yiiksek agirliga sahip olmasma ragmen siralamay1 belirleyici diizeyde
degistirmemesi, literatiirde de vurgulanan “etkinlik odakli teknoloji se¢imi” yaklasimu ile ortiismektedir.
Ozellikle ISG baglaminda teknolojik yatirimlarm uzun vadeli giivenlik performansi ile iliskilendirildigi
calismalar [38], dijitallesmenin yalnizca ekonomik degil ayn1 zamanda koruyucu ve dnleyici bir yatirim
oldugunu ortaya koymaktadir. Bu durum, VR tabanli ¢6ziimlerin maliyet dezavantajina ragmen tercih
edilebilirligini gostermektedir.

Pandemi sonrasi dijital déniisiim siirecinde 1SG uygulamalarinda teknolojik entegrasyonun hizlandigini
ortaya koyan caligmalar [39,40], VR gibi ileri dijital araglarin iSG sistemlerine entegrasyonunun stratejik
onemini vurgulamaktadir. Endiistri 4.0 ve dijitallesmenin iSG boyutuna odaklanan arastirmalar da [5,38],
yeni nesil teknolojilerin giivenlik performansini artirma potansiyeline dikkat cekmektedir. Bu ¢alismada
performans ve islevsellik kriterlerinin 6n plana ¢ikmasi, s6z konusu literatiirel egilim ile tutarlidir. Elde
edilen siralama VR’nin immersif yapisi, risk algisini gliglendirmesi, senaryo tabanli etkilesim sunmast ve
ogrenme kaliciligini desteklemesi gibi literatiirde kanitlanmig avantajlar1 ile teorik olarak da
temellendirilebilmektedir [13,17,35,37]. Bu yoniiyle calisma, mevcut literatiirde ortaya konan VR etkinligi
bulgularint CKKV ¢ergevesinde dogrulayan ve yonetsel karar siirecine sistematik bir yap1 kazandiran bir
katki sunmaktadir.

Benzer sekilde literatiirde VR tabanli giivenlik egitimlerinin ¢ok kriterli karar verme yaklasimlari ile
degerlendirildigi galismalar da mevcuttur. Ornegin depo ortamlarinda VR giivenlik egitimi ve denetim
sistemlerinin degerlendirilmesinde AHP yonteminin kullanildig1 bir ¢alismada, immersif etkilesim, senaryo
gercekeiligi ve kullanici deneyimi gibi faktorlerin en yiiksek 6ncelige sahip oldugu ortaya konmustur [35].
S6z konusu ¢aligma, VR temelli giivenlik egitimlerinde teknik performans ve gergeklik hissinin karar
stirecinde belirleyici oldugunu gostermekte; bu yoniiyle mevcut ¢aligmada performans ve islevsellik
kriterlerinin 6n plana ¢ikmasi ile 6rtiismektedir. Yontemsel agidan AHP ve MACBETH farkli matematiksel
temellere dayanmakla birlikte, her iki yaklasimda da uzman yargilariin yapilandirilmig bigimde nicel
onceliklere doniistiiriilmesi s6z konusudur. Bu durum, ¢alismamizda elde edilen siralamanin yalnizca
secilen yonteme 6zgii bir sonu¢ olmadigini; aksine VR’nin immersif ve performans odakli 6zelliklerinin
farkli ¢ok kriterli karar verme tekniklerinde de benzer bi¢cimde 6n plana ciktigini gostermektedir.
Dolayisiyla elde edilen bulgular, literatiirde AHP gibi alternatif CKKV yaklasimlari ile ulagilan sonuglarla
metodolojik diizeyde tutarlilik sergilemekte ve VR tabanhi ISG egitimlerinin seciminde etkinlik ve
gercekeilik boyutlarinin belirleyici roliini giiglendirmektedir.

5. SONUC

Sanayilesme ve gelisen teknolojiyle birlikte is kazalar1 ve meslek hastaliklarinin azaltilmasi gerekliligi daha
kritik hale gelmis; 6zellikle COVID-19 siireci isletmelerin ISG sistemlerini yeniden yapilandirmalarini
zorunlu kilmistir. Dijitallesmenin hiz kazandigi bu dénemde VR tabanli simiilasyonlar, tehlikesiz bir
ortamda gergekci deneyim sunmalar1 nedeniyle ISG uygulamalarinda 6ne ¢ikmaktadir. Bu calismada VR
tabanli ISG simiilasyonlari, literatiir ve uzman goriisleri dogrultusunda belirlenen 5 ana ve 14 alt kriter
cergevesinde MACBETH yontemi ile degerlendirilmistir.
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Analiz sonuglarina gore performans (0,148), iiriin fiyat1 (0,133) ve fonksiyonellik (0,111) en yiiksek
agirlhiga sahip kriterler olarak belirlenmistir. Coklu ekran (0,008) ve 3D (0,025) kriterleri ise gorece daha
disiik etki diizeyine sahip bulunmustur. Alternatifler arasinda A1 (70,833) birinci, A3 (42,41) ikinci ve A2
(31,667) iglincii sirada yer almistir. Ancak bu siralama yalnizca sayisal Ustiinligi degil, kriter-temelli
yapisal farkliliklari da yansitmaktadir.

Al alternatifinin birinci sirada yer almasinin temel nedeni, 6zellikle performans, fonksiyonellik ve
gerceklik hissi ile iligkili kriterlerde yiiksek puanlar elde etmesidir. Tam immersif yapisi, senaryo tabanl
etkilesim imkani, anlik geri bildirim mekanizmas: ve kullaniciya hareket serbestligi tanimasi, egitim
etkinligi ve 6grenme kalicilig1 acisindan belirleyici olmustur. Her ne kadar maliyet kriterinde Al gorece
dezavantajli bir konumda bulunsa da performans ve fonksiyonellik boyutlarindaki iistiinliigii maliyet
dezavantajini telafi etmis ve toplam kiiresel skorun en yiiksek olmasini saglamistir. Bu durum, karar
modelinde teknik ve pedagojik etkinligin maliyet faktoriine kiyasla daha baskin bir rol oynadigini
gostermektedir.

A3 alternatifi ise maliyet agisindan daha dengeli bir yapi sunmasina ragmen immersif deneyim ve
performans kriterlerinde A1 seviyesine ulasamamis; bu nedenle ikinci sirada yer almistir. A2 alternatifi ise
0zellikle performans ve etkilesim diizeyi bakimindan diisiik puanlar aldig1 igin maliyet avantajina ragmen
son sirada konumlanmustir. Dolayisiyla sonuglar, VR tabanli ISG egitimlerinde yalnizca ekonomik boyutun
degil, egitim etkinligi ve gerceklik diizeyinin de belirleyici oldugunu ortaya koymaktadir.

Aragtirmada alternatif olarak iilkemiz sinirlari icerisinde gelistirilen simiilasyonlarin tercih edilmesi ve ilgili
firmalarm arastirmaya katilim konusundaki sinirli geri doniisleri alternatif evrenini daraltmistir. Ayrica VR
tabanli sistemlerin {ilkemizde nispeten yeni bir teknoloji olmasi nedeniyle karar vericiler degerlendirmeleri
grup halinde gerceklestirmistir. Gelecek ¢aligmalarda alternatif sayisinin artirilmasi, farkli sektorlerden
uygulama Orneklerinin dahil edilmesi ve bireysel karar verici degerlendirmelerinin karsilastiriimasi
modelin genellenebilirligini artiracaktir.

Sonug olarak ¢alisma, VR tabanli ISG simiilasyonlarmin ¢ok kriterli karar verme yaklagimiyla sistematik
bi¢cimde degerlendirilmesine katki sunmakta ve ozellikle yiiksek gerceklik hissi, etkilesim diizeyi ve
performans ¢iktilar1 saglayan sistemlerin maliyet dezavantajina ragmen daha uygun tercih olarak 6ne
cikabilecegini gdstermektedir. Bu yoniiyle calisma, VR tabanl ISG yatirimi planlayan isletmeler icin karar
stirecinde yol gosterici niteliktedir. Bu dogrultuda, kullanilan MACBETH tabanli yaklasimin gelecekte
yalnizca ISG egitimleriyle smirli kalmayip, uzaktan egitim sistemlerinde VR tabanl grenme araglarmin
degerlendirilmesine yonelik olarak genisletilmesi miimkiindiir [41]. Ozellikle etkilesim diizeyi, kullanict
deneyimi, erisilebilirlik ve teknik altyapi gibi kriterler dikkate alinarak farkli egitim senaryolar1 igin uygun
VR ¢oziimlerinin belirlenmesi, modelin genellenebilirligini ve uygulama alanin artiracaktir..
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The increasing use of unauthorized fuels such as “10 number oil”
raises serious concerns regarding engine performance,
environmental safety, and public health. This study
experimentally investigates the effects of diesel-10 number oil
blends on the performance and emission characteristics of
Mitsubishi Canter 4D31 diesel engine. Four blend ratios (D100,
D50, D20, D10) were tested over a speed range of 1200-2700
rpm. Results show that increasing the proportion of 10 number
oil reduces torque and power due to poor atomization and
incomplete combustion, while specific fuel consumption
increases, indicating lower efficiency. Emissions analysis
revealed higher CO and NOx levels, whereas CO: decreased due
to incomplete oxidation. At 2200 rpm, the D10 blend caused
3.64% decrease in torque and 2.30% increase in SFC, along with
increases of 10.87% in CO and 20.55% in NOx. Overall, the
findings highlight the negative impacts of 10 number oil on
engine performance and emissions.
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Yetkisiz yakitlarin, 6zellikle “10 numara yag”in artan kullanimi;
motor performansi, ¢evresel giivenlik ve halk sagligi agisindan
ciddi endigeler dogurmaktadir. Bu calismada, dizel-10 numara
yag karigimlarinin Mitsubishi Canter 4D31 dizel motorunun
performans ve emisyon karakteristikleri tizerindeki etkileri
deneysel olarak incelenmigtir. Doért farkli karigim orani (D100,
D50, D20, D10), 12002700 dev/dk araliginda test edilmistir.
Sonuglar, 10 numara yag oraninin artmasinin, kotii atomizasyon
ve eksik yanma nedeniyle tork ve giicii azalttigini; 6zgiil yakit
tilketimini ise artirarak verimliligi diislirdiigiinii gostermektedir.
Emisyon analizleri, CO ve NOx seviyelerinde artig, CO-
emisyonlarinda ise eksik oksidasyon nedeniyle azalma oldugunu
ortaya koymustur. 2200 dev/dk’da D10 karigimi, D100’e kiyasla
torkta %3,64 azalma ve 0zgiil yakit tiiketiminde %2,30 artisa
neden olmus; ayni kosullarda CO emisyonlart %10,87 ve NOx
emisyonlar1 %20,55 oraninda artmustir. Genel olarak, bulgular
10 numara yag kullanimmin motor performansi ve emisyonlar
iizerinde olumsuz etkiler yarattigini gdstermektedir.
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1. INTRODUCTION

The oil sector covers products with a wide range of uses. Especially the mineral-based oil sector has become
popular in the global market with industrialization. The oil sector in industry and automotive is a dynamic
field in constant search of development and innovation. It plays an important role in increasing the
efficiency of engines and machines, reducing environmental impact and achieving sustainability goals.
With the increasing use of diesel engines, which have an important place in the transportation sector, the
exhaust emissions they cause greatly increase environmental pollution. For this reason, many researchers
have started to search for alternative fuels that can be used in diesel engines [1].

Analyzing the oils used in machines is an important preventive maintenance practice for predetermining
malfunctions, reducing repair and operating costs and efficient operation [2]. However, Oils that are not
used for their intended purpose and known as illegal fuel oil in the market seriously threaten human and
environmental health. These illegal fuels are called “Number 10 oil” in Turkey and may contain base oil
and waste oil mixtures in their composition [3]. Recent studies have revealed that the use of such
unauthorized fuels in diesel engines results in reduced engine efficiency, lower torque, and significantly
increased levels of toxic components such as CO, NOx, and heavy metals in exhaust gases [4-6]. In addition,
previous studies have reported that variations in fuel composition and physicochemical properties can
significantly affect diesel engine performance and exhaust emission characteristics [7]. In particular, a study
by Aliyu et al. [5] reported that dangerous levels of heavy metals such as lead, cadmium, and arsenic were
detected in the exhaust gases of illegal fuels such as No. 10 oil. Furthermore, the literature emphasizes that
such fuels pose serious safety problems, such as low flash points, uneven combustion, and fire risk [6].
Waste motor oil, burnt oil, unprocessed crude oil, smuggled diesel oil, vegetable oil, solvent, transformer
oil and treated waste oils are commercialized by adding them into base oil [8].

Especially number 10 oils, which are substituted for the diesel market, have very high fluidity and lower
actual consumption. Number 10 oil is known to be produced from base oils such as SN100, SN150, SN500
in the literature [9]. These fake fuels are mostly preferred by heavy vehicle drivers. For this reason, It is
sold in industrial zones, truck and bus garages and even in markets along the road, and it is quite easy to
access the product in the market. In fact, number 10 oil, which caused widespread public outcry with its
use in 2008—-2012, is back on the agenda due to economic reasons, the increase in crude oil prices and tax
increases [10].

The use of number 10 oils not only causes serious tax losses for the country, but also leads to unfair
competition between companies and traders. The high difference between the tax burden on diesel fuel and
the tax burden on the goods used in the production of Number 10 oil causes this phenomenon. Since the
years when this problem was recognized by the tax administration, many legal arrangements have been
made in the relevant legislation, but malicious taxpayers have always tried to continue the production and
use of number 10 oil by developing new methods against them [11].

It also causes serious harm to human, public and environmental health due to the toxic and poisonous
substances in its composition. On June 8, 2011, a bus crashed in Gorele, Giresun and suddenly caught fire
and burned down in a very short time, resulting in many deaths and injuries. The cause of this sudden fire
was proven by an expert report to be a base oil-solvent mixed fuel oil product [12]. Exhaust pollutants are
likely to include heavy metal pollutants such as arsenic, lead, cadmium and chromium, which are hazardous
and harmful to human health.

Uyaroglu et al. [13] examined two different engines that were known to have used number 10 oil and failed.
In the study, it was stated that number 10 oil has a high ignition temperature (116-194 °C). For this reason,
it was interpreted that the knocking increased with the extension of the ignition time and accordingly caused
piston wear. In addition, it was also stated that the material strength was adversely affected due to the
increase in pressure due to the delay in the ignition time but the fuel injection continued in the combustion
chamber.

Eryilmaz et al. [14] investigated the performance of diesel fuel, waste vegetable oil and number 10 oil
samples and the emissions that may occur as a result of their use. In their experiments, it was determined
that the viscosities of waste vegetable oil and number ten oil were higher than diesel fuel. In terms of
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emissions, it was found that CO and SO, emissions were higher when number ten oil and diesel were used
compared to vegetable waste oil.

Gedik and Yurdakul [15] investigated the chemical content of number ten oil. It was reported that the
distribution of 19 metals (Ag, As, Ba, Bi, Cd, Co, Cr, Fe, Li, Mn, Mo, Ni, Pb, Rb, Se, Sr, T1, V, Zn) in the
samples collected from across Turkey ranged between 0.04-189 pg/g. It was concluded that the estimated
metal emission values using measurement data and annual average base oil sales figures in Turkey are
comparable or higher than the total metal emissions from diesel vehicles or industrial sources in different
countries.

In this article, tests were carried out with a mixture of commercially available number ten oil and diesel at
certain percentages and torque, sfc, CO,, CO and NOy values were investigated. Depending on these
properties, power calculation was also made and a comparison between diesel and number ten oil was made.

2. MATERIAL AND METHOD
2.1. Evaluation of Diesel Fuel

Diesel has become more widely used in recent years due to its higher efficiency, higher torque and lower
CO and HC emissions compared to gasoline engines [16]. Diesel fuel, which is widely used especially in
light commercial vehicles, provides fuel economy for users [17]. Diesel vehicles are highly preferred in
transportation and transportation sectors due to their low fuel consumption and high torque [18]. The sales
data for diesel fuels, which are frequently used especially in transportation, from Petder (the Turkish fuel
distributor) for December 2023 also confirms this [19].

Considering the increasing use of diesel oil in our country, a comparison of diesel and number ten oil was
made in this study. Some important fuel properties of the diesel fuel used in this study are taken from studies

in the literature [20].

Table 1. Some important fuel properties of diesel fuel

Description Unit Diesel fuel
Density @ 15°C kg/m? 835.7+0.2
Kinematic viscosity @40 °C mm?/s 3.033+0.012
Upper calorific value MlJ/kg 45.360+0.12
Lower calorific value Ml/kg 42.5383
Flash point °C 68+1.5
Cetane number - Min.51

The properties of the diesel fuel provided in the table indicate that it is suitable for use as a reference fuel
in experimental studies. Having physical and chemical characteristics within standard ranges enhances the
reliability of comparative analyses with other fuel blends.

2.2. Number 10 Oil Analysis
According to the October 2012 report of PETDER, technical values of some samples taken from the tanks
of vehicles using number 10 oil and from the cans sold as number 10 oil were analyzed. The number of

samples analyzed in this study is 10, and the table below presents the average values.

Table 2. Number 10 Oil analysis results [21]

Tests Truck using number 10 0il  Number 10 oil can  Ts En 590 specifications
Flash point, °C 24-82 42 Max. 55
Density @15 °C, kg/l 0.8447-0.8884 0.8611 0.820-0.845
Sulfur, ppm 2060-4000 4100 Max. 10
Viscosity, mm?/sn 4.32-9.41 30.9 2-4.5
Initial boiling point, °C 25-27 28

%volume @250 °C 12-13 100 Max. %65
%volume @350 °C 40-41 100 Min. %85

Temperature at which 95%

of the fuel is distilled (°C) 45-46 100 Max. 360 °C
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When the table is examined, it is seen that the “flash point” values in the number 10 oil samples are lower
than the standards and the “density” values are higher than the standards. The low flash point in the samples
taken is an important indicator of the addition of substances such as solvents. A flash point below 55 °C
will cause irregular and uncontrolled combustion in the engine. This may cause the vehicle to burn. The
sulfur values indicate that, it is seen that they are much higher than standard fuels. The fact that the sulfur
value is so high strengthens the possibility that the samples contain waste oils as well as mineral oils. When
the “evaporation temperature” values are examined, it is seen that they are higher than standard fuels. It is
seen that some of the samples examined completely evaporated before reaching 250 °C, while some of the
other samples almost did not evaporate at all.

It is seen that especially the density and viscosity values are higher than diesel oil in the number 10 oil
samples examined. Since the fuel is sprayed volumetrically from the injectors, the high density means that
there is more fuel than there should be, especially in the combustion chamber where combustion will take
place, and the fuel is not properly distributed in the combustion chamber. Mixing number 10 oils with fuel
will also increase the viscosity of diesel fuel, causing the fuel sprayed into the combustion chamber to be
sprayed poorly, resulting in inefficient combustion and smoke, soot and heavy odor from the exhaust.

In this study, Mitsubishi Canter 4D31 diesel engine was used to analyze the performance and emission
parameters using variable RPM values. The nominal rpm value was selected as 1200 rpm and gradually

increased up to 2700 rpm.

Table 3. Technical specifications of the test engine

Specifications Description
Brand Mitsubishi Canter
Model 4D31

Configuration In-line 4

Type Direct injection diesel with glow plug

Displacement 3298cc

Bore 100
Stroke 105
Power 91 HP @3500 rpm
Torque 223 Nm @2200 rpm
Oil cooler Water-cooled

In this study, torque, sfc, CO,, CO and NOx values were investigated by mixing number ten oil and diesel
fuel at certain percentages. Depending on these properties, power calculation was also performed and the
effect of diesel and number ten oil on engine and emission was compared.

3. RESULT AND DISCUSSION
3.1. Engine Performance Parameters
Emission assessment limits were applied in the same way when evaluating engine performance parameters.

Table 4. Overview of the experimental procedure
« D100 (%100 Diesel)

Fuel Blends * D50 (%50 Diesel + %50 No. Ten Oil)
* D20 (%20 Diesel + %80 No. Ten Oil)
*D10 ( %10 Diesel + %90 No. Ten Oil)

* Mitsubishi Canter 4D31
Test « Diesel Enci
Seeun iesel Engine
*1200-2700 rpm

Measured

* Performance (Torque, Power, SFC)

Parameter « Emissions (CO,, CO, NO,)

N
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A gradual increase was observed between 1200 and 2700 rpm for all blend ratios. Torque and specific fuel
consumption results were obtained experimentally and power calculation was calculated theoretically
according to these results.

3.1.1. Torque
Engine torque data were obtained for D100-D50-D20-D10 ratio mixtures between 1200 and 2700 rpm. It

is observed that the torque increases as the speed increases. When the torque is evaluated in terms of fuel,
the torque values decrease as the number ten oil additive increases.

Torque (Nm)

1200 1400 1600 1800 2000 2200 2400 2600
Engine Speed (rpm)

Figure 1. Engine torque according to number ten oil additive amount

As shown in Figure 1, number ten oil additive negatively affects engine performance. It has been shown in
the experimental study that as the additive rate increases, the torque value decreases, that is, the traction
power of the vehicle decreases. The decrease in torque with increasing number ten oil additive can be
explained by the modification of the fuel’s physical and combustion characteristics. As the additive ratio
increases, the viscosity of the fuel blend becomes higher, which adversely affects spray formation, droplet
atomization, and the homogeneity of the air—fuel mixture. Previous studies have shown that improved fuel
atomization, achieved through higher injection pressures, significantly enhances engine torque and power
output by promoting more efficient combustion [22]. Impaired atomization results in a slower and less
efficient combustion process, leading to reduced in-cylinder pressure development. Since engine torque is
directly related to the indicated mean effective pressure, any deterioration in combustion efficiency leads
to a measurable decline in torque. Therefore, the observed reduction in torque at higher additive
concentrations is primarily attributed to the decrease in combustion quality caused by the altered fuel
properties.

3.1.2. Power

It is observed that the engine power increases as the speed increases with the same fuel mixture ratio.
However, the engine power decreases as the number ten oil additive increases.

60

55 1

Power (kW)
8

1200 1400 1600 1800 2000 2200 2400 2600
Engine Speed (rpm)

Figure 2. Power values according to number ten oil additive amount

Fak. Dergisi, 41(2), Haziran 2026




Experimental Investigation of the Effects of Diesel-10 Number Oil Blends on Engine Performance and Emission Characteristics

The increase in engine power with rising engine speed at a constant fuel mixture ratio is an expected
behavior, as higher speeds generally enhance the rate of combustion events per unit time. However, the
observed decrease in engine power with increasing number ten oil additive is primarily related to the
deterioration of fuel atomization and combustion efficiency. As the proportion of the additive increases,
the viscosity of the fuel blend rises, leading to poorer spray breakup, reduced evaporation rate, and a less
homogeneous air—fuel mixture. These effects result in slower and incomplete combustion, which lowers
the in-cylinder pressure and consequently limits the engine’s ability to produce power. Therefore, the
reduction in engine power at higher additive concentrations can be attributed to the negative impact of the
altered fuel properties on combustion quality.

3.1.3. Spesific Fuel Consumption

Engine specific fuel consumption data of D100-D50-D20-D10 ratio mixtures between 1200-2700 rpm. It
is observed that the specific fuel consumption decreases with increasing speed up to 2400 rpm, but above
2400 rpm, the specific fuel consumption starts to increase again. When evaluated in terms of fuel mixture,
as the additive ratio of number ten oil in the mixture increases, the specific fuel consumption increases.

280 1

270 1

N
o
=]

N
w
(=]

SFC (g/kwh)

240 1

230 1

1200 1400 1600 1800 2000 2200 2400 2600
Engine Speed (rpm)

Figure 3. Specific fuel consumption according to number ten oil additive amount

Figure 3 shows that, it is evident that the number ten oil additive has an adverse effect on specific fuel
consumption (SFC). The experimental results clearly show that as the additive ratio increases, SFC rises,
indicating that the engine consumes more fuel to produce the same amount of power. This trend is primarily
due to the reduction in combustion efficiency caused by the additive.

As the proportion of number ten oil increases, the viscosity of the fuel blend becomes higher, which impairs
spray atomization, reduces evaporation, and leads to a less homogeneous air—fuel mixture. Consequently,
the combustion process becomes slower and less complete, resulting in lower in-cylinder pressure. To
compensate for this loss in effective pressure and maintain power output, the engine requires a higher
amount of fuel, which is reflected as an increase in SFC.

This finding is also consistent with previous studies in the literature, which report that higher-viscosity fuel
additives generally deteriorate combustion characteristics and consequently increase fuel consumption. In
summary, the rise in SFC with increasing additive ratio is a direct outcome of diminished combustion
quality and reduced fuel-energy utilization efficiency.

3.2. Engine Emission Parameters

While evaluating engine emission parameters, there is a gradual increase between 1200-2700 rpm. Diesel-
number ten oil mixture ratios were determined as (100%-0%), (50%-50%), (20%-80%), (10%-90%)
respectively. The “D” ratio shown in the graph and table indicates the percentage of diesel fuel in the
mixture.
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3.2.1. Carbon Dioxide (%)

CO; (%) emission results of D100-D50-D20-D10 ratio mixtures between 1200 and 2700 rpm. It is observed
that the amount of CO» decreases as the number ten oil additive increases at the same speed, while the
amount of CO, increases as the speed increases at the same number ten oil additive.

2.2 4

1.8 A

1.6

1.4

1.2 A

€O (%)
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0.8 A

0.6

0.4 1

0.2 4

1200 1400 1600 1800 2000 2200 2400 2600
Engine Speed (rpm)

Figure 4. CO; emissions by number ten oil additive amount

Figure 4 illustrates the variation of CO:2 emissions (%) with respect to engine speed and the number ten oil
additive ratio. In general, CO: levels tend to increase at higher engine speeds because the combustion
process becomes more complete as the engine operates under greater airflow and improved mixing
conditions. However, as the proportion of number ten oil additive increases, a decrease in CO: emissions
is typically observed. This reduction is attributed to the deterioration of combustion quality caused by the
higher viscosity of the fuel blend. Poor atomization and inadequate mixing lead to incomplete combustion,
resulting in a shift from CO. toward intermediate or partially oxidized species such as CO and unburned
hydrocarbons. Therefore, the trends observed in Figure 1 are consistent with the expected relationship
between fuel properties, combustion efficiency, and emission formation.

3.2.2. Carbon Monoxide (Ppm)

CO (ppm) emission results of D100-D50-D20-D10 ratio mixtures between 1200 and 2700 rpm. It is
observed that the amount of CO increases as the number ten oil additive increases at the same speed, and
similarly, the amount of CO increases as the speed increases at the same number ten oil additive.
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Figure 5. CO (ppm) emission according to number ten oil additive amount

Figure 5 presents the variation of CO emissions (ppm) as a function of engine speed and the number ten oil
additive ratio. Typically, CO emissions decrease with increasing engine speed because higher speeds
enhance air—fuel mixing, promote more complete combustion, and reduce the formation of partially
oxidized species. However, as the number ten oil additive ratio increases, CO emissions exhibit a noticeable
rise. This increase is primarily attributed to the deterioration of fuel atomization caused by the higher
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viscosity of the additive-enriched blend. Poorer atomization and insufficient mixing lead to incomplete
combustion, causing a greater portion of the carbon in the fuel to be released as CO rather than fully
oxidizing to CO.. Therefore, the increase in CO concentrations with higher additive ratios is a direct
indication of reduced combustion efficiency and incomplete oxidation processes.

3.2.3. Nox (Ppm)

NOx (ppm) emission results of D100-D50-D20-D10 ratio mixtures between 1200 and 2700 rpm. It is
observed that the amount of NOy increases as the number ten oil additive increases at the same speed,
similarly, the amount of NOx decreases as the speed increases at the same number ten oil additive.

900 1

850 1

800 1

750 +

700 4

NOx (ppm)

1200 1400 1600 1800 2000 2200 2400 2600
Engine Speed (rpm)

Figure 6. NOx emissions according to the amount of number ten oil additives

When the graph is examined, it is observed that the amount of NOx increases as the number ten oil additive
ratio increases at the same engine speed. This trend can be explained by the fact that higher additive ratios
tend to cause local increases in combustion temperature due to poorer atomization and the formation of
fuel-rich regions. These locally richer zones can result in delayed but more intense heat release, which
raises peak combustion temperatures—conditions that strongly promote thermal NOx formation according
to the Zeldovich mechanism.

Conversely, at the same additive ratio, NOx emissions decrease as engine speed increases. At higher speeds,
the residence time of the gases in the high-temperature zone is reduced, and the combustion duration
becomes shorter. Since the formation of NOx is highly dependent on both temperature and residence time,
the shortened exposure to peak temperatures limits NOx production. Additionally, incomplete mixing at
high speeds can further suppress peak flame temperatures, contributing to the reduction in NOx levels.

4. CONCLUSION

In today's developing automotive industry, the environmental friendliness of the vehicle is as important as
vehicle performance and efficiency. Encouraging the increased use of sustainable energy sources is in line
with the parallel goal of reducing the greenhouse gas effect on the world and naturally reducing the emission
rates in vehicles. For this reason, in this study, the effects of mixing diesel fuel with illegal number ten oil
at certain ratios on engine performance and emission values were investigated. When evaluated in terms of
emission; it was found that emission release at the same speed or at the same fuel mixture ratio increased
with the increase in the number ten oil additive compared to diesel fuel. Considering the ongoing policies
to reduce the greenhouse gas effect all over the world, the negative impact of number ten oil use on the
environment and human health is an inevitable fact.

When evaluated in terms of engine performance, number ten oil, which users turn to for economic reasons,
is actually not advantageous, and the amount of fuel consumed to generate power in the engine is higher
than diesel. Considering that engine torque also decreases, there is no positive contribution of number ten
oil to engine performance and efficiency.
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The policy recommendations developed against all these negative effects of number ten oil can be listed as
follows;

¢ Road inspections (at Ministry of Transportation checkpoints) and deterrent law enforcement
e License revocation for businesses selling number ten oil through facility inspections,

e Incentive practices for users in tax applications,

e Practices informing citizens such as workshops, advertisements, brochures

As a result of the study conducted, it is inevitable that number ten oil, which is used even though it is not
legal, should be considered as a problem and characterized as illegal because it causes environmental
pollution and threatens environmental safety and human health. While non-governmental organizations and
professional organizations support the solution of the problem, the key role will be played by the effective
coordination and supervision of all relevant institutions and organizations. If the problem is approached
with a holistic perspective and a systematic structure can be established, both economic, social and
environmental security and honest competition will be ensured, the trust and competitiveness of honest
companies in the sector will increase, and on the other hand, the system will not allow malicious companies.
These findings may provide a scientific basis for regulatory monitoring and future experimental
investigations.
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Enerji verimliligi, stirdiiriilebilirlik gereksinimleri ve yenilenebilir
enerji kaynaklarinin artan entegrasyonu nedeniyle modern giic
sistemi kontroliinde kritik bir tasarim hedefi haline gelmistir. Bu
calismada, giivenilir gerilim regiilasyonu saglarken kontrol
enerjisini en aza indirmeyi amaglayan, Otomatik Gerilim
Regiilatorii sistemleri igin yeni bir enerji verimli optimizasyon
cercevesi oOnerilmektedir. Onerilen cergeve, gerilim izleme
dogrulugu ile kontrol sinyali enerjisini tek bir amag fonksiyonunda
birlestiren yeni tanimlanmig EEPI iizerine kuruludur. Hizli gegici
rejimi Onceliklendiren geleneksel performans indekslerinin aksine,
EEPI dinamik performans ile enerji tiiketimi arasinda sistematik bir
denge kurarak Pareto-dengeli bir caligma noktasi se¢mektedir.
Yontem, PSO algoritmast ile optimize edilen PID ve FOPID
kontrolérlerine uygulanmigtir. Pratik uygulanabilirlik,
TMS320F28035  platformunda PIL  gergeklestirmesi  ile
dogrulanmigtir. IAE, ISE, ITAE, ITSE, ZLG ve TR indeksleri ile
yapilan karsilagtirmalar, EEPI’nin kabul edilebilir gegici rejim
performansini korurken  kontrol enerjisini azalttigin
gostermektedir. Bu sonuglar, siirdiiriilebilir AVR kontrolor tasarimi
icin 6lgeklenebilir bir ¢dziim sunmaktadir.
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1. INTRODUCTION

In modern electrical power systems, the reliable transfer of generated power to consumers is crucial for
both economic and technical reasons. During this process, load variations, demand fluctuations, and the
growing penetration of renewable energy resources frequently lead to deviations in voltage magnitude and
frequency. Such deviations directly affect the performance and lifespan of electrical devices, reduce overall
system efficiency, and in severe cases may result in instability or outages. Therefore, maintaining voltage
quality and system stability remains a fundamental challenge for power engineers [1-3].

The AVR system is widely recognized as one of the most effective mechanisms for maintaining terminal
voltage stability in synchronous generators. By dynamically adjusting the excitation voltage, the AVR
preserves the reactive power balance of the power system and ensures proper operation under varying
conditions [4]. However, the performance of an AVR system is highly dependent on the design and tuning
of its controller. Among conventional approaches, the PID controller has been extensively employed due
to its simplicity, reliability, and ease of implementation [5]. Subsequently, the FOPID controller was
introduced to enhance tuning flexibility by incorporating fractional integration and differentiation
parameters [6]. Although a variety of fast and robust control strategies have been proposed in the literature,
PID and FOPID remain the most practical and widely preferred solutions for AVR applications, as they
provide a favorable balance between effectiveness and implementation simplicity. Nevertheless, improper
tuning of these controllers may still result in degraded transient behavior or poor steady-state performance

[7].

To address this challenge, a wide variety of optimization algorithms have been employed for AVR
controller tuning, ranging from classical techniques to modern metaheuristic approaches such as PSO [8],
GA [9], DE [10], ABC [10], GWO [11], CSA [12], and many others. These algorithms are designed to
efficiently explore large and complex parameter spaces where traditional analytical methods are
insufficient. The performance of the selected optimization algorithm directly affects the overall quality of
the AVR system response. Algorithms that fail to escape local optima may yield poorly tuned controller
parameters, leading to unsatisfactory transient or steady-state behavior. Hence, robust and globally
convergent optimization strategies are essential to ensure reliable AVR performance [13].

Beyond the optimization algorithm itself, the formulation of the objective function plays a decisive role in
determining system performance [14]. Even highly advanced algorithms cannot deliver reliable results if
the objective function fails to accurately capture the inherent trade-offs among key performance metrics. In
AVR control design, improving one performance aspect often comes at the expense of another; for instance,
aggressive tuning may reduce rise time but increase control effort and energy consumption. Therefore, the
controller tuning problem can be naturally interpreted as a multi-objective optimization task, where
dynamic response and control energy form competing objectives. From this perspective, the goal is not to
maximize a single metric, but to achieve a balanced operating point within the Pareto-optimal trade-off
surface.

Traditionally, performance indices such as IAE, ISE, ITAE, and ITSE have been widely used for AVR
tuning [15-17]. These indices provide meaningful insights into transient characteristics, including rising
time, settling time, overshoot, and steady-state error. In recent years, modified and hybrid objective
functions have been proposed to overcome the limitations of classical indices. Among these, the ZLG
objective function [8] has gained prominence due to its ability to penalize overshoot and improve settling
performance, leading to well-balanced transient responses. Similarly, alternative indices such as the TR
objective function [18] have been introduced to enhance robustness under parameter uncertainties and
disturbances. However, a common limitation of these approaches is that they predominantly emphasize
dynamic performance metrics while neglecting control effort and associated energy consumption. With the
rapid integration of renewable energy sources, distributed generation, and electric vehicles, the efficiency
of control actions has become increasingly important, since excessive and high-amplitude control signals
lead to unnecessary energy usage and reduced sustainability. In addition to energy consumption, highly
oscillatory control signals introduce excessive switching stress on power electronic and control hardware
components, which accelerates thermal degradation and reduces the operational lifetime of switching
devices. Over extended operation, this effect may significantly increase maintenance and replacement costs,
highlighting the practical importance of minimizing unnecessary control activity alongside energy usage.
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Table 1 presents a survey of representative AVR controller studies and the objective functions employed
in their optimization frameworks. While these approaches have advanced the field considerably, a notable
research gap persists; none of the existing performance indices explicitly integrate control energy as a
primary design criterion. In most previous studies, energy consumption has been treated as a secondary or
implicit consequence rather than a core objective of the optimization process. This limitation becomes
particularly significant in modern power systems, where energy-aware operation and sustainability are key
design priorities.

Motivated by this gap, the present study proposes a novel energy-efficient optimization framework for
AVR controllers based on a newly developed EEPI. Unlike conventional indices, the EEPI directly accounts
for the energy of the control signal and explicitly incorporates the trade-off between transient response and
energy consumption. From a multi-objective standpoint, the proposed formulation identifies a Pareto-
balanced solution rather than prioritizing aggressive transient speed. The proposed framework is applied to
PID and FOPID controllers, with optimal parameters obtained using the PSO algorithm. The performance
of the EEPI is systematically compared with four widely used classical indices (IAE, ISE, ITAE, ITSE),
the established hybrid ZLG function, and the recently introduced TR index. Simulation and PIL-based
results demonstrate that the proposed approach achieves significant reductions in control energy while
maintaining acceptable dynamic performance. These findings highlight energy-aware optimization as a
promising direction for developing sustainable AVR control strategies in modern power systems.

Table 1. Summary of representative AVR controller studies and objective functions

Ref# Year Type of controller Optimization algorithm Objective function
Proposed 2026 PID, FOPID PSO EEPI

[18] 2025  PIDF + Fuzzy PIDF TLBO ITAE

[19] 2025 PID ADIWACO PSO ITAE

[20] 2025  FFOPIDF TLBO ZLG

[21] 2025 RPIDD?-PI ECSA ZLG

[22] 2024  3-DOF-PIDA SSO ITSE

[23] 2024  PIDD? HWO ITAE

[24] 2024 SMC GWO, SCA TR

[25] 2024  PIDD? HH+SA ZLG

[26] 2024  FOPID+ D? MGO ZLG

[27] 2024  FOPID-LP hPSO ITAE, CTDOF
[28] 2024  1DOF-PID hVsaGwo ISE

[13] 2024  SFOPID DO ISE, IAE, ITSE, ITAE, ZLG
[29] 2022 SMC PSO CTDOF

[30] 2021 PID MRFO ZLG

[31] 2021 PID EO ZLG

[32] 2021  2DOEF-PI PSO, VSA, SCA, GWO, SSA, MFO, WCA ITSE

[33] 2020 PID TSA ZLG

[34] 2020 FOPID JOA ITAE

[35] 2019 PID IKA ITSE+ZLG
[36] 2019 PID WWwWO ITAE

[37] 2018 PID SFS ITSE

[5] 2016  PID TLBO ZLG

2. AVR SYSTEM AND CONTROLLERS

2.1. AVR System Model with Limiters

The AVR is a critical component in synchronous generator systems, regulating excitation voltage to
maintain the terminal voltage within desired operational limits. By performing this function, the AVR
contributes to preserving reactive power balance, improving voltage stability, and enhancing the overall
reliability of the power system under varying loading conditions.

The AVR structure is composed of four main functional subsystems: amplifier, exciter, synchronous
generator, and sensor. These elements operate in a coordinated manner to adjust the excitation signal in
response to deviations in terminal voltage. A schematic representation of the system structure is illustrated
in Figure 1.

C.U. Miih. Fak. Dergisi, 41(2), Haziran 2026




A Novel Energy-Efficient Optimization Framework for AVR Controllers in Modern Power Systems

(Phnt A
1.0 3.1
Controller Amplifier ﬁ
Reference K K K Terminal
oltage N a N e N g R Voltage
l+7,s l+7.s l+7,s
_/ _7
0.9 N 0 ) Disturbance
K, ;
l+7,s

Figure 1. A schematic representation of the system structure
Each subsystem is modeled using a linearized first-order transfer function to represent its dynamic behavior.
This modeling approach provides a simplified yet effective representation of the dominant dynamics of

voltage regulation, making it suitable for controller design and performance evaluation.

The gain and time constant parameters of each block are selected within practical operating ranges, as
summarized in Table 2 are adopted from standard AVR models reported in the literature [24,25].

Table 2. The gain and time constant parameters

Component Transfer function Range of the gain Range of the time constant(s) Chosen values

Amplifier K, 10 <K, <40 002<7,<0.1 K, =10,
Go(8) =773 -

(1 +1,9) 7, =01

Exciter K. 1<K,<10 01<7,<04 K, =1.0,
Ge(s) =77 -

(1 +7e5) 7, = 0.4

Generator 6.(s) = K, 0.7 <K;<1.0 1.0<7,<20 Ky =10,

g (1+149) 7, =0.1

Sensor K 09<K,<11 0.001 < 7, < 0.06 K, =10,
Gs(8) =773 =

(1 + Tss) Ts = 0.1

The overall AVR transfer function can be expressed as:

KA KE KG KS (1)

I+z,s 1+7.5 147,58 1+7s

G (s)

where Ka, Kg, Kg and Ks denote the gains, and ta, 15, T and 1s represent the time constants associated
with the amplifier, exciter, generator, and sensor subsystems, respectively.

Although this linearized representation simplifies system analysis, real AVR systems exhibit nonlinear
characteristics, particularly due to actuator limits and saturation effects. To enhance modeling realism,
limiter mechanisms are introduced in both the controller and exciter blocks. The exciter limiter constrains
the excitation signal to prevent excessive under- or over-excitation, while the controller limiter ensures that
the control signal remains within physically feasible voltage bounds. These nonlinearities significantly
influence transient response characteristics and reflect practical implementation constraints [38].

In this work, an excitation system configuration analogous to the DC1C [24,29,39] structure is adopted,
incorporating saturation behavior and bounded control signal constraints. The DC1C excitation model
represents a conventional IEEE Type-1 DC excitation system widely used in synchronous generator voltage
regulation studies, characterized by first-order exciter dynamics, saturation effects, and practical excitation
limits. In order to reflect realistic operating conditions, the exciter output is constrained within a physically
feasible range, where the excitation voltage is limited between 0 and 3.1 p.u. This saturation bound prevents
excessive over-excitation and ensures stable operation of the excitation system under large disturbances.
Incorporating these nonlinear constraints improves the physical consistency of the model and enables more
realistic evaluation of controller performance under practical operating conditions.
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2.2. PID Controller

The PID controller is one of the most widely utilized control structures in AVR applications due to its
simple structure, ease of implementation, and satisfactory performance in practical power systems. Despite
the emergence of advanced control strategies, PID controllers remain a preferred choice in voltage
regulation tasks because they provide an effective compromise between control performance and
computational complexity.

The control law of the PID controller is formulated based on the instantaneous error signal, its accumulated
integral, and its rate of change. Accordingly, the transfer function of the PID controller can be expressed
as:

K,
Gop(s)=K, +TI+de 2

where K, K;, and K represent the proportional, integral, and derivative gains, respectively.

The proportional term primarily determines the system's response speed, the integral term ensures
elimination of steady-state error, and the derivative term contributes to improving damping and transient
stability. However, the dynamic behavior of the AVR system is highly sensitive to the selection of these
parameters. Improper tuning may cause excessive overshoot, long settling times, oscillatory response, or
even instability.

For this reason, the PID controller parameters cannot be selected using heuristic or trial-and-error
approaches, especially in systems where performance and efficiency are critical. Instead, systematic
optimization-based tuning methods are required to achieve a balanced trade-off between fast voltage
recovery, low overshoot, and stable steady-state operation. In this study, the PID controller parameters are
optimized using a structured optimization framework, aiming not only to improve transient response but
also to minimize unnecessary control energy through the proposed EEPL

This formulation allows the PID controller to operate in an energy-aware manner, ensuring that high
performance is achieved without excessive control effort, which directly supports the objective of
sustainable and efficient voltage regulation.

2.3. FOPID Controller

The FOPID controller extends the classical PID structure by introducing fractional orders in the integral
and derivative terms. This extension provides additional flexibility in controller design, enabling more
precise shaping of the system dynamics and improved robustness against parameter uncertainties and
external disturbances.

The transfer function of the FOPID controller is given by:

K
Grorn (s) =K, +?+Kd5ﬂ 3)
where K,, Kj, and Kq denote the controller gains, and A and p represent the fractional orders of integration
and differentiation, respectively, with O<A,u<I.

Compared to conventional PID controllers, the FOPID structure provides enhanced control flexibility by
allowing independent adjustment of the memory and dynamic behavior of the system. This makes it
particularly suitable for systems exhibiting complex dynamics such as AVR plants with nonlinearities and
saturation effects. However, the increased number of tuning parameters introduces a higher-dimensional
optimization problem, requiring an effective, well-designed optimization strategy.

In this study, the FOPID controller is incorporated to evaluate the generality and scalability of the proposed
energy-efficient optimization framework. By comparing the performance of PID and FOPID controllers
under the same EEPI-based tuning scheme, the capability of the proposed method to handle both classical
and advanced controller structures is systematically assessed.
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3. OBJECTIVE FUNCTIONS IN AVR CONTROLLER OPTIMIZATION

The performance of an Automatic Voltage Regulator system is strongly influenced by the selection of the
objective function used during controller parameter optimization. While the optimization algorithm
determines how efficiently the search space is explored, the objective function defines what constitutes
optimal behavior. Consequently, the effectiveness of any optimization-based tuning framework depends
primarily on the ability of the objective function to accurately reflect the desired control objectives.

In AVR controller design, objective functions are typically formulated based on time-domain error signals,
aiming to improve transient response characteristics such as rising time, settling time, overshoot, and
steady-state error. Over the years, a variety of performance indices have been proposed and widely adopted
in the literature. These indices can be broadly categorized into classical performance indices and hybrid
objective functions.

3.1. Classical Performance Indices

Classical performance indices are derived from the error signal
e(t)eref (t)_VI(t)’ (4)
where V,.¢+(t) denotes the reference voltage and V,(t) represents the terminal voltage of the generator.

These indices evaluate control performance by integrating different functions of the error signal over time.
The IAE is defined as:

Iy = jOT|e(t)|dt Q)
The ISE is expressed as

Jp = jOT 0 (©6)
The ITAE is given by

Jip = joTt|e(t)|dt )
The ITSE is formulated as

J ey = IOT te* (¢)dt ®)

Although classical indices have been successfully applied in numerous AVR studies, their primary
limitation lies in their exclusive focus on voltage tracking performance. None of these indices explicitly
accounts for the magnitude or energy of the control signal, which becomes increasingly important in
modern power systems under sustainability and efficiency constraints.

3.2. Hybrid Objective Functions

Hybrid objective functions combine multiple transient response metrics.

The ZLG index balances overshoot and response speed:
Jue=(1-€”) (M, +E )+e” (t,—1,) )

where,
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M,, denotes the maximum overshoot,

E is the steady-state error,

ts represents the settling time,

t, is the rising time,

P is a weighting parameter that regulates the relative emphasis between transient magnitude and response
speed.

This formulation allows the ZLG index to flexibly balance fast response and low overshoot by adjusting
the parameter 5. Despite its effectiveness in shaping transient behavior, the ZLG function does not
explicitly incorporate control effort or control signal energy into the optimization process.

Another hybrid objective function considered in this study is the TR-based performance index, primarily
designed to enhance transient response while improving robustness against parameter variations and
external disturbances. Unlike classical indices, the TR objective function explicitly incorporates time-
domain response measures and penalizes unfavorable transient behavior.

The TR objective function is defined as:

(10)

TR

1.+t +8(ISE+ITAE), if %Mp>0.1
t.+t +(ISE+ITAE),  otherwise

where,

t, is the rise time,

ts is the settling time,

d is a weighting coefficient that panelizes parameter combinations leading to excessive overshoot,
%M, denotes the percentage overshoot,

ISE is the Integral of Squared Error,

ITAE is the Integral of Time-weighted Absolute Error.

This formulation enables the TR objective function to dynamically distinguish between acceptable and
excessive overshoot. When the overshoot exceeds a predefined threshold, the penalty term weighted by A
is activated, effectively discouraging solutions with poor transient behavior. As a result, the TR index
promotes fast and well-damped voltage responses while maintaining robustness under varying operating
conditions.

4. PROPOSED ENERGY-EFFICIENT PERFORMANCE INDEX

Conventional and hybrid objective functions used in AVR controller optimization primarily focus on
voltage-tracking performance and transient response. While such indices are effective in improving the
rising time, settling time, and overshoot, they do not explicitly account for the energy associated with the
control action. In modern power systems, where sustainability, efficiency, and hardware limitations are
increasingly critical, neglecting control energy may lead to excessive actuator effort, unnecessary power
consumption, and reduced long-term reliability.

To address this limitation, this study proposes a novel EEPI that explicitly integrates control signal energy
into the optimization objective, while preserving desirable transient response characteristics. The proposed
index is designed to establish a physically meaningful trade-off between voltage regulation quality and
control effort.

4.1. Energy-Based Control Function Index

The control energy component is quantified through an ECFI, defined as the time integral of weighted
control-signal related terms. The ECFI captures not only the magnitude of the control signal but also its
dynamic variations, which are closely related to switching activity and energy expenditure in practical AVR
implementations.
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The ECFI is formulated as:
: du(r)Y

ECFI = [| @¢” (t)+ o’ (1) + o, [Tj dt (11)
0

where u(t) denotes the controller output signal, and w;, w,, w; are weighting coefficients that balance
voltage tracking accuracy, control magnitude, and control signal variation, respectively.

The weighting coefficients w;, w,, w; were selected based on the relative importance assigned to voltage
tracking accuracy, control signal magnitude, and control signal variation within the proposed energy-aware
control framework. In practical AVR operation, accurate voltage tracking and suppression of excessive
control magnitude were prioritized, as these directly influence voltage regulation quality and actuator effort.
Therefore, the coefficients associated with voltage tracking and control magnitude were assigned higher
values, while the coefficient related to control signal variation was assigned a comparatively lower value
to provide secondary penalization of rapid control fluctuations. This priority-based selection ensures that
the optimization process primarily preserves voltage regulation performance while limiting unnecessary
control effort. Preliminary simulations further confirmed that the selected coefficient set maintains voltage
regulation accuracy while effectively suppressing excessive control activity. The selected numerical values
and their physical interpretation are summarized in Table 3.

Table 3. EEPI and ECFI parameter settings used in this study

Parameter  Description Selected value  Selection rationale

01 Voltage tracking error weight 1 Prioritizes voltage tracking accuracy

2 Control signal magnitude weight 1 Limits excessive control effort

3 Control signal variation weight 0.5 Moderately penalizes control signal variation

o Energy contribution coefficient 4.0 Balances energy suppression with transient
response

Y ECFI scaling coefficient 1.0 Normalizes ECFI contribution

B Transient shaping parameter 1.0 Ensures consistent transient performance
weighting

K Steady-state error penalty 100 Enforces strict steady-state accuracy

coefficient
€ Steady-state error threshold 0.002 Enforces strict voltage regulation accuracy

This formulation ensures that aggressive control actions with large amplitudes or rapid variations are
penalized, directly reflecting their associated energy cost.

4.2. EEPI Cost Function Formulation

Building upon the ECFI definition, the proposed EEPI combines classical transient response indicators with
the energy-based control effort term. The EEPI cost function is defined as:

E

S8

K[e?M, +(1=e7)-(a-(1,+1,)+yECFI)], >¢

(12)

I ey =

e’ﬁMp +(1—e’ﬁ)~(a ~(t: +t,‘)+}/ECF]) otherwise

where,

M,, denotes the maximum overshoot,

tg and t, represent the settling and rise times, respectively,

E is the steady-state error,

¢ is a predefined steady-state error threshold,

B is a shaping parameter controlling the relative emphasis between overshoot and energy-aware terms,
a, Y, and k are positive weighting coefficients.
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The EEPI parameters o, v and «, as well as the steady-state error threshold &, were determined through a
structured design-oriented tuning process aimed at achieving a balanced compromise between transient
performance, energy suppression, and steady-state accuracy. The coefficient a was selected to regulate the
relative contribution of the energy-related term within the EEPI, ensuring that energy minimization does
not dominate transient response characteristics. The scaling parameter y was introduced to maintain a
consistent contribution of the ECFI term across different operating conditions. The penalty coefficient k
was assigned a sufficiently large value to strictly penalize infeasible steady-state behavior and enforce
acceptable voltage regulation limits.

To ensure fair and reproducible comparison among different objective functions and controller structures,
these parameter values were fixed and consistently used throughout all optimization runs. The final
parameter set reflects a practical engineering compromise between control performance, energy efficiency,
and steady-state accuracy. The selected values and their rationale are summarized in Table I11.

The exponential weighting structure enables a smooth transition between transient-dominant and energy-
dominant optimization behavior. Moreover, the conditional penalty applied when the steady-state error
exceeds the specified threshold ensures strict voltage regulation accuracy.

In this study, the shaping parameter £ is fixed to unity to ensure a balanced contribution of transient and
energy-related terms. The steady-state error threshold ¢ is set to 0.002 to enforce strict voltage regulation
accuracy.

5. PSO-BASED OPTIMIZATION FRAMEWORK

The tuning of AVR controller parameters constitutes a nonlinear, multi-parameter optimization problem
characterized by strong coupling between transient performance and control effort. Analytical tuning
approaches become ineffective under such conditions, particularly when nonlinear elements such as limiters
and real-time execution constraints are considered. Therefore, a population-based metaheuristic
optimization strategy is adopted to efficiently explore the solution space and identify near-global optimal
parameter sets.

The PSO algorithm is selected in this study due to its fast convergence characteristics, low computational
complexity, and strong performance reported in AVR controller tuning problems compared to other
metaheuristic algorithms such as GWO and DE.

The optimization task aims to determine the optimal controller parameter vector that minimizes the
proposed EEPI. Accordingly, the optimization problem is formulated as

min Jpp; (0) (13)
subject to
gmin <0< gmax (14)

where 8 denotes the controller parameter vector.

For the PID controller, the decision vector is defined as

Opip = [Kp'Ki'Kd] (15)
whereas for the FOPID controller, it is given by

Oropip = [Kp, Kiy Ka, A, 1] (16)
The lower and upper bounds of each controller parameter are selected based on practical AVR operating

constraints and commonly adopted ranges reported in the literature. These bounds define the feasible search
space explored by the PSO algorithm and ensure physically meaningful controller configurations.
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The search space boundaries used for the optimization of PID and FOPID controllers are summarized in
Table 4.

Table 4. Boundaries for controller parameters

Controller Parameter Lower bound Upper bound
PID K, 0.01 10
K; 0.001 1
K, 0.001 1
FOPID K, 0.01 10
K; 0.001 1
K4 0.001 1
A 0.1 1.5
M 0.05 12

Within the PSO algorithm, each particle represents a candidate controller parameter set and moves through
the search space by updating its velocity and position according to
e+l —

Y

1

o +eri(p—x ) +en(g—x) (17)

1

X = v (18)
where o is the inertia weight, cl and c2 denote the cognitive and social acceleration coefficients,
respectively, and rl and r2 are uniformly distributed random numbers in the interval [0,1]. The inertia
weight is linearly decreased during the optimization process to ensure an effective balance between global
exploration and local exploitation.

The optimization procedure is executed offline. For each particle, the EEPI value is evaluated by simulating
the AVR system under the corresponding controller parameters, and the resulting fitness value guides the
swarm evolution. The PSO configuration parameters, including swarm size, maximum iteration number,
inertia weight limits, and acceleration coefficients, are listed in Table 5.

Although the optimization process is performed offline, the resulting optimal controller parameters are
subsequently implemented and evaluated within a PIL environment using a TMS320F28035 control card.

The PIL implementation setup employed in this study is illustrated in Figure 2.

Table 5. PSO Algorithm Parameters

Parameter Value
Swarm size 30
Maximum iterations 500
Inertia weight 0.729
Cognitive coefficient 1.49445
Social coefficient 1.49445

Host
Environment

A Receiving Signals
Sending Signals v

Control Card

F28035 Piccolo
TMS320F28035 = = o o

Figure 2. Processor-in-the-Loop (PIL) setup for real-time execution of the optimized AVR controllers on
the TMS320F28035 control board
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The real-time implementation is executed on a TMS320F28035 digital signal controller with a fixed
sampling time of 1e-6 seconds. The optimized controller parameters obtained offline are embedded into the
DSP, and the AVR model is executed in a PIL configuration, enabling cycle-accurate validation of the
control performance under real-time constraints. The setup enables real-time execution of the optimized
controllers while maintaining a seamless interface with the simulation environment.

6. RESULTS AND DISCUSSION

This section presents the performance evaluation of the AVR system using PID and FOPID controllers
optimized under different objective functions. The proposed Energy-Efficient Performance Index (EEPI)
is compared against classical performance indices (IAE, ISE, ITAE, ITSE) as well as hybrid objective
functions (ZLG and TR). All optimization results are obtained using the same PSO configuration to ensure
a fair and consistent comparison.

The optimized controller parameters obtained for each objective function are summarized in Table 6. These
parameters are subsequently implemented in the AVR system, and all performance metrics reported in this
section are evaluated based on the corresponding optimized controller settings executed within the
Processor-in-the-Loop (PIL) environment using the TMS320F28035 control board.

Table 6. Optimized PID and FOPID controller parameters obtained using different objective functions
Optimized PID controller parameters according to different objective functions

Objective function

IAE ISE ITAE ITSE TR ZLG Proposed EEPI
K, 1.7848 5.4040 5.2274 5.4127 4.4842 4.4288 0.6922
K 0.2910 0.3291 0.2897 0.3049 0.2708 0.2950 0.2289
Kq 0.3813 1.0000 1.0000 1.0000 0.9986 1.0000 0.1692

Optimized FOPID controller parameters according to different objective functions

Objective function

IAE ISE ITAE ITSE TR Z1LG Proposed EEPI
K, 5.6896 2.6241 5.6796 4.6171 5.1887 1.3589 0.9975
Ki 0.2832 0.4454 0.2803 1.0000 0.2064 0.3087 0.2711
Ka 1.0000 0.5454 1.0000 1.0000 1.0000 0.3123 0.2315
A 1.0173 0.7694 1.0203 0.4456 1.1749 0.9757 1.0000
n 1.0320 1.0078 1.0343 1.0094 1.0312 0.9956 1.0000

It is observed that some optimized controller parameters approach the upper bounds of the predefined search
space. This behavior indicates that the optimization process tends to push the controller gains toward more
aggressive configurations in order to improve transient response characteristics. However, the inclusion of
the proposed EEPI formulation limits excessive parameter growth by penalizing high control energy,
thereby resulting in more balanced and practically feasible controller parameter sets.

6.1. Transient Response Analysis

The transient responses of the AVR system obtained using PID and FOPID controllers optimized with
different objective functions are illustrated in Fig. 3 and Fig. 4, respectively, while the corresponding time-
domain performance metrics are summarized in Table 7 and Table 8 for the PID and FOPID controllers,
respectively.

Table 7. Time-domain performance metrics of the AVR system using PID controllers optimized with
different objective functions

Objective function Rise time (s) Overshoot (%) Settling time 2% (s) Settling time 5% (s)
IAE 0.3405 1.4134 1.0780 0.5360
ISE 0.3319 2.7102 1.0290 0.8350
ITAE 0.3314 1.6989 0.8800 0.8290
ITSE 0.3315 2.7553 1.0280 0.8350
TR 0.3693 0.0998 0.8760 0.8140
ZLG 0.5605 0.0977 0.8790 0.8140
Proposed EEPI 0.5155 0.9984 0.8480 0.7780
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Table 8. Time-domain performance metrics of the AVR system using FOPID controllers optimized with
different objective functions

Objective function Rise time (s) Overshoot (%) Settling time 2% (s) Settling time 5% (s)
IAE 0.3313 2.0169 0.9820 0.7880
ISE 0.3305 2.8702 1.2630 0.5170
ITAE 0.3314 1.9254 0.8520 0.7850
ITSE 0.3294 43828 1.4720 0.5120
TR 0.3421 0.1000 0.8520 0.7960
ZLG 0.3589 0.5121 0.6060 0.5630
Proposed EEPI 0.4096 1.0000 0.6760 0.6260

For the PID controller, classical performance indices such as IAE and ISE provide relatively fast initial
responses but are associated with higher overshoot levels and less favorable damping characteristics. The
ITAE and ITSE indices improve damping by penalizing sustained errors, resulting in smoother responses
with comparable rise times. Hybrid objective functions, namely TR and ZLG, achieve very low overshoot
by explicitly penalizing transient magnitude, although this often comes at the expense of slightly slower
dynamic response.

The PID controller optimized using the proposed EEPI exhibits a moderately slower rise time compared to
classical indices, reflecting the inherent trade-off between response speed and energy efficiency. However,
the settling time remains competitive, and the response maintains stable and well-damped characteristics.
This behavior indicates that the EEPI does not prioritize aggressive transient speed but instead selects a
balanced operating point where acceptable dynamic performance is achieved alongside reduced control
effort.

A similar trend is observed for the FOPID controller. Due to the additional tuning flexibility provided by
fractional-order parameters, the FOPID structure generally achieves improved damping and faster settling
compared to PID across most objective functions. The EEPI-optimized FOPID controller exhibits a slightly
slower rise time compared to purely transient-oriented indices, yet maintains competitive settling
performance and stable voltage regulation. These results confirm that the EEPI preserves acceptable
transient behavior while enabling energy-aware optimization.

Overall, the transient analysis highlights a fundamental multi-objective trade-off between response speed
and control energy. While classical and hybrid indices primarily target aggressive transient performance,
the proposed EEPI intentionally moderates the control action to achieve a balanced compromise between
dynamic response and energy efficiency.
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Figure 3. Transient response characteristics of the AVR system using PID controllers optimized with
different objective functions
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Figure 4. Transient response characteristics of the AVR system using FOPID controllers optimized with

different objective functions

6.2. Control Effort and Energy Consumption

Beyond transient response characteristics, the control effort associated with each optimization strategy is
examined to assess the practical efficiency of the AVR controllers. The corresponding control signals and
cumulative control energy profiles obtained during PIL execution are illustrated in Fig.5, Fig.6 for the PID

controller and Fig.7, Fig.8 for the FOPID controller.
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Figure 5. Control signal of the PID controller optimized using different objective functions
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Figure 6. Total control energy comparison of the PID controller for different objective functions
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Figure 10. Excitation output of the FOPID controller optimized using different objective functions

For controllers optimized using classical objective functions, such as IAE, ISE, ITAE, and ITSE, the control
signals exhibit pronounced oscillatory behavior with relatively high peak amplitudes during the transient
period. These oscillations indicate frequent and abrupt control actions, which are directly associated with
increased switching activity in the excitation system as clearly seen from the Fig. 9 and Fig. 10. In practical
AVR implementations, such behavior leads to elevated switching losses and increased thermal stress on
power electronic components.

Hybrid objective functions, namely ZLG and TR, partially mitigate this effect by improving damping
characteristics; however, noticeable oscillations and relatively large control excursions are still observed,
particularly during the early transient interval. Although these strategies improve voltage response
smoothness compared to classical indices, the resulting control effort remains non-negligible.

In contrast, the proposed EEPI achieves a markedly lower cumulative control energy for the PID controller,
with a value 0f 0.1329, corresponding to a reduction of approximately 70.7% relative to the best-performing
hybrid objective function (ZLG: 0.4541) and 71.2% relative to the TR-based formulation (0.4618). This
substantial reduction indicates that the EEPI effectively suppresses excessive control oscillations while
maintaining favorable transient response characteristics.

Similar trends are observed for the FOPID controller. Owing to the additional tuning flexibility provided
by the fractional-order parameters, the FOPID structure generally yields improved control smoothness
compared to its PID counterpart. The EEPI-optimized FOPID controller achieves a cumulative control
energy of 0.1933, which represents a reduction of approximately 20.5% compared to the ZLG-based
solution (0.2432) and 61.3% compared to the TR-based objective function (0.4992).

Overall, these results confirm that excessive control oscillations significantly increase control energy
consumption and switching losses in AVR systems. By explicitly incorporating control energy into the
optimization objective, the proposed EEPI enables a substantial reduction in control effort for both PID and
FOPID controllers, resulting in improved energy efficiency, reduced actuator stress, and enhanced practical
viability under realistic execution conditions.

7. CONCLUSIONS

This study presented a novel energy-efficient optimization framework for AVR controllers based on a
newly developed EEPI. Unlike classical and hybrid objective functions that primarily emphasize aggressive
transient performance, the proposed EEPI explicitly incorporates control signal energy into the optimization
process, enabling a balanced compromise between voltage regulation performance and control effort.

The proposed framework was applied to both PID and FOPID controllers, with controller parameters
optimized using the PSO algorithm under identical configuration settings to ensure fair and consistent
comparison. The comparative analysis revealed that, although the EEPI may produce slightly slower rise
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times compared to purely transient-oriented indices, it preserves competitive settling behavior and stable
voltage regulation while significantly reducing control effort. This confirms the inherent trade-off between
response speed and energy efficiency and demonstrates that the EEPI converges to a balanced operating
point rather than prioritizing aggressive transient response.

Beyond transient characteristics, the EEPI achieved a substantial reduction in cumulative control energy
and control signal oscillations for both PID and FOPID controllers. The resulting smoother control behavior
reduces switching activity, actuator stress, and associated energy losses in practical AVR implementations.
These improvements contribute to enhanced energy efficiency, improved hardware reliability, and reduced
long-term operational stress without compromising voltage regulation quality.

The implementation of the optimized controllers within a PIL environment using a TMS320F28035 control
platform further verified the practical feasibility of the proposed approach. The close agreement between
simulation and real-time execution results confirms that the EEPI-based framework is suitable for realistic
AVR applications where energy efficiency, actuator limitations, and implementation constraints must be
considered simultaneously.

Overall, the proposed EEPI provides a systematic and scalable methodology for energy-aware AVR
controller tuning. By explicitly incorporating control energy into the optimization objective, the framework
introduces an energy-conscious perspective to AVR design and contributes toward sustainable and efficient
voltage regulation in modern power systems. Future work may extend the proposed framework to multi-
machine power systems to investigate inter-machine dynamic interactions and potential resonance
phenomena, as well as to adaptive excitation systems and real-time optimization under varying operating
conditions.
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ECSA Enhanced Crow Search Algorithm PIL Processor-in-the-Loop
EEPI Energy-Efficient Performance Index PSO Particle Swarm Optimization
EO Equilibrium Optimizer SCA Sine Cosine Algorithm
FOPID Fractional-Order Proportional— SFS Stochastic Fractal Search
Integral-Derivative
GA Genetic Algorithm SMC Sliding Mode Control
GWO Grey Wolf Optimization SSO Salp Swarm Optimization
HWO Hybrid Whale Optimization TLBO Teaching-Learning-Based Optimization
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IKA Improved Kidney-Inspired Algorithm TSA Tree Seed Algorithm
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denetleyicilerin tagma trafigine karsi savunmasiz oldugu
Yazilim Tanimli Aglar (SDN) icin ciddi bir tehdit
olusturmaktadir. Mevcut yontemler genellikle tek asamali
modellere dayanmakta ve hiz ile saglamlik arasinda 6diin
vermektedir. Bu ¢alisma, SDN’nin katmanli mimarisinden
yararlanan yeni bir hiyerarsik hibrit cerceve sunmaktadir.
Anahtar diizeyinde Random Forest (RF) ile hafif ve gercek
zamanli filtreleme, denetleyici diizeyinde ise Derin Ogrenme
(DL) modelleri ile ayrintili analiz gergeklestirilmistir. Hibrit
RF—MLP hatt1 %98,7 dogruluk elde etmis, yanlis alarmlar
ortadan kaldirmis (normal geri ¢agirma = 1.00) ve saldir
trafiginde yiiksek geri cagirma (0.97) saglamustir. Onceki
denetleyici merkezli veya tek asamali yaklagimlardan farkli
olarak, bu galisma ML ve DL’i SDN katmanlar1 arasinda
biitiinlestiren ilk yaklagimdir ve 6lg¢eklenebilir, derinlemesine
savunma ¢6zimii sunmaktadir.
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1. INTRODUCTION

1.1. Background on Network Security and Attack Types

In today’s interconnected digital landscape, network security is essential to preserve data confidentiality,
integrity, and availability. The rapid expansion of cloud services, IoT ecosystems, and distributed
applications has significantly broadened the attack surface for organizations, creating new vulnerabilities
that traditional defenses strug- gle to address. Recent surveys underscore this growing challenge,
particularly within cloud and IoT connected environments [1]. Cyberattacks manifest in various forms,
commonly classified according to their tactics and objectives:

e Reconnaissance attacks: Techniques such as port scanning and network footprinting used to map out
targets and potential vulnerabilities.

¢ Denial-of-Service (DoS) and Distributed Denial-of-Service (DDoS) Attacks: Attempt to interrupt or
stop services by flooding network or server resources.

e Man-in-the-Middle (MitM) attacks: Intercept and actively manipulate communications between two
parties.

e Spoofing and Injection Attacks: Including IP spoofing, ARP poisoning, and SQL injection, designed
to bypass authentication or corrupt data.

e Malware-Driven Attacks: Contains ransomware, viruses, and Trojans that disrupt normal operations
or grant unauthorized access.

e Advanced Persistent Threats (APTs): Extended and targeted campaigns that combine methods to
stealthily exfiltrate sensitive data.

Comprehensive studies highlight this taxonomy, emphasizing how evolving cyber threats continue to
pressure traditional defense mechanisms. Among these threats, DDoS attacks stand out due to their ability
to critically affect service availability, a fundamental aspect of information security [2].

1.2. Distributed Denial-of-Service (DDoS) Attacks

A DDoS attack leverages networks of compromised systems - commonly referred to as botnets - to direct
massive amounts of malicious traffic to a target, overwhelming its ability to respond [3]. The distributed
nature of these attacks complicates detection, as traffic appears to come from many legitimate sources.
DDoS attacks are typically grouped into the following categories: [4]

¢ Volumetric attacks: Flood targets with overwhelming traffic volumes (e.g., UDP or ICMP floods) to
saturate bandwidth.

e Protocol attacks: Exploit specific vulnerabilities in protocol behavior, such as SYN floods, Ping-of-
Death attacks, or Smurf attacks, to incapacitate servers or firewalls.

e Application-layer attacks: Imitate genuine user traffic (e.g., HTTP GET/POST floods, Slowloris) to
degrade application performance or cause denial of service with relatively low overhead.

Modern DDoS threats are increasingly sophisticated, combining multiple vectors in” multi-vector attacks”
to maximize impact while evading simple signature-based detection [5]. Interestingly, low-rate stealth
DDoS attacks are gaining traction; they blend into normal traffic and gradually undermine performance,
making them especially elusive to detect. The proliferation of IoT-enabled botnets, including notorious
campaigns like Mirai, has further expanded DDoS capabilities, allowing attackers to launch powerful
assaults using a large pool of compromised devices. Consequently, DDoS remains one of the main
cybersecurity threats to critical infrastructure, including healthcare, finance, and government networks [6].
In modern digital infrastructures, cybersecurity has become a critical concern due to the rapid growth of
online services and cloud-based applications. Among the most disruptive threats are distributed denial-of-
service (DDoS) attacks, in which adversaries flood targeted resources with malicious traffic, exhausting
bandwidth, or processing capacity [7,8]. Recent studies estimate that large-scale DDoS attacks can cause
millions of dollars in economic losses per hour, while also threatening the availability of essential services
in healthcare, finance, and government networks [9]. Traditional network architectures, which rely on
distributed control and static configurations, struggle to detect and mitigate such dynamic attacks. This
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challenge has motivated the adoption of Software- Defined Networking (SDN), a paradigm that separates
the control plane from the data plane, providing centralized management, programmability, and flexibility.
Although SDN enables more agile responses to threats, its centralized controller introduces a single point
of failure, making it an attractive target for DDoS adversaries [10,11].

1.3. Challenges of DDoS Detection in Software-Defined Networking (SDN)

Conventional security mechanisms, such as firewalls, intrusion detection systems (IDS), and threshold-
based anomaly monitoring, have been shown to be insufficient in SDN environments. Signature-based
detection cannot cope with evolving attack strategies, while threshold and statistical methods lack
adaptability in dynamic traffic conditions. Moreover, centralized approaches that rely on monitoring at the
controller often incur high latency and may not scale to large-scale networks [12,13].

1.4. Machine Learning and Deep Learning for DDoS Detection

Recent research has been shifted towards machine learning (ML) and deep learning (DL) techniques for
anomaly detection in SDN.

e ML methods such as logistic regression, decision trees, random forests, and gradient boosters provide
efficient and interpretable models capable of detecting abnormal flow patterns using flow statistics.
However, these methods are typically based on hand-made features and may not capture complex
temporal or spatial dependencies [14].

e DL methods such as Multi-Layer Perceptron (MLP), Convolutional Neural Networks (CNN) and
Long-Short-Term Memory (LSTM) can automatically learn hierarchical feature representations [15].
CNNs excel in extracting local correlations among features (e.g., packet bursts), while LSTMs capture
temporal patterns, making them effective for detecting low-rate or evolving DDoS attacks. Despite
their strengths, DL models are computationally intensive, making them difficult to deploy directly at
the switch level in real-time scenarios [16].

1.5. Research Gap

Although machine learning (ML) and deep learning (DL) have shown promise in DDoS detection, most
existing studies adopt flat, single-stage frameworks — either at the switch for speed or at the controller for
accuracy. Hybrid methods have emerged, but they are overwhelmingly controller-centric, failing to utilize
the inherent hierarchical design of SDN. Furthermore, previous works emphasize classification accuracy
but rarely analyze the latency—accuracy trade-off essential for real-time feasibility. No existing framework
explicitly integrates lightweight ML at the switch with DL at the controller to achieve multi-layered,
defense-in-depth detection. This study addresses that critical gap by proposing a hierarchical ML-DL
pipeline that balances efficiency, robustness, and scalability, while systematically evaluating both detection
performance and latency.

1.6. Contributions of This Work
The novelty and major contributions of this study are as follows:

1. First Hierarchical ML-DL Framework in SDN: We introduce a two-tier detection pipeline where
RF provides real-time, lightweight detection at the switch, while MLP, CNN, and LSTM deliver
deeper contextual inspection at the controller.

2. Latency—Accuracy Trade-Off Analysis: Unlike most prior works, we systematically compare
switch-only, controller-only, and hybrid designs, demonstrating how the proposed pipeline balances
scalability, robustness, and efficiency.

3. Zero False Alarms with Defense-in-Depth: The hybrid RF—MLP pipeline achieves 98.7%
accuracy, eliminates false alarms (normal recall = 1.00), and sustains high attack recall (0.97), all
with negligible latency (0.26 ms/sample).

4. Practical Deployment Feasibility: By aligning detection with SDN’s layered architecture, the
proposed framework demonstrates scalability and real-time applicability, moving beyond purely
academic experiments toward operational network readiness.
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5. Extensibility Toward Multi-Class Detection: Although the current study focuses on binary
classification for real-time feasibility, the proposed hierarchical architecture is inherently extensible
to multi-class DDoS detection, enabling differentiation between volumetric, protocol, and
application-layer attacks.

2. RELATED WORK

The detection of distributed denial-of-service (DDoS) attacks in Software-Defined Networks (SDN) has
been studied extensively, evolving from traditional anomaly detection methods to advanced machine
learning (ML), deep learning (DL) and hybrid approaches.

2.1. Traditional DDoS Detection Approaches

The early wave of research on DDoS detection in Software-Defined Networking (SDN) has been dominated
by surveys, lightweight schemes, and shallow ML-based mechanisms that primarily emphasize efficiency
rather than robustness. Aladaileh et al. [17] conducted an extensive survey of detection methods against
DDoS attacks targeting SDN controllers, categorizing existing techniques into statistical, entropy-based,
and machine learning (ML) oriented models. Although the study offered valuable classification and
highlighted research gaps, it remained descriptive and lacked empirical validation of the proposed
categories. Moreover, the review did not adequately consider emerging trends such as adversarial DDoS
traffic or deep learning (DL)-driven detection, which limits its practical applicability in current dynamic
environments. Bhayo et al. [18] advanced the discussion by proposing a time-efficient DDoS detection
scheme for IoT networks integrated with SDN. Their approach leveraged flow-level features for rapid
detection, demonstrating scalability for resource- constrained settings. However, its reliance on traditional
flow statistics limited its adaptability to increasingly stealthy DDoS variants that mimic legitimate IoT
traffic. Consequently, the method shows promise in low-complexity environments, but is weak against
multivector or evolving attack scenarios. In contrast, Tan et al. [19] introduced a cooperative defense
framework that combined control-plane and data- plane monitoring. Their system deployed a trigger
mechanism in the data plane to detect anomalies and then applied a hybrid ML approach that integrates K-
Means and KNN. This cooperative model improved detection accuracy and efficiency compared to single-
plane detection. However, its dependence on shallow ML classifiers limited generalization when exposed
to complex and large-scale DDoS attacks, reflecting the broader limitation of traditional ML methods in
high-dimensional traffic analysis.

2.2. Machine Learning-Based DDoS Detection

With the increasing sophistication of DDoS campaigns, machine learning (ML) has been extensively
explored to enhance detection accuracy and adaptivity in SDN and other networked environments. Ali et
al. [20] conducted a systematic review of ML and DL techniques for the detection of DDoS in SDN. Their
work categorized approaches into five dimensions: detection methodologies, strengths and weaknesses of
ML/DL models, benchmark datasets, pre-processing strategies, and experimental evaluation. This review
provided a broad overview of recent progress and identified critical research gaps, particularly the lack of
standardized datasets and the inconsistent use of hyperparameter tuning strategies across studies. However,
as a review article, its contribution was primarily taxonomical and conceptual, with limited empirical
validation to guide practical implementation.

In contrast, Lima Filho et al. [21] proposed Smart Detection, an online ML-based system for DoS/DDoS
detection. Their approach relied on extracting signatures from sampled network traffic and achieved
detection rates above 96% in four benchmark data sets while maintaining low false alarm rates. The strength
of this study lies in the demonstration of the feasibility of online ML detection in near real-time
environments. However, its signature-based learning introduces potential limitations: reliance on prior
attack patterns may reduce robustness against novel or polymorphic DDoS traffic, a common challenge in
evolving network threats.
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Complementing these perspectives, Ismail et al. [22] proposed a classification and prediction framework
for DDoS attacks using Random Forest (RF) and XGBoost classifiers. Using the UNWS-np-15 dataset, the
models achieved strong predictive performance, with accuracy approaching 90%. The comparative
evaluation highlighted XGBoost’s superior precision and recall relative to RF. Although these results vali-
dated the potential of ensemble learning for DDoS detection, the dependency of the framework on a single
dataset raised concerns about generalizability, especially given the diversity of traffic in real-world SDN
environments.

2.3. Deep Learning-Based DDoS Detection

Deep learning (DL) has recently gained traction as a powerful tool for DDoS detection in SDN
environments due to its ability to capture complex traffic patterns and high-dimensional feature
representations. Compared to traditional ML models, DL techniques generally achieve superior detection
accuracy and scalability, particularly against sophisticated and stealthy attack vectors.

Ali et al. [23] compared a range of ML and DL classifiers, including SVM, KNN, decision trees, Multi-
Layer Perceptron (MLP) and convolutional neural networks (CNN). Their experiments demonstrated that
CNN achieved the highest training accuracy (97.8%) but suffered from reduced prediction accuracy
(90.08%), suggesting potential overfitting. In contrast, SVM achieved the highest prediction accuracy of
95.5%, outperforming CNN despite being a classical ML method. This study highlights that while DL can
extract deeper features, it may not always generalize effectively with- out careful optimization and
regularization, leaving room for hybrid strategies that combine the strengths of both paradigms.

Yungaicela-Naula et al. [24] proposed a modular SDN-based detection architecture that targets DDoS
attacks on both the transport and application layers using multiple ML and DL models. Using up-to-date
CICDDo0S2017 and CICDDo0S2019 datasets, their models achieved classification accuracies above 99%,
with detection rates of 98% for transport layer and 95% for application layer attacks. A notable strength of
this work was its deployment in a simulated SDN environment (ONOS + Mininet), bridging the gap
between offline evaluation and practical applicability. However, while promising, the architecture was
highly dataset-dependent, and its scalability in large-scale or zero-day scenarios remains uncertain.

Focusing on a particularly evasive threat, Nugraha and Murthy [25] addressed slow DDoS detection using
a hybrid CNN-LSTM model. Their approach outperformed the baseline ML and DL methods, achieving
performance metrics above 99% on custom datasets. By leveraging CNN for spatial feature extraction and
LSTM for temporal traffic analysis, the model demonstrated the potential of hybrid DL approaches to
handle subtle attack behaviors. However, reliance on custom datasets raises questions about generalizability
to heterogeneous real-world traffic, a recurring limitation in DL-based studies.

2.4. Hybrid Approaches

Hybrid approaches have recently emerged as promising solutions for DDoS detection, aiming to combine
the strengths of feature selection, representation learning, and multi-model fusion to overcome the
limitations of standalone ML or DL methods. Wei et al. [26] introduced AE-MLP, a deep learning hybrid
framework that integrates Autoencoders (AE) for unsupervised feature extraction with a Multi-Layer
Perceptron (MLP) for classification. By compressing high-dimensional features into more discriminative
subsets, AE-MLP achieved high robustness and an F1-score exceeding 98% on the CICDD0S2019 dataset.
This design effectively addressed feature redundancy and noise issues common in large traffic datasets.
However, its reliance on a single dataset raised questions about scalability and performance stability in
heterogeneous or real-time SDN environments. Hosseini and Azizi [27] proposed a hybrid data-stream
framework combining incremental learning at the client side with various ML classifiers at the proxy side.
Their architecture distributed computation across network nodes, thereby reducing latency. Among the
algorithms tested, Random Forest provided the best results for detection accuracy. This framework
contributed to resource-aware detection, but primarily employed shallow ML models, limiting its
adaptability to complex and high-dimensional attack patterns.
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Focusing on Industrial IoT (IloT), Zainudin et al. [28] presented a hybrid CNN-LSTM model optimized
by Extreme Gradient Boosting (XGBoost) for feature selection. Using the CICDDo0S2019 dataset, the
proposed model reached 99.5% accuracy with exceptionally low latency (0.179 ms), which makes it
suitable for real-time IToT scenarios. Its integration of XGBoost-based feature selection with DL classifiers
demonstrated efficiency and scalability. Nonetheless, while effective for [1oT, its domain specificity limits
generalization to broader SDN use cases. More recently, Sripriyanka and Mahendran [29] proposed a hybrid
IoMT security framework (ICDC-Net) that combined cryptographic methods with Al-driven detection and
classification. By employing an Optimal Feistel Block Cipher (OFBC) with a hybrid Grey-Wolf Optimizer
and Particle Swarm Optimization (HGWO-PSO), the model simultaneously provided DDoS detection and
medical image classification using ResNet50. Although this work demonstrated versatility by addressing
dual tasks in healthcare applications, the inclusion of multiple optimization layers significantly increased
complexity, potentially limiting scalability for generic DDoS detection scenarios.

The reviewed literature shows a clear evolution from traditional detection schemes [17-19], to ML-based
frameworks [20-22], then toward DL [23-25], and finally to hybrid approaches [26-29]. While traditional
methods offered efficiency, they struggled against stealthy or large-scale DDoS traffic. ML approaches
improved detection accuracy and real-time feasibility, yet were hindered by dataset dependency and limited
adaptability to novel attacks. DL models further enhanced feature extraction and detection of complex
patterns but often suffered from overfitting and poor scalability in real-world SDN deployments. Hybrid
models attempted to combine the strengths of feature selection and multi-model fusion, achieving high
accuracy and low latency, though their applicability was often restricted to specific domains or complicated
by architectural complexity. These gaps collectively highlight the need for a hierarchical hybrid ML-DL
framework that integrates multi-level detection layers, balances efficiency with adaptability, and provides
a defense-in-depth strategy for robust and scalable DDoS detection in SDN.

2.5. Critical Gap

The reviewed works demonstrate a clear progression: traditional methods lacked adaptability, ML
improved accuracy but required manual features, DL provided stronger performance but introduced latency,
and hybrid models sought to combine strengths but were still controller-centric. Few, if any, approaches
explicitly leverage SDN’s hierarchical architecture by deploying lightweight ML at the switch and DL at
the controller in a coordinated pipeline. This study addresses that gap by proposing a hierarchical hybrid
ML-DL framework, where RF ensures efficient real-time filtering at the switch, and DL models (MLP,
CNN, LSTM) provide deeper contextual inspection at the controller. This layered design achieves defense-
in-depth and balances accuracy, scalability, and real-time feasibility.

3. METHODOLOGY

3.1. Dataset Description and Preprocessing
3.1.1. Data Cleaning and Encoding

Before model training, several preprocessing steps were applied to ensure data quality and reliability.
Missing values were imputed using the median strategy, thereby preventing record loss while maintaining
distributional robustness. The categorical feature Protocol was converted into numerical form using label
encoding to enable its use in machine learning algorithms. In addition, features with very low variance (less
than 1%) were removed, as they contributed minimal discriminatory power and could introduce noise or
redundancy into the models.

3.1.2. Class Distribution

The dataset comprises approximately 61% normal flows and 39% attack flows. This distribution, illustrated
in Figure 1, indicates that the dataset is relatively balanced, thereby reducing the risk of bias in classifier
performance. Such balance is essential for ensuring the reliability of evaluation metrics, including precision,
recall, and F1-score.
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Figure 1. Distribution of normal vs. attack samples in the dataset
3.1.3. Feature Importance (Random Forest)

To identify the features with the highest predictive power, a Random Forest (RF) classifier was trained and
feature importance scores were extracted. The most influential features were pktcount, bytecount, and
pktrate, all of which capture volumetric flooding behavior. In addition, Protocol and Pairflow contributed
significantly by distinguishing between different traffic types, while dur (flow duration) provided insights
into short-lived bursty connections. The ranking of feature importance is illustrated in Figure 2.
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Figure 2. Feature importance ranking obtained using the Random Forest (RF) classifier
3.2. Feature Allocation by Detection Level
In Software-Defined Networking (SDN), feature allocation must consider both computational constraints
and the visibility of traffic statistics at different architectural layers. Therefore, features were divided into
two categories.

3.2.1. Switch-Level Features

Switch-level features are lightweight, directly measurable at the switches, and therefore well-suited for real-
time analysis [30]. These include:

e pktcount (packet count): flooding flows typically generate abnormally high values.
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¢ bytecount (byte count): detects volumetric anomalies in traffic.

o dur (duration): short-lived bursts may indicate malicious activity.

o flows (flow count): sudden increases in concurrent flows are symptomatic of DDoS floods.
e pktrate (packet rate): an important real-time indicator of abnormal surges.

Because these metrics are computationally inexpensive and directly observable in OpenFlow switches, they
provide an effective foundation for switch-level detection.

3.2.2. Controller-Level Features

Controller-level features, by contrast, require aggregation or global monitoring and are therefore only
available at the controller [31]. These include:

o pktperflow, byteperflow: average statistics across flows.

o Pairflow: captures bidirectional flow relationships, useful for detecting spoofed or asymmetric traffic.
e Protocol: differentiates between TCP, UDP, and ICMP attack vectors.

e port no: identifies targeted service ports.

¢ tx_bytes, rx_bytes: measure directional byte usage.

o tx_kbps, rx_kbps, tot kbps: provide insight into bandwidth utilization.

The allocation of features across detection levels is summarized in Table 1.

Table 1. Allocation of features across SDN detection levels

Detection level Features Rationale

Switch-level pktcount, bytecount, dur, Lightweight metrics, directly
flows, pktrate observable at switches; suitable

for real-time filtering.

Controller-level switch-level features + pkt- Require aggregation or a
perflow, byteperflow, global view; computationally
Pairflow, Protocol, port no, heavier but provide richer
tx_bytes, rx_bytes, tx_kbps, context

rx_kbps, tot kbps

3.3. Switch-Level Models (ML)

At the switch level, the primary objective is binary classification of traffic (normal vs. suspicious) while
ensuring minimal latency. To this end, three machine learning models were evaluated:

1. Logistic Regression (LR): A lightweight, linear baseline that is computationally inexpensive and
included to establish a benchmark for detection efficiency [32]. However, LR often struggles to
capture the nonlinear feature relationships inherent in DDoS traffic.

2. Gradient Boosting (GB): An ensemble method that combines multiple weak learners to model
nonlinear patterns effectively [33]. While offering strong predictive power, its computational
overhead is relatively high, which may limit its real-time applicability at the switch level.

3. Random Forest (RF): An ensemble of decision trees that balances accuracy and efficiency. RF is
particularly robust to noisy features, provides feature importance scores for interpretability, and in
our evaluation achieved nearly perfect accuracy (~99.95%) with an average inference latency of
only 0.0043 ms/sample [34].

Overall, the experimental results demonstrated that RF outperformed both LR and GB, combining
extremely high accuracy with negligible latency. Therefore, RF was selected as the switch-level model for

real-time filtering.

3.4. Controller-Level Models (DL)

Traffic flows flagged as suspicious at the switch are escalated to the controller for deeper inspection using
a richer feature set. At this stage, three deep learning (DL) models were evaluated:
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1. Multi-Layer Perceptron (MLP): A feedforward neural network capable of modeling nonlinear
relationships. MLP was selected as the baseline DL model, as it offers strong performance with
relatively low computational cost [35].

2. Convolutional Neural Network (CNN): Although originally developed for image processing, CNNs

also excel at learning local correlations between features [36, 37]. In the context of DDoS detection,
CNNs effectively capture bursty flow patterns that differentiate malicious traffic from legitimate
flows.

3. Long Short-Term Memory (LSTM): A recurrent neural network variant designed to capture

sequential and temporal dependencies [38, 39]. LSTM is particularly effective in detecting slow-
rate or evolving DDoS attacks that may evade traditional static models.

All three models were trained using the Adam optimizer, binary cross-entropy loss, and early stopping to
mitigate overfitting. Each architecture contributes complementary strengths: MLP emphasizes
computational efficiency, CNN provides high detection accuracy, and LSTM enhances robustness against
evolving traffic patterns.

3.5. Hybrid Detection Pipeline

To fully exploit the layered architecture of SDN, a hybrid two-stage detection pipeline was designed, as
illustrated in Figure 3.

Incoming

Traffic Switch-Level Mol
——» (RandomForest) [—*

quickly classifies flows
—_—

Suspicious
traffic

h 4
Controller-Level
(MLP/CNN/LSTM)
performs deeper inspection

—

F——
Final Decision
determines if flow is
Normal or Attack

Normal ,[ 1
| Normal | Attack |

Figure 3. Hybrid two-stage detection pipeline integrating switch-level RF with controller-level deep
learning models

In the first stage, switch-level detection is performed using a Random Forest (RF) model. Incoming traffic
flows are initially classified as either normal or suspicious. Normal traffic is forwarded immediately, while
suspicious flows are escalated to the controller for further analysis.

In the second stage, controller-level detection is conducted using one of the DL models (MLP, CNN, or
LSTM). These models re-examine suspicious flows using the richer feature set available at the controller
and produce the final classification (normal or attack).

The rationale for this hybrid model is threefold. First, efficiency is achieved by deploying RF at the switch,
enabling rapid filtering and preventing controller overload. Second, accuracy is enhanced at the controller
level, where DL models refine detection through deeper contextual feature analysis. Finally, the layered
design implements a defense-in-depth strategy, improving scalability, robustness, and resilience against
adversarial evasion.

4. RESULTS AND DISCUSSION

The evaluation demonstrates three key insights. First, switch-level ML (RF) achieves near-perfect accuracy
(99.95%) with minimal latency (0.0043 ms/sample), proving its suitability for edge filtering. Second,
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controller-level DL models provide robustness, with CNN achieving the highest detection accuracy (96%)
and strongest recall for attack traffic (0.98). Third, the hybrid RF—MLP pipeline represents a novel
balance: it retains the rapid response of ML while enhancing reliability through DL contextual analysis.

A critical novelty lies in the latency—accuracy trade-off comparison across detection levels, which has been
largely overlooked in the literature. Unlike DL-only models, which suffer from high computational
overhead, the hybrid pipeline maintains negligible additional latency (0.26 ms/sample) while delivering
defense-in-depth robustness. Furthermore, the elimination of false alarms — with perfect recall for normal
traffic (1.00) — makes this framework uniquely practical for real-world SDN deployments, where false
positives can disrupt legitimate services. These findings confirm that our approach is not only academically
rigorous but also operationally viable, filling a key research and application gap.

4.1. Switch-Level Detection (ML Models)
At the switch level, three machine learning classifiers—Logistic Regression (LR), Random Forest (RF),
and Gradient Boosting (GB)—were evaluated using the five lightweight flow features (pktcount, bytecount,

dur, flows, pktrate). The overall performance of the switch-level models is summarized in Table 2.

Table 2. Performance of switch-level machine learning models

Model Accuracy Precision Recall  Fl-score Latency
(%) (Attack)  (Attack) (Attack) (ms/sample)
Logistic regression (LR) 73.5 0.68 0.60 0.64 0.00009
Gradient boosting (GB) 95.7 0.92 0.97 0.95 0.0016
Random forest (RF) 99.95 1.00 1.00 1.00 0.0043

In addition, the trade-off between accuracy and inference latency is illustrated in Figure 4.
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Figure 4. Performance comparison of switch-level machine learning models: (a) accuracy (%) and (b)
inference latency per sample (ms)
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Detailed classification reports for each model are presented in Table 3.

Table 3. Performance reports for Logistic regression, Random forest, and Gradient boosting at switch-level

detection
Class Precision Recall F1-score Support
Normal (0) 0.76 0.82 0.79 19,069
Attack (1) 0.68 0.60 0.64 12,235
Accuracy - - 0.73 31,304
Macro Avg 0.72 0.71 0.71 31,304
Weighted Avg 0.73 0.73 0.73 31,304
Latency - - 0.000090 ms/sample -
(a) Logistic regression (LR)
Class Precision Recall F1-score Support
Normal (0) 1.00 1.00 1.00 19,069
Attack (1) 1.00 1.00 1.00 12,235
Accuracy - - 1.00 31,304
Macro Avg 1.00 1.00 1.00 31,304
Weighted Avg 1.00 1.00 1.00 31,304
Latency - - 0.004337 ms/sample -
(b) Random forest (RF)

Class Precision Recall Fl-score Support
Normal (0) 0.98 0.95 0.96 19,069
Attack (1) 0.92 0.97 0.95 12,235
Accuracy - - 0.96 31,304
Macro Avg 0.95 0.96 0.96 31,304
Weighted Avg 0.96 0.96 0.96 31,304
Latency - - 0.001582 ms/sample -

(c) Gradient boosting (GB)

4.2. Controller-Level Detection (DL Models)

Flows flagged as suspicious at the switch level were forwarded to the controller for deeper inspection. At
this stage, three deep learning models were assessed: the Multi- Layer Perceptron (MLP), the Convolutional
Neural Network (CNN), and the Long Short-Term Memory network (LSTM). These models were selected
for their complementary strengths: MLP offers computational efficiency, CNN effectively captures local
feature correlations, and LSTM is well suited for modeling temporal dependencies in network traffic. The
performance comparison of these models is presented in Table 4.

Table 4. Performance of controller-level deep learning models
Accuracy Normal Normal Attack Attack

Model (%) precision recall precision recall Notes

MLP 95 0.98 0.94 0.92 0.97 g;rlzﬁfetéasehne,
NN s 099 095 0% 0% o liaming
LSTM 95 0.98 0.94 0.91 0.96 Robust temporal

modeling

The training curves for each model (Figures 5a—5c¢) demonstrate that all three converge without significant
overfitting. CNN exhibits the smoothest convergence, consistent with its highest overall accuracy and
recall.
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Figure 5. Training accuracy and loss curves for MLP, CNN, and LSTM model

As shown in Figure 6, the Multi-Layer Perceptron (MLP) achieved an accuracy of 95%, establishing it as
an efficient and scalable baseline. The Convolutional Neural Network (CNN) attained the highest overall
accuracy of 96% and demonstrated superior recall for attack traffic (0.98), highlighting its strength in
capturing local feature patterns. The Long Short-Term Memory (LSTM) network matched the accuracy of
the MLP (95%) while exhibiting greater robustness against temporal variations in network traffic.

In terms of model selection, while all three deep learning models are viable for controller-level detection,
the MLP was adopted as the default classifier in the hybrid pipeline due to its balance between accuracy
and computational efficiency. CNN and LSTM remain strong alternatives in contexts where maximum
recall or temporal robustness is prioritized.

4.3. Hybrid Detection Pipeline (RF DL)

To leverage the hierarchical architecture of SDN, we combined the Random Forest (RF) model at the switch
with the Multi-Layer Perceptron (MLP) at the controller to form a two-stage hybrid pipeline. Table 5
presents a comparison of switch-only, controller-only, and hybrid detection approaches.
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Table S. Comparative results: switch-only vs controller-only vs hybrid detection

A h Accuracy Precision Recall F1-score Latency
pproac (%) (attack) (attack) (attack) (ms/sample)

Switch-Only (RF) 99.95 1.00 1.00 1.00 0.0043

Controller-Only 95.00 0.92 0.97 0.94 0.2500

(MLP)

Hybrid 98.70 1.00 0.97 0.98 0.2600

RF—MLP

The hybrid performance evaluation (Table 6) demonstrates perfect recall for normal traffic (1.00), thereby
eliminating false alarms, while also sustaining high recall for attack traffic (0.97).

Table 6. Evaluation report for the hybrid RF—>MLP pipeline

Class Precision Recall F1-score Support
Normal (0) 0.97 1.00 0.99 19,069
Attack (1) 1.00 0.97 0.98 12,235
Accuracy - - 0.98 31,304
Macro Avg 0.99 0.98 0.98 31,304
Weighted Avg 0.98 0.98 0.98 31,304

As illustrated in Table 6, the hybrid RF—>MLP pipeline achieved an overall accuracy of 98.7%, closely
approaching that of the switch-only RF model. Importantly, precision remained perfect (1.00), while normal
recall (1.00) ensures that no legitimate flows were disrupted. Although attack recall was slightly lower
(0.97), latency remained negligible at 0.260 ms/sample, confirming the feasibility of this approach for real-
time deployment. Collectively, these results underscore the effectiveness of the hybrid pipeline in providing
defense-in-depth by balancing scalability, speed, and reliability.

4.4. Accuracy-Latency Trade-Off

To further evaluate the practicality of the proposed approaches, accuracy and inference latency were
compared across switch-only, controller-only, and hybrid detection strategies, as illustrated in Figure 6.
The switch-only RF model achieved the highest accuracy (99.95%) with the lowest latency (0.0043
ms/sample). However, despite this near-perfect performance, a single-stage model inherently lacks
robustness against dynamic traffic conditions, distribution shifts, and previously unseen attack patterns.
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Figure 6. Comparison of accuracy and latency across switch-only, controller-only, and hybrid detection

approaches

In contrast, the controller-only MLP exhibited lower accuracy (95%) and higher latency (0.250 ms/sample),
making it less suitable for real-time deployment. The hybrid RF—>MLP pipeline provided a balanced
outcome, attaining 98.7% accuracy with negligible additional latency (0.260 ms/sample), while introducing
a second validation layer for suspicious traffic.
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Importantly, the objective of the hybrid architecture is not to maximize accuracy alone, but to enhance
operational reliability through a defense-in-depth strategy. In real SDN environments, traffic behavior
evolves continuously, and models trained on static datasets may suffer from performance degradation under
unseen conditions. The hybrid design mitigates this limitation by combining fast edge-level filtering with
deeper contextual analysis at the controller, thereby improving generalization and reducing the risk of
critical misclassifications.

Overall, the hybrid system represents the most practical deployment strategy, as it (i) ensures high reliability
with 98.7% accuracy, (ii) eliminates false alarms by achieving perfect recall for normal traffic (1.00), (iii)
maintains robustness against attacks with a recall of 0.97, and (iv) preserves real-time feasibility with
inference latency below 0.3 ms/sample.

Although the switch-only RF model achieves slightly higher accuracy, the hybrid pipeline provides
significantly stronger robustness, stability, and resilience under realistic network conditions. Therefore, the
proposed approach prioritizes operational reliability and safe deployment over marginal accuracy gains,
which is a more appropriate objective in cybersecurity systems.

The current evaluation is based on benchmark datasets and simulation environments, which are widely
adopted in SDN security research to ensure reproducibility, comparability, and controlled experimentation.
This experimental setup enables fair evaluation across different detection strategies while isolating
architectural and model-level contributions. However, real-world SDN deployments may introduce
additional factors such as hardware constraints, network latency variations, controller overhead, and
dynamic traffic fluctuations. Although these factors are beyond the scope of this study, they do not affect
the validity of the proposed architectural design. Therefore, future work will focus on implementing and
validating the proposed framework in real-world SDN testbeds (e.g., Mininet integrated with ONOS) to
further assess scalability, deployment feasibility, and system performance under realistic network
conditions.

5. CONCLUSION

This paper presented a novel hierarchical hybrid ML-DL framework for DDoS detection in SDN, explicitly
exploiting the layered design of SDN. By deploying RF at the switch for lightweight, real-time detection
and DL models at the controller for deeper contextual analysis, the proposed approach bridges the gap
between speed and robustness. Experimental evaluation demonstrated that RF achieved near-perfect
accuracy (99.95%) with extremely low latency (0.0043 ms/sample), making it well-suited for rapid
detection at the edge. At the controller level, the Convolutional Neural Network (CNN) delivered the
highest detection accuracy (96%) and strong recall for attack traffic (0.98), while the Multi-Layer
Perceptron (MLP) provided a favorable trade-off between efficiency and robustness.

The hybrid RF—>MLP pipeline emerged as the most practical configuration, combining the speed of switch-
level detection with the robustness of controller-level analysis. It achieved 98.7% overall accuracy,
eliminated false alarms (normal recall = 1.00), and maintained high recall for attack traffic (0.97), all while
operating with negligible latency (0.26 ms/sample). These results confirm the effectiveness of defense-in-
depth detection, ensuring scalability, reliability, and real-time feasibility.

While the current implementation focuses on binary classification, this design choice was made to prioritize
real-time performance at the switch level. The proposed architecture can be naturally extended to multi-
class classification at the controller level without modifying the pipeline structure.

The novelty of this work lies in three dimensions: (i) its unique defense-in-depth design that integrates ML
at the edge with DL at the controller, (ii) its systematic latency—accuracy trade-off analysis rarely addressed
in prior works, and (iii) its demonstration of real-world feasibility with zero false alarms. Beyond empirical
results, the study contributes a novel architectural design that leverages SDN’s hierarchical structure,
offering an adaptable strategy against evolving and multi-vector DDoS threats. The findings also highlight
that integrating lightweight ML with more complex DL models can provide an optimal balance between
computational efficiency and detection accuracy.
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Future work will focus on the following directions:

1. Extending the framework to multi-class DDoS detection for differentiating among specific attack
types.

2. Validating the system in real-world SDN testbeds to assess deployment feasibility.

Integrating explainable Al (XAI) techniques to improve transparency and operator trust.

4. Investigating adversarial robustness and cross-domain adaptability to strengthen resilience against
evolving attack strategies.

W

Overall, the novelty of this work lies in its defense-in-depth hybrid design that integrates fast ML-based
edge filtering with contextual DL- based controller analysis, providing a scalable and efficient solution to
modern DDoS detection in SDN.
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Radyo Frekansi ile Tanimlama (RFID) teknolojisi; tiretim, lojistik,
savunma ve tarim gibi sektorlerde operasyonel hiz ve dogruluk
saglayan kritik bir ¢oziimdiir. Ozellikle gercek zamanli veri erisimi
gerektiren siireglerde; envanter yonetimi, varlik takibi ve kalite
izleme uygulamalarinda stratejik rol oynamaktadir. Bu calisma,
lastik iiretim siirecinde kullanilan RFID etiketlerinin islevselligini
kalite kontrol agamasinda otomatik olarak test eden IIoT tabanli bir
yazilim ¢6ziimii sunmaktadir. Uretim hattindaki Tag4 etiketlerin
okunabilirlik ve yazilabilirlik kontrolleri, Zebra MC3330xR el
terminali i¢in Zebra RFIDAPI3 kiitliphanesi kullanilarak gelistirilen
06zel bir Android uygulamasiyla gerceklestirilmistir. Veri
biitiinliiglinii saglamak amaciyla kodlama siirecinde ISO 20910
standardina uygun veri yapisi tercih edilmistir. Performans
analizleri sonucunda, belirlenen optimum sinyal seviyelerinde
etiketlerin %90 basar1 oraniyla dogrulanabildigi gozlemlenmistir.
Sektore 6zgii gelistirilen bu sistem, diisiikk maliyetli ve taginabilir
yapistyla iiretim hattina entegre edilerek lastik iiretiminde kalite
giivencesini ve kiiresel izlenebilirligi artirmaktadir.

Automated Testing of RFID Tags through an Industrial IoT Approach: A Quality Control
Application in Tire Manufacturing
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Radio Frequency Identification (RFID) technology is a critical
solution providing operational speed and accuracy in sectors such as
manufacturing, logistics, defense, and agriculture. It plays a
strategic role in inventory management, asset tracking, and quality
monitoring, particularly in processes requiring real-time data access.
This study presents an IloT-based software solution designed to
automatically test the functionality of RFID tags during the quality
control stage of tire manufacturing. Readability and writability
checks of Tag4 tags were conducted using a custom Android
application developed with the Zebra RFIDAPI3 library for the
Zebra MC3330xR handheld terminal. To ensure data integrity, a
data structure compliant with the ISO 20910 standard was utilized
during the encoding process. Performance analyses revealed that
tags could be verified with a 90% success rate at determined
optimum signal levels. This industry-specific, portable, and low-
cost system enhances quality assurance and global traceability by
integrating RFID testing into the production line.
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1. GIRIS

Radyo Frekansi ile Tanimlama (RFID — Radio Frequency Identification) teknolojisi, otomatik tanimlama
ve veri toplama (AIDC) sistemleri kapsaminda degerlendirilen ve gercek zamanli izlenebilirlik, siireg
otomasyonu ve dijital entegrasyon i¢in kritik dneme sahip bir teknolojidir. Temassiz veri iletimi, eszamanli
coklu etiket okuma ve zorlu ¢evre kosullarinda dahi giivenilir ¢alisma gibi 6zellikleriyle RFID sistemleri,
geleneksel barkod tabanli ¢dzlimlere kiyasla 6nemli {istiinliikler sunmaktadir [1]. Endiistri 4.0 ve Nesnelerin
Interneti (IoT) gibi dijital {iretim paradigmalarinin yiikselisiyle birlikte, RFID teknolojisinin karar destek
sistemlerine entegrasyonu ve siire¢ odakli dijital doniisiimdeki rolii daha da kritik hale gelmistir [2,3].

Uretim sektdrleri iginde lastik endiistrisi, iiriin yasam déngiisiiniin tamaminda izlenebilirligin stratejik dnem
tasidig1 alanlardan biridir. Lastik iiretiminde Endiistriyel Nesnelerin Interneti (IoT) yaklasimiyla RFID
etiketlerinin otomatik olarak test edilmesi, gelismis izleme ve takip teknolojilerinden yararlanarak kalite
kontroliinii gelistirmektedir. Bu entegrasyon, gercek zamanli veri toplama ve analizine olanak taniyarak
lastik tiretiminin sik1 kalite standartlarini karsilamasini saglamaktadir.

Lastik icerisine pasif RFID etiketlerin entegre edilmesi, iiretim sonrasi siireclerde {iriinlerin ugtan uca
takibini miimkiin kilmakta; bu da yalnizca iretim seffafligini artirmakla kalmayip, ayni zamanda tedarik
zinciri yonetimi, satig sonrasi dijital hizmetler, garanti stireclerinin takibi ve geri cagirma operasyonlarinin
etkin yonetimi gibi kritik iglevlere de katki sunmaktadir [4]. Bu yoniiyle RFID uygulamalari, operasyonel
risklerin azaltilmasi ve uluslararasi regiilasyonlara uyum agisindan da deger kazanmaktadir.

RFID sistemleri, tiretim siireci boyunca {irlinlerin takibini ve izlenmesini kolaylastirarak veri seffafligini ve
dogrulugunu artirmaktadir. Yiiksek frekansh (HF) ve ultra yiiksek frekansli (UHF) RFID sistemleri, lastik
iiretiminde kalitenin korunmasi i¢in hayati 6nem tasiyan malzeme akisini izlemeyi saglamaktadirlar [5].
Otomatik kalite kontrol sistemleri incelendiginde, derin 6grenme kullananlar gibi otomatik muayene
sistemlerinin [6,7] uygulanmasi, lastik kusurlarinin tespit edilip smiflandirilmasini saglayarak kalite
giivencesini artirmaktadirlar. Bu sistemler ¢esitli kusurlari tespit ederek {iretim siirecinin genel
giivenilirligini artirirken ve israfi azaltmaktadirlar [8]. Fakat bu sistemler iiretim hattinin genelini takip
etmek noktasinda ¢oziim sunmazlar. Sadece son kullaniciya gidecek iiriiniin kalite kontroli icin
kullanilirlar. RFID ve IoT teknolojilerinin entegrasyonu ise, lastik iiretiminde kalite kontroliinii 6nemli
olgiide iyilestirirler. Fakat, ilk kurulum maliyetleri ve bu sistemleri yonetmek igin nitelikli personel ihtiyaci
gibi zorluklar, yaygin olarak benimsenmesini engellemektedir. Bununla birlikte, verimlilik ve iiriin kalitesi
acisindan potansiyel faydalar dikkate alindiginda bu sistemler 6nemli avantajlar saglamaktadirlar [9].

COVID-19 pandemisi, hammadde tedarik sorunlari, enerji krizi ve jeopolitik belirsizlikler gibi kiiresel
Olgekte yasanan kirilmalar, iiretim sektorlerini dijital doniisiim siireglerini hizlandirmaya ve maliyetlerini
optimize etmeye yoneltmistir. Bu kapsamda, kurumlar yiiksek lisanslama maliyetlerine sahip dis kaynakl
yazilim ¢6zlimleri yerine, esneklik, veri giivenligi ve toplam sahip olma maliyeti agisindan avantaj saglayan
yerli ve kurum i¢i (lokal) gelistirilen uygulamalara yonelmektedir [10]. Lokal ¢oziimler ayn1 zamanda
organizasyonel bilgi birikiminin artmasina, sistemlerin 6zgiin is akislarina daha hizli adapte olmasina ve
stirdiiriilebilir yazilim bakim siireglerinin tesis edilmesine olanak tanimaktadir.

Bu ¢alisma kapsaminda, lastik tiretim siireglerinde kullanilan pasif RFID etiketlerin {iretim oncesi kalite
kontrol agsamasinda islevselliginin test edilmesine yonelik olarak gelistirilen bir mobil yazilim ¢6zimi
sunulmaktadir. Onerilen sistem, Android tabanli Zebra MC3330xR RFID el terminali iizerinde ¢alismakta
olup, donanimsal RFID modiiliine erisim i¢in Zebra Technologies tarafindan saglanan RFIDAPI3 yazilim
kiitiphanesi kullanilmaktadir. Sistem; veri okuma ve yazma islevlerini desteklemekte ve kalite kontrol
stireglerine dogrudan katki saglamaktadir. Yazilimin tamamen sirket i¢i Ar-Ge kaynaklariyla gelistirilmis
olmasi, lisans maliyetlerini ortadan kaldirmakta ve uygulamanin sektore 6zgii ihtiyaglara gore optimize
edilmesini miimkiin kilmaktadir. Bu durum, iiretim kalitesinin artirilmasina katki saglarken, iiretim
hatlarmin dijital olgunluk diizeyini stratejik olarak ileri tagimaktadir.

Calismanin organizasyonu su sekilde yapilandirilmistir: Bolim 2’de RFID teknolojisine iligkin literatiir
taramasina yer verilmistir. Bolim 3’te projede kullanilan araglar ve izlenen yontemler detayli olarak
aciklanmigtir. Bolim 4°te test asamasinda yapilan analizler dogrultusunda elde edilen bulgular
sunulmustur. Son olarak, sonuglar boliimii ile ¢aligma tamamlanmistir.
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2. ILGILI CALISMALAR

RFID teknolojisi, basta envanter yonetimi, lojistik ve tretim olmak {izere pek ¢ok alanda siireglerin
otomatiklestirilmesi, operasyonel verimliligin artirilmas: ve hata oranlarinin azaltilmasi agisindan 6nemli
avantajlar sunan, yaygin sekilde benimsenmis bir izleme ve veri toplama sistemidir. Ozellikle pasif RFID
etiketleri, harici bir enerji kaynagina ihtiya¢ duymadan g¢alisabilmeleri sayesinde diisiik maliyetli ve uzun
menzilli ¢dzlimler sunarak genis 6l¢ekli uygulamalarda tercih edilmektedir. Nesnelerin tanimlanmasini ve
konumlandirilmasini daha hizli ve dogru hale getiren bu teknoloji, karar destek mekanizmalarinin
dijitallesmesinde ve siire¢ verimliliginde 6nemli kazanimlar saglamaktadir.

Kavurur’un caligmasinda, kiiciikkbas hayvanlarin ¢iftlik giris-¢ikiglarinin otomatik ve dogru sekilde
izlenebilmesi amaciyla bir RFID tabanli takip sistemi gelistirilmistir. Burdur Mehmet Akif Ersoy
Universitesi Hayvan Ciftligi'nde gerceklestirilen saha uygulamasinda, hayvanlara kulak veya ayak
etiketleri takilarak RFID tanimlamasi saglanmig; sistem, Agrident ASR-550 RFID okuyucu, i5-6500
islemcili bir diziistii bilgisayar ve C# programlama dili ile olusturulmustur. Ayni anda birden fazla etiketi
okuyabilen donanim nedeniyle, tekrar sayimi onlemek amaciyla yazilim diizeyinde &zel algoritmalar
gelistirilmistir. Calisma, hayvan hareketlerinin gergek zamanli izlenmesini miimkiin kilarak hayvancilikta
RFID tabanli otomatik veri toplama sistemlerinin etkinligini gozler oniine sermektedir [11].

Gtiner ve ¢aligma arkadaglari tarafindan hazir giyim sektoriinde yiiriitiilen bir bagka arastirmada, RFID
teknolojisinin iiretim hatlarina entegrasyonunun ekonomik ve operasyonel etkileri degerlendirilmistir.
Bulgular, RFID kullaniminin i giicli maliyetlerinde diisiis, tiretim hizinda artis ve hata oranlarinda azalma
gibi somut faydalar sagladigini ortaya koymustur. Ayrica, yatirim maliyetleri ile beklenen faydalar cesitli
ekonomik modeller araciligiyla analiz edilmis ve geri doniis siireleri hesaplanarak firmalara teknoloji gegis
siirecinde karar destek saglayacak veriler sunulmustur. Bununla birlikte kalite kontrol siireglerinde de
iyilesmelerin raporlandig belirtilmistir [12].

Tosun ve arkadaslariin ¢caligmasinda ise depo ortamlarinda nesnelerin konumlandirilmasina yonelik RFID
sistemlerinin avantajlar1 ve kisitlar1 kapsamli bigimde analiz edilmistir. GPS teknolojisinin kapali alanlarda
smirli kalmasi nedeniyle, RFID’nin diisiik maliyetli ve yiiksek dogruluk saglayan bir alternatif konum
belirleme araci olarak 6ne ¢iktig1 vurgulanmistir. Ayrica, RFID ile IoT teknolojilerinin entegrasyonunun,
depo otomasyon sistemlerinde siire¢ hizinin ve veri yonetimi kalitesinin artirilmasinda 6nemli rol oynadigi
ifade edilmistir [13].

Kaya’nin ¢aligmasinda, Endiistri 4.0 odakli depo yonetimi uygulamalari i¢in en uygun RFID teknolojisinin
belirlenmesine yonelik ¢ok kriterli karar verme yontemleri kullanilmistir. Bu kapsamda, frekans araligi,
okuma menzili, maliyet ve enerji tiiketimi gibi teknik 6zellikler dikkate alinarak Analitik Hiyerarsi Siireci
(AHP) yontemi ile karar analizi yapilmistir. Segilen teknoloji ile envanter dogrulugunun ve iglem hizinin
artirildigs; depo igi siireglerin otomasyonunun saglandigi ve gercek zamanli izlenebilirligin miimkiin oldugu
belirtilmistir. Bu ¢alisma, RFID teknolojisinin Endiistri 4.0 ile uyumlu olarak depo verimliligini artirmada
stratejik bir arag oldugunu gostermektedir [14].

Buenrostro-Rocha ve arkadaglari, pasif UHF RFID etiketlerinin okuma menzilini artirmak amactyla
yenilik¢i bir metamaterial anten tasarimi1 dnermektedir. Gelistirilen etiketler, 64.7 metreye kadar okuma
mesafesi sunarak bataryali etiketlerin performansina yaklagsmakta ve konteyner, arag, ugak ve gemi gibi
tagimacilik uygulamalarinda kullanilabilirligi artirmaktadir. Bu teknolojik gelisme, lojistik ve tagimacilik
sektorlerinde etkili takip sistemlerinin gelistirilmesine katki saglamaktadir [15].

Yanginlar ve Koksal tarafindan gergeklestirilen arastirmada, RFID teknolojisinin tedarik zinciri
performanst iizerindeki etkileri analiz edilmistir. Uluslararast Nakliyeciler Dernegi (UND) iiyesi 85
firmadan 364 calisan ile yapilan anket ¢aligmasi sonucunda, RFID’nin teknolojik, organizasyonel ve
cevresel boyutlar1 dikkate alinarak {i¢ temel performans gostergesi (finansal, lojistik ve miisteri hizmetleri)
iizerinde etkileri degerlendirilmistir. SPSS yazilimi ile yapilan istatistiksel analizler sonucunda, teknolojik
boyutun tiim performans kriterlerini olumlu etkiledigi; organizasyonel boyutun lojistik ve miisteri
hizmetleri performansini iyilestirdigi; cevresel boyutun ise 6zellikle finansal performans iizerinde bazi
olumsuzluklar dogurabilecegi saptanmistir. Bu kapsamda, RFID teknolojisinin sadece operasyonel
faydalarla sinirlt kalmay1p, dijital doniisiim siireglerine stratejik katkilar sundugu anlasilmaktadir [16].
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Uzuner ve arkadaglarimin ¢alismasinda, RFID teknolojisi ile Arduino tabanli otomasyon sistemlerinin
birlestirildigi kompakt, giivenli ve gevre dostu bir akilli otopark sistemi gelistirilmistir. Ug sira ve dort
situndan olusan, toplamda 12 araglik park alanina sahip bu sistemde; Arduino MEGA 2560
mikrodenetleyici, DC motorlar, enkoderler, servo motorlar, MFRC522 RFID okuyucu ve 20x4 LCD ekran
gibi donanimlar kullanilmistir. Araglar, 13.56 MHz frekansinda ¢alisan RFID kartlari ile tanimlanmakta,
park yeri dolu oldugunda sistem kullaniciya uyari vermektedir. Bu sistem, hem karbon emisyonlarinin hem
de park arama siiresinin azaltilmasima katki sunmakta, ayn1 zamanda giivenlik ve kaynak verimliligi
acisindan da fayda saglamaktadir [17].

Yilmaz ve arkadaslar: tarafindan gergeklestirilen ¢alismada, giyilebilir teknoloji ile entegre edilen RFID
sensor etiketleri kullanilarak bireylerin viicut sicakliklarmin takibi ve bir bulut yazilimi {izerinden risk
analizi yapilmasi Onerilmistir. Calisma, sadece sicaklik verisine odaklanmayip; yas, cinsiyet ve kronik
rahatsizliklar gibi demografik verileri yapay zeka destekli bir risk skorlama sistemiyle birlestirerek salgin
hastaliklarin (6rnegin COVID-19) erken teshisinde diigiik maliyetli ve etkili bir ¢6ziim sunmaktadir. Bu
yaklagim, RFID sistemlerinin sadece nesne tanimlama degil, ayn1 zamanda karmagik veri analitigi ve erken
uyari sistemleri i¢in de gii¢lii bir altyapr sundugunu kanitlar niteliktedir [18].

Gengoglan, ¢alismasinda kablosuz haberlesme, IoT ve RFID sistemlerine yonelik ii¢ bantli bir Sierpinski
Bowtie anten tasarimi 6nermistir. Nelder-Mead Simplex algoritmasi ile optimize edilen bu yapr; 1.7, 3.4 ve
6.62 GHz frekanslarinda rezonansa girmektedir. 3.4 GHz bandinda ulasilan 10 dBi kazang ve %92
radyasyon verimliligi, tasarimin 5G ve uzun mesafeli iletisim sistemleri i¢in uygunlugunu kanitlamaktadir.
Caligmada yapilan parametrik analizler, fiziksel tasarim degiskenlerinin performansa etkisini inceleyerek
kazang ve geri doniis kaybi arasindaki dengeyi optimize etmistir. Aragtirma, fraktal geometrilerin
optimizasyonu ile yiiksek hizli veri iletimi i¢in ideal bir model ortaya koymaktadir [19].

Ozetlenen ¢aligmalar, RFID teknolojisinin farkl sektorlerdeki uygulanabilirligini ve sagladigi operasyonel,
ekonomik ve teknolojik faydalari agik¢a ortaya koymaktadir. Hayvanciliktan lojistige, hazir giyimden depo
otomasyonuna kadar genis bir yelpazede yapilan arastirmalar; RFID nin siiregleri dijitallestirme, verimliligi
artirma, izlenebilirlik saglama ve karar destek sistemlerini giiglendirme konularinda kritik bir rol oynadigim
gostermektedir. Bununla birlikte, s6z konusu teknolojik kazanimlarin etkili bir sekilde elde edilebilmesi
i¢in uygulamalarin sadece donanim diizeyinde degil, ayn1 zamanda yazilim altyapisi agisindan da sektor ve
ihtiyaglara 6zgii olarak optimize edilmesi gerekmektedir. Bu noktada, 6zellikle iiretim sektorlerinde, RFID
etiketlerinin sahaya entegrasyonu Oncesinde islevselliklerinin hizli, giivenilir ve diisiik maliyetli
yontemlerle test edilebilmesi kritik bir ihtiya¢ olarak ortaya ¢ikmaktadir. Bu ¢aligmada 6nerilen mobil
yazilim ¢0ziimii, literatiirde tanimlanan bu gereksinimleri dogrudan karsilamakta; iiretim siireci oncesi
kalite kontrol adimlarin1 otomatiklestirerek RFID tabanli sistemlerin saha bagarimini artirmayi ve dijital
doniisiim siireglerine somut katkilar saglamay1 hedeflemektedir.

3. ONERILEN SiSTEM VE BILESENLERI

Bu caligmada sunulan sistem, lastik {iretim siireglerinde kullanilan pasif RFID etiketlerin iiretim oncesi
kalite kontroliine yonelik olarak gelistirilmis biitiinlesik bir yazilim ve donanim ¢6ziimiidiir. Sistem,
endiistriyel RFID uygulamalari i¢in 6zellestirilmis Zebra MC3330xR RFID el terminali, lastik endiistrisine
yonelik olarak tasarlanmig RFID Tag4 model etiketler, Android tabanli mobil yazilim altyapisi ve ISO
20910 standardina uygun veri kodlama yapisiyla donatilmistir. Gelistirilen ¢oziim, iretim siirecinde
kargilagilan RFID etiket performans farkliliklarini minimize etmek, yazma ve okuma giivenilirligini
artirmak ve etiket verilerinin sahada hizli ve dogru sekilde yonetilmesini saglamak amaciyla
yapilandirilmistir.

Sistem mimarisi, ii¢ ana bilesenden olugmaktadir: fiziksel donanim, yazilim uygulamasi ve standartlara
dayali veri isleme katmani. Donanim tarafinda, MC3330xR cihazi yiiksek hassasiyetli UHF RFID okuyucu
motoru (Impinj Indy R2000), uzun pil dmrii ve gelismis mobil islem giicii ile hem veri toplama hem de
analiz siireglerinde yiiksek performans sunmaktadir. Kullanilan RFID Tag4 etiketleri, ISO/IEC 18000-6C
protokoliine uygun olarak g¢alismakta ve vulkanizasyon, yiiksek basing ve kimyasal ortamlara karsi
dayanikl yapisiyla iiretim hatlarinda giivenli entegrasyon saglamaktadir.

Yazilim katmani, Zebra Technologies’in RFIDAPI3 yazilim gelistirme kiitiiphanesi ile entegre sekilde,
Android Studio gelistirme ortaminda yapilandirilmistir. Bu yapi, cihazin donanim diizeyinde kontroliinii
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miimkiin kilarken, uygulama {izerinden kullanictya yonelik gorsel geribildirimler ve kalite kontrol
operasyonlarini yoneten mantiksal is akislarini barindirmaktadir. Okuma iglemleri sirasinda alinan sinyal
giicii isaretcisi (RSSI) tabanli esik deger kontrol mekanizmasi uygulanarak, yazma i¢in en uygun mesafenin
belirlenmesi saglanmakta; bu da islem giivenilirligini artirmaktadir. Ayrica yazma islemi, ISO 20910
standardia uygun sekilde yapilandirilmig sabit veri formatiyla gergeklestirilmekte olup, kalite biriminin
stire¢ takibini desteklemek iizere merkezi veri tabanina kayit alinmaktadir.

. Okuma/Yazma
Kullanir Calisir
f ) ) RFIDAPI3
—_— D
 -— -—
Bilgilendirir RFID Bilgileri
Operator Android uygulama Zebra MC3300xR

Bilgi
Transferi RFID Tag 4

o
pev -

Kayit %

Sekil 1. Onerilen sistemin mimarisi

Tiim bu bilesenler, saha operasyonlarinda kullanici etkilesimini kolaylastiran sezgisel bir arayiizle
birlestirilmis; kullanict hatalarint 6nleyici yonlendirmeler, durum bildirimleri ve islem akis kontrol
mekanizmalar araciligiyla operatdr verimliligi artirilmistir. Gelistirilen sistem, yalnizca {iretim 6ncesi test
stireglerine hizmet etmekle kalmayip, ayni1 zamanda RFID etiketlerinin tiim yasam dongiisiindeki veri
tutarliliglt ve izlenebilirligine katki saglayacak bigimde tasarlanmistir. Sistem mimarisine ait gorsel
Sekil 1’de verilmistir.

3.1. Zebra MC3330xR El Terminali

Zebra Technologies Corp tarafindan gelistirilen Zebra MC3330xR, Android tabanli, dayanikli ve
ergonomik yapiya sahip bir UHF RFID el terminalidir. Perakende, saglik, iiretim ve lojistik gibi sektorlerde
sahada veri toplama siireglerini hizlandirmak ve kurumsal verimliligi artirmak amaciyla kullanilmaktadir.
Cihaz, Zebra Technologies’in Mobility DNA yazilim paketi ile birlikte gelmekte olup merkezi yonetimi
kolaylagtirmakta ve kurumsal sistemlerle hizli entegrasyon saglamaktadir.

RFID’nin yam sira barkod okuma 6zelligi ile ¢ift yonlii veri toplama imkani sunan MC3330xR, 4 ing¢lik
yiiksek ¢oziiniirliiklii ekrani sayesinde eldivenle kullanima uygun olup parlak ortamlarda dahi net goriintii
sunar. Android 11 igletim sistemiyle giivenlik ve sistem siirdiiriilebilirligi agisindan giincel bir altyapi
saglar. Sekiz ¢ekirdekli 2.2 GHz Qualcomm Snapdragon 660 islemcisi, 4 GB RAM ve 32 GB dahili hafizasi
ile giiclii performans sergiler.

Sekil 2. Zebra MC3330xR
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RFID performansi agisindan, cihaz Impinj Indy R2000 motoru ve 1 W ERP giiclinde entegre anteni ile ideal
kosullarda 10 metreye kadar okuma menziline ulasabilir. Tipik uygulamalarda bu mesafe 6 metre
civarindadir ve saniyede yaklasik 900 etiketi okuyabilmektedir. Wi-Fi 802.11ac, Bluetooth 5.0 ve USB 2.0
gibi baglanti segenekleriyle donatilmig olan cihaz, 7000 mAh bataryasi ile uzun siireli saha operasyonlarini
destekler.

IP54 koruma simifina sahip olan MC3330xR, toz ve su sigramalarina kars1 dayaniklidir. Zebra'nin Android
uyumlu RFID yazilim gelistirme kiti (SDK) ve 6zellikle RFIDAPI3 kiitiiphanesi, gelistiricilere RFID
verilerini okuma, yazma ve yonetme konularinda kapsamli kontrol sunar. Bu &zellikler, dzellestirilmis
endiistriyel uygulamalarin hizli ve etkin bigimde gelistirilmesini miimkiin kilar. Sistemde kullanilan cihaza
ait gorsel Sekil 2’de verilmistir.

3.2. RFID Tag4

Lastik iiretiminde iriin takibi, kalite kontrol ve lojistik verimliligi artirmak amaciyla RFID teknolojisi
kullanilmaktadir. Bu calismada, Hana Technologies’in lastik endiistrisine 6zel gelistirdigi RFID Tag4
etiketleri tercih edilmistir. Tag4, her lastige benzersiz bir kimlik kazandirarak tiretimden sevkiyata kadar
izlenebilirlik saglar. Uretim verilerine anlik erisim, kalite sorunlarinda geriye doniik takip ve otomasyon
kararlarinda dogrudan veri kullanimi miimkiindiir. Etiketlerin lastigin i¢ yiizeyine entegre edilmesi ise hem
koruma hem de uzun 6miir sunar. Bu teknolojiyle iiriin bazli takip saglanarak iiretim, depo ve satis sonrasi
siiregler daha etkin yonetilebilmektedir. Etikete ait gorsel Sekil 3’de verilmistir.

WSS A NS ISR A

Sekil 3. Sistemde kullanilan RFID Tag4

RFID Tag4, EPCglobal Class 1 Gen 2 / ISO 18000-6C standartlarina uygun, pasif UHF tipinde bir etikettir.
Impinj Monza yongasi ile diigiik enerji titkketimi ve yiiksek okuma performansi sunar. 860-960 MHz frekans
araliginda calisir ve anten/ortam kosullarina bagli olarak 4-6 metre, bazi durumlarda 8 metreye kadar
okuma mesafesine ulagir. -40 °C ila +85 °C sicakliklara dayaniklidir; vulkanizasyon gibi zorlu iiretim
kosullarina kargi gelistirilmistir. Etiket yaklasik 3012 mm boyutlarindadir, 0.2-0.3 mm kalinliginda olup
lastik katmanlarina gomiilebilecek yapidadir. Suya, yaga ve kimyasallara direnglidir. Anten tasarimi ise
UHF bandinda yiiksek verimlilik ve mekanik dayaniklilik saglayacak sekilde optimize edilmistir.

3.3. RFIDAPI3 Yazilim Gelistirme Kiti

Zebra RFIDAPI3, Zebra Technologies tarafindan gelistirilen ve Android isletim sistemi iizerinde galisan
mobil cihazlar i¢in tasarlanmig bir yazilim gelistirme kitidir. Bu API, 6zellikle Zebra'nin RFD8500,
RFD2000 ve MC3330xR gibi UHF RFID okuyucu cihazlariyla entegrasyon saglamak amacryla
gelistirilmistir. RFIDAPI3, gelistiricilere cihazlarin kontrolii, veri toplama, envanter yonetimi ve etiket
programlama gibi islevleri gerceklestirme imkani sunar. Ayrica, bu API, uygulama gelistiricilerin RFID
okuyucularla etkilesim kurmasini kolaylastirarak, 6zellestirilmis ¢oéziimler olusturmasina olanak tanir.
Zebra RFIDAPI3, perakende, lojistik, saglik ve iiretim gibi cesitli sektorlerde kullanilmak {izere
tasarlanmistir ve bu sektorlerdeki mobil uygulamalarin RFID teknolojisiyle entegrasyonunu kolaylastirir.

Zebra RFIDAPI3, Android cihazlar igin optimize edilmis Java tabanli bir API’dir. RFID okuyucularla
Bluetooth veya USB iizerinden iletisim kurarak etiket okuma, yazma, envanter ydnetimi ve anten
yapilandirmast gibi islevleri destekler. Asenkron olay isleme sayesinde etiket verilerini gercek zamanl
alabilir. Modiiler yapisi, sadece gerekli bilesenlerin entegre edilmesini saglar, bu da uygulama boyutunu

azaltir. Yiiksek okuma hizi sunar ve Zebra’nin kapsamli dokiimantasyonu sayesinde kolayca entegre
edilebilir.
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3.4. ISO 20910 Standard

ISO 20910 standardi, otomatik tanimlama ve veri yakalama teknolojileri kapsaminda RFID sistemlerinde
kullanilmak iizere benzersiz tanimlayicilarin yapilandirilmasini ele alir [20]. Standardin temel amaci, farkli
sektorlerde, tireticilerde ve cografyalarda RFID etiketleriyle donatilmis nesnelerin kiiresel olarak tekil bir
bi¢cimde tanimlanmasini saglamaktir. Bu, 6zellikle tedarik zinciri, envanter yonetimi, lojistik ve iiretim
takibi gibi uygulamalarda, farkli veri sistemlerinin birlikte ¢alisabilmesini (interoperability) miimkiin kilar.
ISO 20910, nesnelerin yasam dongiisii boyunca takip edilebilmesini saglarken, ayn1 zamanda RFID etiket
verilerinin anlamli, giivenli ve standartlastirilmis bir sekilde yorumlanmasini da garanti eder.

Teknik olarak ISO 20910, benzersiz tanimlayicilarin bilesenlerini (6rnegin, tiretici kimligi, nesne sinifi, seri
numarasi) ve bunlarin nasil yapilandirilacagini belirler. Bu yapilarin olusturulmasinda hiyerarsik adresleme
mantig1 kullanilir. Standart, EPCglobal tarafindan gelistirilen Electronic Product Code (EPC) mimarisiyle
tam uyumludur ve EPC URI formatlarint destekler. Boylece RFID ile tanimlanan her bir nesne hem yerel
sistemler hem de internet tabanli sistemler {izerinden sorgulanabilir hale gelir. Ayrica ISO 20910, verinin
yalnizca RFID ¢ipi iizerindeki bellekte degil, sistem diizeyinde de nasil islenmesi gerektigine dair
metodolojiler sunmaktadir. Bu, veri biitiinliigii, izlenebilirlik ve giivenlik acisindan kritik 6neme sahiptir.
RFID altyapisinda bu standardin uygulanmasi, veri tekilligi, kimlik dogrulama ve sahteciligi dnleme gibi
yiiksek diizeyde operasyonel avantajlar saglar. Projede RFID etiket icerisinde yazilan bilgi ISO 20910
standardina uygun olarak kodlanmistr.

3.5. Kalite Kontrol Uygulamasi

Uretimde kullanilan RFID etiketlerden drneklem yolu ile her 3000 adet RFID tag bulunan bobinlerden 2
ser tane alarak etiketlerin okunabilir ve kodlanabilir olup olmadigi kontrol edilmektedir. Bu sayede
tedarik¢ilerden alinan RFID etiketlerin iiretimde probleme neden olmamasi i¢in kontrol edilmis olur. Her
bir etiket lastik hamuru ile kaplidir. Bu durum etiketin okunma performansini olumsuz etkilemektedir. Bu
nedenle okuma testleri yapilarak yazma islemi i¢in en uygun RSSI degeri dlgiilmiigtiir. Okuma ve yazma
testleri i¢in Android tabanli Zebra MC3300xR cihazinda calisabilecek Android proje gelistirilmistir.
Uygulama ile etikete yazilacak bilgi ISO 20910 standardina uygun olarak hazirlanmstir. Bilgi icerisindeki
lastik detaylar1 sabittir ve iiretimde karisiklia neden olmayacak sekilde belirlenmistir. RFID igerisindeki
test bilgisi tiretimdeki RFID yazma istasyonlarinda etiketin gomiilii oldugu lastigin bilgileri ile tekrar
kodlanmaktadir.

Yazilim Android Studio gelistirme ortaminda yazilmistir. Zebra MC3300xR Andoroid 11 isletim sistemine
sahip oldugu i¢in minimum sdk 30 olarak belirlenmistir. Basarili yazma oranini yiiksek tutmak igin
optimum RSSI degeri -45 dBm olarak belirlenmistir.

Gelistirilen uygulamanim kullanici dostu ve kolay kullanilabilir olmasi géz Oniine alinarak, karmasik
olmayan ve animasyonlar ile giizellestirilen bir arayiiz gelistirilmistir. Uygulamanin dogru kullanimi i¢in
ekranda uyarilar mevcuttur. Uygulama agildiktan sonra etiket okutulmasi beklenmektedir. Kullanici etiketi
okutmak i¢in Zebra MC3300xR cihazindaki tetige basmak zorundadir. Tetige basildigi slirece okuma
devam eder. Eger etiket okunmadan tetik birakilirsa, kullanici etiket okutulmasi i¢in uyarilmaktadir. Ayrica
etiket okunmadan yazma islemi denendiginde de kullanict uyarilmaktadir. Okuma islemi basladiginda
RSSI degeri belirlenen esik degerinin altina indiginde ve bu deger 3 kez arka arkaya okundugunda okuma
otomatik olarak durur, okunan bilgi ekranda belirlenen alana yazilir ve kullanici bilgilendirilir. RSSI esik
degeri ve 3 kez arka arkaya esik degeri igerisinde veri okunma kosulunun konulmasinin sebebi daha
optimum bir yazma uzakligmin belirlenmesi igindir.

Okuma iglemi tamamlandiktan sonra yazma iglemine gegilir. Yazma islemi i¢in sabit bir bilgi ISO 20910
standardma uygun bir sekilde olusturulmustur. Kullanict yazma islemini baglatir. RFIDAPI3 kiitiiphanesi
ile bilgi etiket icerisine yazilir. Islem basarili ya da basarisiz ise kullanic1 bilgilendirilir. Yapilan bu islem
kalite biriminin raporlarinda takip edebilmesi i¢in veri tabanina kaydedilir. Bir sonraki islem igin
arayiizdeki bilgiler varsayilan ayarlarina gevrilir. Uygulamanin tasarimina ait gorsel Sekil 4’te, operasyonel
adimlar ile ilgili akis diyagrami Sekil 5’te verilmistir.
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RFID OKUTUNUZ

OKUNAN

YAZILACAK
3015EBE26461A7C2540BE3FF

Sekil 4. Onerilen sistem uygulamasinin ana sayfasi

[ Uygulamay baslat ]

[ Ckuma iglemini baslat ]‘7

Okunan RSSI -

45 dBm altinda HAYIR
ve -45dBm
altinda 3 kez
okundu mu?

EVET

[ Oleurma iglemini bitir ]

l

[ Sabit bilgiyi yvazma iglemini ]

baslatmak igin digmeye bas

|

Yazma

islemni Veritabanina

Iglemi kayit at
basarli ni?

[ Veritabarina kayit at ]

1

[ Kullameny bilgilendir ]

1
e ]

Sekil 5. Onerilen sistemin akis diyagrami
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3.6. Veri Transferi i¢cin API Entegrasyonu

Android uygulamalarinin merkezi bir SQL veritabani ile giivenli sekilde veri aligverisi yapabilmesi igin
genellikle RESTful API’ler kullanilmaktadir. Gelistirdigimiz projede, Zebra MC3300xR RFID el terminali
iizerinde ¢alisan Android uygulama, RFID etiketi okuma veya yazma iglemi sonrasinda sonucu bir Web
API araciligtyla SQL Server’a iletmektedir. API, islem detaylarini (tarih, cihaz kimligi, islem sonucu ve
yazilan bilgi) veritabanina kaydederken, hata durumlarinda da ilgili log verilerini kaydederek izlenebilirlik
ve hata analizine olanak tanimaktadir. Bu yapi, sistemin giivenilirligini artirirken bakim ve takip siire¢lerini
de kolaylastirmaktadir.

4. SISTEM PERFORMANS ANALIZi

Bu calismada, RFID sistemlerinin performansii etkileyen temel parametrelerden biri olan RSSI
degerlerinin, etiketin fiziksel yapisindan nasil etkilendigi deneysel olarak analiz edilmistir. Ozellikle, lastik
hamuru ile kaplanmis RFID etiketlerin sinyal giicii lizerindeki etkisi incelenmis ve referans olarak ayni
niteliklere sahip ancak kaplanmamus etiketlerle karsilastirmali dl¢timler gerceklestirilmistir.

Deneysel calismalar kapsaminda, Zebra MC3300xR model RFID okuyucu cihazi kullanilarak veri
toplanmustir. Cihaz, saniyede iki kez okuma yapacak sekilde bir Android tabanli uygulama araciligiyla
konfigiire edilmistir. Test senaryolarinda, RFID okuyucu ile etiket arasindaki mesafe kademeli olarak 30
cm, 15 cm, 5 cm ve 0 cm (temas mesafesi) olacak sekilde ayarlanmig ve her bir mesafede sinyal giicii
degerleri kaydedilmistir. Bu siire¢ hem lastik hamuru ile kapli hem de kapli olmayan etiketler i¢in aym
kosullarda tekrarlanmistir. Bu sayede, yalnizca etiketin fiziksel durumuna bagli olarak olusabilecek sinyal
farkliliklarinin izole edilmesi amaglanmistir.

Elde edilen deneysel veriler, Sekil 6’da zaman serisi grafigi olarak sunulmustur. Grafik incelendiginde,
mesafe ve kaplama materyali ile RSSI degerleri arasinda dogrusal olmayan bir iligki gozlemlenmistir.
Mesafe etkisi gdz oniine alindiginda, okuyucu etikete yaklastikca her iki etiket tiiriinde de RSSI degerleri
yiikselmistir. 30 cm mesafede -55 dBm ile -65 dBm bandinda seyreden degerler, 0 cm mesafede her iki
etiket i¢in de yaklasik -30 dBm seviyesinde stabilize olmustur. Bu durum, yakin alan etkilesimin basladig
noktalarda materyal soniimleme etkisinin azaldigini gostermektedir. Materyal soniimleme analizinde, 30
cm ile 5 cm arasindaki tiim 6l¢lim araliklarinda lastik hamuru ile kapl etiket, kapli olmayan etikete kiyasla
ortalama 7 ila 10 dBm daha diisiik bir performans sergilemistir. Ornegin, 15 cm mesafede kapli olmayan
etiket -50 dBm civarinda kararl bir sinyal iiretirken, kapli etiket -60 dBm seviyelerine gerilemistir. Bu fark,
lastik hamurunun elektromanyetik dalgalar {izerinde bir bariyer gorevi gorerek sinyal yayilimim
soniimledigini ve yansima kayiplarina neden oldugunu kanitlamaktadir. Temas noktas: davraniginda,
grafikteki en dikkat cekici bulgu, 9000 milisaniyeden itibaren iki veri setinin birbirine ¢ok yaklasmasidir.
Okuyucu ile etiket arasindaki hava boslugu ortadan kalktiginda, materyal kaynakli kayiplarin etkisi
minimize olmus ve sistemler maksimum kazang¢ noktasina ulagmustir.

=—t— Lastik Hamuru ile ka pli etiket{RSSI)
= Lastik Hamuru ile ka pli olmayan etiket{ RSSI)
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0
o =] L]
o o o
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Sekil 6. Farkli mesafede ve farkli tipte RFID etiketlerine ait 6l¢iilen RSSI degerleri degerleri
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Bu bulgu, RFID sistemlerinin 6zellikle lastik gibi elektromanyetik dalgalar1 sogurma ozelligine sahip
malzemelerle birlikte kullanildigi senaryolarda sinyal kalitesinde diisiis yasanabilecegini gostermesi
acisindan kritik neme sahiptir. Etiket kaplamasi, sistemin okuma dogrulugunu ve giivenilirligini dogrudan
etkileyerek, endistriyel uygulamalarda dikkatle ele alinmasi gereken bir parametre oldugunu ortaya
koymaktadir.

Calismada sunulan deneysel verilerin giivenilirligini dogrulamak amaciyla Cizelge 1°de her iki etiket tiirii
icin kapsamli bir belirsizlik analizi sunulmustur. Sekil 6’da yer alan zaman serisi verileri lizerinden yapilan
hesaplamalar sonucunda; lastik hamuru ile kapl etiketler igin ortalama sinyal giicli -50.12 dBm, kaph
olmayan referans etiketler i¢in ise -43.12 dBm olarak saptanmustir. %95 giiven diizeyinde (confidence
level) gergeklestirilen analizler, kapli etiketlerde 6l¢iim belirsizliginin +4.86 dBm sinir1 ile [-54.98, -45.27]
dBm bandinda kaldigini; kapli olmayan etiketlerde ise belirsizligin +£3.81 dBm ile [-46.94, -39.31] dBm
araliginda oldugunu kanitlamaktadir. Bu istatistiksel veriler, materyal soniimlemesine ragmen sistemin her
iki kondisyonda da yiiksek kararlilikla calistigini ve belirlenen esik degerlerin bilimsel bir temele
dayandigini gostermektedir.

Sistem performansinin degerlendirilmesinde kullanilan -45 dBm esik degeri, hesaplanan bu giiven
araliginin {ist sinirina yakin secilerek, materyal kaynakli belirsizliklerin ve anlik sinyal dalgalanmalarinin
(standart sapma: 11.53 dBm) operasyonel hatalara yol agmas1 engellenmistir. Olgiimlerdeki varyasyonun
temel kaynagi olarak lastik hamurunun dielektrik soniimleme etkisi ve ortamdaki elektromanyetik giiriiltii
belirlenmis; ancak 3 kez ardisik dogrulama algoritmasi sayesinde bu belirsizliklerin sistem tizerindeki etkisi
minimize edilerek %90'lik bir dogrulama basarisi tesis edilmistir.

Cizelge 1. RSSI istatistiksel belirsizlik analizi

Parametre Lastik hamuru ile kaph etiket Lastik hamuru ile kaph olmayan etiket
Orneklem sayisi 24 24
Ortalama RSSI -50.12 dBm -43.12 dBm
Standart sapma 11.53 dBm 9.07 dBm
Standart hata 2.35 dBm 1.85 dBm
%095 giiven aralig1 [-54.98, -45.27] [-46.94, -39.31]
5. SONUC

Bu ¢alisma kapsaminda, lastik endiistrisinin zorlu iiretim kosullarina yo6nelik, ISO 20910 standartlariyla
uyumlu ve RSSI tabanli bir kalite kontrol mobil yazilimi gelistirilmistir. Deneysel bulgular ve sistemin
literatlirdeki yeri su bagsliklar altinda degerlendirilmistir. Ydriitilen testler, lastik hamuru ile kapli RFID
etiketlerin okuma performansinin kaplanmamis etiketlere kiyasla daha diisiik oldugunu ortaya koymustur.
Yapilan dl¢limler dogrultusunda, sistemin en yiiksek verimle ¢alistigt RSSI esik degeri -45 dBm olarak
belirlenmistir. Toplam 50 RFID etiketi iizerinde gergeklestirilen testlerde, %90 basart orani elde edilmis ve
gelistirilen sistemin saha kosullarinda giivenilir sekilde ¢alistigi gosterilmistir.

Literatiirdeki ¢aligmalarin 6nemli bir kismi; RFID teknolojisini nesne takibi, otopark otomasyonu veya
konumlandirma siireglerinde bir veri tasiyici olarak kullanmaya, etiketleri giyilebilir teknolojilere entegre
ederek bireysel saglik takibi ve salgin yonetimi i¢in erken uyari sistemleri kurgulamaya veya depo
yonetimindeki lojistik siireglere odaklanmaktadir. Bu caligmanin temel farki ise; RFID'yi dogrudan
materyal etkisini inceleyen, etiketin islevselligini 6lgen bir kalite kriteri ve islem giivenilirligi parametresi
olarak degerlendirerek, lastik {iretiminin vulkanizasyon oncesi asamasindaki fiziksel zorluklardan
kaynaklanan sektdrel bir problemi ¢ézmesidir. Ayrica uygulamanin tamamen kurum i¢i kaynaklarla
gelistirilmesi, disa bagimlilig1 azaltarak maliyet avantaji saglamis, ayn1 zamanda siirdiiriilebilir yazilim
gelistirme siireglerine katki sunmustur. Elde edilen bulgular kalite birimi tarafindan uygun bulunmus ve
uygulamanin iiretim siirecine entegrasyonu onaylanmustir.
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Bu calismada Karbon/Kenevir/Polipropilen dokuma kumas takviyeli
hibrit kompozitlerde katman diziliminin mekanik davranig ve hasar
gelisgimi  {izerindeki etkileri incelenmistir. Hibrit kompozitlerin
ozellikleri, atki ve ¢ozgii yonlerinde gerceklestirilen 3-nokta egme ve
centiksiz Charpy darbe testleri ile belirlenmistir. Egme testi sonrasi
kompozit yapilarda olusan i¢ hasarlarin belirlenmesi amaciyla
ultrasonik C-tarama analizleri uygulanmistir. Karbon kumas
katmanlarinin dis yiizeylerde yer aldig1 dizilimlerde egme dayanimi ve
egme modiilii degerleri artmistir. Buna karsilik, Kenevir/Polipropilen
katmanlarnin  dig  ylizeylerde bulundugu kompozitlerde ise
deformasyonda artig ve daha siinek bir davranis gozlenmistir. Egme
yikii altinda, ¢ekme ve basma gerilmeleri kompozit yapmimn dis
ylizeylerinde olustugundan, dis katmanlarda bulunan lif tiiri egme
dayanimi iizerinde belirleyici bir rol oynamustir. Ultrasonik analizler,
hasar alanlarmin katman dizilimine ve atki/¢6zgii yonlerinde bulunan lif
tiirlerine bagli olarak degistigini ortaya koymustur. Bulgular, hibrit
dokuma kompozitlerin tasariminda katman diziliminin mekanik
performans ve hasar davranisi iizerinde belirleyici bir parametre
oldugunu gostermistir.
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In this study, the effects of stacking sequence on the mechanical
behaviour and damage evolution of Carbon/Hemp/Polypropylene
woven fabric reinforced hybrid composites were investigated. The
mechanical properties of the hybrid composites were determined by 3-
point bending and unnotched Charpy impact tests at the warp and weft
directions. Ultrasonic C-scan analyses were performed to characterize
the internal damage induced after bending tests. Carbon fabric layers
positioned on the outer surfaces exhibited higher flexural strength and
flexural modulus values. In contrast, composites with
Hemp/Polypropylene layers located at the surfaces demonstrated
increased deformation and a more ductile behaviour. Under flexural
loads, tensile and compressive stresses are localized at the outer surfaces
of the composites in which the fibre type and stacking sequence in the
outer layers exert a dominant influence on the flexural strength of the
composite structures. Ultrasonic analyses revealed that the extent and
distribution of damage areas varied depending on the stacking sequence
and the fibre types aligned in the warp and weft directions. It was
concluded that stacking sequence is a critical design parameter on the
mechanical performance and damage behaviour of hybrid woven
composites.
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1. GIRIS

Son yillarda ¢evresel siirdiiriilebilirlik ve ekolojik farkindaligin artmasiyla birlikte dogal lif takviyeli
kompozit malzemelere olan ilgi dnemli l¢iide artmustir [1,2]. Ozellikle kenevir, sisal ve jiit gibi dogal lifler
[3] kolay temin edilebilir olmalar1 ve nispeten diisiikk maliyetleri nedeniyle kompozit malzemelerde
potansiyel takviye elemanlari olarak 6ne ¢ikmaktadir [4]. Bu avantajlar sayesinde dogal lif takviyeli
kompozitler, otomotiv ve yap1 sektorleri basta olmak {izere bircok miihendislik uygulamasinda giderek
daha yaygin sekilde kullanilmaktadir [5-8]. Ancak, dogal lif takviyeli kompozitlerin mekanik 6zellikleri
genel olarak karbon veya cam lifi gibi sentetik liflerle takviye edilen kompozitlere kiyasla daha diistiktiir
[9-10]. Karbon lifi takviyeli kompozitler yiiksek dayanim ve rijitlik gibi 5nemli avantajlara sahip olmalarina
ragmen, yiiksek maliyetleri ve {iretim siireclerinin ¢evresel etkileri nedeniyle kullanim alanlari bazi
uygulamalarda smirlanabilmektedir [11]. Bu nedenle dogal lif takviyeli kompozitler, karbon esash
kompozitlere gore daha diisiik mekanik performans sergilemelerine ragmen, biyo-bozunurluk, ¢evre dostu
olma ve ekonomik avantajlar1 sayesinde endiistriyel uygulamalarda dikkat cekici bir alternatif olarak
degerlendirilmektedir [12]. Tiim bu siiregler gbz oniine alindiginda arastirmalarin odagi dogal ve sentetik
lif takviyelerinin birlikte kullanildig1 hibrit kompozitler lizerine yogunlasmaktadir [13]. Farkli lif tiirlerinin
ayn1 kompozit i¢erisinde kullanilmasi, her bir lif tipinin dezavantajlarini azaltirken avantajlarini korumay1
amaclamaktadir [14,15]. Ayrica farkli katman dizilimlerine sahip kompozitlerin hasar olusumu ve kirilma
mekanizmalari {izerinde 6nemli etkiler olusturabildigi bilinmektedir [16]. Ozellikle egilme yiikleri altinda
dis katmanlarda yer alan takviye tiirii, kompozitin dayanim ve rijitlik Ozelliklerini 6nemli o6lgiide
etkileyebilmektedir [17].

Literatiirde kenevir lif takviyeli kompozitlerin mekanik davranisini inceleyen ¢ok sayida calisma
bulunmaktadir. Kenevir lifi, kompozit takviyesinin yan: sira siirdiiriilebilir tekstil endistriyel
uygulamalarinda yaygin olarak kullanilmaktadir [18,19]. Bhoopathi ve arkadaslari [20] kenevir ve cam
liflerinden olusan hibrit kompozitlerin mekanik 6zelliklerini incelemis ve hibrit kompozitlerin ¢ekme,
egilme ve darbe dayanimlarinda iyilesme saglayabildigini ifade etmistir. Benzer sekilde [21] kenevir lif
takviyeli epoksi ve polyester kompozitleri karsilastirmig ve epoksi matrisli kompozitlerin daha yiiksek
¢cekme ve egme dayanimi sergiledigini gostermistir. Rouison ve arkadaslar1 [22] ise kenevir ve cam lifi
takviyeli kompozitlerin mekanik davranisini incelemis ve lif oranindaki artisin kompozitteki mekanik
Ozellikler {izerinde belirgin bir etkiye sahip oldugunu belirtmistir. Biyo-kompozit malzemeler {izerine
yapilan caligmalar da dogal lif igeriginin mekanik performans tizerindeki 6nemli roliinii ortaya
koymaktadir. Ochi [23], manila keneviri takviyeli biyo-bozunur kompozitlerin mekanik o6zelliklerini
incelemis ve lif takviyesinin artmasiyla birlikte ¢ekme ve egme dayanimlarinda artiy gdzlendigini
bildirmistir. Benzer sekilde Mohanavel ve arkadaslart [24] kenevir ve pamuk liflerinden olusan biyo-
kompozitlerin mekanik davranigini incelemis ve kenevir lifi takviyesindeki artisin kompozit malzemelerin
¢ekme dayanimini arttirdigini ifade etmistir. Son yillarda dogal ve sentetik liflerin birlikte kullanildig: hibrit
kompozitler iizerine yapilan ¢alismalar da artmaktadir. Ahmad ve arkadaslar1 [15] kenevir ve polietilen
liflerinden olusan hibrit dokuma kumas takviyeli kompozitlerin yalnizca kenevir igeren kompozitlere
kiyasla daha yiiksek elastisite modiilii ve ¢gekme dayanimi sergiledigini belirtmistir. Benzer sekilde Pulleti
ve Singh [25] kenevir liflerinin karbon ve cam lifleri ile hibritlenmesi sonucu elde edilen kompozitlerde lif
diziliminin egilme dayanimi ve katlar aras1 kayma dayanimi lizerinde 6nemli bir rol oynadigini géstermistir.
Ayrica De Fazio ve arkadagslari [26] kenevir ve karbon liflerinden olusan hibrit kompozitlerin darbe
davranigini incelemis ve hibrit kompozitlerin karbon kompozitlere kiyasla daha siinek bir davranig
sergileyebildigini belirtmistir. Pinto ve arkadaslari [14] ise kenevir ve karbon dokuma kumaslarin birlikte
kullanildig1 hibrit kompozitlerde karbon liflerin gevrek kirilma davraniginin kenevir liflerinin siinek
deformasyonu ile birlesmesi sonucunda kompozit malzemelerin hasar toleransinin arttigini gostermistir.

Literatiirdeki bu ¢alismalar kenevir lifi takviyeli kompozitlerde lif tiirli, matris yapis1 ve hibritlesmenin
mekanik performans tizerinde onemli bir rol oynadigini gostermektedir. Ancak, Kenevir liflerinin
Polipropilen (PP) lifleri ile hibrit dokundugu ve gelistirilen bu hibrit dokuma kumaglarin Karbon lifleri ile
katmanlar arasi hibritlendigi bir ¢aligmaya rastlanamamistir. Ayrica, katman diziliminin hibrit dokuma
kompozitlerin mekanik davranist ve hasar gelisimi {izerindeki etkisinin tahribatsiz muayene yontemleri ile
birlikte degerlendirildigi ¢alismalar sinirlidir.

Karbon/Kenevir/PP dokuma kumasg takviyeli hibrit kompozitlerde katman diziliminin mekanik davranis ve
hasar geligimi tizerindeki etkileri incelenmistir. Bu amagcla, ¢6zgii yoniinde PP ve atki yoniinde Kenevir
liflerinin kullanildig1 hibrit dokuma kumaslar gelistirilmistir. Bu kumaslar, Karbon dokuma kumaslar ile
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farkli katman dizilimlerinde hibritlenerek epoksi recine kullanilarak vakum infiizyon yOntemine gore
kompozit iretimi gergeklestirilmistir. Hibrit kompozitlerin &zellikleri, atki ve c¢ozgii ydnlerinde
gerceklestirilen 3-nokta egme ve centiksiz Charpy darbe testleri ile belirlenmistir. Egme testi sonrasi
kompozit yapilarda olusan i¢ hasarlarin belirlenmesi amaciyla ultrasonik C-tarama analizleri uygulanmistir.

2. YONTEM
2.1. Kumas Yapilari ve Ozellikleri

Hibrit kompozitlerde kullanilan kumaslarin 6zellikleri Cizelge 1’de sunulmustur. Kenevir/PP hibrit
dokuma kumaslar, manuel dokuma tezgahi kullanilarak (GARM-55, Tiirkiye) {iretilmistir. Cézgii yoniinde
PP lifleri (150 tex), atki yoniinde ise Kenevir lifleri (Nm 2,7) lifleri kullanilmistir. Bezayagi orgii tipinde
dokunan Kenevir/PP kumagsin kalinhig1 1,37 mm, gramaji ise 420 g/m? olarak belirlenmistir. Kenevir/PP
dokuma kumasin kenevir lifi oran1 agirlikga %65, PP orani ise agirlik¢a %35 tir. Karbon dokuma kumas
(Dost Kimya, Tiirkiye) hem atki hem de ¢6zgii yoniinde 3K Karbon lifinden olusan, 0,31 mm kalinlik ve
225 g/m? gramaja sahiptir. Kenevir/PP kumagin ¢dzgii krimpi, atki krimpinden yiiksektir. Bu da ¢ozgii
yoniinde kullanilan polipropilen ipligin tekstiire yapisindan ve atki yoniindeki kenevir ipligin gorece
karbon lifinin rijit yapisindan dolay1 Kenevir/PP kumasa kiyasla daha diigiiktiir. Sekil 1°de, her iki kumasin
sematik ve mikroskobik goriintiileri verilmistir.

Cizelge 1. Kumaslarin 6zellikleri

K o Oreii iplik tS‘ll/‘l‘k Kr,,'/mp Gramaj Kahnhk
umas tipi tipi (tel/cm) (%) (g/m?) (mm)
Cozgii Atki Cozgii Atk Cozgii Atk
Kenevir/PP  Bezayag: PP Kenevir 4,5 5 21 7 420 1,37
Karbon Bezayagi Karbon Karbon 2,5 3 1 3 225 0,31
1 O =
I D
|
@& =0
[ | — Atki (Kenevir)
|
@ =0
L) L T

Cozgu (Karbon)

Atk (Karbon)

= =

Sekil 1. Kumagslarin sematik ve mikroskobik goriintiileri (x10 biiylitme orani)
2.2. Kompozit Uretimi

Karbon/Kenevir/PP dokuma kumas takviyeli hibrit kompozitler vakum destekli regine transfer kaliplama
(VARTM) yontemi kullanilarak iiretilmistir. Matris malzemesi olarak Hexion MGS L160 epoksi reginesi
ve Hexion MGS H160 sertlestiricisi kullanilmis olup regine ve sertlestirici iiretici tavsiyelerine uygun
olarak 100:25 agirlik oraninda karigtirtlmistir. Regine infiizyon islemi oda sicakliginda vakum altinda
gerceklestirilmis ve ardindan kompozit yapilar 80 °C’de 2 saat siireyle kiirlenmistir. Kiirleme iglemi
tamamlandiktan sonra elde edilen kompozit yapilar CNC kesim makinesi kullanilarak kompozit testlerine
uygun boyutlarda deney numuneleri halinde hazirlanmistir. Deneysel ¢alisma kapsaminda farkli katman
dizilimlerine sahip kompozitler tiretilmistir. Referans olarak yalnizca Karbon dokuma kumastan olusan (C)
ve yalnizca Kenevir/PP kumastan olusan (H) kompozitler iretilmistir. Kompozit yapilarmm katman
dizilimleri Cizelge 2’de gosterilmistir. Karbon kumasin dig katmanda kullanildigi (CHC) ve Kenevir/PP
kumasm dis katmanda kullanildigt (HCH) farkli katman dizilimleri, referans kompozitlerle
kargilagtirilmistir.
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Cizelge 2. Kompozit yapilarin katman dizilimlerinin tanimlanmasi

Kod Katman dizilimi Sematik gosterim
0000000000000
]
0000000000000
|
[ |
H 3H — |
(——
A
A
A
CHC 3C/1H/3C ———
A
0000000000
]
[
7
HCH IH/3C/1H —
7
(———

2.3. Kompozit Yogunlugu ve Lif Miktar1 Tayini

Hibrit kompozitlerin yogunluklari, ASTM D792-13 standardina uygun olarak Precisa® XP205 densimetre
kullanilarak Sl¢tilmiigtiir. Hibrit kompozitlerin lif miktar1 tayini, farkli lif tiplerini icermesinden dolay1
mekanik ayirma yontemi ile yapilmigtir. Hibrit dokuma kumaglar 3 x 3 cm boyutlarinda kesilmis ve
tartilmigtir. Kenevir/PP dokuma kumasi olusturan Kenevir ve PP lifleri mekanik olarak ayrilmis ve ayri
ayri tartilmistir. Kompozit yapilar da 3 x 3 cm boyutlarinda kesilmis ve kompozit yapilardaki matris
miktarmin belirlenmesi i¢in tartilmistir. Yogunluk ve lif miktar1 tayinleri, her bir kompozit tipi i¢in tiger
tekrarli olarak gergeklestirilmistir.

2.4. Egme Testi

Hibrit kompozitlerin egme testleri, ASTM D790 standardina uygun olarak 3-nokta egme diizeneginde
Hounsfield H5KS {iniversal test cihazi kullanilarak gerceklestirilmistir. Testler 2 mm/dak. hizda
yapilmistir. Numune boyutlar1 80 x 25 mm olarak hazirlanmis ve mesnet acikligi 50 mm olarak
ayarlanmistir. Egme testleri, her bir kompozit tipi i¢in tiger tekrarli olarak hem atki hem de ¢6zgii yoniiniin
normali dogrultusunda gergeklestirilmistir. Egme dayanimi ve egme modiilii degerleri agagidaki esitlikler
kullanilarak hesaplanmustir.

S = 3PL/2bd? €))
E = L3m/4bd3 2
Burada; S egilme dayanimimi (MPa), E egme modiiliinii (MPa), P maksimum yiikii (N), L mesnetler aras1

mesafeyi (mm), b numune genisligini (mm), d numune kalinligini (mm) ve m yiik sehim egrisinin baslangi¢
egimini (N/mm) ifade etmektedir.

2.5. Charpy Darbe Testi

Hibrit kompozitlerin Charpy darbe testleri, ISO 180:2000 standardina uygun olarak ¢entiksiz numuneler
iizerinde gergeklestirilmistir. Numune boyutlar1 55 x 10 mm olarak hazirlanmis olup darbe enerjisi 22 J
kapasiteli Charpy darbe test cihazi ile ol¢iilmiistiir. Charpy darbe testleri, her bir kompozit tipi i¢in liger
tekrarli olarak hem atki hem de ¢6zgii yoniiniin normali dogrultusunda gerceklestirilmistir. Charpy darbe
dayanimi degerleri, asagidaki Esitlik 3 kullanilarak hesaplanmistir.

A=-5%103 3)
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Burada; A Charpy darbe dayanimini (kJ/m?), Ec numunenin kirilmasi sirasinda absorbe edilen enerjiyi (J)
h numune kalinligin1 (mm) ve b numune genisligini (mm) ifade etmektedir.

2.6. Ultrasonik C-Tarama

Hibrit kompozitlerde egme testi sonra olusan hasar bolgelerini belirlemek amaciyla ultrasonik C-tarama
testleri uygulanmistir. Olgiimler TTU (Through Transmission Ultrasonic) prob kullanilarak
gergeklestirilmis ve taramalar 3.5 MHz frekansta yapilmistir. Gelistirilen goriintii isleme algoritmalari ile
test Oncesi ve sonrasi hasarli alan oran1 karsilastirilarak hasar gelisimi degerlendirilmistir.

3. ARASTIRMA BULGULARI

3.1. Kompozit Yogunlugu ve Lif Miktari Sonuc¢lar1

Hibrit kompozitlerin yogunluk ve lif miktar1 sonuglar1 Cizelge 3’te sunulmustur. Buna gore; Karbon
kompozitlerin (C) kompozit yogunlugu, Kenevir/PP (H) kompozitlere kiyasla daha yiiksektir. Karbon
lifinin, Kenevir lifine kiyasla daha diisiik lif yogunluguna sahip olmasina ragmen, Kenevir/PP kumasta %35
oraninda bulunan polipropilen liflerinin diisiik yogunlugu, Kenevir/PP kumasm kullanildigi kompozit
yapilarin yogunluk degerlerinde diislise sebebiyet vermistir. Buna bagli olarak, katman dizilimlerinde
Karbon kumagin daha fazla oranda kullanildigi CHC hibrit kompozitlerin yogunluk degerlerinin, daha az
oranda kullanildigit HCH hibrit kompozitlere kiyasla daha yiiksek oldugu belirlenmistir. Kenevir/PP
kompozitlerin (H) agirlikga lif miktar1 degerleri, Karbon (C) kompozitlere kiyasla daha yiiksektir. Buna
bagli olarak, katman dizilimlerinde Karbon kumagin daha fazla oranda kullanildigi CHC hibrit kompozitleri
lif miktar1 degerlerinin, daha az oranda kullanildigt HCH hibrit kompozitlere kiyasla daha diisiik oldugu
belirlenmistir. CHC hibrit kompozitlerde Karbon lifi oran1 %33,66 iken, HCH hibrit kompozitlerde Karbon
lifi oran1 %22,03 olarak belirlenmistir.

Cizelge 3. Kompozitlerin 6zellikleri

Kod Yogunluk Karbon Kenevir/PP Toplam lif miktar: Kalinhk
(g/em?) (Agirlikca, %) (Agirhikea, %) (Agirhikca, %) (mm)
C 1,42 (+£0,06) 47,34 (£0,12) - 47,34 (£0,08) 1,49(%0,02)
H 1,18 (+0,04) - 61,42 (+0,16) 61,42 (+0,11) 3,22(+0,03)
CHC 1,32 (+£0,07) 33,66 (+0,09) 12,67 (£0,09) 46,33 (+0,13) 2,60(£0,03)
HCH 1,24 (+£0,05) 22,03 (+0,11) 33,16 (+0,13) 55,19 (+0,09) 2,98(+0,07)

3.2. Egme Testi Sonuglari

Hibrit kompozitlerin egme testi sonuglar1 Cizelge 4’te sunulmustur. Sekil 2°de, atk1 ve ¢ézgii yonii egme
dayanimi degerleri verilmistir. Karbon kompozitlerin (C) hem atki hem de ¢6zgii yoniinde en yiliksek egme
dayanimi degerlerini sergiledigi goriilmiistiir. Bu durum Karbon liflerinin yiiksek mekanik dayanim
ozelliklerinden kaynaklanmaktadir. Buna karsilik, Kenevir/PP (H) kompozitlerde egme dayanimi
degerlerinin hem atki hem de ¢6zgii yoniinde, Karbon kompozitlere (C) kiyasla oldukca diisiik oldugu
belirlenmistir. Kenevir/PP (H) kompozitlerin dokuma yapisi1 dikkate alindiginda, atki yoniinde kenevir
liflerinin, ¢6zgii yoniinde ise PP liflerinin bulundugu goriilmektedir. Bu nedenle mekanik 6zelliklerde
yonelime bagl farkliliklar ortaya ¢ikmaktadir. Kenevir liflerinin PP liflerine kiyasla daha yiiksek mekanik
Ozelliklere sahip olmasi nedeniyle atki yoniinde elde edilen egme dayanimi degerleri ¢6zgii yoniine gore
daha yiiksek gergeklesmistir. Farkli katman dizilimlerindeki hibrit kompozitlerde ise, CHC kompozit
yapilarin egme dayaniminin, Karbon kompozitlere (C) oldukg¢a yakin degerlerde oldugu goriilmektedir. Bu
durum, karbon katmanlarinin kompozit igerisinde énemli bir yiik tasima rolii listlenmesinin yani sira, {ist
yiizeyde kullanilmasimin egme dayanimini arttirdigini gostermektedir. Karbon liflerinin dis ylizeyde yer
aldig1 kompozit yapilarda daha yiiksek egme dayanimi degerleri elde edilirken, Kenevir/PP liflerinin dis
yilizeyde bulundugu kompozitlerde bu degerlerin daha diisiik seviyelerde kaldig1 goriilmektedir. Ancak,
HCH numunelerinde dig yilizeylerde Kenevir/PP katmanlarimin bulunmasi nedeniyle egme dayanimi daha
diisiik degerlerde gergeklesmistir. CHC hibrit kompozitlerde Karbon lifi oraninin, HCH hibrit kompozitlere
kiyasla daha fazla olmasi, egme dayanim degerlerindeki artisa katki saglamistir. Katman diziliminin
kompozitlerin egme davranisi iizerinde 6nemli bir etkisi oldugunu gostermektedir [5,27].
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Cizelge 4. Kompozitlerin egme testi sonuglari

-~ Egme dayanimi Egme modiilii
Test yonii Kod (MPa) (MPa)
C 586,29 (£16,99) 35,23 (+0,90)
Atk H 97,72 (+3,68) 4,11 (+0,19)
! CHC 528,26 (+19,82) 30,36 (£0,57)
HCH 132,70 (+5,48) 4,55 (+£0,74)
C 601,51 (£18,09) 34,27 (£0,96)
Cozgii H 50,42 (+2,35) 2,12 (£0,33)
ozgn CHC 522,49 (+17,06) 30,30 (£0,46)
HCH 106,44 (+3,57) 2,50 (+0,027)
m Atk Yonii mCozgii Yoni
700
= 600
-9
2 500
g 400
5300
ué 200
E.iﬁ
0
C H CHC HCH

Hibrit Kompozitler
Sekil 2. Kompozitlerin atki ve ¢6zgii yonii egme dayanimi degerleri

Sekil 3’te, atki ve ¢ozgii yonii egme modiilii degerleri verilmistir. Karbon kompozitlerin (C) hem atki hem
de ¢ozgii yoniinde en yiiksek egme modiilii degerlerini sergiledigi, bu yapiy1 CHC hibrit kompozitlerin
izledigi goriilmiistiir. Kenevir/PP (H) kompozitlerde egme modiilii degerlerinin hem atki hem de ¢ozgii
yoniinde, Karbon kompozitlere (C) kiyasla oldukga diisiik oldugu belirlenmistir. HCH hibrit kompozitlerin
egme modiilii, H kompozitlere kiyasla daha yiiksektir. Bu durum karbon liflerinin yiik altinda daha sinirl
sekil degisimine ugramasi ve yiik aktarimini daha etkin sekilde gergeklestirmesi ile iliskilendirilebilir.
Egme yiikii altinda, cekme ve basma gerilmeleri kompozit yapinin dis yiizeylerinde olustugundan, dis
katmanlarda bulunan lif tiirii egme dayanimi iizerinde belirleyici bir rol oynamaktadir.

m Atk Yoni  ®Cozgii Yoni
40

35
30
25
20
15
10
5
. B |
C H CHC HCH

Hibrit Kompozitler
Sekil 3. Kompozitlerin atki ve ¢dzgii yonii egme modiilii degerleri

Egme Modiilii (GPa)

Sekil 4’te, hibrit kompozitlerin ¢dzgii ve atki yonli egme dayanimi gerilim-gerinim egrileri sunulmustur.
Kenevir/PP (H) kompozitlerin deformasyon kapasitesinin daha yiiksek oldugu ve siinek bir davranig
sergiledigi goriilmektedir. Bu durum, Kenevir ve PP liflerinin yiiksek sekil degistirme kabiliyetinden
kaynaklanmaktadir. Karbon kompozitler (C) ise deformasyon daha sinirli kalmakta ve kirilmanin daha ani
bir sekilde gergeklestigi gevrek davranis meydana gelmektedir. Karbon liflerinin dis yiizeyde yer aldigi
kompozitlerde (CHC) daha gevrek davranis izlenirken, Kenevir/PP liflerinin dis ylizeyde bulundugu
kompozitlerde (HCH) daha siinek bir davranis goézlemlenmistir. Ancak, HCH numunelerinde dis
yiizeylerde Kenevir/PP katmanlarinin bulunmasi nedeniyle egme dayanimi daha diisik degerlerde
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gerceklesmistir. CHC hibrit kompozitlerde Karbon lifi oraninin, HCH hibrit kompozitlere kiyasla daha
fazla olmasi, kompozit yapilarin yiik altindaki davranigini etkilemistir. Egme dayanimi gerilim-gerinim
egrileri, katman diziliminin ve kullanilan lif tiiriiniin kompozitlerin egme davranisi iizerinde belirleyici bir
rol oynadigini gostermektedir. Karbon katmanlarinin dis yiizeyde konumlanmasi egme dayanim/modiiliinii
artirirken, Kenevir/PP  katmanlar, kompozit yapmin deformasyon kapasitesinin artmasma katki
saglamaktadir.

(a) —HCH  —CHC H —cC
700
600
= 500
=]
€ 400
g
£ 300
Y
© 200
100 /
0
0 1 2 3 4 5 6 7
Gerinim (%)
(b) —HCH  —CHC H —¢cC
700
600
=500
I
]
2, 400
£
= 300
5
© 200
100 /'/L
/4
0 1 2 3 4 5 6 7

Gerinim (%)

Sekil 4. Kompozitlerin ¢ozgii (a) ve atki (b) yonii egme dayanimi gerilim-gerinim egrileri
3.3. Charpy Darbe Testi Sonuclari

Hibrit kompozitlerin Charpy darbe testi absorplanan enerji ve darbe dayanimi degerleri Cizelge 5 ve Sekil
5’te sunulmustur. Hibrit kompozitlerin darbe davranismin lif tiirii ve katman dizilimine bagli olarak
degistigi belirlenmistir. Karbon kompozitler (C) hem atki hem de ¢dzgii yoniinde de en yiiksek darbe
dayanimi degerlerini gostermistir. Bu durum Karbon liflerinin yiiksek mukavemet 6zellikleri sayesinde
darbe sirasinda olusan yiikleri daha etkin sekilde tasiyabilmesi ile iliskilendirilebilir. Kenevir/PP (H)
kompozitlerde darbe dayanimi degerleri karbon igeren kompozitlere kiyasla daha diisiik bulunmustur.
Hibrit kompozitler incelendiginde, CHC numunelerinde darbe dayanimi degerlerinin HCH numunelerine
kiyasla daha yiiksek oldugu belirlenmistir. Bu durum CHC kompozit yapida, Karbon kumasin dis yilizeyde
bulunmasi ve Karbon lif miktariin daha yiiksek olmasi, bu liflerin sahip oldugu yiiksek dayanim/modiil
Ozelliklerini darbe esasli yiiklemede etkin bir bi¢cimde ortaya c¢ikarmistir. Buna karsihk HCH
kompozitlerde, dis yiizeyde Kenevir/PP kumasin bulunmasi ve diisiik Karbon lif miktarindan dolay1 darbe
dayanimi da daha diisiik degerlerde gerceklesmistir.

Cizelge 5. Kompozitlerin Charpy darbe testi sonuglari

Absorplanan enerji Charpy darbe dayamim
Kod J) (kJ/m?)
Cozgii Atk Cozgii Atk
C 1,6 (x0,16) 1,30 (x0,11) 89,86 (+£8,42) 80,46 (£5,56)
H 1,4 (x0,00) 1,36 (+£0,16) 40,76 (£1,29) 35,61 (£3,71)
CHC 1,6 (£0,04) 1,70 (£0,20) 61,88 (£2,97) 73,28 (£9,11)
HCH 1,7(x0,12) 1,30 (£0,16) 53,81 (£3,97) 39,75 (£4,94)
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Sekil 5. Kompozitlerin Charpy darbe testi absorplanan enerji (a) ve darbe dayanimi (b) degerleri

HCH

Hibrit kompozitlerin absorplanan enerji degerlerinin de benzer bir egilim gosterdigi goriilmektedir. En
yiiksek enerji absorpsiyonu CHC kompozit yapida atki yoniinde elde edilmistir. Bu durum, Karbon
liflerinin dayanimi ile Kenevir liflerinin deformasyon kabiliyetinin birlikte etkili olmasiyla iliskili oldugu
diistiniilmektedir ve hibrit kompozitlerde siinek ve gevrek davranigin birlikte bulunmasi enerji absorplama

kapasitesini artirmustir [4]. HCH numunelerinde ise Ozellikle ¢ozgii yoniinde daha yiiksek enerji
absorpsiyonu elde edilmistir.

3.4. Hasar Analizi Sonuglar:
3.4.1. Egme Testi Sonras1 Mikroskobik Hasar Analizi

Egme testi sonras1 hibrit kompozitlerin kirilma yiizeyleri mikroskobik olarak incelenmis ve elde edilen
goriintiiler Sekil 6’da sunulmustur. Karbon kompozitler (C), egme yiikii altinda ¢ekme yiikiiniin
gerceklestigi alt yilizeyde hem ¢6zgii hem de atki yoniinde lif ve matris kirllmalarina rastlanmistir. Bu
kiriklarin katmanlar arasinda ilerleyerek orta katmana ulastig1 ve burada delaminasyon hasarina yol agtigi
goriilmiistiir. Bu durum, Karbon lifinin yiik altindaki rijit davranigindan kaynaklanmaktadir. Atki yoniinde,
basma yiizeyine dogru ¢atlak ilerlemesine rastlanmistir. Benzer kirilma davranisi, Karbon katmanlarimin
dis ylizeyde yer aldigi CHC kompozit yapilarda de olusmustur. Ancak, orta katmanda bulunan Kenevir/PP
kumas, ozellikle ¢6zgii yoniinde koprilleme davranisi yaparak hasarin kalinlik boyunca ilerlemesini
Onleyerek lokalize etmistir. Kenevir/PP (H) kompozitlerde, atki yoniinde kalinlik boyunca ilerleyen
lif/matris catlag1 gergeklesmistir. Cozgili yoniinde ise polipropilen lifinin siinek davranigindan dolay1
belirgin bir lif/matris kirilmasina rastlanmamis olup, delaminasyon esaslt mikro catlaklar tespit edilmistir.
Kenevir/PP katmanlarinin dis yiizeyde yer aldigt HCH kompozit yapilarda ise, ¢dzgii yoniindeki
polipropilen liflerinin siinek yapisindan dolay1 yiikii Karbon lifinden olusan orta katmana iletmekle birlikte,
katastrofik lif/matris kirtlmasi gergeklesmemis olup delaminasyona sebebiyet vermistir. Ancak, atki
yoniindeki Kenevir liflerinin, polipropilen liflerine kiyasla gorece gevrek davranisi, yiikiin yapinin kalinligi
boyunca ilerlemesine sebebiyet vermis ve katastrofik lif/matris kirllmalart meydana gelmistir. Hibrit
kompozitlerde, katman diziliminin hasar gelisimi {izerinde belirleyici bir rol oynadigi anlagilmaktadir.
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lif/matris kirilmasi

HCH

Sekil 6. Egme testi sonrast kompozitlerin kirilma yiizeylerinin mikroskobik analizi (x10 biiyilitme orani)
3.4.2. Egme Testi Sonrasi Ultrasonik C-Tarama Hasar Analizi

Hibrit kompozitlerin egme testi sonrasinda olusabilecek i¢ hasarlar1 belirlemek amaciyla Ultrasonik C-
tarama analizleri gerceklestirilmistir. Elde edilen C-tarama goriintiileri, gelistirilen goriintii isleme
algoritmasi ve Image J yazilimi kullanilarak analiz edilmis ve hasarli bolgelerin alanlart mm? cinsinden
hesaplanmistir. Hasar alanlarinin belirlenmesinde goriintiiler {izerinde filtreleme ve esikleme iglemleri
uygulanarak hasarli bolgeler piksel bazinda tespit edilmis, ardindan bu degerler gergek alan degerlerine
dontistiiriilmistiir. Ultrasonik C-tarama goriintiileri ve hasar alan1 degerleri, sirasiyla Sekil 7 ve Sekil 8°de
sunulmustur.

COZGU YONU ATKI YONU
Gauss Filtresi RGB Hasarh alan Gauss Filtresi RGB Hasarh alan
=
= N
| - —
. = i
S :
S ———
- 28.45 mm? 32.72 mm?
=

= i 53.76 mm?
Sekil 7. Egme testi sonrast kompozitlerin Ultrasonik C-tarama goriintiileri
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Sekil 8. Egme testi sonras1 kompozitlerin hasar alani1 degerleri

Hasar alam (mm?)

HCH

Ultrasonik C-tarama goriintiileri incelendiginde, hasar alaninin kompozitlerdeki katman dizilimine ve
yiikleme yoniine bagl olarak degistigi goriilmektedir. Karbon kompozitlerde (C), atki yoniinde yaklasik
32,72 mm?, ¢ozgii yoniinde ise 28.45 mm? hasar alani tespit edilmistir. Karbon liflerinin yliksek mekanik
dayanimi nedeniyle egme yiikii altinda sinirli bir hasar alani olustugu gozlenmistir. Kenevir/PP (H)
kompozitlerde ise, atki yoniindeki hasar alan1 Karbon kompozitlerden (C) daha diisiik olup 25,43 mm?,
¢oOzgll yoniindeki hasar alani ise 53,76 mm? olarak belirlenmistir. Atki yoniinde bulunan Kenevir lifleri
hasarin daha siirli kalmasima katki saglamis olup, ¢dzgii yoniinde bulunan polipropilen liflerinin daha
diisik mekanik 6zellikleri nedeniyle i¢ hasarin daha genis bir alana yayildigi gorilmiistiir. CHC hibrit
kompozitlerde atki yoniinde 34,42 mm?, ¢ozgii yoniinde ise 40,72 mm? hasar alani dl¢lilmiistiir. Karbon
katmanlarinin dis ylizeylerde bulunmasi egme ytikleri altinda hasarin sinirli kalmasina katki saglamis ve
hasar alaninin nispeten daha dengeli bir dagilim gostermesine neden olmustur. HCH hibrit kompozitlerde
ise atki yoniinde 32,66 mm?, ¢ozgii yoniinde 56,60 mm? hasar alani belirlenmistir. HCH kompozit yapinin
dis katmanlarin Kenevir/PP kumastan olugsmasi ve ¢ozgii yoniinde polipropilen liflerinin bulunmasi
nedeniyle ozellikle ¢ozgii yoniinde daha genis hasar alanmmin olustugu goriilmektedir. Genel olarak
degerlendirildiginde, Karbon liflerinin dis katmanlarda bulundugu kompozitlerde hasarin daha sinirh
kaldig1, buna karsilik dogal lif iceren kompozitlerin 6zellikle yone bagh olarak daha genis hasar bolgeleri
olusturabildigi goriilmektedir. Ultrasonik C-tarama sonuglari, katman diziliminin ve kullanilan lif tiiriiniin
kompozitlerin hasar gelisimi {izerinde 6nemli bir etkisi oldugunu gostermektedir. Ayrica elde edilen
Ultrasonik C-tarama sonuglarinin, kompozit yapilarin mekanik davranist genel olarak uyumlu oldugu
belirlenmistir.

4. SONUCLAR

Karbon/Kenevir/PP dokuma kumasg takviyeli hibrit kompozitlerde katman diziliminin mekanik davranis ve
hasar gelisimi {izerindeki etkileri incelenmistir. Elde edilen baglica sonuglar agagida 6zetlenmistir:

e Karbon kumasin daha fazla oranda kullanildigi CHC hibrit kompozitlerin yogunluk degerlerinin, daha
az oranda kullanildig1 HCH hibrit kompozitlere kiyasla daha yiiksek oldugu belirlenmistir.
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o Kenevir/PP kompozitlerin (H) agirlik¢a lif miktar1 degerlerinin, Karbon (C) kompozitlere kiyasla daha
yiiksek oldugu ve buna bagl olarak, katman dizilimlerinde Karbon kumasin daha fazla oranda
kullanildigi CHC hibrit kompozitleri lif miktar1 degerlerinin, daha az oranda kullanildigit HCH hibrit
kompozitlere kiyasla daha diisiik oldugu belirlenmistir.

e Karbon kompozitlerin (C) hem atki hem de ¢6zgii yoniinde en yiikksek egme dayanim ve modiiliinii
sergiledigi gorilmiistiir. Bu durum Karbon liflerinin yiikksek mekanik dayanim o6zelliklerinden
kaynaklanmaktadir. Buna karsilik, Kenevir/PP (H) kompozitlerde egme dayanimi ve modiiliiniin hem
atk1 hem de ¢6zgii yoniinde, Karbon kompozitlere (C) kiyasla oldukga diisiik oldugu belirlenmistir.

e Karbon liflerinin dis yiizeyde yer aldig1 kompozit yapilarda (CHC) daha yiiksek egme dayanimi ve
modiilii elde edilirken, Kenevir/PP liflerinin dis yiizeyde bulundugu kompozitlerde (HCH) daha diisiik
egme dayanim ve modiilii gorilmiistiir.

¢ Egme yiikii altinda, ¢cekme ve basma gerilmelerinin kompozit yapinin dis yiizeylerinde olusmasindan
dolay1, dis katmanlarda bulunan lif tiiriiniin egme dayanimi ilizerinde 6nemli bir etkisi oldugu
belirlenmistir.

o En yiiksek enerji absorpsiyonu CHC kompozit yapida atki yoniinde elde edilmistir. Bu durum, Karbon
liflerinin dayanimu ile Kenevir liflerinin deformasyon kabiliyetinin birlikte etkili olmasiyla hibrit
kompozitlerde siinek ve gevrek davranigin birlikte bulunmasinin, kompozitlerin enerji absorplama
kapasitesini artirdigini gostermistir. HCH kompozit yapilarda ise 6zellikle ¢ozgii yoniinde daha
yiiksek enerji absorpsiyonu elde edilmistir.

e Karbon liflerinin dig katmanlarda bulundugu kompozitlerde hasarin daha sinirl kaldigi, buna karsilik
dogal lif iceren kompozitlerin 6zellikle yone bagli olarak daha genis hasar bolgeleri olusturabildigi
goriilmektedir. Ultrasonik C-tarama sonuglari, katman diziliminin ve kullanilan lif tiiriiniin
kompozitlerin hasar gelisimi iizerinde 6nemli bir etkisi oldugunu gostermektedir.

¢ Sonuglar hibrit kompozitlerde lif tiirii ve katman diziliminin mekanik ve darbe davranisi tizerinde etkili
oldugunu ve hibritlemenin sinerjik etkisinin, kompozit yapisal tasarimmda kullanilmasimm bir alternatif
olabilecegini gostermektedir.
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Bu caligma, polipropilen filament iplik {iretiminde kullanilan spin
finish yaglarinin geri kazanimina yonelik yenilik¢i bir sistemin
gelistirilmesini  ve uygulanabilirliginin ~ degerlendirilmesini
amaclamaktadir. Arastirma kapsaminda spin finish yaglarmin
fiziksel ve kimyasal ozellikleri analiz edilmis, kontaminasyon
seviyeleri incelenerek yeniden kullanim kriterleri belirlenmistir.
Yapilan degerlendirmeler sonucunda, geri kazanilabilir bilesen
oraninin %20 seviyesine ulastiginda yagin proses igerisinde
yeniden kullanilabilecek Kkaliteye eristigi tespit edilmistir.
Gelistirilen sistemin teknik, ekonomik ve g¢evresel performans
analizleri gerceklestirilmis; uygulama sonucunda yillik yaklasik
16.411 ABD Dolar1 ekonomik kazang saglanabilecegi ve yatirim
maliyetinin 2 ay 1 gilin gibi kisa bir slirede geri kazanilabilecegi
belirlenmistir. Ayrica yilda yaklasitk 36 ton atik yagin geri
doniistiiriilmesiyle atik olusumunun azaltilmasi ve dogal kaynak
kullanimmin diisiiriilmesi miimkiin olmustur. Bulgular, sistemin
nihai {irlin kalitesini olumsuz etkilemeden uygulanabildigini
gostermekte olup, sirdiiriilebilir {iretim ve dongiisel ekonomi
hedeflerine katki saglayan etkili bir yaklagim ortaya koymaktadir.
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This study investigates the development and feasibility of an
innovative recovery system for spin finish oils used in polypropylene
filament yarn production. The physical and chemical properties of
the oils were analyzed, and reuse criteria were established through
the evaluation of contamination levels and recoverable components.
Results indicated that the recovered oil achieved a quality level
suitable for reintegration into the production process when the
recoverable component ratio reached approximately 20%. The
proposed system was assessed in terms of technical, economic, and
environmental performance. Findings revealed that implementation
of the recovery system could generate annual savings of
approximately USD 16,411, with an investment payback period of
only 2 months and 1 day. In addition, recycling nearly 36 tons of
waste spin finish oil annually contributes to reducing waste
generation, conserving natural resources, and mitigating
environmental impacts. The results demonstrate that the system can
be implemented without compromising product quality, thereby
supporting  circular economy principles and sustainable
manufacturing practices in the textile industry.
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1. GIRIS

Diinya genelinde artan niifus, sanayilesme faaliyetleri, dogal kaynaklarin hizla tikenmesi ve gevresel
sorunlarin giderek daha belirgin hale gelmesi, liretim sektorlerinde siirdiiriilebilirlik uygulamalarini zorunlu
hale getirmistir [1,2]. Ozellikle enerji yogun ve kimyasal kullanimmin yiiksek oldugu tekstil sektorii,
cevresel etkilerin azaltilmasina yonelik ¢alismalarin yogunlastig1 endiistriler arasinda yer almaktadir. Son
yillarda dongiisel ekonomi yaklagimi kapsaminda atik olusumunun azaltilmasi, kaynak verimliliginin
artirilmast ve iretim siireglerinde kullanilan malzemelerin yeniden degerlendirilmesi bilyiikk Gnem
kazanmustir [3].

Tekstil endiistrisinde sentetik filament iplikler, yiiksek mukavemetleri, diisiik yogunluklari, kimyasal
dayanimlar1 ve ekonomik iiretim avantajlar1 nedeniyle yaygin olarak kullanilmaktadir [4]. Ozellikle
polipropilen filament iplikler; hali, ev tekstili, teknik tekstiller, otomotiv {iriinleri, medikal uygulamalar ve
spor tekstilleri gibi bir¢ok farkli alanda tercih edilmektedir [5]. Filament ipliklerin iiretiminde, proses
verimliligini artrmak ve iplik kalitesini korumak amaciyla g¢esitli yardimci kimyasallardan
yararlanilmaktadir. Bu yardimer kimyasallar arasinda en 6nemli bilesenlerden biri spin finish yaglaridir.

Spin finish yaglari, filament yiizeyinde ince bir film tabakasi olusturarak siirtiinmeyi azaltmakta, statik
elektrik olusumunu onlemekte ve filamentlerin ¢ekim, sarim ve sonraki iglem basamaklarinda daha
kontrollii hareket etmesini saglamaktadir [6]. Bu sayede iplik kopuslariin azaltilmasi, iiretim hizlarinin
artirilmasi ve nihai iiriin kalitesinin iyilestirilmesi miimkiin olmaktadir. Bununla birlikte {iretim siireci
boyunca onemli miktarda spin finish yagi atik hale gelmekte ve c¢ogu isletmede dogrudan bertaraf
edilmektedir. Bu durum hem ekonomik kayiplara hem de ¢evresel yiiklerin artmasina neden olmaktadir [7].

Atik yaglarin geri kazanimi uzun yillardir metal isleme, otomotiv ve enerji sektorlerinde arastirilan bir konu
olmasina ragmen, tekstil sektoriinde kullanilan spin finish yaglariin geri doniisiimiine yonelik ¢alismalarin
oldukca sinirl oldugu goriilmektedir [8,9]. Literatiirde gergeklestirilen ¢aligmalar incelendiginde, geri
kazanim uygulamalarinin ¢ogunlukla filtrasyon, santrifiij ayirma, kimyasal saflagtirma ve termal islemler
iizerine yogunlastig1 goriilmektedir [ 10-12]. Bununla birlikte, tekstil {iretim siire¢lerinden kaynaklanan spin
finish yaglarinin dogrudan yeniden kullanim potansiyelini inceleyen ve endiistriyel dl¢ekte uygulanabilir
sistem Onerileri sunan calismalarin sayisi olduk¢a azdir [9]. Bu durum, tekstil sektoriinde kaynak
verimliligini artirmaya yonelik yeni yaklagimlara ihtiya¢ duyuldugunu gostermektedir.

Filament iplik iiretim tesislerinde kullanilan spin finish yaglarinin 6nemli bir kismi, proses sonrasinda
belirli oranlarda yag igerigini korumaya devam etmektedir. Bu durum, uygun yontemlerin gelistirilmesi
halinde s6z konusu yaglarin yeniden degerlendirilmesine olanak saglamaktadir. Ancak geri kullanim
oncesinde yagin fiziksel ve kimyasal 6zelliklerinin belirlenmesi, kullanim sinirlarinin ortaya konulmasi ve
proses performansina etkilerinin degerlendirilmesi gerekmektedir [10,12]. Bu nedenle geri kazanim
sistemlerinin yalnizca ¢evresel degil, ayn1 zamanda teknik ve ekonomik agidan da incelenmesi bilyiik 5nem
tagimaktadir.

Bu c¢alismada, polipropilen filament iplik iiretim siireglerinde kullanilan spin finish yaglarinin geri kazanim
potansiyeli arastirllmistir. Caligma kapsaminda atik yaglarin fiziksel ve kimyasal 6zellikleri analiz edilmis,
yeniden kullanim kriterleri belirlenmis ve iiretim hattina entegre edilebilecek bir geri kazanim sistemi
tasarlanmistir. Ayrica gelistirilen sistemin ekonomik uygulanabilirligi, maliyet avantajlar1 ve cevresel
katkilar1 degerlendirilmistir. Boylece hem atik miktarinin azaltilmasi hem de hammadde tiiketiminin
distiriilmesi hedeflenmistir.

Literatiirde sinirli sayida ele alinan spin finish yagi geri kazanimi konusuna odaklanan bu ¢alisma, tekstil
sektoriinde dongiisel ekonomi uygulamalarinin gelistirilmesine katki saglamay1 amaglamaktadir. Bunun
yani sira ¢alisma, gevresel siirdiiriilebilirlik hedefleri ile ekonomik faydalari bir araya getiren uygulanabilir
bir geri doniisiim modelinin ortaya konulmasi agisindan dnemli bir 6rnek teskil etmektedir.

2. MATERYAL VE YONTEM

Bu ¢alismada, polipropilen filament iplik iiretim proseslerinde kullanilan spin finish yaglarmmn geri kazanmim
potansiyeli arastirilmis ve endiistriyel Slgekte uygulanabilir bir geri doniiglim sistemi gelistirilmistir. Caligma
kapsaminda kullamlan spin finish yagmnmn fiziksel ve kimyasal Ozellikleri incelenmis, iiretim siirecinden
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kaynaklanan atik yaglarin karakterizasyonu gergeklestirilmis ve geri kazamlan yaglarm yeniden kullanim
performansi degerlendirilmistir. Gelistirilen sistem; atik yaglarin toplanmasi, depolanmasi, transfer edilmesi,
laboratuvar analizlerinin gergeklestirilmesi, yag-su oraninin yeniden diizenlenmesi ve {iretim siirecine geri
kazandirilmasi asamalarindan olugmaktadir. Calismada herhangi bir kimyasal ayristirma, santrifiijleme veya ileri
filtrasyon islemi uygulanmamis, yalnizca atik yag igerisindeki yag-su oranmin proses kosullarina uygun hale
getirilmesi esas almmustir [1].

2.1. Kullanilan Spin Finish Yagimin Ozellikleri

Caligmada kullanilan spin finish yagi, polipropilen filament iplik tiretiminde filament-filament ve filament-
metal temaslarinda siirtiinmeyi azaltmak, statik elektrik olusumunu 6nlemek ve proses verimliligini
artirmak amaciyla kullanilan yardimei bir kimyasaldir [2]. Yagin kullanim1 sayesinde filament ylizeyinde
homojen bir film tabakasi olusturularak iplik kopuslar1 azaltilmakta ve nihai {iriin kalitesi iyilestirilmektedir

[3].

Kullanilan spin finish yagi kimyasal olarak fosforik ester ve etoksillenmis yag alkollerinden olusmaktadir.
Uriin renksiz ve berrak bir siv1 goriiniimiinde olup hafif karakteristik bir kokuya sahiptir. Tyonik yapist
noniyonik veya zayif anyonik karakter gdstermekte ve suda kolay ¢oziinebilmektedir. %10’luk sulu
¢ozeltisinde pH degeri 6-7 araliginda bulunmaktadir. Uretim prosesinde yag, %5-25 oraninda emiilsiyon
halinde hazirlanarak filament ylizeyine uygulanmaktadir [2].

Uriiniin depolama sicakhg1 +10 °C ile +35 °C arasinda tutulmus ve iiretici tavsiyelerine uygun sekilde muhafaza
edilmistir. Kullanim sirasinda is saglig1 ve giivenligi agisindan koruyucu ekipman kullanilmig ve gevresel temasin
6nlenmesine yonelik gerekli tedbirler alimmugtir.

2.2. Atik Yag Toplama Sistemi

Filament iplik tiretim makinelerinden proses sirasinda ¢ikan atik spin finish yaglari, sistem i¢in 6zel olarak
tasarlanan toplama kuyularinda biriktirilmistir. Toplama kuyusu paslanmaz ¢elik malzemeden {iretilmis
olup yiiksek kimyasal dayanim ve uzun kullanim dmrii saglayacak sekilde tasarlanmustir. Sistem icerisinde
olusabilecek kat1 partikiillerin ve tortularin birikerek akisi engellemesini dnlemek amaciyla kuyu icerisinde
sedimentasyon bdlmesi olusturulmustur. Ayrica sistem performansinin izlenebilmesi amaciyla seviye
gostergesi kullanilmistir.

Toplama kuyusunda biriken atik yaglar belirlenen seviyeye ulastiginda depolama sistemine aktarilmustir.

2.3. Depolama ve Transfer Sistemi

Toplama kuyusunda biriken atik yaglar otomatik pompa sistemi yardimiyla 1 ton kapasiteli depolama
tankina transfer edilmistir. Depolama tanki ¢ift cidarli yapida tasarlanmis olup olasi sizintilara karsi
giivenlik saglamak ve sicaklik degisimlerinden kaynaklanan olumsuz etkileri azaltmak amaciyla
kullanilmustir.

Depolama siiresince yag-su karigiminin homojen yapisint koruyabilmek amaciyla tank icerisine mekanik
karistirict sistemi entegre edilmistir. Karistirici belirli araliklarla calistirilarak faz ayrigmasinin 6niine
gecilmis ve karigimin siirekli homojen kalmasi saglanmustir.

Transfer hattinda kullanilan borular kimyasal dayanimi yiiksek malzemelerden secilmis ve sistem igerisinde
bulunan siizgegler sayesinde biiyiik partikiillerin pompa veya boru hattina zarar vermesi engellenmistir.

2.4. Laboratuvar Analizleri ve Karakterizasyon Calismalari
Atik yaglarin yeniden kullanilabilirligini belirlemek amactyla iiretim hattindan elde edilen atik yag-su
karigimlari ile kullanilmamis yeni yag-su karisimlarindan numuneler alinmigtir. Numuneler akredite bir

laboratuvara gonderilmis ve fiziksel ile kimyasal 6zellikleri karsilastirmali olarak analiz edilmistir.

Analizler kapsaminda goriiniim, renk, kuru madde orani, refraktif indeks, pH, iletkenlik ve iyonik yap1
parametreleri incelenmistir. Elde edilen sonuglar Cizelge 2’de verilmistir.
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Cizelge 2. Yeni yag-su karigimi ile atik yag-su karisiminin karsilastirmali analiz sonuglari

Ozellik Yag-Su karisimi Atik yag-Su karisimu
Goriliniim, renk Berrak s1vi, uguk sar1 Berrak stvi, uguk sar1
% Kuru madde 64 52
Refraktif indeks 53 50
%10 ¢ozelti pH 6,9 6-7
%10 ¢ozelti iletkenlik 259 uS/cm 256 uS/cm
%10 ¢ozelti goriniimii Mikro emiilsiyon Mikro emiilsiyon
Iyonik yap1 Anyonik Anyonik

Laboratuvar sonuglari, atik yag-su karisimmnin fiziksel ve kimyasal 6zelliklerinin yeni yag-su karigimu ile biiyiik
olciide benzerlik gosterdigini ortaya koymustur. Ozellikle goriiniim, pH, iletkenlik ve iyonik yapi parametrelerinde
onemli bir farkhilik tespit edilmemistir. Elde edilen bulgular dogrultusunda atik yag-su karisiminin yeniden kullanmim
acisindan uygun oldugu degerlendirilmistir.

2.5. Yag-Su Oraninin Diizenlenmesi ve Geri Kullanim

Laboratuvar analizleri ve saha dl¢timleri sonucunda atik yag karisiminin ortalama yag igeriginin %17,9
oldugu belirlenmistir. Uretim prosesinde kullanilan emiilsiyonun ise %20 yag igerigine sahip olmasi
gerektiginden, geri kazanim siirecinde yag-su orani yeniden diizenlenmistir.

Bu amagla depolama tankindan alinan numuneler {izerinde yag orani analizleri gergeklestirilmis, mevcut
yag orani ile hedeflenen yag orani arasindaki fark hesaplanmis ve gerekli miktarda spin finish yag: sisteme
dozajlanmustir. Karistirict sistemi yardimiyla homojen karisim elde edilmis ve sonrasinda yag orani tekrar
olgiilerek proses sartlarina uygunlugu dogrulanmistir.

Yag oram1 %20 seviyesine ulagtirilan karisim kalite kontrol islemlerinin ardindan yeniden iiretim hattina
beslenmistir. Bdylece herhangi bir kimyasal aritma, santrifiijleme veya ileri filtrasyon islemine ihtiyag
duyulmadan atik spin finish yaglarmin yeniden kullanilmasi miimkiin hale getirilmistir [4].

Bu yaklagim sayesinde hem atik olusumu azaltilmis hem de yeni spin finish yag: tiiketiminde 6nemli diizeyde
tasarruf saglanmistir. Ayrica sistem, diisiik yatirim maliyeti ve mevcut iiretim altyapisina kolaylikla entegre
edilebilmesi sayesinde ekonomik ve ¢evresel agidan uygulanabilir bir geri doniisiim modeli sunmustur.

3. BULGULAR

Polipropilen filament iplik iiretiminde kullanilan spin finish yaglari, filament yilizeyinde siirtinmeyi
azaltmak, statik elektrik olusumunu 6nlemek ve iiretim prosesinin kararliligini artirmak amaciyla yaygin
olarak kullanilmaktadir [1,2]. Incelenen tesiste spin finish yagi, iiretim hattina %20 yag ve %80 saf su
oraninda hazirlanmig emiilsiyon seklinde beslenmektedir. Ancak tiretim prosesi sonunda olusan yag-su
karigimi atik olarak degerlendirilmekte ve herhangi bir geri kazanim islemine tabi tutulmadan bertaraf
edilmektedir. Bu durum yalnizca ekonomik acidan bir kayip olusturmakla kalmamakta, ayn1 zamanda atik
yOnetimi ve kaynak verimliligi agisindan da 6nemli bir siirdiiriilebilirlik sorunu meydana getirmektedir [3].

Tekstil sektoriinde dongiisel ekonomi uygulamalarinin yayginlasmasiyla birlikte proseslerde kullanilan
yardimci kimyasallarin yeniden degerlendirilmesi 6nem kazanmustir [4]. Bu kapsamda gergeklestirilen
caligmada, atik spin finish yaglarmin yeniden kullanilabilirliginin arastirilmasi ve ekonomik olarak
uygulanabilir bir geri kazanim modelinin gelistirilmesi amaglanmistir.

Gelistirilen sistemde, {iretim makinelerinden ¢ikan atik yag-su karisimlari hortumlar yardimiyla merkezi
bir toplama kuyusunda biriktirilmistir. Toplanan atik yag daha sonra boru sistemi araciligiyla depolama
tankina aktarilmig ve belirli bir siire bekletildikten sonra yeniden kullanim amacryla degerlendirilmistir.
Yapilan 6n incelemelerde atik yaglarin 6nemli bir boliimiiniin halen kullanilabilir yag igerigine sahip
oldugu belirlenmistir. Bu durum, atik yaglarin herhangi bir ileri aritma islemine ihtiyag duyulmadan
yeniden degerlendirilebilecegini gostermistir.
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Atik yaglarin geri kullanim potansiyelini belirlemek amaciyla 15 giin boyunca her giin ii¢ farkli 6l¢iim
gerceklestirilmis ve toplam 45 adet 6l¢iim sonucu elde edilmistir. Olciimler yag 6l¢iim cihazi kullanilarak
gerceklestirilmis olup tiretim hattindan ¢ikan atik yag-su karigiminin yag igerigi belirlenmistir. Boylece geri
doniisiim sisteminin tasariminda kullanilacak temel veri seti olusturulmustur.

Cizelge 3. Atik yag 6l¢iim sonuglari

Giin Olgiim 1 Olgiim 2 Olgiim 3 Giinliik ortalama
1 16,4 16,7 16,7 16.6
2 17.1 17.8 17.4 17.4
3 17,5 17,4 17,2 17,4
4 16,3 16,2 16,1 16,2
5 24,5 23,8 23,8 24,0
6 17,8 17,5 17,9 17,7
7 20,1 19,5 19,4 19,7
8 17,4 16,9 17,1 17,1
9 16,2 16,8 16,8 16,6
10 17,2 17,5 17,4 17,4
11 17,6 17,6 17,8 17,7
12 18.1 18.1 17.9 18.0
13 182 17.8 17.8 17.9
14 16.4 162 16.8 16.5
15 17,5 17,8 17,8 17,7

45 olgiim ortalamasi: %17,9

Gergeklestirilen 6l¢iimler sonucunda atik yag-su karigimlarinin ortalama yag igeriginin %17,9 oldugu
belirlenmistir. Bu sonug, atik olarak degerlendirilen karigimin biiyiik oranda proses icerisinde kullanilabilir
yag icerdigini gostermektedir. Uretim hattinda kullanilan emiilsiyonun hedef yag oraninin %20 olmasi
nedeniyle, geri kazanilan karigimin yeniden kullanilabilmesi i¢in yalnizca sinirlt miktarda ilave spin finish
yag1 kullanilmast yeterli goriilmiistiir.

Yapilan degerlendirmelerde kullanilan spin finish yaginin aktif yag igeriginin %57 oldugu belirlenmistir.
Buna gore 1000 litrelik bir tankta %20 yag oranina sahip standart bir emiilsiyon hazirlanabilmesi i¢in teorik
olarak 350,88 litre spin finish yag1 kullanilmasi gerekmektedir. Ancak atik yag karisiminda halihazirda
%17,9 oraninda yag bulundugundan sistem tamamen yeni yag ile hazirlanmamis, mevcut yag igerigi
korunarak yalnizca eksik kisim tamamlanmuistir.

Yapilan hesaplamalar sonucunda 1000 litrelik bir tankin yag oranini %17,9 seviyesinden %20 seviyesine
¢ikarabilmek igin yaklagik 56,76 litre spin finish yagi ilavesinin yeterli oldugu belirlenmistir. Bu sonug,
proses igerisinde geri kazanilan yagm yiiksek bir geri kullanim potansiyeline sahip oldugunu
gostermektedir.

Tamamen yeni yag kullanilmasi durumunda gerekli olan 350,88 litre spin finish yag1 ile geri kazanim
sisteminde ihtiyag duyulan 56,76 litre spin finish yagi karsilastirildiginda, her 10 giinlik {iretim
periyodunda:

350,88 — 56,76 = 294,12 litre

spin finish yagi tasarrufu saglandigi hesaplanmistir.

Tesiste her 10 giinde bir yaklasik 1 ton atik yag toplandig: dikkate alindiginda, aylik ii¢ periyot iizerinden
yapilan hesaplamalarda toplam tasarruf miktari:

294,12 x 3 = 882,36 litre/ay

olarak belirlenmistir.
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Spin finish yagmin satin alma maliyetinin 1,55 USD/L oldugu dikkate alindiginda, yalnizca yag
tilketimindeki azalma sayesinde aylik yaklasik 1.367,66 USD ekonomik fayda elde edilmektedir. Bu deger
yillik bazda degerlendirildiginde yaklasik 16.411,92 USD tasarrufa karsilik gelmektedir.

Sistemin kurulumu i¢in gerekli yatirnm kalemleri incelendiginde, mevcut depolama tankinin kullanilmasi
nedeniyle ilave tank yatirimina ihtiya¢ duyulmadigi goriilmiistiir. Sistem i¢in gerceklestirilen yatirim
yalnizca yag toplama kuyusu ve borulama sisteminden olugmakta olup toplam yatirim maliyeti 2.471 USD
olarak hesaplanmustir. Isletme giderleri ise enerji, bakim ve iscilik dahil olmak iizere her 10 giinliik dsnem
icin yaklasik 20 USD seviyesindedir.

Ekonomik degerlendirme sonuglari, sistemin oldukca kisa siirede kendini amorti ettigini gostermektedir.
Yapilan maliyet-fayda analizine gore yatirimin geri doniis siiresi yaklasik 2 ay 1 giin olarak hesaplanmustir.
Bu geri 6deme siiresi, tekstil sektoriinde uygulanan birgok enerji verimliligi ve atik azaltimi projesine
kiyasla oldukga diisiik bir yatirim riski ortaya koymaktadir [5].

Cevresel agidan degerlendirildiginde ise sistem sayesinde yilda yaklasik 36 ton atik spin finish yaginin
yeniden kullanilmast miimkiin hale gelmektedir. Boylece hem atik olusumu azaltilmakta hem de yeni
kimyasal tiiketimi diisiiriilmektedir. Bunun sonucunda dogal kaynak kullanimi azalmakta, atik bertaraf
ihtiyaci diigmekte ve iiretim siireglerinin ¢evresel etkileri dnemli dl¢iide azaltilmaktadir [3,4].

Elde edilen bulgular, atik spin finish yaglarinin yalnizca yag-su oraninin yeniden diizenlenmesi ile iiretim
stirecine geri kazandirilabilecegini gostermektedir. Bu yaklasimin ileri filtrasyon, kimyasal aritma veya
santrifiijleme gibi yiiksek yatirim maliyetine sahip sistemlere ihtiya¢c duymadan uygulanabilmesi, yontemin
endiistriyel uygulanabilirligini artirmaktadir.

4. TARTISMA

Tekstil sektoriinde kullanilan proses yardimer kimyasallar1 arasinda yer alan spin finish yaglari, filament
iplik tiretiminin siirekliligi, iplik kalitesi ve proses verimliligi agisindan kritik neme sahiptir [1,2]. Bununla
birlikte bu yaglarin tiikketimi, 6zellikle yiiksek iiretim kapasiteli tesislerde 6nemli bir isletme maliyeti
olusturmaktadir. Bu nedenle spin finish yaglarinin kullanim verimliliginin artirilmasi ve miimkiin olan
durumlarda yeniden degerlendirilmesi, hem ekonomik hem de gevresel agidan Onemli kazanimlar
saglayabilmektedir [3].

Incelenen tesiste, iiretim prosesinde kullanilan spin finish yaglar1 makinelere %20 yag ve %80 saf su
oraninda hazirlanan emiilsiyon seklinde beslenmektedir. Uretim siireci sonunda ortaya c¢ikan yag-su
karigimi ise herhangi bir geri kazanim iglemine tabi tutulmadan atik olarak bertaraf edilmektedir. Bu durum,
kullanilabilir nitelikteki yagin kaybedilmesine neden olmakta ve isletmenin hammadde maliyetlerini
artirmaktadir. Ayrica atik yaglarin bertaraf edilmesi siirecinde gevresel etkiler de ortaya ¢ikmaktadir [4].

Bu ¢alisma kapsaminda gelistirilen geri kazanim sistemi, atik yaglarin dogrudan bertaraf edilmesi yerine
yeniden iiretim siirecine kazandirilmasini amagclamaktadir. Onerilen sistem sayesinde tank tamamen
bosaltilip yeniden doldurulmak yerine, her 10 giinliik iiretim periyodu sonunda yalnizca eksilen yag miktari
kadar yeni spin finish yagi ilave edilmektedir. Bdylece iiretim prosesinin ihtiyag duydugu yag
konsantrasyonu korunurken gereksiz yag tiiketiminin 6niine gegilmektedir.

Gergeklestirilen 6l¢iimler sonucunda, atik yag-su karisiminin ortalama yag igeriginin %17,9 oldugu
belirlenmistir. Uretim prosesinde kullanilabilmesi igin gerekli yag oram1 %20 oldugundan, mevcut
karisimin yeniden kullanilabilir hale getirilmesi amaciyla yalnizca eksik yag miktarinin tamamlanmasi
yeterli olmaktadir. Kullanilan spin finish yaginin aktif yag iceriginin %57 oldugu dikkate alindiginda
yapilan hesaplamalar sonucunda, her 1000 litrelik tank igin yaklasik 56,76 litre spin finish yag1 ilavesiyle
hedef yag konsantrasyonuna ulagilabilmektedir.

Eger sistemde geri kazanim uygulanmayip her tank tamamen yeni yag-su karigimu ile hazirlanacak olsaydi,
1000 litrelik bir tank i¢in toplam 350,88 litre spin finish yag1 kullanilmasi gerekecekti. Ancak geri kazanim
sistemi sayesinde yalnizca 56,76 litre yeni yag kullanilmasi yeterli olmaktadir. Bu durum her 10 giinliik
iiretim periyodunda:
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350,88 — 56,76 = 294,12 litre
spin finish yagi tasarrufu saglandigin1 gostermektedir.

Tasarruf edilen bu miktar dogrudan iiretim prosesinde kullanilabilecek nitelikte oldugundan, elde edilen
kazan¢ isletme agisindan dogrudan maliyet avantajina doniismektedir. Bu sonug, proses yardimei
kimyasallarmin geri kazanilmasinin yalnizca gevresel degil ayn1 zamanda ekonomik agidan da 6nemli
faydalar saglayabilecegini ortaya koymaktadir [3].

4.1. Ekonomik Degerlendirme

Sistemin ekonomik etkilerinin belirlenmesi amaciyla maliyet-fayda analizi gerceklestirilmistir.
Hesaplamalarda tesisin mevcut iiretim kapasitesi, yag tiikketim miktarlari, yatirm maliyetleri ve isletme
giderleri dikkate alinmustir.

Her 10 giinliik iiretim periyodunda saglanan 294,12 litre yag tasarrufu dikkate alindiginda, yilda yaklasik
36 iretim dongiisii lizerinden yapilan hesaplamalarda toplam yillik tasarruf miktar1 6nemli seviyelere
ulagmaktadir. Spin finish yaginmn birim maliyetinin 1,55 USD/L oldugu dikkate alindiginda sistem
sayesinde yillik yaklagik 16.411 USD tutarinda ekonomik kazang elde edilmektedir.

Bu deger yalnizca hammadde maliyetlerinden kaynaklanan dogrudan tasarrufu ifade etmektedir. Atik
yaglarin bertaraf edilmesi i¢in gerekli tasima, depolama ve atik yonetim maliyetlerinde meydana gelen
azalmalar dikkate alindiginda, sistemin isletmeye sagladig1 toplam ekonomik katkinin daha yiiksek oldugu
degerlendirilmektedir [4].

4.2. Yatirim Maliyetleri

Sistemin kurulumu i¢in gergeklestirilen yatirrm maliyetleri incelendiginde, yeni bir tank yatirimina ihtiyag
duyulmadigr goriillmektedir. Mevcut depolama tankinin kullanilmasi sayesinde yatirim maliyetleri
minimum seviyede tutulmustur.

Yeni kuyu ve hat sisteminin toplam yatirim maliyeti 2.471 USD olarak hesaplanmistir. Bu maliyet;

¢ 600 USD kuyu maliyeti,
¢ 928 USD hat ve baglant1 ekipmanlar1 maliyeti,
¢ 943 USD montaj ve kurulum is¢ilik maliyeti

olmak {izere ii¢ temel kalemden olugsmaktadir.

Yatirim maliyetlerinin diisiik tutulabilmesi, sistemin uygulanabilirligini artiran 6nemli avantajlardan biri
olarak degerlendirilmektedir.

4.3. Yatirrmin Geri Odeme Siiresi

Yapilan maliyet analizleri sonucunda sistemin geri 6deme siiresi yaklasik 2 ay 1 giin olarak hesaplanmustir.
Bu geri ddeme siiresi, tekstil sektdriinde gerceklestirilen birgok proses iyilestirme ve enerji verimliligi
yatirimina kiyasla oldukga kisa bir siireye karsilik gelmektedir [5].

Yatirirmin bu kadar kisa siirede kendini amorti edezbilmesi, sistemin finansal agidan diisiik riskli ve yiiksek
getirili bir yatirim oldugunu gostermektedir. Ozellikle yiiksek miktarda spin finish yagi kullanan
isletmelerde geri 6deme siiresinin daha da kisalabilecegi dngorillmektedir.

4.4. Cevresel Etkilerin Degerlendirilmesi
Ekonomik kazanimlari yani sira sistemin ¢evresel etkileri de 6nemli diizeydedir. Yapilan hesaplamalara

gore sistem sayesinde yilda yaklasik 36 ton atik yag-su karisimi bertaraf edilmek yerine yeniden iiretim
stirecine kazandirilmaktadir.
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Atik yaglarin geri kazanilmasi, atik yonetim sistemleri iizerindeki yiikii azaltmakta ve bertaraf
siireclerinden kaynaklanan cevresel riskleri minimize etmektedir. Bunun yani sira yeni kimyasal
tiketiminin azalmasi, dogal kaynaklarin korunmasimna ve g¢evresel etkilerin azaltilmasina katki
saglamaktadir [4].

Déngiisel ekonomi yaklasiminin temel prensiplerinden biri olan kaynaklarin miimkiin oldugunca uzun siire
sistem igerisinde tutulmas1 hedefi dikkate alindiginda, gelistirilen geri kazanim sistemi bu prensiple biiyilik
Olciide uyum gostermektedir [3]. Ayrica kimyasal tiiketiminin azaltilmasi, dolayli olarak iretim
stireglerinin karbon ayak izinin diisiiriilmesine de katki saglamaktadir.

Sonug olarak yapilan maliyet-fayda analizleri ve ¢evresel degerlendirmeler, gelistirilen sistemin hem
ekonomik hem de ¢evresel agidan uygulanabilir oldugunu gostermektedir. Elde edilen bulgular, spin finish
yaglarmim geri kazaniminin tekstil sektoriinde siirdiiriilebilir iiretim hedeflerine ulasilmasma katki
saglayabilecek etkili bir yontem oldugunu ortaya koymaktadir.

5. SONUC

Bu calismada, polipropilen filament iplik tiretim siireglerinde kullanilan spin finish yaglarimm geri
kazanimina yonelik gelistirilen sistemin teknik uygulanabilirligi, ekonomik performansi ve ¢evresel etkileri
kapsamli olarak degerlendirilmistir. Tekstil sektdriinde yaygin olarak kullanilan spin finish yaglari,
filament yiizeyinde siirtiinmeyi azaltarak proses verimliligini artirmakta ve nihai {iriin kalitesinin
korunmasina katki saglamaktadir [1,2]. Ancak iiretim siireci sonunda ortaya ¢ikan yag-su karisimlarmin
cogu isletmede dogrudan bertaraf edilmesi, hem ekonomik kayiplara hem de gevresel yiiklerin artmasina
neden olmaktadir [3]. Bu caligma kapsaminda gelistirilen geri kazanim sistemi, s6z konusu atiklarin
yeniden iretim siirecine kazandirilabilecegini ortaya koyarak tekstil sektoriinde dongiisel ekonomi
uygulamalarina 6rnek teskil etmektedir [4].

Calisma kapsaminda gergeklestirilen saha olgiimleri sonucunda, iiretim hattindan ¢ikan atik yag-su
karigimlarinin ortalama %17,9 yag igerigine sahip oldugu belirlenmistir. Elde edilen bu sonug, atik olarak
degerlendirilen karigimin 6nemli miktarda kullanilabilir spin finish yag1 igerdigini gostermektedir. Yapilan
analizler ve laboratuvar degerlendirmeleri sonucunda, atik yaglarin herhangi bir ileri filtrasyon, kimyasal
aritma veya santrifiijleme islemine ihtiya¢ duyulmadan yalnizca yag-su oraninin yeniden diizenlenmesi ile
proses icerisinde tekrar kullanilabilecegi ortaya konulmustur. Bu durum, sistemin yatirrm maliyetlerini
diisiik tutarken uygulanabilirligini artiran 6nemli bir avantaj saglamaktadir [5].

Ekonomik agidan degerlendirildiginde, gelistirilen geri kazanim sisteminin isletmeye onemli diizeyde
maliyet avantaji sagladigi goriilmistiir. Yapilan hesaplamalar sonucunda, her 10 giinlik tretim
periyodunda bir tank igin ortalama 294,12 litre spin finish yag: tasarrufu saglandigi belirlenmistir. Bu
tasarruf miktar1 aylik bazda degerlendirildiginde yaklagik 882,36 litreye ulagmakta, yillik bazda ise yaklasik
10.588 litre seviyesinde gergeklesmektedir. Spin finish yagmnmn birim maliyetinin 1,55 USD/L oldugu
dikkate alindiginda sistemin isletmeye sagladigi yillik ekonomik katki yaklasik 16.411 USD olarak
hesaplanmistir. Bu sonug, proses yardimci kimyasallariin geri kazanimina yonelik uygulamalarin isletme
maliyetlerinin azaltilmasinda énemli bir ara¢ oldugunu gostermektedir [3].

Sistemin yatirim maliyetleri incelendiginde, mevcut depolama tankinin kullanilmasi sayesinde ek tank
yatirimina ihtiya¢ duyulmadigi goriilmektedir. Sistemin kurulumu i¢in gerekli yatirim yalnizca yag toplama
kuyusu, borulama sistemi ve montaj maliyetlerinden olusmus olup toplam yatirim tutar1 2.471 USD olarak
hesaplanmistir. Bu yatirrm maliyetinin disiik seviyede olmasi ve sistemin mevcut {iretim altyapisina
kolaylikla entegre edilebilmesi, uygulamanin endiistriyel 6lgekte yayginlastirilabilirligini artirmaktadir.
Yapilan maliyet-fayda analizleri sonucunda yatirrmin geri ddeme siiresi yaklasik 2 ay 1 giin olarak
belirlenmistir. Bu geri 6deme siiresi, tekstil sektoriinde gergeklestirilen bir¢ok proses iyilestirme ve
verimlilik projesine kiyasla oldukca kisa olup sistemin ekonomik agidan son derece cazip oldugunu
gostermektedir [5].

Cevresel agidan degerlendirildiginde ise gelistirilen sistemin siirdiiriilebilir iretim hedeflerine 6nemli
katkilar sundugu goriilmektedir. Sistem sayesinde yilda yaklasik 36 ton atik yag-su karigimi bertaraf
edilmek yerine yeniden iiretim siirecine kazandirilmaktadir. Boylece hem atik olusumu azaltilmakta hem
de yeni spin finish yagi tiiketimi diisliriilmektedir. Kimyasal tiiketiminin azaltilmasi dogal kaynak
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kullamimini diislirmekte, atik bertaraf siireglerinden kaynaklanan c¢evresel etkileri minimize etmekte ve
isletmenin cevresel performansini iyilestirmektedir [3,4]. Ayrica atiklarin yeniden degerlendirilmesi,
dongiisel ekonomi yaklagiminin temel prensiplerinden biri olan kaynaklarin sistem icerisinde miimkiin
oldugunca uzun siire tutulmasi ilkesini desteklemektedir [4].

Operasyonel agidan degerlendirildiginde, gelistirilen geri kazanim sistemi iiretim siirecine kolaylikla
entegre edilebilmekte ve ilave is yiikii olusturmadan c¢aligsabilmektedir. Toplama kuyusu, transfer hatt1 ve
depolama tankindan olusan sistem sayesinde atik yaglarin diizenli olarak izlenmesi ve yeniden kullanima
hazirlanmas1 miimkiin hale gelmistir. Bunun yani sira diizenli 6l¢lim ve kontrol faaliyetleri, yag-su oraninin
istenilen seviyede tutulmasini saglayarak proses stabilitesinin korunmasima katkida bulunmaktadir. Bu
durum isletmenin operasyonel siirekliligini desteklerken kaynak kullaniminin optimize edilmesine de
yardimci olmaktadir.

Giliniimiizde tekstil sektoriinde faaliyet gosteren isletmeler yalnizca mali performanslarn ile degil, aym
zamanda cevresel ve sosyal sorumluluklari ile de degerlendirilmektedir. Bu nedenle gelistirilen sistemin
isletmeye sagladigi cevre dostu iiretim yaklagimi, miisteri beklentilerinin karsilanmasi ve kurumsal
siirdiiriilebilirlik hedeflerinin desteklenmesi acisindan 6nemli bir avantaj sunmaktadir. Ozellikle
uluslararas1 markalarin siirdiiriilebilirlik kriterlerine giderek daha fazla 6nem verdigi giiniimiizde, bu tiir
uygulamalar isletmelerin rekabet giiciinii artiran stratejik yatirimlar olarak degerlendirilmektedir [4].

Sonug olarak, gelistirilen spin finish yag1 geri kazanim sistemi; diisiik yatirrm maliyeti, kisa geri ddeme
siiresi, yiiksek yillik tasarruf potansiyeli ve 6nemli ¢cevresel kazanimlari ile tekstil sektoriinde uygulanabilir,
ekonomik ve slrdiiriilebilir bir ¢dziim olarak ©One ¢ikmaktadir. Calisma sonuglari, atik olarak
degerlendirilen spin finish yaglarinin uygun proses yonetimi ile yeniden kullanilabilecegini ve bu sayede
hem isletme maliyetlerinin azaltilabilecegini hem de c¢evresel performansin iyilestirilebilecegini
gostermistir. Bu tiir geri kazanim projelerinin sektoér genelinde yayginlastirilmasi, kaynak verimliliginin
artirilmasina, atik olusumunun azaltilmasina ve siirdiiriilebilir tiretim uygulamalarinin gii¢clendirilmesine
onemli katkilar saglayacaktir.
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Bu ¢alismada, sabit kesme sartlarinda bes farkli ayna ve punta
basinci segilerek is parcalari islenmis ve ylizey piiriizliiliik ile
titresimleri degerleri elde edilmistir. Yiizey piirtizlilik ve
titresim degerleri giris parametresi olarak belirlenen ayna ve
punta basinglarma bagli olarak yapay sinir ag1 (YSA) ile
egitilmistir. YSA modelinde, Levenberg—Marquardt egitim
algoritmasi kullanilmigtir. Daha sonra K-fold ¢apraz dogrulama
yontemi ile de elde edilen sonuglarin dogrulugu test edilmistir.
Egitilen YSA modeli sonucunda, titresim degerleri igin test,
dogrulama, egitim ve tiim regresyon katsay1 degerleri sirasiyla
0,96702 — 0,91189 — 0,98019 ve 0,85546 olarak elde edilmistir.
Yiizey piirtizlilik degerleri igin ise test, dogrulama, egitim ve
tiim regresyon katsay1 degerlerinin sirastyla 0,87425 — 0,9952 —
0,87581 ve 0,84159 oldugu belirlenmistir. K-fold capraz
dogrulama sonucunda hata oranlar1 oldukg¢a diisiik ¢ikmis ve
elde edilen YSA modelinin giivenli bir sekilde
kullanilabilecegini gdstermistir.

Prediction of the Effect of Chuck and Tailstock Pressure on Vibration and Surface
Roughness in Turning Using ANN Method

Article Info

ABSTRACT

Received : 17.03.2025

Accepted : 22.04.2026

DOI: 10.21605/cukurovaumfd. 1659519
Corresponding Author

Hiiseyin GURBUZ
huseyin.gurbuz@batman.edu.tr
Keywords

Artificial neural network

Chuck and tailstock pressure

Surface roughness,

Vibration, AISI 304,

K-fold cross-validation

How to cite: GURBUZ, H., BADAY, §.,
DEMIR, M.E., (2026). Prediction of the
Effect of Chuck and Tailstock Pressure on
Vibration and Surface Roughness in
Turning Using ANN Method. Cukurova
University, Journal of the Faculty of
Engineering, 41(2), 467-477.

In this study, the workpieces were machined under constant
cutting conditions using five different chuck and tailstock
pressure levels, and the corresponding surface roughness and
vibration values were obtained. The surface roughness and
vibration values were trained using an artificial neural network
(ANN) based on the chuck and tailstock pressures defined as
input parameters. In the ANN model, the Levenberg—Marquardt
training algorithm was used. Subsequently, the accuracy of the
obtained results was evaluated using the K-fold cross-validation
method. As a result of the trained ANN model, the regression
coefficient values for the vibration data were obtained as
0.96702, 0.91189, 0.98019, and 0.85546 for the test, validation,
training, and overall datasets, respectively. For the surface
roughness values, the regression coefficient values were
determined to be 0.87425, 0.9952, 0.87581, and 0.84159 for the
test, validation, training, and overall datasets, respectively. As a
result of the K-fold cross-validation, the error rates were found
to be quite low, indicating that the developed ANN model can be
used reliably.
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1. GIRIS

Tornalama islemlerinde, is pargalarinin tezgéha uygun bir ayna ve punta basinci altinda dogru bir sekilde
baglanmasi olduk¢a 6nemlidir. Ciinkii uygun bir ayna ve punta basincinda baglanamayan bir is pargasi
salgili ve eksenden kacik donmesinden dolay1 is pargasinda bozulmalara, yiiksek degerlerde titresimlere ve
yiizey piiriizlillik degerlerine sebep olmaktadir. Bu olumsuzluklart gidermek i¢in isleme parametrelerinin
yaninda, dogru bir ayna ve punta basincini segmek olduk¢a onemlidir. Tornalama iglemlerinde yilizey
piiriizliilik ve titresim degerleri 6nemli bir yer tutmaktadir [1-8].

Yapilan literatiir arastirmasinda, YSA kullanarak yiizey piiriizliilik degerlerini tahmin eden bir ¢ok ¢alisma
mevcuttur [9-17]. Asiltiirk ve Cunkas, AIST 1040 ¢eliginin tornalanmasinda elde edilen yiizey piiriizliiliikk
degerlerinin tahmini i¢in bir YSA modeli kullanmiglardir. Uyguladiklar1 YSA ve coklu regresyon
yaklagimlarinin yilizey piiriizliiligiinii tahmin edebildigini tespit etmislerdir. YSA modelinin, ¢oklu
regresyon modeline kiyasla yiizey piiriizliiliigiini yiiksek dogrulukla tahmin ettigini belirlemislerdir. [8].
Akkus caligmasinda yiizey piiriizliliik degerlerinin tahmini i¢in YSA modeli kullanmistir. YSA aginda giris
parametreleri olarak kesme parametreleri, ¢ikis parametresi olarak ise yiizey piiriizliilik degerlerini
secmistir. Ag modelinde, YSA’nin egitilmesi i¢in Levenberg-Marquardt egitim fonksiyonunu, ileri
beslemeli geriye yayilim algoritmasini ve tansig aktivasyon fonksiyonunu kullanmistir. Deney sonuglarini
yaklagik olarak %78,92 dogruluk ile tahmin etmistir [9]. Giirbiliz ve Goniilagar isleme parametrelerine bagl
olarak ylizey piriizliliik degerlerini ve kesme kuvvetlerini Taguchi Sinyal/Giiriiltii (S/N) oranlar1 ve YSA
kullanarak degerlendirmislerdir. Taguchi S/N oranlari ve YSA’dan elde edilen R? degerlerinin, deneysel
sonuglarin degerlerini tahmin etme agisindan oldukg¢a yiiksek oldugunu belirtmiglerdir. Ayrica S/N
oranlaria goére kesme kuvveti ve yiizey piriizliliigii {izerinde en etkili kontrol faktériin ilerleme hizi
oldugunu bulmuslardir [10]. Bober ve ark., AISI 304 ¢eliginin islenmesi sonucu olusan yiizey piiriizlilik
degerlerini tahmin etmek icin YSA modeli kullanmislardir. Yaptiklari ¢aligmada yiizey piiriizliiliik
degerlerini tahmin etmede kullandiklari YSA modelinin olduk¢a basarili sonuglar verdigini
belirlemislerdir. ANN modeli ile polinom modelini kiyasladiklarinda, ANN modelinin kismen daha iyi bir
performans sergiledigini belirtmiglerdir [11]. Demird6gen ve ark., sicak is takim celiginin farkli isleme
parametrelerinde tornalanmasinda elde edilen yiizey piiriizliilik degerlerini birka¢ farkli optimizasyon
yontemi ile kiyaslamiglardir. ANOVA sonuglarina gore yiizey piiriizliliigiini etkileyen en 6nemli isleme
parametresinin ilerleme orani oldugunu tespit etmislerdir. Sugeno metodunda kural sayisi ve iyelik
fonksiyonlarmin, YSA modelinde ise katman ve ndron sayisinin 6énem arz ettigini vurgulamiglardir [12].

Akkus bir diger ¢alismasinda, deney diizenegini ylizey yanit yontemine (RSM) gore belirleyerek AISI 1040
celigini torna tezgahinda islemistir. Isleme sonucunda is pargasinin yiizeyinden elde edilen yiizey
piiriizlillik degerleri i¢in RSM modeli ve YSA modeli olusturulmustur. RSM modelinin yaklasik %90
dogrulukla deney sonuglarini tahmin ettigini belirtmistir [13]. Giirbiiz ve ark., AISI 1050 c¢eligini farkli
kesme parametreleri ve kesici takimlarla tornalamislardir. is pargasinin yiizeyinden elde edilen yiizey
purtizliilik degerlerini YSA kullanarak tahmin etmiglerdir. YSA modeliyle elde etmis olduklart sonuglarin
kabul edilebilir degerler igerisinde oldugunu belirtmiglerdir [14]. Serin ve ark., Ti6Al4V malzemesinin
tornalanmasinda elde edilen yiizey piiriizliiliik degerlerini incelemislerdir. Deneysel sonuglarin tahmini
icin YSA kullanmiglardir. YSA modelinin yiizey piiriizliiliik i¢in hata oranimin %6,1 olarak elde edilmesi
kullanilan modelin giivenirliligini teyit etmistir [15]. Arapoglu ve ark., farkli ig parcalarinin farkli kesme
parametrelerinde tornalanmasinda elde edilen yiizey piiriizliiliik degerlerini tahmin etmede YSA modeli
uygulamiglardir. YSA modeli ile yiizey piiriizliiliigiinii etkileyen degiskenlerin se¢iminde ve tornalamada
yiizey piiriizlilligiiniin tahmininde bagarili sonuglar elde etmislerdir [16]. Bayram ve ark., farkli igleme
parametrelerinde kuru tornalamada elde edilen yiizey piiriizliilik degerlerini tahmin etmek igin YSA
algoritmalar1 kullanilarak matematiksel tahmin modelleri gelistirilmislerdir. YSA tahminlerinin deneysel
sonuglara gore %87,6 dogruluga sahip oldugu ve YSA ydnteminin yiizey piiriizliilik degerlerini tahmin
etmek i¢in kullanilabilecegini gostermislerdir [17].

Literatiirde, farkli ayna ve punta basinglarina bagli olarak is par¢asinda olusacak titresim ve ylizey
piiriizlillik degerlerini inceleyen ¢aligmaya rastlanmamustir. Yapilan bu ¢aligma, hem deneysel hem de
istatistiksel olarak farkli ayna ve punta basinglarinin yiizey piiriizliiliigii ve titresim degerleri iizerindeki
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etkilerini incelemektedir. Elde edilen sonuclarin, isleme siiresini ve maliyetlerini azaltarak tornalama
islemlerine katki saglamasi ve literatiire 6nemli bir katki sunmasi beklenmektedir. Bu ¢aligmada, sabit
kesme parametrelerinde farkli punta ve ayna basincina bagli olarak AISI 304 6stenitik paslanmaz geliginin
boyuna tornalanmasi sonucunda elde edilen titresim ve yiizey piiriizliligii degerlerinin tahmini i¢in bir
YSA modeli sunulmustur. Daha sonra isleme deneylerinden elde edilen titresim ve yiizey piiriizliiliik
degerleri ile YSA modelinde elde edilen tahmin degerleri arasindaki farklar karsilagtirilmistir. Bu
karsilastirma islemi K-fold ¢apraz dogrulama yontemi kullanilarak gerceklestirilmistir.

2. YONTEM

2.1. is Parcas1 Malzemesi

Deneylerde is parcasit malzemesi olarak AIST 304 ¢eligi kullanilmis olup VARZENE metal sanayi ve ticaret
anonim sirketi firmasindan temin edilmistir. Deney numunesinin ¢apt 35 mm ve boyu 300 mm olarak

belirlenmistir. AISI 304 is par¢asinin sertlik degeri ve kimyasal bilesimi Cizelge 1’de gosterilmistir.

Cizelge 1. Is parcasi malzemesinin kimyasal bilesimi ve sertlik degeri

% C %P % Si % Mn % S
0,070-0,024 0,045-0,036 1,00-0,39 2,0-1,45 0,030-0,029
% N % Cr % Co % Ni Sertlik
0,100-0,085 19,50-17,50 0,15(max) 10,50-8,00 215 HB

2.2. Takim Tezgahi, Kesici Takimlar ve Takim Tutucu

Is parcalarinin tornalanmasinda TAKISAWA EX-310 marka CNC torna tezgahi kullanilnistir. Deneylerde
OKE takim iiretici firmasindan temin edilen P25/M25 kalitesine sahip PVD kaplamali WNMG 080408-
OMM formunda kesici takimlar ve bu kesici takimlara uygun PWLNR 2525M08 takim tutucu temin
edilmistir.

2.3. Kesme Parametreleri

Tornalama deneylerinde kullanilan kesme parametreleri, kesici takim iiretici firmasinin 6nerisi ve ISO 3685
sartlar1 géz oniinde bulundurularak alarak belirlenmistir. Isleme deneylerinde bes farkli ayna ve punta
basici sabit kesme hizi, ilerleme ve kesme derinligi kullamlmistir. Isleme deneylerinde kullanilan ayna ve

punta basici ve kesme parametreleri degerleri Cizelge 2’de verilmistir.

Cizelge 2. Tornalamada kullanilan isleme parametreleri

Isleme parametreleri Degerler

Punta basing, P (bar) 10, 12, 14, 16, 18
Ayna basing, P (bar) 5,8,11, 14, 17
Kesme derinligi, a (mm) 2

flerleme, f (mm/dev) 0,2

Kesme hizi, V (m/dk) 250

2.4. Yiizey Piiriizliiliik ve Titresim Olciimii

AISI 304 is pargasinin tornalanmasi sonucunda olusan yiizey piiriizliilikleri TR 200 6l¢lim cihaziyla
Olciilmiistiir. Her is pargasmin islenmis yiizeyinin 5 farkli noktasindan 5 mm 6lgme boyunda alinan
degerlerin ortalamasi alinarak hesaplanmistir. Farkli ayna ve punta basinglarinda AISI 304 is pargasinin
islenmesi sirasinda meydana gelen titresimler, NI-9230 marka cihaz ile Ol¢iilmiistiir. Her deney
numunesinin islenmesi sirasinda bilgisayar baglantili bir sekilde 3 boyutlu ivmeye bagl olarak veriler
toplanmustir. Yiizey pliriizliligi ve titresim deney diizenegi Sekil 1’de verilmistir.
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Ayna Basing, P =5, 8, 11, 14, 17 (bar)
Punta Basing, P =10, 12, 14, 16, 18 (bar)

V=250 (m/dk), f = 0,2 (mm/dev) ve
a=2 (mm)

Girlg
n Agriilar Bias

b

.

[ Aktivasyon
fonksiyonu  Gikt

—H—H

Toplama
fonksiyonu

Sekil 1. Deney diizenegi ve YSA modelleme
2.5. YSA ve K-Fold Capraz Dogrulama

Sekil 1°de verilen deney parametreleri tam faktoriyel tasarima gore gergeklestirilmis olup deney tekrarlari
yapilmamistir. Yiizey piiriizliilik ol¢iimleri 5 farkli noktasindan 5 mm araliklarla 6l¢iilmiis olup bunlarin
ortalamasi alinmistir. Titresim genliklerinin dl¢timlerinde ise NI-9230 marka cihaz ile 6l¢iimler alinmis ve
elde edilen titresim genliklerin ortalamasi alinmistir. YSA’da verilerin islenmesinde K-fold capraz
dogrulama yontemi kullanilmigtir. YSA modelinde, ¢ok katmanli geri yayilim ve ileri beslemeli (back
propagation and feed forward) bir ag kullanilmistir. Dogrusal olmayan en kiigiik kareler problemlerini
¢Ozmek i¢in geri yayilim yontemi olarak verimliligi nedeniyle Levenberg-Marquardt (LM) algoritmasi
uygulanmistir. Kare hatalarm toplamini en aza indirgemek igin optimize edilmistir. Gelistirilen YSA
modelinin gegerliligini degerlendirmek ve asirt uyumu onlemek i¢in K-katli ¢apraz dogrulama teknigi
uygulanmigtir. Veri seti rastgele bes parcaya bolinmiis ve bu islem, her parca bir kez test verisi olarak
kullanilarak bes kez tekrarlanmistir.

3. ARASTIRMA BULGULARI
3.1. YSA Analizi

Literatiir ¢alismalari incelendiginde farkli ayna ve punta basincina bagli olarak isleme esnasinda elde edilen
titresim degerleri ve isleme sonrasi iglenmis yiizey iizerinden elde edilen yiizey piiriizliilik degerlerini
inceleyen hem deneysel hem de istatiksel bir ¢aligmaya rastlanmistir. Gliniimiiz imalat sanayinde talagh
iiretim siireglerinin enerji verimliligi agisindan iyilestirilmesi, isleme siirelerinin azaltilmasi, igleme ve
kesme parametrelerin etkin bicimde yonetilmesi, stirdiiriilebilirlik odakli iiretim anlayiginin temel unsurlari
arasinda yer almaktadir. Bu dogrultuda, iiretim performansmin artirtlmasi i¢in uygun ayna ve punta
basincinda is parcalarini islenmesi talaghh imalatta istenmeyen yiiksek yiizey piiriizlilik ve titresim
degerlerinin disiiriilmesinde belirleyici bir kriter haline gelmistir. Farkli punta ve ayna basimcina bagh
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olarak sabit kesme parametrelerde islenen AISI 304 is par¢asinin iglenmesi sonucu olusan titresim ve yiizey
piiriizliilik degerleri YSA tarafindan egitilmistir. Titresim ve ylizey piriizliiliik sonuglarina ait deneysel
veriler egitildikten sonra elde edilen regresyon (R) grafikleri Sekil 2 ve Sekil 3’te gosterilmistir. Sekil 2 ve
Sekil 3’teki titresim ve ylizey plriizliliigii ig¢in verilen grafikler test, dogrulama, egitim ve tiim regresyon
grafiklerini gostermektedir. Regresyon grafiklerinde hedef ve ¢iktilarin 45 derecelik agiya sahip ¢izginin
etrafinda yakin degerlerde olmasi ve elde edilen regresyon katsay1 degerlerinin 1’e yakin olmasi arzu
edilmektedir. Yiizey piirtizliliig degerleri i¢in test, dogrulama, egitim ve tiim regresyon katsay1 degerleri
sirastyla 0,87425 — 0,9952 — 0,87581 ve 0,84159 olarak ortaya ¢ikmistir. Titresim degerlerinde ise test,
dogrulama, egitim ve tiim regresyon katsay1 degerleri sirastyla 0,96702 — 0,91189 — 0,98019 ve 0,85546
olarak elde edilmistir. Bagimli degisken ile bagimsiz degisken arasindaki iliskiyi tahmin etmek icin
kullanilan regresyon (R) degeri 0 ilelarasinda degismektedir. Hem yiizey piiriizliligii hem de titresim i¢in
elde edilen regresyon degerlerinin 1’e yakin elde edilmesi, YSA modelinde agin iyi egitildigini, giivenilir
oldugunu ve deneysel veriler ile tahmin degerleri arasinda giiclii bir iliski oldugunu ispatlamaktadir. Sonug
olarak, bu calisma ile YSA’nin yiizey piiriizliilik ve titresim degerlerinin tahmin etmede bir model olarak
kullanilabilecegini gdstermistir.

Egitim: R=0.87581

Dogrulama: R=0.9952

Test: R=0.87425
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Sekil 2. Yiizey piiriizliliigi i¢in dlgiilen sonuglar ile tahmini degerler arasindaki iligki grafikleri

i Egitim: R=0.98019 Dogrulama: R=0.91189
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Sekil 3. Titresim degerleri igin dlgiilen sonuglar ile tahmini degerler arasindaki iliski grafikleri
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Farkli isleme parametrelere bagli olarak elde edilen yiizey piiriizliligi ve titresim degerleri i¢in ag
performansini incelemek icin, hata dagilim grafikleri Sekil 4a ve Sekil 4b’de verilmistir. Hata dagilim
grafiginde kirmizi alanlar test, yesil alanlar dogrulama ve mavi kisimlar ise egitimi gostermektedir. Sekil
4a ve Sekil 4b’deki hata dagilim grafigine bakildiginda, ylizey piriizIliliigii ve titresim icin hatalarin
¢ogunun sirastyla 0,01314 ve 0,001281 degerlerinde yiikseldigi ve sifira yakin sonuglar verdigi tespit
edilmistir. Yiizey piiriizlilligi ve titresim degerleri i¢in genel veri kiimelerinin hata degerlerinin sirasiyla
0,2456'dan ve 0,3795°den az oldugu belirlenmistir. Gelistirilen YSA modeli, deneysel veriler i¢in yiiksek
dogrulukta sonuglar vermesi modelin tutarli ve dogru oldugunu ortaya koymaktadir.

Hata Histogrami Hata Histogrami
5t I it Il Esitim
I Dogrulama -Dogrulama
| I Test 61 et
4 Sifir Hata ed
£ E Sifir Hata
2410 a
E 3
c
S
Sat S
1

o
0.116
01418
0.1676
0.1935

©
© o
&N
e o

-0.1939
-0.1681
-0.1423
-0.1164
-0.09061
-0.06479
0.03896
-0.01314
0.01269
0.03851
0.2193
0.2451

o
2}
)
is]
=]

0.06434

0.09016
0.02592
0.001281
0.02848
0.05568
0.08288
0.1101
0.1373

Hatalar = Hedefler - Ciktilar Hatalar = Hedefler - Ciktilar
a) b)

0.

Sekil 4. Hata dagilim grafigi: a) Yiizey piriizliliigii b) Titresim

Yiizey pirizliligi ve titresim i¢in YSA’larin egitiminde saglamis oldugu hiz ve kararlilik nedeni ile
kullanilan Levenberg—Marquardt egitim algoritmasi1 Cizelge 3 ve Cizelge 4’te gosterilmistir. Cizelge 3 ve
Cizelge 4’e bakildiginda egitim algoritmalar yiizey piiriizliliigl ve titresim i¢in sirastyla 7. ve 8. dongiide
tamamlanmistir. Levenberg-Marquardt algoritmasinin egitim siirecinde Mu degeri ylizey piiriizliiliik ve
titresim degerleri icin baslangicta 0,001 olarak belirlenmistir. Daha sonra egitim siireci ilerledik¢e yiizey
piiriizliilik i¢in 1e-07 ve titresim igin ise 1e-08 degerine kadar diismiistiir. Sonug olarak deneysel veriler
icin Mu degerinin baglangigtan itibaren belirgin sekilde azaldig1 tespit edilmistir.

Cizelge 3. Yiizey piiriizliligi i¢in Levenberg—Marquardt egitim algoritmasi siireci

Egitim islemi Baslangic¢ degeri Durma degeri Hedef deger
Dongii 0 7 1000

Gecen siire - 00:00:00 -
Performans 0,309 8,59¢-22 0

Gradient 0,48 3,75¢e-12 1e-07

Mu 0,001 le-08 le+10
Dogrulama kontrolleri 0 5 6

Cizelge 4. Titresim icin Levenberg—Marquardt algoritmasi egitim stireci

Egitim islemi Baslangic degeri Durma degeri Hedef deger
Dongii 0 8 1000

Gegen siire - 00:00:00 -
Performans 1,08 4,65e-19 0

Gradient 1,72 8,77e-11 1le-07

Mu 0,001 le-07 le+10
Dogrulama kontrolleri 0 4 6

Sabit kesme parametrelerde farkli ayna ve punta basinglarinda elde edilen yiizey piriizliiliigii ve titresime
ait deneysel verilerin performans grafikleri Sekil 5°te gosterilmistir. Performans grafiginde kirmizi ¢izgi
testi, yesil ¢izgi dogrulamay1, mavi ¢izgi egitimi ve siirekli kesik ¢izgide en iyiyi ifade etmektedir. Sekil
Sa’daki yiizey piiriizliiliik degerleri igin elde edilen model 7. dongiiye kadar egitildigi ve en iyi performansin
2. dongiide ortalama kare hata degeri 0,011168 olarak ortaya ¢ikmustir. Sekil Sb’de ise titresim degerleri
icin modelin 8. dongiiye kadar egitildigi ve en iyi performansin 4. dongiide ortalama kare hata degeri
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0,092015 olarak tespit edilmistir. Yiizey piirtizliligii ve titresim icin ger¢ek degerler ve tahmini degerler
arasindaki hata orani sirasiyla 2. ve 4. dongiiden sonra artigindan dolayir program bu dongiilerde
sonlanmaktadir. Yiizey piiriizliligii ve titresime ait egitim hata degerlerinin artan dongii sayisiyla azaldig1
Sekil 5a ve Sekil 5b’de verilen performans grafiklerinden tespit edilmistir. Sekil 5a ve Sekil 5b’de verilen
performans grafiklerinde ortalama kare hata degerinin sifira yakin olmasi deneysel arastirmanin
dogrulugunu, YSA modelinin ¢ok iyi egitildigini ve dolayisiyla gelistirilen modelin hedef degerlere ¢ok
yakin degerleri tahmin edebilecegini gostermektedir.

g En iyi performans 0.011168 - 2.dongiide En iyi dogrulama performansi 0.092015 - 4. dongiide
10
— e e 10° e e
£ £ =
= =
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Sekil 5. Performans grafigi: a) Yiizey piirtizliligii b) Titresim

Farkli parametrelere bagli olarak elde edilen yiizey piiriizliiliigii ve titresim degerleri i¢cin K-fold capraz
dogrulama i¢in egitim ve test performans degerleri Cizelge 5’te verilmistir. Deneysel veriler i¢in modellere
uygulanan test ve egitim verilerinin karsilastirilmasina olanak saglayan ¢apraz dogrulama (K-fold cross
validation) sayis1 5’dir. Cizelge 5’teki K-fold egitim ve test performans degerleri incelendiginde yiizey
plirlizliiligi ve titresim igin ortalama degerler sirastyla 0,041928 - 0,147221 - 0,144194 ve 0,424737 olarak
hesaplanmustir.

Cizelge 5. Yiizey piiriizliiligi ve titresim i¢in K-fold egitim ve test performans degerleri

Yiizey piiriizliiliigii (um) Titresim (g)
Egitim Test Egitim Test
performansi performansi performansi performansi
Fold 1 0,047680 0,196089 0,423253 0,809782
Fold 2 0,042709 0,129532 0,234251 0,344284
Fold 3 0,043691 0,135932 0,023467 0,028372
Fold 4 0,060906 0,170025 0,022358 0,018930
Fold 5 0,014655 0,104524 0,017643 0,922317
Ortalama deger 0,041928 0,147221 0,144194 0,424737

Yiizey piirtizliliigi ve titresim veri seti i¢in K-fold ¢apraz dogrulama egitim ve test performans Ortalama

Kare Hata (OKH) sonuglar1 Sekil 6°da gosterilmistir.
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Sekil 6. K-fold egitim ve test performans degerleri a) Yiizey piiriizliligii b) Titresim
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Sekil 6’daki grafikler incelendiginde yiizey piiriizliliigii ve titresim veri seti i¢in K-fold ¢apraz dogrulama
egitim ve test degerlerinin birbirine en yakin ¢iktig1 performans OKH degerler sirasiyla K-fold 2 ve K- fold
3’te elde edilmistir. Yiizey piriizliligl ve titresim deneysel verilerinin tahminin basarili oldugu K-fold
egitim ve test performans degerleri grafiklerinden anlagilmaktadir.

3.2. ANOVA Analizi ve Tukey Testi

Ayna ve punta basmcinin yiizey piiriizliiliigii ve titresim degerleri iizerinde etkisini gdsteren ANOVA
analizleri Cizelge 6 ve Cizelge 7’de verilmistir. Cizelge 6’daki ayana basincinin degisimine bagl olarak
yiizey piriizliliik degerleri i¢in elde edilen ANOVA sonuglarindaki P degeri incelendiginde bu degerin
P<0,05 ten kiigiik oldugu goriilmektedir. Istatistiksel olarak bir degerin anlamli olabilmesi icin P degerinin
0,05’ten kiiglik olmast gerekmektedir. Bundan dolayr ayna basincinin ylizey piiriizliiligii lizerinde
istatistiksel olarak anlamli oldugu anlasilmaktadir. Ayna basinci igin Cizelge 7°deki P degerine
bakildiginda bu degerin 0,028 ¢iktig1 goriilmiis ve 0,05’ten kiiciik olmasi nedeniyle yapilan analizin
istatistiksel olarak gegerli oldugu goriilmiistiir. Punta basincinin yiizey piiriizliliigii ve titresim iizerindeki
etkisine bakildiginda elde edilen P degerlerinin 0,05’ten biiyiik olmasindan &tiirli, yapilan analizin
istatistiksel olarak anlamli olmadig1 degerlendirilmistir.

Cizelge 6. Ayna basincinin yiizey piiriizliiliigii ve titresim iizerindeki etkisinin ANOVA analizi

Kaynak DF SS MS F P
g Ayna basinci 4 0,2033 0,0508 3,04 0,041
E Hata 20 0,3346 0,0167
Toplam 24 0,5379
Kaynak DF SS MS F P
& Ayna basinct 4 26,72 6,68 3,41 0,028
% Hata 20 39,20 1,96
Toplam 24 65,92
Cizelge 7. Punta basincinin yiizey piiriizliiliigii ve titresim tizerindeki etkisinin ANOVA analizi
Kaynak DF SS MS F P
,é: Ayna basinci 4 0,12 0,0300 1,44 0,259
E Hata 20 0,4179 0,0209
Toplam 24 0,5379
Kaynak DF SS MS F P
@ Ayna basinci 4 6,69 1,67 0,56 0,691
% Hata 20 59,22 2,96
Toplam 24 65,92

ANOVA analizinden sonra uygulanan ¢oklu karsilastirma yontemlerinden biri de Tukey testidir. Bu testin
temel amaci, giris parametreleri arasindaki ortalama farklarini belirlemek ve hangi parametrenin birbirinden
anlamli derecede farkli oldugunu ortaya koymaktadir. Tukey testi ANOVA’dan farkli olarak test
sonuglarmin P degerlerinin anlamligindan ziyade hangi parametrelerin kendi arasinda anlamli oldugunu
tespit etmemize yardimci olur. Tukey testi hem ayna basinci hemde punta basinci i¢in uygulanmamistir.
Ciinkii Tukey testi uygulanabilmesi igin ANOVA ¢izelgesinde yer alan P degeri anlamli olmasi
gerekmektedir. Cizelge 6 ve 7°deki degerler incelendiginde P degeri anlamli olan ayna basinci olugu igin
Tukey testi sadece ayna basincina uygulanmistir. Yiizey piiriizliliik ve titresim degerleri i¢in ayna basinci
arasindaki degerlerin birbiriyle olan iligkisini gosteren Tukey testi sonuglar1 Cizelge 8 ’de verilmistir.
Cizelge 8’deki titresim ve ylizey piiriizliiliik degerleri i¢in ayna basinci degerlerinin birbiriyle olan iligkisine
bakildiginda ayna basinci 18 ile 10 bar oldugunda anlamli oldugunu tespit edilmistir. Cizelge 8’deki diger
degerlerin birbiriyle iliskisinin anlamli olmadig1 sonucuna varilmistir.

C.U. Miih. Fak. Dergisi, 41(2), Haziran 2026




Hiiseyin GURBUZ, Sehmus BADAY, Mehmet Emin DEMIR

Cizelge 8. Yiizey piiriizliliigii ve titresim degerleri i¢in ayna basinglari arasindaki Tukey testi

A Yiizey piiriizliiliik degerleri icin Titresim degerleri icin
yna
o, - 0 .
basmer  op¢, fark 95% Gliven T-degeri P-de@eri Ort. fark 95% Glfven T-degeri P-degeri
seviyeleri araligi arahgi

12-10 -0.0818 (-0.3265; 0.1629) -1.00 0.852 -1.926 (-4.574;0.722) -2.18 0.229
14-10 -0.1777 (-0.4224; 0.0670) -2.17 0.230 -0.706 (-3.354; 1.942) -0.80 0.928
16 - 10 -0.0909 (-0.3356; 0.1538) -1.11 0.799 -1.992 (-4.640; 0.656) -2.25 0.202
18-10 -0.2637 (-0.5084; -0.0190) -3.22 0.031 -2.928 (-5.577; -0.280) -3.31 0.026
14 -12 -0.0959 (-0.3406; 0.1488) -1.17 0.766 1.220 (-1.428; 3.868) 1.38 0.648

16 - 12 -0.0091 (-0.2538; 0.2356) -0.11 1.000  -0.066 (-2.714; 2.582) -0.07 1.000
18-12 -0.1819 (-0.4266; 0.0628) -2.22 0.211 -1.002 (-3.651; 1.646) -1.13 0.788
16 - 14 0.0869 (-0.1578; 0.3316) 1.06 0.823 -1.286 (-3.934; 1.362) -1.45 0.603
18-14 -0.0860 (-0.3307; 0.1587) -1.05 0.829  -2.222 (-4.871; 0.426) -2.51 0.128
18-16 -0.1729 (-0.4176; 0.0718) -2.11 0.253 -0.936 (-3.585; 1.712) -1.06 0.825

Yiizey piiriizliiliik ve titresim degerleri i¢in Tukey sonuclarmin grafiksel gosterimi Sekil 7°de verilmistir.
Sekil 7°deki grafikler incelendiginde hem yiizey piiriizliiliik hem de titresim degerleri i¢in ayna basincinin
birbiriyle iligkisini gdsteren degerlerin sifir ¢izgisiyle kesisip kesismedigine bagl olarak anlamli veya
anlamsiz oldugu degismektedir. Ayna basing degerlerinin %95 giiven araliginda sifirmin altinda olmasi
anlamli oldugunu gostermektedir. Buna bagli olarak ayna basinci 18 ile 10 bar birbiriyle anlamli bir iligki
oldugu anlagilmaktadir. Diger ayna basing degerleri ise sifir ¢izgisiyle kesistigi i¢in anlamsizdir.
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Sekil 7. Tukey sonuglarinin grafiksel gosterimi a) Yiizey piiriizliiliik b) Titresim degerleri

4. SONUCLAR

AISI 304 is pargasinin islenmesi sonucu olusan yiizey piiriizliiliik ve titresim degerleri lizerinde farkli ayna
ve punta basinglarmin etkisini gérmek i¢in YSA uygulanmistir. Elde edilen sonuglar agagida 6zetler
verilmistir.

o Titresim degerlerinde ise test, dogrulama, egitim ve tiim regresyon katsay1 degerleri sirasiyla 0,96702
- 0,91189 — 0,98019 ve 0,85546 olarak elde edilmistir. Yiizey piiriizliiligii degerleri igin test,
dogrulama, egitim ve tiim regresyon katsay1 degerleri sirastyla 0,87425 — 0,9952 — 0,87581 ve 0,84159
olarak ortaya ¢ikmuistir.

e Levenberg-Marquardt algoritmasinin egitim siirecinde Mu degeri yiizey piiriizlilik ve titresim
degerleri i¢in baslangigta 0,001 olarak belirlenmis ve deneysel veriler icin Mu degerinin baslangictan
itibaren belirgin sekilde azaldigi tespit edilmistir.

e Titresim degerleri icin modelin 8. dongiiye kadar egitildigi ve en iyi performansin 4. dongiide ortalama
kare hata degeri 0,092015 olarak tespit edilmistir. Yiizey piiriizliilik degerleri i¢in elde edilen model
7. dongiiye kadar egitildigi ve en iyi performansin 2. dongiide ortalama kare hata degeri 0,011168
olarak ortaya ¢ikmustir.

o K-fold egitim ve test performans degerleri incelendiginde yiizey piiriizliiliigii ve titresim igin ortalama
degerler sirasiyla 0,041928 - 0,147221 - 0,144194 ve 0,424737 olarak hesaplanmustir.

e Hata dagilim grafigi, ylizey piiriizliliigii ve titresim degerleri igin genel veri kiimelerinin hata
degerlerinin sirastyla 0,2456'dan ve 0,3795’den az oldugu gostermistir.
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e Hem ylizey piiriizliligli hem de titresim igin elde edilen regresyon degerlerinin 1’e yakin elde
edilmesi, YSA modelinde agn iyi egitildigini, giivenilir oldugunu ve deneysel veriler ile tahmin
degerleri arasinda giiclii bir iligki oldugunu ispatlamaktadir. Sonug olarak, bu ¢alisma ile YSA’ nin
yiizey piiriizliilik ve titresim degerlerinin tahmin edilmesinde bir model olarak kullanilabilirligini
gostermistir.

o Elde edilen sonuglar 1s18inda bir is pargasinin CNC torna tezgahlarinda ideal punta ve ayna basincinda
baglanmasi, ig pargast islenirken olusacak salgilari, esnemeyi ve titresim olayini azaltarak ylizey
puriizliilik degerlerinin diisiik ¢tkmasina katki saglayacaktir.

e ANOVA sonuglarina gore yiizey piiriizliiligii ve titresim degerleri lizerinde ayna basmecinin istatiksel
olarak anlamli oldugu fakat punta basincinin ise istatiksel olarak anlamsiz oldugu bulunmustur.

o Tukey testine gore ylizey piiriizliilikk ve titresim degerleri i¢in ayna basmcinm 18 ile 10 bar olmasi anlaml
iken diger degerlerde ise anlamsiz oldugu tespit edilmistir.
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Recently, wind speed (WS) prediction has attracted the interest
of clean energy researchers. As WS is inherently uncontrollable,
it can cause imbalances between consumption and wind energy
production. Therefore, high-accuracy WS estimation is essential.
In this study, the LSTM and Prophet models were used to predict
future trends based on past WS values obtained from the
Nevsehir Meteorology Directorate wind measurement station.
Model performances were compared using error metrics. The
Prophet model achieved an R? value of 0.61, while the LSTM
model outperformed it with an R? of 0.734, indicating that the
LSTM model's forecasts correspond more closely to actual WS
data.

Riizgar Hiz1 Tahminine Yeni Bir Bakis; Prophet Modeli ve LSTM Modellerinin Analizi

[0Y7

Makale Bilgileri
Gelis 210.04.2026
Kabul  :14.05.2026

DOI: 10.21605/cukurovaumfd. 1927153
Sorumlu Yazar

Basak OZTURK
basakozturk@nevsehir.edu.tr

Anahtar Kelimeler

LSTM

Prophet modeli

Riizgar hizi tahmini

Yenilenebilir enerji

Anf  sekli: OZTURK, B., BILGIC
TUZEMEN, G., (2026). Riizgar Hizi
Tahminine Yeni Bir Bakis;, Prophet
Modeli ve LSTM Modellerinin Analizi.
Cukurova  Universitesi,  Miihendislik
Fakiiltesi Dergisi, 41(2), 479-490.

Son zamanlarda, riizgar hizi (WS) tahmini temiz enerji
arastirmacilarinin ilgisini ¢ekmistir. WS dogas1 geregi kontrol
edilemez oldugundan, tiikketim ve riizgar enerjisi {iretimi arasinda
dengesizliklere neden olabilir. Bu nedenle, yiiksek dogrulukta
WS tahmini sarttir. Bu c¢alismada, Nevsehir Meteoroloji
Miidiirliigii riizgar 6l¢iim istasyonundan elde edilen gegmis WS
degerlerine dayanarak gelecekteki egilimleri tahmin etmek igin
LSTM ve Prophet modelleri kullanilmistir.  Model
performanslari hata metrikleri kullanilarak karsilagtirtlmistir.
Prophet modeli 0,61'lik bir R* degeri elde ederken, LSTM
modeli 0,734'liik bir R? degeriyle daha iyi performans géstermis
ve LSTM modelinin tahminlerinin gercek WS verilerine daha
yakin oldugunu gostermistir.
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1. INTRODUCTION

Accurate estimation of WS is essential for the economical and sustainable functioning of wind turbines [1].
The estimation of WS has garnered significant interest from researchers in the renewable energy industry
during the past decade, primarily because of its application in the production of clean energy [2]. Wind
energy, a clean, renewable energy source, is rapidly increasing in importance as an alternative and critical
source for electricity production. The diversification of renewable energy sources, including solar, wind,
and other thermodynamic systems, plays an important role in achieving sustainable energy goals [3].
Increasing wind energy production has a potential and positive impact on energy supply, but has challenges
as the output power is uncontrollable, WS and direction dependent, making it difficult to control stable
energy production [4]. However, WS characteristics are highly random, fluctuating, and nonlinear, making
it difficult for models to make precise predictions [5]. To overcome this, accurate WS and direction
predictions are required to subsequently reduce the amount of energy produced. Therefore, finding the
correct energy estimation model is becoming increasingly important in solving the above-mentioned issue.
So far, many models have been used to predict short- and long-term WS. We can broadly group these as
machine learning, artificial intelligence (Al), and hybrid models [1,6]. Machine learning algorithms have
been successfully employed in forecasting various renewable energy sources beyond wind, such as
hydroelectric power generation [7], confirming the broad applicability of data-driven approaches in
renewable energy forecasting. However, these models have several shortcomings, such as slow
convergence (traditional), high complexity, etc. As a result of the rapid advancement of advanced
measurement technology, a huge amount of data has been collected in recent years. The deep learning
neural network called LSTM has managed to solve a wide variety of problems practically by using large
amounts of data. Since LSTM can track past events over a long period of time, it offers more comprehensive
elements in estimating models. With this feature, LSTM can calculate hidden states using various
approaches to produce various predictions. The basic concept of the LSTM model consists of a memory
cell and three gates: an entry gate, an exit gate, and a forget gate. The LSTM gate is the only component
that interacts with the environment and memory cells. The LSTM model utilizes spatio-temporal properties
to capture variations in WS and direction over time in time-series image data. There are several recent
studies reviewed in the literature centered on reducing the complexity of wind modeling operations.

Jaseena and Kovoor [8] proposed a bidirectional LSTM-based Ensemble Empirical Mode Decomposition
(EEMD)-based WS forecasting system. To forecast WS, the proposed system combines EEMD and
Bidirectional LSTM networks. Bidirectional LSTM networks are used to forecast the high-frequency and
low-frequency sub-series separately. The forecast results of each sub-series are then combined to obtain the
results. High- and low-frequency signals are separated here by two hidden layers of stacked bidirectional
LSTM networks.

Sari et al. [9] built a deep learning-based wind predictive technique to facilitate the expansion of wind
energy generation. The proposed modelling algorithm aimed to predict wind data as a series of images,
expressed as time sequence of images. For this purpose, they used a 3DCNN and a deep convolutional
LSTM. In comparison to the 3D-LSTM model, this model is effective in reducing training time and
prediction error.

Chen et al. [10] developed a model using EEMD, genetic algorithm (GA), and LSTM algorithms for a
short-term WS forecast under large historical wind data. Then, the fine-tuned machine learning model and
the heuristically selected feature set were built simultaneously by employing an iterative approach utilizing
the combined GA-LSTM technique. As a result, the current model's predictive accuracy was found to be
significantly better than that of non-EEMD models, with an average improvement of 56.25%.

Recently, the potential of the Prophet model to predict WS has been discovered. Atasever et al. [11] created
the Prophet model, an advanced machine learning model that has not been previously employed in the
literature for short-term wind prediction. The results of the developed Prophet model were compared with
the results of the Auto-Regressive Integrated Moving Average (ARIMA) model to review the performance
reliability and accuracy. In addition, the models' fit and functionality were assessed using partial
autocorrelation, autocorrelation function, and standardized residuals. The outcomes demonstrated the
prophet model's potential for predicting WS.
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Most of the LSTM models mentioned above have disadvantages in building decision models on complex
data. For massive and complex datasets running on low-configuration platforms, deep learning models such
as CNN-LSTM struggle with both slow computational performance and inappropriate hyperparameter
tuning. Traditional models rely heavily on static data for accurate predictions, and modeling becomes very
difficult when this data contains a lot of seasonality.

Here, the LSTM model, a deep learning method frequently used in WS prediction, and the Prophet model,
a current statistical model, are compared. The proposed study aims to close the technology gap in WS
prediction by addressing the shortcomings of existing research. In the study, hourly WS data were trained
using LSTM and Prophet models. Performance was then evaluated using sensitivity analysis with mean
absolute percent error (MAPE), root mean square error (RMSE) and mean absolute error (MAE).

The average values of the proposed LSTM model forecasts and day-ahead forecasts were found to be 0.701
(RMSE), 0.362 (MAPE), and 0.526 (MAE). According to these prediction values, the LSTM model gave
better results than the Prophet model in predicting WS.

2. METHOD AND DATA PROCESSING

In this study, historical WS values obtained from wind sensors in the Nevsehir Meteorology Directorate
wind measurement station at 1260 m were studied. A one-year data set has been used in many studies on
WS prediction in mid-latitudes. Therefore, within the scope of this study, data in a 1-hour interval from
January 2020 to March 2021 were studied. WS data collected hourly were split into training (80%) and test
(20%) sets prior to model fitting. WS data collected hourly for a year was trained to predict a month of
wind data.

Figure 1 shows the presence of spikes in daily WS at every 1-h interval, indicating seasonality. When the
WS features in the data set were analyzed, the lowest WS value was found to be 0 m/s, the highest wind
value was 19.2 m/s towards the north, and the average WS value was 1.75 m/s. Prior to training, WS values
were normalized to the [0, 1] range using min-max scaling and missing values were addressed by linear
interpolation. The WS data was modeled using a computer running at 2.80 GHz on an 19 10900 CPU with
an operating system and Python 3.9. For the Prophet model, we used an open-source library published by
Facebook's Core Data Science team.

Wind Speed Data

20.0

Wind Speed (m/s)

5.0- I )
25
¥
0.0-
2020-01 2020-03 2020-05 2020-07 2020-09 2020-11 2021-01 2021-03
Time (1 hours)

Figure 1. Distribution of WS data

A wind rose diagram is a useful tool for understanding wind patterns in a region. This diagram was created
by analyzing measured WSs and directions. It provides information by showing the most common wind
directions and WSs in different directions. Essentially, the wind rose diagram can give us an overall picture
of the wind patterns in a specific location, which can be helpful for a variety of purposes such as planning
and designing structures, determining suitable locations for wind energy generation, and more [10].

Additionally, the periodicity of any speed of the WS can be precisely calculated by utilizing the
characteristics of the Weibull distribution, which is commonly employed in the study of wind data [12].
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The density function known as Weibull is used to display the frequency of wind blowing at various speeds.
However, to obtain the Weibull function, some parameters, such as shape and scale, need to be known.

- exp [— (%)k] (D

In Equation 1, k is the dimensionless form parameter, ¢ is the scale parameter, and f(v) is the Weibull
density function at the WS. The following Equation 2, [13], can be used to get the average WS v,,, .

k

=23

c

Vi = f vf(w)dv = cT (1 +%) (2)

0

Here, the gamma function can be expressed by the following Equation 3 [14,15].

[ee)

I'(y) = f e *x¥ ldx (3)

0
3. METHODOLOGY
3.1. Long Short-Term Memory Network (LSTM)

RNN models are predicted to be a good model for time series processing. However, due to the problem of
disappearing the slope, there are problems in learning long-term information. Therefore, Hochreiter and
Schmidhuber [16] proposed the LSTM model, which is a special type of RNN. LSTM has been deemed
appropriate for time series predicting tasks. Because these networks are succeeded at capturing extended
relationships across time by utilizing gates included in each cell of the model (LSTM cell structure
representation in Figure 2).

An LSTM network can be briefly described as follows: it has an input layer, an output layer, and a set of
recursive hidden layers. Many memory modules form the recursive hidden layer. Three gates that regulate
the flow of information (memory gates, forget gates, and output gates) are located in each module, along
with one or more independent memory cells [16]. Input Gates (Equation 4) update information and output
gates (Equation 6) determine the cell output. The internal state memory cell (Equation 7) offers the internal
storage of pertinent prior knowledge and forget gates (Equation 5) decide if the past information is
eliminated from a cell state.

Figure 1. Cell structure of LSTM
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ir = o(Wp. [he—q + x¢] + b;) “)
fe = o(Ws.[he—q + x] + by) (5)
o = o(W,.[he_q,x¢] + by) (6)
C, = tanh(W,.[he_q + x¢]1 + b,) (7)
¢t = (ie*Co+ frxcea) ®)
hy = o x tanh(c,) (€))

o (sigma) is known as the sigmoid activation function and represents the activation of the appropriate gates,
We, Wi, W, W, are the weight matrices, b;, by, b,, b, are the biases values of the corresponding gates, *
represents Hadamrd’s product, h,_, is hidden state output at time #-1, x, is the input at time ¢, C; is the
intermediate cell state [17].

3.2. The Prophet Models

Facebook's Core Data Science developed the Prophet model to address the typical elements of a commercial
time series forecasting model [16]. The Prophet model is quick and entirely automated, but it offers a wide
range of customization possibilities for users to improve their forecasts. The Prophet works best with time
series that have significant seasonal effects and several seasons of historical data because it is robust against
outliers and trend shifts [17]. The original time series' seasonality is preserved by the Prophet model. They
constructed a model with changeable heuristic parameters based on a time series model [11] that included
three crucial components (trend, seasonality, and vacations). The model consists of four mains. The model
consists of four main components: g(t) trend function is given in Equation 11, h(t) holiday, s(t) seasonality
is given in Equation 12, and error item Equation 10.

y(®) =g(@© +s®) +h(®) +& (10)

g(t) = (k+a®"®)t + (m+a(®)y) (11)

Where k, §, m and y represents to the growth rate, adjustment rate, offset parameter, and trend change point
in Equation 11. In Equation 12,

s(t) = i (an cos (27;“) + b, sin (@)) (12)

n=1

Here, the seasonality period is defined by P. Daily, weekly, and annual seasonality are the periodic changes
that reflect the seasonality function, s(t). The dataset for the Prophet model needs to be a two-column data
frame 'ds' (timestamp) and 'y' (prediction measure). The 'ds' column should contain the dates or timestamps
for each data point and the 'y' column should contain the corresponding measurement values. The data
frame generated after the prediction of the Prophet model contains 'ds' and 'yhat' columns. The 'yhat' column
contains the estimated 'y' values for each timestamp in the 'ds' column. In time series forecasting studies,
analyzing the data well and determining the model parameters correctly are the most important factors
affecting the results. Within the scope of this study, various statistical information and analyses of wind
data are detailed in Figure 1 and Table 3. In the selection of the model parameters, the possible parameters
were evaluated with the grid system by comparing the RMSE value. The models were finally run with the
parameters that gave the lowest error value. The running time of the final model for the LSTM was
23.01727 minutes, while for the Prophet model it was 11.0723 minutes. Parameters determined to be
appropriate for the models are listed in Table 1.
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Since time series prediction is to be done in this study, LSTM and Prophet were preferred as learning
techniques for the data. The window size was tried with 4, 12, and 24 and set to the appropriate value of
12. A 3-layer LSTM architecture was built. The number of neurons for each LSTM layer in this architecture
is given in Table 1.

LSTM optimization is the process of finding the optimal parameter values for a given problem. Various
optimization algorithms such as RMSprop, Adadelta and Adam have been widely used in such systems.
The dropout technique has been used to avoid overfitting in the learning process and to improve prediction
accuracy. Dropout aims to prevent overlearning by randomly stopping some neurons from firing. In this
study, a dropout rate of 0.2 is used. The most useful parameter for predicting the trend's flexibility and how
much it will fluctuate at trend change points is "changepoint prior scale." The modeling of trend changes is
insufficient if this parameter is maintained too little, while the trend is excessive if it is kept too big. The
default value of this parameter is 0.05 but this could be tuned in the range of [0.001, 0.5].

Table 1. Model parameters of LSTM and Prophet model

Models Parameters Quantity
number of hidden layers 3
number of time steps 12
batch size 64

LSTM number of neurons in layers 100,100,50
epoch size 200
optimizer RMSprop
learning rate 0.01
changepoint prior scale 0.001
changepoint range 0.9

The Prophet model  seasonality prior scale 0.01
seasonality mode multiplicative
growth logistic

"changepoint range" determines the historical ratio to be taken into account when determining the trend
value. We used this parameter, which has values between [0.8 and 0.95], as 0.9 in this study. This value
represents the past 90% of the time series. The elasticity of seasonality is controlled by the 'seasonality prior
scale' parameter. If the value is small, seasonality is reduced; if it is large, it can adapt to large fluctuations.
In our time series, seasonality mode exhibits multiplicative seasonality. This indicates if the magnitude of
the seasonal variations is influenced by the length of the time series. Given that the time series shows
forward growth, the growth parameter was employed as a logistic.

3.3. Numerical Simulation and Validation

This paper presents an approach that integrates Prophet and LSTM models to estimate WS. Some classical
evaluation criteria, such as mean square error (MSE), RMSE, MAPE, MAE, and R? were used to evaluate
the performance results of LSTM and Prophet models. These metrics are expressed mathematically using
Equations [16-20].

N
1
I 52
MSE = NZI(yl 7 (13)
RMSE = VMSE (14)
1 N
MAE = Nzllyi ~ il (15)
1~ 19 — il
MAPE = = ) 2L 20 16
Nz " (16)
R2 = 1_2?’:1()& —371')2 an
N
Zi=1(Yi_X)
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Where N is the number of WS data evaluated, y;, y; and y represents the original, the predicted, and the
mean values of the WS.

4. RESULTS AND DISCUSSION

The stages of the seasonal LSTM and Prophet models are presented in Figure 3. The required model
parameters are first computed following the creation of a tentative model. This parameter estimation's
primary objectives are to lower the prediction error and ascertain the model's order and parameters. RMSE
is determined by taking the square root of MSE; MSE is the squared difference between actual and observed
values. MAE is defined as the absolute difference between actual and observed values. MAPE provides
data analysis by calculating the percentage difference between actual values and predicted values. Table 2
shows R?, which describes the fitness match of the prediction results of the LSTM and Prophet model to
the actual values. The higher the R? value, the higher the prediction accuracy. Therefore, lower values of
MAE, MAPE, and RMSE are a measure of better forecasting performance.
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Figure 3. Flowchart for the Prophet and LSTM model construction process

Table 2. Model evaluation metrics

Evaluating metrics

Predicted models

MSE RMSE MAE MAPE R?
LSTM 0.492 0.701 0.526 0.362 0.734
The Prophet model 1.35 3.17 1.78 1.39 0.61

An example of actual and predicted WS using LSTM and Prophet is shown in Figures 4 and 5. Figure 4
demonstrates how well the LSTM's predicted WS matches the actual WS. Figure 4 shows that the speed
predicted by LSTM is significantly different from the observed value over a wide time range. R? value
found in this context is 0.73. The variance and mean of wind data have remained consistent despite sudden
ups and downs over time. This situation prevented the Prophet model from obtaining a lower error value.

As a result, it demonstrates that, compared to other models, the LSTM's anticipated WS is virtually more
proximate to the actual WS. It demonstrates how the LSTM performs better than other models.
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The relationship between the real and predicted WS’s demonstrates how much closer the forecast is to the
actual WS. The correlation score is between 0 and 1. When the correlation is 1, the WS predicted, and
reality are both the same. When the correlation is zero, it means that the actual and predicted WS’s are not
the same. Figure 5 shows how well Prophet's predicted WS matches the actual WS. The R? coefficient of
determination was found to be 0.61. This proves the matching of this model. The model indeed accurately
predicts the unpredictability of the data, yet some discrepancies are noticed in the sharp peaks and valleys.
Based on the RMSE and MAE results, the LSTM model performs better than the Prophet model (see
Figures 4 and 5).
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Wind Speed (m/s)
-
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Figure 4. WS predictions for the LSTM
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Figure 5. WS predictions for the Prophet model

Prior studies have commonly indicated that the Prophet model exhibits superior forecasting capabilities
compared to the SARIMA (5,0,0) (0,1,0) model [11]. However, in this study, due to higher error rates, the
Prophet model yielded less precise forecasts when compared to the LSTM model.

Figure 6 shows the comparison of Prophet model and LSTM model prediction results and WS actual data.
As can be seen in the figure, it shows that the predicted WS of LSTM is almost closer to the actual WS
compared to the Prophet model. This shows how LSTM outperforms the other model.
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Figure 7 illustrates how wind roses, which are typically used to describe wind distributions of various
speeds and directions, work. These graphs demonstrate how, at three locations, the eight primary wind
directions vary from a month typical of one season to a month typical of another season, [13,21]. The wind
rose diagram created using hourly collected WS and wind direction in 2021 is shown in the figure. The
diagram shows that the prevailing wind direction of the region is mainly N and S. The results of the WS
and direction measurements at 60 m are depicted in Figure 7.

00 38
. (3876
- (76115
N (115:153)
B 0s53:190
= »191

S

Figure 7. An annual wind rise graphic at a height of 60 meters

Details on the distributions of WS and direction at a particular station are offered in Table 3. The analytical
approach involved both counting the calms and computing the mean and variation of the non-calm
observations made at the station each month, utilizing all of the 24-hour data collected over the course of a
year. Then, using the linear regression technique, the monthly Weibull distribution parameters ¢ and r were
determined. Table 3 displays the results. It is important to note that calms occur often at Nevsehir all year
long as well as at Ioannina from April to November and from February to October. If not, they are
uncommon. Weibull distribution pattern and scale parameters of the region were obtained as 0.155 and
1.742 m/s.

Table 3. Average monthly mean WS with Weibull parameters (for 60 m)

Mounth VoS Weibull dlsZrlbutlon . Actual V(m/s)
January 0.135 0.452 1.397 1.840
February 0.090 0.804 1.480 2.285
March 0.130 0.933 1.288 2.221
April 0.144 0.799 1.143 1.943
May 0.149 0.717 1.315 2.033
June 0.001 0.811 0.967 1.778
July 0.184 0.786 1.038 1.825
August 0.221 0.666 1.033 1.699
September 0.171 0.468 1.038 1.507
October 0.001 0.236 0.957 1.194
November 0.001 0.201 0.785 0.987
December 0.174 0.462 1.133 1.596
Average 0.155 0.611 1.131 1.742
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5. CONCLUSION

This article presents a comparative example of the Prophet model and the LSTM model. These models
were applied by modeling real-time WS data with the parameters in Table I. Simulation results corroborate
that the LSTM model has the lowest values of RMSE, MAE, and MAPE in comparison to the Prophet
model. The results obtained for the day-ahead predictions of the proposed LSTM model are 0.701 (RMSE),
0.362 (MAPE), and 0.526 (MAE), respectively, while the Prophet model yields values of 3.17 (RMSE),
1.39 (MAPE), and 1.78 (MAE). This prediction values obtained for LSTM are lower than those of the
Prophet model. Consequently, this study demonstrates that using the LSTM model to accurately predict
WS yields better results than the Prophet model.

A summary of works that compare suggested models or employ LSTM and Prophet in the literature is given
in Table 4. As a result, with the increase in neural network model studies, many advanced approaches have
been developed to process nonlinear data. An important component affecting Prophet's performance is the
distribution of wind speed values evaluated with the Weibull distribution. The analysis, which incorporates
a Weibull probability density function (PDF) plot in Figure 7 and Table 3, reveals that the dataset shows a
heavy-tailed distribution, indicating the presence of outliers. Given that Prophet presumes additive seasonal
patterns and trends, it may have difficulties in accurately representing the nonlinear dynamics and sudden
fluctuations inherent in data. Furthermore, the WS variations in the dataset display significant short-term
oscillations and non-stationary characteristics, complicating Prophet's time series decomposition's ability
to generalize well. In contrast to financial or economic time series, WS data is intrinsically stochastic,
resulting in heightened uncertainty in model projections. Therefore, although the proposed LSTM and
Prophet methods perform adequately, a suitable prediction strategy is still needed to handle and resolve
unexpected changes in the dataset. Therefore, it would be more appropriate to apply hybrid methods. In our
future work, hybrid methods using different deep learning models and different algorithms will be tried for
WS prediction. Furthermore, research that employs different parameter selection and metaheuristic
optimization techniques to make this more efficient and relevant will be covered.

Table 4. An overview of the research that compares or uses LSTM and Prophet

Method RMSE MAE Data type Ref.
Sezoms Sl
Conv-LSTM Set 3: 0249 Set 2: 0.154 WS Data [22]
o Set 3: 0.176
EMD-GA-LSTM 0.1337 0.0570 WS Data [8]
Set 1: 2.18 Set 1: 1.65
Set2:2.13 Set 2: 1.74
LSTM Set 3: 0.85 Set 3: 0.59 WS Data [23]
Set 4:1.03 Set 4: 0.69
LSTM 0.088 0.084 WS Data [24]
Dataset 1: 0.558
LSTM Dataset 2:0.532 - WS Data [25]
Dataset 3:0.194
LSTM 3.124 2.457 WS Data [2]
Feature-LSTM 0.1745 0.1212 WS Data [1]
LoV MD-Bi . 0.194 WS Data [5]
LSTM 0.701 0.526 WS Data This study
706.916 -
957.583 (for Turkey) (Regarding Turkey) Energy
Prophet 5,574.244 (for Japan) 4,921.811 consumption [26]
(Regarding Japan)
3.78-45.80 (General Odisha health
Prophet model) 3.54- .
Prophet - care data (Air [27]
39.86 (Log Prophet .
Pollution)
model)
Prophet 3.17 1.78 WS Data This study
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Bu calisma, Tiirkiye'de iiretilen Ecocell™ (lyocell) liflerinin
farkli egirme sistemlerindeki performansini arastirmayi ve bu
ipliklerden  firetilen  6rme  kumaglarm  Ozelliklerini
degerlendirmeyi amaglamaktadir. Ecocell™ lifleri ile ring
kompakt, open-end rotor ve vorteks egirme sistemleri
kullanilarak Ne 28/1 iplikler iiretilmis ve bu ipliklerin 6zellikleri
test edilerek degerlendirilmistir. Ayrica flretilen iplikler ayni
makinede ve ayni iiretim parametreleri ile Oriilerek siiprem
kumaslar elde edilmis daha sonra agik, orta ve koyu renk
siddetlerinde boyanmustir. Boyali siiprem kumaglarin patlama
mukavemeti, may donmesi, boncuklanma, CIELAB renk
degerleri ve hasliklart test edilerek degerlendirilmistir.
Calismada, Ecocell™ lifinin siirdiiriilebilir bir hammadde olarak
ithal muadillerine giiglii bir alternatif olabilecegi, istenen iplik ve
kumas oOzelliklerine gore uygun egirme sisteminin segilmesi
gerektigi vurgulanmistir. Ayrica, Ecocell™ liflerinin, 6zellikle
iyi boncuklanma direnci ve diisiik may donmesi degerleri ile
O6rme kumaglarda pamuga alternatif olabilecegi ifade edilmistir.
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This study aims to investigate the performance of Ecocell™
(lyocell) fibers, produced in Turkey, across different spinning
systems and to evaluate the properties of knitted fabrics
produced from these yarns. Ne 28/1 yarns were produced from
Ecocell™ fibers using ring compact, open-end rotor, and vortex
spinning systems, and their properties were tested and evaluated.
Furthermore, these yarns were knitted into single jersey fabrics
using identical machinery and production parameters, which
were subsequently dyed in light, medium, and dark color shades.
The dyed fabrics were assessed in terms of bursting strength,
spirality, pilling, CIELAB color values, and fastness properties.
The study highlights that Ecocell™ fiber serves as a robust
sustainable alternative to its imported counterparts, emphasizing
the importance of selecting the optimal spinning system based
on desired yarn and fabric specifications. Furthermore, it has
been stated that Ecocell™ fibers could serve as an alternative to
cotton in knitted fabrics, particularly due to their superior pilling
resistance and low spirality values.
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1. GIRIS

Tekstil sektoriinde siirdiiriilebilir ham maddelerin kullanim1 6nem kazanmuisg, dogal ve rejenere seliilozik
lifler 6n plana ¢ikmustir. Giinliik giyimden lilks moda tekstillerine kadar genis bir iiriin yelpazesinde
kullanilan konvansiyonel pamuk, {iretimi sirasinda yogun su ve kimyasal madde (pestisit, giibre gibi)
kullamimi gerektirmekte ve bu nedenle siirdiiriilebilir olarak kabul edilmemektedir [1]. Bu nedenle
yenilenebilir kaynaklardan elde edilen rejenere seliilozik liflere olan ilgi ve talep artmustir.

Rejenere seliilozik liflerden viskoz, pamukla karsilastirildiginda daha diisiik kopma mukavemetine sahiptir
ve Ozellikle 1slak durumda bu mukavemet daha da zayiflamaktadir. Bu performans sinirliliklarini agmak
amactyla modifiye seliilozik lifler (modal ve polinozik gibi) gelistirilmistir [2, 3, 4]. Rejenere seliilozik
liflerin {igilincii nesil temsilcisi olarak adlandirilan lyocell liflerinin ilk ticari iiriinii olan Tencel literatiirde
yerini almugtir [5]. Lyocell lifleri, 6zellikle ¢evre bilincinin artmasina paralel olarak gelistirilmistir. Lyocell
iiretiminde ¢oziicli olarak toksik olmayan N-Metilmorfolin-N-oksit (NMMO) kullanilmasi, bu organik
¢ozlicliniin %99’unun geri kazanilabilmesi, bu iiretim yonteminin ekolojik olmasini saglamaktadir [3].
Lyocell lifleri, yiiksek mukavemet, yiiksek nem emme kapasitesi ve etkin nem yonetimi, konfor, ipege
benzeyen yumusak tuge, parlaklik, dokiimliiliik ve biyolojik olarak pargalanabilme o6zellikleriyle dikkat
¢cekmektedir.

Ug nesil rejenere seliiloz lifleri (Viskoz, Modal ve Tencel) i¢in yasam dongiisii degerlendirmesi (LCA)
yapilmis, LCA sonuglart pamuk, PET ve PP gibi diger ticari liflerle karsilastirilmistir. Viskoz hari¢ diger
rejenere selilloz liflerinin, PET, PP ve pamuktan daha iyi g¢evresel profillere sahip oldugu sonucuna
vartlmistir [6].

Viskoz, lyocell ve pamuk liflerinin kesitleri Sekil 1°de verilmistir [7]. Lyocell lifleri diger liflere gore
oldukga piiriizsiiz diiz bir yiizeye sahip iken viskoz lifleri piiriizlii bir yiizeye sahiptir.

10 um 10 pm
L T

Sekil 1. Viskoz (a), lyocell (b) ve pamuk (c) liflerinin kesitleri
Lyocell ve diger seliiloz liflerinin 6zellikleri Cizelge 1°de verilmistir [7]. Lyocell lifinin mekanik dayanim
viskoz ve pamuga gore daha yiiksektir. Bunun nedeni; seliiloz zincirinin uzun olusu, molekiiller arasi

hidrojen baglarimin gii¢lii olmasi ve yiiksek kristalinite ile agiklanabilir [7].

Cizelge 1. Farkli seliiloz lif tiirlerinin 6zelliklerinin kargilastiriimasi

Uzama, kuru (%) Uzama, yas (%) Mukavemet (cN/tex)
Lyocell 11-16 17-19 35-47
Viskoz 18-25 21-23 20-26
Yiiksek-modiil viskoz 12-15 13-15 32-36
Pamuk 8-10 12 25-40

Literatiirde lyocell lifleri ile yapilmis pek ¢ok ¢alisma vardir. Caligsmalarin bir kisminda lyocell igeren 6rme
ve dokuma kumaglarin performans 6zellikleri arastirilmis ve baska liflerle mukayese edilmistir [8-15]. Bazi
calismalarda ise lyocell liflerinin fibrilasyonu ve bunun etkileri aragtirilmigtir [16-19].

Tiirkiye’de, Karafiber Tekstil San ve Tic.A.S. tarafindan 2020 yilinda Ecocell™ ticari adiyla lyocell lifleri
iiretilmeye baslamustir. Ecocell™, minimum su ve enerji kullanan, karbon ayak izini 6nemli él¢iide azaltan
cevre dostu kapali dongii bir tiretim ydntemine sahiptir [20].
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Tiirkiye’de iiretilen Ecocell™ lyocell lifleri ile yapilmis akademik ¢alismalar oldukga sinirlidir. Uyanik ve
Kaya Nacarkahya ¢alismalarinda, Ecocell™ ve Ecocell™ ile farkl lif (keten, geri doniisiim keten, kenevir)
karigimlarindan iiretilen ring ipliklerinin 6zelliklerini belirlemeyi, bunlari birbirleriyle ve geleneksel pamuk
ve organik pamuk iplikleriyle karsilastirmay1 ve ipliklerin kalite, ekonomik ve siirdiiriilebilirlik 6zelliklerini
ortaya koymay1 amaglamiglardir. Calismanin sonuglar1; Ecocell™ lifinin, iplik 6zelliklerine fibrilasyona
bagl: tiiyliilik diginda olumlu katkida bulundugunu gostermistir [21]. Yildirim ve ark., tarafindan yapilan
caligmada Ecocell™ lifleri farkli oranlarda pamuk ve polyester ile karistirilarak 6rme kumaglar iiretilmis ve
konfor 6zellikleri (hava gegirgenligi, 1s1 direnci, nem iletim hiz1 vb.) incelenmistir. Bulgular, Ecocell™
iceren kumaslarin baz1 konfor 6zelliklerinde iistiin performans gdsterdigini gostermistir. [22]. Bir baska
calismada, %100 pamuk, akrilik/pamuk ve Ecocell™/akrilik karigim atka iplikleri ile dokunan kumaslarin
tek banyoda reaktif boyanabilirligi incelenmistir. Sonug¢ olarak, reaktif boyama tek bir banyoda
gerceklestirildiginde haslik degerlerinde olumsuz bir etki gdzlemlenmemistir [23].

Ecocell™ in dokuma kumaslardaki performansini ve boyama ozelliklerini degerlendirmek amaciyla
¢ozgiide %100 Ecocell™ ring, atkida ise %50 Ecocell™ %50 Pamuk ring iplikleri ile dokuma kumaglar
tiretilmis, agik ve koyu tonlarda boyanmustir. Sonuglar, Ecocell'in, ithal edilen siirdiiriilebilir ve ¢evre dostu
liflere bir alternatif olabilecegini gostermistir [24]. Giiler ve ark., tarafindan yapilan ¢aligmada, Ecocell
liflerinin; kenevir, pamuk, organik pamuk, recycle poliester, elastan gibi liflerle ikili ve tglii karisimlar
yapilmasi bunlardan 6rme kumasglarin tasarlanmasi hedeflenmistir. Calisma kapsaminda iiretilen
kumagslarin fiziksel testler ve karakterizasyon calismalar1 sonrasinda, seliiloz bazli biyolojik olarak
pargalanabilir rejenere seliiloz lif igeriginden bir spor giyim koleksiyonu olusturulacaktir [25]. Sen ve ark.,
Naia™ Renew, Tencel™ Lyocell ve Ecocell™ gibi ii¢ yeni nesil rejenere seliiloz elyaf tiiriinden firetilen
orme kumaglarin haslik ve boyutsal stabilitesini incelemisler, bu yeni liflerin pamuga uygun alternatifler
olabilecegini vurgulamislardir [26].

Bu calismada, Ecocell™ lyocell liflerinden farkli egirme sistemleri (ring kompakt, open-end rotor ve vortex)
ile ipliklerin iiretilmesi ve bu ipliklerle 6rillen kumaglarin 6zelliklerinin karsilagtirmali olarak analiz
edilmesi amaglanmaktadir. Elde edilen bulgularin, yerli hammadde ile siirdiiriilebilir iplik ve kumas tiretimi
konusunda hem literatiire katki sunmasi hem de iretici firmalara sistem se¢imi ve iriin gelistirme
stireclerinde bilimsel dayanak saglamasi beklenmektedir.

2. YONTEM

2.1. Materyal

Calisma kapsammda hammadde olarak Tiirkiye *de Kara Holding tarafindan iiretilen %100 lyocell lifleri (Ecocell™)
kullamtmstir. Ecocell™ lyocell liflerinin inceligi 1,3 dtex, uzunlugu 38 mm, kopma uzamast %11,23 ve kopma
mukavemeti 41,52 cN/tex dir.

2.2. Metot

2.2.1. iplik Uretimi

Calisma kapsaminda Ecocell™ lifleri 3 farkli egirme sisteminde calisilarak Ne 28/1 iplikler tiretilmistir.
Ipliklerinin iiretim parametreleri asagida verilmektedir [27].

Cizelge 2. Ring kompakt iplik iiretim parametreleri

Uretim agamasi Makinenin markasi-modeli Makine ciktisi
Tarak Triitzschler TC 07 Serit- Ne 0,12
1.Pasaj Cer Triitzschler TD 02 Serit- Ne 0,14
2.Pasaj Cer Triitzschler TD 02 Serit- Ne 0,16
3.Pasaj Cer Triitzschler TD 03 Serit- Ne 0,17
Fitil Saurer Zinser 668 Fitil- Ne 0,9
Saurer Zinser 351
Kopga tiirii C 1 Bracker
Ring kompakt iplik makinesi ~ Kopga No 4.0 Iplik- Ne 28
Biikiim (tur/m) 750
Ig devri (devir/dk) 16.000
Bobinleme Schlathorst Autoconer 338 Iplik- Ne 28
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Cizelge 3. Open-end rotor iplik iiretim parametreleri
Uretim asamasi

Makinenin markasi-modeli Makine ciktis1

Tarak Triitzschler DK 903 Serit- Ne 0,12
1.Pasaj Cer Triitzschler HSR 1000 Serit- Ne 0,13
2.Pasaj Cer Triitzschler HSR 1000 Serit- Ne 0,14
Oerlikon Schlathorst 360
Rotor Tipi T-536
Open-end rotor iplik makinesi Ili?;:glr (g)ef\:/\;irl (flcli\;;;(/jik)) Elgég.oOOO Iplik- Ne 28
Agici Tipi S21
Biikiim (tur/m) 820
Cizelge 4. Vorteks (MVS) iplik iiretim parametreleri
Uretim asamasi Makinenin markasi-modeli Makine ciktis1
Tarak Triitzschler TCO7 Serit- Ne 0,12
1.Pasaj Cer Triitzschler HSR 1000 Serit- Ne 0,14
2.Pasaj Cer Triitzschler HSR 1000 Serit- Ne 0,14
3.Pasaj Cer Triitzschler HSR 1000 Serit- Ne 0,16
Vorteks Murata 111 870
Besleme orani 0,98
Sarim agis1 15
TS . Toplam ¢ekim 175 -
Vorteks iplik egirme makinesi Nozul tipi Orient Iplik- Ne 28
ig cap1 1,3 mm
Egirme basinci 0,55 MPa
Take-up orani 0,995

2.2.2. Kumas Uretimi

Ring kompakt, OE-rotor ve vorteks egirme sistemleri ile Ne 28/1 olarak egrilmis olan lyocell iplikleri,
yuvarlak Orgii makinasinda ilmek iplik uzunluklari 2,9 mm olacak sekilde Oriilmiistir. Makine
parametreleri Cizelge 5°de verilmektedir [27].

Cizelge 5. Orme makine parametreleri

Makine tipi ve modeli Pailung
Makine devri (d/dk.) 20
Makine inceligi (E) 28
Makine ¢ap1 (pus) (ing) 32

Igne sayis1 2813
Sistem sayis1 96

Ham kumas numuneleri, agik-orta-koyu tonlarda boyanmak iizere iicer pargaya ayrilmistir. Boyama
islemlerinde ilk islem olarak acik ve orta renkler icin kasar islemi uygulanmistir. Cizelge 6’da kullanilan
kimyasallar ve oranlari, Sekil 2’de ise kasar grafigi verilmistir [27].

Cizelge 6. Kasar islemlerinde kullanilan kimyasallar ve oranlari

Kimyasal adi Oran Miktar (g)
Infawet Nfo (Islatict) 0,8 g/L 792
Lubsol Psa conic (Iyon tutucu) 1,5g/L 1485
Lubcell oli pow (Kirik dnleyici) 0,5 g/L 495
Sivi kostik (Alkali) 3g/L 2970
Akbleach Cba (Hidrojen peroksit) 2,5¢g/L 2475
110°C
KASAR + ENZiM 4 20 dk
. 75 °C SOGUT
YARDIMCI KIMYASAL .
PEROKSIT TASARLI BOSALT
KOSTIK T 55°C_ NUM.AL
0ok ¢4 5 DK 5 DK 45 DK
55°C
tily enzim v
HIDROFILITE KONTROL BOSALT

Sekil 2. Kasar ve enzim grafigi
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Koyu renklerde pisirme enzimli 6n islem uygulanmistir. Kumas yiizeyini kasar yapmadan temizleyerek
yiizeydeki parafin, yag ve ¢epel gibi emilimi zorlastiran materyalleri temizleme islemidir. Bu 6n islemde
kullanilan kimyasallar Cizelge 7° de, grafik ise Sekil 3” de verilmistir [27].

Cizelge 7. Pisirme enzimli iglemde kullanilan kimyasallar

Kimyasal adi Oran Miktar (g)
Formik asit (%85) 0,21 g/L 218,4
Azmcell 3062 0,05 % 40
Infawet Nfo 1,5 g/L 1560
Lubsol Psa conic 1,5 g/L 1560
Lubcell oli pow (Kirik 6nleyici) 0,5 g/L 520
85 °C numune al
4 20 dk
PiSME ENZiMLI \
tasarh
ASIT TUY ENZiMmi Tsuma bosalt
T 45 dk
55°C
Sekil 3. Pigsme grafigi

Kasar ve pisme islemlerinden hemen sonra HT boyama islemi ger¢eklestirilmistir. Boyamalarda kullanilan
kimyasallar ve boyalar Cizelge 8 de verilmistir. Ayrica boyama grafigi de Sekil 4° de gdsterilmistir.
Kumaslara uygulanan ard islemler ve kullanilan kimyasallar ise Cizelge 9 ve Sekil 5’de verilmistir [27].

Cizelge 8. Boyama isleminde kullanilan kimyasallar ve oranlari
Boyama siddeti

Boyarmadde ve

kimyasallar Aqk Orta Koyu
Oran Miktar (g) Oran Miktar (g) Oran Miktar (g)
Polynol BSL 50 (Egalizator) 1g/L 990 1g/L 4.013,49 1g/L 1040
Tuz (sertlik 7) 120 g/L 118.800 135 g/L 541.821,15 300 g/L 312.000
SINARCION Yellow BF4R 0,95 % 855 - - - -
BFIX Yellow MERL - - - - 1,3% 1040
SINARCION Red BF2B 0,3 % 270 1,9 % 9.299,55 0,3 % 240
SINARCION Blue BFRF 0,48 % 432 0,51 % 2496,2 1,8 % 1440
Bizol Black CNN - - - - 8% 6400
Soda 2 g/l 1980 2 g/l 8.026,98 2 g/L 2080
Segalkaly SMP100 6 g/L 5940 6,3 g/L 25.284,99 8,4 g/L 8736
80-60 °C Boyama
Kimyasal

1.Soda 2.Soda

l

80°C

45 dk

Sekil 4. Boyama grafigi
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Cizelge 9. Ard islemlerde kullanilan kimyasallar

Yikamada kullanilan kimyasallar Oran Verilen miktar (g)
Formik Asit 0,9 g/L 936
Akridol SK 1g/L 1040
Sequest SSD 1000 0,5 % 520
Akridol SK 1g/L 1040
Sequest SSD 1000 0,5 g/L 520
Yumusatma recetesi
Econutra NAU (asit) 0,5 g/L 520
10 DK BEKLEME 80 °C 10 DK BEKLEME
SABUN
BOSALT BOSALT
1.SU AL 4. SU AL
10 DK BEKLEME 80 °C 10 DK BEKLEME
SABUN
BOSALT BOSALT
2SU AL 5SU AL
PH KONTROL
50 °C 10 DK 60 °C 10 BEKLEME
BOSALT BOSALT
3 ASIT 6_SU AL
TAMPON
ASIT 80 °C 10 DK
BOSALT
DURULA
NUMUNE AL VE GIKART

Sekil 5. Yikama grafikleri
Boyama iglemi biten kumaslara, ramoz ve sanfor islemleri uygulanmig, mamul kumaslar elde edilmistir.

2.2.3. iplik ve Kumas Testleri

Iplik Testleri

Uretilen ipliklerin diizgiinsiizliik, iplik hatalar1 ve tiiyliiliigii “TS 2394 ISO 2649: 2008, Yiin serit, fitil ve
ipliklerde kisa devreli dogrusal yogunluk diizgiinsiizliiklerinin elektronik diizgiinsiizliik 6l¢me cihazi ile
saptanmas1” standardina gore belirlenmistir. Testler Uster Tester 5 cihazinda (UTS), test hizi 400
metre/dakika ve test siiresi 1 dakika olarak uygulanmustir.

Uretilen ipliklerin iplik kopma mukavemeti ve kopma uzamasi dlgiimleri “TS EN ISO 2062: 2014 Tekstil-
Paketlerden alinan iplikler-Tek ipligin kopma kuvvetinin ve kopma anindaki uzamasinin sabit hizli uzama
cihazi (CRE) kullanilarak tayini” standardina gore Uster Tensorapid 4 Mukavemet Test Cihazinda
yapilmigtir.

Kumas Yapisal Ozelliklerinin Ol¢iimii

Kumas yapisal 6zelliklerinin analizi i¢in ilmek iplik uzunlugu testi, gramaj ve siklik testleri yapilmistir.
[lmek iplik uzunlugu ve siklik élgiimleri “TS EN 14970: 2006 Tekstil- Oriilmiis kumas- Tek iplikli 6rme
kumaglarda orgii ilmegi ve iplik dogrusal yogunlugunun tayini” standardina gore yapilmistir. Kumas
numunelerinin gramajlar1 “TS EN 12127: 1999 Tekstil — Kumaslar- Kii¢iik numuneler kullanarak birim
alan bagina kiitlenin tayini” standardina gdre yapilmustir.
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Renk Ol¢iimii

Numunelerin renk 6l¢liimii ve referansa gore renk farklarmin belirlenmesi, Datacolor Spektrofotometre
Renk Olgiim Cihazi ve ColorExperience v.2014.1.0 yazilmi kullanilarak gerceklestirilmistir.
Spektrofotometreler renk analizinde, X, Y, Z olarak bilinen tristimulus degerlerinden yararlanilarak L*, a*
ve b* olmak iizere ii¢ temel renk koordinati hesaplanir. Bu renk sisteminde iki renk arasindaki renk
farkliliklari, AE ile ifade edilir, Kumas boyamalarinda, ylizeyde tutulan boyarmadde miktarimni yani renk
siddetini say1sal olarak degerlendirmek i¢in en yaygin kullanilan yontem Kubelka—Munk (K/S) bagintisidir.
K/S degeri, boyali bir kumagin koyuluk derecesinin hesaplanmasinda temel bir o6lgiit olarak
kullanilmaktadir [28].

Hashk Testleri

Boyali kumas numunelerinin yikama hasliklar1 “TS EN ISO 105-C06: 2012, Tekstil - Renk haslig1
deneyleri - Boliim C06: Evsel ve ticarl yikamaya karsi renk hasligi” standardina gére James H.Heal marka
Gyrowash cihazinda A1M metodu ile yapilmistir. Boyali kumas numunelerinin siirtiinme etkisine karsi
renk hasliklar1 “TS EN ISO 105-X12: 2016, Tekstil - Renk hasligi deneyleri - Boliim X12: Siirtmeye karsi
renk hasligi tayini” standardina gore Prowhite Crockmeter siirtme haslig1 test cihazi ile yapilmistir. Haslik

testlerinin sonuglari gri skala ile 1 ile 5 arasinda degerlendirilmistir.
Patlama Mukavemeti

Patlama mukavemeti testi TS EN ISO 13938-2: 2003 standardina gore James Heal marka patlama
mukavemeti test cihazi kullanilarak yapilmistir. Diyafram yontemiyle gergeklestirilen patlama mukavemeti
testinde, test basligi 7,3 cm? olarak kullanilmustir.

May Donmesi Testi

Orme kumaslarda esnekligi saglayan ilmeklerin dik konumdan sapmasiyla ortaya cikan yapi bozuklugu
may dénmesi olarak tanimlanir. ilmeklerin ilk durumlarina gére gosterdigi ag1 farkliligi, may dénmesinin
0 degeri olarak ifade edilir. Olusan 0 agisinin 5°’nin altinda olmasi, genel olarak kabul edilebilir smirlar
icinde degerlendirilir [29]. Dénme agis1 5°'den biiyiik ise donme dnemli boyuttadir [30]. May donmesi testi,
giysi ornekleme metoduna dayali olarak gergeklestirilmistir. TS EN ISO 5077:2012 standardina uygun
sekilde hazirlanan kumas numuneleri, yikama ve kurutma islemleri sonrasinda yan dikislerde meydana
gelen donme davranist esas alinarak incelenmigtir. Numuneler, agik en veya tiip form kumaslardan
kenarlardan en az 15 cm igerden olacak sekilde 50 x 50 cm boyutlarinda kesilmis; ilmek ¢ubuk (boy)
yoniinde iki kenar1 ve ilmek sirasi (en) yoniinde bir kenar1 overlok dikisi ile birlestirilerek alt kismi agik
birakilmis ve ¢anta formuna getirilmistir. Yikama islemleri ev tipi ¢gamagir makinesinde 40 °C’de, kurutma
islemleri ise tumbler kurutucuda gergeklestirilmistir. Yikama ve kurutma islemleri, kumaslarda
relaksasyonun saglandigindan emin olunana kadar tekrarlanmis ve numuneler 6l¢iim dncesinde standart
atmosfer kosullarinda kondisyonlanmistir. May donmesi degeri, numune iizerinde sag ve sol kenarlarda
6lgiilen donme miktarlarinin ortalamasinin, yikama sonrasi kumas boyuna oranlanmasiyla yiizde (%) olarak
hesaplanmustir.

Boncuklanma Testi

Gevsek liflerin  olusturdugu ve kumas ylizeyinde gorillen lif dolasikliklar1 boncuk olarak
adlandirilmaktadir. Boncuklanma, kumasin kumasa, bagka kumaglara ve hatta deri ile siirtiinmesi
sonucunda ipliklerden kumas yiizeyine lif gocili olmastyla gergeklesmektedir. Kumaglarin boncuklanma
dayanimi, “TS EN ISO 12945-2: 2002 Tekstil - Kumaslarda yiizey tiiylenmesi ve boncuklanma
yatkinliginin tayini, Boliim 2: Gelistirilmis Martindale metodu” standardina gore James Heal Martindale
asimma ve boncuklanma test cihazi kullanilarak tespit edilmistir. Testte 125, 500, 1000, 2000 ve 4000 devir
sonunda st deney parcalari, karanlik odada 151k kabini iginde D65 giin 15181 altinda 45° lik aciyla
yerlestirilmis platform {izerine konarak EMPA standart K3 serisi standart fotograflar ve orijinal numune ile
kiyaslanarak boncuklanma diizeyleri gozle subjektif olarak degerlendirilip, 1-5 arasinda
derecelendirilmistir.
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3. ARASTIRMA BULGULARI
3.1. iplik Test Sonuclar:

Calisma kapsaminda kullanilan Ecocell™ lyocell liflerinden ii¢ farkli egirme metodu ile iiretilen her iplik
tipinden Uster Tester 5 cihazinda 5’er 6l¢iim yapilmis, ortalamalar1 alinarak grafikler olusturulmustur.
Uretilen ipliklerin ortalama diizgiinsiizliik degerleri Sekil 6’da grafik olarak verilmistir.

%U
12 10,87

10 8,47
7,9 ’

Ring Rotor Vorteks

Sekil 6. iplik diizgiinsiizliigii (%U)

Ring kompakt iplik ile vorteks iplik yakin %U degerleri verirken, OE-rotor ipliklerin daha yiiksek
diizgiinsiizliige sahip oldugu goriilmektedir. Bu durum, OE-rotor egirme sisteminde liflerin daha kisa
mesafede biikiilmesi ve agilma isleminin agresifligi ile agiklanabilir [31]. Rameshkumar ve arkadaslari,
%100 pamuk lifi ile tiretilen Ne 30 ipliklerde, ring ipliklerinin en diistik diizgiinsiizliik (U%) degerine, rotor
ipliklerinin ise en yliksek degere sahip oldugunu bildirmistir. Tiim egirme sistemlerinin karsilastirildig: bir
calismada en diizgiin iplikleri kompakt egirme sisteminin tirettigi ifade edilmistir [32]. Kompakt egirmede
egirme {iggeninin yok edilmesi ile hemen hemen tiim liflerin iplik yapisina dahil olmasi, lif yerlesiminin
diger egirme sistemlerine gore kontrollii ve daha diizgiin olmasi bu sonucu dogurmaktadir. % 100 pamuk
ve %100 viskon lifleri ile yiiriitiilen bir diger calismada ise OE-rotor ipliklerinin vorteks ipliklerinden daha
yiiksek diizgiinsiizliik degerleri verdigi, bu durumun rotor iplik yapisindaki diizensiz lif yerlesiminden ve
rotor ipliklerinin sargi (kayis) liflerinden kaynaklandig: belirtilmistir [33].

Iplik hata indeksi (IPI), iplikteki ince (-50) ve kalm yerler (+50) ile birlikte toplam neps (+200) sayisinin
birlesimi ile ifade edilir [34, 35]. Calismada firetilen ipliklerin hata grafigi Sekil 7° de verilmistir.

80
70
60
50
40

30
20
0 0,4
0 -

INCE YER KALIN YER NEPS

M Ring kompakt ®Rotor M Vorteks

Sekil 7. Iplik hatalar
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Iplik hatalar1 acisindan e@irme sistemleri degerlendirildiginde en yiiksek IPI degerlerini rotor egirme
sistemi verirken en diisiik IPI degerleri ring kompakt egirme sistemi ile elde edilmistir. % 100 pamuk ve
%100 viskon lifleri ile yiiriitiilen ¢calismada da OE-rotor ipliklerinin vorteks ipliklerine kiyasla daha fazla
iplik hatasi i¢erdigi belirtilmistir [33]. Bir diger ¢alismada pamuk/polyester karigimi rotor ipliklerindeki
iplik hatalarinin vorteks ipliklerden daha yiiksek oldugu ifade edilmistir [36].

Uretilen ipliklerin ortalama tiiyliiliik (H) degerleri Sekil 8de grafik olarak verilmistir. Egirme sistemlerinin
karsilastirildig1 bu caliymada en diisiik iplik tiiyliiligii rotor ipliklerde goriiliirken onu vorteks iplikleri
izlemis ve en yiiksek tiiyliiliik ring kompakt ipliklerde Sl¢iilmiistiir. Kili¢ ve arkadaslari genel olarak,
tiyliilik 6zellikleri bakimindan en iyi iplikleri vorteks egirme sisteminin verdigini, bunu rotor egirme
sisteminin takip ettigini belirtilmislerdir [32]. Calismalarin bir kisminda ise tiiyliiliik acisindan vorteks
iplikleri ile rotor iplikleri arasinda istatistiksel olarak anlamli fark olmadig1 ifade edilmistir [37]. Tiyliiliik
acisindan bir siralama yapildiginda en iyi vorteks, sonra rotor, daha sonra kompakt ve en son ring iplikleri
gelmistir [32]. Bu ¢aligmanin tiiyliiliik sonuglart literatiirle uyumlu ¢ikmistir. OE-rotor ve vorteks egirme
sistemlerinde yer alan sargi liflerinin tiiyliiliik iizerinde olumlu etki yarattigi sdylenebilir.

H

5 4,4

4 324 3,53
3

2

1

0

Ring Kompakt Rotor Vorteks

Sekil 8. iplik tiiyliiliigii (H)

Calisma kapsaminda ii¢ farkli egirme metodu ile tiretilen her iplik tipinden Uster Tensorapid cihazinda 5’er
6lciim yapilmis, ortalama mukavemet ve uzama degerleri Sekil 9°da grafik olarak verilmistir.

35 777 35
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= -
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Sekil 9. Iplik mukavemeti ve uzamasi

Ring kompakt sistemde elde edilen ortalama mukavemet degeri 32,72 cN/tex ile en yiiksek seviyede iken
vorteks ipliklerde 28,99 cN/tex, rotor ipliklerde ise 18,15 cN/tex olarak olgiilmiistiir [27]. Genel olarak
bircok caligmada en mukavemetli iplikler ring, daha sonra vorteks ve en son rotor iplikleri olarak
siralanmaktadir [31, 33, 36]. Ring iplik egirmenin prensibi geregi yiiksek lif paralelligi ve distan ice dogru
biikiim ile liflerin igten disa gogli neticesinde iplik igerisinde ¢ok giiclii kohezyon yiiksek iplik
mukavemetini vermektedir. OE-rotor ipligi, olduk¢a diizensiz bir biikiim yapisina sahiptir. Merkezde
paralel olarak diizenlenmis lifler ile paralel liflerin etrafin1 saran liflerden olusur. Lif go¢ii nispeten zayif
ve kohezyon diisiiktiir. Bu durum iplik mukavemetinin diisiik olmasi sonucunu dogurur. Vorteks ipliklerde
ise ipligin merkezindeki paralel lifler arasinda zayif kohezyon nedeniyle mukavemet degerleri ring ipliklere
gore daha diisiiktiir. Tim egirme sistemlerinin karsilastirildigl bir calismada en yiiksek mukavemet
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degerinden en diistige gore iplikler siralandiginda kompakt iplikler, ring iplikleri, vorteks iplikler ve en son
rotor iplikleri gelmektedir [32]. iplik kopma uzamasi sonuglar1 degerlendirildiginde, mukavemet sonuglari
ile benzer egilim goriilmiistiir.

3.2. Kumas Test Sonuclari

Kumaglarin 6lgiilen yapisal 6zelliklerinin ortalama degerleri Cizelge 10°da ve ortalama kumas gramajlari
ise grafik olarak Sekil 10’ da verilmistir.

Cizelge 10. Kumas yapisal 6zellikleri

ilmek sira Ilmek ¢ubuk ; ilmek iplik
<. . .  Boyama . - IImek <
Egirme sistemi iddeti sikhig1 sikhig1 osunlusu/cm? uzunlugu
3 cpc (sira/cm) wpc (¢ubuk/cm) yosg g (mm)
Agik 20,4 15,17 309,5 2,86
Ring kompakt  Orta 20,72 14,94 309,6 2,87
Koyu 20,92 14,39 294,8 2,83
Acik 21,73 12,89 280,1 2,71
Rotor Orta 21,88 13,72 300,2 2,88
Koyu 20,03 13,89 2782 2,88
Acgik 20,53 13,89 285,2 2,87
Vorteks Orta 20,23 14,11 285,4 2,87
Koyu 20,2 14,89 300,8 2,88
Gramaj (g/m?)
180 g 158 163,6 140,6 153 157,2 1446 1558 1584
150
120
60
30
0 S— -
Agik Orta Koyu Agik Orta Koyu Acik Orta Koyu
Kompakt Rotor Vorteks

Sekil 10. Mamul kumaslarin gramaji

Farkli egirme sistemleri ile iiretilen Ne 28/1 Ecocell ipliklerinden iiretilen boyali 6rme kumaslarin gramaj
sonuclart incelendiginde, tiim iplikler icin agiktan koyuya dogru gidildikce kumas gramajmin arttigi
goriilmiistiir. Koyu renklerde boyarmadde miktari arttig1 igin bu beklenen bir durumdur. Acik, orta ve koyu
renkler icin rotor iplikleri ile oriilen kumaslar en diisiik gramaj degerlerini gostermistir. Bu durum rotor
ipliklerinin hacimli yapisi nedeniyle sikliklarin daha diisiik olusu ile agiklanabilir. Diger yandan agik renk
boyamada en yiiksek gramaj vorteks ipliklerde goriiliirken orta ve koyu renklerde ise kompakt ipliklerden
oriilmiis kumaslarin gramajlart en yiiksek ¢ikmustir.

Yapilan bir ¢alismada, ring, rotor ve vortex sistemleriyle egrilmis Ne 30/1 pamuk ipliklerinden iiretilmis
tek plakali 6rme kumaglarda ayni ilmek uzunlugu kullanilmasina ragmen, gramajda iplik tipine gore
farkliliklar goézlemlenmistir: ring kumas 147.6 g/m?, rotor 145.6 g/m?, vortex ise 148.4 g/m? gramaj
gostermistir. Bu farkliliklarin ipligin yapisal ozelliklerinden ve egirme sisteminden kaynaklandigi
belirtilmistir. Ring iplikler, daha sik1 bir 6rgii yapisi olusturmaya egilimlidir [31]. Rotor iplikleri ise hacimli
yapisi nedeniyle daha gevsek bir yap1 sergileyebilir. Vorteks ipliklerinin ise lif yerlesiminin diizgiinliigii
sayesinde kontrollii ama gorece sert bir yap1 sundugu belirtilmistir [31].

3.2.1. Renk Ol¢iimii Sonuglar
Boyama islemi sonrasinda kumaslarin renk 6zellikleri spektrofotometre ile CIELAB renk uzayinda analiz

edilmistir. Bu analizler, farkli egirme sistemleriyle iiretilen kumaslarin boyarmadde tutumu ve renk
derinligi {izerindeki etkilerini karsilastirmak amaciyla gerceklestirilmistir. Ol¢iim sonucunda elde edilen
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L*, a*, b*, C* ve h°® degerleri Cizelge 11°de sunulmustur. Ayrica, boyamalarda rengin maksimum
absorpsiyonun gergeklestigi dalga boylarinda dlgiilen renk kuvveti (K/S) ile yansitma (%R) degerleri grafik
olarak Sekil 11° de verilmistir.

Cizelge 11. Kumaglarin renk degerleri

.. . ) CIELAB renk degerleri
Egirme sistemi
L* a* b* C* h°

Acik 54,45 5,62 7,65 9,49 53,71

Kompakt Orta 23,75 27,9 -12,54 30,59 335,79
Koyu 13,26 0,5 -2,5 2,55 281,42
Acik 54,11 5,62 7,69 9,53 53,91

Rotor Orta 23,66 28,29 -12,58 31,02 336,02
Koyu 13,29 0,58 2,56 2,56 281,78
Acik 55,53 5,63 7,68 9,53 53,74

Vorteks Orta 23,85 27,97 12,56 30,69 336,02
Koyu 13,33 0 2,55 2,55 281,53
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B K/S m%R
Sekil 11. K/S ve %R degerleri

K/S degerlerinin yiiksek olmasi, boya aliminin artmasi ve daha koyu renklerin elde edilmesi anlamina
gelmektedir. Beklenildigi lizere tim egirme sistemleri i¢in agiktan koyuya dogru gidildik¢e K/S
degerlerinde belirgin bir artis gdzlenmistir [27]. Bu durum, artan boya konsantrasyonunun kumas yapisi
tarafindan daha fazla absorbe edilmesiyle iligkilendirilmektedir. Ag¢ik ve orta renk gruplarinda, 6zellikle
vorteks ipliklerinden elde edilen kumaslarin K/S degerlerinin diger egirme sistemlerine gore bir miktar
daha yiiksek oldugu belirlenmistir. Bu bulgu, vorteks iplik yapismin boya-lif etkilesimini destekleyen
yapisal Ozellikleriyle iliskilendirilebilmektedir. Koyu renk grubunda ise ring kompakt ipliklerinden elde
edilen kumaslarin K/S degerlerinin 6ne ¢iktig1 ve daha koyu ve doygun renklerin elde edildigi gorilmiistiir.
Bu sonug, kompakt egirme sistemiyle iiretilen ipliklerin daha diizenli ve sik1 yapisinin boya alimini olumlu
yonde etkiledigini gdstermektedir. Rotor ipliklerinden elde edilen kumaslarda ise K/S degerlerinin 6zellikle
koyu renk grubunda diger egirme sistemlerine kiyasla daha diisiik seviyelerde kaldigi tespit edilmistir. Haris
ve arkadaslari, %100 modal ve mikromodal liflerle egrilmis ring, OE-rotor ve air-jet iplikleri
kargilagtirdiklar1 ¢aligmalarinda, ring ipliklerin diizgiin yiizey yapilari sayesinde boya dagiliminin daha
homojen gerceklestigini belirtmislerdir. Ayni ¢aligsmada, rotor ipliklerin ise diisiik mukavemet ve yliksek
diizgiinsiizlik degerlerine sahip oldugu, liflerin yapisal dagmiklig1 nedeniyle boya alma performansi
degerlerinde zayif kaldiklari rapor edilmistir [38].

Ortlek ve arkadaslari; vortex, ring ve OE- rotor ipliklerinden 6riilen viskon kumaslarda gerceklestirdikleri
calismalarinda, vortex ipliklerden iiretilen kumaslarin K/S degerlerinin ring ve rotor iplikli kumaglara
kiyasla daha diisiik oldugunu ortaya koymuslardir. Bu durum, vortex ipliklerin daha piiriizsiiz yiizey yapisi
nedeniyle boyay1 daha fazla yansittig1 (%R degerinin yiiksek olmasi) bulgulariyla desteklenmistir [39]. Bu
caligmada da benzer sekilde, vortex ipliklerden iiretilen kumaslarin koyu tonlarda daha diisiik K/S ve daha
yiiksek %R degerlerine sahip oldugu saptanmis ve bu durum literatiirle uyumlu bulunmustur. K/S degerleri
ile ters orantili olarak, yansitma oranlarinin (%R) koyu renklerde azaldigi, acgik renklerde ise arttig:
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belirlenmistir. Ag¢ik renkli kumaslarda daha yiliksek %R degerlerinin elde edilmesi, 15181n kumas
yiizeyinden daha fazla yansimasiyla iligkilendirilirken; koyu tonlarda diisiik %R degerleri, boyarmaddenin
lif yapisi igerisinde daha fazla absorbe edildigini ortaya koymaktadir.

Farkl1 egirme sistemleriyle iiretilen ipliklerden oriilmiis ve farkli tonlarda boyanmig kumaslarin renk farki
(AE) degerleri degerlendirilmis, elde edilen sonuglar Cizelge 12’de sunulmustur. Bu analizde, referans
kumas kompakt iplikle Oriilmiis kumas olarak secilmis ve diger kumaslarin referans renge olan
yakinlhigi/uzaklig: tespit edilmeye ¢aligiimustir.

Cizelge 12. Renk farklar1 (AE 1976)

Referans Boyama Renk farki
(standarty _ NUmURe Gideti (AE 197)  Senus Agiklamalar
Rotor Acik 0.89 Gegti Daha agik, daha yesil, daha sar1
Kompakt i .
Vorteks Acik 0,99 Gegti Daha koyu, daha kirmizi, daha sar1
Rotor Orta 0.77 Gegti Daha agik, daha kirmizi, daha mavi
Kompakt ’ . .
Vorteks Orta 0,36 Gegti Daha koyu, daha kirmizi, daha mavi
Rotor Koyu 0,43 Gegti Daha agik, daha yesil, daha mavi
Kompakt . . .
Vorteks Koyu 0,61 Gegti Dabha agik, daha mavi, daha yesil

Tekstil uygulamalarinda renk farkinin kabul edilip edilmeyecegi, genellikle iiretici ve miisteri arasindaki
mutabakata baglidir; ¢ogu durumda nihai karar merci miisteridir. Uygulamada AE degerinin 1’in altinda
olmast durumunda renk farkinin kabul edilebilir diizeyde oldugu ifade edilir. Bilimsel arastirmalarda ise
daha siki bir 6l¢iit kullanilmakta, AE’nin 0,5-0,6 arali§int agmamasi halinde renk farkinin olmadig:
varsayilmaktadir [40]. Cizelgedeki verilere gore tim AE degerlerinin 1’in altinda oldugu ve “Gegti” olarak
degerlendirildigi goriilmiistiir. Ozellikle acik tonlarda AE degerlerinin 1°e yaklastig1 goriilmektedir.

Kompakt iplikle oriilmiis kumas referans alindiginda, rotor iplikle Oriillen kumaslarin daha agik renk
gosterdigi, vorteks iplikli kumaslarin ise daha koyu kaldig1 goriilmektedir. Bu bulgular, egirme sisteminin
iplik yapisina bagl olarak kumaslarin boyarmadde tutumu ve renk olusumu iizerinde anlamli etkiler
yarattigini gostermektedir.

3.2.2. Hashik Testi Sonuglari

Yikama haslig1 testinde refekat bezlerine akan boya miktar1 gri skala kullanilarak degerlendirilmistir.
Cizelge 13°de yikama hasligi testi sonuglari goriilmektedir.

Cizelge 13. Yikama hasligi testi sonuglari

Yikama hashgi sonuglari

Egirme sistemi

Asetat Pamuk Naylon Polyester AKkrilik Yiin
Agik 4/5 4 3 4 4/5 5
Kompakt Orta 4 4 3 3 4 4
Koyu 3 3 2/3 3 3 3
Acik 4 4 3 3 3 4
Rotor Orta 3 3 2/3 2/3 3 3
Koyu 2/3 2/3 2/3 2/3 2/3 3
Agik 5 4 4 4 4 5

MVS Orta 4 3 3 3 3 4/5
Koyu 3 3 3 3 3 3

Yikama hasligi sonuglari incelendiginde genel olarak ring kompakt ve vorteks ipliklerden iiretilen
kumaslarin haslik degerlerinin yarim puan ile 1 puan arasinda daha iyi oldugu sdylenebilir. Ring kompakt
ve vorteks ipliklerinin rotor ipliginden daha diizgiin olmasinin bu durumda etkili oldugu diisiiniilmektedir.

Kumaslarin kuru ve yas siirtme testleri yapildiktan sonra gri skala ile degerlendirilmis, kumastan refakat
bezine ne kadar boya aktig1 tespit edilmistir. Cizelge 14’de siirtme hasliklar1 test sonuglari
goriilebilmektedir.
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Cizelge 14. Siirtme haslif testi sonuglari

Siirtme testi sonuclari

Egirme sistemi

Yas siirtme hashgi Kuru siirtme hashgi
Acik 4/5 5
Kompakt Orta 3 2/3
Koyu 2/3 3
Agik 4/5 5
Rotor Orta 2/3 2/3
Koyu 2/3 3
Acik 4/5 5
MVS Orta 2/3 3
Koyu 2/3 3

Tiim iplik tiirleri i¢in agik renk kumaslarin yas ve kuru siirtme hasliklari birbiri ile ayni ve iyi ¢ikmuistir.
Boyama siddeti arttik¢a, orta ve koyu renklerde haslik degerlerinin kotiilestigi goriilmektedir. Orta renk
boyamalarda yas siirtme hasliginda ring kompakt, kuru siirtme hasliginda ise vorteks iplikler yarim puan
daha iyi sonuglar vermistir. Burada iplik egirme sisteminden daha ziyade elyaf tiirii ve boyar madde etkili
olmustur. Boyar madde grubu tiim numuneler i¢in sabit tutuldugunda haslik sonuglart benzer ¢ikmustir.

3.2.3. Patlama Mukavemeti

Kumaslarin patlama mukavemetini etkileyen baslica faktorler; iplik cinsi (egirme yontemi), iplik numaras,
iplik mukavemeti, kumas sikligi ve orgii tipidir Kumas numunelerinin ortalama patlama mukavemeti
degerleri Sekil 12’de grafik olarak verilmistir.
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Sekil 12. Patlama mukavemeti

En yiiksek patlama mukavemeti degeri, agik renkli kumaglarda Ring kompakt iplik ile iiretilmis kumasta
Olciilmiistiir (265,4 kPa). Bu deger, liflerin merkezde diizgiin ve siki bir sekilde yerlesmesini saglayan
kompakt sistemin, kumas mukavemetine olumlu katki sundugunu gostermektedir. Patlama mukavemeti
sonuglart iplik mukavemeti sonuglari ile uyumludur. Rotor iplik sistemlerinde ise patlama mukavemeti
degerlerinin diger sistemlere kiyasla diigiik kaldig1 (6rnegin orta renk 146,6 kPa) gbzlenmistir. Bu durum,
rotor ipliklerdeki lif yerlesimindeki diizensizlik ve daha gevsek yapiin kumasg biitiinligiinii olumsuz
etkileyebilecegi seklinde yorumlanabilir. Koyu renkli kumaglarda genel olarak patlama mukavemetlerinin
daha diisiik oldugu dikkat ¢ekmektedir. Bu durum, koyu tonlarda yapilan boya uygulamalarmin kumas
yapisindaki elastikiyeti azaltabilecegini veya iplik iizerindeki fiziksel yiikii artirabilecegini
diisiindiirmektedir.

Patlama mukavemetinde iplik mukavemetinin 6nemli oldugu bilinmektedir [41]. Sekil 12’ ye gore agik,
orta ve koyu renge boyanan kumaslarin patlama mukavemetleri incelendiginde en yiiksek patlama
mukavemeti ring kompakt ipliklerden oriilmiis kumaglarda goriiliirken onu vorteks ipliklerden Oriilmiis
kumaglar izlemistir.
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Rotor ipliklerden Oriilmiis kumaglarin patlama mukavemeti ise en diisiik olarak gozlenmistir. Patlama
mukavemeti sonuglar1 iplik mukavemeti sonuglar1 ile uyumlu ¢ikmustir (Sekil 9). En yiiksek patlama
mukavemeti degerleri, tiim egirme sistemleri i¢in agik renk boyamalarda goriilmiistiir. Koyu renklerde
mukavemetin diisiisii, kullanilan boyar madde ve kimyasallarin artmasi ve bdylece kumasin daha ¢ok zarar
gormesi ile agiklanabilir. Sardag caligmasinda terbiyede kullanilan kimyasallarin kumas mukavemetini
diistirdiiglinii vurgulamistir [9]. Sonug olarak farkli egirme sistemlerinde iiretilen ipliklerin yapisi, lif
yerlesimi ve dolayisiyla iplik mukavemeti farklilik gostermektedir ve buna bagh olarak da patlama
mukavemeti degerleri degismektedir.

3.2.4. May Donmesi

May donmesini etkileyen faktorler, iplik biikiilme egilimi ve makine parametreleri olmak tizere iki ana
grupta toplanmaktadir. Orgii makinesi kaynakl faktorler; tek plaka makine, makine inceligi, makine doniis
yonii ve sistem sayis1 parametreleri olup buna relakse (terbiye) islemleri de dahil edilmektedir. Iplik
biikiilme egilimi ise iplik biikiim miktari, ipligin fiksaj durumu ve lif cinsine baghdir [42]. Cizelge 15°de
donme testi sonuglar1 verilmektedir.

Cizelge 15. Donme testi sonuglari

Egirme sistemi Dénme orani

Acik %3 (sol)

Kompakt Orta %0
Koyu %0
Acik %3 (sol

Rotor Orta %?2 (sol)
Koyu %2 (sol)
Acik %0

MVS Orta %0
Koyu %0

May donmesi testi sonuglar1 incelendiginde, vorteks (MVS) egirme sistemiyle iiretilen kumaslarda tiim
renk gruplarinda may donmesi gozlenmemistir. Benzer sekilde, ring kompakt ipliklerden iiretilen
kumaglarda orta ve koyu renk gruplarinda herhangi bir donme meydana gelmemistir. Her iki egirme
sisteminde de liflerin daha dengeli yerlesmesi ve iplik yapisinin daha siki ve kompakt, daha az hacimli
olmasi, may donmesi egilimini azaltmaktadir. Ring kompakt egirme yontemiyle iiretilen iplik, gercek
biikiim ve yiiksek egirme gerilimi nedeniyle, benzer bir rotor ipligine gore genellikle daha yiiksek bir
sikilik, daha diisiik hacim gosterir. Bu etkiler ise kumagin may donme derecesini azaltir [43].

Rotor iplikleriyle oriilen kumaglarin gramaj degerleri digerlerine gore daha diisiik ¢ikmistir. Gramajin az
olusu kumas yapisinin daha gevsek oldugunu gostermektedir. Gevsek yapili kumaslarda ise ilmekler
donmeye daha meyillidir [29, 44]. Bu durum rotor iplikleriyle oriilen kumaslarda digerlerine gére may
donmesinin daha fazla olusunu agiklamaktadir. Ayrica rotor ipliklerinin biikiimii digerlerinden bir miktar
fazladir. Bu durum da rotor iplikleriyle oriilen kumaslarin digerlerine gére daha yiiksek may donmesi
gdstermesine neden olmustur. Iplik biikiimiindeki artisin 6rme kumaslardaki may dénmesini artirdig
bilinmektedir [29, 42].

Genel olarak degerlendirildiginde, vorteks ve kompakt egirme sistemleriyle iretilen ipliklerle oOriilen
kumaslarin may donmesi agisindan daha stabil bir yapt sundugu; rotor egirme sistemiyle tretilen
kumaslarda ise iplik yapisina bagli olarak sinirli diizeyde dénme egiliminin olustugu sonucuna varilmistir.
Bununla birlikte, ¢alisma kapsaminda elde edilen tiim may donmesi degerlerinin, giysilerde yikama
sonrasinda yan dikis kaymasi1 agisindan ticari kabul sinirlart olarak belirtilen %5-8 araliginin belirgin
sekilde altinda kaldig1 goriilmiis; bu durum, incelenen kumaslarin kullanim performansi agisindan kabul
edilebilir diizeyde may donmesine sahip oldugunu ortaya koymustur [44].

3.2.5. Boncuklanma Testi Sonug¢lari

Boncuklanma testleri Martindale cihazinda 5 farkli devirde uygulanmis, sonuglar Cizelge 16’da verilmistir.
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Cizelge 16. Martindale boncuklanma testi sonuglari

Boncuklanma devirleri

Egirme sistemi

125 500 1000 2000 4000
Agik 4/5 4/5 3/4 3/4 5
Kompakt Orta 4/5 4/5 4/5 4/5 5
Koyu 4/5 4/5 4/5 4/5 5
Acik 4/5 4/5 4/5 4/5 5
Rotor Orta 4/5 4/5 4/5 4/5 5
Koyu 4/5 4/5 4/5 4/5 5
Agik 4/5 4/5 4/5 3/4 5
MVS Orta 4/5 4/5 4/5 4/5 5
Koyu 4/5 4/5 4/5 4/5 5

Elde edilen veriler genel olarak degerlendirildiginde, tiim egirme sistemlerinde 4000 devirde tiim
orneklerde boncuklanma direncinin yiiksek seviyede (5) gergeklestigi gozlenmistir. Bu durum, kumaglarin
kullanim 6mrii siiresince ylizeyde 6nemli bir bozulma ya da tiiylenme olusmadigini ve iplik yapisinin
boncuklanmaya karsi1 yeterince direncli oldugunu gostermektedir. Elyaf cinsi ve mukavemeti boncuklanma
iizerinde oldukca etkilidir. Bu caligmada elyaf cinsi sabit tutuldugundan iplik egirme sistemleri
boncuklanma tizerinde anlamli etki gostermistir.

4. SONUCLAR

Stirdiiriilebilir ham maddelerin 6nem kazanmasiyla birlikte tekstilde yeni nesil rejenere seliiloz liflerine
olan ilgi de artmustir. Ecocell™ ticari ad1 altinda Tiirkiye'de iiretilmeye baslanan siirdiiriilebilir Lyocell lifleri,
bu ¢aligmanin temelini olusturmustur. Ecocell™ liflerinin tekstil pazarindaki artan mevcudiyetine ragmen,
tekstil yapilarindaki performansini arastiran bilimsel ¢alismalar sinirl kalmaktadir. Literatiirdeki sayili
caligmada, Ecocell™ lifleri ring egirme sisteminde kullanilmistir. Bu ¢alismada; Ecocell™ lifleri ile ring
kompakt, OE-rotor ve MVS vorteks egirme sistemlerinde Ne 28/1 iplikler {iretilmistir.

Ring kompakt iplikler, lif yerlesiminin daha kontrollii olmasi1 sayesinde en diisiik diizgiinsiizliik (%U) ve
en az iplik hatasi (IPI) degerlerini sergilemistir. Buna karsm, open-end rotor iplikleri en yiiksek
diizgiinsiizliik ve hata oranina sahip iplikler olarak belirlenmistir. Tiiyliiliik agisindan ise en iyi sonuglar
OE-rotor ve vorteks sistemlerinde elde edilmistir. En yiiksek iplik mukavemeti ring kompakt egirmede elde
edilirken, bunu vorteks izlemis; en diisiik mukavemet ise lif kohezyonunun zayiflig1 nedeniyle rotor
ipliklerde olgiilmiistiir. Ecocell™ liflerinin farkli egirme sistemlerinde gosterdigi davranig, diger seliiloz
esasli liflerle benzer olmustur.

Tiim egirme sistemlerinde renk farki (AE) degerleri kabul edilebilir sinir olan 1’in altinda ¢ikmistir. Koyu
renklerde ring kompakt iplikler daha yiiksek boya alimi (K/S) gosterirken, vorteks ipliklerin piiriizsiiz yapisi
nedeniyle 15181 daha fazla yansittigi ve koyu tonlarda K/S degerinin daha diisiik kaldigi gortilmiistiir.
Yikama haslig1 agisindan ring kompakt ve vorteks iplikli kumaslar, rotor iplikli kumaslara gore yarim ile
bir puan arasinda daha iyi performans gostermistir. Stirtme hasliklarinda ise egirme sisteminden ziyade lif
tiiri ve boyarmaddenin belirleyici oldugu gozlemlenmistir.

Calisma, Ecocell™ lifinin siirdiiriilebilir bir hammadde olarak ithal muadillerine giiglii bir alternatif
oldugunu ve kullanim amacina gore (yiiksek mukavemet igin ring kompakt, diisik tiyliilik icin
vorteks/rotor gibi) uygun egirme sisteminin se¢ilmesi gerektigini ortaya koymaktadir. Ayrica, pamuga gore
su kullanimi ve karbon ayak izi agisindan ¢ok daha avantajli olan Ecocell™ lifleri, 6zellikle iyi boncuklanma
direnci ve diisiik may donmesi degerleri ile 6rme kumaslarda pamuga alternatif olabilecektir.

5. TESEKKUR

Caligma kapsaminda ipliklerin iiretilmesini ve iplik testlerinin yapilmasi saglayan Gaziantep Karafiber
Tekstil San ve Tic.A.S.’ye ve 6zellikle Ar-Ge Miidiirii Sn.Tiilin Kaya Nacarkahya’ya; ipliklerin 6riilmesi
ve mamul kumas haline getirilmesi asamasindaki katkilarindan dolay1 Sanlurfa Aydinli Moda Tekstil
yonetimine; kumas testlerinin gergeklestirilmesinde verdikleri destek i¢in Sanliurfa Rubenis Entegre
Tesisleri’ne tesekkiirlerimizi sunariz.
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Endiistriyel biiylime ve sosyo-ekonomik gelismelerin enerji
tiikketimi lizerindeki etkisinin belirlenmesi, siirdiiriilebilir kentsel
iklim stratejileri igin kritik Oneme sahiptir. Bu g¢aligmada,
stratejik sanayi potansiyeline sahip Osmaniye ilinin 2021-2024
donemi emisyonlari, IPCC metodolojisiyle sektorel ve enerji
tiketimi bazinda analiz edilmistir. Hesaplamalar sonucunda
toplam emisyonlarm 2718932,77 ton CO». seviyesine geriledigi
ve kisi basia diisen emisyonlarin ise 5,61’den 4,84 ton COxe
diizeyine diistiigii bulunmustur. Sanayi sektoriinde uygulanan
elektrik verimliligi 6nlemleri sonucunda emisyonlarda 6nemli
bir azalis gerceklesirken konutlarda dogalgaz ve elektrik
kaynakli emisyonlarin %40’ 1n tizerinde artmasi, kentsel bilyiime
ve iklimlendirme sistemleri ihtiyacinin emisyonlar {izerindeki
etkisini agik¢a ortaya koymustur. Sonuglar, yerel iklim eylem
planlarinin sanayi odaklt verimlilik yaklagimini konut ve ulagim
sektorlerini de kapsayacak sekilde genisletmesi gerektigini
gdstermistir.
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Determining the impact of industrial growth and socio-economic
developments on energy consumption is critical for sustainable
urban climate strategies. In this study, the emissions of
Osmaniye province, which has strategic industrial potential, for
the 2021-2024 period were analyzed based on sectoral and
energy consumption using the IPCC methodology. Calculations
show that total emissions decreased to 2718932.77 tons COxe,
while per capita emissions declined from 5.61 to 4.84 tons COxe.
While significant reductions in emissions were achieved as a
result of electricity efficiency measures implemented in the
industrial sector, the increase of over 40% in emissions from
natural gas and electricity in residential buildings clearly
demonstrates the impact of urban growth and the need for air
conditioning systems on emissions. The findings suggest that
local climate action plans ought to broaden their industry-centric
efficiency strategy to encompass the residential and
transportation sectors as well.
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Enerji Tiiketimine Dayali Sera Gazi Emisyonlarinin Sektorel Analizi: Osmaniye Ili Ornegi

1. GIRIS

Son yiizyilda sanayilesmenin ve kiiresel niifus artiginin hiz kazanmasi, teknolojik gelismelerin artmasina
olanak saglamistir. Niifus artis1 ve teknolojik gelismeler, toplumlarin tiiketim tiirlerini ve temel ihtiyaglarim
onemli bir dl¢lide degistirmistir. Artan tiiketim talepleri sanayi, teknoloji ve giinliik insan faaliyetlerinin
merkezine fosil yakit kullanimini 6ncelikli hale getirmistir [1,2]. Ancak fosil yakitlara olan bu bagimlilik
kiiresel 1smmma, sera gazi emisyonlarindaki artis ve karbon ayak izi gibi hayati c¢evresel sorunlari
beraberinde getirmistir [3,4]. Kiiresel 1sinma 6zellikle elektrik tiiketimi ve fosil yakitlari kullanimina bagh
olarak insan faaliyetlerinin iklim {izerindeki etkisini ifade etmektedir [5,6]. Sera gaz1 emisyonlarindaki artis
ise diinya iizerinde yayilan termal radyasyonun ve diinya sicakliginin artmasina neden olmaktadir [7]. Bu
nedenle son yillarda kiiresel 1stnma ve sera gazi emisyonlarindaki artis seviyeleri birgok hiikiimet ve kurum
tarafindan siklikla kullanilan bir terim haline gelmistir [8]. Bunun sonucunda kiiresel 1sinmanin etkilerini
sinirlandirmak ve kalici bir 6l¢ekte ¢oziime ulagsmak amaci ile birgok iilke iklim degisikligi ile miicadele
kapsaminda Paris anlagmasini imzalamistir [9]. Paris anlagmast ile bir¢ok iilke tarafindan 2030 yilina kadar
emisyon azaltim ve 2050 yilina kadar net sifir emisyon hedefi belirlenmistir [10]. Tiirkiye’de Paris
Anlagmasini imzalayarak diinyanin kiiresel 1sinma ile miicadelesine katki saglamaktadir. Tiirkiye’nin 2030
yilina kadar fosil yakat tiiketimini azaltma ve yenilenebilir enerji kaynaklarina yoneliminin artmasi kiiresel
1sinma konusundaki en 6nemli hedefleri arasinda yer almaktadir [11]. Ancak artan enerji talebi ve fosil
yakit kullanimima bagli olarak Tiirkiye’de sera gazi emisyonlarinin mevcut politikalar altinda azalmak
yerine artis egilimini siirdiirmesi beklenmektedir [12]. Tirkiye’nin enerji profili bilyiik oranda ithal edilen
fosil yakitlara dayanmaktadir. Bu durum enerji maliyetlerinin kiiresel brent petrol fiyatlar1 ve doviz
kurlarina kars1 hassas hale gelmesine neden olmaktadir. Ekonomik olaylar ve enerji maliyetindeki
degisimler sadece tiiketim miktarini1 degil ayni zamanda enerji arzinda tercih edilen yakit tiiriinii de
etkileyerek sera gazi emisyon yogunlugunun artmasinda belirleyici rol oynamaktadir [13]. Sekil 1°de
ozellikle ulasim sektoriinde kullanilan yakitlarin Tiirk liras1 bazinda ve kiiresel Brent petroliin dolar bazinda
fiyatlar1 gosterilmistir [14,15].
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Sekil 1. (a) TRY bazinda akaryakit fiyatlar1 ve (b) kiiresel brent petroliin dolar bazinda fiyatlar

Enerji fiyatlarindaki dalgalanmalarin ve fosil yakitlara olan bagimliligin gevresel etkileri en yogun sekilde
kentsel alanlarda gézlemlenmektedir. Giiniimiizde sehirler kiiresel enerji tiiketiminin %67-%76’s1 ve sera
gazi emisyonlarinin %71-%76’lik payindan sorumludur [16]. Bu cercevede, iklim degisikligiyle
miicadelenin etkinligi, ulusal stratejilerin yerel ve kentsel diizeyde uygulanabilir politika, tedbir ve tesvik
uygulamalari ile yakindan iligkilidir. Ayrica sehir dlgeginde emisyon envanterinin hazirlanmasi Birlesmis
Milletler Siirdiiriilebilir Kalkinma Amaglar1 (SDG) ile dogrudan uyum gostermektedir [17]. Ozellikle
Erisilebilir ve Temiz Enerji (SDG 7), Siirdiiriilebilir Sehirler ve Topluluklar (SDG 11) ve Iklim Eylemi
(SDG 13) hedefleri enerji kaynaklarinin sektorel bazda analiz edilmesini ve sera gazi emisyonlarinin
minimize edilmesini zorunlu kilmaktadir. Sehir 6lgeginde gergeklestirilen emisyon envanteri ¢alismalari,
yerel yonetimlerin yalmizca karbon yogunlugunu izlemelerine degil, aym1 zamanda veriye dayal
stirdiiriilebilir enerji politikalar1 gelistirmelerine de olanak saglamaktadir [18,19].

iklim degisikligiyle miicadelede il bazinda emisyon envanterlerinin dnemi giderek artarken, literatiirde bu
alanda yapilan ¢aligmalarin Tiirkiye genelinden yerel 6lgege dogru yogunlastigt goriilmektedir. Hamidy ve
arkadaslar1 [20], bolgesel diizeyde yapilan tahminlerin daha ayrintili bigimde analiz edilmesinin, emisyon
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azalum hedeflerine yonelik yol haritalarinin gelistirilmesine katki saglayacagini ifade etmislerdir.
Endiistriyel tesis dl¢ceginde Demirci ve Aydin [21], Konya’daki bir asansor fabrikasindaki kurumsal karbon
ayak izini 322,92 tCO,. olarak hesaplamislardir. Kurumsal diizeyde Turan ve Cakmakei [22], Pamukkale
Belediyesi’nin toplam 6006 ton COj. olan emisyonunun %69’unun ara¢ filosundan kaynaklandigini
belirlerken; Tosun ve Tung Dede [23] inceledikleri iiniversite binasinda emisyonun %78,4 gibi biiylik bir
kisminin elektrik tiiketimine dayandigini tespit etmislerdir. Ulasim sektorii 6zelinde bolgesel bir analiz
yapan Ibik [24], ise Akdeniz Bolgesi'ni incelemis ve 2022 yilinda en fazla CO, emisyonuna Antalya ilinin
neden oldugunu bulmustur.

Literatiirde Tiirkiye geneli i¢in envanter ¢caligmalari mevcut olsa da il, yakit ve sektor bazli ayrimlarin bir
arada oldugu detayli bir emisyon analizi eksikligi dikkat ¢ekmektedir. Bu ¢alisma kapsaminda, sanayi ve
tarim potansiyeli ile stratejik bir konuma sahip olan Osmaniye ilinde 2021-2024 yillar1 arasindaki dogalgaz,
LPG, petrol tiirevi fosil yakit tiiketimleri ve elektrik tiiketimleri; konut, hizmet, sanayi ve ulagim sektorleri
Ozelinde incelenerek sera gazi emisyonlart analiz edilmistir. Calismada sera gazi emisyonlarmin detayli
olarak hem yakit hem de sektor bazinda incelenmesi, Siirdiiriilebilir Kalkinma Amaglar1 (SDG 7, SDG 11
ve SDG 13) dogrultusunda veriye dayali emisyon azaltim stratejilerinin gelistirilmesine katki
saglamaktadir. Ayrica elde edilen bulgularin, Tiirkiye nin yerel iklim eylem planlarina ve benzer 6zellikteki
kentlerin emisyon yonetimi ¢alismalarina rehberlik etmesi hedeflenmektedir.

2. MATERYAL VE METOD

Osmaniye ilinin enerji tiikketimine dayali sera gazi emisyon envanterini olusturmak amaciyla faaliyet
verileri, Enerji ve Tabii Kaynaklar Bakanligi (ETKB) ve Enerji Piyasasi Diizenleme Kurumu (EPDK)
tarafindan yayimlanan raporlardan elde edilmistir [25,26]. ilin enerji tiiketimi 2021-2024 donemine ait bu
veriler; dogalgaz, LPG, elektrik ve petrol tiirevi yakitlarin sektdrel kullanim dagilimlarina bagli olarak
analiz edilmistir.

2.1. Cahsma Alanimmin Genel Ozellikleri

Akdeniz bolgesinin dogusunda, stratejik bir ge¢is noktasinda yer alan Osmaniye ili 2024 y1l1 verilerine gére
561061 kisilik bir niifusa sahiptir [27]. Adana, Gaziantep, Hatay ve Kahramanmaras gibi bolgenin biiyiik
sanayi merkezlerine komsu olmasi, ili lojistik ve ekonomik acidan kritik bir konuma tasimaktadir.
Osmaniye ilinin bu ¢aligma kapsaminda vaka analizi olarak secilmesinin temel nedeni, son yillarda hiz
kazanan sanayilesme siireciyle birlikte fosil yakit tiiketiminde belirgin bir artigin yasanmasidir. Bélgenin
sahip oldugu tipik Akdeniz iklimi, 6zellikle yaz aylarinda yiiksek enerji gerektiren iklimlendirme
sistemlerinin yogun kullanimini zorunlu kilmaktadir. ilin ekonomik yapisi incelendiginde ise sanayinin
yani sira tarimsal faaliyetlerin de iilke genelinde 6nemli bir paya sahip oldugu goriillmektedir. Bu baglamda,
bdlgedeki emisyonlarin azaltilmasi sadece emisyon kontrolii saglamayacak, ayn1 zamanda hem sanayi hem
de tarim sektorlerinde biitiinsel bir verimlilik artigini tetikleyecektir.

2.2. Dogalgaz Tiiketim Verileri

Osmaniye iline ait 2021-2024 donemi dogalgaz tiiketim verileri; konut, hizmet sektorii ve sanayi sektorii
kategorileri altinda smiflandirilarak Cizelge 1°de gosterilmistir. Il genelinde dogalgaz; sanayi sektériinde
iiretim siireclerindeki sabit yanma faaliyetlerinde, hizmet sektoriindeki kurumsal (iiniversite, hastane,
belediye vb.) ve ticari binalarin enerji ihtiyaglarinin karsilanmasinda, konutlarda ise hane halkinin 1sinma
ve sicak su gereksinimlerinde temel enerji kaynagi olarak kullanilmaktadir. Bolgenin iklimsel 6zellikleri
nedeniyle sanayi tesislerinde 1sinma amach tiiketimin yerini iklimlendirme sistemlerine birakmasi, bu
sektordeki dogalgaz kullaniminin dogrudan tiretim faaliyetlerine yogunlagmasini saglamustir.

Cizelge 1. Dogalgaz tiiketiminin 2021-2024 yillar1 arasi sektorel dagilimlar

Yillar Sanayi sektorii Hizmet sektorii Konut
(m*)

2024 208766803 7843533 45607172

2023 188146480 6518687 29164961

2022 212560142 7403736 37582515

2021 207873546 5130258 31742785
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2.3. LPG Tiiketim Verileri
Osmaniye ilinin 2021-2024 dénemine ait LPG tiiketim verileri; konut, sanayi sektorii ve ulagim sektorii
kategorileri altinda siniflandirilarak Cizelge 2’de gosterilmistir. Bu kapsamda LPG kullanimi; konutlarda

tiiplii, sanayi ve ticari faaliyetlerde dokme, ulasim sektoriinde ise otogaz formunda gergeklesmektedir.

Cizelge 2. LPG tiiketiminin 2021-2024 yillari aras1 sektdrel dagilimlar

Yillar Konut Sanayi sektorii Ulasim sektorii
(Ton)

2024 5531 259 39896

2023 5385 4578 40062

2022 5622 831 32605

2021 5576 130 33441

2.4. Petrol Tiirevi Yakit Tiiketim Verileri

Osmaniye ilinin 2021-2024 dénemine ait petrol tiirevi yakit tiikketimleri, benzin ve motorin verileri olarak
smiflandirilarak Cizelge 3’te gosterilmistir. Bolgedeki sanayi ve iiretim faaliyetlerine bagh olarak gelisen
lojistik sektdrii, bu yakit grubundaki tiiketim yogunlugunu belirleyen temel unsurlar arasindadir. Ayrica
motorin kullanimi, ulastirma faaliyetlerinin yani sira diisiik bir oranda sanayi sektoriindeki imalat
siireglerinde sabit yanma yakiti olarak da gergeklesmektedir.

Cizelge 3. 2021-2024 yillar1 aras1 motorin ve benzin tiiketimleri

Motorin Benzin
Yillar (Ton)
2024 108887 21349
2023 103516 17149
2022 94399 12752
2021 116283 12929

2.5. Elektrik Tiiketim Verileri

Osmaniye iline ait 2021-2024 doénemi elektrik tiiketim verileri; aydinlatma, konut, sanayi, kamu ve 6zel
sektor kategorileri altinda siniflandirilarak Cizelge 4’te gosterilmistir. Elektrik tiiketimi, sebeke elektrigi
tiretiminde kullanilan fosil yakit kaynakli dolayli emisyonlarin belirlenmesi amaciyla ¢aligmaya dahil
edilmistir. Bu kapsamda sanayi sektoriindeki elektrik kullanimi, genel ihtiyaglarina ek olarak iiretim odakli
enerji talebini yansitmaktadir. Konut, aydinlatma, kamu ve 6zel sektor kategorileri ise gilinliik yasamin
stirdiiriilmesi igin gereken enerji hacmini temsil etmektedir.

Cizelge 4. Elektrik tiiketiminin 2021-2024 yillar arasi sektorel dagilimlari
Kamu ve ozel

Yillar Aydinlatma Konut sektor Sanayi sektorii
(MWh)
2024 38668 529140 328571 2529774
2023 36724 407105 277942 2895375
2022 35472 372313 272720 3156499
2021 33795 365910 263685 3716889

2.6. Sera Gazi1 Emisyonlarinin Hesaplanmasi

Osmaniye ilinin enerji tiiketiminden kaynaklanan sera gazi emisyonlari ISO 14064-1 standardi
cergevesinde ve Hiikiimetlerarasi Iklim Degisikligi Paneli (IPCC) tarafindan belirlenen yontemlere gore
hesaplanmigstir. Sera gazi emisyon hesaplamalari kapsaminda karbondioksit (CO,), metan (CH4) ve diazot
monoksit (N2O) emisyonlar ayr1 ayr1 hesaplanmis; elde edilen degerler, IPCC tarafindan yayimlanan AR6
raporunda belirtilen kiiresel 1sinma potansiyelleri dikkate alinarak toplam karbondioksit esdegeri (COze)
cinsinden ifade edilmistir [28]. Hesaplamalarda kullanilan alt 1s1l degerler ve sektorel emisyon faktorleri,
2006 IPCC Ulusal Sera Gazi1 Envanteri Kilavuzu sabit yanma ve hareketli yanma tablolarindan elde edilmis
olup temel esitlikler agagida belirtilmistir [29].
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Emis)’oncoz,yakw = Tﬁketimyaklt * EFCOZ,yaklt (1

EmisyonCH4,yakLt = Tuketimyaklt * EFCH4,yakLt 2

EmisyonNZO,yaklt = Tﬁketimyaklt * EFNZO,yakLt 3)

Toplam emisyonco,, = Z Emisyony g, @)
yakit

Tiiketimyak,: Fosil yakat tiirlerine ait tiikketim miktarlari (TJ)
EF: emisyon faktorii (kg/TJ),

Elektrik kullanimiyla iliskili emisyonlar, ulusal sebeke emisyon faktorii kullanilarak dogrudan hesaplanir
[30].

Emisyoneeyerie = Tuketimeekeri XEF (5)

Tiiketimeiekirix: Elektrik tiiketim miktar1 (MWh)
3. ARASTIRMA BULGULARI

Iklim degisikligi ile miicadelede ulusal hedeflere etkin bicimde ulasilabilmesi agisindan, bélgesel ve yerel
Olgekteki emisyonlarin dogru ve ayrintili bigimde tespit edilmesi kritik bir neme sahiptir. Bu ¢aligmada
Ozellikle sanayi ve lojistik sektorii agisindan nemli bir konumda bulunan Osmaniye ilinin 2021-2024
yillar1 arasi fosil yakit ve elektrik tiiketiminden kaynaklanan sera gazi emisyonlar1 arastirilmugtir. ilin
emisyon degisimleri enerji kullanim tiirlerine ve sektorel dagilimlarina bagli olarak kapsamli bir sekilde
analiz edilmistir. Emisyon azalis ve artig egilimlerinin nedenleri, ekonomik, ulagim, iiretim vb. etkenler
gercevesinde incelenmistir.

3.1. Fosil Yakit Tiiketimi Kaynaklh Emisyonlar

Alin tornalama deney numuneleri iizerinden elde edilen yiizey piriizlilligii 6l¢tim sonuglart Cizelge 6’da
sunulmustur. Deneyler sonucunda elde edilen Pt yiizey piiriizliiliik degerleri 0,91 - 4,38 pm arasindadir.

Osmaniye ilinde 2021-2024 yillar1 arasindaki enerji tiikketim profili incelendiginde, dogalgaz kullaniminin
toplam sera gazi emisyonlari iginde yaklasik %34’liik bir pay ile baskin bir rol oynadigi goriilmektedir.
Dogalgaz kaynakli emisyonlarin sektdrel dagilimi basta sanayi siireglerinde gergeklesen sabit yanma
faaliyetleri olmak iizere kentsel 1sitma ihtiyact ve hizmet binalarinin enerji talebi tarafindan
sekillenmektedir. Sekil 2’de 2021-2024 yillar i¢in dogalgaz tiikketiminden kaynakli sektorlere gore sera
gazi emisyonlart gosterilmistir.
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Sekil 2. 2021-2024 yillar1 aras1 dogalgaz tiiketimi kaynakli sektorel sera gazi emisyonlari
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il genelinde dogalgaz kaynakli emisyonlarin %84’ii gibi biiyiik bir gogunlugu sanayi sektdriinden
kaynaklanmaktadir. Sanayi sektoriindeki emisyonlar1 2022 yilinda 446912,34 ton CO. ile zirve noktasina
ulagmistir. Her ne kadar 2022 yilinda baslayan Rusya-Ukrayna savasgi kiiresel enerji arzinda belirsizliklere
yol agmig olsa da 2021 yilinda COVID-19 salgininin kontrol altina alinmasiyla birlikte sanayi sektériinde
tiretim faaliyetleri yeniden hiz kazanmistir. Ancak 2023 yilina gelindiginde sanayi emisyonlarinda
395582,08 ton COy. seviyesine belirgin bir diisiis gdzlemlenmistir. Bu azaligin, 6 Subat 2023 tarihinde
meydana gelen ve Osmaniye’yi de dogrudan etkileyen Kahramanmaras merkezli deprem felaketinin
getirdigi kesintilerle iligkili olabilecegi degerlendirilmektedir. Deprem sonrasi dénemde sanayi
sektoriindeki tiretim yavaglamasi, kapasite azaltimlar1 ve enerji iletim hatlarinda meydana gelen hasarlar,
dogalgaz tiikketiminin belirgin sekilde azalmasima yol agmistir. 2024 yili itibartyla sanayi sektoriindeki,
toparlanma siirecinin tamamlanmasi ve iretim faaliyetlerindeki canlanma ile emisyonlar yeniden artig
gostererek 438936,76 ton CO», seviyesine ulagmistir.

Konut kaynakli emisyonlar incelenen dénem igerisinde en yiiksek degerine 2024 yilinda ulasmis ve
96093,61 ton COy olarak hesaplanmistir. 2023 yilinda 61450,13 ton CO, seviyesine kadar gerileyen
emisyonlarin yeniden hizli bir artig egilimi gostermesi deprem sonrasi konut insaatlarinin tamamlanmasi
ve dogalgaz altyapisinin sehir genelinde genisletilmesiyle iliskilendirilmistir. Hizmet sektorii
emisyonlarinin ise 2021-2024 yillar1 arasinda 10809,37 ton COz.’den 16526,20 ton CO,.’ye istikrarli bir
yiikselis sergiledigi goriilmiistiir. Ancak ilin iliman iklim kosullari nedeniyle hizmet sektoriinde dogalgaz
kullanimina bagli emisyonlarm konut ve sanayi sektorlerine gore daha diisiik seviyede ger¢eklesmesine
neden olmustur.

Osmaniye ilinde LPG tiiketimine bagli emisyonlarin 6zellikle ulagim sektdriinde yogunlagtigt ve diger
ulagim yakitlarina goére maliyet avantaji nedeniyle otogaz kullanimina bagli olarak sekillendigi
goriilmektedir. Bu kapsamda kiiresel Brent petrol fiyatlarindaki dalgalanmalar ve doviz kurlarindaki
degisimlerin, ulagim sektoriindeki LPG tiiketimi ve buna bagli emisyon diizeyleri iizerinde belirleyici bir
etki yarattigi bulunmustur. Sekil 3°te 2021-2024 yillari i¢in LPG tiiketiminden kaynakli sektorlere gore sera
gaz1 emisyonlar1 gosterilmistir.
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Sekil 3. 2021-2024 yillar1 aras1 LPG tiiketimi kaynakli sektorel sera gazi emisyonlart

Elde edilen bulgular Osmaniye ilinde LPG kaynakli emisyonlarin baslica kaynagmin ulasim sektorii
oldugunu ortaya koymustur. 2021 yilinda 102817,83 ton CO,. olarak hesaplanan ulasim sektoriindeki
emisyonlar, 2022 yilinda 100247,47 ton CO,. seviyesine gerilemistir. Bu diisiiste, 2021 yilinin son
ceyreginde ulusal olgekte otogaz fiyatlarinda %17-%30 arasinda gergeklesen artisin etkili oldugu
degerlendirilmektedir. S6z konusu fiyat artisi, tiiketicilerin otogaz tiikketimini azaltmalarina veya alternatif
ulasim yontemlerine yonelmelerine neden olarak ulasim sektorii emisyonlarmin azalmasma katki
saglamistir. 2023 yilinda ise ulagim sektorii emisyonlarinda belirgin bir artig gézlenmis ve 123174,79 ton
COg seviyesine yiikselmistir. Bu artig, Subat 2023 depremleri sonrasinda bolgeye yonelik yogun yardim
faaliyetleri, artan lojistik hareketlilik ve gecici go¢ hareketleri ile iligkilendirilmektedir. 2024 yili emisyon
verileri incelendiginde, 2021 yilinin aksine otogaz fiyatlarinin diger yakit tiirlerine kiyasla daha diisiik
seviyede kalmasinin otogaz tiiketiminde artisa ve buna bagli olarak ulagim sektorii emisyonlarinin yeniden
yiikselmesine neden oldugu tespit edilmistir.
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Sanayi sektoriinde LPG kaynakli emisyonlar 2021 yilinda 394,88 ton CO,. olarak hesaplanirken, 2023
yilinda 6nemli bir artis gostererek 13905,90 ton CO,. seviyesine ulagmistir. Bu artigin temel nedeni, deprem
sonucunda ana dogalgaz iletim hatlarinda meydana gelen hasarlar olarak degerlendirilmektedir. Dogalgaz
arzinin kesintiye ugramasiyla birlikte sanayi sektoriinde tiretim siirekliligini saglamak amaciyla dokme tip
LPG kullanimina yonelim artmistir. 2024 yilinda sanayi sektoriindeki LPG kaynakli emisyonlar tekrardan
786,73 ton CO,. seviyesine gerilemesi ise enerji altyapisindaki onarim ¢alismalariin tamamlandigini ve
sanayi sektoriiniin yeniden dogalgaz kullanimina y6neldigini ortaya koymaktadir.

Konutlarda ise LPG kaynakli emisyonlar, incelenen donemde yaklasik 16000 ton CO», bandinda istikrarli
bir egilim gostermistir. Bu istikrarin temel nedeni, konutlarda kullanilan tiipli tip LPG’nin yakit
fiyatlarindaki degisimlerden ¢ok dogalgaz altyapisinin bulunmadigi bolgelerdeki temel pisirme ve sicak su
gereksinimlerini karsilamaya yonelik kullanilmasidir.

Osmaniye ilinin ulagim ve lojistik sektorii, sahip oldugu stratejik konum ve sanayi kapasitesi nedeniyle
petrol tiirevi yakit tiiketiminde yiiksek bir yogunluga sahiptir. Motorin ve benzin tiikketiminden kaynaklanan
emisyon degisimleri brent petrol fiyatlarindaki dalgalanmalar ve bolgedeki lojistik hareketlilik baglaminda
incelenmistir. Sekil 4’te 2021-2024 yillart igin motorin ve benzin tiiketiminden kaynakli sera gazi
emisyonlari gosterilmistir.
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Sekil 4. 2021-2024 yillar1 aras1 motorin ve benzin tiiketimi kaynakli sera gazi emisyonlari

il genelinde petrol iiriinlerinden kaynaklanan emisyonlar icerisinde en biiyiik pay motorin tiiketimine aittir.
Motorin tiiketiminden kaynaklanan emisyonlar 2021 yilinda 376226,22 ton CO;. olarak hesaplanirken,
2022 yilinda 305421,93 ton CO,. seviyesine gerileyerek incelenen dénem igerisindeki en diisiik deger
olarak bulunmustur. Bu dikkat ¢ekici azalisin, Sekil 1°de goriildiigii izere Brent petrol fiyatlarinin 6zellikle
2022 yilinin ilk yarisinda dolar bazinda yiikselmesi sonucu pompa fiyatlarinda yasanan fiyat artislarindan
kaynaklandig1 degerlendirilmektedir. Yakit fiyatlarinda meydana gelen bu degisim, motorinin ulagim ve
sanayi uretim siireclerindeki kullanimimi dogrudan simirlayict bir etki yaratmistir. 2023 yilinda motorin
kaynakli emisyonlarin 334919,40 ton CO,. seviyesine yiikseldigi goriilmektedir. Bu artisin, Subat 2023
depremleri sonrasinda bolgeye yonelik gerceklestirilen insani yardim faaliyetleri, enkaz kaldirma
calismalar1 ve bu siireglerde yogun olarak kullanilan agir is makinelerinin artan yakit talebi ile
iliskilendirilebilecegi diisiiniilmektedir. 2024 yilinda ise motorin kaynakli emisyonlar 352296,93 ton CO5.
seviyesine ulasarak yikselis egilimini siirdirmiistiir. Bu durum, Osmaniye ilinin Hatay, Adana ve
Gaziantep gibi 6nemli sanayi merkezlerine komsu olmasi ve bdlgedeki lojistik faaliyetlerin yakit
fiyatlarindan bagimsiz olarak belirli bir talep diizeyinde gergeklestigini gdstermektedir.

Benzin kaynakli emisyonlar, motorin kaynakli emisyonlara gore daha diisiik diizeyde gerceklesmesine
ragmen 2021-2024 doneminde istikrarli bir artig egilimi sergilemistir. Bu siiregte benzin tiiketimi kaynakl
emisyonlar 41307,07 ton CO,.’den 68208,26 ton CO». seviyesine ylikselmistir. S6z konusu artisin, motorin
fiyatlarinin benzine kiyasla daha yiiksek oranlarda artmasi sonucunda tiiketicilerin bireysel arag
tercihlerinde benzinli motorlara yonelmeleriyle iliskilendirilmektedir.
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3.2. Elektrik Tiiketimi Kaynakli Emisyonlar

Osmaniye ilinin emisyon envanterinde elektrik tiiketimi, ilin sanayi yapisi ve iklim kosullari nedeniyle en
yiiksek emisyon hacmine sahip enerji tiirii olarak 6ne ¢ikmaktadir. Elektrik tiiketiminden kaynaklanan
emisyonlar aydinlatma, konut, kamu ve 6zel kurumlar ile sanayi sektorii kapsaminda analiz edilmistir. Sekil
5’te 2021-2024 yillari i¢in elektrik tiikketiminden kaynakli sera gazi emisyonlar1 gosterilmistir.
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Sekil 5. 2021-2024 yillar1 arasi elektrik tiiketimi kaynakli sektorel sera gazi emisyonlari

Elektrik kaynakli emisyonlarin sektorel dagilimi incelendiginde, sanayi sektoriiniin tiim yillar boyunca en
o6nemli emisyon kaynagi oldugu goriilmektedir. Bununla birlikte, 2021 yilindan 2024 yilina dogru sanayi
sektoriinden kaynaklanan emisyonlarda belirgin bir azalig egilimi dikkat cekmektedir. 2021 yilinda
1743220,94 ton CO». olarak hesaplanan sanayi sektorii emisyonlar1, 2024 yilinda 1186464,01 ton COx.
seviyesine gerilemistir. Bu diisiis, bolgedeki sanayi kuruluslarmin 2026 yilinda yiirtirlige girmesi planlanan
sinirda karbon diizenleme mekanizmasi1 ve ulusal emisyon hedefleri dogrultusunda enerji verimliligi
uygulamalarini artirmasiyla agiklanmaktadir. Ayrica sanayi sektoriinde yiiksek karbon yogunluguna sahip
enerji kaynaklarindan yenilenebilir enerji sistemlerine yonelimin artmasinin, elektrik talebi iizerindeki
baskiy1 azaltarak emisyonlardaki belirgin azalista temel nedenlerden biri olabilecegi degerlendirilmektedir.

Konut sektoriinde elektrik tiiketiminden kaynaklanan emisyonlar, sanayi sektoriiniin aksine incelenen
donemde istikrarlt bir artig egilimi gostermis ve 2024 yilinda 248166,66 ton CO,. ile en yiiksek seviyeye
ulagmistir. Son yillarda hava sicakliklarmin yiikselmesi ve giinesli giin sayisindaki artis, ozellikle yaz
aylarinda yiiksek enerji tiiketimi gerektiren sogutma ve iklimlendirme sistemlerinin kullanimini artirarak
s0z konusu emisyon artigina neden olmustur.

Kamu ve 6zel sektorlerde elektrik tiiketimi kaynakli emisyonlar, 2021°de 123668,27 ton CO». iken 2024
yilinda 154099,80 ton CO,. seviyesine ulasmistir. 2023 yilinda yasanan deprem felaketinin enerji
altyapisinda yarattig1 gegici kesintilere ragmen yillik toplamda emisyonlarin artis egilimi devam etmistir.
flde kamusal hizmet faaliyetlerinin artmasi ve kamu binalarinda gerceklestirilen iyilestirme ile yeniden
yapilandirma ¢alismalari, elektrik talebini artirarak emisyonlardaki ytikseliste etkili olmustur.

3.3. Genel Degerlendirme ve Emisyon Degisimlerinin Analizi

Osmaniye ilinin 2021-2024 doénemine ait toplam sera gazi emisyonlar1 ve kisi bagina diisen emisyon
degerleri, ilin karbon yogunlugunun siirekli bir degisim i¢inde oldugunu gostermektedir. 2021 yilinda
3106535,25 ton CO,. olan toplam emisyon hacmi, 2024 yili itibartyla %12,5’lik bir azalma gdstererek
2718932,77 ton CO,. seviyesine gerilemistir. Sekil 6’da 2021-2024 yillarinda enerji tiirlerine gore olusan
toplam sera gazi emisyonlar1 ve emisyonlarin kisi basma dagilimlart gosterilmistir.
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Sekil 6. 2021-2024 yillar1 arasi; (a) enerji kaynakli toplam emisyonlar ve (b) kisi basina diisen toplam
emisyonlar

Genel emisyon dagilimlari incelendiginde, elektrik tiiketimine bagli emisyonlarin tiim yillar boyunca
Osmaniye ilinin en baskin emisyon kaynagini olusturdugu goriilmektedir. Bununla birlikte, 2021-2024
doneminde elektrik kaynakli emisyonlarda yaklasik 447 bin ton CO,. diizeyinde gerceklesen azalis, toplam
emisyonlardaki diisiisiin temel belirleyicisi olmustur. S6z konusu diisiis egilimi, 6zellikle sanayi sektoriinde
enerji verimliligi uygulamalarinin yayginlagmasi ve yenilenebilir enerji sistemlerine yonelimin artmasiyla
iligkilendirilebilir. Buna karsilik dogalgaz kaynakli emisyonlarin artis gostermesi, il genelinde dogalgaz
altyapisinin genislemesi ve konutlarda 1stnma amagli enerji talebinin yiikselmesiyle agiklanmaktadir. Petrol
tiriinleri ve LPG kaynakli emisyonlarda goézlenen dalgalanmalar ise biiyiik 6lgiide kiiresel enerji
fiyatlarindaki degisimler ile bolgede artan lojistik faaliyetlerin yarattigi yakit talebine bagli olarak
sekillenmistir. Bu bulgular, il diizeyinde emisyon dinamiklerinin yalnizca enerji tiiketim tiirleri ile degil
ayn1 zamanda ekonomik faaliyetler, enerji fiyatlar1 ve afet sonrasi gelisen bolgesel kosullarla da yakindan
iligkili oldugunu ortaya koymaktadir.

Kisi bagina diigen emisyon degerleri, kentsel siirdiiriilebilirligin degerlendirilmesinde temel gostergelerden
biri olarak kabul edilmektedir. Bu kapsamda 2021 yilinda kisi basimna 5,61 ton CO,. olan emisyon miktart,
izleyen yillarda kademeli bir diisiis gostererek 2024 yilinda 4,84 ton CO». seviyesine gerilemistir. Toplam
emisyonlarin 2023-2024 déneminde sinirh bir artig gdstermesine ragmen kisi basina diisen emisyonlarin
azalmaya devam etmesi, niifus artisina ragmen enerji verimliligi uygulamalarinin ve emisyon azaltim
faaliyetlerinin giderek arttigin1 gostermektedir.

4. SONUCLAR

Osmaniye ili 6zelinde 2021-2024 doénemini kapsayan bu c¢alisma, enerji tilketimine dayali sera gazi
emisyon envanterini sektdrel ve yakit bazli kategorilere ayirarak kapsamli bir sekilde analiz etmistir. [SO
14064-1 standardi ve IPCC metodolojisi dogrultusunda gergeklestirilen hesaplamalar, ozellikle
sanayilesmenin fazla oldugu kentsel alanlarda enerji tilketimi ile emisyon degisimleri arasindaki iliskiyi
somut verilerle ortaya koymustur. Elde edilen bulgular, incelenen dénemde ilin toplam emisyon hacminde
net bir azalis gerceklestigini gostermistir. ilde gerceklesen emisyon diisiis egilimi, enerji verimliligi
uygulamalarinin ve yenilenebilir enerji kaynaklarma yonelimin artmasi ile kentsel 6lgekte emisyon
azalimmin mimkiin oldugunu gostermektedir. Arastirmada elde edilen temel sonuglar asagida
Ozetlenmistir:

e Osmaniye’nin toplam emisyon hacmi 2021 yilindan 2024 yilina kadar %12,5 oraninda azalarak 2,71
milyon ton CO». seviyesine gerilerken, kisi bagma diisen emisyon miktart 5,61°den 4,84 ton COx
seviyesine diismiistiir.
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¢ Osmaniye ilinde sera gazi emisyonlarini belirleyen en 6nemli enerji tiiriiniin elektrik tiiketimi oldugu
bulunmustur. Bununla birlikte elektrik kaynakli emisyonlarin, 6zellikle sanayi sektoriinde uygulanan
enerji verimliligi Onlemleri ve yenilenebilir enerji sistemlerinin kullaniminin artmasiyla birlikte
447485,09 ton CO,. diizeyinde 6nemli bir azalig gésterdigi bulunmustur. Bu durum, yogun sanayi
bolgelerinde emisyonlarin azaltilmasi agisindan enerji verimliligi uygulamalarinin ve yenilenebilir
enerji yatirnmlariin kritik bir rol oynadigimi gostermektedir. Ancak sanayi sektoriinde elektrik
kaynakli emisyonlar azalmasina ragmen, iiretim siireglerinin temel yakitlarindan biri olan dogalgaza
bagli emisyonlar 2024 yilinda 438936,76 ton CO». seviyesine ulagmistir. Bu bulgu, sanayi sektdriinde
emisyonlarin azaltilabilmesi igin yalnizca elektrik tiiketiminde verimlilik saglanmasmnin yeterli
olmadigini, aym1 zamanda dogalgazin yerini alabilecek diisiik karbonlu veya yesil yakit
alternatiflerinin gelistirilmesi ve yaygilagtiritlmasinin gerekli oldugunu ortaya koymustur.
Emisyonlarin olustugu bir diger 6nemli kategori ise konutlar olarak bulunmustur. 2021-2024
doneminde konutlarda dogalgaz kaynakli emisyonlar %43, elektrik kaynakli emisyonlar ise %44
oraninda artis gostermistir. Bu artis kentsel bilyiime, deprem sonrasinda tamamlanan yeni konut
projeleri ve ozellikle iklimlendirme ihtiyacindaki yiikselisin enerji talebi iizerindeki etkisini ortaya
koymaktadir. S6z konusu bu artig egilimi, yerel 6lgekte emisyon azaltim hedeflerine ulagilabilmesi
icin konutlardaki enerji verimliligi uygulamalarinin yayginlastirilmas1 ve diisikk karbonlu
teknolojilerinin tegvik edilmesi gerektigini gdstermektedir.

Ulastirma sektorii emisyonlarinin kiiresel Brent petrol fiyatlarindaki degisimler, lojistik sektdriiniin
yakit talebi ve bireysel ara¢ kullanim diizeyi gibi faktorlere bagl olarak degiskenlik gosterdigi tespit
edilmistir. Nitekim 2022 yilinda motorin kaynakli emisyonlarda gozlenen %19’luk belirgin azalis,
ayn1 donemde Brent petrol fiyatlarinda yasanan artisin yakit tiikketimi iizerinde 6nemli bir etkisi
oldugunu ortaya koymaktadir.

Sonug olarak Osmaniye ili emisyon verileri, Tiirkiye’nin 2030 ve 2050 iklim hedeflerine ulagabilmesi i¢in
yalnizca sanayi sektoriindeki teknolojik doniisiimlerin yeterli olmayacagini ortaya koymustur. Sanayi
sektoriinde enerji verimliligi uygulamalarinin daha da artirilmasi ve diisiik karbonlu iiretim teknolojilerinin
yayginlastirilmasi 6nemli bir gereklilik olarak one ¢ikmaktadir. Bununla birlikte, konutlardaki hizla artan
enerji talebinin etkin bicimde yonetilmesi ve ulasim sektoriinde fosil yakit bagimliligini azaltacak
stirdiiriilebilir ulagim sistemlerine gegisin hizlandirilmasi da emisyon azaltim stratejilerinin temel konulari
arasinda yer almaktadir. Bu baglamda, kent Olgeginde enerji verimli yapr uygulamalarinin
yayginlastirilmasi, sanayi ve konut sektorlerinde yenilenebilir enerji sistemlerinin daha etkin bigimde
kullanilmast ve diistik karbonlu ulagim altyapisinin gelistirilmesi, uzun vadeli karbon azaltim hedeflerine
ulasilmasinda kritik bir rol oynayacaktir.
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Bu c¢alisma, Goksu Nehri ve yakin g¢evresinde arazi yiizey
sicakligimin (LST) mekansal dagilimint ve nehir kaynakl
sogutma etkisinin mesafeye bagli degisimini ortaya koymayi
amaglamaktadir. Bu kapsamda, Landsat 8 OLI/TIRS uydu
verileri kullanilarak LST haritalar1 iiretilmis ve nehir ¢evresinde
tampon bolgeler uygulanarak analizler gergeklestirilmistir.
Tampon bdlge analizleri, yiizey sicakliginin nehirden
uzaklastikca arttigini, 270 m mesafenin Goksu Nehri’nin
maksimum sogutma etki sinir1 oldugunu ve bu sinir igerisinde
sogutma etkisinin nehir kenarinda 2,09 °C’ye kadar ulastigini
ortaya koymustur. Regresyon analizi sonuglari, LST ile mesafe
arasinda istatistiksel olarak anlamli bir iligki bulundugunu ve
nehir kaynakli sogutma etkisinin mesafe ile azaldigini
gostermektedir. Sonug¢ olarak, Goksu Nehri’'nin kentsel
mikroiklim iizerinde 6nemli bir diizenleyici role sahip oldugu
belirlenmistir. Nehir koridorlarinin korunmasinin ve ekosistem

siirekliliginin  saglanmasinin, kentsel 1s1 adasi etkisinin
azaltilmasma yonelik doga tabanli ¢oziimler olarak iklim
degisikligine uyumlu planlama stratejilerinden olacagi

degerlendirilmektedir.
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This study aims to investigate the spatial distribution of land
surface temperature (LST) in the Goksu River basin and its
surrounding areas, as well as the distance-dependent variation in
the river-induced cooling effect. In this context, LST maps were
generated using Landsat 8 OLI/TIRS satellite data, and analyses
were conducted within a buffer zone extending up to 600 m from
the river. Buffer zone analyses indicate that surface temperature
increases with distance from the river, that a distance of 270 m
represents the maximum extent of the cooling effect of the
Goksu River, and that within this limit, the cooling effect reaches
up to 2.09 °C along the riverbank. The results of the regression
analysis indicate that there is a statistically significant
relationship between LST and distance, and that the cooling
effect from the river decreases with distance. As a result, it has
been determined that the Goksu River plays a significant
regulatory role in the urban microclimate. It is assessed that the
preservation of river corridors and the maintenance of ecosystem
continuity will constitute climate-resilient planning strategies—
serving as nature-based solutions—to mitigate the urban heat
island effect.
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Goksu Nehrinin Arazi Yiizey Sicakligi Uzerindeki Sogutma Etkilerinin Belirlenmesi

1. GIRIS

Kiiresel iklim degisikligi ve buna bagl olarak artan kiiresel sicakliklar, son yillarda hem kentsel hem de
kirsal alanlarda yiizey sicakliklarinin 6nemli derecede yiikselmesine neden olmakta ve bu durum insan
saglig1, ekosistem dengesi ve mekansal siirdiiriilebilirlik agisindan riskler olusturmaktadir [1-7]. Ozellikle
arazi Ortiisli degisimleri, gegirimsiz yiizeylerin artis1 ve dogal peyzaj bilesenlerinin azalmasi, ylizey enerji
dengesi tizerinde dogrudan etkili olarak 1sinma siireclerini hizlandirmaktadir [3,8-10]. Bu siiregler, sadece
biiyiik metropollerde degil, ayn1 zamanda kirsal ve yar1 dogal alanlarda da dlgiilebilir sicaklik artiglarina
yol agmaktadir. Son dénemlerde yapilan ¢alismalar, literatiirde siklikla kentsel 1s1 adasi (UHI) kavrami
iizerinden ele alinan bu i1sinmanin yalnizca yapilagsmis alanlarla sinirli olmadigini, dogal peyzajlarda da
mikroklimatik degisimlerin meydana geldigini ortaya koymaktadir [11-15].

Dogal peyzaj bilesenleri arasinda yer alan su kiitleleri, sahip olduklar1 yiiksek 6zgiil 1s1 ve bilyiik su
depolama kapasitesi ve buharlagma siirecleri sayesinde ¢evrelerinde serinletici bir etki olusturarak yiizey
sicakliklarmin diisiiriilmesinde 6nemli bir rol iistlenmektedir [16-19]. Ozellikle gdller, barajlar, sulak
alanlar ve kiy1 alanlar iizerine yapilan c¢aligmalar, bu su kiitlelerinin g¢evrelerinde yiizey sicakliklarim
diistirdiigiinii ve mikroklimatik konforu artirdigini ortaya koymustur [20-24]. Taranan literatiirde, akarsular
ve nehir sistemleri iizerine yapilan ¢alismalarin siirli oldugu, 6zellikle dogrusal yapilart ve dar kesitleri
nedeniyle sogutma etkilerinin mekansal dagilimi sinirli analizlerle degerlendirilmistir [25,26]. Bu
kapsamda yapilan calismalarda, nehirlerin diger su kiitleleri gibi termal diizenleme islevi gordiigiinii ve
sogutma etkilerinin su ylizeyine olan mesafe, su ylizeyi genisligi, ¢evresindeki arazi ortiisii tipleri, peyzaj
desenleri ve kent morfolojisi gibi faktorlere bagli olarak degiskenlik gosterdigi belirtilmektedir [27-29].

Nehir sistemleri, dogal ve yapay sulak alanlar, hidrolik, ekolojik ve iklimsel siireclerin kesisiminde yer alan
temel peyzaj bilesenleri olarak hem dogal hem de insan etkisi altindaki ekosistemlerin siirekliligi agisindan
biiyiik bir dneme sahiptir [24-26]. Akarsular, nehirler ve bunlarla baglantili dogal ve yapay sulak alanlar,
su ve gida temini, suyun depolanmasi, tagkinlarin diizenlenmesi, biyolojik ¢esitliligin korunmasi ve karbon
dongiisiiniin desteklenmesi gibi ¢ok sayida ekosistem hizmeti sunmakta ve bu hizmetler mekansal planlama
stireclerinde giderek daha fazla 6nem kazanmaktadir [16,30,33-36]. 2000’li yillardan itibaren iklim
degisikligine direngli planlamalar kapsamindaki doga tabanli ¢6ziim yontemlerinden biri olarak kabul
edilen su ekosistemlerinin bu hizmetleri arasinda, 6zellikle termal diizenleme islevine odaklanilmis ve su
kiitlelerinin ¢evresel yiizey sicakliklari iizerinde dogrudan serinletici bir etki olusturdugu nicel ¢aligmalarla
ortaya konulmustur [19,25,27,37-39]. Nehir sistemleri de dogrusal yapilar1 ve genis etki alanlar1 sayesinde,
buharlasma ve 1s1 alisverisi siire¢lerinin bir sonucu olarak sulak alanlara benzer bigimde ¢evrelerinde
serinletici bir etki olusturmaktadir [1,40,41]. Cogu alanda yaygin kullanilan uzaktan algilama temelli
caligmalar, bu etkinin arazi yiizey sicakligi (LST) verileri araciligtyla giivenilir bigimde tespit edilebildigini
ve farkli olgeklerde analiz edilebildigini gostermektedir [22,2541-44]. Ozellikle Landsat uydu
goriintiilerinden tiiretilen LST verileri hem kentsel hem de kirsal alanlarda su kiitlelerinin sogutma etkilerini
kargilagtirmali olarak inceleme imka&ni sunmaktadir [25-27,45].

Dogal ve yapay sulak alanlara iligkin literatiir, su kiitlelerinin sogutma etkisinin mesafeye bagli bolgeler
iizerinden incelenmesinin mekansal etki alanlarinm belirlenmesinde 6nemli bir ydntem oldugunu
gostermektedir [16,20,23]. Ancak mevcut caligmalarda akarsularda ¢ogunlukla tek bir Slgekte, tek bir
tampon mesafe ya da genis mesafede ortalama sicaklik degerlerinin kullanildigi, bu nedenle akarsularin
mikro 6lgekteki sogutma potansiyelinin yeterince ayrintili bigimde ortaya konulamadigi goriilmektedir
[46]. Bu yontemsel sinirlilik, akarsularin iklim degisikligine uyum ve mekansal planlama siireglerindeki
olasi1 katkilarinin tam olarak anlasilmasini giiglestirmekte ve nehirlerin sundugu ekosistem hizmetlerinin
nicel ve mekansal agidan daha kapsaml bigimde degerlendirilmesi ve birden fazla tampon bélge ile analiz
edilmesi gerekliligini ortaya koymaktadir [22,47].

Bu ¢alisma, Goksu Nehri’nin gevresi iizerindeki sogutma etkisinin mekansal siirmin ve siddetinin 30 m
araliklarla olusturulan tampon bolgeler iizerinden nicel olarak incelemeyi amaglamaktadir. Caligmada
arastirma alani olarak yazlar1 sicak ve kurak gecen Akdeniz Bolgesi i¢in dnemli bir su yiizeyi olusturan
Goksu Nehri secilmistir. Caligma kapsaminda bolgeler bazinda olusturulan sicaklik egrisi {izerindeki ilk
doniim noktasi yontemi kullanilmigtir. Goksu Nehrinin etkili sogutma mesafesi ve bu mesafe icerisindeki
sogutma siddeti, Landsat uydu goriintiisiinden tiiretilen LST verisi iizerinden analiz edilerek belirlenmistir.
Calismada, elde edilen bulgularin iklim degisikligine uyum odakli kentsel ve kirsal planlama siireglerine
bilimsel katki sunmasi hedeflenmektedir.
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2. MATERYAL VE YONTEM
2.1. Materyal

Caligmanin ana materyalini Goksu Nehri’ne ait mekansal veriler ile LST verileri olugturmaktadir. Bu
kapsamda, LST verileri Landsat 8 OLI/TIRS uydu goériintiilerinden tiiretilmistir. Kullanilan uydu verisi,
Amerika Birlesik Devletleri Jeoloji Aragtirmalart Kurumu (USGS) tarafindan saglanan EarthExplorer
platformu iizerinden temin edilmistir. Analizlerde, arastirma alani {izerinde bulutluluk i¢ermeyen
01.08.2024 tarihli uydu gorintiisii kullanilmisgtir.

2.2. Calisma Alani

Bu calismada, Goksu Nehri’nin Mersin ili Silifke ilgesi sinirlari igerisinde, kent merkezinden gegen 7,5
km’lik kesimi ve yakin ¢evresi aragtirma alani olarak secilmistir. Silifke, Mersin ilinin 13 ilgesinden biri
olup giineyde Akdeniz, kuzeyde Karaman (Ayranci), doguda Erdemli, batida ise Mut ve Giilnar ilgeleri ile
cevrilidir (Sekil 1). Caligma alan1 33°54°45°°-33°57°45"* dogu boylamlar1 ile 36°22°15°°-36°24°05"" kuzey
enlemleri arasinda yer almaktadir. flcenin 2025 yili niifusu 139.610°dur [48]. Bolge, tipik Akdeniz
ikliminin etkisi altinda olup yazlar sicak ve kurak, kislar ise 1lik ve yagisli gegmektedir. Bolgede en sicak
ay Agustos olup, ortalama en yiiksek sicaklik 34 °C iken en soguk ay olan Ocak’ta ise 14 °C’dir. Y1l
icerisinde sicaklik 3 °C ile 35 °C arasinda degisiklik gostermektedir. Blgenin en yagmurlu ay1 Aralik olup,
ortalama yagis miktar1 99 mm diizeyindedir [49]. Goksu Nehri, yaklasik 250 km uzunlugu ile Dogu
Akdeniz Havzasi’nin en 6nemli akarsularindan biridir [50]. Goksu Nehri Havzasi i¢inde kuzeybatidan
giineydoguya dogru ilerleyerek gecen nehir, kuzeyde Gokgay ve giineyde Ermenek kollarinin birlesmesiyle
Goksu adini almakta; Antalya, Konya ve Karaman illerinden gectikten sonra Mersin ili Silifke ilgesi
sinirlarinda  Akdeniz’e dokiillmektedir [51-52]. Sekil 1°deki ArcGIS Basemap ve Google Earth
goriintiilerine gore c¢alisma alani, Goksu Nehri ve cevresinde farkli arazi ortiisii tiirlerinin bir arada
bulundugu heterojen bir peyzaj yapisina sahiptir. Alanin merkezinde, Goksu Nehri boyunca uzanan su
ylizeyi ve buna eslik eden riparyan bitki Ortiisii yer almaktadir. Nehir hattinin kuzeyinde tarim alanlari ile
yer yer yari ¢iplak ve kayalik yilizeyler bulunurken, giiney kesimlerde tarim alanlar1 daha genis yer
kaplamaktadir. Arastirma alaninin orta kesiminde kentsel yerlesim dokusu baskin olup, 6zellikle
giineydogu kesimlerde ¢iplak kayalik alanlar yer almaktadir. Tarim alanlar1 gogunlukla acik tarla tarim
seklinde olup, yer yer sera alanlar1 ve par¢alanmus kiiciik parseller halinde dagilim gostermektedir.
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Sekil 1. Arastirma alan1 konumu ve sinirlari

2.3. Yontem
Calisma, veri toplama, analiz ve degerlendirme olmak iizere ii¢c asamadan olusmaktadir. Ik asamada
arastirma alaninin siirlari belirlenmistir. Ardindan, 01.08.2024 tarihli Landsat 8 OLI/TIRS uydu goriintiisii

temin edilmis ve termal bantlar kullanilarak LST hesaplanmistir. LST hesaplamasinda, literatiirde yaygin
olarak kullanilan tek-kanal yontemi tercih edilmistir [53]. Bu siire¢ kapsaminda uydu verilerine 6n igsleme
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adimlar1 uygulanmis, radyometrik ve atmosferik diizeltmelerin ardindan parlaklik sicaklii ile yiizey
yayinirlik katsayisi hesaplanarak LST haritasi tiretilmistir [53-56].

Nehir kaynakli sogutma etkisinin mesafeye bagli degisimini incelemek amaciyla, Goksu Nehri referans
almarak nehir hattt boyunca 30 m araliklarla tampon bdélgeler (buffer analysis) olusturulmustur. Her bir
bdlge i¢in minimum, maksimum ve ortalama LST degerleri ile standart sapmalar1 zonal statistics yontemi
kullanilarak mekansal analizler yoluyla hesaplanmis ve bu degerler kullanilarak nehirden uzakliga bagl
yilizey sicakligt degisimini gosteren bir sicaklik profili olusturulmustur. Elde edilen sicaklik profili
iizerinden LST degerlerindeki artis egilimi degerlendirilmis ve egrinin kirilma noktasi, nehrin etkili
sogutma mesafesi olarak belirlenmistir. Bu sayede, nehir etkisinin mekansal sinir1 nicel olarak
tanimlanmistir. Son asamada, nehirden uzaklik ile LST arasindaki iliskiyi ortaya koymak amacryla
regresyon analizi uygulanmigtir. Elde edilen model sonuglar1 dogrultusunda, sogutma etkisinin mesafeye
bagl degisimi degerlendirilmistir.

3. ARASTIRMA BULGULARI

Goksu Nehri ve yakin g¢evresine ait LST dagilimi, Landsat 8 OLI/TIRS uydu verileri kullanilarak
hesaplanmis ve elde edilen mekansal dagilim haritas1 Sekil 2°de verilmistir. Goksu Nehri ve ¢evresinde 600
m mesafeye kadar uzanan tampon bolgenin LST haritasi, arastirma alani igerisinde yiizey sicakligmin
heterojen dagilim gosterdigini ortaya koymaktadir. Goksu Nehri boyunca yiizey sicakligi 34,84 °C ile 39,14
°C arasimda degismekte olup nehrin ortalama yiizey sicakligi 37,03+ 0,84 °C olarak tespit edilmistir.
Caligma alaninda en diigiik ortalama LST degeri, 37,03 °C ile nehir kenarinda gézlenmis olup, bu deger
Goksu Nehri’nin gevresinde olusturdugu sogutma etkisinin baslangi¢ diizeyini temsil etmektedir.
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Sekil 2. Goksu Nehri ve ¢evresinin LST haritasi

Sekil 2’ye gore Goksu Nehri ve ¢evresindeki 600 m mesafeye kadar uzanan tampon bdlgede ise yiizey
sicakliginin 34,21 ile 43,11 °C arasinda degistigi ve ortalama yiizey sicakliginin 39,29 + 1,40 °C oldugu
tespit edilmistir. LST haritasi, nehir hatti boyunca siireklilik gosteren agik yesil alanlar ve tarim alanlarmin

olusturdugu bantta diisiik yiizey sicakliklarinin olustugunu gosterirken, yiiksek yiizey sicaklik degerlerinin
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ozellikle nehrin dogu ve giiney kesimlerindeki kentsel doku ve ciplak kayalik arazilerin bulundugu
bolgelerde kiimelendigini gostermektedir. Tampon bélgedeki yiizey sicakliklarinin mekénsal dagilimi
incelendiginde, nehir hatt1 boyunca agik yesil alanlarin olusturdugu bant ile nehrin giineydogu kesiminde
tarimsal alanlarin  yogunlastigi bdlgelerde yiizey sicakliklarinin 37-38 °C araliginda degistigi
goriilmektedir. Benzer sicaklik degerleri, nehrin kuzey ve bati kesimlerinde daha kiigiik ve pargali alanlarda
da gozlemlenmistir. Nehrin kuzeyinde, orman ve yar1 dogal alanlarin hakim oldugu bdlgelerde yiizey
sicakliklarinin 37-39 °C araliginda degiskenlik gosterdigi, bati kesiminde ise, dzellikle nehrin doguya
dogru keskin bir kivrim yaptig1 alanin batisinda yer alan yogun bitki ortiisiine sahip agik tarim alanlarinda
bu degerlerin 35-39 °C araliginda oldugu belirlenmistir. Tampon bélgenin kuzeyinde nehrin iki kiyisinda
yer alan parcali yapidaki tarim alanlarinda ylizey sicakliklarinin 38-39 °C araliinda oldugu tespit
edilmistir. Nehrin dogusunda yer alan kentsel alanlar ile batisindaki tarim alanlarinda sicakliklarin 38—40
°C araliginda degistigi, nehrin batrya dogru keskin bir kivrim yaptig1 yerin kuzeyindeki kentsel alanlar ile
ciplak arazilerin hakim oldugu bolgelerde sicaklik degerlerinin 41-42 °C’ye yiikseldigi belirlenmistir. En
yiiksek ylizey sicakliklarinin ise, nehrin giineybatisi ve kuzeybatisindaki ¢iplak kayalik alanlarda (42—43
°C) oldugu ve ozellikle giineybatisindaki ciplak kayalik yiizeylerde tampon bolgenin sinirina yakin
alanlarda sicakligin 43,11 °C’ye kadar ulastig1 tespit edilmistir.

Goksu Nehri ¢evresindeki 600 m’lik tampon boélge igerisinde olusturulan 30 m aralikli 20 adet tampon
bolge iizerinden hesaplanan LST istatistikleri Sekil 3’te verilmistir. Istatistiki analizler sonucunda elde
edilen sicaklik profili incelendiginde, yilizey sicakligi degerleri nehirden uzaklastik¢a 6zellikle ilk 150 m
mesafe araliginda hizli bir artig sergileyerek 39,37 °C’ye ulagmaktadir. Yiizey sicakligi degerleri 150 m’den
sonra azalan bir ivme ile 180 m’ye kadar artisa devam ederek 39,46 °C ortalama LST degerine
ulagsmaktadir. 180 m’den sonra ise 270 m’ye kadar azalarak artmaya devam etmektedir. Nehirden 270 m
uzaklikta LST degeri 39,50 °C’ye yiikselmekte ve sonrasinda 39,49 °C’ye diismektedir. Bu disiis ile
sicaklik egrisindeki ilk donlim noktasi olugmaktadir. 300 m’deki diisiisten sonra sicakliklarin tekrar artig
egilimine girdigi ve 600 m’ye kadar azalan bir egimle artis gosterdigi gézlemlenmistir. Nehir kenarindan
270 m uzaklikta gézlemlenen sicaklik egrisindeki ilk doniim noktasi ile Goksu Nehri’nin gevresel sogutma
etkisinin mekansal sinir1 tespit edilmistir.
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Sekil 3. Goksu Nehri’nin sogutma etkisinin mekansal sinir1

Goksu Nehri etrafinda 270 m mesafe ile olusturulan tampon alan, sogutma etki sinir1 olarak belirlenmis
olup bu sinir icerisindeki alanlarm LST haritas1 Sekil 4’te verilmistir. Sekil 4’teki LST haritasina gore,
Goksu Nehri ve gevresinde tanimlanan tampon alan igerisinde yiizey sicakligmin 34,73 °C ile 43,08 °C
araliginda degistigi ve en diisiikk LST degerlerinin, Goksu Nehri boyunca ve nehir yatagina bitigik alanlarda
yogunlastig1 goriilmektedir. Nehir hatti boyunca uzanan bu diisiik sicakliga sahip alanlar, soguk termal
koridor niteliginde siireklilik gostermektedir. Arastirma alanindaki diisiik sicaklik degerlerinin gozlendigi
bdlgeleri temsil eden bu alanlar, nehir hattinin mekansal olarak ayirt edilebilir bir serin alan olusturdugunu
ortaya koymaktadir. Ayrica, nehir boyunca uzanan diisiik LST bantlarinin siirekliligi, sogutma etkisinin

yalnizca noktasal degil, dogrusal ve alan dlgeginde etkili oldugunu gdstermektedir.
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Sekil 4. Goksu Nehri sogutma etkisinin mekansal siniri LST haritast

Sogutma etkisinin mekansal sinir1 igerisinde, Goksu Nehrinin mesafeye bagl sogutma etkisini incelemek
amactyla yapilan regresyon analizi sonucunda elde edilen modelin istatistiksel olarak anlamli (p<0,001) ve
yiiksek agiklama giiciine (R?=0,86) sahip oldugu belirlenmistir (Sekil 5). Modelin regresyon denklemi y=—
0,0107x+2,093 olarak hesaplanmis ve denklemin egim katsayis1 —0,0107 olarak belirlenmistir. Elde edilen
regresyon modeline gore nehirden her 1 m uzaklagmada nehir kaynakli sogutma etkisinin yaklagik 0,01 °C
azaldig1 belirlenmistir. Bu durum, Géksu Nehrinden uzaklastik¢a sogutma etkisinin mesafe ile azaldigim
ortaya koymaktadir.
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Sekil 5. Goksu Nehri’nde mesafeye bagli sogutma etkisi grafigi

Sekil 5°te sunulan grafikte nehrin kenar sinirindan itibaren ilk 150 m igerisinde egimin daha yiiksek oldugu,
sonrasinda bu egimin azalarak devam ettigi goriilmektedir. Goksu Nehrinin sogutma etkisinin mekansal
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smirt olarak belirlenen 270 m’lik tampon alanin yiizey sicakligi referans alinarak yapilan regresyon
modeline gore yapilan degerlendirme sonucunda, nehir kaynakli maksimum sogutma etkisinin nehir
kenarindaki ilk tampon bélgede 2,09 °C oldugu tespit edilmistir. Nehirden 30 m uzaklagmada bu serinletici
etki 1,77 °C’ye, 60 m uzaklagmada 1,45 °C’ye, 90 m uzaklagsmada 1,13 °C’ye, 120 m uzaklagmada 0,81
°C’ye, 150 m uzaklagmada 0,49 °C’ye diismektedir. Nehirden uzaklastik¢a sogutma etkisinin azaldig: tespit
edilmistir.

4. TARTISMA

Calismada elde edilen bulgular, Goksu Nehri’nin ¢evresine kiyasla daha diisiik LST degerlerine sahip
oldugunu ve nehir boyunca uzanan bir soguk koridor olusturdugunu ortaya koymaktadir. En diisiik ortalama
LST degerinin nehir kenarinda (37,03 °C), en yiiksek degerin ise nehirden 540 m uzakliktaki bolge
araliginda (39,83 °C) gozlemlenmesi ve 2,8 °C’lik sicaklik farkinin olugmasi, su kiitlesi kaynakli sogutma
etkisinin mekansal varligini agik¢a gdstermektedir. Bu bulgular, su kiitlelerinin kara ytizeylerine gore daha
diisiik LST degerlerine sahip oldugunu belirten Hathway ve Sharples [25] ve Park ve arkadaglar1 [57]
caligmalar ile uyumludur. Hathway ve Sharples [25], kiigiik bir kentsel nehrin ¢evresinde 1-2 °C’lik bir
sogutma etkisinin olustugunu belirlerken, Park ve arkadaglar1 [57] Cheonggye Nehri’nde 6gle saatlerinde
0,46 °C, aksam saatlerinde ise 0,37 °C sicaklik diisiisii olustugunu bildirmistir. Bu baglamda, Goksu
Nehri’nin de buharlagma, 1s1 depolama ve nem artis1 gibi siiregler araciligiyla ¢cevresinde termal diizenleyici
bir etkiye sahip oldugu degerlendirilmektedir [40,58].

Bulgular, LST’nin yalnizca nehir varhigi ile degil, ayni zamanda ¢evresindeki arazi kullanimi ve arazi
oOrtiisliniin yiizey 6zellikleri ile iligkili oldugunu gostermektedir. Diisiik sicakliklarin su yiizeyleri ve yogun
bitki Ortiisiine sahip alanlarda yogunlasmasi, buna karsilik yiiksek sicakliklarin kentsel dokular, ¢iplak
kayalik alanlar ve diger gecirimsiz yiizeylerde kiimelenmesi, yiizey 6zelliklerinin nehir kaynakli sogutma
etkisinde etkili oldugunu gostermektedir. Bu durum, kentsel morfolojinin nehir kaynakli sogutma etkisini
zayiflatabilecegini ya da giiclendirebilecegini vurgulayan ¢alismalarla ortiismektedir [29,59]. Calismada
yiiksek LST degerlerinin 6zellikle yapilasmanin yogunlastigi kesimlerde tespit edilmesi, Zhang ve
arkadaglar1 [29] tarafindan Tokyo’daki Arakawa Nehri iizerinde gergeklestirilen ¢alismada yiiksek bina
yogunlugu ve biiyiik hacimli yapilasmanin hava akisini sinirlayarak nehir sogutma etkisini zayiflattigi, buna
karsilik daha agik ve diisiik yogunluklu yapilasmanin ise bu etkiyi giliclendirdigi seklinde vurgulanan
morfolojik baski mekanizmalarini desteklemektedir. Ayni sekilde bu bulgular Xie ve arkadaslar1 [59] nin
Cin'in Wuhan kentindeki kentsel ¢evre {izerindeki sogutma etkisini inceledigi ¢alismasindaki daha yiiksek
LST degerlerinin genellikle insaat alanlarinda, orta degerlerin yesil alanlarda ve daha diisiik degerlerin ise
su kiitlelerinde yogunlastig tespitleriyle de uyumludur.

Goksu Nehri ¢evresindeki yiiksek LST degerlerinin ¢iplak kayalik araziler ve bitki Ortiisiiniin az gegirimsiz
yiizeylerin ¢ok oldugu alanlarda yogunlagmasi ile nehir kenarindaki ve gevresindeki bitki 6rtiisiiniin yogun
oldugu alanlarda en diisiik LST degerlerinin goriilmesi bulgular1 Hathway ve Sharples [25], Coslu ve
arkadaglar1 [60], Zhou ve arkadaslar1 [22], Wang ve arkadaslar1 [41] calismalariyla benzerlik
gostermektedir. Hathway ve Sharples [25] calismalarinda ortaya koydugu yogun bitki Ortiistine sahip
kiyilarmn sert mithendislik malzemelerinden olusan kiyilara gore daha diisiik sicakliklar gosterdigini, nehir
cevresindeki malzemelerin yiizey yapisi, malzeme albedosu ve golgeleme gibi faktorlerin de sogutma etki
ve etki mesafesinde 6nemli bir etkiye sahip olabilecegini belirtmektedir. Zhou ve arkadaslari [22]
caligmalarinda yesil alanlarin, LST’yi diisiirmede suyun yaninda rol oynadigini 6zellikle riparian yesil
alanlarin sogutma etkisinin yogunlugunu artirdigini ortaya koyarken, Wang ve arkadaslar1 [41]
calismalarinda kiy1 bolgelerindeki yiiksek bitki Ortiisii  seviyesinin, suyun sogutulmasint ve
nemlendirilmesini iyilestirebildigini belirtmistir.

Goksu Nehri i¢in olusturulan sicaklik egrisi, nehrin sogutma etkisinin stireklilik gosteren ve dogrusal
olmayan bir yapi sergiledigini ortaya koymustur. Tampon bolge analizlerinde, ilk 150 m araliginda sicaklik
artisinin daha hizli oldugu, bu artisin yavaglayarak 270 m araligina kadar devam ederek ilk doniim noktasini
olusturdugu ve 300 m sonrasinda ise sicaklik artisinin sinirh kaldigi goriilmektedir. Bu da ilk 150 m
araliginin nehirlerin sogutma etkisi a¢isindan 6nemli oldugunu gostermektedir. Calismada ortaya konan bu
bulgular literatiirdeki c¢aligmalarda belirtilen sogutma etkisinin mesafeyle zayifladigi ve bu sogutma
etkisinin genellikle su kiitlesine yakin mesafe araliginda yogunlastigi bulgulartyla uyusmaktadir
[25-27,41]. Hathway ve Sharples [25], Ingiltere’de kiigiik bir kentsel nehrin UHI etkisini azaltma etkisini
ve bu potansiyel azaltmada nehrin kiyisindaki kentsel formun roliinii inceledigi ¢alismada, nehirden 40 m
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uzaklikta soguma seviyesinin ihmal edilebilir diizeyde oldugunu ancak kiyidan 30 m uzaklikta 6nemli bir
sogutma etkisi saptandigini belirtmistir. Wu ve Zhang [27], ¢alismasinda Cin’in Suzhou Korfezi bolgesinde
giindiiz saatlerinde su kiitlelerinin LST {izerindeki sogutma etkilerini inceleyerek maksimum sogutma
mesafesinin 752 m ve maksimum sogutma etkisinin 3,02 °C oldugunu ve bu bulgunun soguk kenar etkisini
giiclendirdigini belirtmistir. Wang ve arkadaglar1 [41], Wuhan'daki Yangtze Nehri yakinlarinda mobil
Ol¢iimlerle gergeklestirdigi ¢alismasinda, nehir kiyisindan 1741 m uzakliktaki etki alaninda sicaklik
farkinin 3,55 °C oldugunu tespit etmistir. Sokmen ve Eminel Kutay [26] ise ayn sekilde Eskisehir Porsuk
Nehri ve ¢evresinde yaptigi ¢alismada, su kiitlelerinin yaz aylarinda 90 m i¢inde 3,41 °C'ye kadar, ilkbahar
ve sonbahar aylarinda ise su kiitlelerinin 120 metreye kadar olan mesafelerde sirastyla 2,03 °C ve 1,92
°C'ye kadar sicakliklar1 diisiirebildigini gostermistir. Benzer sekilde, sulak alan ve su kiitlelerine yonelik
calismalar da sogutma etkisini belirleyen faktorlerin ¢ok boyutlu oldugunu ortaya koymaktadir. Sulak alan
biiyiikligii, sekli, konumu ve hidrolojik baglant1 diizeyi [16,44,58,61-62] ile c¢evredeki peyzaj
kompozisyonu ve bitki ortiisii yogunlugu [18,44,63-64], sogutma etkisinin hem siddetini hem de mekansal
yayilimint dogrudan etkilemektedir. Bu genel ¢ergeve icerisinde degerlendirildiginde, Goksu Nehri’nde
belirlenen 270 m’lik maksimum sogutma mesafesi ve gozlenen sicaklik dagilimlari, ¢alisma alaninin 6zgiil
morfolojik ve ¢evresel dzelliklerinin bir sonucu olarak ortaya ¢ikmaktadir.

Bu calismanin bazi smirliliklart bulunmaktadir. Analizler, yalnizca tek bir tarihe ait Landsat 8 uydu
goriintiisii lizerinden gergeklestirilmis olup mevsimsel ve giinlikk sicaklik degisimleri degerlendirmeye
dahil edilmemistir. Ayrica, hava sicakligi, riizgar yonii ve nem gibi meteorolojik degiskenler ile su debisi
ve akis hiz1 gibi hidrolojik parametreler analiz kapsami disinda birakilmistir. Bu nedenle elde edilen
bulgular, calisma donemine 6zgii kosullar ¢er¢cevesinde degerlendirilmelidir. Sonraki ¢aligmalarda farkli
mevsim ve ¢ok zamanli uydu goriintiilerinin kullanilmasi ile daha kapsamli sonuglar ortaya konulabilir.
Calismanin bir diger smirlilig1 ise tek bir 6rneklem alani tizerinde gergeklestirilmis olmasidir. Farkli
morfoloji, farkli 6l¢ek ve farkli iklim bolgelerini kapsayan calismalar ile yapilan analizler, nehirlerin ve
mavi altyapiy1 olusturan su yilizeylerinin sogutma etkilerinde olusabilecek farkliliklari ortaya koyabilir.

5. SONUCLAR

Bu calisma, Goksu Nehri 6rnegi iizerinden akarsularin sogutma etkisini nicel olarak degerlendirmis ve bu
etkinin mekansal sinirlarini ortaya koymustur. Landsat 8 OLI/TIRS verilerinden tiiretilen LST analizleri,
nehrin ¢evresinde anlamli bir sogutma etkisi olusturdugunu ve bu etkinin mekansal olarak belirli bir mesafe
ile sinirlt oldugunu gostermistir. Bulgular, diisitk LST degerlerinin su yiizeyleri ve yogun bitki Ortiisiine
sahip alanlarda, yiiksek LST degerlerinin ise ¢iplak kayalik ve yapilasmanin yogun oldugu alanlarda
olustugunu ortaya koymustur. Tampon bdlge ve regresyon analizleri, Goksu Nehri’nin maksimum sogutma
etki mesafesinin 270 m oldugunu ve bu sinir igerisinde sogutma etkisinin nehir kenarinda 2,09 °C’ye kadar
ulastigint gostermistir. Ayrica, LST ile mesafe arasinda istatistiksel olarak anlamli bir iliski bulunmus
(p<0,001; R>=0,86) ve nchir kaynakli sogutma etkisinin nehirden uzaklastikca kademeli olarak
zayifladigini ortaya koymaktadir. Elde edilen sonuglar, su kaynakli sogutma etkisinin mekansal olarak
tanimlanabilir ve mesafeyle zayiflayan ¢ok boyutlu bir ¢cevresel siire¢ oldugunu gostermektedir. Bu durum,
su kiitlelerinin ¢evresel LST iizerindeki etkisini inceleyen onceki ¢alismalarla tutarli olup nehrin dogrusal
bir soguk koridor olusturdugunu, ancak suyun boyutu, konumu ve gevresel arazi deseni (ylizey 6zellikleri,
bitki ortiisii ve yapilagma bicimleri) gibi faktorlerin bu sogutma etkisini sekillendirdigini gostermektedir.
Ayrica, LST’nin nehirden uzaklastik¢a sistematik olarak arttig1 bulgusu, nehirlerin yalnizca ekolojik degil,
ayn1 zamanda iklim uyumlu mekéansal planlama agisindan da bir isleve sahip oldugunu gdstermekte ve su
kaynaklt mikroiklim diizenlemesinin planlama ve ydnetim agisindan &nemini vurgulamaktadir. Bu
baglamda, dogal su kiitleleri ile riparian alanlarin korunmasi ve dogal su alanlarini taklit ederek yillar iginde
kendi ekosistemlerini olusturan yapay sulak alanlarin planlanmasi ve sogutma etkisinin mekansal sinirmin
mekansal planlama ¢alismalarinda yerini almasi, yerel dlgekte termal ¢evreyi diizenlemeye yonelik doga
tabanli ¢6zlim stratejileri olarak degerlendirilebilir.
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bigimde belirtilmelidir. Etik kurallar1 geregince, alintilar tirnak iginde verilmeli ve bir referans numarasi ile kaynak
belirtilmelidir. Kaynaklarda su bilgiler verilmelidir:

Makale ise: Yazar(lar)in soyadi, adinin bas harfi., y1l. makalenin tam baslig1. derginin adi, cilt, say1, baglama ve bitis
sayfalart.

Kitap ise: Yazar(lar)in soyadi, adinin bas harfi., y1l. kitabin tam adu. cilt numarasi, varsa editorii, yaymlandig: yer, son
sayfa no.

Bildiri ise: Yazar(lar)in soyadi, adinin bas harfi., yil. bildirinin tam baslig1. konferansin adi, yapildig: yer.

Elektronik ortamdan alinmis ise: Bildiri sadece CD/DVD’de yayinlanis ise: Yazar(lar)in soyadi, adinin bag harfi.,
diger yazarlar, yil, bildirinin adi. konferansin adi (CD/DVD), yapildig1 yer, yil. “Konferansin adindan hemen sonra
parantez i¢erisinde CD/DVD oldugu belirtilecektir.”

Tez ise: Yazarin soyadi, adinin bas harfi., yil. tezin adi. derecesi, sunuldugu kurum, son sayfa no.

Rapor ise: Yazarin soyadi, adinin bag harfi., diger yazarlar, yil. raporun adu. tiirli, numarasi, kurulusun adi, yayinlandigi
yer.

Web Sitesi ise: Yazar(lar) belli ise; yazarin soyadi, adinin bas harfi., diger yazarlar, varsa yaymlandig: yil. yazinin
basligi, web adresi (http:/www.xxxxx.xxxx.xxx), Erisim Tarihi: giin.ay.yil.

Kurum/Kuruluslara ait ise; Kurum adi, varsa yaymlandigt yil. yazmin bashg, web adresi
(http://Www.XXXXX.XXXX.XXX), Erisim Tarihi: giin.ay.y1l.

Elektronik kitap/rapor ise: Yazar(lar)in soyadi, adinin bag harfi veya kitap/raporu yayimlayan kurum veya kurulusun
ad1, varsa yaymlandig1 y1l, konunun tam adi, Erisim Tarihi: giin.ay.yil.
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