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Design and Simulations of a Stable Oscillator Circuit in
90 nm CMOS Technology

Emre Baysall.# “=', Ulas Reyhan? ', Berke Ers6z 3 “*', Emre Berkan Sungur* "+,

Yilmaz Zini> “*', Mahmud Yusuf Tanrikulu®

Abstract

In the realm of modern integrated circuit design, the need for efficient, low-power,
and high-accuracy systems has led to the development of advanced circuit
components. This study focuses on the design and integration of Bandgap Reference
(BGR) circuits, Low-Dropout (LDO) regulators, and Voltage-Controlled Oscillators
(VCOs) to enhance the performance of low-power integrated systems. These circuits
address critical challenges, including temperature stability, power efficiency, and
frequency accuracy, making them indispensable for applications in mobile devices,
communication systems, and embedded electronics. The proposed designs have
been developed using 90 nm CMOS technology and validated through extensive
simulations. Key performance metrics such as temperature coefficient, power
consumption, phase noise, and output stability have been optimized to demonstrate
the practical applicability of the circuits. The findings highlight the potential for
combining BGR, LDO, and VCO circuits to achieve a unified solution that meets the
demands of modern low-power electronic systems. This work not only contributes
to the advancement of circuit design methodologies but also sets the stage for future
innovations in mixed-signal and low-power integrated circuits. By addressing the
interplay between these components, the study provides a foundation for developing
more efficient, reliable, and versatile electronic systems.

Keywords: Bandgap Reference; Low-Dropout; Voltage-Controlled Oscillator;
Complementary Metal-Oxide-Semiconductor; Temperature coefficient

Bir Kararh Salinici Devresinin 90 nm CMOS
Teknolojisinde Tasarimi ve Simiilasyonlari

0z

Modern entegre devre tasariminda, verimli, diisik gii¢ tiketimli ve ytliksek
dogruluklu sistemlere olan ihtiyac, gelismis devre bilesenlerinin gelistirilmesine yol
acmistir. Bu c¢alisma, disiik gili¢lii entegre sistemlerin performansini arttirmak
amaciyla Bant Araligi Referansi (BGR) devreleri, Diisiik kayipli (LDO) Regiilatorleri
ve Gerilim Kontrolli Salimicllar (VCO) tasarimmma ve entegrasyonuna
odaklanmaktadir. Bu devreler, sicaklik kararliligi, giic verimliligi ve frekans
dogrulugu gibi kritik zorluklar1 ele alarak mobil cihazlar, haberlesme ve gomiili
sistemler gibi uygulamalar icin vazgecilmez hale gelmektedir. Onerilen tasarimlar
CMOS teknolojisi kullanilarak gelistirilmis ve kapsamli similasyonlar ile
dogrulanmistir. Sicaklik katsayisi, gii¢ tiikketimi, faz giirtiltiisii ve ¢ikis kararhiig: gibi
temel performans metrikleri optimize edilerek devrelerin pratik uygulanabilirligi
gosterilmistir. Bulgular, BGR, LDO ve VCO devrelerinin birlestirilerek modern diisiik
giiclll elektronik sistemlerin gereksinimlerini karsilayan biitiinlesik bir ¢dziim elde
edilebilecegini ortaya koymaktadir. Bu c¢alisma, yalmzca devre tasarim
metodolojilerinin ilerlemesine katkida bulunmakla kalmayip, ayni zamanda karma
sinyal ve disiik giliclii entegre devrelerde gelecekteki yenilikler icin bir temel
olusturmaktadir. Bu bilesenler arasindaki etkilesimi ele alarak daha verimli,
giivenilir ve cok yonlii elektronik sistemlerin gelistirilmesine zemin hazirlamaktadur.

Anahtar Kelimeler: Bant Aralig1 Referansi; Diisiik Kayipli; Gerilim Kontrollii
Salinicy; Timleyici Metal Oksit Yar1 {letken; Sicaklik katsayisi
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Design and Simulations of a Stable Oscillator Circuit in 90 nm CMOS Technology Baysal et al.

1. Introduction

In today’s rapidly evolving technological landscape, the demand for low-power, high-accuracy, and reliable
integrated circuits (ICs) has grown significantly. The proliferation of electronic devices, ranging from portable
gadgets to advanced communication networks, has amplified the need for efficient power management and robust
frequency stability to ensure optimal system performance. At the core of these advancements lie critical circuit
components such as Bandgap Reference (BGR) circuits, Low Dropout (LDO) regulators, and Voltage-Controlled
Oscillators (VCOs). These components form the backbone of modern integrated systems, enabling stability,
precision, and efficiency in applications where minimizing power consumption and enhancing reliability are
paramount [1].

1.1 Bandgap Reference (BGR) Circuit

BGR circuits are indispensable in providing a stable reference voltage that remains unaffected by temperature
variations and power supply fluctuations. This stability is crucial for maintaining the accuracy and functionality of
ICs across a myriad of applications [2], including mobile devices, industrial control systems, and medical
equipment [3]. By leveraging the principles of proportional to absolute temperature coefficient (PTAT) and
complementary to absolute temperature (CTAT) currents, BGR circuits achieve temperature compensation,
ensuring consistent performance under varying environmental conditions [1]. These circuits typically incorporate
an intricate combination of transistors, resistors, and operational amplifiers to balance these currents and
generate a highly stable reference voltage. Innovations in BGR design now focus on minimizing power
consumption while maintaining exceptional accuracy, making them ideal for energy-efficient and portable systems
where every milliwatt of power savings matters [4] [5].

1.2 Low-Dropout (LDO) Regulator

LDO regulators play a pivotal role in power management by delivering a stable and precise output voltage with
minimal input-to-output voltage difference. These circuits are widely deployed in applications demanding low
noise, high efficiency, and compact design. The integration of LDO regulators into ICs facilitates effective power
distribution, mitigates thermal challenges, and prolongs the operational life of electronic systems by shielding
sensitive components from voltage irregularities [6]. Modern LDO designs incorporate advanced techniques,
including dynamic feedback control, adaptive biasing, and transient response optimization, to address challenges
posed by varying load conditions [7]. The inclusion of sophisticated elements such as error amplifiers and current
mirrors has further enhanced their performance, offering robust solutions for stability and efficiency under
fluctuating power demands [8] [9].

1.3 Voltage Controlled Oscillator (VCO)

VCOs are essential for frequency generation and synchronization in a wide range of applications, including
communication systems, phase-locked loops (PLLs), and clock generation circuits [10]. By providing a voltage-
controlled mechanism for frequency tuning, VCOs offer the flexibility required for diverse applications, from
wireless communication to high-speed signal processing [11]. The performance of VCOs is often evaluated based
on key parameters such as tuning range, phase noise, and power consumption. Current-starved VCO architectures
have gained prominence for their ability to balance power efficiency with a wide frequency tuning range, meeting
the stringent requirements of modern communication systems [12]. Furthermore, state-of-the-art VCO designs
now incorporate innovative noise reduction techniques and enhanced linearity, ensuring minimal phase noise and
improved signal integrity, even in high-frequency scenarios [13] [14].

In this study the design and the integration of Bandgap Reference (BGR) circuits, Low-Dropout (LDO)
regulators, and Voltage-Controlled Oscillators (VCOs) are performed to enhance the performance of low-power
integrated systems. The proposed designs have been designed using 90 nm CMOS technology and validated
through extensive simulations [15]. Key performance metrics such as temperature coefficient, power
consumption, phase noise, and output stability have been obtained to demonstrate the practical applicability of
the circuits.

2. Material and Methods

In this study, Bandgap Reference (BGR), Low-Dropout (LDO) Regulator, and Voltage-Controlled Oscillator
(VCO) circuits are designed, simulated, and analyzed to enhance the performance of low-power integrated
systems. The study consists of three main stages, which are circuit design, simulation, and performance analysis.
The design of the BGR, LDO, and VCO circuits are carried out using 90nm CMOS technology. Each circuit is
optimized to ensure temperature stability, low power consumption, and high accuracy. Figure 1 shows the system
created using this technology.

ATU Bilim Dergisi / ATU Journal of Science 1 (2):50-61 (2025) 51
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Figure 1. System architecture.

2.1 BGR

In the BGR circuit, a CMOS-based bandgap reference architecture was chosen to provide a stable reference
current against temperature variations. During the design process, temperature coefficient minimization is
considered to improve the accuracy of the reference current.

Figure 2 shows the BGR circuit which consists of transistors and resistors to generate a stable reference current
against temperature variations. These components produce two opposing currents, which counteract temperature
changes within the circuit.

The core structure shown in Figure 2 is designed using M1, M2, R1, R2, and R4 components. Also, the
operational amplifier (op-amp) structure consists of M3, M4, M5, M6, and M7 MOSFETs [16]. M9, M10, M11, M12,
and M14 PMOS transistors are used as current mirrors in the circuit, transmitting a constant reference current to
various points of the circuit. Thus, a stable current is ensured in the relevant circuit components. Additionally,
M13 and M15 PMOS transistors are used as source followers. These structures ensure impedance matching
between the BGR circuit and the load connected to the circuit. Consequently, it allows the BGR circuit to deliver a
stable reference current to the load.

The node voltage V, is set equal to the node voltage V;, by the input voltage definition of op-amp [4].

The temperature coefficient value of the thermal voltage (V) can be calculated from Equation 2 as having a
positive temperature coefficient [14].

ATU Bilim Dergisi / ATU Journal of Science 1 (2):50-61 (2025) 52
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Figure 2. Bandgap reference circuit schematic and its core structure.

aVT_E
b (2)

A positive temperature coefficient of current (PTAT) is generated across resistor R, due to the difference in the
gate-source voltages of M1 and M2 NMOS transistors according to Equation 3 [4].

_ AVgs

Iy = 3 (3)

Ipz,4 is proportional to the Vg, which is set equal to V,,. Thus, we can obtain the current with a negative
temperature coefficient (CTAT) from Equation 4.

Vgsl _ Va _ Vp (4)
Ry+Ry Ry+Ry Ry+Ry

IR2,4 =

The current I,; with a positive temperature coefficient and the current I,, with a negative temperature
coefficient together create the temperature-compensated current /.

Iy = Ipy + Ipoa (5)

Thus, the I, current from the Equation 5 can be used as I, at any point in the circuit using the specified PMOS
transistors. Figure 3 shows the layout of the designed BGR circuit occupying an area of 346 pm?.

e R S S G T N et B

~-Resistor

Resistor

Figure 3. BGR layout design.

2.2 LDO Regulator

The LDO regulator circuit is designed to operate efficiently even when the difference between the input voltage
and output voltage is low [17]. In the circuit, a PMOS-based output transistor is used to guarantee a low dropout
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voltage and to enhance the stability of the output load. In Figure 4, which shows the general structure of the LDO
voltage regulator, the PMOS transistor is connected to the input voltage and controls the output voltage. The PMOS
transistor enters cut-off mode under high input voltage conditions, thereby reducing the output voltage. The
output voltage of the error amplifier provides the control voltage for the PMOS transistor. This voltage makes
certain that the desired output voltage is achieved. The error amplifier in the LDO circuit regulates the output
voltage when the supply voltage is higher than the output.

Figure 4. LDO circuit and PUSH-PULL structure.

In the circuit shown in Figure 4, the M0-M13 MOSFETs are used as switching elements to control the current.
The reference current provided by the BGR circuit to the LDO circuit is defined in the LDO circuit with a current
source called I..5. The resistors R1, R2, and R3 with values of 6.82k(), 6.82k() and 23.33k() respectively regulate
the output voltage. Additionally, a capacitor with a value of 1.41fF confirms system stability and improves the
transient response of the system. V; and V, are fixed reference voltages, while V; determines the output voltage.
MO and M1 operate in a current mirror configuration providing a constant current. The reference current (If)
flows through M0 and is mirrored by M1, making the current passing through M1 equal to I,..f.

In addition to these MOSFETs, M6-M9 compare the reference voltage (V,) with the output voltage and create
afeedbackloop. The MOSFETs M2, M3, and M4 together function as an error amplifier to carry on the M5 MOSFET.

The M5 MOSFET supplies the current of load and regulates the output voltage. This voltage is fed back to the
reference voltage through resistors. The circuit offers a stable and accurate output voltage even at low input-
output voltage differences [8].

Figure 4 also shows the push-pull configuration used to increase the gate drive current dynamically when the
load changes. This structure reduces power consumption and affords low forward gain and low output resistance

[8].
Ry
Vibo_out = <R_ + 1) . Vreference (6)
2

The output voltage obtained in the LDO voltage regulator circuit can be derived from Equation 6. This output
voltage, which is 1.2V DC, serves as the supply source for the VCO circuit. The connection ensures that the VCO
operates with a stable and regulated DC voltage source. Figure 5 shows the layout of the designed LDO regulator
occupying an area of 783 pm?.

ATU Bilim Dergisi / ATU Journal of Science 1 (2):50-61 (2025) 54



Design and Simulations of a Stable Oscillator Circuit in 90 nm CMOS Technology Baysal et al.

CAPACITOR

— p— —, | ——— — — — i —— — — —. i — —— — g—

Figure 5. LDO layout design.

2.3VCO

In this study, a CSVCO (Current Steering Voltage-Controlled Oscillator) is preferred as an oscillator structure
that offers a wide tuning range and meets various performance requirements. The primary reason for using the
CSVCO is that it supports a balanced solution among power consumption, area, and phase noise due to its wide
tuning range [18].

Figure 6 shows the schematic view of the VCO circuit. The circuit consists of five differential delay cells and two
buffer cells. The differential delay cells increase the oscillation frequency and decrease phase noise, while the
buffer cells convert the oscillations into square waves.

Figure 6. The schematic view of the VCO circuit together with the node voltages of the differential pairs.
Figure 7 shows the differential delay cell, which serves as a building block for the CSVCO. This circuit increases

the oscillation frequency and keeps down the leakage power loss caused by phase noise. To maximize these
benefits, five differential delay cells are used in the circuit.
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Figure 7. Differential delay cell and buffer circuit.

When the control voltage (V.onero1) Of the current-starved VCO exceeds the threshold voltage, the M36 MOSFET
turns on, and the current mirror MOSFETs M36, M35, M17, M26, M27, M28, and M29 enter the active region. In
the differential delay cell, the M2 and M3 (n-type) MOSFETSs form the pulling network. The differential inverter
switches on since the MOSFETs MO, M1, M2, and M3 become active. The connection of the five differential delay
cells in the CSVCO is made in series, with the out + and in — labels connected in series, while the out — and in +
labels are also connected in the same manner. The output of the fifth inverter is fed back to the input of the first
inverter, creating a continuous signal loop. As a result of this loop, the control voltage is inverted between each
delay cell, and the CSVCO begins to produce oscillations.

In addition to all the processes, as the control voltage increases, the frequency of the oscillations also increases
linearly, just like in a traditional VCO situation [13]. Figure 7 also shows the buffer circuit, formed by the series
connection of the inverters shown in red and purple, which converts the sinusoidal oscillations produced by the
differential cells in the CSVCO circuit into square pulses. Figure 8 shows the layout of the designed VCO circuit
occupying an area of 1531 um?.
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Figure 8. VCO layout design.

3. Results and Discussion

In this section, simulation results which are conducted using the Synopsys application to evaluate the
functionality of the designs are presented. The layouts formed for the post-layout simulations of all designs have
successfully passed the DRC and LVS checks.
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3.1. BGR Simulations

In the BGR test environment, dc, tran, and xf analyses are used to meet the requirements. Among these analyses,
the dc analysis is executed to determine the values of the reference voltage (V;..r) and the node voltages. By
utilizing the sweep feature within the dc analysis, voltage variations dependent on temperature are observed, and
the resulting voltage values are used to calculate the ppm value. The tran analysis was applied to obtain a time-
dependent graph. This allows for the observation of both the reference voltage and its variations when the supply
voltage (Vsuppiy) decreases and increases by 10%. The xf analysis enabled us to determine the PSRR value. During
this analysis, an 1V AC voltage was applied to the circuit's supply voltage.

20 0 20 40 60 80 100
\ . " . " i " R " . L " . " N i . n " " x . " N " 1 " . N " I N

3

495m

0

Temp(deq) {in)

Figure 9. Temperatﬁre variation graph in the schematic désign.
Figure 9 shows the temperature variation of the BGR schematic circuit between -40°C and 125°C for a 500 mV
reference voltage. The reference voltage in this range remains between 495 mV and 533 mV.

Vinax = Vi
TCV, = max min 106 7)

Vnominal (Tmax - Tmin)

Based on the ppm calculation formula provided in Equation 7, the temperature variation of the circuit is estimated
approximately as 460 ppm/°C. The same simulation is also carried out for the layout of the BGR circuit, which is
close to the schematic results.

Table 1. BGR simulation results.

Schematic Simulation Results Post-Layout Simulation Results
Reference Voltage 501 mV 488 mV
PSRR -2.4dB -29dB
Temperature Coefficient 460 ppm/°C 509 ppm/°C
Power Consumption 0.185 mW 0.167 mW
Reference Voltage in Supply In 1.8V+10%, 498 mV In 1.8V+10%, 485 mV
1.8V+10% In 1.8V-10%, 503 mV In 1.8V-10%, 491 mV
Start-up Circuit Added Added

3.2.LDO Simulations

In the LDO test environment, dc, tran, and Istb analyses have been used to simulate important parameters of
the circuit. Among these analyses, the dc analysis has been run to evaluate the output voltage and node voltages.
The tran analysis has been applied to obtain graphical outputs. The Istb analysis has determined the loop gain and
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phase margin. During this analysis, a supply voltage of 1V (AC) was applied to the circuit. By using the dc and tran
analyses together, the power consumption, line regulation, and load regulation of the circuit is examined.
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Figure 10. Loop gain and phase margin graph in the schematic design.

To get the loop gain and phase margin, a capacitor with a value of 500 pF was connected to the output of the
LDO circuit, and a constant current of 1 mA was drawn using a current source from the output. Figure 10 shows
the Istb analysis graph, where the loop gain of the LDO circuit is 84.8 dB, and the phase margin is 73.2°. When the
LDO circuit has no output load, a maximum power consumption of 1.69 mW has been achieved.

Table 2. LDO simulation results.

Schematic Simulation Results Post-Layout Simulation Results
Output Voltage 1.2V 1.2V
Loop Gain and Phase Margin 84.8 dB and 73.2° 74.5 dB and 110°
Power Consumption 1.69 mW 1.67 mW
Output Voltage Against Current 1.56 V deviation 2.52 V deviation
Pulses
Line Regulation Constant Output Voltage Constant Output Voltage
Load Regulation Constant Output Voltage Constant Output Voltage
3.3.vco

In the VCO test environment, dc, tran, sn, and snnoise analyses have been used to simulate the circuit. The dc
analysis was employed to observe the output voltage (V. ) and the node voltages. The tran analysis aimed to
visualize the time-dependent variation of the square pulse and its frequency value. To achieve this waveform, an
'initial condition' was provided to the circuit. The given initial condition was applied between the V;,,, terminal of
the first inverter and the V,,;, terminal of the fifth inverter. Additionally, the rise and fall times were calculated
and observed using this analysis. The sn and snnoise analyses were utilized to assess the phase noise values.
Finally, a sweep analysis was performed to calculate the KVCO value.
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Figure 11. The operating frequency of the VCO schematic circuit.

Figure 11 shows the waveform produced by the VCO schematic circuit when it operates without a load. The
frequency of the generated waveform has been observed to be 1.59 GHz. The output voltage (V) of the circuit
varies between 0 Vand 1.2 V.

Table 3. VCO simulation results.

Schematic Simulation Results  Post-Layout Simulation Results

Operating Frequency 1.59 GHz 1.26 GHz
Duty Cycle 43.7% 44.1%
Power Consumption Max 13 mW Max 12 mW
Range of Square Wave 0-1.2V 0-1.23V
Control Voltage 0.77V 0.77V
KVCO 733 MHz/V 567 MHz/V
Phase Noise -97.1 dBc -99.9 dBc
Rise and Fall Time at 1600MHz 0.195 ns -

3.4. Entire System

The designed circuits are combined to get a stable oscillator structure as given in Fig.1. The simulations of the
entire system are also performed to understand the performance. Figure 12 shows the layout of the entire system
occupying an area of 3645 um2. This area represents the overall physical footprint of the system, including all
components and interconnections.

BGR CIRCUIT

Figure 12. Entire system layout design.
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The total power consumption of the schematic of the entire circuit is simulated to be 21.5 mW while this value
is 18.2 mW for the post-layout simulations. These values represent the total energy consumption of the system,
considering all components and their activities during operation.

Table 4. Entire system simulation results.

Schematic Simulation Results Post-Layout Simulation Results
BGR Reference Current -1.74 pA Between -1.4 pA and-1.62 pA
LDO Output Voltage 0.361-1.57V 1.11-1.25V
VCO Operation Frequency 1.8 GHz 1.2 GHz
Power Consumption Max 21.5 mW Max 18.2 mW

4. Conclusions

This study presents the design and performance analyses of Bandgap Reference (BGR), Low Dropout Regulator
(LDO), and Voltage Controlled Oscillator (VCO) circuits for low-power integrated systems. Our work presents an
approach that simultaneously addresses the requirements of low power consumption, temperature stability, and
frequency accuracy by integrating these three circuits. These features are particularly important in areas where
power efficiency is critical, such as mobile devices and embedded systems, and our research expands upon the
limited studies in the literature regarding the combined use of these circuits. The BGR circuit provides a stable
reference current against temperature variations. These results validate that the BGR circuit offers temperature
stability in line with previous studies, supporting its applicability in mobile and industrial applications. The LDO
circuit delivers efficient power regulation with a low dropout voltage and possesses the ability to respond quickly
to changes in load conditions, thus giving solutions for various power management requirements. This feature
enhances the stability of the LDO circuit in integrated systems, ensuring long-lasting and reliable power
management. The VCO circuit operates with low phase noise across a wide frequency range, offering a critical
solution for communication systems. Its capability to generate a frequency with sufficient accuracy to meet signal
synchronization requirements demonstrates that the VCO is suitable for applications in the field of
communications. These findings demonstrate that the study serves as a fundamental work for temperature
stability, power efficiency, and frequency accuracy in low-power systems. This work presents a new perspective
on the combined use of BGR, LDO, and VCO circuits to improve the performance of integrated circuits, representing
a significant step toward achieving more efficient and reliable performance in low-power systems. For future
work, process variation analyses, advanced reliability studies, and actual silicon testing should be performed to
validate the practical implementation and ensure robust performance under real-world conditions. These works
will fill the gap between simulation results and commercial viability of the proposed integrated system.

Authors’ Contributions
EB, UR, BE, EBS, YZ: Conceptualization, Methodology, Validation, Formal analysis, Investigation, Resources,

Writing - Original Draft, Visualization (Authors contributed equally). MYT: Writing - Review & Editing, Validation,
Supervision.

Declaration of Ethical Standards

The author(s) of this article declare that the materials and methods used in this study do not require ethical
committee permission and/or legal-special permission.

Conflict of Interest

There is no conflict of interest in this study.

Funding Institution

Teknofest Chip Design Competition

ATU Bilim Dergisi / ATU Journal of Science 1 (2):50-61 (2025) 60



Design and Simulations of a Stable Oscillator Circuit in 90 nm CMOS Technology Baysal et al.

References

[1] Razavi, B. (2021). The design of a low-voltage bandgap reference, IEEE Solid-State Circuits Magazine 13(3), 6-
16.

[2] Banba, H., Shiga, H., Umezawa, A., Miyaba, T., Tanzawa, T., Atsumi, S., Sakui, K. (1999). A CMOS bandgap
reference circuit with sub-1-V operation, IEEE Journal of Solid-State Circuits 34(5), 670-674.

[3] Pakravan, E., Mojarad, M., Mashoufi, B. (2023). A low-power bandgap voltage reference circuit with ultra-low
temperature coefficient. In Proceedings of the 5th Iranian International Conference on Microelectronics
(IICM2023), 16-20.

[4] Hongprasit, S., Sa-ngiamvibool, W., Aurasopon, A. (2012). Design of bandgap core and startup circuits for all
CMOS bandgap voltage reference, Przeglad Elektrotechniczny (Electrical Review) 88(4a), 277-280.

[5] Lee, C.-L., Sidek, R. M., Rokhani, F. Z., Sulaiman, N. (2015). A low power bandgap voltage reference for low-
dropout regulator. In Proceedings of RSM 2015.

[6] Khan, D., Basim, M., Qurrat-ul-Ain, Q., Shah, S. A. A, Shehzad, K,, Verma, D., Lee, K. Y. (2022). Design of a power
regulated circuit with multiple LDOs for SoC applications, Electronics 11(17), 2774.

[7] Bhuiyan, M. A. S, Hossain, M. R., Minhad, K. N., Haque, F., Hemel, M. S. K., Dawi, O. M., Reaz, M. B. L, Ooi, K. ]. A.
(2022). CMOS low-dropout voltage regulator design trends: An overview, Electronics 11(2), 193.

[8] Zhang, R, Liu, Z., Wang, X. (2021). A capacitor-less LDO with nested Miller compensation and bulk-driven
techniques in 90 nm CMOS. In Proceedings of the 4th International Conference on Circuits, Systems and
Simulation (ICCSS), 51-55.

[9] Magod, R., Suda, N., Ivanov, V., Balasingam, R., Bakkaloglu, B. (2017). A low-noise output capacitorless low-
dropout regulator with a switched-RC bandgap reference, IEEE Transactions on Power Electronics 32(4),
2856-2864.

[10] Hajimiri, A., Lee, T. H. (1998). A general theory for phase noise in electrical oscillators, IEEE Journal of Solid-
State Circuits 33(2), 179-194.

[11] Chang, Y.-H. Luo, Y.-L. (2024). CMOS voltage-controlled oscillator with complementary and adaptive
overdrive voltage control structures, Electronics 13(2), 440.

[12] Anjum, N., Yadav, V. K. S., Nath, V. (2023). Design and analysis of a low power current starved VCO for ISM
band application, International Journal of Microsystems and loT 1(2), 82-98.

[13] Rahul, R, Thilagavathy, R. (2014). A low phase noise CMOS voltage-controlled differential ring oscillator. In
Proceedings of the International Conference on Control, Instrumentation, Communication and Computational
Technologies (ICCICCT), 1025-1028.

[14] Razavi, B. (2017). Design of analog CMOS integrated circuits (2nd ed.). McGraw-Hill.

[15] Ito, T. (2003). Research and development of advanced CMOS technologies, FUJITSU Scientific &amp; Technical
Journal 39(1), 3-8.

[16] Sangolli, S. S., Rohini, S. H. (2015). Design of low voltage bandgap reference circuit using subthreshold
MOSFET. In Proceedings of the 5th Nirma University International Conference on Engineering (NUiCONE).

[17] Huang, C. H., Liao, W. C. (2020). A high-performance LDO regulator enabling low-power SoC with voltage
scaling approaches, IEEE Transactions on Very Large Scale Integration (VLSI) Systems 28(5), 1141-1149.

[18] Dinesh, S., Bharadwaj, S. (2017). New modified current starved ring voltage controlled oscillator and
frequency to voltage rectifier for noise suppression from 1-6 GHz in 180 nm technology, Procedia Computer
Science 115, 756-763.

ATU Bilim Dergisi / ATU Journal of Science 1 (2):50-61 (2025) 61



ADANA ALPARSLAN TURKES BiLiM VE TEKNOLOJi UNIiVERSITESI BiLIM DERGISi
ADANA ALPARSLAN TURKES SCIENCE AND TECHNOLOGY UNIVERSITY JOURNAL OF SCIENCE

Research Article

www.dergipark.com /atujscience

L2Adana Alparslan Tiirkes Science and
Technology University, Department of
Bioengineering, 01250 Adana, Tiirkiye

ORCID': 0009-0004-6202-5112

ORCID2: 0000-0001-7874-4016

#Corresponding Author:
mcyurtsever@atu.edu.tr

Received: 15/06/2025
Accepted: 23/07/2025

Online Published: 25/12/2025

How to Cite: Alkhalifa Aldham 0., Capkin
Yurtsever M. “Investigation of the Effects of
Sodium Pentaborate Pentahydrate on
MC3T3-E1 Mouse Pre-osteoblast Cell Line”
Adana Alparslan Tiirkes Science and
Technology University Journal of Science, 1
(2): 62-69 (2025).

Investigation of the Effects of Sodium Pentaborate
Pentahydrate on MC3T3-E1 Mouse Pre-osteoblast
Cell Line

Oula Alkhalifa Aldham! “*, Merve Capkin Yurtsever2#

Abstract

Boron compounds have been investigated in many studies for their positive effects
on human health, antimicrobial properties and their effects on cell proliferation and
differentiation. In this study, the effects of sodium pentaborate pentahydrate on the
viability and osteogenic differentiation of MC3T3-E1 mouse osteoblast cell line were
investigated. The effect of SPP on cell viability was examined by MTT and resazurin
analyses. The osteogenic differentiation properties of cells with and without SPP
treatment at selected concentrations were examined by invert phase contrast
microscope images and alkaline phosphatase (ALP) staining methods. It was
determined that the viability of MC3T3-E1 cells was not affected up to 2 mg/mL SPP
in the culture medium after 24 hours of culture, while 0.25 mg/mL SPP significantly
increased cell viability compared to the control group. Therefore, SPP concentrations
of 0.125, 0.25 and 0.5 mg/mL were selected to understand the effect of SPP on
osteogenic differentiation of MC3T3-E1 cells at days 7 and 14. Invert phase contrast
images and ALP staining indicated that osteogenic differentiation capacity of MC3T3-
E1 cell line was suppressed in the presence of SPP. There was no ALP stain in
osteogenically induced cells in the presence of SPP. These findings showed that
0.125, 0.25 and 0.5 mg/mL SPP suppressed osteogenic differentiation in long-term
cultures, although it had no negative effect on cell viability at 24 hours.

Keywords: MC3T3-E1 cell line; Osteogenic differentiation; SPP (NaB)

Sodyum Pentaborat Pentahidratin MC3T3-E1 Fare Pre-
osteoblast Hiicre Hatt1 Uzerindeki Etkilerinin

Incelenmesi

0z

Bor bilesikleri, insan saghgi lizerindeki olumlu etkileri, antimikrobiyal 6zellikleri ve
hiicre ¢ogalmasini ve farklilasmasini destekleyici etkileri ile pek cok ¢alismada
arastirilan bilesiklerdir. Bu ¢alismada, sodyum pentaborat pentahidratin MC3T3-E1
fare osteoblast hiicre hattinin canliligi ve kemik farklilasmasi tizerindeki etkileri
arastirdmistir. SPP'nin hiicre canliligy tizerindeki etkisi MTT ve resazurin
analizleri ile incelenmistir. Secilen konsantrasyonlarda SPP wuygulanan ve
uygulanmayan hiicrelerin kemik farklilasma ozellikleri invert faz kontrast
mikroskop goriintiileri ve ALP boyama yontemleri ile incelenmistir. MC3T3-E1
hiicrelerinin canliliginin 24 saatlik kiiltiir sonrasinda kiltiir ortaminda 2 mg/mL
SPP'ye kadar etkilenmedigi, bunun yaninda 0.25 mg/mL SPP’nin hiicre canliligini
control grubuna gére anlaml olarak arttirdig1 belirlenmistir. Bu nedenle, SPP'nin
MC3T3-E1 hiicrelerinin 7. ve 14. gilinlerde kemik farklilasmas: tizerindeki etkisini
anlamak igin 0.125, 0.25 ve 0.5 mg/mL SPP konsantrasyonlari segilmistir. Invert faz
kontrast goriintiileri ve alkalin fosfataz boyamasi, MC3T3-E1 hiicre hattinin kemik
farklilasma kapasitesinin SPP varliginda baskilandigini géstermistir. SPP varliginda
osteojenik olarak indiiklenen hiicrelerde ALP boyanmasi gériilmemistir. Bu bulgular,
0,125, 0,25 ve 0,5 mg/mL SPP'nin 24 saatte hiicre canlilig1 iizerinde olumsuz bir etki
gostermemesine karsin uzun siireli kiltiirde osteojenik farklilasmay1 baskiladigini
gOstermistir.

Anahtar Kelimeler: MC3T3-E1 hiicre hatti; osteojenik farklilasma; SPP (NaB)
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1. Introduction

Based on the most recent data, bone transplantation is the second most common tissue transplant performed
worldwide, after blood transfusions. While 4 million individuals worldwide need bone replacement surgery or
transplants each year, the number of age-related bone problems in the US is predicted to rise from 2.1 million in
2005 to 3 million in 2025. Between 2010 and 2025, the number of fracture cases in Europe grew by almost 28%
due to population growth. Effectively treating and curing bone disorders is very important clinically [1]. Tissue
engineering offers an effective replacement for bone regeneration. In cases when fractures need surgery, tissue
engineering offers a possible substitute for bone repair [2]. In this study, the effect of SPP (sodium pentaborate
pentahydrate) on the osteogenic differentiation of MC3T3-E1 cells was investigated.

Bone tissue engineering applications reduces dependency on donor tissue while promoting bone regeneration
through the use of biomaterials, cells, and bioactive substances. One of the biggest benefits is the possibility of only
one surgery since well-made scaffolds with ideal mechanical qualities reduce the chance of implant failure and
make it simpler to integrate with natural bone [2]. In order to provide more efficient and physiologically relevant
treatment, tissue engineering of bone attempts to replicate the composition and functionality of natural bone
tissue. To maintain and rebuild tissue, bone cells such as osteocytes, osteoblasts, and osteoclasts interact within a
hybrid matrix. Researchers are developing biodegradable polymeric biomaterials as temporarily scaffolds that are
similar to the natural extracellular matrix (ECM) in order to promote bone regeneration. As functional tissue is
formed, these matrices, which serve as a scaffold for bone regeneration, progressively break down and are
absorbed by the body [3].

Cell lines are essential instruments for scientific research because of their ease of indefinite culture growth.
The MC3T3-E1 cell line, a common in vitro osteogenic model system, was generated from newborn mouse calvaria
and has been widely used in bone tissue engineering research [4]. L-ascorbic acid and -Glycerol phosphate must
be added to MC3T3-E1 cells in order to trigger matrix mineralization. MC3T3E1 cell differentiation is influenced
by the type of serum used in the culture medium, as well as growth factors and cytokines produced from serum.
The addition of full fetal bovine serum increases the cells' ability to divide throughout the early stages of
differentiation [5]. In order to determine the feasibility of their in vitro models for biomaterial testing, [6]
examined the proliferation and maturation potential of three osteoblast cell lines (SaOs2, MG-63, and MC3T3-E1)
with primary human osteoblast (HOb) cells. They found that MC3T3-E1 cells might be used as suitable models for
biomaterial research since they showed comparable patterns of mineralization and proliferation to primary
human osteoblasts [6].

Sodium pentaborate pentahydrate (SPP, NaBs0g-5H,0) is a boron compound which is produced using from
boric acid and sodium carbonate. SPP compound is used in many fields with its fire retardant, anti-viral and
antibacterial properties. In addition, its use in biomaterials is being investigated for various tissue regeneration
studies. It can also be used as a component of enzymatic liquid detergents and as a feed additive to minimize viral
and bacterial pathogen contamination in shrimp. It can also be added to medicines to accelerate the healing of
cutaneous wounds [7]. In this study, the effects of SPP on the viability and bone differentiation capacity of MC3T3-
E1 cells were investigated.

2. Materials and Methods
2.1. MC3T3 cell culture conditions

MC3T3-E1 pre-osteoblastic cells were initially cultured in growth medium, a-Minimum Essential Medium (a-
MEM; Gibco) supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco), 1% (v/v) penicillin-streptomycin
(Gibco), and 1% (v/v) L-glutamine (Gibco). Cells were maintained in a humidified incubator at 37°C in 5% CO5.
The culture medium was refreshed every two days. After one week of culture, cells were harvested using trypsin-
EDTA solution (Gibco). Briefly, trypsin was added to the flask and incubated for 5 minutes at 37°C to detach the
cells. To neutralize the trypsin and inhibit its activity, at least 1:1 of growth medium was added. The cell suspension
was collected and centrifuged at 1000 rpm for 5 minutes. The supernatant was discarded, and the cell pellet was
resuspended in fresh growth medium. Subsequently, the cells were seeded into multi-well plates for further
experiments.

2.2. Viability of MC3T3-E1 cells in the presence of SPP

Sodium pentaborate pentahydrate (SPP, NaB) was dissolved in a-MEM culture medium that did not contain
fetal bovine serum, L-glutamine, or penicillin-streptomycin. The solution was subsequently sterilized using a 0.22
pum syringe filter. Then, fetal bovine serum, L-glutamine, and penicillin-streptomycin were added into the SPP
including growth medium. Maximum SPP concentration were adjusted to 8 mg/mL for cell culture studies and this
stock solution was serially diluted for viability studies.
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MC3T3-E1 pre-osteoblastic cells were cultured in 96 well plates as 10.000 cells / well for one day in growth
medium at 37°C in 5% CO,. The used medium was aspirated and serially diluted SPP containing growth medium
and growth medium without SPP as control group was added onto the cells. They were cultured in these media for
24 h and viability analysis was carried out using MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide) solution. MTT assay is a colorimetric method that measures the metabolic activity of cells. It is based on
the reduction of the yellow tetrazolium salt MTT to purple formazan crystals by mitochondrial dehydrogenase
enzymes in viable cells. 2.5 mg/mL MTT in PBS was diluted in growth medium and the cells were incubated at
37°C in 5% CO, for 3 h. At the end of incubation, the used media were removed and formazan crystals were
dissolved in dimethyl sulfoxide (DMSO). Absorbance values were recorded by spectrophotometer at 570 nm
reference to 690 nm. The cells cultured without SPP was used as control group and the results were given as %cell
viabilities compared to the control group.

2.3. Osteogenic differentiation of MC3T3-E1 cells with / without SPP

Osteogenic differentiation medium and solution preparations were carried out as follows. A total of 250 mL of
normal medium (a-MEM) and 250 mL of osteogenic differentiation medium were prepared. For the (-
glycerophosphate (-G, G9422) solution, 0.216 g was dissolved in 10 mL, and 0.5832 g was dissolved in 27 mL of
culture medium (excluding serum, L-glutamine, and P/S), then sterilized using a 0.22 um filter to achieve a final
concentration of 10 mM through a 1/10 dilution in the differentiation medium. For the L-ascorbic acid (AA,
A92902) solution, 0.035 g was dissolved in 7 mL of UPW and filtered through a 0.22 um filter. This was added at a
1/100 dilution to obtain a final concentration of 50 pg/mL in the differentiation medium. Dexamethasone (D4902)
was prepared by dissolving 0.0026 g in 6.62 mL of absolute ethanol (99.9%) to obtain a 10~ M stock solution,
which was further diluted 1:100 to 107> M in sterile ethanol and then to 1:1000 in the differentiation medium,
resulting in a final concentration of 10 nM (107 M). For 250 mL of differentiation medium, 25 mL of B-
glycerophosphate, 2.5 mL of L-ascorbic acid, and 250 pL of dexamethasone solutions were added.

SPP was applied to cells for 13 days at concentrations of 0.125, 0.25 and 0.5 mg/mL in both growth medium and
osteogenic differentiation medium. The study groups are as given in Table 1. Cells were seeded and cultured as

described in subheading 2.2.

Table 1. Sample names

Control Medium (CM) Differentiation Medium (DM)
SPP (mg/mL) SPP (mg/mL)

CM- 0 SPP DM- 0 SPP

CM- 0.125 SPP DM- 0.125 SPP

CM- 0.25 SPP DM- 0.25 SPP

CM- 0.5 SPP DM- 0.5 SPP

2.4. Resazurin analysis for control and osteo induced cells

In this section, resazurin sodium salt was used to determine cell viability as an alternative to MTT viability
assay. Resazurin assay is a fluorometric and colorimetric method used to assess cell viability. Resazurin is a non-
toxic dye that is reduced to the fluorescent compound resorufin by metabolically active cells, allowing for real-
time monitoring without harming the cells. Resazurin stock solution was prepared as 0.6 mM stock in PBS
supplemented with calcium and magnesium, and sterilized using a 0.22 pum syringe filter. This stock solution was
diluted 1:10 in growth medium to prepare the working solution. For the assay, 400 pL of the 10% resazurin-
containing medium was added to the cells in each group. The cells were then incubated at 37°C in a CO; incubator
for 2 h. After incubation, 200 pL of the supernatant from each sample was transferred into a 96-well plate, and the
absorbance was measured at wavelengths of 570 nm and 600 nm. Resazurin analysis was performed on days 1, 3,
6, and 13. The culture medium was refreshed every 2 days.

2.5. ALP staining

ALP (Alkaline phosphatase) synthesis is an important marker for bone differentiation and ALP staining was
carried out on day 14. Cultured cells were fixed using 10% neutral buffered formalin for 15 min and washed using
UPW (ultra pure water) for 2 times. Then, they were stored at +4 oC for further ALP staining. The cells were
brought to RT (room temperature) and washed with UPW. A fresh substrate solution was prepared by first
dissolving 0.3127 g of Tris HCl in 10 mL of UPW and adjusting the pH to 8.0 using 200 pL of 1 M NaOH.
Subsequently, 0.0014 g of naphthol AS was dissolved in 56 pL of dimethylformamide and mixed with 7 mL of UPW
and 7 mL Tris-HCl buffer. Then, 0.0084 g of Fast Red Violet LB salt was added, and the entire solution was filtered

ATU Bilim Dergisi / ATU Journal of Science 1 (2):62-69 (2025) 64



Investigation of the Effects of Sodium Pentaborate Pentahyd... Alkhalifa Aldham and Capkin Yurtsever

with a 0.22 pm filter. 400 pL of this fresh substrate solution was added to every well, and the samples were
incubated for 1 hour. The wells were washed four times with UPW and allowed to stand for 1 hour after incubation.
For silver nitrate staining, a 2.5% (w/v) silver nitrate solution was made by dissolving 0.5 g of AgNO;3 (silver
nitrate) in 20 mL of UPW. The samples were incubated in this solution for 30 minutes and then rinsed three times
with UPW. The samples were incubated in UPW for 5 minutes and then allowed to dry. The samples were observed
under invert phase-contrast microscope.

2.6. Statistical analysis

Real Statistics Resource Pack software (Release 8.9.1). Copyright (2013 - 2023) from Charles Zaiontz
(www.real-statistics.com) was used to perform one-way ANOVA test and Tukey-Kramer multiple comparisons
test.

3. Results and Discussion

In this study, the effects of SPP, a boron compound, on viability of MC3T3-Elcells and their osteogenic
differentiation properties were investigated. When different concentrations of SPP were applied to the cells for 24
hours, it was determined that cell viability was not adversely affected up to a concentration as high as 2 mg/mL
(Figure 1). It was determined that cells cultured in 0.25 mg/mL SPP concentration showed significantly higher
viability compared to the control group without SPP. The cell viability decreased 92.85% and 49.1% at 4 mg/mL
and 8 mg/mL SPP concentrations (p<0.001 compared to all groups), respectively.
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Figure 1. The effect of SPP on viability of MC3T3-E1 cells at 24 h culture. “*” is significantly higher and “e ” is
significantly lower than all other groups or compared group.

The osteogenic differentiation promoting properties of different boron compounds have been demonstrated
in the literature with various cell lines and stem cells [8]. SPP has been used less in the literature than other boron
compounds. One reason for this may be that SPP is not a natural boron compound but is synthesized using boric
acid and sodium carbonate [9]. In this study, the effect of SPP on the osteogenic differentiation potential of MC3T3-
E1 cells was analyzed by both resazurin assay and ALP staining. SPP was applied to the cells at selected
concentrations both in growth medium and in osteogenic differentiation medium. 0.125, 0.25 and 0.5 mg/mL
concentrations of SPP were selected according to the results of viability analysis. 0.25 mg/mL SPP was the group
that supported cell viability the most compared to the control group. 0.125 and 0.5 mg/mL SPP groups were
selected as groups that did not affect cell viability positively or negatively. Inverted phase contrast images of the
cells both for growth medium and osteogenic differentiation medium with or without SPP are given in Figure 2.
The morphology of MC3T3-E1 cells is generally spindle like at the beginning of culture. When the cells become
dense and compacted in culture and with osteogenic differentiation, they gain a more cubic shape [4]. In our study,
since the cells completely covered the surface and reproduced intensively on the 7th and 14th days, it is not
possible to comment on the single cell morphology. However, the difference between control groups and SPP
including groups were significant in invert phase contrast images. The density of the cells decreased with
increasing SPP concentration resulting less cell viability as also given in resazurin analysis results in Figure 3.
Unlike what is expected in osteogenic differentiation, cell extensions were also more prominent in SPP-treated
groups compared to the control group.
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Figure 2. Invert phase contrast images of MC3T3-E1 cells with or without SPP at 0.125, 0.25 and 0.5 mg/mL
concentrations both in culture medium and osteogenic differentiation medium (20X). Nomenclature is described
in Table 1. Scale bar is the same for all images.

Viability of MC3T3-E1 cells with or without SPP and with or without osteogenic differentiation medium was
determined by resazurin analysis. The results are given in Figure 3 and Figure 4. All groups are shown
comparatively in Figure 3, while the results of the 13th day are shown in detail in Figure 4 by statistical analysis.
Increased cell viabilities were recorded for all group from day 1 to day 13.

When the effect of differentiation medium on cell proliferation was examined, it was observed that the viability
of the cells cultured in the differentiation medium was significantly lower than those cultured in the control
medium (p<0.05), while in the presence of 0.125 mg/mL SPP in the medium, the cell viability in the differentiation
group was significantly (p<0.01) higher than in the control group (Figure 4a). The significant differences in
viability between the control and SPP groups at day 13 are better illustrated in Figure 4b. Cells in growth medium
without SPP showed highest cell viability when compared to the SPP including groups. However, in differentiation
medium, cells cultured with 0.125 mg/mL SPP showed higher viability than those cultured in differentiation
medium alone (p<0.05). The control group showed significantly higher viability than the groups with 0.25 mg/mL
SPP and 0.5 mg/mL SPP in both media. In line with these results, the suppressive effect of SPP on cell viability was
shown at values of 0.25 mg/mL and above as the culture time was prolonged. When the first day results were
analyzed, it was observed that SPP concentrations, which did not show a negative effect on cell viability,
suppressed cell proliferation in dose dependent manner as the culture time was prolonged.
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Figure 3. Resazurin analysis results of osteogenically induced and control MC3T3-E1 cells with / without SPP in
culture medium at days 1, 4, 6, and 13.
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Figure 4. Resazurin analysis results of osteogenically induced and control MC3T3-E1 cells with / without SPP in
culture medium at day 13. % (p<0.05), %% (p<0.01), and %% % (p<0.001) mean significant difference between
compared groups. a) Comparison of groups containing the same amount of SPP b) Comparison of cells cultured in
control medium or differentiation medium containing different amounts of SPP. CM: control medium, DM:
differentiation medium.

Alkaline phosphatase (ALP) activity is one of the most important and widely used parameters to demonstrate
osteogenic differentiation of osteoblast cells and stem cells [10]. In this study, the effect of SPP on the osteogenic
differentiation potential of MC3T3-E1 cells was analyzed by ALP staining. Inverted phase contrast images of ALP
stained osteogenically induced MC3T3-E1 cells in control medium without SPP after 14 days of in vitro culture are
given in Figure 5. ALP activity was observed only in osteogenic-induced MC3T3-E1 cells without SPP application.
No ALP activity was observed in other groups (images not shown). The pink areas in the images show high ALP
activity, while the darker areas show mineralization. Although there are studies in the literature investigating the
effects of SPP on different cell lines and stem cells, no study with MC3T3-E1 cell line was found within the scope
of our research. In a study, osteogenic and odontogenic differentiation of human tooth germ stem cells was
investigated in the presence of 20pg/mL SPP. Increased mineralization, ALP activity and expression of osteogenic
and odontogenic markers were found for human tooth germ stem cells after 14-day of culture in differentiation
medim [8]. This study differs from ours in that it uses different cells and has a lower SPP concentration (6.25 times
lower than the lowest concentration utilized in our study, 0.125 mg/mL). In another study, the effects of SPP on
primary human dermal fibroblasts and cutaneous wound healing was investigated. 0.15 pg/mL SPP concentration
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significantly increased migration capacity and superoxide dismutase activity of the cells. In addition, combination
of SPP in Pluronic gel supported cutaneous wound healing with increased collagen synthesis and contraction in
wound area [11].

Figure 5. ALP staining results of ostevogenically-induce-d MC3T3-E1 cells in control medium without SPP after 14
days of in vitro culture (20x). Scale bar is the same for images.

4. Conclusions

In this study, the effects of SPP, a boron compound, on the viability and osteogenic differentiation capacity of
MC3T3-E1 mouse pre-osteoblast cell line were investigated. MTT analysis results indicated that cells cultured in
0.25 mg/mL SPP concentration showed significantly higher viability compared to the control group without SPP
at 24 h culture. The cell viability decreased 92.85% and 49.1% at 4 mg/mL and 8 mg/mL SPP concentrations
(p<0.001 compared to all groups), respectively. Osteogenic differentiation studies were carried out at 0, 0.125,
0.25 and 0.5 mg/mL concentrations of SPP. In addition, resazurin analysis indicated that the cells retained their
proliferation capacity through 13 day of cell culture both in growth medium and osteogenic induction medium.
However, SPP treatment reduced MC3T3-E1 cell proliferation except for cells cultured in 0.125 mg/mL SPP
containing osteogenic differentiation medium. Besides that, there was no ALP activity in all SPP applied groups.
ALP activity was only observed for cells cultured in SPP-free osteogenic differentiation medium. As a result, the
SPP concentrations applied in this study generally suppressed the proliferation of MC3T3-E1 cells in both growth
medium and bone differentiation medium, but also reduced their osteogenic differentiation potential. In future
studies, the effects of lower concentrations of SPP on osteogenic differentiation of MC3T3-E1 cells can be examined
both by in vitro cell culture techniques and molecular techniques.
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Design and Implementation of an Automated
Reporting Solution for DCS and SCADA via OPC in
Thermal Power Stations
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Abstract

This paper focuses on developing an automated reporting system for a thermal
power plant, using OPC technology to collect accurate, time-stamped data.
Reports are crucial for businesses at every stage, helping document progress and
ensuring compliance with regulatory requirements. The study emphasizes the
risks associated with manual data entry, such as human error, data loss, and
inefficiency. An automated reporting system addresses these issues by ensuring
greater accuracy, minimizing errors, and saving time. It also optimizes personnel
needs and boosts productivity while supporting strategic decision-making. Data
is gathered from SCADA and DCS, with PTC Kepware software facilitating
communication, and stored in a Microsoft SQL Server database. The system,
supported by Robosoft Control (Turkey), offers a reliable, efficient solution that
enhances operational performance and regulatory compliance in the thermal
power sector.

Keywords: Automated reporting; DCS; OPC; SCADA

Termik Santrallerde OPC Araciligiyla DCS ve SCADA
Sistemleri icin Otomatik Raporlama Céziimiiniin

Tasarimi ve Uygulanmasi

Oz

Bu makale, bir termik santral i¢in dogru, zaman damgali veriler toplamak
amaciyla OPC teknolojisini kullanan otomatik bir raporlama sistemi gelistirmeye
odaklanmaktadir. Raporlar, isletmelerin her asamasinda ilerlemeyi
belgelemelerine ve diizenleyici gerekliliklerle uyumu saglamalarina yardimci
oldugu icin oldukc¢a 6nemlidir. Calisma, el yazisi ile yazilan veri girisinin neden
oldugu insan hatasi, veri kaybi ve verimsizlik gibi risklere vurgu yapmaktadir.
Otomatik bir raporlama sistemi, daha yiiksek dogruluk saglayarak, hatalar
minimize eder, zaman tasarrufu saglar ve personel ihtiyaclarin optimize eder.
Ayrica, tiretkenligi artirir ve stratejik karar alma stireglerini destekler. Veriler,
SCADA ve DCS izerinden toplamir, PTC Kepware yazilimi iletisimi
kolaylastirirken, veriler Microsoft SQL Server veritabaninda depolanir. Robosoft
Control (Tiirkiye) tarafindan desteklenen sistem, termik santral sektdriinde

operasyonel performansi ve diizenleyici uyumu artiran giivenilir ve verimli bir
¢Ozlim sunmaktadir.

Anahtar Kelimeler: DCS; OPC; Otomatik Raporlama; SCADA
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1. Introduction

Reports play a crucial role in business operations. They are essential not only during a company's launch but
also for its ongoing growth, expansion, and long-term sustainability. Reports help track a business’s progress over
time and serve as a historical record. These documents are often necessary when seeking funding from investors
or financial institutions. To comply with legal obligations, businesses produce time-based reports (daily, weekly,
monthly, yearly, etc.) for stakeholders and government agencies. Additionally, reports support important
decisions related to purchasing, expansion planning, or even selling the business.

SCADA and Distributed Control Systems (DCS) handle thousands to millions of input/output (I/0) channels
within their own networks. The demand for these systems continues to grow as higher /0 capacities are adopted.
Large-scale facilities benefit from SCADA and DCS—collectively known as Operational Technology (OT)—as they
enable uninterrupted operations along with capabilities such as real-time monitoring, process control,
engineering functions, and data archiving. However, these systems are not well-suited for reporting purposes, as
they are process-oriented and often lack data in a usable tabular format.

To bridge the gap between OT and IT networks, the OPC protocol can be used to facilitate smooth data
exchange. Once the necessary data is transferred to the IT environment, it can be organized in any desired tabular
format.

This study proposes the development of a sample reporting system using OPC technology for a thermal power
plant. The aim is to design a flexible reporting system that delivers accurate, reliable, and time-stamped data for
both business and regulatory use. Key objectives include eliminating data loss from handwritten logs, reducing
human error through automated calculations and formatting, saving time via streamlined reporting, establishing
a robust reporting infrastructure, and allowing personnel to focus on their core responsibilities. By automating
report generation and formatting, the system is expected to improve data accuracy, operational efficiency, and
overall staff productivity.

1. Methodology
2.1 Literature Review

Caiza et al. created an architecture that used a laptop as an OPC UA client to generate digital twins on an
online platform using AJAX for HMI web programming [1]. A Siemens S7-1200 was attached as a second client that
could read and write tags to the OPC UA server operating on a Raspberry Pi. In the study, using an open API called
DataLink, Ala-Laurinaho et al. assessed the viability of creating a digital twin [2]. They connected a switch to a
GraphQL API gateway and set up an OPC UA server on a Raspberry Pi to run an overhead crane. The crane network
experienced poor quality and delayed response times, with latency growing dramatically when additional devices
connected or big data requests were made, even if the Raspberry Pi and crane PLC connection was successful.
Abdelsattar, Park, and Marzouk's paper suggests an Industry 4.0-aligned digital twin architecture for SCADA [3].
The system combines OPC UA with Ignition software to generate digital twins of sensors and actuators, as
demonstrated using a FESTO MPS processing station. A Raspberry Pi controller connected to conventional
microcontrollers and mobile connectivity provide improved monitoring and control. The example confirms that
the strategy is feasible for implementing digital twins in manufacturing automation.

To monitor and manage Industry 4.0 production processes, Caiza and Sanz's work suggests an architecture
that incorporates an immersive Digital Twin into a production Execution System (MES) [4]. Following ISO 23247
guidelines, the system is deployed in a smart manufacturing lab with Festo equipment, utilizing technologies such
as CPS, 10T, robots, AR/VR, and OPC UA. Itincludes dynamic digital modelling, real-time data collecting, interactive
AR/VR interfaces, and 3D production line visualization. The method promotes greater customisation and
innovation by improving production efficiency, facilitating real-time issue identification, and enhancing
interoperability. In the study, the application of Al large models in the energy sector, particularly in Virtual Power
Plants (VPPs), is examined. The research highlights how large models enhance VPP operations, market strategies,
data management, and user interaction, improving efficiency, security, and service quality. Challenges such as data
privacy, model transparency, and system integration are also discussed. Strategies are proposed to address these
issues, promoting the sustainable and intelligent development of VPPs through Al technologies [5]. The feasibility
of using the Open Platform Communication Unified Architecture (OPC UA) protocol for real-time reporting in
mobile network-based Virtual Power Plants (VPPs) is investigated. Focusing on the Finnish TSO Fingrid and the
power reserve market, the research evaluates OPC UA as a modern alternative to legacy protocols like ICCP.
Simulation results demonstrate that OPC UA enhances communication efficiency and reliability, supporting its
potential to modernize VPP operations and facilitate the integration of Distributed Energy Resources (DERs) into
the smart grid [6].

A modular metaverse framework for power systems was developed to support simulation, 3D visualization,
and real-time analysis of distributed solar generation. Tested on a solar power plant at Fluminense Federal
University, Brazil, it integrated SCADA data, fault detection, and weather forecasts, demonstrating enhanced
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monitoring, operational insights, and decision-making capabilities [7]. In the study, a Generative Al system using
large language models was developed to automate report generation, data extraction, and graph updates in
government entities. Tested on the World Economic Situation and Prospects report, it achieved error rates of 0.87-
17.46% while improving efficiency, consistency, and analytical insights. A review workflow enables continuous
model refinement [8]. In the study, an architecture is proposed for monitoring and visualizing automated
workplaces using OPC UA, IBH Link UA, and the Bluebird platform. The solution enables real-time diagnostics,
seamless connectivity, and remote management without full equipment replacement. Evaluation yielded
Capability Index (CpK) values of 0.58-0.61 and Cp values of 0.58-0.63, highlighting potential for improved process
stability. The approach offers a cost-effective, interoperable framework for digitalizing industrial processes in line
with Industry 4.0/5.0 standards [9].

Lastly, a three-layer OPC UA-based architecture is proposed for secure, scalable, and real-time management
of aggregated microgrid systems. The architecture integrates Microgrid Aggregation, Communication Platform,
and Distributed Microgrid layers to support both high-level scheduling and real-time BESS control. Leveraging
dynamic information models and edge cloud computing, it minimizes network overhead while ensuring
interoperability across heterogeneous devices. Experimental validation demonstrates up to 17.86x latency
reduction, confirming compliance with Industry 4.0 benchmarks and suitability for cloud-integrated microgrids
[10].Consequently, numerous studies have been conducted independently, addressing OPC UA-based
architectures and reporting systems for various applications, but any of them specifically focus on thermal power
stations’ reporting systems. This article seeks to bridge this gap by integrating these technical developments into
a cohesive framework, aiming to provide a systematic, streamlined, and functional approach that enhances both
understanding and practical implementation in the context of power plant monitoring and reporting.

2.2 Industrial Control Systems

A Programmable Logic Controller (PLC) is a microprocessor-based device used for automating and
controlling industrial processes. Developed in 1969 by Modicon, PLCs replace traditional control circuits. The
programming device, program and data memory, CPU, input and output interfaces, communications interface, and
power supply are among the basic parts of a PLC that are shown in Figure 1. As the primary component, the
processor receives inputs from the input interface, processes the data using the stored program, and transmits
commands via the output interface. While the power supply guarantees continuous system operation, the
communications interface facilitates connectivity with external devices.

Programming
device A [Program & data Communications [,
memory interface —
Fr f
— Input Output [
I inter- Processor inter- —>
face ;
—p| face ’

Power supply J

Figure 1. The Architecture of Programmable Logic Controller (PLC) [11].

PLCs communicate with external devices using field buses and are essential for industrial automation,
offering flexibility, reliability, and precise control. Another Industrial Control System is SCADA (Supervisory
Control and Data Acquisition). SCADA is a software system designed to monitor and control industrial processes.
Initially introduced in 1973, SCADA have advanced alongside technology. These systems integrate both hardware
and software to provide real-time insights and control over industrial operations through user-friendly interfaces.
SCADA is typically centralized and consist of a network of hardware and software. They rely on Remote Terminal
Units (RTUs) or Programmable Logic Controllers (PLCs) for control actions. These systems automate most
operations but allow manual intervention when needed (e.g., adjusting water flow in a power plant or gas
pipeline). The system involves four key components: Data Acquisition, which collects real-time data from sensors
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to monitor process parameters such as pressure and flow; Data Communication, which transmits this data
between sensors and controllers, often over the internet; Information Presentation, where Human-Machine
Interfaces (HMIs) display the data for operators; and Monitoring and Control, enabling remote automation of
processes with the option for human intervention when required.
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Figure 2. SCADA Network Architecture [12].

The system consists of several components: Field Devices/Sensors, which monitor physical parameters like
temperature and pressure; Remote Telemetry Units (RTUs), which collect and transmit data to central systems;
Programmable Logic Controllers (PLCs), responsible for controlling industrial processes; and SCADA Master Units,
which process the data and issue commands. A Communication Network transfers data between the SCADA master
units and RTUs. The Human-Machine Interface (HMI) allows operators to interact with the system, while a
Database stores historical data for future analysis. Advanced Control Systems use complex algorithms to optimize
and refine processes. SCADA is essential for monitoring and controlling critical infrastructure across diverse
sectors. They are used in power generation and distribution, water and sewage management, manufacturing,
public infrastructure (like traffic systems), oil and gas industries, communication networks, and building
management systems (such as HVAC). SCADA enhances operational efficiency, safety, and real-time control,
ensuring smooth, automated processes in these industries. Figure 3 illustrates a sample system demonstrating
within a SCADA environment. SCADA offers several advantages, including real-time monitoring for enhanced
operational control, improved decision-making through data collection, energy management to reduce penalties,
and quick responses to system anomalies. They also feature failure detection through alarms and alerts,
preventing potential issues. However, SCADA comes with disadvantages such as complexity in maintenance, high
initial installation costs, potential job reductions due to automation, and compatibility challenges with certain
hardware or software. In conclusion, SCADA is crucial for efficient industrial operations, but they come with
certain complexities and costs.
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Figure 3. Enhanced Operational Visibility and Control on SCADA [13].

The other Industrial Control System is a Distributed Control System (DCS). DCS is an automated control
system designed for large-scale manufacturing or processing plants, where control elements are spread across
various locations. Unlike centralized systems, DCS operates through dedicated controllers for each process
element, ensuring system continuity and redundancy in case of failures. It features strong communication
protocols and high cybersecurity. Key components include engineering workstations for configuration, operator
stations (HMIs) for monitoring, distributed controllers for localized control, and communication systems for
linking devices. DCS architectures are defined by segmentation, advanced control integration, and a unified
system. The system ensures reliability through redundancy, uses pre-configured function blocks for simplified
programming, and integrates advanced HMIs for operator ease. Additionally, DCS platforms are scalable, with
robust security features to maintain plant safety and accommodate evolving process needs.

Some of the products from major vendors are: ABB- Freelance 800F and 800 xA , Yokogawa- Centum CS 3000

and 1000, Honeywell-TDC 3000, Emerson- Delta V Digital Automation, Siemens- Simatic PCS 7 / TIA Portal / SPPA
T3000, GE Vernova Mark Vie and Allen- Bradley- NetLinx are some of the products from major vendors [14]. DCS
is mostly utilized in industries including petrochemical and refineries, chemical factories, car manufacturing,
power plants, sewage and water treatment facilities, pharmaceutical manufacturing, food processing, and
agriculture. A Distributed Control System (DCS) offers numerous advantages, including enhanced control through
sophisticated algorithms like PID, scalability to manage larger processes, and accessibility via remote monitoring
on PCs or mobile devices. It ensures safety with interlocks and alarms, minimizes downtime through redundancy,
and supports extensive data collection and analysis. Additionally, DCS provides flexibility with easy
programmability, seamless integration with other systems like PLCs and SCADA, and simplified maintenance
through its modular design. It is also cost-effective compared to traditional systems. However, DCS has some
disadvantages, such as high initial costs, complexity that requires specialized training, susceptibility to hardware
failures, software issues, and cyber threats, limited data visualization capabilities, and challenges with remote
access in certain configurations. This comparison highlights that DCS is designed for continuous, high-precision
control, especially in industries like petrochemicals, whereas SCADA is more suited for monitoring and control of
batch processes and wide-area networks.

2.3 OPC Unified Architecture (OPC UA)

OPC (Open Platform Communications) is an interoperability standard designed for reliable data exchange
across different industries, particularly in industrial automation. Initially, OPC was based on Windows OS (known
as OPC Classic) and became widely used across sectors like manufacturing, utilities, and oil & gas. It defines
guidelines for communication between devices, including real-time data access, event monitoring, and historical
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data. As technology advanced, new security and data modelling needs emerged, leading to the development of OPC
UA (Unified Architecture). OPC UA is more scalable, flexible, and future-proof, addressing the challenges of modern
service-oriented systems. The OPC Foundation oversees the development of these standards, and OPC UA has
become the preferred platform for interoperability across industries. OPC uses a client/server model where the
OPC Server converts PLC data into OPC protocol for access by other applications. The OPC Client allows
applications to retrieve or control data from the OPC Server [15]. This system supports real-time data management
and process control, requiring integration of both process control and information technologies. Figure 4 shows
sample SCADA based on OPC server architecture. The OPC UA server generates the address space with nodes using
the OPC UA information model and then associates the nodes with the variables in the PLC implementation.
Finally, the variables and complex structures of the PLC implementation are made available to external OPC UA
clients.
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Figure 4. SCADA based on OPC server architecture [16].

An OPC Client (e.g., HMI or Historian) receives data from an OPC Server, which communicates with a PLC
using a non-OPC protocol (e.g., Modbus). The OPC Server requests specific data from the PLC, translates it into OPC
format, and sends it to the OPC Client [17]. The OPC Client does not need to know about the PLC's configuration,
as long as the OPC Server is properly set up by the integrator to handle the PLC's specific protocol and data. Parts
of the OPC UA requirements are required for IEC standardization. OPC UA is going to be recognized as an IEC 62541
standard. The automation sector has accepted OPC UA requirements as the norm. OPC UA is made up of distinct
model layers with enhanced particulars for some regions. The many levels of information models that OPC UA
specifies are shown in Figure 5.

Specifications of Information Models
of other Organisations

OPC UA Base Services

Transport OPC UA Data Model

Modeling Rules

Figure 5. OPC UA layers [18].
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The Data Access (DA) specification enables real-time access to data from devices like PLCs and HMIs,
supporting reading, writing, and subscribing to updates. The Alarm & Conditions (AC) specification handles
alarms, events, and system conditions in automation systems, offering features for acknowledgment, filtering, and
monitoring. The Historical Access (HA) specification allows for the retrieval and analysis of historical data, with
capabilities for database updates and server-side calculations. Lastly, the Programs (Prog) specification manages
automation programs by providing lifecycle event notifications and status tracking. OPC UA is a communication
protocol widely used across various industries such as automotive, oil and gas, energy, packaging, building
automation, and healthcare. Its benefits include high interoperability, enabling devices from different
manufacturers to communicate seamlessly through a range of protocols like TCP/IP, MQTT, and WebSockets. It
also prioritizes security with encryption, authentication, and secure key management. The protocol is scalable,
flexible, and can be used in everything from small, embedded devices to enterprise-level servers. Additionally, OPC
UA supports real-time data exchange, making it ideal for industrial automation and time-sensitive applications
[19]. Looking to the future, OPC UA holds the potential to drive universal industrial interoperability, enhance edge
computing, and support emerging technologies like digital twins and autonomous systems, while improving
cybersecurity and enabling IT/OT convergence. Through the unification of hardware, software, and technologies
enabling smooth subsystem collaboration, control system integration improves performance in industrial plants.
Data flow between system levels is optimized by using models like the automation pyramid and protocols like OPC.
Different fieldbuses accommodate varying data requirements and rates as production systems get increasingly
complicated. In order to enable both horizontal (from machine to machine) and vertical (from shop floor to
enterprise) integration, system integrators play a critical role in connecting these layers. Thanks to innovations
like PLCs and software-based HMIs, industrial integration has changed from discrete initiatives to standardized
procedures since the 1970s. Cost effectiveness and the requirement for integrated, efficient production
management are driving the market's continued expansion.

Figure 6. Automation Pyramid with OPC UA vertical and horizontal integration [20].

The manufacturing process is structured across different levels, starting from the field level, where sensors,
actuators, and devices are located. At this level, digital connections and Ethernet (including industrial versions)
enable communication, although older fieldbus protocols like Profibus and ModBus are still in use. PLC devices
serve as both process controllers and gateways for higher-level communication, with OPC servers facilitating data
exchange. At the SCADA level, data from the field is collected, transmitted, and processed for real-time analysis.
SCADA uses OPC standards to enable interoperability across devices, improving vertical and horizontal
integration. The distinction between SCADA and field-level devices has blurred, with modern PLCs and PACs
offering greater functionality. Security is crucial, with firewalls and VPNs protecting against cyber threats.
Enterprise-level systems, like MES and ERP, integrate production and business operations, automating tasks like
production scheduling and maintenance. MES ensures real-time data flow for optimized decision-making, while
ERP systems unify business processes like order processing and customer management. Integration between MES,
ERP, and SCADA is achieved through OPC and B2MML, ensuring smooth data exchange across levels [21].

2.3.1 The Critical Role of Reporting in Business Management

Effective reporting plays a pivotal role in business success by transforming raw data into actionable insights
that support informed decision-making. It enables organizations to track performance, evaluate strategies, and
plan for the future by revealing key trends, patterns, and KPIs. Reports also foster communication and
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transparency, keeping all stakeholders informed and building trust. They ensure accountability by providing a
clear record of decisions and actions, while helping businesses comply with regulatory requirements. Moreover,
reporting serves as a tool for discovering both risks and opportunities, enabling early intervention and resource
optimization. In essence, reporting acts as a vital compass for businesses, guiding them towards their objectives
while adapting to the evolving needs of the organization and its stakeholders.

2.3.2 National Load Dispatch Center (NLDC)

The National Load Dispatch Center (NLDC) is responsible for maintaining the real-time balance between
electricity generation and consumption in Turkey. It oversees the operation of the 400 kV transmission system,
ensuring the security, quality, and reliability of the national energy grid. Additionally, the NLDC manages the
Balancing Power Market and Ancillary Services Market. Regional load dispatch centers focus on the operation and
evaluation of 154 kV transmission systems, handling tasks such as electricity supply-demand balancing,
emergency response, international interconnections, operational planning, and system security analyses. Key
responsibilities also include short-term energy planning, load frequency control, and ensuring system stability
through N-1 analysis [22].

2.3.3 OPC Server and Client Solutions

An OPC client application is a software program that connects to an OPC server to read and write real-time
data from industrial automation devices and systems. Think of it as an interface that allows various software
applications (like HMIs, SCADA, historians, and reporting tools) to communicate with different types of industrial
hardware through a standardized protocol [23]. An OPC client application serves as a consumer of data from OPC
servers, facilitating communication between different software systems in industrial automation. Its primary
functions include connecting to OPC servers, which act as intermediaries between devices and the OPC standard;
browsing available data points, or "tags," representing real-time values from devices such as temperature or motor
speed; and reading data to display real-time process information. In some cases, OPC clients can also write data
back to servers to control devices, like adjusting temperature or starting motors. Additionally, OPC clients can
subscribe to specific data points to receive automatic notifications of changes, eliminating the need for continuous
updates. The client also handles data quality and timestamps to ensure accurate monitoring and analysis [24].

Leading providers of OPC server and client solutions offer a range of products for industrial connectivity and
automation, catering to various needs from simple diagnostics to complex systems. Notable providers include PTC
(Kepware) with its KEPServerEX platform, MatrikonOPC (Honeywell) focusing on OPC UA and interoperability
tools, and Software Toolbox offering TOP Server for bridging OPC client and server functions. Iconics (Mitsubishi
Electric) integrates OPC into its automation software, while Advantech and Endress+Hauser focus on OPC servers
for specific devices. Other key players include Siemens, OPC Labs, Takebishi (DeviceXPlorer), Moxa, CimQuest
INGEAR, and OPCTechs, each providing specialized OPC solutions for industrial automation and system
integration. When selecting an OPC server and client solution, several key factors must be considered to ensure
compatibility and optimal performance. First, verify that the client can connect to the specific OPC server and
supports the necessary industrial device protocols, such as Modbus or PROFINET. It's also important to determine
whether OPC Classic (DA, HDA, A&E) or the more modern OPC UA meets with the needs, especially when factoring
in security, platform independence, and information modelling. Ease of use and configuration are crucial for
smooth setup and maintenance, so look for solutions with intuitive interfaces and clear documentation. Scalability
and performance should be assessed to ensure the solution can handle the required data volume. Additionally,
prioritize security features, particularly for OPC UA, ensuring robust authentication and encryption. Choosing a
reliable vendor known for strong support and product stability is essential, and finally, comparing cost structures
and licensing options will help ensure the solution fits with the budget.

Robosoft Control (Turkey) Solutions specializes in industrial automation and is chosen to develop an
automated reporting system due to its expertise in products like the KEPWARE OPC Server. The company offers
services including data acquisition from industrial systems, cloud-based monitoring, and reporting, as well as
developing SCADA and MES applications. Serving industries like energy (hydro, wind, solar), manufacturing, and
process automation, Robosoft integrates with ERP systems and partners with KEPWARE as a local OEM. As a
Microsoft Solutions Partner, they also incorporate Microsoft technologies into their solutions, such as their OPC
Client application, RBSReport, which logs signal values to MS SQL Server.

KEPServerEX is a top connectivity platform that provides a unified source of industrial automation data. It
allows users to manage and control devices and software through an intuitive interface, using protocols like OPC,
SNMP, ODBC, and web services to access raw data from OPC servers. Figure 7 provides a general overview of the
KEPServerEX software interface, which enables designers to establish communication between different types of
OPC platforms.
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Figure 7. KEPServerEX software sample interface [25].

Microsoft SQL Server is a relational database management system (RDBMS) by Microsoft that stores and
retrieves data in tables with relationships. It includes features like cloud support, business intelligence tools,
scalability, security, and high availability, and integrates well with other Microsoft products. Raw data from an OPC
server is stored here for report generation.

2.3.4 RBSReport Reporting Software

The basic software from the “RBSReport Reporting Software” used for this study can be summarised in 3
products as described below although there are some more products in the software:

RBS Configurator is the primary tool for configuring the reporting system. It allows users to set parameters
like OPC server-client connections, user settings, database rules, tables, and table templates.

RBS Data Logger records data from OPC Servers based on time or events and stores it in tables created by
RBS Report on MS SQL Server. The only requirement is an OPC Server, allowing any type of data to be stored on
MS SQL Server.

RBS Excel Trend RBS Excel Trend enables users to generate reports and trend analyses using pre-configured
Excel templates. It allows for querying columns and dates from an MS SQL Server database, with the option to view
data on a dashboard and save results in CSV or Excel format.

3. Results and discussion

This study examines the use of OPC (Open Platform Communications) technology to automate report
generation for the National Load Dispatch Center (NLDC), ensuring compliance with regulatory standards. It also
focuses on managing "Coal and Fuel Consumption” data through the SCADA in a thermal power plant to monitor
coal usage, stock levels, and supply chain operations. By implementing this automated reporting system, the plant
has enhanced data accuracy, minimized human error, and improved efficiency. The system reduces risks such as
data loss, security breaches, and compliance failures, while also saving time and optimizing productivity. OPC
technology enables reliable, time-stamped reports that support better decision-making and regulatory adherence.
The study further discusses the software tools, including PTC (Kepware) for communication between the client
and various DCS/SCADA, and Microsoft SQL Server for structured data management and report generation.

The products of Robosoft Control (Turkey) are used in this solution as they provide essential software
packages. RBS Configurator is used for configuration tool of the reporting system. All the parameters such as the,
user tables, database rules, table templates, etc. are configured with the help of this application. Figure 8 provides
an overview of the designed system, which enables designers to create, modify, and manage the types of reports
required by users.
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Figure 8. RBS Configurator screenshot.

RBS Data Logger is used to record data read from OPC Servers on time and event basis to tables created with
RBS Report on MS SQL Server. RBS Excel Trend is used to display tables with the configured data for the selected
timeframe from the MS SQL Server database. The tables can be viewed on its dashboard or exported as CSV or
Excel files. Figure 9 provides an overview of the designed system, which allows users to select the type of report

they require for any desired time interval.
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Figure 9. RBS Excel Trend screenshot.

All pertinent data is stored in a SQL database after the configurations are complete. It is always accessible, as
demonstrated below by the sample outputs from the automated reporting system that was created. The power
generation values are needed for NLDC. After implementation of the related signals taking from the DCS to the

reporting system, it became easier to serve it clearly as seen on the Table 1.
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Table 1. Sample RGVK report output from the automated reporting system for the selected period.
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Figure 10. Manual data records for the Coal Stock Tracking from older time.
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The coal stock tracking was done by the handwritten paper notes as seen on the Figure 10 which was having
uncertainty and time dependency did not exist as seen Figure 10. However, after the implementation of the
automated reporting system, the recorded values became more accurate and time dependent. As shown in Table
2, more detailed data, complete with time stamps, can be accessed and reviewed at any time, ensuring both
reliability and real-time availability of information. Not only the coal but also the fuel oil consumption, stock values
and other so much measurement had already implemented to the reporting system.
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YIGIN_NO Saws 0 Coal Type| Tons Coal Type Tonis Coal Type Tons Coal Type Tons Coal Type Tons Coal Type Tons Coal Type Tons Coal Type Tonis BNKR10 BNKR20 BMKR30 BNKR4D BHKR10 BNKR20 BNKR30

15.03.2025 162938 272.00 800 127.00 200 25600 6771900 102400 8016500 102400 100 102400 46429.00
15.03.2025 16:30:08 272,00 800 128700 200 25600 B7719,00 1024,00 8016500 1024,00 100 102400 46429.00

024,00 00 102400 49960.00 256,00 7917800 102400 89569.00 909,00 52300 105700 48200 100400 78500 41,00
024,00 00 102400 4995200 256,00 T9176,00 102400 8956900 909,00 52300 105700 48200 1004,00 78500 41,00
15.03.2025 16:3038 272,00 800 1287.00 200 25600 BF719.00 1024,00 8016500 1024.00 100 102400 4642900 1024,00 00 102400 4934400 256,00 79178,00 102400 83569.00 90900 52300 105700 48200 100400 78500 41,00
15.03.2025 163108 272.00 800 1287.00 200 25600 BF719.00 1024,00 8016500 1024.00 100 102400 4642900 1024,00 00 102400 4993600 256,00 79178,00 102400 83569.00 90900 52300 105700 48200 100400 78500 41,00
15.032025 163138 272.00 800 1247.00 200 25600 BFT19.00 1024,00 8016500 1024.00 100 102400 4642900 1024,00 00 102400 4932800 256,00 79178,00 102400 89569.00 90900 82300 105700 48200 100400 78500 841,00
15.03.2025 163208 272.00 800 1287.00 200 25600 B7719.00 1024,00 8016500 1024.00 100 102400 4642900 1024,00 00 102400 4932000 256,00 79178,00 102400 8956900 90900 82300 105700 48200 100400 7B500 841,00
15.03.2025 163238 272.00 800 1287.00 200 25600 B7719.00 1024,00 8016500 1024.00 100 102400 4642900 1024,00 00 102400 4931200 256,00 79178,00 102400 89569.00 90900 82300 105700 48200 100400 7B500 841,00

| 15.03.2025 16:3308 272,00 800 1287,00 200 25600 8771900 102400 8016500 102400 100 102400 46429.00 102400 00 102400 4990400 256,00 79178,00 102400 §9569.00 909,00 S2300 105700 48200 100400 78500 941,00
| 15032025 16:3338 27200 800 128700 200 25600 8771900 102400 8016500 1024.00 100 102400 4642900 102400 00 102400 4989600 256,00 78178,00 102400 §9569.00 909,00 S2300 105700 48200 100400 785,00 941,00
| 15032025 16:34:08 27200 800 128700 200 25600 8771900 102400 8016500 1024.00 100 102400 4642900 102400 00 102400 4988800 256,00 79178,00 102400 §9569.00 909,00 100500 105700 48200 100400 785,00 941,00
| 15032025 16:3438 27200 800 1287,00 200 25600 8771900 102400 8016500 102400 100 102400 4642900 102400 00 102400 4988400 256,00 7917800 102400 §9569.00 909,00 100500 105700 48200 100400 78500 941,00
| 15032025 16:35:08 272,00 800 129700 200 25600 8771900 102400 8016500 102400 100 102400 4642900 102400 00 102400 4988000 256,00 7917800 102400 8956900 909,00 100500 105700 48200 100400 785,00 941,00
| 15032025 16:35:38 272,00 800 129700 200 25600 8771900 102400 8016500 102400 100 102400 4642900 102400 00 102400 4987200 256,00 7917800 102400 8956900 909,00 100500 105700 48200 100400 785,00 941,00

024,00 00 102400 4986400 256,00 7917800 102400 8956900 909,00 100500 105700 43200 100400 785,00 941,00
024,00 00 102400 4985600 256,00 7917800 102400 8956900 909,00 100500 105700 43200 100400 785,00 941,00
024,00 00 102400 4984800 25600 7917800 102400 8956900 909,00 100500 105700 43200 100400 785,00 941,00
024.00 00 102400 49840.00 25600 7917800 102400 39569.00 909.00 100500 105700 48200 100400 78500 41,00
024.00 00 102400 4983200 256,00 7917800 102400 89569.00 909,00 100500 105700 48200 100400 78500 41,00

| 15032025 16:3608 272,00 800 129700 200 25600 8771900 102400 8016500 102400 100 102400 4642900
15032025 16:36:38 272,00 800 129700 200 25600 8771900 102400 8016500 102400 100 102400 4842900
15032025 163708 272,00 800 129700 200 25600 8771900 102400 8016500 102400 100 102400 4842900
15.03.2025 163738 272,00 800 1297.00 200 25600 B7719.00 1024,00 3018500 1024.00 100 102400 46429.00
15.03.2025 163808 272.00 800 1297.00 200 25600 B7719.00 1024,00 3016500 1024.00 100 102400 46429.00

1
1
1
1
1
1
15.03.2025 16:39:08 272,00 800 1297.00 200 25600 BF719.00 1024,00 8016500 1024.00 100 102400 46429.00 1024,00 00 102400 4982400 25600 79178,00 102400 89569.00 909,00 100500 105700 48200 104,00
1
1
1
1
1

15.03.2025 16:38:38 272,00 00 1297.00 200 25600 BF719.00 1024,00 8016500 1024.00 100 102400 46429.00 1024,00 00 102400 4982800 256,00 79178,00 102400 89569.00 909,00 100500 105700 48200 104,00 941,00
941,00

15.03.2025 16:39.38 272,00 800 127.00 200 25600 B7719.00 1024,00 8016500 1024.00 100 102400 46429.00 102,00 00 102400 4981600 256,00 79176,00 102400 89569.00 909,00 100500 105700 48200 104,00 941,00
15.03.2025 164008 272,00 800 128700 200 25600 B7719,00 1024,00 8016500 1024,00 100 102400 46429.00 1024,00 00 102400 4980800 256,00 79178,00 102400 89569.00 909,00 100500 105700 48200 104,00 941,00
15.03.2025 164038 272,00 800 128700 200 25600 B7719,00 1024,00 8016500 1024,00 100 102400 46429.00 1024,00 00 102400 4980000 256,00 79176,00 1024,00 89569.00 909,00 100500 105700 48200 104,00 941,00
15.03.2025 164108 272.00 800 1287.00 200 25600 BF719.00 1024,00 8016500 1024.00 100 102400 4642900 1024,00 00 102400 4979200 256,00 79178,00 102400 83569.00 909.00 100500 105700 48200 1004,00 941,00
15.03.2025 164138 272,00 800 1247.00 200 25600 BFT19.00 1024,00 8016500 1024.00 100 102400 4642900 1024,00 00 102400 4978800 256,00 79178,00 102400 83569.00 909,00 100500 105700 48200 1004,00 941,00
15.03.2025 164208 272,00 800 1247.00 200 25600 BFT19.00 1024,00 8016500 1024.00 100 102400 4642900 1024,00 00 102400 4978000 256,00 79178,00 102400 83569.00 909,00 100500 105700 592,00 1004,00 941,00
15.03.2025 164238 272.00 800 1287.00 200 25600 B7719.00 1024,00 8016500 1024.00 100 102400 4642900 1024,00 00 102400 4977600 256,00 79178,00 102400 89569.00 909.00 100500 105700 59200 104,00 941,00

| 15.03.2025 164308 272,00 800 1287,00 200 25600 8771900 102400 8016500 102400 100 102400 46429.00 102400 00 102400 4976800 256,00 79176,00 102400 §9569.00 909,00 100500 1057,00 58200 1004,00 841,00
| 15032025 164338 27200 800 1287,00 200 25600 8771900 102400 8016500 102400 100 102400 46429.00 102400 00 102400 4976000 256,00 78178,00 102400 §9569,00 909,00 100500 1057,00 582.00 1004,00 841,00
| 15.03.2025 164408 27200 800 128700 200 25600 8771900 102400 8016500 1024.00 100 102400 4642900 102400 00 102400 4975200 256,00 79176,00 102400 §9569.00 909,00 100500 1057,00 582,00 1004,00 841,00
| 15032025 164438 27200 800 1287,00 200 25600 8771900 102400 8016500 102400 100 102400 4642900 102400 00 102400 4974400 256,00 7917800 102400 §9569.00 909,00 100500 105700 532,00 1004,00 341,00
| 15032025 164508 272,00 800 129700 200 25600 8771900 102400 8016500 102400 100 102400 4642900 102400 00 102400 4973600 256,00 79178,00 102400 8956900 909,00 100500 1057,00 592,00 1004,00 941,00
| 15032025 164538 272,00 800 129700 200 25600 8771900 102400 8016500 102400 100 102400 4642900 102400 00 102400 4972800 256,00 7917800 1024,00 8956900 909,00 100500 1057,00 592,00 1004,00 941,00
| 15032025 164608 272,00 800 129700 200 25600 8771900 102400 8016500 102400 100 102400 4642900 102400 00 102400 4972000 256,00 79178,00 1024,00 8956900 909,00 100500 105700 592,00 100400 941,00
| 15032025 164638 272,00 800 129700 200 25600 8771900 102400 8016500 102400 100 102400 4642900 102400 00 102400 4971600 256,00 79178,00 1024,00 8956900 909,00 100500 105700 592,00 1004,00 941,00
15032025 164708 272,00 800 129700 200 25600 8771900 102400 8016500 102400 100 102400 4642900 102400 00 102400 4970400 256,00 79178,00 102400 8956900 909,00 100500 1057,00 59200 1004,00 941,00
15.03.2025 164738 272,00 800 1297.00 200 25600 B7719.00 1024,00 3018500 1024.00 100 102400 46429.00 102400 00 102400 4970000 256,00 7917800 102400 89569.00 909.00 100500 105700 59200 104,00 941,00
15.03.2025 164808 272,00 800 1297.00 200 25600 B7719.00 1024,00 3016500 1024.00 100 102400 46429.00 1024,00 00 102400 4969600 256,00 7917800 102400 89569.00 909,00 100500 105700 59200 104,00 941,00
15.03.2025 164838 272.00 800 1297.00 200 25600 B7719.00 1024,00 3016500 1024.00 100 102400 46429.00 1024,00 00 102400 49688.00 256,00 7917800 102400 89569.00 909,00 100500 105700 59200 104,00 941,00
15.03.2025 164908 272,00 00 1297.00 200 25600 BF719.00 1024,00 8016500 1024.00 100 102400 46429.00 1024,00 00 102400 49680.00 256,00 79178,00 102400 89569.00 909,00 100500 105700 59200 104,00 941,00
15.03.2025 164938 272.00 800 1287.00 200 25600 B7719.00 1024,00 8016500 1024.00 100 102400 46429.00 102,00 00 102400 4967200 256,00 79176,00 102400 89569.00 909,00 100500 105700 592.00 104,00 941,00

4. Conclusion

The study focuses on developing an automated reporting system for power plants that integrates multiple
DCS and SCADA using OPC communication technology. These systems are crucial for various operational tasks but
fall short when it comes to generating reports due to their transaction-oriented nature. By using OPC-based
solutions, the study proposes a way to consolidate data from multiple systems into a single database for efficient,
accurate reporting. The study explores key technologies such as PLC, SCADA, DCS, and OPC communication, and
evaluates leading vendors and their software to determine the best fit for the project. The designed reporting
system eliminates manual errors, streamlines data collection, and enhances reporting speed and accuracy. As a
result, it reduces the need for manual data entry, lowers the number of staff required for reporting, and improves
overall operational efficiency, enabling better strategic decision-making and ensuring continuous, reliable data
archiving.
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EKkolojik ve Endiistriyel Atiklardan Yalitim
Malzemesi Uretimi
Muharrem Eren!"=, Erdem Alig 2#

(Bu ¢alisma ULIBTK’25 kongresinde sunulmusgtur)

0z

Tiirkiye’de; niifusun artis hizi ve sanayinin gelisimi ile birlikte, enerji tiikketimi ciddi boyutlara
ulasmistir. Bu tiiketimin biyik bdlimi, sanayi kullaniminin yam sira, konutlarda
gerceklesmektedir. Teknolojinin gelisimi ile insanhigin konutlardaki konfor ihtiyaci da giin
gectikce artis gostermistir. Bu durum; sinirli miktardaki enerjinin, konutlarda etkin olarak
kullanilmasi gerekliligini agik¢a ortaya ¢ikarmistir. Bu da yaliim uygulamalar ile elde
edilebilen enerji tasarrufunu, kaginilmaz kilmaktadir. Diinyada da 1s1 yalitim projeleri, giin
gectikce 6nem kazanmustir. Ulkemiz 'deki uygulamalarda; strafor, képiik vb. gibi ¢ogu petrol
tirevlerine dayali ¢esitli 1s1 yalitim malzemeleri yaygin olarak tercih edilmektedir. Bu
¢alismada; 1s1 yalitiminda aygicek sapi, misir sap1 gibi bazi ekolojik atiklar ve mese mantari,
tekstil pamugu gibi endiistriyel atiklar birlikte degerlendirilmistir. Ayrica; bu atiklarin
depolama zorluklarindan dolay1 ortaya ¢ikan, c¢evre sorunlarinin da Oniine gecilmis
olunmustur. Bu arastirma; Kahramanmaras'in ekolojik ve endiistriyel atiklarindan yalhtim
malzemesi iiretimi amaci ile deneysel olarak gerceklestirilmistir. Ekolojik atiklar Afsin ve
Elbistan’daki tarim alanlarindan, endiistriyel atiklar ise Kahramanmarag’taki tekstil
fabrikalarindan temin edilmistir. Yalittim malzemesi liretim prosesi atik malzemelerin kalip
icerisine yerlestirilmesi ve epoksi recinenin tzerine plskirtiilmesi ile preslenerek
gergeklestirilmistir. Presleme isleminde yiiksek 1s1 ve basing altinda birlestirme ydntemi
kullanilmistir. 25x140x160mm olgiilerindeki degisik tiirevlerde iiretilen, saf ve kompozit
plakalarin her birinin 1s1 iletim katsayisi tespit edilmistir. Bu degerler ise XPS, EPS, Gaz beton,
Tas yiinli gibi malzemelerin, 6lgiilen yalitim degerleri ile karsilastirilmistir. Ayrica; 1si1l
direngleri hesaplanarak, 1s1 yalitimi saglayip saglamadiklar1 gézlenmistir.

Anahtar Kelimeler: Ekolojik ve Endiistriyel atiklar; Geri doniisiim; Is1 yalitm malzemesi;
Yapilarda enerji tasarrufu

Production of Insulation Material From Ecological

and Industrial Wastes
(This study was presented at ULIBTK’25 congress)
Abstract

In Turkey, with the rapid population growth and industrial development, energy consumption
has reached significant levels. A large portion of this consumption occurs in residential
buildings, as well as in industrial use. With the advancement of technology, humanity's need
for comfort in homes has also increased daily. This clearly highlights the need for efficient use
of limited energy in homes. This makes the energy savings achieved through insulation
applications inevitable. Thermal insulation projects have become increasingly important
worldwide. Various thermal insulation materials, mostly petroleum-based, such as styrofoam,
foam, and other materials, are widely preferred in applications in our country. In this study,
ecological wastes such as sunflower stalks and corn stalks, along with industrial wastes such
as oak cork and textile cotton, were utilized for thermal insulation. Furthermore,
environmental problems arising from the storage difficulties associated with these wastes
were prevented. This research was conducted experimentally for the production of insulation
materials from ecological and industrial wastes in Kahramanmaras. Ecological waste was
sourced from agricultural lands in Afsin and Elbistan, while industrial waste was sourced from
textile factories in Kahramanmaras. The insulation material production process involved
placing waste materials in molds, spraying epoxy resin onto them, and then pressing them. The
pressing process employed high-heat and pressure bonding. The thermal conductivity of each
of the pure and composite panels, produced in various sizes of 25x140x160mm, was
determined. These values were compared with the measured insulation values of materials
such as XPS, EPS, aerated concrete, and rock wool. Furthermore, their thermal resistance was
calculated to determine whether they provided adequate thermal insulation.

Keywords: Ecological and Industrial wastes; Recycling; Thermal insulation material; Energy
saving in building.
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Ekolojik ve Endiistrivel Atiklardan Yalitim Malzemesi Uretimi Eren ve Alic

1. Giris/Introduction

Geleneksel yalitim malzemeleri olan polistiren (EPS, XPS) ve cam yiini gibi {iriinlerin iiretimi sirasinda
genellikle petrol tiirevleri kullanilmaktadir. Bu tiir yalittm malzemeleri hem ham madde hem de {iretim prosesi
sebebiyle yiiksek karbon ayak izine sahip olarak bilinmektedir[1]. Gelisen teknoloji ile birlikte dogal, ¢evreci ve
geri doniistliriilmiis malzemeler Dbirlestirilerek binalarin dis cepheleri icin yalitim malzemeleri
gelistirilebilmektedir[2-4]. Arslan ve Aktas 2018’deki calismalarinda yalitim malzemelerinin sahip olmasi
gereken 1s1l ve akustik 6zellikleri, su buhar1 direnci, yangin direnci vb. 6zellikleri ele alarak genis capli bir
degerlendirme yapmislardir. Bu ¢alismalarinda literatliire vurgu yaparak yeni nesil kompozit yalitim
malzemelerinin standartlarla belirlenen yalitim 6zelliklerini saglayabilecegini ifade etmislerdir. Sonug¢ kisminda
ozellikle siirdiiriilebilir binalar ve saglikl yasam alanlarinin olusturulmasi gerektigini ifade etmislerdir. Bunun i¢in
akustik konfor ve enerji verimliligi saglayan, diisiik 1s1 iletim katsayisina sahip yenilikgi ve biitiinciil (ekonomik ve
yerli) anlayis ile tasarlanip iretilen, kolay uygulanabilir yaliim malzemelerine gerek oldugunu ifade
etmislerdir[5]. Temiz ve Olgar 2017’deki ¢alismalarinda dogal ve yapay triinlerin liflerini alarak iirettikleri
panellerin yalitim 6zelliklerini arastirmislardir. Bunu i¢in ay¢icek, misir sapi, palmiye yapragi, misir sapi ve tekstil
malzemesi lifleri kullanmiglardir. Sonug olarak bu malzemelerin tilkemizde yalitim malzemesi olarak kullanilmasi
gerektigini ifade etmislerdir [6]. Yasar ve Altunok 2023’deki ¢alismalarinda tarim ve orman atiklarindan bazi
tohum ve lifli malzemeleri kullanarak organik izolasyon malzemesi liretmeyi amaglamislardir. Ozellikle diigiik
yogunlukta bir malzeme olmasini hedeflemislerdir. Sonu¢ olarak ¢am kozalagl ve aycicegi sapindan iiretilen
yalitim plakalarinin ¢ati altlarinda, i¢ mekan duvar ve taban ara désemelerinde ve prefabrik yapilarda ses ve 1s1
izolasyonunda kullanilabilecegini belirtmislerdir[7]. Majumder vd. 2021’deki ¢alismalarinda, binalarin ¢evresel
etkilerini azaltmak, yap1 malzemelerinin termal performansini iyilestirmek ve bu malzemelerin tiretim siireglerini
iyilestirerek cevresel siirduriilebilirligi artirmak amaciyla yalitim malzemesi gelistirmeyi amag¢lamislardir. Bu
amagla Italya’nin Sardunya adasina ait kire¢ macunu, opus signum bitkisi, geri déniistiiriilmiis malzemeler ve ham
kil ile dogal atik iiriinleri ve normalde ¢6p sahalarina atilmasi planlanan tarimsal yan {riinleri iceren yalitim
malzemesi Uretmislerdir. Sonug olarak iirettikleri yalitim levhasinin termal karakterizasyonunu incelemisler ve
yalitm malzemesi olarak kullanimini degerlendirmislerdir[8]. Antolinc ve Filipi¢ 2021’deki calismalarinda
endiistriyel dokunmamis tekstil atifindan termal ve akustik levhalar tretimini ve kullanilabilirligini
arastirmiglardir. Urettikleri levhalarin termal iletkenlik katsayisinin, binalarda termal yaliim olarak kullanilan
geleneksel malzemelerin termal iletkenlik degerlerine yakin oldugunu géstermislerdir. Sonuc¢ olarak, 6nerdikleri
1s1 yalitimi levhasinin bina insaati i¢in yeterli ve siirdiiriilebilir bir ¢éziim olarak kullanilabilecegi sonucuna
varmislardir[9]. Abu-]Jdayil vd. 2021’ deki ¢alismalarinda palmiye agaci ve polilaktik asit karisimindan olusan
kompozit ¢evreci bir yaliim malzemesi hazirlamayr amaglamislardir. Bunu i¢in farkli karisim oranlarinda
numuneler iiretmislerdir. Urettikleri kompozitlerin; yogunluk, su emilimi, kristallesme, termal iletkenlik, termal
difiizivite, erime sicakligi ve mekanik ozelliklerini degerlendirmislerdir. Sonu¢ olarak trettikleri kompozit
levalarin piyasada bulunan petrol bazli malzemelerle benzer termo-fiziksel ve mekanik 6zellikler gosterdigini
ifade ederek, kullanimini tavsiye etmislerdir[10]. Zhao X., vd. 2023’ deki daha stirdiirtilebilir yalittm malzemeleri
iiretmek amaciyla bir dizi arastirma gerceklestirmislerdir. Ozellikle binalarda, soguk zincir tasimaciliginda, termal
yalitim ve giriiltii azaltimi gereken yerlerde kullanilmasi hedefiyle hafif ve gozenekli yalitim malzemesi tiretimini
amaglamiglardir. Bunun i¢in yliksek mukavemet/agirlik orani, yaygin bollugu, diisik maliyeti ve goreceli
stirdirilebilirligi en yiliksek malzemelerden biri olarak bilinen ahsab1 se¢mislerdir. Bu asamada dogal ahsabin
glriiltiyii azaltmada ve 1s1 kaybini 6nlemede geleneksel petrol ve mineral bazli gézenekli yapilardan ¢ok daha az
etkili oldugunu bildikleri i¢cin ahsabin bu 6zelliklerini iyilestirecek yeni bir iiretim yontemi ortaya koymuslardir.
Dogal ahsaptan lignin ve hemiseliilozlarin hizli (~1 saat) yiiksek sicaklik islemi ve ardindan diisiik maliyetli
ortamda kurutma kullanilarak ¢ikarilmasiyla iiretilen 6lgceklenebilir, yliksek gézenekli bir ahsap yap1 elde ederek
cok iyi giiriiltii azaltma ve termal yalitim yeteneklerine sahip bir tiriin gelistirmislerdir. Sonug olarak bu yeni ahsap
esasli yaliim malzemesinin sinirh alana sahip termal yalitim uygulamalar1 gerektiren buzdolaplari, soguk zincir
tasimaciligl ve eski soguk hava depolari igin de kullanilabilecegini belirtmislerdir[11]. Bourbia vd. 2023 yilindaki
derleme c¢alismalarinda biyo-bazli malzemelerin enerji verimliligini artirma amaciyla bina dis cephe
uygulamalarinda kullanilmasinin fosil yakit bazli yalitim malzemelerine alternatif olarak umut vadeden ¢éziimler
getirdigini ifade etmislerdir. Biyo-bazli malzemelerin yenilenebilir, diisiik i¢ enerjili ve CO2 notr veya negatif olma
avantajlarina sahip oldugunu belirtmislerdir. Literatiir arastirmasi ¢alismalariyla, biyo-bazli bazi malzemelerin
higrotermal 6zellikleri ve termal enerji performanslari hakkindaki teorik ve deneysel ¢alismalarin mevcut durumu
hakkinda genis bir genel bakis a¢isi sunmuslardir. Derlemelerinde 6zellikle kenevir, ahsap, palmiye agaci, mantar
mesesi, halfa otu ve samani arastirmiglardir. Sonuc olarak dogal tiriinler kullanilarak daha ¢evre dostu binalarin
yapimi ve yeni siirdiiriilebilir yalitim malzemelerinin gelistirilmesinin miimkiin oldugunu belirtmislerdir[12].
Yukaridaki ¢alismalar incelendiginde biyolojik malzeme esash yalittm malzemesi kullanimi ihtiyaci ortaya
cikmaktadir. Bunun icin Ulkemiz cografyasinda yer alan bir¢ok dogal bitki, tarimsal atik, endiistriyel atik ve
tlrevleri kullanimi yayginlastirilabilir. Bu agidan yerel endiistriyel ve/veya tarimsal atiklardan elde edilen hem
geri doniistiiriilmiis hem de dogal malzemeler kullanilarak yalitim malzemeleri iiretilip binalarda kullanilabilir.
Bu da binalarin karbon emisyonunu azaltirken eko-siirdiiriilebilirligini artirir. Bu ¢alismada mantar mesesi
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kabugu, misir sap1 atig1, aycicek bitkisi atig1, islenmis pamuk atig1 gibi ekolojik ve endiistriyel atiklar kullanilarak
yenilikei bir 1s1 yalittm malzemesi liretimi amaglanmistir.

2. Materyal ve Metot/Material and Method

Tirkiye'nin yilda tekstil atik miktar1 Tablo 1'de ve tarimsal atik potansiyeli Tablo 2’de verilmistir. Tablo 1'de
yillik ¢opliige atilan tekstil atiklarinin 149,482 ton, Tablo 2’de ise misirin yillik 6,84 milyon ton ve aycicegini 4,4
milyon ton oldugu goriilmektedir. Tablo 2 verileri Unlii A. vd. 2023 yilindaki calismalarindan hesaplanarak
iiretilmistir[13]. Bu ¢calismada; mantar mesesi kabugu (Sekil 1.a) Andirin ilgesi orman alanlarindan, pamuk atiklari
(Sekil 1.b) Kahramanmaras ili tekstil fabrikalar1 atik sahalarindan, Aycicek sapi (Sekil 1.c) ve misir saplari (Sekil
1.d) Elbistan ilgesi tarim alanlarindan, temin edilmistir.

Tablo 1. Endiistriyel kat1 atik miktar1 ve bertaraf yontemleri [14].

Sanayi Grubu Tekstil Uriinleri imalat1 (Ton/Y1l) Giyim Esyasi imalat1 (Ton/Y1l)
Toplam Bertaraf Edilen 314,020 82,441
Copliige Atilan 149,482 35,416
Diizenli Depolama 110,672 39,733
Yakma Tesisi 29,014 1,187
Kompozit Tesisi - -
Isyeri Sahasinda Depolama 17,007 1,240
Dolgu Malz. Olarak Kullanma 5,950 3,001
Gelisigiizel Atma 1,547 1,773
Gole, Nehir'e Atma 73 3
Diger 276 88

Tablo 2. Tiirkiye'nin son donem tarimsal atik potansiyeli[13].

Tarimmsal Kalinti Tarimsal Atik Yillik Uretim (Milyon Ton) Enerji Potansiyeli (MTEP)
Bugday 20 8,095

Arpa 5,6 1,761

Misir 6,84 3,39

Pamuk 2,74 0,639

Aycicegi 4,4 4,11

Seker pancari 0,756 0,01

Yulaf 0,208 0,009

Cavdar 0,256 0,096

Toplam 40,8 18,11

Sekil 1. E
saplari.

Mantar mesesi; odun ham maddesinden ziyade biyolojisi itibariyle olusturdugu 6zel kabuk yapisiyla deger
kazanmaktadir. 10-12 yilda bir soyulan kabuklardan ¢ok farkli alanlarda faydalanma imkani bulunmaktadir.
Sadece Akdeniz havzasindaki dogal yayilisi iki milyon hektardan (ha) fazla oldugu degerlendirilmektedir. Yayilis
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gosterdigi alanlar Akdeniz ikliminin etkisi altindadir (Pereira, 2007). Mantar mesesinin Andirin-Kadirli gecis
bolgesinde yetistigi gozlenmistir.

Tablo 3. Kahramanmaras ilinin ilgeleri bazinda yetistirilen bazi tarla bitkilerinin kullanilabilir atik degerleri[15].

ilceler Bitkisel atiklar (ton/y1l) |
Bugday Arpa Cavdar Misir Pamuk Aycicegi Soya

Afsin 10840,70  3519,22 8,14 8105,33 874,38

Andirin 3015,32 36,00 6265,25 566,18 26,10

Caglayancerit 585,30 190,40 375,94

Dulkadiroglu 2441,85 212,40 20651,66 791,20 372,00 261,00

Ekindzi 894,73 612,00 13,73 150,29

Elbistan 10322,37  3131,89 37126,85 4464,00

Goksun 7404,14 1970,21 32,01 928,22 1512,80

Nurhak 412,92 144,00

Onikisubat 4251,08 288,00 7,55 853,49 215,00 49,60 78,30

Pazarcik 3646,05 1259,96 41934,29 1167,62 15,31

Tiirkoglu 3062,08 66,92 9,03 30365,28  1126,60 60,90

Bu atiklarin; hepsi bir arada veya birbirileri ile degisik tiirev ve miktarlarda karistirilarak, epoksi (Tutkal) ile
birlestirilmesi ve 20/30x140x160 mm plakalar halinde tretilmesi planlanmistir. Bu sayede numune yalitim
levhalar iiretilmistir. Oncelikle biiyiik sap ve kabuklar Elbistan’in sanayi imkanlarindan yararlanilarak, Sekil
2.a’da goriilen serit testerede kesilerek Sekil 2.b’deki kaba taneler haline doniistiirilmiistr.

Homojen dagilima yakin karisim elde etmek i¢in ay¢icek saplari, misir saplari ve mese mantari kabugu 0,05-
7,75 mm boyutlarinda, Sekil 2.c’de goriilen 6giitme makinesinde 10 mm. siizgeg ile Sekil 2.c’deki gibi graniil haline
getirilmigtir. Biiyiik pamuk atiklari da makas ile kesilerek veya el ile koparma yontemi ile ayristirilmistir. Baglayici
epoksi (Tutkal), Mersin’deki sunta fabrikalarindan temin edilmis olup birlesmenin etkin olmasi ve homojen tutkal
dagilimi i¢in 1 kg’ lik siseden dokme yontemi yerine sprey piiskiiriitiicii kullanilarak pulverizasyon saglanmistir.
ik etapta her bir atiktan aym tiir saf karisimlar olusturulmustur. Her plaka i¢in kullamlacak atik miktari, hassas
terazi ile ol¢iilmustir. Sekil 5’deki ince taneli; mantar mesesi, aycicegi sapi, misir sap1 atiklar ile tekstil pamuk
atiklar1 ayr1 ayr1 kurutularak nem orani distiriildiikten sonra, Sekil 3’de gosterilen hidrolik presin kaliplar
icerisinde epoksi piiskiirtiilerek 1s1 ve basing altinda sikistirilmak suretiyle birlestirilmistir. Pres makinesine ait
kaliplarda 5-35 mm tabaka ytiksekliginde numuneler iiretilebilmektedir. Prese ait kontrol panosundan sicaklik ve
zaman ayar1 dijital olarak kontrol edilebilmektedir. Manometreden uygulanan basing manuel olarak
okunabilmektedir. Uretilen tiim numunelerin basing ve sicaklik degerleri takip edilmistir.
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Sekil 3. Hidrolik pres ve ekipmanlari.

1. Grup (Saf) numunelere ait kullanilan atik ve epoksi (Tutkal) miktarlar1 Tablo 4’'te goriilmektedir. Burada
uygulama basinci 10 bar ve ort. maks. Sicaklik 1802C olarak ayarlanmistir.

Tablo 4. 1. Grup (saf) numune miktarlari.

Numune Atik Miktan (gr) Epoksi Miktar (gr)
AS1 Aycicek sap1 124,50 59,43
MS1 Misir Sapi 126,35 58,77
PA1 Pamuk Atiklari 102,00 24,84
MM1 Mantar Mesesi 263,00 37,00

Her bir numune i¢in laboratuvar sicakliginda hazirlanan ayni tiir atik miktarlari hassas terazide tartilarak
(Sekil 4.a) kullanilmistir. Hidrolik presin kalibina dort bolmeli olarak yerlestirilmistir (Sekil 4.b). Epoksi
puiskiirtme (Sekil 4.c) ve 10 bar basing uygulama islemi ile sikistirllmistir. Kalip 1sitma sistemini destekleme igin
fanh elektrik sobasi kullanilmis (Sekil 4.d) ve 120 dk’da kalip sicakligi 1802C’ye ¢ikarilmistir. Akabinde kalip
sogutma islemi vantilatorle de desteklenerek sogutulmustur (Sekil 4.e). Kalip sicaklig1 150 dk.’ da oda sicakligina
dusiiriilerek, numuneler kaliptan ¢ikarilmistir (Sekil 4.f).

presleme, (e) 1sitma, (f) presten ¢ikarma.

Burada bazi numunelerin kaliptan ¢ikarilmasinda zorluklarla karsilasilmistir. Ancak kalibin her numuneden
sonra temizlenerek yaglanmasi ile sorun ¢éziilmistiir. Uretimi yapilan 1. grup (saf) numuneler Sekil 5'de
gosterilmistir.
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Sekil 5. 1. Grup (séf) numuneler, (a) AS1, (b) MS1, (c) MM1, (d) PA1.

Hem iiretim prosesini gelistirmek hem de yeni alternatif malzemeler iiretmek icin Tablo 4’teki bir plaka icin
kullanilan atik miktarlar oraninda 4’lii ve/veya 2°li karisimlar hazirlanmistir. 2. Grup numunelere ise 1. Grup
numune Uretimi prosesine benzer sekilde liretim prosesi uygulanmis fakat alti bolmeli bir sekilde kaliba
yerlestirilmistir. 2. Grup kompozit tabakali numunelere ait kullanilan atik ve epoksi (Tutkal) miktarlar: Tablo 5’te
verilmistir. Burada uygulama basinci 10 bar ve ort. maks. sicaklik 175°C’dir.

Tablo 5. 2. Grup (kompozit) numune miktarlar.

Numune Atik Miktan (gr) Epoksi Miktar (gr)
Mantar M. 176,00

MP1 Pamuk A. 35,00 62,06
Aycicek S. 80,00

AP1 Pamuk A. 35,00 72,87
Misir S. 84,00

SP1 Pamuk A 34,00 110,57
Mantar M. 66,00
Pamuk A. 25,00

MAPS1 Misir S. 32,00 44,50
Aycicek S. 31,00

Sekil 6’da goriildiigii gibi 2. Grup numunelerden; MP1, AP1 ve SP1 plakalari orta tabakaya pamuk atiklar ve
sira ile mantar mesesi, ay¢icek saplari, misir saplari alth tstlii ikiser tabaka, toplam esit yiikseklikte (Yaklasik 3 x
8 mm) ii¢ tabakali olacak sekilde tiretilmistir. Ancak, MAPS numunesi; mantar mesesi, ay¢icek saplari, misir saplari
ve pamuk atiklari el ile karistirilmak suretiyle 3 kademede hidrolik pres kalibina yerlestirilerek tiretilmistir.

Sekil 6. 2. Grup uune hazirlama (a) nﬁ
presleme.

X o e T

mune aZIrlaIrié, (b)' ;1umune kTa'rlsll‘,M(rc)- kaliba yerlestirme, (d)

Bu numuneler i¢in 1. Grup numunelere nazaran; sikistirma basinci ve 1sitma sogutma zaman araliklarinda bir
degisiklik, olmamakla birlikte ortalama maksimum sicaklik 175°C olarak gozlenmistir. Uretimi yapilan 2. grup
kompozit tabakali numuneler Sekil 7’de gosterilmistir.
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Sekil 7. 2. Grup tabakali (kompozit) numuneler (a) MP1, (b) AP1, (c) SP1, (d) MAPS1.

Uretim prosesini gelistirmek ve yeni alternatif malzemeler kesfetmek icin Tablo 5’teki bir plaka igin
kullanilan atik miktarlari nispetinde farkli geometrik diizende 2’li karisimlar hazirlanarak, 2. Grup numune iiretimi
prosesinde oldugu gibi yalniz iic kademede kaliba yerlestirilerek {iretilen yan yana tabakali, 3. Grup numunelere
ait kullanilan atik ve epoksi (Tutkal) miktarlar1 Tablo 6’da gosterilmistir. Literatiirde epoksi tutkallarin genis bir
1s1 iletkenlik aralig1 yer almaktadir[16]. En ¢ok bilinen aralig1 0,17 ile 0,52 W/mK dir [17]. Korkmaz vd. 2017’deki
calismalarinda artan tutkal orani ve pres basinci ile 1s1 iletim katsayilarinin genel olarak arttigimi ifade
etmislerdir[18].

Tablo 6. 3. Grup (kompozit) numune miktarlar.

Numune Atik Miktan (gr) Epoksi (Tutkal) Miktari (gr)
Mantar M. 132,00

MP2/3 Pamuk A. 17,50 48,90
Aycicek S. 45,00

AP2/ SP2 Misir S. 41,50 44,00
Pamuk A. 30,00

3. Grup numuneler icin 6nceki numunelere nazaran; 1sitma sogutma zaman araliklarinda bir degisiklik
olmamakla birlikte ortalama maksimum sicaklik 1702C ve sikistirma basinci 5 bar olarak ger¢eklesmistir. 3. Grup
numune Uretim prosesindeki farkli islem basamaklari Sekil 8'de ve tretilen plakalar Sekil 9’de gosterilmistir.

- : PEE ‘
Sekil 8. 3. Grup Numune Hazirlama, (a) Numune hazirlama 1, (b) Numune hazirlama 2, (c) Kaliplama 1, (d)
Kaliplama 2.

Sekil 9. 3. Grup Numuneler (a) AP2 ve SP2, (b) MP2/3.
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Sekil 10. Orta taneleme atiklar (a) siizgeg, (b) aycicegi, (c) misir, (d) mantar mesesi.

Farkl graniil biiyiikliiklerinde atiklarin imalat davranislarini gormek ve kullanilan atik miktarini azaltmak ve
daha hafif alternatif plakalar iiretmek i¢in Sekil 10.a’da goriilen 14 mm siizgec ile aycicek saplar1 (Sekil 10.b) misir
saplari (Sekil 10.c) ve mantar mesesi kabugu (Sekil 10.d) 2,50-12,50 mm. boyutlarinda, 6giitme makinesinde orta
taneli graniil haline getirilmistir. Ancak, tekstil pamuk atiklar1 i¢in bir degisiklik yapilmamistir. Bu baglamda; farkh
alternatif yaliim malzemeleri elde etmek igin tiretilecek 4. Grup orta taneli numunelere ait kullanilan atik ve
epoksi (Tutkal) miktarlari Tablo 7’de goriilmektedir. Bu asamada kalipta 6l¢iilen uygulama basinci 2,5 bar ve ort.
maks. sicaklik 1702C olarak gergeklesmistir.

Tablo 7. 4. Grup numune miktarlari.

Numune Atik Miktan (gr) Epoksi Miktar (gr)
Mantar M. 81,00

MAL/2 Aycicek S. 9,00 37,0
Mantar M. 15,00
Aycicek S. 15,00

MAPS2 Misir S. 15,00 37,39
Pamuk A. 15,00

4. Grup numuneler icin 6nceki numunelere nazaran; isitma sogutma zaman araliklarinda bir azalma
gozlenmistir. Burada 1sitma 120 dk ve sogutma 105 dk da ger¢eklesmistir. Ortalama maksimum sicaklikta da bir
degisiklik olmamistir. Ancak, sikistirma basinci 2,5 bar olarak ger¢eklesmistir. 3. Grup numunelere gore kaliplara
yerlestirme ve epoksi piiskiirtme seklinde bir degisiklik yapilmamuistir. 4. Grup numune liretim prosesindeki farkl
islem basamaklari; numune hazirlama (Sekil 11.a), kaliba yerlestirme (Sekil 11.b), basing uygulama (Sekil 11.c) ve
iretilen plakalar Sekil 12’de gosterilmistir.

Sekil 12. 4. Grup numuneler (a) MA1/2, (b) MAPS2.
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Ekolojik ve endiistriyel atiklardan elde edilen bu yeni malzemelerin 6zelliklerini karsilastirmak i¢in hali
hazirda Elbistan’da 06 Subat 2023 depremi sonrasi yerinde déniisiim ve TOKI’nin insaatlarinda kullanilmakta olan
yalitm malzemelerinden sahit numuneler alinmistir. Sahit numune icin kesme makinesi kullanilmistir. Sekil

13.a’daki kesme makinesinde 30x140x160 mm ebatlarinda kesilerek, Sekil 13.b-c-d-e-fde goriilen sahit
numuneler hazirlanmistir.

Y 28

Sekil 13. Sahit numuneler (a) numune alma, (b) gazbeton, (c) EPS1, (d) EPS2, (e) tas yiint, (f) XPS.

Bu calismada 1s1 iletim katsayisi tespiti Sekil 14.a ve b’de goriilen, KYOTO KEM QTM 500 cihazi ile
gerceklestirilmistir. Bu cihaz KSU USKIM laboratuvarlarinda bulunmaktadir. Cihaz, sicak tel metodu kullanarak
Olciim yapmaktadir. Kizgin tel metodu bir 6l¢iim probunun iki numuneye baglanmasiyla yapilan 6l¢iim metodu
olmasina ragmen bu cihazin probu 6l¢iimii tek numune lizerinden de gergeklestirebilmektedir. Bu cihaz ASTM C
1113-90 standardina gore Olgiim yapmaktadir. Sicak tel metodunda numunenin 1s1 iletim katsayisi Es. 1 ile
hesaplanmistir. Burada “t“ zaman (s), “T” sicakligi (K), “q” verilen 1s1 (W), ve “A” 1s1 iletim katsayis1 (W/mK) dir.

A =q.In (tz/t1)/4m (T2-T1) (1)

Sekil 14. Deney esnasi (a) 1s1iletim probu (b) QTM 500 cihazi.

3. Bulgular ve Tartisma/Results and Discussion

Ekolojik ve endiistriyel atiklardan degisik karisim orani, basing ve sicaklik sartlarinda 4 grupta toplam 12
adet plaka levhalar1 seklinde yaliim levhasi iiretimi gergeklestirilmistir. Kompozit, tabakal ve sandvi¢ plaka
levhalar seklinde, liretimi gergeklestirilen yaliim malzemelerinin boyutlar1 1/20 verniyer bolintiilii siirmeli
kumpas ile numune agirliklari da hassas terazi ile 6l¢lilmiistiir. Bu 6l¢lim sonuglari Tablo 8'de gésterilmistir.

Ayrica; Elbistan’da yerinde déniisiim ve TOKI insaatlarinda kullanilan konvansiyonel yalitim malzemelerine
ait 6l¢ciim sonuglar1 da Tablo 9’da verilmistir.
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Tablo 8. Uretilen panel numunelerin boyut ve agirliklari.

Uretilen Numune Kalinlik (cm) En (cm) Boy (cm) Agirlik (gr)
AS1 2,5 14 16 121,74
MS1 2,5 14 16 132,74
MM1 2,5 14 16 247,81
AP1 2,5 14 16 126,39
PA 3 14 16 101,39
AP2/SP2 2,5 14 16 120,90
SP1 2,5 14 16 146,60
MP1 2,5 14 16 191,30
MP2/MP3 2,5 14 16 173,62
MAPS1 2,5 14 16 143,17
MAPS2 2 14 16 102,23
MA1/MA 2 2 14 16 76,77

Tablo 9. Sahit numunelerin boyut ve agirliklari.

Sahit Numune Kalinlik (cm) En (cm) Boy (cm) Agirhik (gr)
Tasyiinii 3 14 16 100,10
EPS1 3 14 16 9,64
EPS2 3 14 16 7,33
Ytong 3 14 16 308,39
XPS 3 14 16 17,54

Plakalar seklinde iiretimi yapilan yaliim malzemelerinde; kullanilan ekolojik ve endiistriyel atiklarin
tamaminin birbirleriyle ve epoksi ile ¢cok uyum saglayarak birlestigi goriilmustiir. Proseste; 30 mm kalinlikta
numuneler planlanmis olup PA numunesi hari¢ digerlerinin tamaminda, bu kalinlikta iiriin elde edilememistir.
Ortalama 20-25mm arasinda bir kalinlikta plaka elde edilmistir. Bu durumun taneciklerin presleme sonrasi bir
miktar genlesmesinden kaynaklandig1 degerlendirilmistir. Ancak, hidrolik presin kalip derinligi arttirilarak
istenilen numune kalinligina erisilmesinin miimkiin olacag: disiiniilmektedir. Numunelerin en ve boy oranlarinda
herhangi bir sapma olmamistir. Deneysel incelemesi yapilan; ekolojik ve endiistriyel atiklar kullanilarak tiretilmis
olan yalitim malzemelerinin 1s1 iletim katsayilarinin deney sonuglari derlenmis ve Tablo 10’da sunulmustur.

Tablo 10. Ekolojik ve endiistriyel atiklardan iiretilmis yalittm malzemesi numunelerinin deney sonuglar1.

Uretilen Numuneler Is1iletim Katsayis1 (A, W/mK)
I. Olgiim IL. Olgiim 111 Olgiim

MAPS 1 0,0674 0,0517 0,0722
MP2 (PMP) 0,0577 0,0698 0,0658
MP3 (MPM) 0,0475 0,0510 0,0410
SP2 0,0697 0,0737 0,0768
AP2 0,0602 0,0641 0,0671
MM1 0,0707 0,0564 0,0801
MS1 0,0725 0,0773 0,0604
MP1 0,0794 0,1005 0,0866
AS1 0,0229 0,0647 0,0612
PA1 0,0413 0,0546 0,0528
SP1 0,0604 0,0560 0,0681
AP1 0,0488 0,0513 0,0548
MA1 (AMA) 0,0466 0,0581 0,0331
MA2 (MAM) 0,0875 0,0966 0,0899
MAPS-2 0,0417 0,0450 0,0441
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Ayrica; Elbistan’da yerinde doniisiim ve TOKI insaatlarinda kullanilan yalitim malzemelerine (Sahit
numuneler) ait 1s1 iletim 6l¢iim sonuglar1 da Tablo 11’de verilmistir. MAPS2 numunesinde Tablo 10’da gorildigi
lizere yapilan 3 6l¢ciim sonucunda ortalama en diistik 1s1 iletim katsayisina sahiptir. MAPS2 numunesi 1s1 iletim
katsayisi ortalama 0,0436 W/mK degerinde ¢ikmistir. Ekolojik ve endiistriyel atiklarin toplanarak yalitim
malzemesi ilretilmesi timit verici olarak degerlendirilmistir. Bu atiklarin depolanmas1 veya fakli amacla
kullanilmasinda ekstra maliyetler getirmektedir. Atiklarin yalitim malzemesine déniistiiriilmesi birgok anlamda
ilke ekonomisine kazan¢ saglayabilir. Ayn1 zamanda Tablo 10’da oldugu gibi baz1 tekil 6l¢iim sonuglar1t MP3 ve
MA1 numunelerinin sirasi ile 1s1 iletim katsayilarinin 0,0410 ve 0,0331 W/mK degerinde ¢ikmistir. Bu durumda
oldukca sevindiricidir. Bu durum dikkate alindiginda ve imalat sonuglari incelendiginde, ekolojik ve endiistriyel
atiklarin tabakali kompozit yalitim malzemesi tiretimine de uygun oldugu gorilmiistir.

Tablo 11. Sahit numuneler deney sonuglari.

Uretilen Sahit Numuneler Is1iletim Katsayis1 (A, W/mK)

I. Ol¢iim II. Olgiim II1. Olgiim
Tasyiini 0,0197 0,0175 0,0175
ESP2 0,0297 0,0280 0,0266
EPS1 0,0251 0,0251 0,0257
Ytong 0,0197 0,0175 0,0175
XPS 0,0340 0,0330 0,0354

Tablo 10. ve Tablo 11. birlikte incelendiginde; 1s1l iletkenlik katsayilar1 acisindan degerlendirildiginde,
ekolojik ve endiistriyel atiklardan iiretimi gerceklestirilen yalitim malzemelerinin, hali hazirda insaatlarda yaygin
olarak kullanilan yalitm malzemeleri ile yarisabilecek durumda oldugu disiinilmektedir. Ozellikle bu
malzemelerin tamaminin 1s1l iletkenlik katsayisinin gazbeton (Ytong) numunesinden diisiik oldugu asikardir. AS1
numunesin 1. Ol¢ciim sonucunda elde edilen A = 0,0229 W/mK degeri bu malzemelerin 1s1 yaitiminda kullamilmak
lizere arastirilmasinin gerekliligini ortaya koymustur. Ayrica ISO standardina gore yap1 dis kabugunu mantolamak
icin kullanilan yalitim malzemesinin 1s1 iletim katsayisi (A) 0,065 W/mK’den kii¢iik olmasi gerekmektedir[19]. Bu
¢alismadaki bir¢ok numune bu degerden daha iyi sonug¢ vermistir. Bunun yani sira elde edilen sonuglarin bir
karsilastirmasini yapmak igin literatiir incelendiginde yerel piyasada (U) <0,065 W/m2?K degerini saglamayan
yalitim malzemelerinin de pazarlandigini ifade eden galismalar oldugu goriilmiistir[20].

4. Sonuglar/Conclusions

Yapilan calismada hem iiretim siireci hem de 1s1 iletim katsayis1 6l¢gme deneyi sonuglarina gore; mantar
mesesi kabugu, aycicek ve misir saplarinin ve pamuk tekstil atiklari gibi ekolojik ve endiistriyel atiklardan, yalitim
malzemesinin plakalar seklinde iiretilebilecegi ve iiretilen bu malzemelerin 1s1 yaliiminda kullanilabilecegi
gorilmistiir. Calismada kullanilan atiklarin hem geri doniisiimii saglanmis hem de ekonomiye kazandirilmasi
gerceklestirilmigtir. Ozellikle mensei petrole dayali EPS, XPS, Kopiik vb. yalitim malzemelerine alternatif olarak
kullanilmas1 Ulke ekonomisi agisindan da énem arz etmektedir. Ekolojik ve endiistriyel atiklarindan iiretilen
yalitm malzemelerinin Ulkemiz ’'in yillhk karbon tiiketimini azaltarak Kkatki saglayabilecegi de
degerlendirilmektedir. MAPS2, MA1 (AMA) vb. gibi yaliim malzemesi {iretimi icin AR-GE ¢alismalarina hiz
verilmesi gerektigi degerlendirilmistir.

lleriki calismalarda; daha homojen bir yap1 elde etmek icin elek ile eleme islemi yapilabilir. Malzeme émrii
acisindan daha etkin kurutma siireci i¢in etiiv cihazinda farkh sicakliklarda ve farkl siirelerde kurutulan
malzemenin spesifik 6zellikleri incelenebilir. Bunlarin yam sira iiretimi yapilan yalittm malzemesinin termal
ozelligi ve daha ekonomik olmasinin yani sira; mekanik, akustik, nem tutma, 1s1 absorbsiyonu ve yanmazlik
degerleri gibi faktorler tizerinde de ¢calismalar gerceklestirilebilir.
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Abstract

This study explores bio-heat transfer during radiotherapy combined with hyperthermia,
with the goal of improving cancer treatment by maximizing tumor destruction while
minimizing harm to surrounding healthy tissue. Understanding thermal dynamics during
therapy allows clinicians to enhance treatment effectiveness, anticipate biological
responses based on dose parameters, and reduce side effects. In this work, we focus on
the synergistic use of hyperthermia and X-ray radiotherapy. During short recovery
periods between hyperthermia pulses—when tissue responds to elevated temperatures
(43 °C, 45 °C, 47 °C)—radiation is delivered. The central hypothesis is that heating tumor
tissue increases its radiosensitivity, potentially shortening treatment time and improving
outcomes. Evidence from current literature supports this synergy, showing that higher
temperatures amplify cellular damage. To quantify this effect, we applied the Arrhenius
damage model, which converts temperature and exposure duration into a single thermal
damage parameter (1) representing irreversible tissue injury. Finally, we developed a
mathematical framework to simulate this process, using Monte Carlo photon transport to
generate spatial heat sources and solving Pennes’ bio-heat equation to model heat
transfer across layered biological tissue.

Keywords: Heat transfer; Pennes’ bioheat equation; cancer treatment; radiotherapy; X-
ray hyperthermia; Monti Carlo simulation.

Kanser Tedavisinde Biyo-Is1 Transferi: Monte Carlo
Simiilasyonu Kullanilarak Hipertermi Destekli

Radyoterapi I¢cin Matematiksel Bir Cerceve
(Bu ¢alisma ULIBTK’25 kongresinde sunulmugstur)

0z

Bu calisma, kanser hiicrelerine yonelik radyasyon tedavisi (radyoterapi) sirasinda
hipertermi yoluyla gerceklesen biyoisi transferini 6zel olarak incelemeyi amaglamaktadir.
Bu inceleme, tedavi sonuglarini optimize etmek, kanser hiicrelerini yok etmek ve saghkl
dokular iizerindeki yan etkileri (toksisiteyi) 6nlemek acisindan énem tasimaktadir.
Tedavi sirasinda gergeklesen 1s1 transferi siirecinin anlasilmasi, hekimlerin tedavi
etkilerini maksimize etmesine, uygulanan dozlara bagh tepkileri éngérmesine ve yan
etkileri en aza indirmesine yardimci olabilir. X-1sin1 kullanan radyoterapi ile
hiperterminin kombinasyonu, kanser hiicrelerinin tedavisinde kullanilan ydntemler
arasinda 6zel olarak arastirilmistir. Bu arastirma, her iki yéntemin avantajlarini bir araya
getirmeyi ve bunlarla iliskili istenmeyen yan etkileri azaltmay1 hedeflemektedir. ki
hipertermi darbesi arasindaki dinlenme siiresi boyunca, biyolojik sistem uygulanan
ylksek sicakliklara (43°C, 45°C, 47°C) kars1 tepki vermeye calisirken, radyoterapi dozu
uygulanmaktadir. Ana fikir sudur: Kanser hiicrelerinin isitilmasi, onlar1 radyasyon
tedavisine karsi daha hassas hale getirir; bu da tedavi siiresini kisaltabilir, yan etkileri
azaltabilir ve hayatta kalma oranlarini artirabilir. Yapilan literatiir taramasina gore,
kanser hiicrelerinin artis1 daha fazla doku hasarina yol agmaktadir. Bu baglamda,
Arrhenius modeli kullanilarak sicaklik ve 1siya maruz kalma stiresinin artmasinin, kanser
hiicrelerine verilen hasari artirdig1 gosterilmistir. Bu model, sicaklik ve maruziyet siiresi
parametrelerini, geri doniisii olmayan doku hasarini yansitan tek bir parametreye (1)
doniistiirmektedir. Son olarak, Pennes’in biyois1 denklemini ¢dzmek i¢in Monte Carlo
Simiilasyonu kullanilarak radyoterapi tedavisine yonelik genel bir biyois1 transferi
matematiksel cercevesi sunulmustur.

Anahtar Kelimeler: Is1 transferi; Pennes’in biyoisi denklemi; kanser tedavisi;
radyoterapi; X-1s1n1 hipertermisi; Monte Carlo simiilasyonu.
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Bio-Heat Transfer in Cancer Treatment: A Mathematical Framework for Hyperthermia... Fattal et al.

1. Introduction

Radiation therapy is one of the most common cancer treatments. Its clinical use began in the early 20th
century following the discoveries of X-rays by Roentgen (1895) and the Curie’s work on radium in 1898.
Radiotherapy can be delivered alone or combined with chemotherapy or surgery to improve cure rates.
Precise dosing is critical: it must destroy the tumor while sparing nearby healthy tissues, which is the primary
clinical challenge of radiotherapy. Including radiotherapy infrastructure in national cancer plans ensures both
early detection and broad access to effective treatment. Careful prediction of the coagulation zone—the area of
irreversible tissue damage—is essential to avoid unintended harm and allow normal, tissue recovery [1]. A well-
designed treatment plan must balance full tumor ablation with minimizing toxicity to adjacent organs, nerves, and
blood vessel. Hyperthermia as a cancer treatment dates back to ancient times but gained modern attention in the
19th century when William B. Coley induced fevers to shrink tumors. Typically, cancer cells are exposed to
temperatures around 44-45 °C for about an hour. Elevated temperature disrupts cancer cell proteins, DNA repair,
and tumor blood flow—affecting the tumor microenvironment, immunity, and vascularization—with minimal
impact on normal tissues [2] [3] Combining radiotherapy and hyperthermia (“thermoradiotherapy”) has been
used since the 1970s and shows improved outcomes in advanced cancers (e.g. breast, cervical, head-and-neck,
bladder, soft tissue sarcoma, melanoma) without increased serious side effects. Clinical trials confirm significantly
higher complete response rates with thermoradiotherapy versus radiotherapy alone, and logistical studies show
close timing between heat and radiation enhances efficacy while sparing healthy tissue [4] [5].

2. Literature Review

Recent research into the physiological mechanisms behind thermoradiotherapy (TRT) has made its synergy
increasingly promising. However, several questions remain unresolved:

e What is the optimal hyperthermia temperature and duration to achieve maximal radiosensitization

without triggering thermotolerance?

e How does hyperthermia impact DNA repair pathways in tumor versus healthy cells?[6]

Precision radiotherapy combined with nanoparticle-mediated hyperthermia shows great potential. Injected
nanoparticles—such as gold, gadolinium, or magnetic particles—accumulate in tumors, enabling highly focused
heating that intensifies DNA damage and boosts radiotherapy effectiveness [7]. Beyond TRT, hyperthermia plus
chemotherapy has demonstrated improved long-term outcomes. For example, a JAMA Oncology trial (EORTC
62961-ESHO-95) reported an 11.4% gain in 5-year survival when regional hyperthermia was added to
neoadjuvant chemotherapy for soft tissue sarcoma. The principle is simple but powerful: heat enhances blood flow
and oxygenation, improving drug uptake in tumors without damaging healthy surrounding tissue [8] [9]. In
Turkey, several clinical studies illustrate TRT’s real-world impact:

e 2017, Yildinm Beyazit University (Ankara): Locoregional recurrent breast cancer treated with

radiotherapy + hyperthermia achieved higher local control and low toxicity [10].

e 2023, Istanbul (ASCO abstract): Combining chemotherapy with radiofrequency hyperthermia
(Oncothermia, 45 °C) in metastatic colorectal cancer produced a 96% objective response rate, with no
unexpected toxicity [11]

Across Turkey, hyperthermia use—particularly in locally advanced or recurrent cancers (breast, cervical,
lung, colorectal, rectal)—has grown steadily. Several major oncology centers now integrate it alongside
radiotherapy, although literature is still heavily based on smaller trials and case reports [12]. Despite encouraging
early results, TRT+HT remains understudied. Most available evidence stems from small-scale phase II trials or
single-center studies. There is a pressing need for larger, well-controlled clinical trials to:

1. Pinpoint optimal HT dose, duration, and timing in relation to RT.

2. Validate nanoparticle and Oncothermia enhancements.

3. Expand TRT’s adoption into standard cancer care protocols [13].

3. Methodology

In this study, we investigated a hybrid cancer treatment that combines laser-induced hyperthermia with X-
ray radiotherapy, aiming to destroy cancer cells while minimizing damage to healthy tissues. To do this, we created
a synthetic 3D lung-tumor model using advanced computational techniques and realistic treatment conditions.

e Laser Hyperthermia Application: We used an external laser to increase tumor temperature in distinct
phases—43 °C, 45 °C, and 47 °C—mirroring established LITT (Laser-Induced Thermal Treatment)
protocols [14].

e Monte Carlo Heat Deposition (MCXLAB): For each temperature stage, we mapped 3D energy deposition
using MCXLAB, a GPU-accelerated Monte Carlo photon transport toolkit. The result was a detailed spatial
heat-source term integrated into Pennes’ bio-heat equation to simulate temperature evolution over time
[15] [16]. Monte Carlo (MC) methods are a class of computational algorithms that rely on statistical
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sampling to solve complex physical and mathematical problems. In radiation transport, MC simulates
probabilistic interactions of photons as they traverse tissue, including scattering, absorption, and
secondary particle generation, based on known cross-sections. This approach provides highly accurate
dose distributions in heterogeneous and geometrically complex media, outperforming deterministic
models. In this study, MC simulations were used to calculate spatial energy deposition during X-ray
radiotherapy. The resulting dose map was converted into a volumetric heat source term for Pennes’ bio-
heat equation, enabling realistic modeling of thermal dynamics during combined hyperthermia and
radiotherapy.

e Arrhenius Thermal Damage Assessment: We employed the Arrhenius model to estimate irreversible
thermal damage caused by heating cancer cells [17].

e X-ray Dose & Radiobiological Effect (LQ model). After each hyperthermia pulse, we simulated X-ray dose
distribution using Monte Carlo methods and evaluated cell survival using the Linear-Quadratic (LQ)
model [18].

o Comparative Evaluation Across Temperatures: We compared thermal damage and radiation effectiveness
at 43 °C, 45 °C, and 47 °C to determine which offered optimal tumor destruction with minimal harm to
healthy tissue. To efficiently simulate heat transfer, we assumed a spherically symmetric tumor control
volume with concentric healthy lung tissue layers.

e Radial Symmetry & Boundary Conditions:

o Symmetry at the tumor core (r = 0).
o Convective heat loss at the outer surface.
o Blood perfusion included throughout the tissue [19]

e Bio-Heat Equation Formulation: We used Pennes’ bio-heat model in spherical coordinates to predict
transient temperature changes during and after heating [16].

Penn’s bioheat equation was solved using temperatures in Celsius because it involves temperature
differences (e.g., Ta— T 1)), where adding 273.15 to both terms cancels out, making °C practical for interpretation.
However, the Arrhenius thermal damage model requires absolute temperature in Kelvin because its exponential
term depends on absolute energy states. To ensure consistency and accuracy, all temperature data used in the
damage calculations was converted from Celsius to Kelvin before applying the Arrhenius model.

Figure 1 shows the idealized spherical control volume used to model heat transfer during hyperthermia
treatment. At the center lies the tumor, surrounded by concentric layers of healthy lung tissue. This geometry
enables the use of spherical coordinates (r, 8, ¢), which naturally capture radial heat diffusion and laser energy
deposition. A symmetry condition at the tumor core (r = 0) ensures no heat flux, while the outer boundary (r = R)
applies a convective heat-loss condition to represent thermal exchange with surrounding tissue. Internal heat
sources include metabolic activity, blood perfusion, and laser energy derived from Monte Carlo photon transport
simulations. This configuration forms the basis for solving the time-dependent Pennes’ bio-heat equation, allowing
prediction of temperature rise and thermal damage across the tumor and adjacent tissue under controlled heating
phases (43 °C, 45 °C, and 47 °C) [20]. We adopted 47 °C as the upper limit to distinguish hyperthermia from
thermal ablative therapy. Temperatures above this threshold enter a zone where irreversible tissue damage and
collateral thermal injury become significant, aligning with literature that defines hyperthermia as 39-45 °C and
ablative therapy as 250 °C [21], [22]
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Figure 1. Spherical tumor-embedded control volume for bio-heat transfer analysis.
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3.1 Initial Anatomical Model

To simulate heat transfer during hyperthermia, we constructed a radially symmetric anatomical model that
represents a solid tumor embedded within healthy tissue. Figure 2, illustrates the voxel-based phantom, which
provides an idealized yet practical framework for thermal analysis. Its spherical geometry enables the use of
spherical coordinates (1, 8, ¢), perfectly suited for capturing radial heat diffusion and energy deposition. At the
center lies the tumor region, while surrounding layers represent healthy tissue. This symmetry minimizes
numerical artifacts and ensures smooth propagation of heat gradients from the core outward. The phantom’s
modular design also allows easy labeling of tissue layers—such as tumor, fat, muscle, and skin—supporting later
stages of multi-layer thermal and radiative modeling [16].

Spherical Phantom: Tumor (Label 2) at Center

Figure 2. Voxelized 3D spherical phantom with central tumor (Label 2) and surrounding healthy tissue (Label 1).

3.2 Heating Phase 1: Heating Tumor Tissue to 43°C
3.2.1 Heating Tumor Tissue to 43°C

In the first hyperthermia stage, the tumor core was heated to 43 °C using an external laser source. To
accurately model light propagation through tissue, we employed MCXLAB, a Monte Carlo-based simulation tool
that calculates photon transport within the layered 3D anatomical phantom. The resulting fluence map was
converted into a spatially varying heat source term, Quaser(r), which was then integrated into the time-dependent
Pennes bio-heat equation expressed in spherical coordinates, as illustrated below [20]:

aT(r,t) 10/(, T(r,t)
T = T_z a_T' r°K or + ppCy wb(Ta - T(r, t)) + Qmee Qlaser(r)

pc

This formulation accounts for radial heat conduction, perfusion loss, baseline metabolism Qmetand laser-
induced heating [23]. This method discretizes the equation in both time and space to simulate the transient
temperature distribution within tissue subjected to laser heating and perfusion. The finite difference scheme was
applied as follows:

e Time derivative (forward difference):

oT Tin+1 _ Tin
at At
e Spatial derivative in spherical form (central difference):

r2dr or r? Ar?

li( 2 aT) 1 [riz+o.5(Till1 =T —rios (T = Ty)
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3D Overlay: Heated Tumor Region at 43°C
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Figure 3. 3D overlay: heated tumor region at 43°C.

The equation was solved numerically over time to simulate the transient temperature response across the
control volume. The simulation confirmed that the tumor core successfully reached 43 °C after approximately 900
seconds (15 minutes) of continuous laser exposure. Figure 3 shows a 3D overlay of the heated tumor region,
highlighting the region that achieved the target temperature.
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Figure 4. Cutaway view: heat distribution in tumor & surrounding tissues.

Figure 4 presents a 3D cutaway visualization of temperature distribution across the layered tissue model
following laser-induced heating. The image highlights how heat radiates outward from the tumor core—the
hottest region—through adjacent layers of muscle, fat, and skin. The thermal gradient, ranging from approximately
43 °C at the tumor center to ~37 °C near the outer boundary, reflects realistic heat diffusion governed by Pennes’
bio-heat equation. This pattern demonstrates the combined effects of conduction and biological cooling
mechanisms such as blood perfusion. The smooth, radially symmetric temperature profile confirms that the
heating phase was accurately implemented and maintained within safe limits for surrounding healthy tissue.

3.2.2 Estimating Thermal Damage

To evaluate the biological impact of heating the tumor to 43 °C, the Arrhenius thermal damage model was
employed. This model is widely accepted for quantifying irreversible molecular injury caused by temperature
elevation in biological tissues. It estimates the damage index, Q(t), which reflects the logarithmic ratio of healthy
to surviving molecules over time, and is sensitive to both temperature and exposure duration. The model uses the
following integral expression [24]:

t
Q) = f A.exp (— szr)) dt
0

Where:
e  Q(t): Accumulated thermal damage index (unitless)
A: Frequency factor (s™%), representing molecular reaction rate
Ea: Activation energy, specific to tissue type
R: Universal gas constant.
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e T(t): Absolute temperature (in Kelvin) as a function of time
e (): Dimensionless damage index ({2 = 1 means irreversible damage).

Using the temperature-time profiles obtained from solving the Pennes’ bio-heat equation, the Arrhenius
thermal damage integral was numerically evaluated across the tumor and surrounding tissues. The results, shown
in Figure 5, indicate that thermal damage values reached Q. = 0.005 in the tumor center, reflecting sub-lethal injury,
consistent with the goal of sensitizing cancer cells to subsequent radiotherapy without inducing irreversible
ablation. Peripheral layers exhibited even lower damage values, further confirming the spatial selectivity of laser-
based hyperthermia.

Thermal Damage Accumulation at 43°C Over 900 Seconds
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Figure 5. Thermal damage accumulation at 43°C over 900 seconds.

3.2.3 X-ray Application During Relaxation (Post-Heating Phase 1).

After raising the tumor temperature to 43 °C using laser-based hyperthermia, we delivered a targeted
radiotherapy dose. A 6 MeV collimated X-ray beam was applied during the 5-minute thermal relaxation period—
timed deliberately to take advantage of the radiosensitized state of tumor cells. This approach aims to maximize
treatment effectiveness while minimizing exposure to healthy tissue. Photon transport and 3D dose distribution
were modeled using Monte Carlo simulations (MCXLAB). As shown in Figure 6, the dose concentrated at the tumor
core with a smooth Gaussian falloff, ensuring precise targeting and reduced peripheral impact.

X-ray Dose
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Figure 6. 3D spatial distribution of x-ray dose following laser-induced hyperthermia at 43 °C.

3.2.4 Combined Damage Assessment (Thermal + X-ray)

To quantify the combined effect of hyperthermia and radiotherapy, we computed the Effective Damage
(ED)—the predicted fraction of cell death under both thermal and radiation stress. This metric integrates the
Arrhenius thermal injury model with the Linear-Quadratic (LQ) radiobiological model, capturing their synergistic
potential. Figure 7 illustrates the 3D rendering of cell death probability, where each voxel represents irreversible
damage likelihood. The tumor core shows the highest ED values (x0.9), confirming that sequential treatment
significantly improves lethality compared to hyperthermia alone. Damage decreases toward the periphery,
validating selective tumor targeting while sparing healthy tissue. These results reinforce the study’s central

ATU Bilim Dergisi / ATU Journal of Science 1 (2):96-109 (2025) 101



Bio-Heat Transfer in Cancer Treatment: A Mathematical Framework for Hyperthermia... Fattal et al.

hypothesis: moderate hyperthermia (43 °C) enhances radiosensitivity, enabling better outcomes without
increasing radiation dose or exceeding safe thermal limits.

3D Volume of Combined Thermal + X-ray Damage
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Figure 7. 3D visualization of effective cell death from combined hyperthermia and x-ray treatment.
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Figure 8. Cell survival comparison following 43 °c hyperthermia and radiotherapy (first treatment phase).

The survival analysis clearly demonstrates the selective effectiveness of the combined treatment. When the
tumor was heated to 43 °C and then exposed to a 5 Gy X-ray dose, cell viability dropped dramatically—only about
6% of tumor cells survived. In contrast, healthy tissue, which received a much lower dose (1.6 Gy due to spatial
attenuation), retained 71% survival, indicating that normal structures were largely preserved. These findings
strongly support the concept that moderate hyperthermia enhances radiosensitivity, improving therapeutic
outcomes without increasing radiation dose—a critical advantage in clinical practice where protecting healthy
tissue is essential. Figure 8 illustrates the survival comparison between tumor and healthy cells.

3.3 Heating Phase 2: Heating Tumor Tissue to 45°C
3.3.1 Heating Tumor Tissue to 45°C

To assess the effect of a higher thermal dose, the second phase targeted a tumor temperature of 45 °C using
the same anatomical model and boundary conditions for consistency. Before initiating this stage, tissue was
assumed to have cooled back to its baseline temperature (37 °C), reflecting a realistic recovery period. The
simulation followed the established workflow—Ilaser heating, bio-heat modeling, thermal damage estimation, and
subsequent radiotherapy—while extending the heating duration to approximately 1,200 seconds to reach the new
target. This controlled approach enabled a direct comparison of thermal response and radiosensitization between
the two temperature levels. The accompanying visualization illustrates the internal temperature distribution
during this phase. Heat is concentrated at the tumor core, achieving the 45 °C target, and gradually decreases
toward the outer layers. The cutaway view highlights the smooth thermal gradient across the 3D volume,
confirming effective localized hyperthermia (Figure 9).
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3D Cutaway View: Heat Distribution at 45°C in Tumor

Figure 9. 3D cutaway view: heat distribution in tumor and tissues at 45°C.

3.3.2 Estimating Thermal Damage

During the second heating phase, the tumor was reheated from 37°C to 45°C using laser-based
hyperthermia. Thermal damage estimation via the Arrhenius mode. At this temperature, the Arrhenius thermal
damage index reached approximately € = 0.010, which is about twice the damage observed at 43 °C (Q = 0.005).
This indicates a sharper rise in thermal injury, demonstrating the increased effect of hyperthermia with justa 2 °C
temperature increase (Figure 10).
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Figure 10. Thermal damage accumulation at 45°C over 1200 seconds.

3.3.3 X-ray Application During Relaxation (Post-Heating Phase 2).

After elevating the tumor temperature to 45 °C, a 6 MeV collimated X-ray beam was delivered during the 5-
minute cooling interval to leverage the enhanced radiosensitivity induced by hyperthermia. Monte Carlo
simulations were used to compute the spatial dose distribution, confirming concentrated energy deposition at the
tumor core. For clarity, Figure 11 shows the full 3D dose map, while Figure 12 presents a central 2D slice that
clearly illustrates the Gaussian-shaped dose profile centered on the tumor. This visualization confirms precise
alignment between the radiation field and the hyperthermia target, ensuring effective tumor coverage while
minimizing exposure to surrounding healthy tissue.
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Figure 11. 3D spatial distribution of x-ray dose following laser-induced hyperthermia at 45 °C.
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Figure 12. Lighter 2D slice of 3D x-ray dose distribution (post 45°C heating).

3.3.4 Combined Damage Assessment (Thermal + X-ray)

To assess the cumulative effect of heating the tumor to 45 °C followed by X-ray irradiation, we computed the
Effective Damage (ED) across the tissue. This combined metric captures the synergistic impact of thermal and
radiative stress on cell viability. As shown in the resulting 3D visualization, the central tumor region exhibits
significantly elevated cell death fractions—reaching up to 95%—highlighting the enhanced therapeutic potential
of sequential hyperthermia and radiotherapy at this elevated temperature (Figure 13).
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Figure 13. 3D visualization of effective cell death from combined hyperthermia and x-ray treatment.

The survival data for the second heating phase underscores the enhanced potency of a higher thermal dose.
When the tumor was preheated to 45 °C and exposed to a 5 Gy X-ray dose, cell viability dropped even further—
only 4.5% of tumor cells remained alive. In comparison, healthy tissue, which absorbed a much lower dose (1.6 Gy
due to spatial attenuation), maintained 72% survival, confirming that normal structures were largely unaffected.
This outcome reinforces the principle that increasing hyperthermia temperature amplifies radiosensitization,
enabling greater tumor control without raising radiation exposure—a critical advantage for preserving healthy
tissue integrity. Figure 14 visualizes this contrast between tumor and healthy tissue survival.
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Estimated Cell Survival after X-ray Exposure (45°C Preheating
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Figure 14. Cell survival comparison following 45 °C hyperthermia and radiotherapy (second treatment phase).

3.4 Heating Phase 3: Heating Tumor Tissue to 47°C
3.4.1 Heating Tumor Tissue to 47°C

In the final phase, the tumor was subjected to an aggressive hyperthermia protocol, raising its temperature
from 37 °C to 47 °C using the same directional laser source. Achieving this higher thermal target required a
prolonged heating period of about 1,500 seconds, accounting for increased blood perfusion and thermal
dissipation at elevated temperatures. The resulting temperature map reveals a pronounced gradient, with intense
heat concentrated near the laser entry point and tapering outward through surrounding tissue layers. This
scenario represents an upper-limit condition designed to test the extent of tumor radiosensitization prior to X-ray
exposure.

3D Cutaway View: Heat Distribution at 47°C in Tumor
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Figure 15. 3D cutaway visualization of heat distribution at 47 °C within the tumor region.

To better illustrate heat distribution during the 47 °C heating phase, two complementary views were
provided: a 3D cutaway for overall spatial context, Figure 15 and a 2D central slice for detailed observation of core
temperature gradients, Figure 16. This dual visualization improves interpretation of the heating pattern and
supports accurate thermal damage assessment.
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Figure 16. 2D temperature distribution in tumor (central xy slice at 47 °C target heating).

ATU Bilim Dergisi / ATU Journal of Science 1 (2):96-109 (2025) 105



Bio-Heat Transfer in Cancer Treatment: A Mathematical Framework for Hyperthermia... Fattal et al.

3.4.2 Estimating Thermal Damage

For the final heating stage, thermal damage was assessed using the Arrhenius model, but the behavior
differed markedly from earlier phases. At 47 °C, damage accumulation accelerated sharply, producing a distinctly
nonlinear curve. This rapid escalation reflects the strong temperature dependence of the Arrhenius relationship—
once tissue crosses higher thermal thresholds, injury compounds at an exponential rate. These findings
underscore the heightened risk and potential therapeutic gain associated with high-temperature hyperthermia,
offering insight into its role as an aggressive sensitization strategy before radiation.
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Figure 17. Thermal damage accumulation at 45°C over 1500 seconds.

At this elevated temperature, the Arrhenius thermal damage index reached approximately Q = 0.025,
representing more than double the damage observed at 45 °C (2 # 0.010) and five times that at 43 °C (Q = 0.005).
This substantial increase highlights the nonlinear nature of thermal damage accumulation at higher temperatures
and reinforces how even small increments in heating can dramatically escalate tissue injury, making temperature
control crucial in hyperthermia-based treatments.

3.4.3 X-ray Application During Relaxation (Post-Heating Phase 3).

Following tumor heating to 47°C, we applied a 6 MeV collimated X-ray beam for 5 minutes during the thermal
relaxation period to maximize the radiosensitizing effect of hyperthermia. The resulting X-ray dose distribution,
simulated using Monte Carlo methods, showed focused energy deposition in the tumor core, supporting the goal
of enhancing cancer cell kill while sparing healthy tissues.

3D Spatial Distribution of X-ray Dose
Following Laser-Induced Hyperthermia at 47 °C
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Figure 18. 3D spatial distribution of x-ray dose following laser-induced hyperthermia at 47 °C.

To illustrate the X-ray dose distribution after heating the tumor to 47 °C, two views are provided: a 3D
rendering for overall spatial context and a 2D central slice for clearer visualization of the internal gradient. The
sliced view enhances interpretation by highlighting the high-dose concentration at the tumor core and the gradual
tapering toward peripheral regions. (Figures 18 & 19).
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Figure 19. Lighter 2D slice of 3d x-ray dose distribution (post 47°C heating).

3.4.4 Combined Damage Assessment (Thermal + X-ray)

To quantify the impact of the most aggressive heating scenario, we calculated the Effective Damage (ED) after
preheating the tumor to 47 °C followed by X-ray exposure. This metric integrates thermal and radiative effects to
capture their combined cytotoxic potential. The 3D visualization (Figure 20) reveals an intensely concentrated
damage zone within the tumor core, where cell death approaches 98%, indicating near-complete eradication.
Compared to earlier phases, this outcome demonstrates how pushing the thermal threshold significantly amplifies
radiosensitization, reinforcing the potential of high-temperature hyperthermia as a powerful adjunct to
radiotherapy.

3D Volume of Combined Thermal + X-ray Damage at 47°C
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Figure 20. 3D visualization of effective cell death from combined hyperthermia and x-ray treatment.

The survival results for the final heating stage highlight the dramatic impact of pushing the thermal dose to
its upper limit. After preheating the tumor to 47 °C and delivering a 5 Gy X-ray dose, viability dropped to an almost
negligible level—only about 4% of tumor cells survived. Meanwhile, healthy tissue, which absorbed a much lower
dose (x1.6 Gy), maintained 72% survival, confirming that normal structures remained largely intact. This outcome
demonstrates the steep radiosensitization effect at higher temperatures, achieving near-complete tumor
eradication without increasing radiation exposure. Figure 21 visualizes this stark contrast, reinforcing the

potential of high-temperature hyperthermia as a powerful adjunct to radiotherapy.
Estimated Cell Survival after X-ray Exposure (47°C Preheating)

104 Tumor (5 Gy)
Healthy Tissu(l6y)
0.8
c 73.0%
o
£ 06
e
e
g
3 0.4
2
2
302
0.0 1.5%
0.0
Tumor (Preheated, 5 Gy) Healthy Tissue (1.6 Gy)

Figure 21. Cell survival comparison following 47 °C hyperthermia and radiotherapy (third treatment phase).
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4., Conclusion

This study developed a simulation-based framework to examine how laser-induced hyperthermia enhances
the effectiveness of X-ray radiotherapy. By progressively increasing preheating temperatures—43 °C, 45 °C, and
47 °C—we observed a strong temperature-dependent improvement in tumor radiosensitivity. Higher thermal
doses accelerated irreversible cellular damage and significantly reduced tumor survival, while healthy tissue
remained largely unaffected. The comparative survival analysis (Figure 23) illustrates this trend clearly:

e At43°C, tumor survival was 6%, while healthy tissue retained 71% viability.

e At45°C, tumor survival dropped to 4.5%, with healthy tissue at 72%.

e At47°C, tumor survival fell to just 1.5%, while healthy tissue remained stable at 73%.
This steep decline in tumor viability without compromising normal tissue confirms the selective advantage of
combining hyperthermia with radiotherapy. Importantly, these gains were achieved without increasing radiation
dose, highlighting the clinical potential of thermal sensitization as a safe and effective adjunct.

Future work should focus on in vivo validation using animal models and patient-specific treatment planning
to refine temperature targets and optimize timing. Ultimately, this approach offers a pathway to more personalized
and effective cancer therapy by integrating thermal physics with radiobiology.

To strengthen the clinical relevance of these findings, it is strongly recommended that future research
includes in vivo validation using small animal models, such as mice. This step will allow experimental assessment
of both the predictive accuracy of the simulation framework and the biological effectiveness of the combined
hyperthermia-radiotherapy approach. Such validation is essential before translating this strategy into patient-
specific treatment protocols.
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Figure 22. Comparative analysis of cell survival for the three heating phases 43 °C, 45 °C, and 47 °C.
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0z

Bu ¢alisma diisiik hizli ugus kosullarinda ve ytliksek manevra kabiliyeti gerektiren hava araglari
icin tasarim stirecine katki saglamay1 hedeflemektedir. NACA 0008, 0012, 2412 ve 2415 kanat
profilleri tizerinde yapilan sayisal analizlerle tiirbiilans olusumunu azaltma ve akig ayrilmasini
engellemeye yonelik ti¢ farkl pasif kontrol yontemini ele almigtir: tel ekleme (wire), yarikagma
(slot) ve kanatcik (flap) ekleme. Sayisal ¢oziimlemeler, ANSYS Fluent kullanilarak
gerceklestirilmistir. Simiilasyonlarda C-tipi ag yapisi olusturulmus ve y+ < 1 olacak sekilde
sinir tabakasi ¢oziiniirliigl saglanmistir. Analizler, yiliksek hiicum agilar1 altinda (NACA 0008
profili igin 12°-16°, NACA 0012 igin 14°-17°, NACA 2412 i¢in 16°-19°, NACA 2415 igin 16°-
20° araliginda), 1x10° Reynolds sayisinda ve k-w SST tiirbiilans modeli tercih edilerek
yapimistir. Akiskan sikistirilamaz kabul edilmis ve ¢oziimler zamandan bagimsiz (kararl
rejim) olarak gerceklestirilmistir. Calisma sonucunda, kanat profilleri tizerinde uygulanan tel
ekleme (wire), yarik agma (slot) ve kanatcik (flap) yontemleri arasinda, akis ayrilmasini
geciktirerek kaldirma kuvvetini artiran ve yiiksek hiicum agilarinda dahi C./Cp oranini
iyilestirerek kanat profillerinin kullanilabilir hiicum agisin1 1-2° artiran yarik uygulamasi en
verimli tiirblilans kontrol yontemi olarak one ¢ikarken; tel ekleme ydntemi, tiim kanat
profillerinde C./Cp oranini %72-77 oraninda diisiirmesi nedeniyle verimsiz, kanatciklar ise
kaldirma katsayisini artirarak C./Cp oraninda sinirll agilarda kismi fayda saglamis ancak
siiriikleme katsayisini artirarak genel performansi sinirlamistir.

Anahtar Kelimeler: Kanat profili; HAD; Kanatcik; Yarik

Improvement of The Flow Field Using Computational
Fluid Dynamics For Various Naca Airfoils At High
Angles of Attack

(This study was presented at ULIBTK’25 congress)
Abstract

This study aims to contribute to the design process of aircraft operating under low-speed flight
conditions and requiring high maneuverability. It examines three different passive control
methods to reduce turbulence formation and prevent flow separation on the NACA 0008, 0012,
2412, and 2415 airfoils: wire addition, slot implementation, and flap attachment. Numerical
analyses were conducted using ANSYS Fluent. In the simulations, a C-type mesh structure was
generated, and boundary layer resolution was ensured with y+ < 1. The analyses were
performed at high angles of attack (12°-16° for NACA 0008, 14°-17° for NACA 0012, 16°-19°
for NACA 2412, and 16°-20° for NACA 2415) and at a Reynolds number of 1x106, using the k-
 SST turbulence model. The fluid was assumed to be incompressible, and the solutions were
carried out in a steady-state manner. The results showed that among the wire addition, slot
implementation, and flap attachment methods applied to the airfoils, the slot method emerged
as the most effective turbulence control technique. It delayed flow separation, increased lift,
and improved the C/Cp ratio even at high angles of attack, extending the usable angle of attack
by 1-2 degrees. On the other hand, wire addition was found to be inefficient, reducing the C./Cp
ratio by 72-77% across all airfoils. Flaps provided partial benefits at limited angles by
increasing the lift coefficient, but they also raised the drag coefficient, thereby limiting overall
performance.

Keywords: Airfoil; CFD; Flap; Slot
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1. Giris/Introduction

Kanat profilleri, hava araglarinin ugus performansini belirleyen en 6nemli aerodinamik bilesenlerden biridir.
Ozellikle yiiksek hiicum agilar1 altinda, kanat yiizeyinde olusan akis ayrilmasi ve tiirbiilans gibi olumsuz akis
olaylari, kaldirma kuvvetinde azalmaya ve siiriikleme kuvvetinde artisa neden olarak sistem verimini
disiirmektedir. Bu nedenle, kanat ylizeyinde olusan tiirbiilansin kontrol altina alinmasi, kanat profillerinin
performansinin artirilmasi agisindan kritik bir dneme sahiptir.

Bu tiir aerodinamik problemleri azaltmak amaciyla ¢esitli pasif akis kontrol yontemleri gelistirilmistir. Ek bir
enerji gerektirmeyen bu ydntemler, basit uygulama yapilar1 sayesinde miihendislik sistemlerinde tercih
edilmektedir. Bu ¢alisma kapsaminda ii¢ farkli pasif kontrol yontemi ele alinmistir: tel ekleme (wire), yarik agma
(slot) ve kanatgik (flap) ekleme. Her biri, akisin karakteristigini degistirerek tiirbiilansin ve akis ayrilmasinin
etkilerini azaltmay1 amaglamaktadir.

IIk yontem olarak degerlendirilen tel ekleme, simir tabakadaki akis yapisini degistirmek amaciyla kanat
ylzeyine kiiciik capl tel yerlestirilmesi esasina dayanir. Bu yontem, akis yoniinii bozarak tiirbiilans bélgesini
yeniden sekillendirmeyi hedeflemektedir.

Ikinci olarak ele alinan yarik (slot) agma ydntemi, yiiksek enerjili akisin sinir tabakaya gecisini saglayarak
akis ayrilmasini geciktirmekte ya da onlemektedir. Bu yapi, kanat iizerindeki tiirbiilansin olusumunu azaltmaya
yonelik oldukea etkili bir yontemdir.

Son olarak incelenen kanatgik (flap) ekleme yontemi, kanat profilinin firar kenarina eklenen hareketli ya da
sabit yapilar araciligiyla kaldirma kuvvetini artirmaya yonelik bir yaklasimdir. Bu yontem, 6zellikle yiiksek
kaldirma gereksinimi olan uygulamalarda tercih edilmektedir.

Bu ¢alisma kapsaminda, farkli geometrilere sahip NACA kanat profilleri secilerek, s6z konusu yontemlerin
yuksek hiicum agilar altindaki aerodinamik performans tlizerindeki etkileri sayisal analizler yoluyla detayl bir
sekilde incelenmistir. Elde edilen veriler, pasif kontrol yontemlerinin karsilastirmali degerlendirilmesine olanak
tanimaktadir.

Diisiik Reynolds sayilarinda kanat profillerinin aerodinamik performansinin dogru sekilde belirlenebilmesi,
ozellikle kii¢iik IHA'lar ve benzeri uygulamalar agisindan kritik éneme sahiptir. Bu baglamda simetrik NACA 0012
kanat profilinin diisiik Reynolds sayilarindaki aerodinamik karakteristikleri, gecisli k-w SST tiirbiilans modeli
kullanilarak hesaplamali akiskanlar dinamigi (HAD) ile incelenmistir. Calismada farkli ¢6ziim ag1 yogunluklari test
edilerek ag bagimsizligl saglanmis; elde edilen kaldirma ve siiriikleme katsayilar1 deneysel ve literatiirdeki
verilerle karsilastirllmistir. Elde edilen sonuglar, gegisli k- SST modelinin 6zellikle diisiik Reynolds sayilarinda
glvenilir tahminler sundugunu ve laminer-tiirbiilans gecis bdlgelerinin dogru sekilde yakalanabildigini
gostermistir [1].

NACA 2412 kanat profili izerindeki aerodinamik performansi, 6zellikle diiz kanatcik, béliinmiis kanatgik, tek-
yarikli ve ¢ift-yarikli kanateik gibi yliksek kaldirma cihazlarini kombinleyerek incelemislerdir. Tasarim i¢cin CATIA
V5 ve hesaplamali analiz igin ANSYS 15.0 kullanilmistir. Arastirma, kalkis ve inis i¢in insansiz hava araci
performansini optimize etmeye odaklanmistir. Sonuclar, tek-yarikli kanatgik tasariminin diger konfigiirasyonlara
kiyasla en ytiksek Cv sagladigini, ancak kii¢iik bir Cp artisina sebep oldugunu gostermistir. Bu, kisa mesafe kalkis
ve inis gereksinimi duyan uygulamalar i¢in ideal bir tasarim olarak 6ne ¢ikmaktadir. Calisma, modifiye edilmis
kanat profillerinin aerodinamik eylemini dogrulamada HAD araglarinin 6nemini vurgulamaktadir [2].

Sinir katmani kontrolii, hava araglarinin aerodinamik performansini artirmak igin uzun siiredir
incelenmektedir. Emme ve iifleme tekniklerinin, akisin ayrilmasimi kontrol ederek kaldirma ve siiriikleme
kuvvetlerini manipiile etmede etkili oldugu bulunmustur. NACA 0012 kanat profili izerinde, jet genisligi, yoni ve
konumu gibi parametreler, akis kontrolii tizerindeki etkileri acisindan kapsamli bir sekilde arastirilmistir. Hiicum
kenarinda dikey emme ve firar kenarinda yatay iflemenin kaldirmay1 artirmada o6zellikle etkili oldugunu
gostermistir. HAD tabanli yontemlerin gelismesiyle, ayrilma akislarini daha dogru tahmin etmek i¢in k-w SST gibi
ileri diizey tiirbiilans modelleri kullanilmistir. Bu baglamda, Yousefi ve arkadaslar, jet genisligi (%1.5-4 kanat
kokii uzunlugu), jet acilar ve jet hiz oranlariyla yapilan yaklasik 500 simiilasyondan olusan bir sayisal ¢alisma
yapmislardir [4]. Sonuglar, yatay tifleme i¢in %3.5-4 jet genisligi ve dikey emme icin % 2.5 genislikte optimum
performans elde edildigini ve bunun ayrica irtifa kaybi (stall) acisini 6nemli 6l¢iide geciktirdigini gostermistir [3].

Pasif akis kontrol teknikleri, 6zellikle yiiksek hiicum acis1 (AOA) kosullarinda, kanat profillerinin aerodinamik
performansini iyilestirmek icin genis bir sekilde arastirilmistir. Bircok calisma, irtifa kaybini geciktirmek ve
kaldirmay1 artirmak amaciyla, kilavuz kanatlar, Gurney kanatciklari, slatlar, hiicum kenari ¢ikintilari ve i¢ veya dis
yariklar gibi konfigiirasyonlari incelemistir. Tek-yarikli tasarimlar faydalar saglasa da akisin ayrilma noktasindan
asagiya dogru enjekte edilmesiyle etkinlikleri azalir. Belamadi ve arkadaslari, yarikh tasarimlar kullanarak CL ve
CL/Cp oranlarinda performans artis1 elde etmislerdir [5]. Ancak ¢ogu c¢alisma tek-yarik geometrilerine
odaklanmistir. Bu boslugu ele alarak, Yousefi yeni bir¢ok-yarikli NACA 23012C kanat profili dnermis ve
aerodinamik performansini HAD simiilasyonlariyla degerlendirmistir [6]. Sonuclar, ¢ok-yarikli konfigiirasyonlarin
irtifa kayb1 agisin1 12°ye kadar geciktirebilecegini ve maksimum C. degerini %15.8 oraninda artirabilecegini
gostermistir. Ayrica, en iyi CL/Cp iyilestirmesi (% 22.31) iki yarikla elde edilirken, dért-yarikli konfigiirasyonlar
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¢ogu yiiksek AOA'da optimal olmustur. Calisma ayrica, ¢ok-yarikli tasarimlarin ekonomik faydalarini, kanat
malzeme kullanimini ve tiirbin maliyetini azaltma agisindan vurgulamaktadir [6].

Yarikh kanat profilleri, 6zellikle irtifa kayb1 agisimia yatkin kosullarda riizgar tiirbini kanat performansini
iyilestirmek icin etkili bir pasif akis kontrol yontemi olarak dikkat ¢ekmistir. Literatiirdeki cesitli calismalar,
yariklarin konumlandirilmasi, genisligi ve sekli gibi aerodinamik 6zelliklerin C. ve CL/Cp degerlerini 6nemli 6l¢tide
iyilestirebilecegini gdstermistir. Weick, Lim, Narsipur ve arkadaslari, Gaunaa ve arkadaslar1 gibi arastirmacilarin
yaptig1 temel ¢alismalar, farkli rotor uygulamalarinda tek ve ¢ok-yarikli konfigiirasyonlari incelemistir. Bu ¢calisma,
S809 kanat profilini odak alarak yarik konfigiirasyonlarini 2D HAD simiilasyonlariyla incelemis, steady RANS
denklemleri ve cesitli tiirbiilans modelleri kullanarak, standart k-€ modelini dogruluk ve hesaplama maliyeti
acisindan se¢mistir. Sonuglar, aerodinamik performansin 6zellikle yariklarin sinir katmani ayrilma noktasina gore
konumlandirilmasina duyarli oldugunu gostermistir. Yarik, ayrilma noktasinin hemen yukarisina
yerlestirildiginde, kayma oraniiyilestirmeleri %10'dan fazla elde edilmistir. Ayrica, daralan bir yarik kesiti ve daha
dik yarik egimi ({r = -60°) kaldirmay1 artirirken, siiriiklemeyi azaltmistir. Yarikli konfigiirasyonlar, disiik hiicum
acilarinda performansi biraz azaltabilirken, orta ile yiiksek AOA'larda temel kanat profiline gére 6nemli dl¢lide
daha iyi performans sergileyerek, riizgar tirbinlerinin gercek isletim kosullarinda verimliliklerini artirma
potansiyelini dogrulamaktadir [7-10].

Al-Jibory & Shinan , NACA 0012 kanat profili iizerinde iist yiizeyde yer alan iiggen sirtlarin sinir katmani
ayrilma kontrolii ve aerodinamik performans lizerindeki etkilerini sayisal olarak incelemislerdir. Calismada, %50,
%70 ve %90 kanat kokii uzunlugu pozisyonlarinda yer alan sirtlar, 7 m/s serbest akis hiz1 (Re = 78.000) ve 0° ile
22° arasindaki hiicum agilar1 altinda test edilmistir. Al-Jibory & Shinan, sirtlarin disiik agilar1 (<12°) Cr azalttigini
ve Cp artirdiginy, ancak yiiksek acilarda (212°) 6zellikle %90 pozisyonunda hem C., artirdigini hem de Cp azalttigini
bulmuslardir. %50 kanat kokili pozisyonundaki sirt konfigiirasyonunun irtifa kayb1 acisin1 14°'den 16°'ya
geciktirdigi ve yiiksek hiicum agilar1 icin 6nemli performans artislar1 sagladig: bildirilmistir. Ancak, sonuglar
22°'de minimal bir etki gostermistir. Al-Jibory & Shinan'in ¢alismasi, hedeflenen akis rejimlerinde kanat profili
verimliligini optimize etmek icin pasif sirt yapilarinin potansiyelini vurgulamaktadir ve aerodinamik tasarim
iyilestirmeleri i¢in pratik bilgiler sunmaktadir [11].

Prabhakar & Ohri , Micro Air Vehicle (MAV) NACA 2412 kanadinin slat ve cift-yarikli kanatgiklar ile
donatildig1 yiiksek kaldirma kalkis konfigiirasyonunda aerodinamik performansi HAD analizi kullanarak
incelemislerdir. Arastirma, slat bosluk boyutunu (kanat kokii uzunlugunun %0.5'inden %4.7'sine kadar) ve
kanate¢ik agilmasini (40°) C. maksimize etmek amaciyla optimize etmeye odaklanmistir. Sonuclar, %1.7 slat
boslugu ile cift-yarikh kanatgiklarin en yiiksek C. sagladigini ve %67.1'lik bir artis elde ettigini gostermistir. Bu
konfigiirasyon, irtifa kaybi acisin1 20°'den (diiz kanat) 54°'ye geciktirerek diisiik hiz performansini 6nemli 6l¢iide
artirmistir. Ancak, Prabhakar & Ohri, yliksek kaldirma cihazlarindan kaynaklanan Cp artis1 nedeniyle C./Cp
oraninin %77-79 oraninda diistiigiinii belirtmislerdir. Calisma, HAD sonuglarini deneysel verilerle dogrulamis ve
Cv artirma ile aerodinamik verimlilik arasinda bir denge oldugunu vurgulamistir [12].

Matsson ve arkadaslari, diisiik Reynolds sayilarinda (Re=426,248) 3D yaziciyla liretilmis NACA 2412 kanat
profili iizerindeki aerodinamik performansi, deneysel ve HAD analizlerini birlestirerek incelemislerdir.
Calismalarinda, Matsson’un rehberligindeki lisans 68rencileri, 36 ylizey basing sensérii bulunan modiiler bir kanat
tasarlamis ve bu sensorleri, a¢1 degisimlerinde anlik basing dagilimi 6l¢iimleri yapmak i¢in 6zel yapilmis bir
manometre sistemiyle baglamislardir. Ekip, deneysel sonuclari dogrulamak icin ANSYS Fluent simiilasyonlari
yapmis ve ag hassasiyeti analizleri ile ince ag ayarlarinda yakinsama saglanmistir. Matsson ve arkadaslari,
deneysel ve HAD tabanli kaldirma katsayilar1 arasinda (6rnegin, 10°'de 1.157’ye karsi 1.158) giiclii bir uyum
bildirmisler ve irtifa kaybi acisin1 14° ile 16° arasinda tespit etmislerdir. Bu proje, SOLIDWORKS, HAD ve imalat
becerilerinin entegrasyonu ile deneysel 6grenmeyi vurgulamis ve akiskanlar mekanigi 6gretimi icin maliyet etkin
($1,611) bir egitim aracinin gelistirilmesini saglamistir. Matsson ve ekibi, NACA 2412'nin basing dagilimi
ozelliklerini ve miithendislik egitiminde uygulamali aerodinamik deneylerin pedagojik degerini etkili bir sekilde
sergilemislerdir [13].

Bu ¢alismada, NACA 2412 kanat profili lizerinde yarikli akis ayrilma kontroli arastirilmistir. Akis ayrilmasi,
irtifa kaybi, yiiksek Cp ve diistik C./Cp gibi sorunlari ¢6zmek amaciyla, kanat profilinin her iki basing ytizeyi arasina
bir yarik yerlestirilmistir. Yarik icin hava giris ve ¢ikisinin optimum pozisyonlari ve yarik genisligi belirlenmistir.
HAD simiilasyonlari, yarigin yiiksek hiicum agilar1 (AOA) performansini iyilestirdigini géstermistir. Hava giris ve
¢ikisinin optimum pozisyonlari sirasiyla kanat 6ndeki kenardan %10 ve %25’te bulunmus ve yarik genisligi, kanat
uzunlugunun %1,5’i olarak optimize edilmistir. Bu diizenlemeler, irtifa kayb1 agisin1 16°'dan 20°'ye ¢ikararak
C/Cp oranini %89’a kadar artirmistir [13].

Mohamed ve arkadaslari, dikey eksenli riizgar tiirbinlerinde (VAWT) yarikli kanat profillerinin aerodinamik
performansini inceleyerek gii¢c verimliligini ve kendi kendine baslama yeteneklerini artirmay1 amag¢lamislardir.
NACA 0018 kanat profilleri icin optimize edilmis yarik tasarimlari, akis ayrilmasini 6nemli 6l¢lide geciktirerek
diistik tip-h1z oranlarinda (TSR) kaldirma ve torku artirmistir. Yarikli kanat profilleri, temel tasarimlara kiyasla
daha genis bir verimli hiicum agis1 aralig1 gostermistir. ANSYS Fluent kullanilarak yapilan analizler, aerodinamik
davranigin iyilestigini ortaya koymus ve VAWT’lerde 6nemli performans gelismeleri icin potansiyel sunmustur.
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Bu arastirma, rizgar tiirbini tasariminda karsilasilan yaygin sorunlara sirdiirilebilir enerji ¢oéziimleri
sunmaktadir [14].

Meghani , NACA 2412 kanat profiline uygulanan morfing konfigiirasyonlarinin potansiyel aerodinamik
avantajlarin incelemistir. Bu konfigiirasyonlar, XFLR5 kullanilarak yapilmis ve XFOIL, riizgar tiineli testleri ve
ANSYS Fluent analizleriyle degerlendirilmistir. Morfing konfigiirasyonlari, siiriikleme kuvvetini azaltarak ve irtifa
kaybr agisinn geciktirerek CL/Cp oranlarini artirmay1 hedeflemistir. Morfing, 6zellikle diisiik Reynolds sayilarinda
(~500,000) ucus kabiliyetini genisletmis ve aerodinamik verimliligi gelistirmistir. XFOIL tahminleri, diisiik
Reynolds sayilarinda deneysel sonuglarla iyi bir uyum saglarken, daha yiiksek Reynolds sayilarinda farkliliklar
gozlemlenmistir. Calisma yalnizca aerodinamik performansa odaklanmis olup, malzemeler, iiretim ve kontrol
mekanizmalar1 dikkate alinmamaistir [15].

Coder ve Somers , hem diisiik hizda hem de transonik rejimlerde daha iyi performans elde etmek amaciyla
yarikli kanat profillerindeki gelismeleri incelemislerdir. S207 kanat profilini tanitarak, aerodinamik verimliligi ve
yakit tiiketimini 6nemli 6lciide iyilestirmislerdir. Bu ¢alisma, ticari havacilik verimliligi hedeflerine ulagsmak icin
gelecekteki potansiyeli kanitlamaktadir ve ticari tasima ugaklarinda siiriiklemeyi azaltip kaldirmay1 artirmayi
hedeflemektedir [16].

Belamadi ve arkadaslari, yarikli kanat profillerinin rizgar tirbinleri verimliligini artirma potansiyelini
kesfetmis ve temiz enerji ile riizgar tiirbinlerinin aerodinamik zorluklarina vurgu yapmislardir. Arastirma, yarik
kullanarak pasif sinir katman kontroline odaklanmis ve CL/Cp oranlarini iyilestirerek akis ayrilmasini
geciktirmektedir. HAD simiilasyonlari, deneysel verilerle dogrulanarak, dogru yerlestirilmis yariklarin
aerodinamik performansi iyilestirdigini, 6zellikle orta ve yliksek hiicum acilar1 (10°-20°) arasinda etkili oldugunu
gostermistir. Ancak, yanlis yerlestirme, 6zellikle diisiik hiicum agilari i¢in siiriiklemeyi artirabilir. Calismalar,
riizgdr tiirbini kanatlarinda yarik geometrileri icin tasarim onerileri sunmakta, ancak 2D simiilasyonlarla sinirh
kalmakta ve ger¢ek diinya uygulamalari i¢cin daha fazla 3D ¢alismas1 yapilmasi gerektigi belirtilmistir. Yarikli kanat
profilleri umut verici bir potansiyel tasisa da verimlilik dengelerini saglamak i¢in dikkatli bir tasarim gereklidir
[5].

Xie ve arkadaslari, S809 kanat profili tizerinde akis ayrilmasini engellemek ve verimliligi artirmak amaciyla
yeni bir akis kontrol ydontemini (split blades) incelemislerdir. Yiiksek hiicum agilar1 (15° ve 20°) kullanildiginda,
yarik kullanmak kaldirma katsayisini artirmis ve stiriikleme katsayisini diisiirmiistiir. Bu kontrol yontemi, diisiik
hiicum agcilarinda hafif bir etki gosterse de ytliksek hiicum ag¢ilarinda ayrilmayi etkin bir sekilde azaltmistir. HAD
simiilasyonlari, parcacik goriintiileme velosimetresi kullanarak yapilan riizgar tiineli deneyleriyle desteklenmistir.
Yariklarin tasarimi ve yerlesimi, sinir katman enerjisinin yonetilmesi ve ayrilmanin azaltilmasi agisindan kritik
6neme sahiptir [17].

Son ve arkadaslari , yiizey telinin altkritik Reynolds sayisi rejimlerinde (0.5 x 10°-2.8 x 10°) siiriikleme
azaltma tizerindeki etkilerini incelemislerdir. Trip teli tarafindan tetiklenen akis yeniden baglanma mekanizmalar1
ve tlirbiilans gegisi lizerine yapilan bu ¢alisma, optimize edilmis trip teli yerlesimiyle tetiklenen siiriikleme Kkrizi
fenomenini vurgulamaktadir. Bu c¢alisma, c¢esitli akima uyumsuz geometri tasarimlarinda aerodinamik
optimizasyonu anlamak icin 6nemli bir katk: saglamaktadir [18].

Whitman ve arkadaslar1 farkli yarik konfigiirasyonlarinin irtifa kaybi acis1 ve CL/Cp oranlar iizerindeki
etkilerini incelemislerdir. 15°'den ytiksek acilarin tizerinde, yarikl kanat profilleri, kat1 kanat profillerinden daha
iyi performans gostermistir. Yiiksek acilarin (>25°) lizerinde, daha kii¢iik yarik konfigiirasyonlari, siiriiklemeyi
daha etkili bir sekilde azaltmistir. Akis gorsellestirmeleri, yarikli konfigiirasyonlarin akisi daha iyi bagladigini ve
irtifa kayb1 acisinu geciktirdigini gostermistir. Yarik optimizasyonu, kritik aerodinamik kosullarda, 6rnegin kalkis
veya manevra sirasinda kaldirma giiclinii artirabilir [19].

2. Materyal ve Metot/Material and Method
2.1 Teorik Arka Plan

Bir kanat profili tizerinde birka¢ tasarim parametresi bulunur, bunlar arasinda:

e Hiicum kenar1

e Firar kenari

e Kamburluk hatti
e Kord hatt

e Hiicum agis1

Hiicum kenar, kanat profilinin en 6nde bulunan kenaridir ve akiskanin kanat profiliyle ilk temas ettigi yerdir.
Temel islevi, gelen akisin kanat ylizeyi tizerinde diizgilin bir sekilde ilerlemesini saglamaktir. Firar kenar ise kanat
profilinin son temas ettigi yerdir ve akiskanin kanat profili ile temasini keserek ayrildigi yerdir. Genellikle keskin
bir geometriye sahiptir. Kamburluk hatti, kanat profilinin iist ve alt yiizeylerinden esit uzaklikta olan noktalarin
birlestirilmesiyle olusan hattir. Kamburluk hattinin egriligi artik¢a, kaldirma kuvveti genellikle artar. Kord hatt,
hiicum kenar ile firar kenari birlestiren diiz bir hattir. Hiicum agisi, kord hatt1 ile gelen akiskanin goérece yoni
arasindaki agidir. Bu a¢1 hem kaldirma hem de siiriikleme kuvvetlerini 6nemli 6l¢iide etkiler [20].
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Her bir kanat profili ve Reynolds sayisi icin, kaldirma kuvveti ile siirtikleme kuvveti orani degisir. Bu oranin
maksimum oldugu optimal bir deger vardir ve cogu kanat profili icin bu deger genellikle 6-10° arasinda bir aciyla
saglanir.

Bir kanat profili iizerinde etkiyen kuvvetler, kaldirma ve siiriikleme kuvvetleridir. Kaldirma kuvveti,
akiskanin kanat yiizeyini gectigi sirada, iist ve alt yiizeyler arasindaki basing fark: tarafindan iretilir. Kaldirma
kuvvetinin yoni, akiskanin gérece yontine diktir. Siiriikleme kuvveti ise akiskanin viskozitesinden ve kanat
profilinin akisa kars1 gosterdigi direncten kaynaklanir. Striikleme kuvvetinin yoni, akiskanin gérece yoniiyle
paraleldir.

Sekil 1. Analizlerde kullanilan NACA 2415 kanat profilinin geometrisi

Sekil 1'de, NACA 2415 kanat profiline yerlestirilen yarigin ekseni, kanat kord hattina goére 30° egimli olacak
sekilde konumlandirilmistir; yarigin 6n kenara yakin kismi 200 mm, daha uzak kismi ise 450 mm mesafededir.
Yarigin alt ve ist kismi arasindaki oran 4 olarak belirlenmis ve bu diizenleme sonucunda yarik kalinliginin
ortalamasi yaklasik 25 mm olarak saptanmistir. Bu tiir detayli geometrik parametrelerin belirlenerek
modellenmesi NACA 2415 icin Belamadi ve ark. tarafindan yapilan sayisal ¢alismada kullanilan metodolojiyle
uyumludur [5].

NACA 0008 kanat profilinde yarik ekseni, kanat kord hattina gore 60° egimli olacak sekilde tasarlanmistir.
Yarigin kanat profilinin hiicum kenarina yakin olan kismi, kanadin hiicum kenarina 15 mm uzaklikta; firar
kenarina yakin kismi ise 30 mm uzaklikta konumlanmaktadir. Bu diizenleme ile yarigin kalinlig1 15 mm olarak
belirlenmistir. Yarigin ug¢ bolgeleri, akis ayrilmasini azaltmak ve daha diizgiin bir gecis saglamak amaciyla 60°
egrisel gecislerle Prabhakar & Ohri ¢alismasi kullanilarak modellenmistir [12].

NACA 0012 kanat profilinde iizerinde yarik ekseni, kord uzunlugu 1000 mm olan kanat profilinde, yarigin tist
kenardan 350 mm uzaklikta konumlandirildig, yatay eksene goére 30° agiyla a¢ildigl ve 15 mm genislige sahip
olacak sekilde tasarlanmistir. Bu tasarim Xie ve arkadaslari ¢alismasindan yardim alinarak yapilmistir [17].

B\
<L\ o0mm

i
- 35mm

90mm

Sekil 2. Analizlerde kullanilan NACA 2412 kanat profilinin geometrisi

Sekil 2’de goriildiigii gibi NACA 2412 kanat profilinde yarik ekseni, kanat kord hattina gére 30° egimli olacak
sekilde tasarlanmistir. Yarigin u¢ kismi 1000 mm kord uzunluguna sahip kanadin hiicum kenarina 90 mm
uzaklikta; uzak olan kismi ise 105 mm uzaklikta konumlanmaktadir. Bu diizenleme ile yarigin kalinligi 20 mm
olarak belirlenmistir. Yarigin ug boélgeleri, akis ayrilmasini azaltmak ve daha diizgiin bir gecis saglamak amaciyla
30° egrisel gecislerle modellenmistir. Yarik profili Prabhakar & Ohri ¢alismasindan faydalanilarak tasarlanmistir
[12].

Kanatgiga iliskin geometrik modifikasyon, firar kenarina 250 mm uzakliktan baslayarak 90°1ik bir egrisel hat
ile kavislenip 20 mm saga ¢ekme ve saat yoniinde 40° dondiirme islemleri uygulandiginda elde edilmistir.
Calismadaki tiim iyilestirilmis olan kanat profilleri lizerinde bu boyutlar sabit tutulmustur. Bu geometri Srivastava
& Aditya calismasindan 6rnek alinarak tasarlanmistir [2].
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2.2 Sayisal Yontem

Bu ¢alismada, farkli kanat profilleri (NACA0008, NACA0012, NACA2412, NACA2415) icin ¢esitli Reynolds
sayllar1 ve hiicum agilari altinda HAD analizleri yapilmistir. Bu analizlerde ANSYS Fluent yazilimi kullanilmistir.
Ayrica, elde edilen sonuglar, dogrulugunu teyit etmek amaciyla XFLRS5 yazilimindan elde edilen sonuglarla
karsilastirilmistir.

Bu calismada, farkli hiicum acilari ve 106 Reynolds sayisinda Menter tarafindan gelistirilen k- SST tiirbiilans
modeli kullanilarak hesaplamali akiskanlar dinamigi analizleri gergeklestirilmistir [21].

Cozlimler, enerji denklemine yer verilmeksizin Navier-Stokes sikistirllamaz denklemlerinin ¢6ziimiine
dayanmaktadir. Kiitle korunumu Denklem 1 ve momentum korunumu Denklem 2 ile ifade edilmistir:

V-(#)=0 (1

(2)
+7 - [+ u) (V5 + (7))

2.3 Ag Yapasi

Bu ¢alismada, ag yapisinin belirlenmesinde 6nceki calismalardan (Yilmaz ve ark., 2018) yararlanilmistir. C
tipi ag yapis1 kullanilmistir. Kanat profilinin kord uzunlugu 1 metre olarak belirlenmistir. Ag i¢in olusturulan
dairenin ¢ap1 ve dikdortgenin uzunlugu her ikisi de 12,5 metre olarak tanimlanmistir. Bu ag yonteminde, kanat
profilinin kenarlarina yakin bolgelere daha kii¢iik ag boyutlar: yerlestirilmis, kanattan uzak bolgelerde ise daha
biiytik ag boyutlari kullanilmistir.

Ag hazirligi sirasinda, ortogonal kalite, carpiklik (skewness) ve sekil orani (aspect ratio) degerleri 6n planda
tutulmustur. Diklik (ortogonal) kalite, 0 ile 1 arasinda bir degere sahip olup, yliksek degerleri daha iyi ag kalitesini
gosterir. Bu deger, ag elemanlarinin dikligini 6lger. Bu ¢alismada hazirlanan ag i¢in diklik kalitesi ortalamasi
0,95563 olarak bulunmustur.

Carpiklik, ag elemanlarinin deformasyonunu 6l¢en baska bir kalite dl¢iistidiir ve 0 ile 1 arasinda deger alir;
daha diistik degerler daha iyi kaliteyi gosterir. Bu calismada ortalama ¢arpiklik degeri 0.10469’dur.

Sekil orani, ag elemanlarinin uzun kenarinin kisa kenara oranini ifade eder. Literatiirde 1 ile 10 arasindaki
degerler kabul edilebilir olarak degerlendirilmektedir. Bu ¢alismada ortalama sekil orani degeri 6.759 olarak
bulunmustur. Son olarak, bu ¢alismada toplamda 561.600 diigiim ve 560.000 eleman kullanilmistir. Olusturulan
ag yapilarinin yliksek kalitede olmasi ve yapilan analizlerin sonuglarinin XFLR5 sonuglar ile uyumlu olmasi
analizlerin kabul edilebilir oldugunu gostermistir. Yapilan ¢alismalarda yliksek sayida eleman kullanildig icin
tekrar ag yapisindan bagimsiz analizleri yapilmaya gerel duyulmamstir.

2.4 Siir Kosullar

Kanat profili ylizeyinde kaymazlik sinir sart1 (no-slip condition) kabul edilmistir. Ayrica, ¢alisma akiskani
olarak sikistirillamaz hava secilmis ve sonuclar kararli durum (steady-state) seklinde elde edilmistir. Tim
Reynolds sayilar i¢in giriste tirbiilans yogunlugu degeri %0,1 olarak belirlenmistir. Farkl1 Reynolds sayilar1 ve
hiicum agilar1 i¢in h1z degerleri hesaplanmis ve bu hesaplamalar dogrultusunda hiz sinir kosullar1 programa giris
yapilmistir. Basing, viskozite ve yogunluk degerleri deniz seviyesi kosullarina gére belirlenmistir. Sinir katmaninin
ilk yiiksekligi, y+ degeri ile temsil edilmekte olup, bu degerin 1'den kiiciik olmas1 gerektigi belirtilmistir. Bu
calismada, bu kritere 6zen gosterilmis ve y+ degerlerinin 1'in altinda tutulmasina yonelik ¢aba sarf edilmistir.

2.5 Tiirbiilans Modeli Se¢cimi

Bu ¢alismada, kanat profilleri iizerindeki akis1 dogru sekilde modelleyebilmek amaciyla k-w SST tiirbiilans
modeli tercih edilmistir. Bu model, k-¢ modelinin serbest akis bolgelerindeki ve k-w modelinin duvar
yakinlarindaki avantajlarim birlestirerek, 6zellikle kanat geometrisi gibi karmasik yiizeylerde yiiksek dogrulukta
¢6zlim saglamaktadir. Belamadi ve arkadaslar1 ve Golciik & Erbas gibi arastirmacilar tarafindan yapilan benzer
sayisal analiz ¢alismalarinda, 6zellikle akis ayrilmasinin (flow separation) ve ters basing gradyanlarinin baskin
oldugu yiiksek hiicum agis1 durumlarinda, k-w SST modelinin deneysel verilerle en tutarli sonuclar1 verdigi rapor
edilmis ve diisiik Reynolds sayilarinda ve irtifa kaybi rejimine yakin kosullarda akis fizigini yakalamak i¢in bu
modelin giivenilirligini dogrulamislardir [1,5].
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2.6 Tiirbiilans Kontrolii

Yiiksek hiicum ag¢ilar1 altinda meydana gelen akis ayrilmasi ve tiirbiilans, kanat performansini olumsuz
etkilemektedir. Bu durumu iyilestirmek amaciyla tel ekleme ve yarik agma gibi pasif kontrol ydntemleri
incelenmistir. Tel ekleme, laminer-tiirbiilans gecisini erken baslatarak akis ayrilmasini azaltmay1 hedeflerken;
yarik agma yontemi, yliksek basingh alt yiizey akisini iist yiizeye yonlendirerek sinir tabaka enerjisini artirmakta
ve akisin ayrilmasini geciktirmektedir.

3. Bulgular ve Tartisma/Results and Discussion

3.1 Tel Ekleme Yontemi

Burada akisin kontrolii i¢in tel ekleme yontemi kullamlarak tiirbiilans kontrolii saglanmaya g¢ahisilmustir. 10°
Reynolds sayisinda yapilan analizlerin sonuglari Tablo 1’de sunulmustur. NACA 0008 kanat profili i¢in tel ekleme
yontemi uygulanmamistir, bunun sebebi 106 Reynolds sayisinda olusan tiirbiilans, kanat profilinin hiicum
kenarinin tizerinde meydana gelmektedir.

Tablo 1. Standart ve tel eklenerek olusturulmus kanat profillerinin kaldirma ve siirtiklenme katsayilari (a: hiicum
acisl).

Profil « () Kaldlrm(a(I: lgatsaylsl Siiriiklen;rés)Katsaylsl
Standart Kanat Profili

NACA 0012 15 1.110152 0.055633

NACA 2412 16 1.263702 0.06342

NACA 2415 16 0.994263 0.060188

Tel Eklenmis Kanat Profili

NACA 0012 15 0.700449 0.156043

NACA 2412 16 0.802908 0.16996

NACA 2415 16 0.70292 0.1617

Analiz sonuglar1 dogrultusunda, tel ekleme ydntemiyle standart profile kiyasla tiim kanatlarda kanat
profilinin st ylizeyinde olusan tiirbtilansin azaltildig1 gézlemlenmistir. Tiirbiilans, kanat yiizeyinden uzak bir
noktada meydana gelmistir. Ancak, kaldirma katsayisindaki azalma ve siirtikleme katsayisindaki artis nedeniyle
kanat verimliligi diismiis, bu yéntem mantikh bir secenek olarak degerlendirilmemistir. Ornegin NACA 0012
profilinde tel eklendiginde C.L/Cp orani, standarda kiyasla yaklasik %75 oraninda azalmistir. Bu sonuglar, tel
ekleme yonteminin incelenen yliksek hiicum acisi kosullarinda aerodinamik performans tizerinde olumsuz bir etki
yarattigin1 gostermektedir. Tel uygulamasi, akisi erken tiirbiilanslandirarak ayrilmay1 dtelemis olsa da, bunun
bedeli olarak siiriiklemede kayda deger bir artis meydana gelmis ve neticede verim diismiistiir.

3.2 Yarik A¢ma ve Kanatcik Yontemi

Yarik agma yontemi ile 106 Reynolds sayisinda kanat iizerinde olusan tiirbiilans engellenmeye calisilmistir.
Bu yontem kanat profilinin alt ylizeyindeki yliksek basing alanindaki akiskanin bir yarik vasitasiyla kanat profilinin
list yilizeyine aktarilmasi yontemidir. Bu yontem sayesinde kanat profili {izerinden akan akigskanin enerjisi
ylukseltilir ve akis ayrilmalari 6nlenir.

3.2.1 NACA 0008
NACA 0008 kanat profilinin 10¢ Reynolds sayisinda ve 12°lik hiicum agisinda kanat lizerinde olusan
tiirbiilans konturu Sekil 3’te verilmistir. Olusan bu tiirbiilans kanat profilinin hiicum kenarindan firar kenarina

dogru olusmaktadir. Olusan bu tiirbiilans kanat profilinin iirettigi kaldirma kuvvetini ciddi oranda azaltmaktadir.
Bu durum kanat verimini azaltmakla birlikte bu hiicum ag¢is1 ve iizerinde kanat profilinin kullanilmasimi
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engellemektedir. Kanat profili iizerine yarik acilmasi yontemi kullanilarak, olusan tiirbiilans engellenmeye
¢alisilmis ve kanat lizerinde akan akiskanin enerjisini korumaya calisilmistir. Sekil 4’te goriildiigii gibi agilmis olan
yarik, kanat profili tizerinde tiirbiilansin basladig1 yerden olusturulmustur. Bu yontem sayesinde kanat profilinin
urettigi kaldirma kuvveti 14°’lik hiicum agisina kadar artis saglamistir. Ayrica kanadin C./Cp orani yliksek bir artis
saglamistir. Kanat tizerindeki tiirbiilans problemi ¢oziildiikten sonra, kanadin trettigi kaldirma kuvvetini artirmak
icin kanadin firar kenarina yakin bolgeye kanatcik eklenmistir. Sekil 5’te, bu kanatcik sayesinde kaldirma yiiksek
oranda artirildig1 goriilmektedir. Ancak kaldirma kuvveti 12°°den sonra diisiis yasamistir. Sekil 6’da, elde edilen
veriler sonucunda en yiiksek C./Cp orani yarik acilmis 12°lik hiicum acisindaki kanat profili tasariminda elde
edildigi gérulmektedir.

Sekil 3. NACA 0008 12 derecede tiirbiilans kinetik enerji konturu.

Sekil 4. Yarikl1 NACA 0008 12 derecede tiirbiilans kinetik enerji konturu.

Sekil 5. Yarikli ve kanatgiklt NACA 0008 12 derecede tiirbiilans kinetik enerji konturu.
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Sekil 6. NACA 0008 C./Cp grafikleri.

3.2.2 NACA 0012

Sekil 7°de, NACA 0012 kanat profilinin 10¢ Reynolds sayisinda ve 15°1ik hiicum ag¢isinda olusan tiirbiilans
dagilimi gosterilmektedir. Gézlemler sonucunda, kanat profilinin hiicum kenarina yakin bélgelerinde tiirbiilans
olusumu meydana geldigi tespit edilmistir. Bu tiirbiilans, akisin profilden ayrilmasina neden olmakta ve
dolayisiyla, profilin 15° tizerindeki hiicum agilari i¢in etkin bir sekilde kullanilmasini engellemektedir.

Bu problemi gidermek amaciyla, kanat yiizeyine yarik acilmasi yontemi uygulanmistir. Sekil 8’de gorildigi
lizere, yarik uygulamasi ile firar kenarinda meydana gelen tiirbiilans 6nemli 6l¢iide azaltilmis ve bu bolgedeki akis
ayrilmasi basarili bir sekilde énlenmistir. Bu miidahale sonucunda, kanat profilinin kullanilabilir maksimum
hiicum agis1 16°ye kadar artirilmistir. Ayrica, siiriikleme katsayisinda belirgin bir azalma gozlemlenmis ve buna
bagl olarak C./Cp orani iyilestirilmistir.

Bu asamadan sonra, kaldirma kuvvetini daha da artirmak amaciyla kanat profilinin firar kenarina kanatgik
entegre edilmistir (Sekil 9). Yapilan bu iyilestirme, farkli hiicum agilari i¢in genel anlamda kaldirma kuvvetinde
artis saglamistir. Ancak, 16°1ik ve 17°1ik hiicum acilarina ulasildiginda, yeniden tiirbiilans olusumu gézlemlenmis
ve bu durum, 15%de elde edilen kaldirma kuvvetine kiyasla diisiise neden olmustur. Bununla birlikte, kanatgik
uygulamasi sonucunda siiriikleme katsayisinda ciddi bir artis meydana gelmis, bu da C./Cp oraninda azalmaya
sebep olmustur (Sekil 10).

Sekil 7. NACA 0012 15 derecede tiirbiilans kinetik enerji konturu.
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Sekil 8. Yarikli NACA 0012 15 derecede tiirbiilans kinetik enerji konturu.

Sekil 9. Yarikli ve kanatgiklt NACA 0012 15 derecede tiirbiilans kinetik enerji konturu.

== NACA 0012 == YARIK == KANATCIK VE
YARIK

DERECE

Sekil 10. NACA 0012 C./Cp grafikleri.
3.2.3 NACA 2412

Sekil 11’de, NACA 2412 kanat profilinin 10¢ Reynolds sayisinda ve 17°lik hiicum agisinda yiizey lizerinde
olusan tiirbiilans konturu sunulmaktadir. Gézlemler, tiirbiilansin profilin hiicum kenarina yakin bélgelerde
olustugunu gostermektedir. Bu tiirbiilansi1 engellemek ve tiirbiilans kaynakli akis ayrilmasini 6nlemek amaciyla,
tirbiilansin basladig1 bélgeye yarik uygulanmistir. Yarik eklenmis profilin tiirbiilans konturu da Sekil 12’de
gosterilmektedir. Yapilan bu midahale ile s6z konusu tiirbiilans biiytik 6l¢ciide engellenmis ve akisin kanat
lizerinden diizenli bir sekilde devam etmesi saglanmistir.

Yarik uygulamasi sonucunda, kanat profilinin tirettigi kaldirma kuvvetinde artis gézlemlenmis ve bu artis
181ik hiicum ag¢isina kadar siirmiistiir. Bununla birlikte, siiriikleme katsayisinda anlamli bir azalma elde edilmis
ve genel olarak kanat profilinin aerodinamik verimliligi artmistir.

Tiirbiilans problemi giderildikten sonra, kaldirma kuvvetinde ilave bir artis saglamak amaciyla kanat
profilinin firar kenarina yakin bélgesine kanatcik eklenmistir. Bu kanatgik, kaldirma kuvvetinde 6nemli bir artis
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saglamistir. Ancak, kanatg¢ik uygulamasi sonucunda Cp degerinde artis meydana gelmis ve bu durum C./Cp
oraninda bir azalmaya neden oldugu goriilmiistiir. (Sekil 13,14

Sekil 11. NACA 2412 17 derecede tiirbiilans kinetik enerji konturu.

Sekil 12. Yarikli NACA 2412 17 derecede tiirbiilans kinetik enerji konturu.

Sekil 13. Yarikli ve kanatgikli NACA 2412 17 derecede tiirbiilans kinetik enerji konturu.

==— NACA 2412 == YARIK == KANATCIK VE
YARIK
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Sekil 14. NACA 2412 C./Cp grafikleri.
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3.2.4 NACA 2415

Sekil 15'te NACA 2415 kanat profilinin 106 Reynolds sayisinda ve 17°lik hiicum agisinda elde edilen tiirbiilans
kinetik enerji konturu sunulmaktadir. Goriildigii iizere, kanat ylizeyinde meydana gelen tiirbiilans olusumu
nedeniyle kaldirma kuvvetinde azalma baslamis ve akis, kanadin firar kenarinda akis ayrilmalarina yol agmistir.
Bu aerodinamik olumsuzlugu gidermek amaciyla, tiirbiilansin etkili oldugu boélgeye yarik uygulanmstir.

Sekil 16’da yarik uygulamasi sonucunda, firar kenarinda olusan tiirbiilans 6énemli 6l¢iide azaltilmis ve akisin
ayrilmadan yilizey boyunca ilerlemesi saglandig1 goriilmiistiir. Bu sayede, kanat profilinin kaldirma kuvvetinde
artis saglanmis ve bu artis 19°’lik hiicum agisina kadar korunmustur. Ayrica, her bir hiicum agisi i¢cin CL/Cp orani
artirilmistir.

Kaldirma kuvvetini daha da yiikseltmek amaciyla, kanat profilinin firar kenarina yakin bélgesine kanatgik
eklenmistir (Sekil 17). Ancak bu yontem istenen performansi saglayamamistir. Kaldirma kuvvetinde artis yalnizca
17°'lik hiicum acisinda gézlemlenmis ve bu artis oldukca sinirh diizeyde kalmistir (Sekil 18).

Sekil 15. NACA 2415 17 derecede tiirbiilans kinetik enerji konturu.

Sekil 16. Yarikli NACA 2415 17 derecede tiirbiilans kinetik enerji konturu.

Sekil 17. Yarikli ve kanatgikli NACA 2415 17 derecede tiirbiilans kinetik enerji konturu.

ATU Bilim Dergisi / ATU Journal of Science 1 (2):110-123 (2025) 121



=— NACA 2415  -= YARIK == KANATCIK VE
YARIK

35

25
20

S
15 ¢

10 N ’

5

16 17

cL/cD

18
DERECE
Sekil 18. NACA 2415 C./Cp grafikleri.

4. Sonuglar/Conclusions

Bu calismada, 10¢ Reynolds sayisinda cesitli NACA kanat profillerinin aerodinamik performansi, tel ekleme,
yarik ve kanatcik gibi tiirbiilans kontrol yontemleri kullanilarak incelenmistir.

Tel ekleme yontemi ise, tiirbiilans bdlgesini kanat yilizeyinden uzaklastirma agisindan potansiyel
gostermistir. Bununla birlikte, kaldirma katsayisindaki azalma ve siiriikleme katsayisindaki artis nedeniyle bu
yontem genel olarak verimsiz bulunmustur. Bu sebeple, tiirbiilansin dogrudan hiicum kenarinda meydana geldigi
NACA 0008 gibi profillere tel ekleme yontemi uygulanmamaistir.

Yarik uygulamasi, akis ayrilmasini geciktirerek veya tamamen oOnleyerek kanat yilizeyindeki akis
karakteristiklerini 6nemli ol¢iide iyilestirmistir. Bu yontem, kaldirma kuvvetinde anlaml bir artis saglamis ve
ozellikle yiiksek hiicum agilar altinda C.L/Cp oranimi belirgin sekilde yiikseltmistir. Cogu durumda, kanat
profillerinin kullanilabilir hiicum agis1 1-2 ° artirilmistir ve bu durum profillerin operasyonel verimliligini
gelistirmistir.

Kanatcik ve tel ekleme gibi diger yontemler ise belirli kosullarda kismi faydalar saglamis olsa da, beraberinde
getirdikleri olumsuz etkiler nedeniyle genel aerodinamik verim acisindan sinirh kalmigtir. Ozellikle tel ekleme
yontemi, tiim profillerde C./Cp oranin ciddi 6l¢iide diistirdiigii i¢in yiiksek hiicum agis1 uygulamalarinda uygun
bir kontrol yontemi degildir. Kanat¢ik uygulamasi ise kaldirma katsayisini ylikseltmesine ragmen siiriiklemeyi de
artirdigindan, toplam performans artis1 bakimindan beklentileri tam olarak karsilayamamistir. Ozellikle NACA
2415 profili i¢in kanatgik uygulamasinin etkisi sinirli olmus ve yalnizca belirli bir hiicum ag¢isinda disiik seviyeli
bir iyilesme saglamistir.

Sonug olarak, tiirbiilans kontroli ve aerodinamik performans iyilestirmesi agisindan en etkili yontem yarik
uygulamasi olmustur. Kanatgik ve tel gibi diger yontemler ise belirli kosullarda fayda saglasa da beraberinde
getirdikleri olumsuzluklar nedeniyle sinirli uygulanabilirlige sahiptir.
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Cimlenmenin Baklagillerin Fonksiyonel
Ozelliklerine Etkisi

Nejla Dagsuyul2 “&, Hasim Kelebek 2

Oz

Baklagiller, yiiksek protein igerikleri, biyoaktif bilesenleri ve fonksiyonel
ozellikleri sayesinde siirdiriilebilir beslenmenin o6nemli bir bilesenidir.
Cimlenme, diisiik maliyetli ve ¢evre dostu bir biyoproses olup, baklagillerde
endojen enzimlerin aktivasyonunu tetikleyerek derin biyokimyasal ve fizyolojik
degisimlere yol agmaktadir. Bu siirecte depo proteinlerinin hidroliziyle peptitler
ve serbest aminoasitler olusmakta, amilaz aktivitesiyle karbonhidratlar mobilize
edilmekte ve fenolik bilesikler ile vitaminlerin biyosentezi artmaktadir.
Dolayisiyla ¢imlenme, protein sindirilebilirligini iyilestirmekte, aminoasit
profillerini degistirmekte, seker kompozisyonunu diizenlemekte ve toplam
fenolik madde ile antioksidan kapasiteyi artirmaktadir. Ayrica, enzimatik
esmerlesme ve pigment yeniden dagilimina baghh olarak yapisal ve renk
degisiklikleri de meydana gelmektedir. Bu derleme, ¢cimlenmenin baklagillerin
besinsel ve fonksiyonel kalitesi iizerindeki etkilerini giincel literatiir 1s18inda
kapsamli bicimde degerlendirmekte; besin dgelerinin biyoyararlanimini artirma
ve baklagil bazli gidalarin saglik destekleyici o6zelliklerini giliclendirme
potansiyelini vurgulamaktadir. Cimlenmis baklagiller, fonksiyonel gida
formiilasyonlari icin degerli bir hammadde ve siirdiiriilebilir gida sistemlerinin
gelistirilmesinde dnemli bir ara¢ olarak 6ne ¢cikmaktadir.

Keywords: Aminoasit; Antioksidan kapasite; Baklagil; Cimlenme; Fenolik
bilesikler; Fonksiyonel 6zellikler; Protein sindirilebilirligi

Effect of Germination on Functional Properties of
Legumes

Abstract

Legumes are an essential component of sustainable diets due to their high
protein content, bioactive compounds, and functional properties. Germination, a
cost-effective and eco-friendly bioprocess, induces profound biochemical and
physiological modifications in legumes by activating endogenous enzymes.
These changes include the hydrolysis of storage proteins into peptides and free
amino acids, the mobilization of carbohydrates through amylase activity, and the
enhanced biosynthesis of phenolic compounds and vitamins. Consequently,
germination improves protein digestibility, modifies amino acid profiles, alters
sugar composition, and increases total phenolic content and antioxidant
capacity. In addition, germination induces structural and colour changes related
to enzymatic browning and pigment redistribution. This review consolidates
current evidence on the influence of germination on the nutritional and
functional quality of legumes, highlighting its potential to enhance bioavailability
of nutrients and to increase the health-promoting properties of legume-based
foods. Germinated legumes therefore represent valuable raw materials for the
formulation of functional foods and for advancing sustainable food systems.

Keywords: Amino acids; Antioxidant capacity; Legumes; Germination; Phenolic
compounds; Functional properties; Protein digestibility
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Cimlenmenin Baklagillerin Fonksiyonel Ozelliklerine Etkisi Dagdsuyu ve Kelebek

1.Giris/Introduction

Baklagiller, Fabaceae familyasina ait bitkilerdir. Bu bitkilerin yenilebilir kisimlari, tohum igeren
baklalaridir. Familyada 18.000’den fazla tiir bulunmasina ragmen, insan beslenmesinde kuru fasulye,
mercimek, nohut, aci bakla ve mung fasulyesi gibi sinirli sayida baklagil kullanilmaktadir [1]. Baklagiller
dengeli beslenmenin 6nemli bir par¢asidir. Protein, karbonhidrat, diyet lifi ve mikro besin agisindan zengin
bir kaynak olmasinin yani sira; biyoaktif bilesenleri ve antioksidanlari nedeniyle koruyucu beslenmedeki
rolleri bilinmektedir [1]. Insan beslenmesinin bir parcas: olarak baklagillerin gegmisi MO 5500’e kadar
uzanmakta olup, insanlar tarafindan yetistirilen ve tiiketilen ilk bitkilerden biri olduklar1 diistiniilmektedir
[2]. Baklagillerde karbonhidratlar (%50-60), proteinler, coklu doymamis yag asitleri, mineraller, diyet
lifleri ve vitaminler bol miktarda bulunmaktadir. En 6nemlisi, baklagiller doymus yag asitleri ve kolesterol
icermemektedir [3]. Baklagiller, cevresel olarak siirdiiriilebilir bir sekilde iiretilmekte ve bu nedenle
hayvansal kaynaklara kiyasla ekonomik bir protein kaynagi olusturmaktadir [4].

Baklagiller, sahip olduklari zengin besin profili ve biyoaktif bilesikler nedeniyle insan saglig1 acisindan
onemli islevsel gida gruplarindan biri olarak 6éne ¢ikmaktadir. Son yillarda yapilan ¢ok sayida calisma,
baklagillerin obezite, kanser, kardiyovaskiiler hastaliklar ve hormonal bozukluklar gibi kronik hastaliklarin
diyet temelli yonetiminde koruyucu bir rol {istlenebilecegini ortaya koymaktadir [5]. Nitekim, genis olgekli
bir meta-analiz ¢alismasi, hayvansal proteinlerin bitkisel proteinlerle ikame edilmesinin tiim nedenlere
baghh mortalite riskinde anlamli bir azalma sagladigin1 gostermektedir. Glinliik enerji aliminin yalnizca
%3’linlin bitkisel proteinlerden saglanmasi dahi mortalite riskinde yaklasik %5 oraninda diisiis ile
iliskilendirilmistir [6].

Benzer sekilde, 2021 yilinda yayimlanan randomize kontrollii bir arastirmada, giinliik 150 gram
baklagil tiikketiminin kan lipid profili, kan basinci, inflamatuvar biyobelirtegler ve viicut kompozisyonu
tizerinde kayda deger iyilesmeler sagladigi rapor edilmistir [7]. Bu bulgular 1s181nda, hem saglik hem de
cevresel siirdiiriilebilirlik acisindan, hayvansal kaynakli beslenme modellerinden bitkisel temelli diyetlere
yonelim kiiresel 6lcekte dnerilmektedir [8].

Baklagiller, et bazli proteinlere gii¢lii bir alternatif olusturarak, tahillardan sonra diinya genelinde en
o6nemli temel gida kaynaklarindan biri olarak kabul edilmektedir [9]. Makro besin 6geleri bakimindan
zengin olmalarinin yani sira, ¢esitli biyoaktif bilesikler de iceren baklagillerin kardiyovaskiiler hastaliklar
ve baz1 kanser tiirlerinin riskini azalttig1 bildirilmektedir [8,10]. Ayrica, baklagillerin tahillarla birlikte
tiiketilmesi durumunda, et ve siit iirtinlerine dayali diyetlerle karsilastirilabilir diizeyde yiiksek protein
kalitesi saglanabilmektedir [11].

Bununla birlikte, baklagillerin besinsel degerini sinirlayan bazi antinutritif bilesikler de mevcuttur
[12,13]. Bu bilesenlerin azaltilmasi veya tamamen elimine edilmesi icin dne ¢ikan biyoteknolojik
yontemlerden biri ¢imlendirme islemidir [14]. Cimlendirme, 6zel ekipman veya karmasik teknolojiler
gerektirmemesi ve cevre dostu bir biyolojik slire¢c olmasi nedeniyle siirdiiriilebilir bir yaklasim olarak
degerlendirilmektedir [15]. Cimlenme tohumun su alim kabiliyetine ve tohumun mikro yapisina bagh
olarak ii¢ faza ayrilan karmasik bir siirectir. ilk faz imbibisyon asamasidir ve bu asamada hizh su alimi
gerceklesmektedir. ikinci faz hazirhik agamasi olup su alimi azalmaktadir. Ugiincii faz ise cimlenme asamasi
olup ¢imlenmenin tamamlandig1 fazdir ve su alimi bir kez daha artmaktadir [15]. Cimlenme sirasinda
endojen enzimlerin aktivasyonu tetiklenmekte, bodylece karbonhidratlar ve proteinler gibi
makromolekiiller daha kiiciik yapilara pargalanarak biyoyararlanimi artan besin bilesenleri ortaya
cikmaktadir. Ayni zamanda, minerallerin daha biyoyararlanilabilir formlarinin serbest birakilmasi
sayesinde besinsel deger yiikselmekte, fizikokimyasal ve duyusal o6zelliklerde anlamh iyilesmeler
saglanmaktadir [16]. Cimlenme, tahillarin biyoaktif bilesen iceriklerini, antioksidan kapasitelerini, islevsel
ozelliklerini ve duyusal niteliklerini iyilestiren, dogal ve siirdiiriilebilir bir biyoproses teknigi olarak 6ne
¢ikmaktadir. Bu biyolojik doniisiim siireci sonucunda elde edilen triinler, genellikle daha yiiksek islevsellik
ve besinsel kaliteye sahip olmaktadir [17,18]. Ancak, ¢cimlenmenin baklagillerdeki besin bilesimi ve
icerikleri tizerindeki etkisi tek boyutlu degildir; 1slatma siiresi, tane nemi, sicaklik, ¢cimlenme siiresi ve
kullanilan baklagil ¢esidi gibi ¢ok sayida parametreye baghh olarak o6nemli o6lgiide farklilik
gosterebilmektedir [19].

Son dénemde ¢imlendirilmis baklagiller, icerdigi saglik acisindan yararl bilesenler nedeniyle giderek
daha fazla ilgi gormektedir. Bu egilim, beslenmeyle iliskili bulasici olmayan hastaliklarin artan yayginligi ve
bu durumlarin yonetiminde beslenme stratejilerinin etkinligiyle baglantilidir [20]. Cok sayida ¢alisma, kisa
stireli ¢cimlendirilmis baklagil unlarinin gelismis islevselligini, cimlenme sirasinda gelistirilen biyoaktif
bilesiklerin artan varligina baglamistir. Flavonoidler, fenolik bilesikler, toplam diyet lifi ve askorbik asit gibi
bilesikler, antioksidan, antiinflamatuar, hipoglisemik, kolesterol diistiriicii ve antihipertansif etkiler de dahil
olmak tizere cesitli saglik yararlari ile iligkili 6nemli antioksidan ve nutrasoétik 6zellikler sergilemektedir
[21-24].
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Bu derlemenin temel amaci, ¢esitli baklagil tiirlerinde cimlenme siireci ile ortaya c¢ikan fiziksel ve
biyokimyasal degisimlere dair giincel bilgileri kapsamli bir sekilde sunmaktir. Cimlenme sirasinda meydana
gelen yapisal ve metabolik déntisiimlerin; besinsel deger, biyoaktif bilesik profili, fonksiyonel 6zellikler ve
potansiyel saglik yararlari tizerindeki etkileri ayrintili olarak ele alinacaktir. Ayrica, antinutritif bilesiklerin
azaltilmasi, fenolik bilesikler ve diger biyoaktif metabolitlerdeki artis, protein ve karbonhidratlarin
sindirilebilirliginin iyilesmesi gibi ¢cimlenmenin 6ne ¢ikan katkilari derlenmis ve siirdiiriilebilir beslenme
acisindan sundugu firsatlar da degerlendirilecektir. Literatiirde ¢imlenmenin belirli baklagil tiirleri
tizerindeki etkilerini tek boyutlu olarak inceleyen ¢ok sayida arastirma bulunmakla birlikte, bu ¢alismalarin
¢ogu yalnizca bir besin bileseni (protein, fenolik madde veya seker) ya da tek bir fonksiyonel 6zellik tizerine
odaklanmistir. Mevcut derleme ise, protein ve amino asit profili, toplam fenolik madde, antioksidan aktivite,
renk parametreleri ve seker kompozisyonu gibi ¢ok sayida degiskeni birlikte ele alarak; ¢imlenmenin
baklagillerin fonksiyonel ve besinsel kalitesi tizerindeki ¢ok boyutlu etkilerini giincel literatiir 15181nda
sistematik bicimde ortaya koymaktadir. Bu yoniiyle ¢alisma, literatiirdeki belirli parametrelere odakl,
sinirli kapsamli derlemeler boslugunu doldurmaktadir.

2. Baklagillerin cimlenmesi ile proteinde meydana gelen degisiklikler

Diyet proteinleri, insan beslenmesinde vazgecilmez bir makro besin 6gesi olup, temel biyolojik
islevlerinden biri doku olusumunu desteklemektir. Bunun yani sira proteinler, viicut kompozisyonunu
diizenlemenin yani sira tokluk hissi, bagisiklik sistemi fonksiyonlari ve gesitli metabolik yollar {izerinde de
kritik roller tistlenmektedir [25]. Diyetle alinan proteinler; baklagiller, tahillar ve yagli tohumlar gibi bitkisel
kaynaklarin yani sira, et, siit ve yumurta gibi hayvansal {liriinlerden de elde edilmektedir. Ancak, protein
kaynaginin bitkisel ya da hayvansal olusu, s6z konusu proteinin beslenme ve saglik yararlarini dogrudan
etkilemektedir [26]. Et ve siit proteinleriyle karsilastirildiginda, bir¢ok bitkisel proteinin esansiyel amino
asit profili genellikle daha diisiik seviyelerde bulunmakta ve bu durum onlarin besin kalitesini
sinirlayabilmektedir [27].

Cimlenme, tohum proteinlerinin kismi hidrolizini baslatarak, sindirilebilirligin ve besin degerinin
artmasini saglamaktadir. Bununla birlikte, proteinlerin sindirilebilirlik derecesi yalmizca tohumda
gerceklesen biyokimyasal siireclerden degil, ayn1 zamanda insan gastrointestinal sisteminde protein
yapilarinin bozunma diizeyinden de etkilenmektedir [15]. Cimlenmenin, proteazlar araciligiyla karmasik ve
yuksek molekiiler agirlikli polipeptitleri daha basit peptitlere ve serbest amino asitlere doniistirdiigii,
boylece besin kalitesini artirdig1 ve belirli amino asitlerin biyoyararlanimini yiikselttigi bildirilmektedir
[28]. Cimlenme ile proteinde meydana gelen degisiklikler Tablo 1’de verilmistir.

Nohutun (Cicer arietinum L.) ¢gimlenme siirecinin kimyasal bilesim ve biyoaktif icerikler tizerindeki
etkisinin incelendigi bir ¢calismada [29], nohut taneleri 25 °C’de 0, 12, 24, 36 ve 48 saat siireyle karanlik
kosullarda ¢imlendirilmistir. Baslangicta %18,48 olan protein icerigi, 24 saatlik cimlenme sonunda anlaml
sekilde (p<0,05) artarak %23,5’e ylikselmis, 48 saat sonunda ise %24,46 olarak 6l¢iilmiistiir. Bu artis,
proteazlarin protein yapilari tizerindeki enzimatik etkisine baglanmistir [29]. Benzer sekilde, 6 giin siireyle
gerceklestirilen bir calismada, nohut, mercimek ve sar1 bezelye unlarinin fizikokimyasal bilesimlerindeki
degisimler degerlendirilmis ve tiim 6rneklerde protein igeriginin ¢imlenme siiresi boyunca istatistiksel
olarak anlaml sekilde (p<0,05) arttig1 saptanmistir [30]. Calismada ¢ig baklagil unlarinin protein icerikleri,
100 g bazinda mercimek i¢in 30,65 g, sar1 bezelye i¢in 25,83 g ve nohut i¢in 24,36 g olarak belirlenmis; 6
glinlin sonunda bu degerlerde sirasiyla 3,39 g/100 g, 2,95 g/100 g ve 2,81 g/100 g’'lik artislar gozlenmistir.
Ham protein icerigindeki bu artis, ¢cimlenme siirecinde tohumun enzim sentezine, diger bilesenlerin
pargalanmasina bagh bilesimsel degisimlere ve yeni protein sentezine atfedilmistir [31].

Cimlendirilmis Bambara yer fistiginin (0, 24, 48 ve 72 saat) incelendigi bir ¢alismada [32], baslangicta
26,1 g/100 g olan protein igerigi, 72 saatlik ¢cimlenme sonucunda 28,79 g/100 g’a yiikselmistir. Benzer
sekilde, ¢ig ve farkhi siirelerde (24, 48 ve 72 saat) c¢imlendirilmis glivercin bezelyesi unlarinin
karsilastirildig1 arastirmada da, ¢imlenme siiresine paralel olarak protein iceriginde (22,71-26,72 g/100 g)
artis kaydedilmistir [21]. Protein diizeyindeki bu artis, ¢imlenme sirasinda enzim proteinlerinin
sentezlenmesine ve bunun sonucunda daha fazla amino asit olusmasina baglanmaktadir [33]. Ayrica, bu
slirecte depolama proteinlerinin proteazlar tarafindan pargalanmasi ve bagl olduklar1 matrislerden
salinmasi da protein igeriginin ylikselmesine katkida bulunmaktadir [30,34]. Bununla birlikte, s6z konusu
degisimlerin diizeyi baklagil tiiriine gore farklilik gosterebilmektedir [35].
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Tablo 1. Cimlenme ile proteinde meydana gelen degisiklikler

. . Baslangi¢ (imlenme .. .
Baklagil Cimlenme Protein Sonrasi Degisim Mekanizma ve Kaynak
Tiirii Kosullar s Protein (%) Aciklama
Icerigi L.
Icerigi
Proteaz
aktivitesiyle
depo
proteinlerinin
Nohut (Cicer ~ 25°C, 0-48 pargalanmas,
arietinum saat, %18,48 %24,46 +32,3 yeni protein [29]
L.) karanlik sejntem.; .
antinutritif
faktorlerin
azalmasi ile
biyoyararlanim
artisi
Cimlenme
suresince enzim
sentezi ve
Nohut (Cicer o . 24,36 27,75 g/100 bilesimsel
arietinum L.) 25°C, 6 giin g/100 g g +139 degisimler; [30]
globulin
fraksiyonlarinda
artis
Proteolitik
Sar1 Bezelye enz 1m1er1n..
(Pisum 25°C, 6 giin 25,83 28,01 g/100 +8,4 aktlﬂfesmeush [30]
sativum L) g/100 g g matr1§ bagll
proteinlerin
serbestlesmesi
Depo
Mercimek pr(})l‘ci((e;;;lﬁ;l;lln
(Lens 25°C, 6 gin 005 33,608/100 +9,6 albiimin ve [30]
culinaris g/100g g .
Medik.) globulin
fraksiyonlarinda
artis
Proteaz aracili
el
Yer Fistig1 0-72 osaat, 26,1g/100 28,79 g/100 +10,3 bilesiklerin [32]
(Vigna 25°C g g o
subterranea) azalm§51, amino
asitlerin
serbestlesmesi
Cimlenmeye
Giivercin baglh protein
Bezelyesi 22,71 26,72 g/100 biyosentezi;
(Cajanus 0-72 saat g/100g gg 17,7 proteolitik [21]
cajan) yikim + yeni
protein sentezi
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3. Baklagillerin ¢cimlenmesi ile renkte meydana gelen degisiklikler

Renk, 380-770 nanometre araligindaki goriiniir 151k dalga boylarinin retinaya ulasmasiyla bireyde
olusan algisal bir deneyim olarak tanimlanabilir [36]. L* parametresi, bir yiizeyin parlaklik diizeyini yani
acik ya da koyu olusunu ifade ederken; +a* degeri kirmizilig, -a* yesilligi, +b* sarilig1 ve -b* ise maviligi
gostermektedir [37].

Yapilan bir ¢alismada, ¢cimlenme siirecinin Bambara yer fistiginin renk 6zellikleri iizerindeki etkileri
incelenmis ve L* a* ve b* degerlerindeki degisimler degerlendirilmistir [32]. Bulgular, ¢cimlenmenin L*
degerini anlamh 6l¢iide azalttigini, buna karsin a* ve b* degerlerinde artisa yol actigin1 géstermistir. Cig
Bambara yer fistiginin baslangicta 80,53 olan L* degeri, 72 saatlik ¢cimlenme sonucunda 69,16’ya diiserken;
a*ve b* degerleri sirasiyla 0,49'dan 1,72’ye ve 5,11'den 9,07’ye yiikselmistir. 72 saatlik ¢cimlenme, 6rnekler
arasinda en diisiik L* ve en yiiksek a* ile b* degerlerine sahip oldugu belirlenmistir [32].

Cimlenmis Bambara yer fistig1 un 6rneklerinde gézlenen L* degerindeki azalma ve buna bagl olarak
a* ve b* degerlerindeki artis, cimlenme sirasinda pigmentle iligkili bilesiklerin parcalanmasina, nisasta ve
protein olusumuna ve unun kurutulmasi sirasinda bu iki bilesen arasinda gerc¢eklesen Maillard
reaksiyonuna baglanmaktadir [38]. Benzer sekilde, ¢imlendirilmis giivercin bezelyesi unlarinda da L*
degerinde bir azalma, a* ve b* degerlerinde ise artis gozlenmistir [21]. Bu degisiklikler, cimlenme sirasinda
enzimatik hidrolizin artmasi nedeniyle cesitli pigmentlerin (6r. uranidin ve flavonoidler) tohum
kabugundan endosperme gecisi ve sizmasindan kaynaklaniyor olabilir [37].

Baska bir calismada, mas fasulyesinin 12, 24, 36, 48, 60 ve 72 saatlik ¢imlenmesi sonrasinda elde edilen
un orneklerinin renk o6zellikleri incelenmis ve ¢imlenme siiresinin L*, a* ve b* degerlerini etkiledigi
belirlenmistir [37]. Bulgulara gore, mas fasulyesi ununun L* degeri azalmis, a* ve b* degerleri ise filizlenme
stresi uzadikca artis gostermistir. Cimlenme sirasinda polifenol oksidaz ve peroksidaz gibi dogal oksidatif
enzimlerin aktive olmasi, enzim kaynakl kahverengilesmeyi kolaylastirmakta; bu durum parlaklikta
azalma ve sarilikta artisa yol agmaktadir [39]. Renk degisimleri, protein icerigi, tohum kabugu rengi,
uranidin igeren pigmentler, kahverengi pigmentler ve flavonoidler gibi cesitli faktorlerden etkilenmektedir.

4. Baklagillerin ¢imlenmesi ile amino asit iceriginde meydana gelen degisiklikler

Cimlenme siirecinde depo proteinleri, proteazlarin etkisiyle hidrolize ugrayarak serbest amino asitlere
veya diisiik molekiiler agirlikli peptitlere parcalanmakta, bu da besinlerin biyoyararlanimini artirmaktadir.
Genel olarak, ¢cimlenmenin yenilebilir tohumlardaki amino asit icerigi tizerinde olumlu etkiler olusturdugu
bildirilmektedir; ancak farkl baklagil tiirlerinde amino asitlerin degisim egilimleri ve kapsami 6énemli
o6lciide farklilik gosterebilmektedir [40].

Cimlendirilmis Bambara yer fistiginin (0, 24, 48 ve 72 saat) incelendigi bir ¢alismada [32], arginin
disinda tiim esansiyel ve esansiyel olmayan amino asitlerin miktarinin arttign saptanmistir. Bu durum,
cimlenme sirasinda tanen, fitik asit ve tripsin inhibitérleri gibi antinutritif faktérlerin azalmasi ile
iliskilendirilmistir. Calismada amino asit miktarlarinin ¢imlenme stiresi boyunca dogrusal bir artis
gosterdigi ve bu artisin, ¢imlenme sirasinda olusan kiiresel yapisal degisimlerin amino asitlerin
erisilebilirligini ve salinimini artirmasiyla baglantili oldugu belirtilmistir [41].

Benzer sekilde, 24 saat siireyle ¢imlendirilen mung fasulyelerinde tiim amino asit igeriklerinin
¢imlenme siiresinin artisiyla birlikte ytikseldigi rapor edilmistir [42]. Cimlenme dénemleri boyunca en
ylksek seviyede bulunan amino asidin fenilalanin oldugu belirlenmis ve bu durum, sikimat yolunun
¢imlenme sirasinda aktiflesmesiyle fenilalanin sentezinin artmasina baglanmistir [43].

Glvercin bezelyesi 6rneginde ise, cimlendirilmemis halde toplam amino asit igerigi 102,36 pg/g kuru
agirhk iken, 72 saatlik ¢imlenme sonunda bu deger 268,43 pg/g’a ulasarak yaklasik 2,3 kat artis
gostermistir. Calismada tiim érneklerde en yiiksek miktarda bulunan amino asidin arjinin oldugu, en biiyiik
artisin ise histidinde gerceklestigi tespit edilmistir. Ayrica, bazi amino asitlerde (aspartik asit, serin, prolin,
lizin, 18sin ve izolésin) belirgin bir degisim egilimi gézlenmezken; glutamik asit, asparagin, treonin,
glutamin, tirozin, alanin, arjinin ve triptofan diizeylerinde anlaml artis, glisin ve fenilalanin miktarinda ise
azalma rapor edilmistir [44].

Soya fasulyesinin 72 saatlik ¢cimlendirilmesi sonucunda da benzer bir egilim gézlenmis; toplam amino
asit iceriginde artisin yani sira, treonin, aspartik asit ve glutamik asit seviyelerinin yiikseldigi, prolin ve
histidin miktarlarinin ise azaldig bildirilmistir [45].

Genel olarak, ¢imlenme sirasinda meydana gelen yapisal degisiklikler amino asit
konsantrasyonlarindaki artis1 agiklamaktadir [32,41]. Ote yandan, bazi amino asitlerin azalmasi, bu
bilesiklerin cimlenme siirecinde yeni proteinlerin sentezinde kullanilmasindan kaynaklanabilecegi seklinde
yorumlanmaktadir [46]. Cimlenme ile baklagillerde amino asit profili degisimleri Tablo 2’de verilmistir.
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Tablo 2. Cimlenmede baklagillerin amino asit profili degisimleri

Baklagil Cimlenme Rejimi Toplam AA Esansiyel AA egilimleri Esansiyel Baskin AA(lar) / Mekanizma / Kaynaklar
(Tiir/Latince) / Zaman Degisimi olmayan AA En biiyiik artis Aciklama
Noktalari (nicel/nitel) egilimleri
(t/i/<)
Antinutritif
faktorlerin (tanen,
GluT, AspT, fitat, tripsin
B fistig 1 ;
(;,m:;ra yer fisuigl 0, 24, 48, 72 saat g:niflir?r}:;sr’i N LysT, LeuT, lleT, ThrT, Valf, Phe1?, Met1?, AlaT, SerT, (bb) inhibitorleri) (32, [41]
g (s1caklik/1s1k: b.b.) 5 ¢ TrpT (gogu 1); Arg /1 [32] Pro?; Gly? o azalmasi; proteaz ’
subterranea) [32] . .
[41] aracili hidroliz;
yapisal gevseme
[32,41]
Fenilalanin en Proteaz aktivasyonu;
Mung fasulyesi ~24 saat (diger Tim AA’larda T . . o yliksek (sikimat sikimat yolunun
(Vigna radiata) kosullar: b.b.) [42] Tim esansiyeller T [42] Tama T[42] yolu aktivasyonu)  fenilalanin sentezini 42, (431
[43] artirmasi [42,43]
Toplam AA: giﬁ} ?S:TT, Baskin: Arjinin; En D:(f)'c(::(l))lri?iz{e;lrﬂierr;?ilzri]'
Giivercin bezelyesi ~ 0-72 saat 102,36 - 268,43  Arg? (en yiiksek seviyede), HisT (en fazla YL askill: ArIm; pro ) ’
(Cajanus cajan) (sicaklik/1s1k: b.b.) /g (=2,3%) artig), ThrT, TrpT; Lyse, Leue, llee [44] Alat; Glyl; biytk artis: bagl matristen [44], [46]
4 4 FI DD ?4g4]g e 5 P TPLLYSe ’ Aspe, Ser»,  Histidin [44] salinma; yeni protein
Proe [44] sentezi [44,46]
Proteaz aracili
1 ; 1
Soya fasulyesi ~72 saat (diger Toplam AA T ThrT; His!; (Lys/Leu/lle/Val/Met/Phe/Trp:  AspT, GluT; — (bb) p::l?g;ng:;eﬁz:ie (28], [45]
(Glycine max) kosullar: b.b.) [45] b.b.) [45] Prol [45] o y ’

— biyoyararlanim T
[28,45]

b.b.: belirtilmemis/bulunamadi
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5. Baklagillerin cimlenmesi ile toplam fenolik maddede degisiklikler

Gidalardaki fitokimyasallar ve diger biyoaktif bilesenler, insanlarda beslenmeyle iliskili bulasici olmayan
hastaliklarin iyilestirilmesinde 6nemli bir rol oynar. Flavonoidler, fenolik bilesikler, toplam diyet lifi ve askorbik
asit gibi bilesikler antioksidan, anti-inflamatuar, hipoglisemik, kolesterol diisiiriicii ve antihipertansif etkiler de
dahil olmak iizere gesitli saglik yararlariyla iliskili 6nemli antioksidan ve nutrasoétik 6zellikler sergilemektedir.
Cimlendirilmis baklagil unlari, sagliga yararl bilesenleri nedeniyle 6zellikle son zamanlarda yaygin olarak kabul
gormistiir [20].

Tablo 3. Cimlenme ile toplam fenolik maddede degisiklikler

Baklagil Cimlenme Baslangic Cimlenme Degisim Mekanizma Kaynak
Tiirii Kosullari TPC* Sonrasi1 TPC* (%) ve Aciklama
Fenilalanin
Bambara amonyak liyaz
Yer Fistig1 (PAL)
=72 25°C 11 TE/g 2 TE 76, 2
(Vigna 0-72saat, 25°C 1,15mgTE/g 2,03 mgTE/g  +765 aktivasyonuna 321
subterranea) bagli fenolik
biyosentezi T
Bagh
fenoliklerin
Mas serbestlesmesi,
Fasulyesi 18-9 2 filizl
a'su yesi 8-90 saat, ,8 mg 9.7 mg GAE/g  +246 1“1z e.nme (48]
(Vigna 25%1°C GAE/g stirecinde
radiata) fenilpropanoid
yolunun
indiiksiyonu
iml
Yesil Cimlendirme + lg;llrlrli i:ge ve
Mercimek 1sitma 48,19 52,91 ’ .
i +9,8 kombinasyonu  [49]
(Lens (mikrodalga, mg/100 g mg/100 g ; ,
. ile fenolik
culinaris) firin vb.) )
serbestlesmesi
izoflavon
oo
Fasulyesi 5 giin 0,23 mg 0,44 mg genisteln,
(Glycine imlendirme ~ GAE/ GAE/ +913 daidzein) 501
Y ¢ & & artisy; bagh
max)
formlarin
hidrolizi
i
Fasulyesi 5 giin 0,10 mg 0,65 mg L
) . ) +550 aktivitesi; [50]
(Vigna ¢imlendirme GAE/g GAE/g )
s lineer olmayan
radiata)

artis egilimi

Cimlenme ile Bambara yer fistig1 unlarinin fizikokimyasal 6zelliklerinin degisiminin incelendigi bir calismada
[32] ¢imlenmenin toplam fenolik madde miktarini 1,15 mg TE/g seviyesinden 2,03 mg TE/g seviyesine artirdigi
tespit edilmistir. Toplam fenolik madde miktarindaki bu artis tohumun ¢imlenmesi sirasinda fenolik bilesiklerin
olusumunu destekleyen fenilalanin amonyak liyazinin aktivasyonuna baglanabilir [47] (Tablo 3). Cimlenmis mas
fasulyelerinde (25 + 1 °C’de 18, 36, 54, 72 ve 90 saat) toplam fenolik madde miktarinin baslangicta 2,8 mg GAE/g
seviyesinden 9,7 mg GAE/g seviyesine arttig1 bildirilmistir [48].Yesil mercimek tohumlarinin ¢ig, ¢cimlenmis ve
¢imlenmis tohumlarin cesitli 1sitma islemleri (mikrodalga firinda, konvansiyonel firinda, kizilétesi firinda 1sitilmis
¢imlendirilmis tohum) sonucunda biyoaktif 6zellikleri incelenmis ve toplam fenolik madde igerikleri 48,19
mg/100g (kontrol) ile 62,08 mg/100 g (mikrodalga firin) arasinda degistigi ve ¢alisma sonucunda ¢imlenme ve
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1sitma islemlerinin yesil mercimek tohumlarinin toplam fenolik madde igerigini artirdig1 bulunmustur [49]. Soya
fasulyesi ve mas fasulyesinin ¢cimlenme ile fonksiyonel 6zelliklerindeki degisiminin incelendigi bir ¢calismada [50]
tohumlar 5 giinliik ¢cimlenmeye birakilmistir. Soya fasulyesi icin maksimum artisin 4 giinliik cimlenme ile ortaya
ciktig1 ve cimlenmeyen soya fasulyesine kiyasla yaklasik %330'luk bir artis oldugu bulunmustur. Cimlendirilmis
mas fasulyesinde en fazla artisin birinci giin ¢imlendirmede oldugu gdsterilmis ve ¢imlendirilmemis mas
fasulyesine kiyasla toplam fenolik madde degerlerinde yaklasik %103,7'lik bir artis oldugu tespit edilmistir. Iki
tohum tiiriinde de toplam fenolik madde artisinin dogrusal olmadig1 ancak ¢imlenme ile toplam fenolik madde
miktarinin artirdigi belirtilmistir [50].

6. Baklagillerin cimlenmesi ile seker icerigindeki degisiklikler

Yapilan bir calismada ¢imlenmenin Avustralya tath ac1 baklasindaki karbonhidrat bilesimine (siikroz, fruktoz,
glukoz) etkisi arastirilmis ve soya fasulyesi ile karsilastirilmistir [51]. Her iki tiirde de stikrozun en baskin seker
oldugu, bunu fruktoz ve glukozun izledigi belirlenmistir. Cimlenmeden 6nce soya fasulyesinin siikroz igerigi (33
mg/g), aci baklaya (12 mg/g) kiyasla 6nemli 6l¢ciide daha yiiksek bulunmustur. Cimlenmemis aci baklada siikroz
ve fruktoz diizeyleri sirasiyla 12 mg/g ve 0,1 mg/g iken, cimlenme sonrasinda bu degerler 6nemli diizeyde artarak
sirastyla yaklasik 35 mg/g ve 2,9 mg/g’'a ylkselmistir. Stikrozdaki bu artis, a-galaktozidazlar maksimum
aktivitelerine ulastiginda oligosakkaritlerin hizli bir sekilde hidrolizlenmesinden kaynaklanmasina atfedilebilir
[52]. Cimlenmenin, ac1 bakla icindeki stikroz ve fruktoz iceriginde artisa neden oldugu bu durumun artan a-amilaz
aktivitesiyle iligkili oldugu bulunmustur [51]. Cimlendirilmis soya fasulyesindeki fruktoz (~4,2 mg/g) ve glikoz
(~1 mg/g), cimlendirilmemis soya fasulyesine kiyasla daha ytiksek; siikroz seviyeleri ise benzer (~30 mg/g) tespit
edilmistir. Sakkarozun azalmasinin olasi bir agiklamasi, 1slatma sirasinda ¢éziinebilir bilesenlerin sizmasi ve daha
sonra ¢imlenme sirasinda enerji kaynagi olarak kullanilabilir hale gelmesinden kaynaklanabilir [53].

Cig ve ¢cimlendirilmis bezelyelerin karsilastirildig1 bir calismada [54] bezelyeler 3 giin ve 6 giin karanlikta
¢imlenmeye birakilmis; cimlenmenin a-galaktozid iceriginde belirgin bir azalmaya ve siikroz, glikoz ve fruktozda
onemli artislara neden oldugu bulunmustur. Cig bezelyede fruktoz ve glukoz tespit edilmezken siikroz igerigi 1,73
g/100 g kuru madde tespit edilmistir. 6 giinliik ¢cimlenmenin sonunda fruktoz, glukoz ve siikroz sirasiyla 0,12-
0,34- 3,05 g/100g kuru madde bulunmustur [54]. Soya fasulyesinin 24 saatlik cimlendirilmesi sonunda fruktoz,
glukoz ve stikroz iceriginin azaldig1 tespit edilmis olup ¢ig soya fasulyesinde en baskin sekerin siikroz oldugu
¢imlenme siiresi ile siikroz iceriginin de azaldig1 bulunmustur [55]. Tohum ¢imlenmesi sirasinda gerekli enerjinin
depolanmis karbonhidratlardan, siikroz ve oligosakkaritler gelmesi bu azalisin nedeni olarak diisiiniilmektedir
[56].

7. Baklagillerin cimlenmesi ile antioksidan aktivitede meydana gelen degisiklikler

Cimlenme, proteaz, amilaz ve lipaz gibi endojen enzimleri aktive ederek ve serbest birakarak tohumun
uykuda kalma durumunu sonlandirir [57]. Cimlendirilmis tahillar ve baklagiller, antioksidan aktiviteleri nedeniyle
insan sagligin1 destekleyen polifenoller, gama-aminobiitirik asit (GABA), flavonoidler ve tanenler gibi cesitli
biyoaktif bilesikler acisindan zengindir [34]. Cig ve ¢cimlendirilmis glivercin bezelyelerinin antioksidan kapasiteleri
DPPH analizi ile karsilastirildiginda, ¢ig orneklerin antioksidan kapasiteleri 102,3 mg TE/100 g kuru madde
seviyesinden 72 saatin sonunda 129,0 mg TE/100 g kuru madde seviyesine bir artis géstermistir [44] (Tablo 4.).
Bu artis antioksidan bilesiklerin artan biyosentezini yansitmaktadir ve artan antioksidan aktivite fenolik asit ve
flavonoid igeriklerindeki artisa baglanabilir. Biyoaktif bilesikler ile antioksidan kapasite arasinda pozitif bir iligki
oldugu bilinmektedir [58].

Cig, cimlendirilmis ve haslanmis mercimek tohumlarinin fizikokimyasal ve biyoaktif o6zelliklerinin
karsilastirildigi bir calismada [59] mercimek tohumlarinin antioksidan aktivite degerleri 3,02 mg TE /kg (kontrol),
0,70 mg TE/kg (¢imlendirilmis) ile 3,35 mg TE/kg (haslanmis) arasinda tespit edilmis olup en ytliksek antioksidan
aktiviteyi haslanmis mercimek tohumlarinin gdsterdigi rapor edilmistir. Cimlenmis mercimek tohumlarinin
antioksidan aktivitesinin diisme nedenleri ¢cimlenme sirasinda biyoaktif bilesenlerin yapisinin enzim aktivitesi ve
uygulanan sicaklik ile bozulmasindan kaynaklanabilecegi diisiiniilmektedir. Ayrica bir diger neden olarak
¢imlenmis ve haslanmis 6rneklerin nem igeriginin artmasinin (yiiksek su icerigi) bu érneklerde toplam fenol
miktarinin kontrol grubuna gore diismesine baglanmaktadir [59]. Cimlenme sirasinda baglh fenolik bilesiklerin
serbest hale geldigi ve toplam fenolik igerikte artisa neden oldugu bilinmektedir [60]. Mercimek ytiiksek fenolik
icerige sahip oldugundan antioksidan aktivitesi de yiiksektir. Bu nedenle mercimek tohumlarinin fenolik bileseni
ile antioksidan aktivite degerleri arasinda dogrusal bir iliski oldugu bildirilmistir [61].
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Tablo 4. Cimlenme ile baklagillerde antioksidan aktivite degisimleri

Baklagil Tiirii  Cimlenme Baslangig Cimlenme Degisim (%) Mekanizma ve Kaynak
Kosullar1 Aktivite Sonrasi Aciklama
Aktivite
Fenolik asit ve
flavonoid
Gilvercin biyosentezinde
Bezelyesi 102,3 mg 129,0 mg artis; bagh
(Cajanus 0-72 saat TE/100 g TE/100 g +26,1 fenoliklerin [44], [58]
cajan) (DPPH) (DPPH) serbestlesmesi
- radikal
stpirici
kapasite T
Cimlenmede
bagl fenoliklerin
Kontrol: 3,02 serl?estlesmle)sine
mg TE/kg; Cimlenme: - ragmen serbest
Mercimek Cig, 72 saat Cimlenmis: 76,8; Haslama: ra]iilkal .yak.ale(iima
(Lens ¢imlenme, 0,70 mg +10,9 Degisken diia;:izs'lltlzssllle;mea [59], [61]
culinaris) haslama TE/kg; (kontrole feno,liklerin
Haslanmis: gore) stabilitesini
3,35 mg TE/kg artirarak
aktiviteyi

ylikseltmistir

8. Sonuclar/Conclusions

Bu derleme, baklagillerin ¢imlenme siirecinin besin bilesimi ve biyolojik aktiviteler tizerindeki etkilerini
kapsaml bir sekilde degerlendirmistir. insanlarin dengeli beslenme konusundaki farkindaliginin artmasiyla
birlikte bitki bazli gida tiiketimi énemli 6l¢lide artmaktadir. Bitkisel gidalara artan talep, baklagillerin 6nemine
dikkat ¢ekmistir. Baklagillerin ¢cimlendirilmesi yapilarinda 6nemli degisikliklere yol acarak baklagilleri besin
acisindan zengin hale getirir. Baklagillerin tiiriine bagh olmakla birlikte ¢imlendirme ile protein miktar1 artar,
seker kompozisyonlar1 degisir, toplam fenolik madde artar ve buna bagh antioksidan kapasiteleri de artarak
¢imlenmis tohumlari insanlar i¢in daha saglikli bir secenek haline getirir. Cok sayida arastirma, ¢imlenmis
yenilebilir tohumlarin, 6zellikle bu iiriinlerin istenen besinsel ve islevsel 6zelliklerini iyilestirmek icin ¢ok cesitli
gidalarin islenmesinde basariyla kullanilabilecegini gostermistir. Cimlenmis baklagiller, besin alimini ve saghigi
artirabilecek fonksiyonel gidalar olarak biiyiik bir potansiyel sunmaktadir. Gelecekte, ¢cimlenme siirecinde rol
oynayan biyoaktif bilesenler ve biyolojik aktiviteler lizerine yapilacak derinlemesine arastirmalar, ¢cimlenmis
baklagil tohumlarinin gelistirilmesi ve gida endiistrisinde daha yaygin kullanimini destekleyecektir.
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