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RESEARCH ARTICLE / ARASTIRMA MAKALESI

Effect of UV Aging on the Hardness Properties of Glass and Aramid Fiber-
Reinforced Interply Hybrid Composites

UV Yaslanmasimin Cam ve Aramid Elyaf Takviyeli Interply Hibrit Kompozitlerin Sertlik
Ozellikleri Uzerindeki Etkisi

Zeynal Abidin OGUZ *?
'Department of Mechanical Engineering, Adiyaman University, 02040, Adiyaman, Turkey
2Mechatronics Department, Besni Ali Erdemoglu Vocational School, Adiyaman University, 02040, Adiyaman,
Turkey

Abstract

This study investigates the effect of UV aging on the hardness properties of hybrid composite materials configured with glass
and aramid fibers in four designs: pure glass fiber (51), pure aramid fiber (S4), and two hybrid structures (S2 and S3) with
varied fiber layering. Samples were exposed to UV light for 0, 20, and 40 days, and hardness values were recorded to evaluate
how UV exposure and fiber hybridization influence material durability. Initially, the pure aramid composite (S4) exhibited the
highest hardness at 28 HV, a 26.13% increase over the pure glass configuration (S1) at 22.2 HV. The hybrid configurations
demonstrated intermediate values (between pure glass and pure aramid), with S3 (aramid exterior) reaching 25.1 HV,
indicating the influence of fiber hybridization. UV exposure further increased hardness in all configurations; after 20 days UV
aging, values rose to 24.4 HV for S1, 27.3 HV for S2, 30.4 HV for S3, and 31.6 HV for S4. By 40 days UV aging, hardness reached
28.8 HV for S1, 30.1 HV for S2, 31.6 HV for S3, and 34.9 HV for S4, showing cumulative increases of 29.7% to 24.6% across the
samples. These results demonstrate that UV aging enhances hardness, with hybrid models-particularly those with aramid
fibers on the exterior-exhibiting improved UV resistance, suggesting their suitability for applications requiring both UV
durability and hardness.

Keywords: Hardness, Glass Fiber, Aramid Fiber, Hybrid Composites, UV Aging

. INTRODUCTION

Composite materials are essential in modern engineering and technology due to their unique ability to combine
the best properties of different constituent materials, often resulting in superior performance compared to
traditional materials. By blending fibers such as glass, carbon, aramid, or natural fibers with matrices like
polymers, composites offer high strength-to-weight ratios, excellent durability, and enhanced resistance to
environmental conditions. These attributes are particularly valuable in industries such as aerospace, automotive,
and civil engineering, where reducing weight while maintaining strength is critical. Furthermore, the flexibility to
tailor composites for specific applications through modifications in fiber orientation, layering, or hybridization
allows engineers to meet diverse performance requirements [23], from enhanced load-bearing capabilities to
improved mechanical properties. The development of composite materials continues to be a key area of research
aimed at creating cost-effective, high-performance materials with reduced environmental impact [1,2,22].
Environmental aging tests are crucial for composite materials because these materials are often exposed to
challenging environments that can change their mechanical, thermal, and chemical properties over time. Factors
such as moisture, temperature fluctuations, UV radiation, and exposure to chemicals can cause irreversible changes
in composite structures, leading to reduced strength, stiffness, and durability. Understanding the effects of
environmental aging is essential for predicting the long-term performance of composites, especially in applications
like aerospace, automotive, marine, and construction, where safety and reliability are paramount. By conducting
environmental aging tests, researchers can identify vulnerabilities in the composite's design. Such tests also provide
valuable data for life-cycle analysis and contribute to the development of industry standards, ensuring that
composite materials maintain their performance and safety throughout their intended service lives [3,4].
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A crucial characteristic of composites is their hardness,
which indicates how well they can withstand surface
wear, penetration, and deformation when forces are
applied. For composites used in structural, automotive,
and aerospace industries that need durability and
endurance, this property is especially crucial. A
composite material's hardness is a crucial measure of its
total mechanical integrity as it is impacted by its matrix,
reinforcement, and the interfacial bonding between
these phases. Increased hardness helps to the
composite's load-bearing capacity and surface stability
in addition to improving its resilience to abrasive
conditions. Therefore, it is crucial to comprehend and
maximize the hardness of composite materials to
guarantee their dependability and functionality
throughout demanding operating circumstances.

UV aging is a significant factor affecting the hardness
properties of composite materials, as prolonged
exposure to ultraviolet radiation can lead to surface
degradation, embrittlement, and a reduction in overall
mechanical integrity [5,6]. The polymer matrices
within composites are particularly susceptible to UV-
induced chemical changes, such as chain scission and
oxidation, which can result in change of mechanical
properties. These changes not only diminish the
hardness but also affect wear resistance and durability,
especially in outdoor applications like automotive,
marine, and aerospace structures where UV exposure is
constant. Evaluating the impact of UV aging on
hardness properties provides critical insights into the
composite’s longevity and performance under real-
world conditions, enabling the development of UV-
resistant formulations or protective coatings that
enhance durability [7].

Raajeshkrishna et al. [8] investigated the effect of
reinforcement material and production method on the
mechanical properties of glass and basalt laminate
composites. Hardness tests were applied to glass/epoxy
and basalt/epoxy samples prepared using production
methods such as hand layup followed by compression
moulding (HLC), vacuum bagging method (VBM) and
vacuum assisted resin infusion method (VARIM). The
hardness values of glass/epoxy samples produced by
HLC, VBN and VARIM methods were 78, 75, 73 SD,
respectively. The hardness values of basalt/epoxy
samples were 99, 95, 90 SD for HLC, VBN and
VARIM methods, respectively. As a result, it was
found that the production method was effective on the
hardness values of composite materials.

The hardness values of hybrid composite materials
reinforced with carbon and flax fibers were examined
by Ramesh et al. [9]. As a result of hardness
measurements, the hardness value of the composites
ranged from 62.33 to 77.66 (HRC), and the average
hardness was determined as 70.85 (HRC).

Suryawan et al. [10] compared to the hardness values
of nettle fibers and glass fibers. Both nettle and glass
fibers were mixed with epoxy resin at 10, 15 and 20%
by weight. The effect of weight ratios on the hardness
values of the samples was investigated. The hardness
values of the glass fiber reinforced composites were
measured as 82.4, 84.5 and 86.5 Shore D, respectively.
The hardness values of the nettle fiber reinforced
composites were found as 81.6, 85.0 and 86.6 Shore D,
and an increase in hardness was observed as the fiber
weight fraction increased.

Rout et al. [11] researched the hybridization effect of
the hardness values of Kevlar, carbon and glass
samples. When the hardness values of pure Kevlar,
carbon and glass samples produced for comparison
with hybrid samples were evaluated among themselves,
it was found that carbon samples had the highest
hardness value and glass samples had the lowest
hardness value. In addition, it was observed that the
hardness values of the samples with carbon layers on
the outer surface in hybrid composites were higher than
other hybrids.

Markovi¢ova et al. [12] studied the hardness values of
10, 20, 30% glass fiber amounts added to the polyamide
66 (PA 66) matrix under UV light. Hardness tests were
performed after 500 hours of UV aging and compared
with control group samples. Accordingly, the hardness
value of 10% glass reinforced samples increased by
21.21% after 500 hours of aging. However, UV aging
caused a decrease of 23.91% and 37.04% in the
hardness values of 20% and 30% reinforced samples,
respectively.

Shi et al. [13] conducted hardness tests of carbon
fiber/epoxy (CFRP) composites subjected to UV aging
for 80 days. It was observed that the hardness of the
fibers was minimally affected by UV irradiation,
maintaining relatively stable values throughout the
aging period. In contrast, the matrix material showed a
substantial increase in hardness under UV aging,
reflecting a pronounced embrittlement effect. The
matrix phase exhibited a substantial increase in
hardness, rising by up to 35% after 40 days of UV
exposure due to embrittlement from UV-induced
molecular changes. Following this peak, hardness
began to decline with continued exposure.

Ramli et al. [14] examined the hardness values of glass-
reinforced composite samples prepared with vinyl ester
and epoxy matrices exposed to UV light for different
periods of time. In this study, it was stated that while an
increase in the hardness values of the vinyl ester matrix
composite samples was observed as the UV duration
increased, UV aging caused a decrease in the hardness
values in the epoxy matrix samples.
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Compston et al. [15] studied the effect of UV curing on
the hardness value of glass-fibre/vinylester samples.
The control group samples were left to cure at room
temperature and after 7 days, no change was observed
in the hardness values and reached a hardness value of
60 HRM. However, it was determined that the curing
process using UV light caused an increase in the
hardness values of the samples (85 HRM).

In this study, the hardness properties of pure and
interply hybrid specimens made from glass and aramid
fabrics were evaluated after aging under UV light for
different durations. While the effects of UV exposure
on polymer-matrix composites have been widely
investigated in the literature, research specifically
examining the UV aging resistance of hybrid
composites combining different fibers remains limited.
This study distinguishes itself by providing a
comparative analysis of pure and hybrid structures,
revealing how varying fiber combinations influence
UV resistance in terms of hardness retention. By
focusing on the impact of UV aging on hybrid
composites’ hardness properties, this research aims to
identify optimal configurations that enhance durability
in structures containing both glass and aramid
reinforcements. This novel approach contributes to the
literature by shedding light on the UV durability

composites with improved resistance to environmental
aging.

Il. MATERIALS AND METHOD

2.1 Materials

For this study, woven glass and aramid fabrics with
densities of 202 and 170 g/m? and fabric thicknesses of
0.15 mm and 0.27 mm, respectively, were used.
Additionally, MGS 285 series epoxy and hardener were
used as the resin system. Composite plates were
fabricated using the hand lay-up technique at an
ambient temperature of 25°C. All materials, including
fabrics, hardener, and epoxy resin, were sourced from
Dostkimya Company in Istanbul. The resin system used
was Hexion MGS-L285 epoxy, mixed with Hexion
MGS-H285 hardener in a 100:40 ratio. Four distinct
composite plate configurations were produced: two
pure and two hybrid using a sandwich structure. The
configuration with 12 layers of glass fabric was
designated as S1 (2.41+0.03 mm, thickness), while the
configuration with 12 layers of aramid fabric was
labeled S4 (2.91+0.07 mm, thickness). For the hybrid
models, S2 (2.45£0.02 mm, thickness) was constructed
with three layers of glass fabric on the exterior and six
layers of aramid fabric in the core, whereas S3
(2.82+0.05 mm, thickness) featured three layers of

differences between glass and aramid fiber  aramid fabric on the exterior with six layers of glass

combinations, offering insights for designing  fabric in the core.

Sample Code Fiber configuration
s1 | ¢ | ¢ | ¢« | 6 | & | 6 | 6 | 6 | 6 | 6 | 6 | & |
s2 | ¢ | ¢ | 6 | A | a | A& | a | A | a | 6 | 6 | 6 |
s3 Il ~ | A& | A | 6 | 6 | 6 | 6 | 6 | 6 | & | a | a |
sa | A | a | A ] a | A | a | a ] a | a ] a |l a ] a|

Figure 1. Fiber configuration and sample coding (G: Glass; A: Aramid)

The configuration of fiber layers and sample code are
illustrated in Figure 1. The samples were cured for one
hour at 80°C under 0.4 MPa pressure using a hot mold
press equipped with flat molds. Following this, the
laminates were allowed to cool to room temperature

/ \

Temperature (°C)

s Temp erature

Pressure

20 40 60

Curing Time (minute)

80

before being removed from the molds. A flowchart
illustrating the production process and the hot mold
machine are provided in Figure 2 (a) and (b),
respectively.

b)

'%?%J’L_i

(eJIN) 2anssaig

Figure 2. a) Flowchart of sample production b) Hot mold press

3
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2.2 UV Aging

In accordance with the applicable ASTM standard,
accelerated UV testing was carried out in this
investigation utilizing an OSRAM ultraviolet lamp
[16]. Three sets of samples were made for each
composite configuration: one control group, which was
not exposed to UV aging; a second group, which was
exposed to UV light for 20 days; and a third group,
which was exposed for 40 days.

2.3 Hardness Test

The material used in the Vickers hardness test creates

an indentation that affects the test sample. The force

that is applied and the area formed by the puncture on
a)

the sample's test surface have a direct impact on the
determined Vickers hardness measurement. The notch
geometry employed in the Vickers hardness test is the
geometric arrangement of a square pyramid formed of
diamonds at an angle of 136° between opposing sides.
The specimen exhibits an indentation zone with a
somewhat typical diamond shape, as shown in Figure 3
a). The hardness test of samples is evaluated using a
Qness brand hardness tester, as shown in Figure 3 b), in
accordance with ASTM E92-17 (ASTM E92-17,
2017). The sample underwent at least fifteen Vickers
hardness test measures for each composite
combination; the findings are presented as the average
of the fifteen examinations.
b)

Figure 3. a) Regular diamond shape for hardness test b) Hardness test machine

I11. RESULTS AND DISCUSSION

In this study, four distinct composite configurations
(S1, S2, S3, and S4) were tested to evaluate the effects
of hybridization, UV aging, and UV exposure duration
on hardness. The hardness of each sample was
measured at 0, 20, and 40 days of UV exposure.
Hardness values of samples in different UV aging
periods is shown in Figure 4. Further, change rate of
hardness values of samples is shown in Figure 5 based
on unaged samples. Each sample group (S1, S2, S3 and
S4) was evaluated within itself in Figure 5. During the
evaluation, the change rates after 450 and 900 hours of
UV aging were compared with the unaged samples. The
initial hardness values (0 days of UV exposure) indicate
a clear impact of the fiber composition on hardness.
Pure glass fiber composite (S1) had an initial hardness
of 22.2 HV, while the pure aramid fiber composite (S4)
had a higher hardness of 28 HV, showing that the
aramid configuration offers a 26.1% increase in
hardness over glass. For the hybrid configurations, S2
(glass on the outer layers, aramid in the core) and S3
(aramid on the outer layers, glass in the core) recorded

initial hardness values of 23.4 HV and 25.1 HV,
respectively. This suggests that both hybrid structures
improve hardness compared to pure glass fiber (S1),
with S2 showing a 5.4% increase and S3 a 13.1%
increase. S3, with aramid on the outside, achieved
higher hardness than S2, indicating that the position of
aramid fibers in the laminate impacts hardness, with
aramid on the exterior providing better surface
resistance. Although the two hybrid composites include
an identical amount of fabrics, it is important to note
that the fiber order affects the hybrid composites'
hardness characteristics. Because Aramid fiber has a
higher modulus than glass fiber, exterior Aramid layers
increase the composite's hardness, according to
comparable findings published by Rout et al. [11] and
Nayak et al. [17]. As anticipated, it is also noted that
the hardness of all hybrid composites differs between
glass fiber-reinforced polymer composites and plain
Aramid. In addition, when hybrid composites are
compared with pure configurations, it has been stated
in different studies in the literature [18-20] that the
mechanical properties of hybrid configurations have
values between those of pure composites.
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Figure 5. Change rates of hardness values of samples based on UV aging periods

S4-40



Int. J. Adv. Eng. Pure Sci. 2025, 37(1): <I-7>

Hardness Properties of UV aged Hybrid Composites

UV exposure had a significant effect on the hardness of
all samples, with increased hardness observed after
both 20 and 40 days. After 20 days of UV exposure, the
hardness values for S1, S2, S3, and S4 increased to 24.4
HV, 27.3 HV, 30.4 HV, and 31.6 HV, respectively.
Thisrepresents an increase of 9.91% for S1, 16.67% for
S2,21.12% for S3, 12.86% for S4. After 40 days of UV
exposure, further increases were noted, with hardness
values reaching 28.8 HV for S1, 30.1 HV for S2, 31.6
Hv for S3, and 34.9 HV for S4. This marks a
cumulative increase of 29.73% for S1, 28.63% for S2,
25.9% for S3, 24.64% for S4. These results indicate that
UV exposure enhances the hardness of all samples,
likely due to surface embrittlement effects from
prolonged UV-induced polymer degradation. Notably,
the pure glass fiber sample (S1) experienced the highest
percentage increase over 40 days, possibly because the
glass fiber matrix is more susceptible to UV-related
hardening than the aramid fiber [11,21]. The effect of
UV aging duration (from 0 to 20 to 40 days) on
hardness was evident across all configurations.
Between 0 and 20 days, the hardness of S1, S2, S3, and
S4 increased by 9.9%, 16.67%, 21.12%, and 12.86%,
respectively. Between 20 and 40 days, the hardness
values continued to rise by 18.0% for S1, 10.3% for S2,
3.9% for S3, and 10.4% for S4. The results show that
while all samples exhibited increased hardness with
extended UV exposure, the rate of increase was highest
in the initial 20 days, especially for S3, which
incorporates aramid fibers on the outer layers. After 20
days, the rate of hardness increase slowed, indicating a
potential plateau in UV-induced hardening effects as
the surface reaches a saturation point in embrittlement.
In this study, UV aging caused an increase in the
hardness values of the samples primarily due to
photochemical changes in the polymer matrix, leading
to surface hardening and embrittlement. When exposed
to ultraviolet (UV) light, the polymer matrix undergoes
chemical reactions, such as chain scission (breakage of
polymer chains) and oxidation. These reactions result
in the formation of free radicals, which can lead to
cross-linking of the polymer chains at the surface. As a
result, the material becomes more rigid and less
flexible, contributing to an increase in surface hardness
[5,6]. UV radiation accelerates the curing process on
the surface of the composite materials, causing a
hardening effect. This is because UV light promotes
polymerization, where the free radicals initiate a
process of bonding between polymer chains, creating a
more tightly cross-linked structure on the surface
[6,11,13]. This enhanced cross-linking reduces the
material's ability to deform, thus increasing the
material's surface hardness. Additionally, the UV-
induced surface embrittlement creates a stiffer, more
brittle outer layer, further raising the measured
hardness values. While UV aging typically leads to
degradation over time, the initial stages of UV exposure
can result in surface hardening due to the increased
degree of cross-linking and chemical changes in the
polymer matrix [5,10]. Therefore, the observed

increase in hardness in this study can be attributed to
these photochemical processes that make the surface
layers of the composites more rigid and less prone to
deformation under stress.

IV. CONCLUSION

This study examined the effect of UV aging on the
hardness properties of composite samples with four
configurations: pure glass fiber (S1), pure aramid fiber
(S4), and two hybrid configurations (S2 and S3)
combining both fiber types in different arrangements.
The samples were subjected to UV exposure for 0, 20,
and 40 days, and their hardness values were assessed to
evaluate the impact of hybridization, UV exposure, and
aging duration on material performance. The results
showed that UV aging significantly increased the
hardness of all samples. Initially, at 0 days of UV
exposure, the pure glass fiber sample (S1) had a
hardness of 22.2 HV, whereas the pure aramid sample
(S4) exhibited a hardness of 28 HV, marking a 26.1%
higher hardness for aramid. Hybrid configurations, S2
and S3, demonstrated intermediate initial hardness
values of 23.4 HV and 25.1 HV, respectively, with S3
achieving a 13.1% improvement over the pure glass
sample due to the outer positioning of aramid fibers.
After 20 days of UV exposure, the hardness of all
samples increased further. S1, S2, S3, and S4 reached
hardness values of 24.4 HV, 27.3 HV, 30.4 HV, and
31.6 HV, respectively, representing increases of 9.9%
for S1, 16.7% for S2, 21.1% for S3, and 12.9% for S4
compared to their initial values. After 40 days of
exposure, the hardness values continued to rise, with S1
reaching 28.8 HV, S2 reaching 30.1 HV, S3 reaching
31.6 HV, and S4 reaching 34.9 HV. This resulted in
cumulative hardness increases of 29.7% for S1, 28.6%
for S2, 25.9% for S3, and 24.6% for S4. The data
suggests that while UV exposure generally increases
hardness across all configurations due to surface
embrittlement and photochemical changes in the
polymer matrix, the rate of increase tends to diminish
over time as the materials reach a saturation point in
hardening effects. Hybrid configurations, especially
those with aramid fibers on the exterior (S3),
consistently exhibited higher hardness, emphasizing
the role of fiber positioning in optimizing UV
resistance. These findings indicate that hybrid
composites, with proper configuration, can offer
enhanced durability under UV exposure, making them
suitable for applications requiring high hardness and
UV stability. Further studies could investigate longer
UV exposure periods and additional mechanical
properties to fully understand the long-term durability
of these materials.
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Farkh Tiirbiilans Modellerinin Daire ve Kare Kesitli Gaz Yikayicilarin
Hidrodinamik Performanslar1 Uzerindeki Etkileri

Effects of Different Turbulence Models on Hydrodynamic Performance of Circular and
Square Section Scrubbers
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Oz

Bu calismada, i1slak venturi tipi gaz temizleyiciler ele alinarak farkli tirbilans modellerinin 6zdes kare ve daire kesitli gaz
temizleyicilerin hidrodinamik performanslari Gzerindeki etkileri Hesaplamali Akiskanlar Dinamigi (HAD) metodu kullanilarak
incelenmistir. Verifikasyon ve dogrulama c¢alismalari yapilarak sonuglar literattrdeki sayisal ve deneysel verilerle basarili bir
sekilde mukayese edilmistir. Daha sonra iki farkl kesit geometrisine sahip gaz temizleyicilerin toplama verimi, basing diislis U
ve hiz dagihmlan mukayese edilerek k-epsilon (Standart, Realizable ve RNG) ve k- (Standart ve SST) turbllans modellerinin
venturi gaz temizleyicilerdeki performanslari birbirleri ile karsilastirmali olarak sunulmus ve damlacik toplama verimi
acisindan Realizable k-¢ tlirbilans modelinin diger modellere nazaran daha basarili oldugu ancak basing dagilimlarini
tahmininde tiim bu modellerin birbirlerine yakin bir sonuglar verdigi gosterilmistir. Mukayese edilen daire ve kare kesitli 6zdes
gaz temizleyicilerden birincisinde daha yiiksek hiz ve dolayisiyla daha dislik basing dagilimlari elde edildigi ancak kare kesitli
gaz temizleyicinin damlacik toplama veriminin dairesel kesitli olana nazaran %53 ile daha yliksek oldugu sonucuna varilmistir.
Anahtar Kelimeler: Islak venturi tipi gaz temizleyiciler, Toplama verimi, Daire kesitli gaz temizleyici, Kare kesitli gaz temizleyici,
Turbulans modelleri

Abstract

In this study, wet venturi-type gas scrubbers are examined and the effects of various turbulence models on the hydrodynamic
performance of two identical square and circular cross-section gas scrubbers were investigated using the Computational Fluid
Dynamics (CFD) method. Verification and validation studies were conducted, and the results were successfully compared with
numerical and experimental data obtained from the literature. Then, the collection efficiency, pressure drop, and velocity
distributions of gas scrubbers with two different cross-sectional geometries were compared, and the performances of k-¢
(Standard, Realizable, and RNG) and k-o (Standard and SST) in venturi gas scrubbers were comparatively presented. It was
demonstrated that the Realizable k-epsilon turbulence model performed better than the other models in terms of droplet
collection efficiency; however, all models yielded similar results in predicting pressure distributions. Among the identical gas
scrubbers with circular and square cross-sections, the former exhibited higher velocity and consequently lower pressure
distributions. However, it was concluded that the droplet collection efficiency of the square cross-section gas scrubber was
53% higher than that of the circular one.

Keywords: Wet venturi scrubbers, Collection efficiency, Circular scrubber, Square scrubber, Turbulence models

I. GIRiS
Istenmeyen kiiciik parcaciklar1 iceren ¢ok fazli karisimlarda bu pargaciklarin ayristirilmasi énemli bir problem
olup giinimuzde konuyla ilgili birgok ¢alisma yapilmaktadir. Bunlarmn bir kisminda insan sagligi 6n plana ¢ikarken
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digerlerinde ise ayristrma veriminin artirilmast
amaglanmaktadir. Hava kirliliginin artan etkisiyle
birlikte insan sagliginin risk altinda oldugu yadsinamaz
bir gergektir. Bu olumsuz etkilerin ortadan kaldirilmasi
ve c¢evre kirliliginin Onlenmesine yonelik yeni
teknolojik  ¢6ziim arayislari devam etmektedir.
Miihendisler atmosfere salinan gazlarin zararli etkisini
azaltmak ve endiistriyel uygulamalarda karsilasilan ve
kirletici igeren ¢ok fazli karigimlarin birbirlerinden
ayristirilmasi igin birgok farkli yontem
gelistirmiglerdir. Hava kirliliginin insan saghgma
dogrudan etkisi bilinen bir gercektedir. Ornegin Tiirk
Tabipler Birligine gore hava kirliliginden kaynakli
olarak her yil diinyada yaklasik olarak 150.000
prematiire bebek diinyaya gelmekte ve ayni zamanda
¢ocuk astim1 da her gecen yil artmaktadir. Yine Tiirk
Tabipler Birligine gore hava kirliligi akciger
hastaliklarinda artig, asttm nd&betlerinin  sikliginda
degisim, akut solunum yolu hastaliklar1 ve cesitli cilt
hastaliklarina dogrudan etki etmektedir [1]. Bu
rahatsizliklarin temel nedenleri incelendiginde hava
kirliliginin en basta gelen etkenlerden biri oldugu
goriilmiistir. Bundan dolayr yapilan diizenlemelerin
‘Gelecek nesiller icin yasanabilir bir diinya birakalim.’
sloganmin Gtesinde gercekten yasami dogrudan
etkileyen kirliligi 6nlemek adina olmas1 gerekmektedir.
Bu noktada miihendislik alaninda gelismelerin insan
saglig1 tizerindeki etkisi, tip alaninda koruyucu
hekimlige benzetilebilir. Zira koruyucu hekimlikte
hastaligin tedavisinden Once, hastaligi olusturan
etkenlerin ortadan kaldirilmasi onceliklidir Buradan
yola c¢ikarak toplumsal sagligin temelinde de
mihendisligin 6nemli bir mihenk tasi oldugu bu
farkindalikla ortaya konulabilir. Venturi tipli gaz
yikayicilar ile insan sagligina zararl gazlarin atmosfere
salintmi  engellenerek saglik acisindan risklerin
azaltilmas1 miimkiindiir. Tekstil ve iklimlendirme gibi
karasal sistemlerde uzun siiredir kullanilmakta olan gaz
temizleyiciler, denizcilik sekt6riiniin ¢at1 kurulusu olan
Uluslararas1  Denizcilik  Orgiitiiniin ~ (International
Maritime Organization, IMO) gemilerden kaynaklanan
emisyon degerlerinin  disiriilmesini  saglayan
diizenlemeleri sonrasinda gemilerde de yogun olarak
kullanilmaktadir. IMO tarafindan yapilan emisyon
dizenlemeleri, gemi sahiplerini emisyonu azaltmak
icin ¢esitli alternatif teknolojilere yo6nlendirmistir.
Gincel yasalara uyum acisindan disiik silfiirlii yakit
sarfeden ana makina tercihi en kolay ¢6zim yontemi
olmasina karsilik, ana makine degisimi veya yeni insa
edilen gemilerde dogal gaz vb. yakit kullana ana
makine tercihi, maliyetleri ¢ok ciddi arttirdigindan
dolay1 gemi sahipleri gaz temizleyicileri bacaya dahil
ederek gemi emisyon yasalarma uyum saglamayui tercih
etmiglerdir.

Glniimiizde 1slak, kuru, melez, acik veya kapali
cevrimli gibi farkl tiirlerde gaz temizleyiciler mevcut
olup bunlar arasinda yaygin olarak kullanilanlardan bir
tanesi 1slak venturi tipi gaz temizleyicilerdir. Bu
calismada, venturi tipi gaz temizleyicilerdeki akisi

sayisal olarak tahmin etmede kullanilan tiirbiilans
modellerinin daire ve kare Kkesitli venturi tipi gaz
temizleyicilerdeki  performanslarint  gosterilmistir.
Caligma, ilgili literatiirde yaygin olarak kullanilan daire
ve kare kesitli geometrileri beraber ele almasi ve farkli
tiirbiilans modellerinin bu gibi geometrik keside sahip
gaz temizleyicilerdeki performanslarini gdstermesi
agisindan yenilik icermektedir.

Il. LITERATUR TARAMASI

Farkl: sistemlerden ve/veya tasitlardan salinan yanma
sonu gazlar dogrudan havaya karistiginda insan saghgi
i¢in bilyiik riskler tasiyabilmektedir. Bu riskleri ortadan
kaldirmak veya en azindan azaltmak icin cesitli yasal
diizenlemeler yapilmistir. IMO tarafindan benimsenen
Gemilerden Kaynaklanan Kirliligin Onlenmesine Dair
Uluslararas1 Sozlesme (International Convention for
the Prevention of Pollution from Ships, MARPOL) Ek-
VI’ya gore dinya Uzerindeki denizler Emisyon Kontrol
Alanlar1, EKA (Emission Control Areas, ECA) ve EKA
dis1 bolgeler olarak ayrilmigtir. IMO y6netmeliklerine
gore NO,, SO,, CO, gibi zararli pargacikli bilesenler
EKA bolgesinde kullanilan yakitta oransal olarak 0,10
ve 0,50 arasinda olmali ve bu simirlar1 agmamalidir.
Yapilan yeni diizenlemeler ile gemilerin doniisiim
siireci de basladigindan miihendisler bu doniisiimii
daha ucuz ve kolay yapabilmenin yollarin1 aramaya
koyulmustur. Yapilan c¢alismalarda birgok farkli
tasarim ortaya konulmus ve baca gazi icin farkl tipte
baca gaz temizleyici olusturulmus ve farkli liile
geometrisi, giris hizi, sivi tlri i¢in arastirmalar
yapilmistir. Ornegin, Guerra vd. [2] venturi tipli
yikayicilarda deneysel ve sayisal c¢alismalar yaparak
basing diisiisii, akigkan profili ve lille adet ve
konumunun akiskan davranisina olan etkilerini
incelemislerdir. Yang vd. [3] halka bélmeli ve
bolmesiz venturi tipi bir yikayicida gaz-sivi akismi
sayisal yontemlerle incelemis ve cesitli degiskenlerin
stvi  gaz Kkaristmina  etkilerini  gOstererek  ideal
geometriye sahip venturiyi boyutlandirmislardir. Baca
gazlarinin temizlenmesinde kullanilan liilelerin uygun
bir sekilde konumlandirilmasina yonelik c¢alismada
Giroth vd yeni tasarmmlarinin %40 daha verimli
oldugunu ve ticari baca temizleyicilere nazaran daha
ekonomik oldugunu iddia etmislerdir [4]. Bal vd. [5]
filtreli muhafaza havalandirma sistemli bir venturi
yikayicida hidrodinamik performansini artirmak icin
Hesaplamali Akiskanlar Dinamigi (HAD) metodu
kullanarak basing diisiislerini tahmin etmiglerdir.
Brown vd. [6] enerji santrallerinde SO, emisyonunu
azaltmak i¢in kullanilan kire¢ bulamacinin yikayiciya
uygun noktadan puskirtilmesi icin uygun lile adedini
sayisal yontemlerle ele almiglardir. Jonivd. [7]
bacalardan atmosfere salinan gazlarin temizlenmesinde
literatiirde yeni bir teknoloji olan kabarcikli 1slak
yikama yontemi ile bacanin basing diisiislinii incelemis
ve atik pargaciklarinin ayrilmasi isleminde verimi %83
olarak hesaplamislardir. Wang vd. [8] kirliligi azaltmak
i¢in 1slak baca sisteminde su akis1 yardimiyla kirliligi
azaltan filtreleri incelemislerdir. Calismada uygun su
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akis hizi, filtrenin verimi ve performansmin
iyilestirilmesi konusuna 6ncelik vermiglerdir. Bir diger
calismalarinda Guerra vd. [9] venturi tipli yikayicilarda
stvi enjeksiyonu sonrasinda eksenel olarak gaz ve sivi
hizinin damlacik boyutuna etkisini incelemislerdir.
Liile sayisinin damlacik boyutuna etkisi de dikkate
almmis ve sivi ve gaz hizlarindaki artisimm damlacik
boyutunu kiigtilttiigli gosterilmistir. Luan vd. [10] kare
kesitli venturi yikayicilardaki hiz, basing diisiisii ve
kinetik enerji gibi degiskenleri HAD metodu
yardimiyla inceleyerek kare kesitli geometrilerdeki
avantajlar1 ortaya koymuslardir. Calismada, k-epsilon
tirbiilans modeli yardimiyla 12 m/s gaz girisi ile
dairesel kesitli gaz temizleyicilerle kargilagtirma
yapilmistir. Buna gore kare kesitli yikayicilarda akis
profili dairesel kesitlere nazaran daha dagmik bir
formdadir. Kare kesitten dolayr olusan geri akis
gosterilerek dairesel kesitli yikayici ile mukayese
edilmis ve kare kesitli venturinin yikama verimi ve
basing diisiisiiniin daha yiiksek oldugu ifade edilmistir.
Ali vd. [11] venturi tipli yikayicilarda Eularian-
Lagrange metodu kullanilarak 0.09, 0.115 ve 0.14 kg/s
gibi farkli gaz debilerinde TiO, hidrofobik gazinmn
temizleme verimini; hiz dagilimini, basing diisiisiinii ve
kinetik enerji degisimlerini hesaplamislardir. Venturi
yapist geometrik Ozelliklerinden dolayr bircok farkli
alanlarda kullanilmaktadir. Ornegin; Ulas [12] yapmus
oldugu calismada degisken kesitli venturilerin roket
yakitlarinda kiitle akigmi kontrol edebilmek igin
kullanilmasmim ideal bir ¢6ziim oldugunu deneysel
olarak gostermistir. Manzano vd. [13] ¢ farkh
geometri icin  gergeklestirilen HAD analizleri
yardimiyla geometrinin basmg diigiisii izerindeki
etkisini ele alarak kavitasyon ile genisleme acis1
arasmdaki iliskiyi gostermislerdir. O’Hern, vd. [14]
venturi-lille tasarimlari i¢in yedi farkli ampirik formiil
gelistirerek  bunlarin  performanslarini  deneysel
verilerle karsilastrmislardir. Elde edilen sonuglarda
%5 ile %18 arasinda hata payr oldugu goriilmiistiir.
Wilson vd. [15] venturi tipli mikro kabarcikli oksijen
HAD yardimiyla farkli degiskenlerin kabarcik
iretimine etkisi i¢in {i¢ farkli hava ve akig hizlaryla
simiilasyonlar gergeklestirilmis ve deneysel verilerle
karsilastirmalar yapmislardir. Elde edilen sonuglara
gore kabarcik olusumunda bogaz uzunlugu ve
genigleme agis1 kiigiik bir etkiye sahiptir. Shi vd. [16]
yaptiklar1 deneysel ve sayisal ¢aligmalarda kavitasyonu
coklu faz metodu, k-epsilon tlrbilans modeli ve

Schnerr-Sauer  kavitasyon ~ modeli  kullanarak
incelemiglerdir. Silva [17] deneysel ve HAD
metotlarindan  yararlanarak  venturi geometrisini

incelemistir. 1.27 metre uzunlugundaki venturi gaz
yikayicida 34 m/s ve 70 m/s hava hizinda 0.013 kg/s ve
0.075 kg/s siv1 debisinde deneyler yapmis ve basing ve
hiz profillerini gostermistir. Ardindan bu deneysel
sonuglart Ayrik faz metoduyla, AFM (Discrete Phase
Method, DPM) incelemis ve deneysel sonuglara ek
olarak ampirik formiillerle de elde ettigi sonuglarla
kargilagtrmugtir. Xu vd. [18] yaptiklar1 ¢alismada

dairesel kesitli venturilerde yanlis okumaya yol agan
sebepleri AFM ile inceleyerek deneysel sonuglarla
kiyaslamigtir. Atmaca vd. [19]. jet akisi iireten ti¢ farkl
lille geometrisindeki akis1 k-epsilon tirbilans modeli
kullanarak incelemisler ve sayisal sonuglar1 deneysel
verilerle dogrulamiglardir. Kare kesitli venturi gaz
temizleyicilerinin sayisal simiilasyonu Luan vd
tarafindan ele alinarak venturi tiiplerinin katran
giderme verimliligini artirmaya yonelik caligmalar
sayisal gerceklestirilmistir [20]. Turkoglu ve Bayraktar
[21] lile pozisyonlarinin venturi geometrisinin
hidrodinamik performansma etkisini gostermistir.
Turkoglu ve Bayraktar [22] tarafindan yapilan
bibliyografik c¢alismada ise kara ve denizcilik
sektorinde kullanillan gaz temizleyiciler hakkinda
literatiir incelenmesi yapilarak gaz temizleyicilerinin
O6nemi ortaya konulmustur. Yapilan literatiir
calismasinda genel olarak daire kesitli 1slak venturi tipi
gaz temizleyici geometrileri ile ¢alisildigi goriilmis ise
de, kesit geometrisi dairesel olmayan gaz
temizleyicilerin de uygulamalarda dikkate alindigi
ifade edilmistir. Bu gibi farkli en-kesit geometrilere
sahip gaz temizleyicilerdeki tek ya da ¢ok fazli akisin
HAD metodu ile ele alindigi caligmalarda farkl
tirbulans modellerinin  kullanildigi da yukaridaki
caligmalarda goriilmektedir. Bu ¢alisma, yaygin olarak
kullanilan daire- ve kare-kesitli gaz temizleyicileri
basing diisiisii, hiz dagilimlar1 ve toplama verimi gibi
farkli degiskenler acisindan karsilastirarak her iki
geometrinin bir digerine gore iistlinliik ve zayifliklarini
ortaya koymayr amacglamaktadir. Bunun disinda, iki-
denklemli tdrbilans modelleri olan k-epsilon ve k-
omega tiirbiilans modellerinin farkli tiirlerinin bu gibi
geometrilerdeki performanslar1 da gosterilmistir.

I1. METOD

Gilnumuizde herhangi bir mihendislik problemi
deneysel ya da sayisal ¢alismalardan biri veya her ikisi
kullanilarak ¢6ziilebilmekte ise deneysel c¢alisma
yapmak personel, zaman ve yuksek maliyetler
gerektirdigi icin bir diger alternatif olan Hesaplamali
Akisgkanlar Dinamigi (HAD) yontemi ile problemlerin
cozUlmesi bilgisayar teknolojilerindeki ilerleme ve
giivenilir sayisal metotlarm varligi ile beraber oldukca
yaygin hale gelmistir. Islak venturi tipi gaz
temizleyicilerdeki ¢ok fazli akigin incelendigi bu
calismada Ayrik Faz Metodu (AFM) kullanilarak
probleme etki eden degiskenlerin etkisi incelenmistir.
HAD analizleri temelde 1) 6n iglemler, ii) ¢dziim siireci
ve iii) sonuglar olmak iizere 3 adimda gerceklestirilir.
Birinci adimda problemin tanimlanarak geometrisinin
cizilmesi ve bu geometrinin her birinde ilgili akis
denklemlerinin  ¢ozdiiriilecegi  kiigiik alan veya
hacimlere bdliinerek ag adi verilen yapilarin
olusturulmasi, probleme ait bilinen smir ve baslangi¢
sartlarmin belirlenmesi gerekir. Ikinci adim olan
¢oziimleme kismi probleme atanan smir sartlariyla
problemin sonuglarinin elde edilmesine kadar olan
siirectir. Uciincii adim ise elde edilen sonuglardan yola
cikilarak  ham  verilerin  almip islenmesi ve
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yorumlanmasini saglayacak grafik ve resimlerin elde
edilmesini kapsar. Bu ii¢ adimdan en o6nemlisi 6n
islemler kismidir. Zira bu adimda uygun ag orgiisiiniin
olusturulmamasit ve problemin iyi tanimlanamamasi,
¢Oziime kavusturulamamasina neden olabilir. Bu
nedenle, asagidaki bdlimlerde oncelikle bunlara yer
verilmistir.

3.1. Gaz Temizleyici Tasarim

Bu ¢aligma kapsaminda en-Kesitleri hari¢ geometrik
olarak ayni Olciilere sahip esdeger iki adet gaz
temizleyici tasarimi gerceklestirilmistir. Bunlardan biri
kare kesitli, digeri ise daire kesitli gaz temizleyici olup
tasarimlar Sekil 1’de sunulmustur.

(b)

Sekil 1. Tasarlanan kare (a) ve daire (b) kesitli gaz
temizleyiciler.

(@)

Ilgili tasarimlara ait dlciiler ise Sekil 2°de gdsterilmis
olup L1=60 mm, L2=140 mm, L3=200 mm, L4=540
mm ve L5=60 mm olup d=31.8 mm ve D=127 mm
olarak tamimlanmustir. Dairesel ve kare kesitli venturi
tasarimlari igin ASME, 2005 [23] standartlar1 ve Luan
vd, [20] tarafindan sunulan onerilerden
yararlamlmistir. Ilgili standartta daralma ve genisleme
acilart a=19° ve B=5° olarak Onerildigi i¢in bu
calismada s6z konusu agi degerleri kullanilmigtir.
Diger geometrik boyutlar icin de literatiir bilgileri
dikkate alimmistir (Baylar vd., 2009). Temizlenecek
gaz (hava) Sekil 2’e gore sag taraftan temizleyiciye
girerken temizleyici akigkan (su) ise, gaz temizleyiciye
dik olarak konumlandirilan 4 adet liileden gaz
puskdrtilmektedir.

v
— HAV,
- ‘ —
|
(@)
LS‘ Ly Ly L ‘Ll
I
(b)

Sekil 2. Hava ve su girisleri (a) ile venturi boyutlar
(b).

3.2. Ag Yapisi

Cift fazli akismn gergeklesecegi calisma bolgesi,
tasarimlar1 yapilan gaz temizleyicilerin kendileri
oldugundan dolayi, o6ncelikle temizleyicilerin yiizey
alanlarma uygun birer ag oOrgilisii olusturulmus ve
yiizeydeki ag yapilar1 dikkate alinarak temizleyici
icerisinde  akigkanlarm  gegecegi hacim  aglar
olusturulmustur. Sekil 3a’da gosterilen ag orgiisiinde
her ne kadar ¢ogunlukla dikdortgenler prizmasi
seklindeki elemanlar kullanilmis olsa da geometrinin
gerektirdigi bolgelerde iiggen prizma seklindeki ag
elemanlarnin  kullanilmast yoluna da gidilmistir.
Bogaz kisminda dikdortgenler prizmasi seklindeki ag
elemanlart mevcut iken bogazdan dis bolgelere dogru
licgen ag elemanlarin varligma agirlik verilmistir. Cift
fazli akis durumunda gaz (hava) ile sivi (su) gaz
temizleyicinin bogaz olarak adlandirilan en dar
bolgesinde karisacaklarindan ve su damlaciklar
tarafindan gaz molekiillerinin tutulmasi esas oalarak bu
bdlgede olacagindan dolayr buraya dogru daha sik ag
elemani kullanilmistir. HAD analizleri agisindan énem
arz eden bir diger bolge ise liile ile gaz temizleyicinin
birlestigi yerdir. Liile cap1 gaz temizleyici capina
nazaran oldukca kiiciik (d/D=0.25) oldugundan, bu
birlesme bolgesinde kullanilan ag elemanlarmin uygun
sekilde secilmesi gerekmistir (Sekil 3b). HAD
analizlerinde tercih edilecek y* degeri kullanilan
tirbllans modellerine ve -gerekli ise- kullanilan ¢eper
fonksiyonlarina bagli olup k-epsilon turbilans modeli
icin 30 < y*" < 300, k-omega tirbilans modeli igin y* <
1 olmasi tavsiye edilmektedir, ancak, c¢eper
fonksiyonunun tercih edilmesi durumunda y"=10’a
kadar da kullanilabilecegi rapor edilmistir (Majumdar,
2022). Bu c¢alismada, k-omega turbulans modelinin
kullanildigi analizlerde y*<7 olacak sekilde ag
tretilmistir.
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(b)
Sekil 3. Gaz temizleyiciler i¢in tiiretilen ag yapisinin
a) genel ve b) yakin goriinimii.

Analiz sonuglart gelistirilen ag orgiisiiniin diginda, ag
elemani sayisina da bagli oldugundan dolay1 mevcut ag
orgiisii korunarak ayni geometri ve sinir sartlari igin 5
farkli sayida ag elemani sayist ile analizler
tekrarlanmistir. Agdan bagimsizlik calismast olarak
nitelenen bu ¢aligma kapsaminda M1=152000 eleman,
M2=183000 eleman, M3=210219 eleman, M4=285473
eleman ve M5=353247 elemandan olusacak sekilde
farkl sayida ag eleman ile analizler yapilarak sonuglar
toplama verimi cinsinden mukayese edilmistir. Sekil
4’te goriildiigii iizere verim degeri eleman sayis1t M3 ve
MS noktalar1 arasinda %45 ile sabit oldugundan dolayi,
tiirbiilans modellerinin etkisinin denenecegi geri kalan
tim calismalar M3=210219 adet ag elemani sayist ile
gerceklestirilmistir.

46
X a4
£
o &
>
©
£ 10
a
o H
T L

M1 M2 M3 M4 M5
Ag yapilari

Sekil 4. Ag eleman sayis1 ve verim iligkisi.

3.3. Cozicu

Bu calismada gelistirilen sayisal modelin dogrulugu
literatiirdeki  ilgili caligmalar  dikkate alinarak
gosterildikten sonra kare ve daire en kesitlere sahip
venturi yikayicilarin damlacik toplama verimleri ve hiz
ile basing dagilimlar1 farkli tiirbiilans modelleri
kullanilarak elde edilmistir. Calismada kullanilan
Ansys Fluent yaziliminda venturi ile ilgili ¢ok fazli akig
analizlerinde kullanilabilecek iki farkli yaklasim
mevcut olup bunlar Euler-Euler ve Euler —Lagrange
metotlaridir. Asagida her iki yaklasimdan kisaca
bahsedilmistir.

3.3.1. Euler-Euler (E-E) yaklagimi

Bu yaklasimda bir faz digerinin i¢ine giremediginden
dolayt faz hacim orani olarak tanimlanan bir kavram
ortaya ¢ikmakta olup bu hacim oranmnin zamanin
stirekli bir fonksiyonu oldugu varsayilir ve toplamlari
her zaman bire esitlenir. Her fazin korunum
denklemleri benzer yapidaki fazlar i¢in tek bir denklem
elde edilmek igin kullanilir. Bu yaklasimda hacimsel
model ve karisim modeli gibi iki farkli model
mevcuttur  [26]. Bu  yaklasimm  dezavantaji
pargaciklarin farkli olmasi durumunda her pargacik i¢in
ayr1 bir faz atamasi yapilmasmin gerekmesi olup bu
zorunluluk problemin ¢oéziim siiresinin uzamasina
neden olabilmektedir.

3.3.2. Euler-Lagrange (E-L) yaklagim

E-L yaklagiminda ikinci faz yeterince seyreltik olmasi
durumunda kullanilir. Bu noktada damlaciklarin birbiri
ve gaz fazi ilizerindeki etkileri ihmal edilir. Modelde
parcactk ve damlaciklarm rotalar1 ayr1 ayri
hesaplandigindan sivi kurutucularda, yakit piiskurtme
gibi yerlerde kullanilabilir ancak sivi-sivi fazlarinda
hacim oranm ihmal edilemedigi karisimlarda
kullanilamaz.

Ansys Fluent kullanici rehberine gére ayrik faz orani
%10 ve altinda olmas1 durumunda E-L yaklagimi AFM
ile beraber hesaplanmalidir [27]. AFM, ikinci fazin
stirekli fazda  dagilmis  kire  bigimindeki
damlacik/parcaciklardaki 1s1 ve kiitle transferi ve
hareket denklemlerinin hesaplanmasina firsat verir.
AFM bazi durumlar ic¢in smirlayict etkiler ortaya
cikarabilmektedir. Ornegin; ikinci fazin kiiresel
yapidaki damlacik/pargaciklardan olustugunu ve ikinci
fazin  yeterince seyreltik durumda olmasi bu
varsayimlardandir. Venturi yikayicilarda hiz ve basing
gibi hidrodinamik &zellikler deneysel, ampirik ve HAD
yontemiyle hesaplanabilmektedir. AFM, akiskan
icerisinde bulunabilen siv1, kati veya gaz parcaciklarini
ayirt etmek igin kullanilmaktadir ve Navier - Stokes
denklemlerini kullanarak bu gibi parcaciklarin izledigi
yoriingeler hesaplanabilir. Ayrik fazin siirekli faz ile
enerji, momentum ve kitle etkilesimi bulunmakta ise
de kendi icerisindeki etkilesimi g6z ardi edilir.

3.4. Akis1 Yoneten Denklemler

Newtonyen ve sikistirilamaz kabul edilen akiskanlarin
akisina ait temel denklemler kiitlenin korunumu
(Esitlik 1) ve momentumun korunumu (Esitlik 2) olup
asagida verilmislerdir.

ap 9(pU)
at ax O (1)

a(puu;))  oP . a [ AU, _
ax;  0x; Ox ”ax, Py (2)
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Esitlik 2°de sol taraf momentumun taginmasini, sag
taraftaki 1. terim basing gradyanmi, 2. terim viskoz
gerilmeleri, -pu;v; terimi Reynolds gerilmesi olarak da
bilinen tlrbulans gerilmesini ifade etmekte olup bu
esitlikte yer alan bilesenlerin ¢oziilebilmesi i¢in ilave
denklemlere ihtiyag duyulur. Esitlik 3’te Reynolds

gerilmesinin -~ Boussinesq  yaklasgimi ile agilimi
gosterilmistir [28].

S au; AU\ 2

T = vf<ax] 6x]> 3% (3)

Burada yer alan v, ve k sirasiyla eddy viskozitesini ve
turbllans kinetik enerjisini gostermekte iken  §;;
kronecker deltayr ifade etmektedir. HAD analizlerinde
kullanilabilecek birgok tiirbiilans modeli
bulunmaktadir ve hepsinin birbirinden farkli avantajlar
mevcuttur. Ozellikle endustriyel uygulamalarda en ok
tercih edilenleri tdrbilans kinetik enerjisi (k) ve
tirbllans kinetik enerjisinin yitim hizin1 (g, ® gibi)
gosteren iki denklemli turbilans modelleridir.
Calismada standart k-epsilon (SKE) ve standart k-
omega (SKO) tiirbiilans modelleri ile bunlarin tiirevleri
olarak bilinen RNG k-epsilon (RNG KE) ve Realizable
k-epsilon (RKE) ve SST k-omega (SST KO) tlrbulans
modellerinin  venturi tipi gaz temizleyicilerdeki
performanslart degerlendirilmistir. Bu modellerden
SKE tiirbiilans modeli ait tasmim denklemlerinin ilki
olan tdrbilans Kkinetik enerjisi, k Esitlik (4)’te,
turbiilans kinetik yitim orani, ¢ ise Esitlik (5)te

gosterilmistir.
a(pk) d(pku) 0 He\ Ok
Tt am = (o) | TR e (4)
a(pe)  d(peuy) 0 de €2
at ox,  ox (“%S)a ]+C“kpk CocPye (5)

Esitlik 4’te sol tarafin 1. terimi tlrbilans Kinetik
enerjisinin zamana bagh degisimini, 2. terimi ise
tirbiilans kinetik enerjisinin akigkanin hareketiyle
birlikte tasmmmasmi ifade etmektedir. Esitligin sag
tarafindaki terimler ise sirasiyla yayilma, tiirbiilans
Kinetik enerjisinin Uretimini ve son olarak yitimini
temsil etmektedir. Benzer durum Esitlik 5 icin de ifade
edilebilir. Esitliklerde yer alan y, tlrbulans viskozitesi
ve C,, katsay1 olup Esitlik 6’daki gibi tanimlanmiglardir.

kZ
He = pcu?!

1

Cu

— % 6
A0+AS-§ (6)

RKE modeline ait tirbilans kinetik enerjisi ve yitim
orani ise Esitlik (7) ve (8)’de sunulmustur.

]

dx;

9(pe) | dpew) _
at ax;

[+ 2)5%

g2 1
]+C1k1’k Czpk Tﬁ%

(7)

a(pe)
at

alpeuy) _ 9
ox; _ax}-

(=

2
|+ ath-apt-a-w

(8)

(9) numarali denklem RNG k-¢ tiirbiilans modelinin
enerji yitim oranini gostermektedir. (10) numarali
esitlik diisiik tiirbiilansli bolgelerde dogrulugu arttiran
ilgili denklemler verilmistir.

()

(10) numarali esitlikte SST k-w turbilans modelinin
tiirbiilans kinetik enerjisi, (11) numarah esitlikte enerji
yitim orani verilmistir.

= 1
P — Csz m
k

0

ox;

de
dx;

d(pe) | d(pewy)
at ox;

c
o

(9)

a(pk)  alpku) 9 ok

He M
at ox; a_x,-(”Jrak)ax]J'P" Bpk (10)
d(pw)  d(pwu;) 9 e\ 0w
at ax; =a_xj[(”+a:,)a ]+a P = ppo? (11)

Esitlik 12°de gosterilen Reynolds sayisi degeri 7x10%* <
Re< 2.5x105 olacak sekilde hesaplanmustir [29].

D

uven turi

v

Rep, , = (12)

Damlacik toplama verimi Esitlik 13’te gosterilmistir.

Yakalanan Tanecik Sayisi

(13)

Topl AP
optama vertmiin Toplam Tanecik Sayist

Esitlik 14 ile AFM metodunda Lagrange yaklasimi ile
pargacik takibi temsil edilmektedir. Burada u,, pargacik

ortalama hizi, t zaman, p Ve p, ise akigkan ve pargacik
yogunlugunu, d,, pargacik ¢ap1, C, direng katsayisi, u
yerel akiskan hizi, u' =wu, +ug, esitliginde ugr
parcacik difiizyonu hizi, P akigkan basinci, g yercekimi
ivmesi olarak gosterilmistir [30].

dup
dt

Lyp 4Looen)
Pp Pp

L Colu—u)lu—u'| — g (14)

T aa pPD
Diferansiyel formdaki tirbiilans modeli denklemlerinin
¢oziimleri icin baslangic sarti olarak tiirbiilans
yogunlugu (Esitlik 15) 1=0.03 ve karakteristik uzunluk
(Esitlik 16) T, = 2.5x 1073 mm olarak
tanimlanmigtir.  Simiilasyonlarda havanin giris debisi
0.987 kg/s olarak dikkate alinmistir. Hem hava hem de
su girisi uniform olarak kabul edilmistir.

-1/8

I =0.16x(Rep, ) (15)

TL =Lx0.07 (15)
AFM metodunda su damlaciklarinin  6lgiilerinin
interpolasyonu icin Rosin-rammler metodu tercih
edilmistir. Damlaciklarin akis hiz 16 m/s, toplam akis
debisi 6.6x10* kg/s ve yayilim parametresi ise 3.5
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olarak tanimlanmustir. Her bir damlacik boyutu 1x10
m olarak dikkate alinmis olup bunlarin ylizey normali
dogrultusunda piiskiirtiildiigii varsayimi yapilmigtir.
Zaman admmi 0,1 saniye olarak belirlenmis olup,
verifikasyon ¢alismasi dahil, analizler 455 zaman adimi1
i¢in yapilmistir. Basing ve hiz degiskenleri birbirlerine
bagli (coupled); basing, momentum, tiirbiilans kinetik
enerjisi ve tidrbilans kinetik enerji yitimi ile enerji
denklemleri 2.dereceden uzaysal ayriklastirma ile
¢Ozdiirilmiistiir.

IV. BULGULAR VE TARTISMA

4.1. Verifikasyon ve Dogrulama

Verifikasyon c¢aligmalar1 i¢in Khadra vd. [31]
tarafindan sunulan veriler, dogrulama i¢in de Silva vd
[17] tarafindan gergeklestirilen deneysel c¢alisma
sonuglar1 dikkate alinmigtir. Bu amagla, ayni geometrik
Olgiiler ve smir sartlart kullanilarak c¢ift fazli akis
analizleri gergeklestirilmistir. Her iki ¢alismada hava
bogazdan 10 m/s hizla akarken su da liilelerden 0.05
kg/s debi ile gaz temizleyiciye piiskiirtiilmistiir. Sekil
5’te goriildiigii lizere bu sayisal galisma ile Khadra vd.
[31] tarafindan elde edilen basing dagilimlar
birbirileriyle oldukca uyumludurlar.

150

—— HAD
O Khadravd. 2022

50
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-350
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Sekil 5. Khadra vd. [31] ile yapilan mukayese.

AFM kullanilarak gergeklestirilen bu ¢alismada
Lagrange yaklasimi ile ikinci fazin ayrik faz olarak
modellenmesine imkan taninmigs ve bdylece gaz
temizleyiciye 4 adet lilleden su damlaciklarmin
gonderilmesi miimkiin olmustur. Bu damlaciklar gaz
molekiillerini yakalayarak tutmaktadir.

4.2. Tiirbiillans Modellerinin Performanslari
Tirbiilans modellerinin damlacik toplama verimini
tahmin etmedeki yeterliliklerini gérmek {izere havanin
gaz temizleyicinin bogaz kismindan 70 m/s hiz, suyun
ise liillelerden 0.038 kg/s debi ile piiskiirtiildiigii
durumdaki damlacik toplama verimi Silva vd. [17]
tarafindan deneysel olarak %28 bulunan toplama
verimi ile mukayese edilmistir. Sekil 6’da sunuldugu
iizere deneysel sonuglara en yakin toplama verimi RKE
tirbiilans modelinin kullanilmasiyla %27 olarak
bulunmustur.

40 38 35
g 30 27 E 28
z N = 21
é 20 % E
g 10 % =
© p—
Pl N =
RKE RNGKE SSTKO SKO  Silva
vd.

Turbilans Modeli

Sekil 6. Farkli tiirbiilans modelleri ile elde edilen
toplama verimi.

Tablo 1’de gosterildigi iizere toplama verimini en yakin
degerde hesaplayan RKE tiirbiilans modeli iken SKE
%4 sapma orani ile ikinci en basarili modeldir. Buna
karsin KE modelinin diger versiyonlar1 olan RNG-KE
ve SKO ve SST-KO ise deneysel sonuclarla uyumlu
olmayan sonuglar vermislerdir.

Tablo 1. Farkli tiirbiilans modelleri ile hesaplanan
toplama verim degerleri.

Deney ve tirbilans modelleri | Verim % | Fark %
Silva vd., [17] 28 -
RKE 27 1
SKE 32 4
SKO 21 7
SST-KO 35 7
RNG-KE 38 10

Incelenen bes farkli tiirbiilans modeli icerisinde
toplama verimi acgisindan en 1iyisinin RKE, en
kotiistiniin ise SKO oldugu bulunmustur. Tablo 1°de
mukayeseli olarak bu farklar gosterilmis ve Silva, vd.
[17] ¢alismasina en yakin verim degerinin RKE modeli
elde edildigi gosterilmistir. Deneysel calismada
debileri 0.038 kg/s olan su ve 0.987 kg/s alliminyum
oksit (Al,03) kullamlmistir. Yogunlugu 3970 kg/m®
olan bu kimyasal madde deneylerde 10 um boyutunda
300 gram toz olarak kullanilmistir. Benzer sartlar
saglanarak AFM ve RKE tiirbiilans modelinin
kullanilmast durumunda gaz temizleyicideki su
damlaciklarinin dagilimi Sekil 7°de sunulmustur.

Tablo 2. RKE ve AFM ile gergeklestirilen ¢aligmada
kullanilan degerler.

Degisken Deger Birim
Su debisi 0.038 (kg/s)
Damlacik ¢ap1 10 (nm)
Damlacik miktar1 300 (9r)
Damlacik yogunlugu 3970 (kg/m®)
Damlacik debisi 0.987 (kgls)
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Sekil 7’de su damlaciklariin gaz temizleyici ¢ikisina
kadar olan eksenel mesafe boyunca kare-kesitli ve
daire-kesitli gaz temizleyicilerde nasil tagindigi
goriilmektedir. Damlaciklar geometrik o6zelliklerden
dolay1 baslangicta birbirlerine olduk¢a yakin ve
dolayisiyla yogun olarak goriilmekte iken gaz
temizleyicinin ilerleyen kisimlarinda degisen yapidan
dolay1 daha dagilmis haldedirler. Bu durum tiirbiilans
etkisinin ve gaz akigi i¢inde damlaciklarin dagilmasinin
bir sonucudur.

e
3.555¢+03
2.370e+03

1.185e+03

0.000e+00
[m 1)

(b)

Sekil 7. Su damlaciklarmm a) kare-kesitli ve b) daire-
kesitli gaz temizleyicideki akisi.

Sekil 8’de daire kesitli gaz temizleyicinin yakinsama
bolgesindeki maksimum basing diisiislerinin farkl
tiirbiilans modelleri kullanilarak hesaplanmig degerleri
gosterilmektedir. Bu ¢aligmaya ait sayisal sonuglar
Silva vd. tarafindan gerceklestirilen deneysel
calismalarda oOlgiilen 2.79 kPa ile karsilastiriimistir.
Toplama veriminin tahmininde deneysel veriye en
yakin degeri veren RKE tiirbiilans modelinin basing
diistisii s6z konusu oldugunda en ké&tii model oldugu
goriilmektedir.  Maksimum  basing  diisiisiiniin
tahmininde SST-KO tiirbiilans modelinin daha basarili
oldugu tespit edilmistir. RKE modelinden sonra en
uzak tahminin SKO tiirbiilans modeli ile elde edildigi
ortadadir.
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Sekil 8. Farkl: tiirbiilans modelleri ile daire kesitli gaz
temizleyicide hesaplanan maksimum basig diigiisii
(x=0,4 m).

Sekil 9°da SKE, RNG-KE ve RKE ile SKO ve SST-KO
gibi iki denklemli tirbiilans modelleri kullanilarak
hesaplanan basing diisiisleri, eksenel pozisyona bagl
olarak verilmistir. Islak venturi tipi gaz temizleyici i)
giris bolgesi, ii) bogaz ve iii) ¢ikis bolgesi olmak iizere
3 farkli bolgeye ayrilip ayr1 ayr1 incelenecek olursa,

havanin gaz temizleyiciye girdigi giris bdlgesindeki
daralmadan 6turi basincin hizla azaldig: goriilebilir.
Girig bolgesinde RNG-KE tiirbiilans modelinin diger
modellerden daha yiiksek degerde basing diisiisi
hesapladigi, bunun disinda kalan diger tiim tiirbiilans
modellerinin ise birbirleri ile daha uyumlu dagilimlar
sagladigi ifade edilebilir. Gaz temizleyicinin en dar yeri
olan bogaz bolgesinde hava akisi en yiiksek hizda
gerceklestiginden dolayr Bernouilli prensibine gore
basing degeri de bu bolgede en diisikk olmaktadir.
RNG-KE tiirbiilans modeli bogaz bdlgesinde de
digerlerinden  farkli  bir  dagilm  izleyerek
ayrismaktadir.  Bu bolgede RKE ve SKO benzer
dagilimlar gosterirken, SKE ve SST KO birbirleri ile
daha yakin degerde basing diisiisii hesaplamiglardir.
Son bdlge olan genisleme bolgesinde ise RNG KE da
dahil olmak (zere tim modellerin birbirlerine oldukga
yakin basing diistisii hesaplayabildikleri gériilmektedir.
Bunun temel nedenleri olarak akis karakteristiginin
tirbiilansli olmasindan dolayr segilen modellerin
benzer varsayimlar yapmast ve basing diisiisliniin
secilen modellerden ziyade akis temel ozelliklerine
ve geometriye bagli olmasidir. RKE tiirbiilans
modelinin giristen genisleme bodlgesine kadar tiim
bolgelerde genel olarak daha diisiikk basing disiisi
gosterdigi not edilmelidir.
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Sekil 9. Farkli tiirbiilans modelleri ile hesaplanan
basing diisiisleri (su debisi=0,038 kg/s, hava
debisi=0,01 kg/s).

Gaz temizleyici kesit geometrilerinin akis yapisi ve
basing dagilimlarina olan etkileri Sekil 10’da
sunulmustur.  Daire  ve  kare  kesiti  gaz
temizleyicilerden akmakta olan akis baslangigta pozitif
basinglara sahipken, hiz artisinin oldugu bogaz
bblgesinde Bernouilli  prensibine gore basing
diismektedir. Basingtaki bu diisiis, olusan yiiksek akis
hizlarma bagl olarak negatif degerlere kadar devam
etmekte, akabinde yaklasik 0,4 m civarinda en diisiik
degere ulasmakta ve genisleme bolgesinde
toparlanarak sifir cihaz basincinda gaz temizleyiciyi
terk etmektedir. Daire kesitli gaz temizleyicideki
basing diisiisii kare kesitli temizleyiciye gore daha ¢ok
olup negatif basing degeri daha diisiik seviyelerde
olmaktadir. Bu durum, daire kesitli gaz temizleyicide,
kare kesitliye nazaran akiskanin daha az direngle
karsilasarak daha yiiksek hizlarda akabilmekte ve
buradaki basing diisiisiin kare kesitliye nazaran daha
yiiksek olmasma yol agmaktadir. Elde edilen sonuca
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gore, eger bir uygulamada hiz gereksinimi yiiksekse
daire Kesitli gaz temizleyici, amag sistemde basing
kaybini en az diizeyde tutmak ise kare kesitli gaz
temizleyici kullanmanin daha avantajli olacagini
soylemek mimkind(ir.

400
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200 E —©6— Daire kesitli gaz temizleyici
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-200
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-400
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Sekil 10. Kare ve daire kesitli gaz temizleyicilerdeki
basing dagilimlari.

Sekil 11°de kare ve daire kesitli gaz temizleyicilerdeki
hiz vektorlerinin dagilimlart karsilastirilmistir. Kare
kesitte akis, kanal geometrisinin sinirlarma bagl olarak
daha diizenli bir hiz profili sergilemekte ise de kdse
bolgelerinde enerji kaybi1 veya tiirbiilans olusumu
gozlemlenmigstir. Daire kesitli gaz temizleyicide akis,
daha az kose direnci nedeniyle daha piiriizsiiz ve hizli
bir sekilde yonlenmektedir. Konik yapidan dolay1 akis
merkez bolgede hizlanmakta simetrik bir sekilde
devam etmektedir. Kare Kkesitli gaz temizleyicide
akiskan daha genis bir alana yayilarak akis kararlilig
acisindan avantaj saglamaktadir. Kare kesit, kose
bolgelerinde tiirbiilans ve enerji kayiplarina daha yatkin
iken daire kesitli gaz temizleyicide geometriden dolay
tirbiilans daha az olusarak akis direnci azaltilmaktadir.
Bu durum Sekil 10°da gosterilen basing dagiliminda da
goriilebilmektedir. Uygulama agisindan bakildiginda
daire kesitli gaz temizleyici daha diisiik basing kaybi ve

yiksek hizlarin gerektirdigi ¢aligmalarda tercih

edilebilir.

e —— __=s 'f’
(@)
,,,... e T
(b)

Sekil 11. Kare (a) ve daire (b) kesitli gaz
temizleyicideki hiz vektorleri.

Sekil 12°de RKE tiirbiilans modeli kullanilarak kare ve
daire kesitli gaz temizleyicilerdeki toplama wverimi
degerleri karsilastirmali olarak verilmistir. Gortildiigi
Uzere kare kesitli gaz temizleyicinin toplama verimi
daire kesitli gaz temizleyicinin toplama veriminden %2
daha yuksektir. Bunun nedeni kare kesitli gaz

temizleyicinin igeride akmakta olan akigkanlara daha
genis bir akis alan1 saglayarak damlaciklarin
tutulmasinda avantaj saglamast ve akiskanin daha
tirbiilanshi olup bunun etkisiyle damlaciklarin daha
etkili bir sekilde tutulmus olmasi olabilir. Daire kesitli
temizleyicide, akisin daha hizli ve simetrik olmasi,
damlaciklarin yiizeylerle temasini azaltarak daha diistik
bir verime neden olmus goriinmektedir. Dolayisiyla,
yuksek verim gereken uygulamalarda kare kesitli gaz
temizleyici tercih edilebilir. Ancak, verim farkinin %2
gibi kiiciik bir deger olmasi da dikkate alindiginda daha
hizli akis istenen uygulamalarda dairesel kesitli gaz
temizleyici de diisiiniilebilir.

54
Kare kesitli gaz
53 temizleyicii, 53
-
N \ Daire
g 52 kES‘!tIi gaz
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)
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Sekil 12. Kare ve daire kesitli gaz temizleyicilerde
toplama verimi

V. SONUC

Hesaplamali akiskanlar dinamigi (HAD) metodu
kullanilarak gergeklestirilen bu c¢alismada, en kesit
geometrileri disinda tamamen o6zdes olan kare ve
dairesel kesitli iki gaz temizleyicinin hidrodinamik
performanslart SKE, RNG-KE, RKE ve SKO ve SST-
KO gibi farkli tiirbiilans modelleri ile incelenmistir.
Her bir tlrbllans modeli ile elde edilen toplama verimi,
literatiirde Silva vd. tarafindan deneysel olarak
hesaplanmis olan toplama verimi degerleri ile
karsilagtirilarak deneysel degere en yakin toplama
verimi saglayanin RKE tiirbiilans modeli oldugu
belirlenmistir. RKE tiirbiilans modelinin toplama
verimindeki bu basarisina karsilik, maksimum basing
diistisii acisindan en koétii performans gosteren modelin
de gene RKE oldugu saptanmigtir. Maksimum basing
diislisiiniin tahmin edilmesinde deneysel degere en
yakin sonu¢ veren modellerin sirasiyla SST-KO ve
SKE ile elde edilmesi, farkli tiirbiilans modellerinin
farkli degiskenler s6z konusu oldugunda ayni
performanst  gostermedigini ortaya koymaktadir.
Yapilan karsilastirmalarda, dairesel kesitli gaz
temizleyicide daha fazla basing dislisi oldugu
belirlenmigtir. Kdseli yapisindan dolayr i¢eride neden
oldugu tiirbiilansli akisin bir sonucu olarak ve sagladigi
daha diisiik hiz degerlerinden otiiri kare kesitli gaz
temizleyicinin toplama veriminin %53 olarak daire
kesitli gaz temizleyici veriminden %2 kadar daha
yiiksek toplama verimi sagladig1 ortaya konulmustur.
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Nitrasyon Uygulanmis Waspaloy Alasimimin Oksidasyon Davrams1 Uzerine
Bir Inceleme Calismasi

A Study on the Oxidation Behavior of Nitrided Waspaloy Alloy

Mehmet Masum TUNCAY *
Marmara Universitesi (MU), Miihendislik Fakiiltesi, Metalurji ve Malzeme Miihendisligi Béliimii, 34854,
Istanbul, Tiirkiye

Oz

Nikel bazli bir stper alasim olan Waspaloy gaz tiirbinleri gibi yiksek sicaklik uygulamalarinda kullaniimaktadir. Stiper
alasimlarin kullanim sicakhiklarinin daha da arttiriimasi igin krom, aliiminyum, tantal, hafniyum gibi farkli element ilaveleri ya
da fiziksel buhar biriktirme, kimyasal buhar biriktirme, difizyon kaplama, thermal bariyer kaplama gibi ylzey islemleri
uygulanabilmektedir. Bu calismada, gaz nitrasyon islemi sonrasi Waspaloy’un oksidasyon direnci incelenmistir. Gaz
nitrasyonu, azot iyonlarinin malzeme vylizeyine diflizyonunu saglayarak CrN fazi olusturmasiyla sertlik ve asinma direncini
arttirmayl amaglar. Nitrasyon uygulanmis numuneler, 48, 96 ve 288 saat boyunca 1175°C’'de izotermal oksidasyona tabi
tutulmustur ve agirlik kazanimlari sirasiyla 0,01, 0,03 ve 0,45 gram olarak olglilmstir. Oksidasyon sonrasi mikroyapinin kesit
gorintileri SEM ile incelenmis ve ylizeye XPS islemi gerceklestirilmistir. Sonuglara gore, 48 sa numunesinden itibaren bir
miktar oksitlenme baslamakla birlikte 288 sa sonunda oksidasyon siddetinde dikkate deger bir artis olmustur. XPS
analizlerinde 288 saatlik numunede ilave Co ve O pikleri tespit edilmistir; bu, kobalt icerikli oksit olusumuna isaret etmektedir.
izotermal oksidasyon islemi sonrasi numunenin mekanik performansindaki degisimi gézlemlemek amaciyla i¢ bolgeden
mikrosertlik 6lgimid alinmistir. Numunelerin oksidasyon oncesi ve 48 sa, 288 sa oksidasyon sonrasi i¢ bolge sertlikleri ise
siraslyla 457+7, 37319, 34717 HVq ) olarak 6lgtlmustir. Sertlikteki dusts olasi ¢okelti ¢oziinmesi ve/veya tane sinirlarinda
meydana gelen ve buralardaki c¢okeltilerin olasi i¢ oksidasyonu ile olusan ¢okelti azalmasi ile iliskilendirilebilir. Agirlik
kazanimlari, SEM kesit goruntileri ve XPS analizlerine gore gaz nitrasyonunun, 1175°C'de Waspaloy’un oksidasyon direncini
artirmada yeterli koruma saglayamadigi duslnilebilir. Bununla birlikte, gelecekteki ¢alismalarda daha detayl bir oksit
karakterizasyonu ve metalurjik yapi bozunmasi analizi tavsiye edilmektedir.

Anahtar Kelimeler: Waspaloy, Gaz Nitrasyon, Oksidasyon, izotermal

Abstract

Waspaloy, a nickel-based superalloy, is widely used in high-temperature applications such as gas turbines. Enhancing the
operating temperature limits of superalloys often involves adding elements like chromium, aluminum, tantalum, and hafnium
or applying surface treatments such as PVD, CVD, diffusion coatings, and thermal barrier coatings. This study investigates the
oxidation resistance of Waspaloy following gas nitriding, a process that enhances hardness and wear resistance by forming a
CrN phase through nitrogen diffusion. Nitrided samples were subjected to isothermal oxidation at 1175°C for 48, 96, and 288
hours, with weight gains of 0.01, 0.03, and 0.45 grams, respectively. Cross-sectional microstructures were analyzed via SEM,
and surface characterization was performed using XPS. Oxidation began after 48 hours, with significant progression by 288
hours. XPS analysis of the 288-hour sample revealed Co and O peaks, suggesting the formation of cobalt-containing oxides.
Interior microhardness measurements, to evaluate changes in mechanical performance after isothermal oxidation, showed
reductions from 457+7 HV(g,) pre-oxidation to 373x9 HV(o) and 3477 HV (o, after 48 and 288 hours, respectively. This
hardness decrease is linked to potential precipitate dissolution and/or precipitate depletion due to possible internal oxidation
at grain boundaries. The findings suggest that gas nitriding does not sufficiently improve Waspaloy’s oxidation resistance at
1175°C. Detailed characterization of oxides and metallurgical degradation is recommended for future studies.

Keywords: Waspaloy, Gas Nitriding, Oxidation, Isothermal
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Woaspaloy Oksidasyonu

I. GIRIS

Siiper alasimlar, 6zellikle yiiksek sicaklik uygulamalari
icin tasarlanmis yiiksek performansli malzemelerdir.
Bu alagimlar, yiiksek mekanik dayanim, korozyon
direnci, yiizey kararliligi ve termal siiriinme direnci gibi
iistiin 6zelliklere sahiptir. Stiper alasimlar, tipik yilizey
merkezli kiibik (YMK) Ostenitik kristal yapiya sahiptir,
ve kimyasal degisiklik (alagim elementi ilavesi) yoluyla
tasarlanir. Genellikle katilasmada tek bir kristal fazli
yap1 elde edilecek sekilde ergitelerek dokiiliirler. Tane
sinirlar1  diisiik  sicakliklarda bir miktar dayanim
saglayabilirken ayni zamanda siiriinme direncini de
azaltir. Siiper alagimlar, yaslandirma sertlestirmesi ve
gama prime (y) ve karbirler gibi ikincil faz
cokeltilerinden kati ¢ozelti (alasim) takviyesi yoluyla
yiiksek sicaklik dayanimina ulasir. Siiper alagimlar
genellikle nikel bazlidir ve yiiksek sicakliklarda yiik
tasima kapasiteleri ile bilinirler. Nikel bazli siiper
alasimlar (NBS'ler), benzersiz y' ¢okeltisi sayesinde bu
uygulamalar i¢in popiiler bir malzeme haline gelmistir.
Nikel alagimlart mukavemeti, sicakligi, oksidasyonu ve
korozyon direncini artirmak i¢in olusturulmustur.
Siiper alagimlar, gaz tirbinleri, havacilik, kimyasal
isleme ve komiir doniistiirme tesislerinde yaygin olarak
kullanilir. Yiiksek sicakliklar, mekanik stres ve yiizey
kararlilik, nikel siiper alagimlarinin gaz tiirbini olarak
kullanilmasindaki en o6nemli ozellikleridir [1, 2].
Yaklasik 980 °C'ye kadar mitkkemmel mukavemet ve iyi
korozyon direncini koruyan Waspalloy, yaslandirlarak
veya ¢Okelme sertlestirilmesi ile dayanimi artirilmis
ostenitik nikel bazli bir siiper alagimdir. United
Technologies Corp.'un ticari marka olarak tescil
ettirdigi bu alagim, gaz tiirbinleri gibi yiiksek sicaklik
uygulamalarinda kullanilmaktadir [3].

Ni bazli siiper alasimlar, gaz tlirbini motorunun sicak
boliimlerinde ciddi gerilme ile karsi karsiyadir ve
bilesimsel ve mikroyapisal olarak optimize edilmistir.
Oksidasyon bozulmasi, bu kosullar altinda bilesen
omrindn belirlenmesinde ¢ok 6nemli bir faktordar.
Ilgili oksidasyon siireglerini ve mekanizmalarimi
anlamak ¢ok énemlidir. IN718, RR1000, Udimet720 ve
ME3 gibi ¢esitli alagimlar, izotermal ve dongiisel
oksidasyon deneyleri kullanilarak havada kapsamli bir
sekilde arastirilmigtir. Oksit tabakasi tipik olarak yogun
bir krom oksit (Cr,O3) katmani, bir dis rutil (TiO2)
katmani ve taneler arasi ignemsi niifuzlara sahip bir alt
ylzey aliimina (Al>Os) dahili oksidasyon bélgesinden
olusur. Waspaloy, Astroloy ve Udimet 720 gibi daha
basit  alagimlar  hala  aluminyumun  dahili
oksidasyonunu sergilemektedir. Ni bazli krom
olusturucu siiper alagimlar, yapisal bilesenlerde ve
tirbin disklerinde ~750 °C'ye kadar sicakliklarda
yaygin olarak kullanilir. 800 °C'ye kadar olan daha
yiiksek sicakliklar, oksidasyon direncine sahip
alagimlar gerektirir [4]. Chen ve ark. [5] tarafindan
yapilan bir ¢alismada ticari Ni bazl siiper alagimlar,
750°C ile 1000°C arasindaki sicakliklarda havada ve
1000°C'de dongiisel kosullar altinda izotermal olarak
test edilmistir. Oksidasyon kinetigi ve olusan oksit
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tabakalarinin o6zellikleri elektron mikroskobu ve X-
sint kirmimi kullanilarak arastirilmistir.  Alagimlar
1000 saat sonra 750°C'de dis kisimlarinda ince, krom
acisindan zengin yapilar olusturmustur. Bu testte
Waspaloy’un en diisiik agirlik artigina sahip oldugu
goriilmiistiir. Ancak ayni zamanda tane sinirindaki
karbir oksidasyonundan kaynaklanan en derin i¢
korozyona da sahiptir. 1000 °C'ye kadar sicakliklarda
dis kisimlarin krom acgisindan zengin ancak ig
korozyonun daha belirgin oldugu gozlemlenmistir.
Alagimlardaki titanyum oksitlenerek yiizeyde yonlii
rutil (TiOz) grandlleri ve igeride TiO. ve TiN
olusturmustur. Oksit yiizeyindeki rutil miktart sicaklik
ve alagimdaki Ti igerigiyle birlikte yiikselmistir.
Astroloy, 1000°C'de izotermal olarak oksitlenmesine
ragmen, yiiksek Al konsantrasyonu nedeniyle yari
siirekli bir i¢ aliimina tabakasi olusturmustur; alumina,
krom oksit yapisinin altinda ilave i¢ oksitler olarak
olusmustur. Astroloy'un azalan Cr konsantrasyonuna
bagli olarak, dongiisel kosullar altinda daha kalin, daha
az koruyucu bir gecis oksit tabakasi olusturmustur.
Chen ve ark. [13] tarafindan yapilan diger bir ¢alismada
ise krom oksit olusturabilen nikel esasl siiper alagimlar
olan Astroloy, Udimet 720 ve Waspaloy alasimlari 750,
1000 ve g¢evrimsel olarak 1000 °C’lerde hava
ortaminda izothermal olarak okside edilmistir.
Izotermal testlerde Udimet 720’nin oksidasyon hizinin
Waspaloy ve Astroloy’dan daha yiiksek oldugu
gozlemlenmistir. Udimet 720’nin  daha yiiksek
titanyum konsantrasyonu (% ag. 5) krom oksit
yapisinin iizerinde daha yiiksek TiO olusumuna bagl
daha yiiksek agirlik kazanimina neden olmustur.
Astroloy’daki daha yiiksek aluminyum konsantrasyonu
(%ag. 4) kabuk biiyiime hizin1 azaltan alumina ic
oksitlerin daha yiiksek miktarda olusmasma imkan
tanimigtir. Waspaloy tane smirlart boyunca oksit
seritleri ve i¢ oksitleri olusturan yiiksek oksidasyon
hizi gostermistir. Cevrimsel testler siiresince, 100
cevrimden (her biri 1 saat olan) énce agirlik kaybi
yasanmistir, fakar agirlik kaybinin hizi azalmig ve
Waspaloy ile en iyi performansin gosterildigi agirhik
kazanimi ile takip edilmistir. Meyer ve ark. [6]
HAYNES® 282 alagiminin 871°C'deki oksidasyon
verileri, 263 alasimi, R-41 alagimi ve Waspaloy alasimi
gibi diger gama prime takviyeli alagimlarla bir yil
boyunca karsilastirmaktadir. Her alasimin oksidasyon
direnci agirlhik degisim davranisi, metal kaybi, krom
titkkenmesi ve mikroyapisal 6zellikler dikkate alinarak
degerlendirilmistir. 871°C'de 282 alagimi, 263
alagimina benzer oksidasyon direnci gdstermis ancak
Waspaloy alagimindan daha iyi performans gosterdigi
tespit edilmistir. Li ve ark. [14] DZ125 nikel stiper
alagiminin  yliksek sicaklik oksidasyon direncini
incelemis ve safsizlik elementi O, N ve S icerigindeki
artisin oksidasyonu arttirdigini tespit etmislerdir. Yao
ve ark. [15] Waspaloy alasimndaki Molibden (Mo)
miktarmin kismen Tungsten (W) ile degistirilmesi ile
birlikte alasimin yiiksek sicaklikdaki siiriinme
direncinde iyilesme oldugunu gostermiglerdir. Mo'nun
W ile kismi degisiminin alagimda ¢okelen karbiirlerin
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bilesimi iizerinde ihmal edilebilir bir etkiye sahip
oldugunu ifade eden yazarlar, bunun yerine, y' fazinin
miktarinin énemli dlglide arttigint ve y ve y' fazlar
arasindaki uyumsuzlugun azaldigini belirtmiglerdir. Bu
sekilde, y' fazinin stabilitesi artmis, kabalagma hizi
azalmis ve kritik kayma gerilimi artmistir. Sonug
olarak, yeni alagimm yiiksek sicaklikta siirlinme-
kirilma mukavemeti artmistir.

Parcgacik akisi ortamlarinda tiirbinler ve motorlar agmnir
ve zayif calisir. Makine bilesenlerinin erozyonunu
azaltmanin endiistriyel yontemi, asinmaya dayanikli
kaplamalar kullanmaktir. Shanov ve ark. [7] kromit
bazli ortamda asindirilan kaplanmamis ve kaplanmis
Waspaloy'un davranigimi karsilagtirmak i¢in bir dizi
deney yapmistir. Malzemeler kimyasal buhar
biriktirme (CVD) yontemi kullanilarak titanyum karbiir
(TiC) ile kaplanmistir. Pargacik hizlar1 180-305 m/s
olarak belirlenmistir ve c¢arpma acilart ortam
sicakligindan 538°C'ye kadar 20° ila 90° arasinda
degismistir. Ozel bir yiiksek sicaklik erozyon riizgar
tiinelinde yapilan ¢aligmada bozulmus yiizeyi analiz
etmek i¢in elektron mikroskobu (SEM) kullanilmistir.
Sonuglar sicakligin, hizin ve ¢arpma agisinin erozyon
hiz1 iizerindeki etkisini géstermektedir. flave deliller
kaplama erozyon oranmm kullanilan kromit tozu
miktarma goére degistigini gostermektedir. TiC
kaplamanin erozyon orani carpma acilarina gore
kirilgan bir egilim sergilemektedir. Kaplamasiz siiper
alagim stinektir ¢linkii erozyon en yiiksek 30° ila 45°
arasindadir. Calisma, numune sicakliinin malzeme
erozyon hizint Onemli Olgiide etkiledigini ortaya
koymaktadir. Yiiksek sicakliklarda, CVD kaplama
erozyon direncini artirirken, kaplanmamis
Waspaloy’da azalir. Sonuglar erozyon oraninin hem
islenmemis hem de kaplanmis numuneler i¢in pargacik
darbe hizi/giicii ile orantili oldugunu gostermektedir
Calisma, CVD titanyum karbiir kaplamanin
Waspaloy'u yiiksek sicakliklarda pargacik akisi
ortaminda erozyona karsi etkili bir sekilde korudugunu
bulmustur. Biava ve ark. [8] tarafindan yapilan bir
calismada ise fiziksel buhar biriktirme (PVD)
kaplamalari olan CrN, AICrN ve TiAIN'nin Waspaloy'a
uygulandiginda sicak korozyona karsi ne kadar iyi
korudugunu incelenmistir.  Belirtilen ¢alismada,
Waspaloy, CrN, TiAIN ve AICrN PVD kaplamalari
700 °C'de %75 Na;SOs4 ve %25 NaCl igeren tuz
cozeltisinde test edilmistir. Mikro yapilarina ve sicak
korozyonda nasil  performans  gdosterdiklerine
bakilmistir. AICrN kaplamanin, bu aragtirmada 700
°C'de daha yiksek mekanik kalite ve en diisiik
korozyon oranint sergiledigi goriilmiistir. AICrN
yiizeyinde korozyon testleri yapildiginda, koruyucu bir
Al;O3 oksit filmi ve ihmal edilebilir nitriir tabakasi
bozulmasi ortaya c¢iktigt ve bu durumun, sicak
korozyon kosullar1 altinda kaplamanin émriinii uzattigi
anlagilmistir.  Sonug¢ olarak, AICrN kaplama asir1
korozyon ve aginma kosullarinda diger bilesimlerden
daha iyi performans gosterdigi tespit edilmistir. Wang
ve ark. [16] tek kristal nikel siiper alasiminin amorf
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Al,Os ile kaplandiktan sonra yilksek sicaklik

oksidasyon direncinin arttigin1 gostermislerdir.

Servis sicakliginin yiikseltilmesi, bir gaz tlirbininde
daha yiiksek verimlilik elde etmenin temel bir yoludur.
Sonug olarak, mukavemet, oksidasyon ve korozyon
acisindan, giderek daha yiiksek servis sicakliklarma
uygun malzemelere yonelik bir talep bulunmaktadir.
Bu zorluktan yola ¢ikarak nikel bazli alagimlarda
yiikksek sicaklik dayanimi elde etmek igin yeni
yontemler gelistirilmektedir. Bunlar temel olarak yeni
alasim elementleri ilavesi ile daha farkli siiper
alagimlarin elde edilmesi veya ylizeye kaplama
uygulayarak malzeme performansmin iyilestirilmesi
seklinde gruplandirilabilir.

Nitrasyon siiper alagimlarin sertlik gibi yiizey
ozelliklerini iyilestirmek amaciyla uygulanan bir tiir
kaplama ¢esididir ve nitrasyon ortamina gore gaz, sivi
ve plazma gibi tlrleri vardir [17]. Nitrasyonun
mekanizmasi azotun malzeme icerisine difilizyon olup
arayer kati ¢ozeltisi olusturarak genisletilmis Ostenit
(expanded austenite) yapisi saglamasi ya da yeni nitriir
fazi olusturmasina dayanmaktadir ve bunlardan hangi
mekanizmanin olacagi nitrasyon sicakligi ya da ortami
gibi faktérlere baghdir. Ni bazli siiper alagimlarda,
ozellikle gaz nitrasyonda, 450° C civar1 ortamlarda
gergeklestirilen nitrasyon islemi genisletilmis Gstenit
yapis1 saglayarak yiizeyi sertlestirirken, daha yiliksek
sicaklik  ortamlarinda ve/veya uzun siirelerde
gerceklestirilen nitrasyon islemleri ise temel olarak
yiizeyde CrN fazi olusturmaktadir [17, 18].

Bu calismada, gaz tiirbini parcalart ve havacilik
sanayinde kullanilan ve yiizey tasarimma yardimci
olacak bilgilerin iretilmesi i¢in Waspaloy alagiminin
gaz nitrasyon iglemi sonrasinda izotermal oksidasyon
davraniginin  gézlemlenmesi {izerinde durulmustur.
Kaplanmis numuneler 1175°C’de 48, 96, 288 sa
oksidasyon islemine tabi tutulmus, SEM, XPS,
mikrosertlik 6l¢iimleri ile karakterize edilmistir.

Il. MATERYAL VE METOD

Bu calismada, Waspaloy alasimi 20 cm x 20 cm x 5 mm
olarak tedarik edildikten sonra 20 mm x 20 mm x 5 mm
olarak kesilmis ve sahit numune ile bir numune gifti
sicak kaliplama ile bakalit kalip igine alinmustir.
Ardindan numuneler #600, #800, #1000, #1200 grid
numarali zimparalar ile zimparalandiktan sonra, 3 um
ve 1 um partikiill boyutlarma sahip elmas pasta
kullanilarak parlatilmigtir. Etil alkol ve aseton ile
temizlenmis ve kurutulmustur. Daha sonra Niton X2
marka portatif XRF cihazi kimyasal anallizi yapilarak
Waspaloy alasimi oldugu teyit edilmistir. Diger
numuneler F24 boyut beyaz alumina bilyalar ile
kumlanmis, etil alkol ile temizlenip, aseton ile
kurutulmus, el degmeden paketlenmistir. Gaz nitrasyon
islemi, Alpha Metalurji A.S.'de %80 amonyak (NHs) ve
%20 azot (N.) igeren kontrollii bir atmosfer altinda, 500
°C sicaklikta ve 4 saat siireyle gerceklestirilmigtir.
Islem sonrasi numuneler, yiiksek sicaklik oksidasyon
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caligmalart i¢in Protherm kutu firinda 1175 °C
sicakliktaki hava ortaminda 48, 96 ve 288 sa izotermal
oksidasyona maruz birakilmig ve agirlik degisimi
Olcimi ise 5 haneli Precisa marka hassas terazi ile
yapilmistir. Thermo Scientific K-Alpha marka XPS
cihazi ile yiizey bilesimi, Niton XL2 marka portatif
XRF cihazi ile kimyasal kompozisyonundaki degisim
oliilmiistiir. Islem sonrasi mikroyap: kesit goriintii
incelemesi Carl Zeiss 300VP SEM cihaz1 ile
yapilmistir. Ayrica, mikrosertlik 6lglimleri Emcotest
durascan G50, cihazi ile 200 gram yiik (HVo2) altinda
gergeklestirilmistir.  Sertlik  Ol¢iimleri  izotermal
oksidasyon islemi sonrasi numunenin i¢ kisminda
mekanik performansindaki degisimleri gézlemlemek
amaciyla i¢ bolgeden almmusgtir.

1. SONUCLAR VE TARTISMA

Numunelerin tedarik edildigi hali ile yapilan XRF
analizinin sonuglar1 Sekil 1°de verilmektedir.

Waspaloy XRF Analizi

Element  %agirhik sapma Element  %agirhk  sapma
Ni 59,566 0,255  Si 0,322 0,046
Cr 18,406 0,113 V 0,119 0,040
Co 12,899 0,124 Nb 0,117 0,010
Mo 4,294 0,046  Zr 0,045 0,005
Ti 3,018 0,087  Zn 0,033 0,015
Fe 1,125 0,038 Diger 0,056

(a)
MFJUL& 1n A
(b)

Sekil 1. Waspaloy numunesine ait XRF analiz sonucu,
(a) ve pikleri (b).
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1175 °C sicaklikta, 48, 96 ve 288 sa izotermal
oksidasyon islemi sonrasinda numunelerin agirlik
degisimleri Sekil 2°de verilmistir.

0,50 -
045 -
. 0,40 4
0o
= 0,35 4
0,30 -
0,25 -
0,20 -

0,45
gk

0,03
=

0,01

96 saat 288 saat

Oksidasyon Siiresi

48 saat

Sekil 2. 2-12 giin arasi1 izotermal oksidasyon sonrasi
numunelerin agirlik degisimi grafigi.

Agirlik degisimi verilerinin analizi, 96 saatten sonra
agirhik degisiminde Onemli bir artis oldugunu
gostermistir.  Waspaloy  gibi  yiiksek  sicaklik
alagimlarinda oksidasyon direnci temelde CrO3 bazli
oksit tabakalarina dayanir. Bu Cr.O3 oksit tabakasmin
malzeme yuzeyine adhezyonu ve malzeme icinde
yeterli miktarda Cr bulundugu siirece yavas oranlarda
blyumesi ile koruyucu o©zellik gosterir. Bununla
birlikte bu tabaka daha az koruyucu olan kobalt oksit
bazli tabakalara donmeye bagladiginda kontrolden
cikan oksidasyon ya da ayrilma oksidasyonu
(breakaway oxidation) meydana gelebilir. Bu durum
ise agirllk kazaniminda hizli bir artis olarak
gozlemlenebilmektedir [6]. Dolayisiyla, 288 saat
izotermal oksidasyona maruz kalmig numune ile
birlikte meydana gelen ani kiitle artisi, olas1 bir ayrilma
oksidasyonu olarak da degerlendirilebilir. 48 saat ve
288 sa numunelerine ait XRF analiz sonuglari sirasiyla
Tablo 1 ve 2'de sunulmaktadir. XRF analizinde toprak
modu ve genel metal modu, analiz edilen numunenin
tiiriine gore farklilik gosterir. Genel metal modu daha
ziyade dokiim ile elde edilmis metalin yalin hali i¢in
kullanilmaktadir. Toprak modu, oksitler gibi yapilarin
analizinde daha etkilidir. Oksitlenmis yapilar yiizeyde
bulundugundan dolayr bu modun verileri daha
aciklayict oldugundan tercih edilmistir. XRF analizi,
288 sa oksidasyon sonrasi kaplanmis yiizey tabakasi
icindeki krom konsantrasyonunda %40’ iizerinde bir
azalma, nikel konsantrasyonunda % 65’in lizerinde
azalma, kobalt konsantrasyonunda ise yaklasik % 40
civarinda bir azalma oldugunu ortaya koymaktadir.
Krom oranlarindaki diisiis, kesim siirecinde numunede
yasanan kirillgan yap1 ve korozyon temelli dokiilerek
kopmalar1 da aciklamaktadir. Nitrasyon tabakasi,
yiiksek oksidasyon siirelerinde 1175 °C’de koruyucu
ozellik gosterememis, catlamis, bu mikro catlaklardan
penetre olan oksijen, ana metalin kafes yapisi boyunca
ilerlemis, yiizeyde de kopma, bozulma ve Cr ve Co gibi
elementlerde fakirlesmeye neden olmustur.
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Tablo 1. 48 sa oksidasyon sonrast XRF sonucu

Toprak Modu

Element ppm sapma
Cr 14M oM
Ni 3M oM
Co 787.9K 11K

Tablo 2. 288 sa oksidasyon sonras1 XRF sonucu

Toprak Modu

Element ppm sapma
Cr 8M oM
Ni M oM
Co 479.6K 6.3K

XRF analizinin yiizey hassasiyeti diisiik olup, gergek
verilerden ziyade karsilagtirmaya olanak saglayacak
sonuglar ortaya koydugundan, ek olarak oksidasyon
etkisini gormek amaciyla malzeme yiizeyinin
elementel kimyasal bilesimi i¢in gergeklestirilen XPS
analizinin sonuglar1 sirastyla 48 sa ve 288 sa numuneler
i¢in Sekil 3 ve 4’de verilmistir.

XPS Sunvey
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N
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Sekil 3. Nitrasyon sonrasi 48 sa oksidasyona maruz
kalan yuzeyin XPS sonucu
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XPS Survey
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Sekil 4. Nitrasyon sonrasi 288 sa oksidasyona maruz
kalan yuzeyin XPS sonucu

Sonuglar incelendiginde her iki kosul i¢in de oksijen
pikleri gozlemlenmektedir. Bu yiizeyde oksitlenmenin
basladigint  dogrulamaktadir. 48 sa numunesi
sonuglarinda oksijen pikine ek olarak gozlemlenen Ti,
Cr, Ni pikleri de olas1 krom oksit, titanyum oksit, nikel
oksit ve nikel krom oksit yapilarina isaret etmektedir
[5]. Ayrica her iki kosulda da N pikleri goziikmektedir.
Bu durum yapida CrN de olabilecegini gostermektedir.
Du ve ark. [19] CrN tabakasi iizerinde yaptiklari yiiksek
sicaklik oksidasyon incelemesinde 800°C ile birlikte
nitriir  tabakast yaninda Cr;Os; yapilarinin  da
olustugunu, 1100 °C’lere gelindiginde Cr,Oz fazinda
artis oldugunu, CrN fazinin ise azalmakla birlikte hala
yapida bulundugunu gozlemlemislerdir. Dolayisiyla,
bu caligmadaki XPS piklerinde goriilen N bu durumla
iligkilendirilebilir. Bununla birlikte 288 sa sonunda
ilave olarak oksijenle birlikte Co pikleri de dl¢lilmeye
baslanmustir ve olas1 CoO, Co203, Co304 gibi oksitlerin
olusumuna isaret etmektedir. Bu durum oksidasyonun
(oksijen difiizyonunun) kaplama kalmligi boyunca
devam ederek altlik malzeme yiizeyinde ilave
oksitlenme olusturdugunu disiindiirmektedir. Bu
nedenle XPS analizinde 288 saat sonunda koruyucu
6zelligini yitiren kaplamadan yiizeye yakin bdlgede ana
metalin bilesikleri olan Co pikleri oksitli yapilar
olusmustur. Agirlik degisimi kisminda bahsedilen
ayrilma oksidasyonu davranigi burada da benzer
sekilde diisiiniilebilir. 288 sa ile birlikte meydana gelen
oksidasyon hizindaki artis kobalt oksit gibi koruyucu
ozelligi olmayan oksitlerin ~ olusumu ile
iligkilendirilebilir. Nitrasyon sonrasinda oksitlenmis
numunelerin 48 sa ve 288 sa SEM analiz sonuglaria
bakarak (Sekil 5-6) oksitlenme siiresi arttikga oksit
tabakanin kalinligmin arttigint sdylenebilir (48 sa
oksidasyon sonrasi oksit tabaka kalinlig1 12 pm civari
iken, 288 sa oksidasyon sonrast 35 um civaridir).
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Sekil 5. Nitrasyon sonrasi 48 sa oksidasyona maruz
kalan numunenin SEM mikrografi.
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Sekil 6. Nitrasyon sonrasi 288 sa oksidasyona maruz
kalan numunenin SEM mikrografi.

Chen ve ark. [13] ylzeyinde kaplama olmayan bir
Waspaloy igin yaptiklari oksidasyon incelemesinde
(1000°C, 100 sa) SEM Kesit analizinde yiizeydeki oksit
tabakasmin (10 pm civart) yani sira i¢ bolgelerde (30
pum civarma kadar) tane smirlarinda oksitlerin
olustugunu raporlamislar ve bunun Waspaloy’un tane
sinirlarindaki  krom agisindan zengin karbiirlerinin
oksitlenmesiyle iligkili olabilecegini belirtmislerdir.
Yiizeyinde olusan krom ve rutile oksitleri ile
900°C’lere kadar oksidasyona diren¢ gdosterdigi
diistiniilen Waspaloy’un, artan sicakliklarla (1000°C,
1100°C) birlikte koruyuculugunu yitiren krom oksitin
de etkisiyle i¢ bolge tane simirlarinda oksidasyonun
yogunlastigt Forsik ve ark. [20] tarafindan da
gosterilmistir. Forsik ve ark. [20] ylizeyde biriken krom
oksitin 1000°C ve iizeri sicakliktaki uguculugu ile
birlikte koruyuculugunun azalarak taneler arasi
(intergrantiler) oksidasyona yol ac¢tigin1 vurgulamistir.
Bu calismadaki, ozellikle Sekil 6 incelendiginde,
literatiirdeki yaln Waspaloy iizerindeki  yiiksek
sicaklik oksidasyon yapisina benzer bir gorlintii elde
edilmistir ve 288 saat numunesinde taneler arasi ya da
i¢  oksidasyonun yogunlugunun daha arttig1
diisiiniilmektedir [13, 20]. Bu ise yukarida daha énce
bahsedilen ayrilma  oksidasyonu  davraniginin
gostergelerinden biri olarak ifade edilmektedir [6]. Bu
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durum gas nitrasyon islemi yapilan Waspaloy’un 1175
°C’de, ozellikle 48 sa sonrasi, oksidasyona kars1 yeterli
bir koruma saglayamadigini diisiindiirmektedir.

Sertlik &lgiimleri numunenin kesitinde i¢ bdlgeden
almmistir. Numuneye oksidasyon igleminden Once
yapilan sertlik Ol¢iimii 45747 HV(2  neticesini
vermistir. Nitrasyon sonrasinda 48 sa oksidasyon
sonunda kaplama altt numune i¢ bolgesi sertligi 37349
HV(0,2) olarak 6l¢lilmiistiir. Nitrasyon sonrasinda 288 sa
oksidasyon sonunda kaplama alti numune i¢ bdlgesi
sertligi 347+7 HVo2) olarak ol¢ililmiistiir. Oksidasyon
ile beraber bozunan malzemenin ve kaplamanin, 48 sa
ve 288 sa oksidasyon karsilastirildiginda, ana metal igi
mekanik ozelliklerinde bir miktar daha azalmaya yol
actigi gorilmiistiir. Oksidasyon sonrasi sertlikte
meydana gelen disiisiin yiizeyde poroz bir oksit
tabakasi kaynakli olmasi da muhtemel olabilmekle
birlikte, mevcut ¢alismada yilizey sertligi alinmamasi
nedeniyle bu durumun tane sinirlarinda meydana gelen
ve buralardaki ¢okeltilerin olast i¢ oksidasyonu ile
olusan ¢okelti azalmasinin da bir neticesi olabilecegi
diistiniilebilir [6]. Bununla birlikte, islem 6ncesine gore
sertlik degerinde dikkate deger bir diisiis olmustur. Bu
durum yaslandirma ile ¢okelti sertlesmesi araciligtyla
mukavemet saglayan Waspaloy alasimindaki olasi
cokelti ¢ozlinmesini vel/veya c¢oOkeltilerde meydana
gelebilecek irilesmeyi ve yiiksek sicaklikda beklemeyle
meydana  gelebilecek  tane  blylmesini  de
diistindtirmektedir [9-11]. Utada ve ark. [12] Waspaloy
alasiminm  1000°C  iizeri  sicakliklarda ¢ekme
mukavemetinde meydana gelen diislisi ¢okelti
¢ozlinmesi ile iliskilendirmistir.

Tiim bu sonuglar incelelendiginde, gas nitrasyon islemi
ile kaplanan Waspaloy alagimin 1175 °C’de izotermal
oksidasyona maruz kaldiginda kaplama tabakasmin
uzun stireli bir koruma saglayamadigi
distiniilmektedir. S6z konusu sicakliklarda alagimda
meydana gelen bir miktar mekanik ozellik kaybina
ilave olarak kaplama igleminin oksidasyona kars1 ek bir
korumay1 yeterince saglayamadigi diisiiniildiigiinde
Waspaloy’un  yiiksek  sicaklik  yiizey koruma
performansi agisindan gas nitrasyon isleminin istenen
performansi vermedigi degerlendirilebilir.

IV. SONUC

Bu calismada, Waspaloy siiper alagimi 500°C’de 4 sa
boyunca gaz nitrasyon iglemine tabi tutulmustur. Elde
edilen numuneler 1175 °C sicaklikta hava ortaminda 48
sa, 96 sa ve 288 sa boyunca izotermal oksidasyona
maruz birakilmistir. Numunelerde meydana gelen
agirlik degisimi 5 haneli hassas tereazi ile 6l¢iilmiistir.
Oksidasyon sonrast numunelerin kesit goriintiileri SEM
yontemiyle alinmistir. Ayrica, XPS aracilifi ile yiizey
kimyasi incelenmistir. Vickers mikrosertlik testi ile
sertlik Olgtimleri gerceklestirilmistir. Elde edilen
sonuclara gore 48 sa ile birlikte hafif seviyede meydana
gelen oksitlenme 288 sa sonunda yogun hale gelmistir.
XPS analizleri 48 sa ile birlikte oksidasyonun
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basladigini dogrularken, 288 sa sonucu yilizeyde daha
fazla oksit tabakasinm olustugu gozlemlenmistir.
Oksidasyondan dnce ve sonra yapilan sertlik 6lgtimleri
malzemenin mukavemetinde ¢okelti c¢o6zinmesiyle
ve/veya tane sinirlarinda meydana gelen ve buralardaki
¢okeltilerin olas1 i¢ oksidasyonu ile olusan g¢okelti
azalmasi ile de iliskili olmasi muhtemel dikkate deger
diisiis oldugunu gdstermis, oksitlenen 48 sa ile 288 sa
numuneleri arasinda ise az miktarda sertlik fark:
Olglilmiistiir. Sonug¢ olarak gaz nitrasyon isleminin
Waspaloy alagiminin yiiksek sicaklik oksidasyon
direncine dikkate deger olumlu bir katkisinin olmadigi
gOriilmiigtiir. Bununla birlikte, oksitlerin ve metalurjik
yapt bozunmasmim daha ayrintili karakterizasyonu
gelecekteki ¢aligmalar igin 6nerilmektedir.
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Abstract

This research uses deep reinforcement learning techniques, notably the AlphaZero algorithm, to construct an artificial
intelligence system that can play Pawn Dama at a level that surpasses human players. Pawn dama, a simplified variant of
Dama, is a perfect platform to explore Al's ability to think strategically and make decisions. The primary goal is to develop an
Al that can use self-play to develop sophisticated strategies and comprehend the game's dynamics and regulations. The
project incorporates MCTS to improve decision-making during games and uses a Convolutional Neural Network (CNN) to
enhance the Al's learning capabilities. Creating an intuitive graphical user interface, putting the reinforcement learning
algorithm into practice, and testing the system against real players are steps in the development process. The
accomplishment of this project will contribute to the field of strategic game Al research by providing insights that may be
applied to other domains and spurring further advancements in Al-driven game strategies.

Keywords: Deep Reinforcement Learning, Deep Learning, AlphaZero Algorithm, Pawn Dama, Monte Carlo Tree Search
(MCTS), Convolutional Neural Network (CNN)

. INTRODUCTION

Board games provide a good platform for Al research due to their controlled settings, which facilitate examining
strategic thinking. AlphaZero algorithm, introduced by Deepmind in 2017, has profoundly transformed AI’s
approach to board games. In contrast to the previous approaches, the AlphaZero algorithm achieved a high level
of competence in playing pawn dama without prior domain knowledge, relying solely on self-play and general-
purpose learning. Its success showcased the potential of reinforcement learning combined with neural networks
and Monte Carlo Tree Search, setting a new standard for Al in strategic decision-making and game theory.

This project aims to adapt the AlphaZero algorithm to Pawn Dama, a simplified version of Turkish Dama. The
rules for Pawn Dama are given in the Appendix. The Al will learn the rules and strategies of Pawn Dama through
self-play and extensive training, ultimately reaching a high level of competence in playing Pawn Dama. For this
purpose, it is necessary to rewrite the two core components of the AlphaZero algorithm, neural networks, and the
Monte Carlo Tree Search (MCTS) for Pawn Dama. A snapshot of the game is given in Figure 1 and Figure 2.
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Solving Pawn Dama with AlphaZero
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Figure 1. View of the Game
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Figure 2. View of the Game

1.1. Aims of the Project

This research has two primary objectives: To develop a
simple framework for applying the AlphaZero
algorithm tailored to limited computational budgets and
to lay the groundwork for the eventual full
implementation of Turkish Dama.

By accomplishing these objectives, the project also
aims to contribute to the broader area of Al research by
showecasing the use of modern Al methods in culturally
significant games and  encouraging  further
advancements in Al-driven strategic gaming.

The main technical contributions of this article can be
collected under two headings:
e  The adaptation of the CNN to pawn dama and
the design of its action space (Sect. 3.1.3).
e Developing an MCTS algorithm for pawn
dama. (Sect. 3.1.1)
In summary, the inclusion of a new game in
AlphaZero's repertoire enhances its coverage and
applicability. This game presents a complexity level
that is intermediate between simple games like Tic-
Tac-Toe or Connect Four and computationally
demanding games such as Chess or Go thus filling a
gap in the spectrum of games suitable for training.
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Il. RELATED WORK

2.1 Standard Reinforcement Learning Algorithm
AlphaZero uses a modified version of the
Reinforcement Learning algorithm (RL), a key method
to train an agent in decision-making within a given
environment. An environment is composed of
numerous states, and at every moment, the agent takes
actions based on the environmental factors. The quality
of each action is determined by the reward it generates,
prompting the agent to adjust its strategy to maximize
cumulative rewards. One classical RL algorithm is Q-
learning, which relies on creating a Q-table. The rows
of this table represent possible environmental states,
while the columns reflect potential actions and the
rewards they produce. As the agent interacts with its
environment, it updates the Q-table with reward values.
Eventually, the agent can use the completed table to
choose actions that maximize its rewards in any given
scenario. However, despite its effectiveness in specific
scenarios, Q-learning has limitations when applied to
more complex environments. For example, in chess, the
number of possible positions is approximately 10'2°,
Completing and storing a Q-table for such a vast
number of states is impractical. The development of
deep reinforcement learning algorithms, such as
AlphaZero, overcame the limitations of classical
reinforcement learning and enabled superhuman
performance in chess.

2.2 Deep Reinforcement Learning on Strategy
Games

Until the advent of deep RL learning, board game-
playing algorithms were mainly based on minimax
algorithms enhanced by alpha-beta pruning [1, 2]. This
approach peaked in Deep Blue for chess [3] and in
Chinook for checkers [4], which achieved superhuman
performance by successfully defeating the reigning
world champions.

Starting in 1990, Reinforcement Learning [27] made its
appearance in board game-playing algorithms with
algorithms like TD-Gammon [5, 6].

The introduction of MCTS revolutionized bard game-
playing algorithms by using random simulations to
estimate the potential outcomes of moves. [7, 8] This
method balanced exploration and exploitation without
exhaustive search and was applied to Go within a year
of its development [9] and then to Kriegspiel in 2010
[10]. For a survey of the applications of MCTS for
game playing, see [11].

Finally, in 2016, a synergy between MCTS-based RL
methods and neural network-based deep learning
methods was achieved in the Alphago algorithm by
Deepmind. [12]. The game of Go, long considered a
formidable challenge to Al, was first conquered by
Alphago, making it the first program to beat a
professional Go player.
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AlphaGo initially trained its neural network on a large
dataset of games played by human experts. After this
supervised learning phase, AlphaGo trained its neural
net further through self-play.

The following algorithm from DeepMind, AlphaGo
Zero (2017) [13], eliminated the use of human
knowledge and trained its neural network solely
through self-play, therefore learning strategies and
tactics from first principles.

Alphago Zero was explicitly developed for the game of
Go. The next algorithm of Deepmind, Alphazero
(2017) [14], was a more generalized version of Alphago
zero. It was capable of mastering multiple games (e.g.,
Go, chess, shogi) without any domain-specific
modifications, thus demonstrating that the same
algorithm can achieve superhuman performance across
different environments.

Deepmind published two more algorithms: Alphastar
(2019) [15] and Muzero (2020) [16]. Alphastar was
developed for real-time strategy games like StarCraft 11
and achieved superhuman performance. MuZero is a
deep reinforcement learning algorithm that combines a
model-based approach with policy and value networks,
learning both a model of the environment and optimal
strategies without relying on prior knowledge of the
environment’s dynamics. Alphastar and Muzero are not
directly relevant to our research and are mentioned here
solely for the purpose of completeness. For more recent
developments, see [23-26]

I1. METHOD

The primary approach employed in developing an
algorithm capable of playing pawn dama involved
tailoring the AlphaZero algorithm specifically to this
game. AlphaZero algorithm combines reinforcement
learning with Monte Carlo Tree Search (MCTS) and
neural networks to excel in strategic games such as
Chess, Go, and Shogi. Unlike traditional engines, it
learns solely through self-play, starting without pre-
existing game knowledge. AlphaZero algorithm has
two components: (1) A neural network embedded
within the AlphaZero evaluates board positions and
predicts optimal moves, while (2) MCTS efficiently
explores possible outcomes by simulating future states
of the game. As AlphaZero plays, its strategies are
continuously improved by adjusting its neural network
parameters based on game results. In the end, it
achieves superhuman performance.

3.1 Alpha-Zero on Pawn Dama

In the following sections, we detail the modifications
we have made to the AlphaZero algorithm to adapt it to
pawn dama. As previously noted, the AlphaZero
algorithm comprises two key components: Monte Carlo
Tree Search (MCTS) and a neural network. We will
briefly describe the functionality of these components
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and outline the adjustments necessary to tailor them for
pawn dama.

3.1.1. Monte Carlo Tree Search (MCTS)

In its classical form, Monte Carlo Tree Search (MCTS),
is an artificial intelligence algorithm designed to
determine the optimal move based on the current game
state without incorporating any learning mechanisms.
It operates through four fundamental steps in each
simulation iteration:

a) Selection: Starting from the root node, the algorithm
traverses the tree by selecting child nodes based on a
selection policy, often the Upper Confidence Bound
(UCB) formula.

UCB() =%+ C /’"N’Yp,

where N; is the visit count of the node i, N,, is the visit
count of its parent, and W, is the total reward
accumulated in node i at the backpropagation steps. C
is a hyperparameter that balances exploration with
exploitation. When traversing down the tree, the child
node with the highest UCB score is selected.

b) Expansion: Once a promising node is selected, the
algorithm checks if it has unexplored child nodes. If so,
it expands the tree by adding one or more child nodes
to represent possible MOVes.

¢) Simulation: From the newly expanded node, the
algorithm plays a simulation (also called a "playout")
by performing random moves until the game reaches a
terminal state (e.g., a win, loss, or draw).

d) Backpropagation: The simulation result is
propagated back through the path of nodes leading to
the root. [8]

The four steps of MCTS are illustrated in Figure 3.

fﬁéo f;% @%’5

FY B Al
ioaa
i

Figure 3. MCTS Structure, from [10]

These four steps are repeated for a predefined number
of iterations or until a computational budget (e.g., time
or resource limit) is reached, after which the algorithm
determines the best move to make from the root node
based on the data collected during the search.
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AlphaZero makes two key differences from the
classical MCTS algorithm described in Figure 3:

e It does away with step 3 (simulation),
replacing the value returned from the
simulation with the value vector of the neural
network. With this update, rather than
simulating the game randomly, the value
vector of the CNN model is used to predict the
actual result of the game.

e Another update is applied to the UCB formula,
where an additional factor is introduced: the
winning probability P(i) for node i. This new
factor serves as a multiplier in the UCB
formula, helping the algorithm make better
decisions when selecting moves.

iy cpin e
N; I+N;
P(1) is ith component of the policy vector of
the ith node’s parent. In our work, the constant
C, which balances exploration with
exploitation, is taken as 1.

Policy and value vectors of a neural network will be
explained in the next section.

In this study, we adapted the Monte Carlo Tree Search
(MCTS) algorithm as it is used by AlphaZero to the
specific rules of pawn dama. This adaptation was
straightforward because pawn dama lacks repetition, as
each move produces a unique board configuration;
otherwise, additional measures would have been
necessary.

3.1.2. Convolutional Neural Network (CNN)
The algorithm uses a convolutional neural network
(CNN) [20]. It takes 3 layers of information as input:
board size, whose turn it is, and a representation of the
game board. It produces two outputs: a policy and a
value vector, which are used in MCTS. For an NxN
input board, the policy vector, output by the policy
head, describes the winning probability of each
possible legal move in the space of all possible legal
moves, the action space. If the CNN generates
probabilities for some illegal moves, we mask them by
clearing their corresponding probabilities, ensuring that
only legal moves are considered in the decision-making
process. The representation chosen for the action space
is critical and will be explained in detail in the next
subsection. The value vector is a prediction of the
outcome of the given game board. Once the model
training is complete, the algorithm returns a value of 1,
0, or -1, indicating a loss, draw, or win. The
Convolutional Network (CNN) structure used is
illustrated in Figure 4.
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Figure 4. Two-headed Convolutional Neural Network
(CNN) Architecture, from [18]

Table 1. Layer details of CNN used

Input Shape Output Shape | Parameters

(B, 1, X, Y) B, C X, Y) 3x3 kernel, stride=1, padding=1

(B, C, X, Y)
[(B.C.X.Y)
(B,C. X, Y)

B,C X, Y
LB.C
(B, C.X.Y)

| 3x3 kernel, stride=1, padding=1

(B, C, X, Y) (B, C, X-2, Y-2

3x3 kernel, stride=1, no padding

(B, C, X-2, Y-2 (B, C,

B, C

| 3x3 kernel, stride=1, no padding |
(B.C. -

2, Y-2) (-2
v-2) (B, C, X4, Y-
1Y)
Y-i)

Rl kslE
ks

(B, C.

(B, CT (%47 (Y-4]) |
| (B, 1024)

(B, 1024) (B, 512)

(B3, 512)
(B, 512)
(B.512)

2 (B, 512)
fe3 (Policy) | |
fed (Value) |

(B, action_size)

(8.1

Linear

Below are key notations used in Table
- B: Batch size (64)
- C: Number of channels (512)
- X, Y: Board dimensions

We applied ReLU activation and dropout with a rate
of 0.3 after each BatchNorm. Finally policy vector is
transformed by log_softmax function and value
prediction is scaled using tanh activation.

3.1.3. Action Space

Action space is the set of all possible actions (moves)
that can be taken in a given state of the game. It is a
fundamental concept of reinforcement learning, and its
design defines CNN's policy vector.

The rules of Pawn Dama allow each piece to have three
possible moves after it has already moved and
four possible moves during its first move.

Consequently, for an NxN board, an action space of
dimension 4 = 2N + 3(N — 2)2 would be sufficient to
describe all possible moves. However, after some
consideration, it was decided to use an action space of
dimension N* = N2 = N? instead.

In this design, the first N2 represents the piece's initial
position, and the second N? is the target position. A
move is thus depicted as (x;, y;) = (x3, y,), meaning
there are four indices in total to specify each action.
This description of the action space, while having
higher dimensionality, provides the flexibility to
incorporate pieces with arbitrary movement rules in
future versions of the algorithm without significantly
changing the structure of CNN, thereby increasing its
adaptability.
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After discussing the dimensionality of the action space,
it becomes evident that the policy vector is a single
vector of dimension N*. Each potential move (x;,
v1) = (x5, y,), on the board is represented by a single
element of this vector determined by the following
index:

x1+(y1*N)+(x2*N2)+(y2*N3)

The output of the CNN stores the winning probability
of the corresponding move into this element.

3.1.4. Self-Play and Training

After these modifications to MCTS and CNN
components of the AlphaZero algorithm are made, the
training process begins. Initially, the CNN is initialized
with random weights. The algorithm then engages in
100 MCTS self-play games, experiencing wins, losses,
and draws. During this competition, every position
encountered is recorded. The recorded data consists of
a triplet: board position, which move is made, and
which side eventually won the game. This accumulated
data is then used to train the CNN model for 100
epochs. Once training is completed, the process moves
to the arena phase, where each new model plays 30
games against the previous model. If the new model's
win threshold fraction is 60% higher than the previous
one, it is accepted; otherwise, it is rejected. These three
stages (MCTS, CNN training, and Arena play) are
called an iteration. Numerous iterations were carried
out in a loop. The algorithm is set up to run for 300
iterations. But during a run, we follow the loss value
and stop the algorithm manually when it stabilizes
around zero. Figure 5 is the flowchart of the AlphaZero
algorithm.
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Figure 5. Flow of self-play based on the game rules

IV. EXPERIMENTS

4.1. Overview

We evaluated the performance of our algorithm using
three different methods. First, we tracked the loss
values at the end of each epoch during the training
process. At the conclusion of the training, we visualized
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these values in a graph to analyze the model's learning
progress and overall development. Second, at the end
of each iteration, we tested the newly trained model
against the previous version in 30 matches. We
observed how the model improved over iterations by
analyzing the number of wins, losses, and draws.
Finally, we tested the trained model against
approximately 100 human players through an
interactive interface. Remarkably, no human player
(some of them competitive chess players) managed to
defeat the model. These three approaches provided a
comprehensive understanding of our algorithm's
training process and performance in real-world
scenarios.

4.2 Decrease in Training Error

To evaluate our model's learning progression, we
analyzed the training errors for two different board
sizes: 5x5 and 6x6. We tracked each configuration's
policy vector and value losses throughout the training
process. The training was conducted on NVIDIA A100
and NVIDIA GeForce RTX 3050 GPUs, with losses
recorded at the end of each epoch. The following
subsections present detailed analyses for each board
size.

4.2.1. 5x5 Board Experiments and Results

Loss_pi over Epochs
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Figure 6. 5x5 Board Policy Vector Losses

Figure 6 shows the decrease in the loss of the policy
network over 175 epochs in a 5x5 board. This graph
was essential for understanding the learning process of
the AlphaZero algorithm when applied to our Pawn
Dama game. The plot indicates that the training process
for the policy network was successful. The rapid initial
decrease in training losses, followed by a gradual and
stable convergence, shows that the model effectively
learned to make policy predictions. The overall
performance suggests that the model was well-trained
and capable of generalizing its learned strategies to new
game scenarios.
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Figure 7. 5x5 Board Value Losses

Figure 7 shows the decrease in the loss of the value
network over 175 epochs for a 5x5 board. Looking at
the graph, we can tell that the training process was
successful for the value network. We saw a sharp
decrease in training loss at the beginning, followed by
a steady and stable drop, which suggests that the model
learned to make good value predictions.

The spikes in the loss function of both graphs indicate
points at which one iteration finishes and a new
iteration starts (See 3.1.4). Each iteration brings its own
training set, and we can assume that these new training
sets bring some new information (i.e., previously
unseen game situations) that is not contained in the old
training sets. At that point, the neural net, solely trained
by the old training sets, struggles to handle this new
information, hence the sudden jump in error. However,
in time, it absorbs this new information into its weights
via backpropagation, and the errors drop. Also note that
as the game progresses, it becomes harder to surprise
neural networks, and the size of the spikes decreases.

Loss_pi and Loss_v over Epochs
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Figure 8. 5x5 Board Policy Vector and Value Losses

As shown in Figure 8, we display both the policy vector
and value losses on a single graph for the 5x5 board.
This side-by-side presentation helps visualize the
learning progress of the policy and value networks
simultaneously. The training was conducted on an
NVIDIA A100 GPU, a high-performance computing
unit known for handling complex deep-learning tasks.
The model was trained for approximately 18 hours,
allowing it to reach an effective level of performance.
This training duration was sufficient to capture the
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essential patterns and nuances of the game while
ensuring the model had enough time to refine its
learning.

4.2.2. 6x6 Board Experiments and Results

Loss_pi over Epochs
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Figure 9. 6x6 Board Policy Vector Losses

Figure 9 shows the policy loss for a 6x6 board, helping
us understand how the model learns to select moves in
the pawn game. Here, the convergence is slower than
on the 5x5 board. The loss values were relatively high
initially but dropped quickly during the first 100
epochs. By reaching 600 epochs, the loss had settled at
its minimum level and remained steady. The reasons for
the spikes are the same as discussed for the 5x5 board.
The consistent decline and eventual stabilization of the
loss values indicate that the model successfully learned
the key strategies of the game.
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Figure 10. 6x6 Board Value Losses

In Figure 10, the value loss curve shows how the model
improved its ability to evaluate positions in the 6x6
pawn game. Again, the loss was high initially but
dropped quickly during the first 100 epochs. This rapid
decrease tells us that the model learned the basics of
position evaluation early in the training. After this
point, the loss continued to decline more gradually,
showing that the model was fine-tuning its
understanding of more complex situations.

By the 1000th epoch, the loss reached a stable and low
value, staying consistent for the rest of the training.
Unlike the policy loss, we do not see any significant
spikes here, which shows that the training process for
the value network was smooth and reliable.
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The final result confirms that the model successfully
learned to evaluate positions accurately, predicting
game outcomes with confidence. This stability tells us
that once the core ideas of position evaluation were
understood, the model could consistently apply them to
new scenarios, showing a clear understanding of pawn
structures and their impact on gameplay.

Loss_pi and Loss_v over Epochs

Figure 11. 6x6 Board Policy and Value Vector Losses

Figure 11 presents the policy vector and value losses
for the 6x6 board. By displaying both losses
simultaneously, we can assess the model's performance
in both areas more efficiently. The training process
required significant computational power, and we used
an NVIDIA A100 GPU for this task. The training for
the 6x6 board took approximately 48 hours. This
extended training period allowed the model to learn
more complex strategies and game dynamics
effectively.

4.3 Self-Play Results

In this section, we discuss the results obtained from the
self-play games, a critical step in the training process of
our model. Self-play allowed the model to improve
iteratively by competing against itself, refining its
strategies, and correcting mistakes over time. The
model was set to play 40 matches throughout training
at the end of each iteration, where the newly trained
version competed against the model from the previous
iteration. The new model consistently improved and
outperformed its predecessor as the training
progressed. However, in the later stages, the matches
between iterations consistently resulted mostly in
draws, suggesting that the model had achieved its
maximum potential and was operating at an optimal
level, unable to further improve against itself. These
findings highlight the model's ability to reach a high
level of performance autonomously through self-play.
This iterative process not only ensured strategic
improvement but also validated the robustness of the
training methodology.

4.4 Playing Against Humans

To evaluate our model's performance in real-world
scenarios, we conducted tests by allowing humans to
play directly against the trained Al. Using the
interactive interface we developed, over 100 games
were played against various individuals with varying
experience levels, including skillful players who
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frequently play chess at well-known online platforms
such as lichess or chess.com. Impressively, the Al
model remained undefeated throughout these matches,
consistently demonstrating its ability to adapt to human
strategies. This experience highlighted the Al's
strategic depth and robustness, as it effectively handled
diverse human gameplay styles. Additionally, feedback
from the participants revealed that the Al not only
played competently but also provided a challenging and
engaging experience. These results confirmed the
strength of the model and its capability to perform
reliably outside of controlled testing environments,
marking a significant milestone in its development.

V. CONCLUSIONS

In this study, we ran AlphaZero on a new game that had
never been explored. By integrating Monte Carlo Tree
Search (MCTS) with neural networks, we adapted
AlphaZero to this novel environment. The updates to
the MCTS algorithm, particularly in the simulation
phase and UCB formula, allowed for more effective
data generation and evaluation. Leveraging the CNN
model to predict game outcomes and optimize move
selection, the algorithm improved iteratively, achieving
superior performance. The self-play and evaluation
process ensured that only models with significant
improvements were accepted. This showcases the
strength of combining MCTS and deep learning, as
AlphaZero successfully adapted to our custom game
and demonstrated advanced strategic decision-making.
This study is the first step toward fully implementing
Turkish Dama in the AlphaZero algorithm.

VI. APPENDIX

6.1 Rules of Pawn Dama
1. The board must have at least four rows. Other than
this, they can be of any side.

2. At the start of the game, white pawns occupy the first
two rows of the board. Black pawns occupy the last two
rows of the board.

3. Pawns can move one square forward if that square is
not occupied.

4. If this is their first move, pawns have the option to
move two squares forward if both squares are
unoccupied.

5. Pawns capture diagonally.

6. The side whose pawn reaches the opposite end of the
board first wins.
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VII. CODE AVAILABILITY

Our project's complete source code implementation

is available as open-source at:
https://github.com/erdemphl/solving-pawn-dama-
with-alphazero. Our code builds upon and extends the
code presented in [18].
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Abstract

The fuzzy regression functions (FRFs) constructs a comprehensive model by combining a series of linear functions based on
the inputs. However, the relationship between input and output is not always purely linear. The approach presents novel
FRFs with nonlinear structures based on neural networks, combining the strengths of both computational models and fuzzy
logic. The proposed model generates membership values by fuzzifying real-valued time series observations, utilizing the fuzzy
C-means clustering algorithm. Inputs are then created from the real-valued lagged observations and transformed
membership values. A set of feed-forward neural networks, corresponding to the number of fuzzy sets, produces outputs as
nonlinear functions of the inputs. These outputs are combined based on the membership values, representing the degree to
which each time point belongs to the respective fuzzy sets, to generate the final predictions. The proposed prediction model
is referred to as Fuzzy Regression Network Functions (FRNFs). The prediction performance of FRNFs is investigated across
several criteria by implementing it in various real-world time series datasets.

Keywords: Fuzzy regression network functions, Artificial neural networks, Type-1 fuzzy functions, Time series prediction

I. INTRODUCTION

Accurate prediction of any event and/or phenomenon plays an important role in our daily life. Especially under
uncertain situations, prediction exact values is quite tough. This is because of the uncertainty and non-linearity
that real-world events often involve. The way to obtain satisfactory estimation results is possible with the use of
appropriate and competent estimation tools. From this perspective, fuzzy time series methods are capable of giving
superior prediction performance owing to their effective approach to the uncertainty contained in the time series.
Also, unlike traditional time series methods, fts methods do not require strict assumptions. All these advantageous
situations have increased the interest in this method and make them attractive and popular for different areas such
as information technologies, medicine, business, finance and different engineering fields. Fuzzy time series, which
was first put forward by Song and Chissom [1], is basically based on Zadeh's [2] fuzzy set theory. Fuzzy time
series prediction models basically consist of three stages: fuzzification of observations, identifying the fuzzy
relationships, and defuzzification. In the fuzzification phase, the relevant time series with real observations is
converted into a fuzzy time series with fuzzy observations by using different fuzzification methods. Fuzzy relations
between observations of fuzzy time series are modelled at the determination of fuzzy relations stage. Fuzzy
predictions obtained from fuzzy relations modelling stage are transformed into real predictions with an approach
adopted in the fuzzification phase and presented to the decision maker. When the fuzzy time series literature is
examined, it is seen that different approaches have been put forward for all three stages of the analysis process
with the aim of improving the prediction performance of the methods. The methods introduced in the early studies,
use partition of universe of discourse in the fuzzification phase. Song and Chissom [1, 3, 4] and Chen [5, 6]
determined interval lengths based on fixed and subjective decisions. Huarng determined the interval lengths with
a mean and distribution-based approach, and the influence of subjective judgments was removed [7]. In addition,
Egrioglu et al. [8, 9] introduced different approaches in which fixed interval lengths are determined within the
optimization process.
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Huarng and Yu used a ratio-based approach that
produces varying interval lengths in universe of
discourse stage, with the aim of improving prediction
performance, especially in predicting time series with
trend [10]. On the other hand, Yolcu et al. developed
this idea further and suggested the optimization of the
ratio [11]. Panigrahi and Behera developed a mean-
based model [12]. In addition to these approaches;
while Cheng and Chung and Lee et al. [13, 14] used
genetic algorithm, Kuo et al. [15, 16], Davari et al. [17],
Hsu et al. [18], Aladag [19], Cagcag Yolcu and Lam
[20] performed the fuzzification process with particle
swarm optimization algorithm. Moreover, Yolcu et al.
[21], Cai et al. [22], and Jiang et al. [23], to transformed
real time series into fuzzy time series, utilized artificial
bee colony, ant colony, and harmony search algorithms,
respectively. In addition, Cheng et al. [24], Li et al.
[25], Alpaslan and Cagcag Yolcu [26], Egrioglu et al.
[27], WEei et al. [28], Cheng et al. [29], Sun et al. [30],
Wang and Liu [31], and Cagcag Yolcu and Alpaslan
[32] preferred approaches based on fuzzy means
clustering instead of universe of discourse in the
fuzzification phase.

In the determination of fuzzy relationships stage, which
the internal relationship of the fuzzy time series is
determined, Song and Chissom [1, 3, 4] used
approaches based on matrix operations, while Sullivan
and Woodall [33] used transition matrices consisting of
Markov chains. On the other hand, Kocak [34], Cheng
et al. (2016) [29], and Kocak [35] determined fuzzy
relationships with tables. With the widespread use of
artificial neural networks (ANNSs), Huarng and Yu [36],
Aladag et al. [37], Kocak et al. [38], Wei et al. [28],
Wang and Xiong [31], Chen and Chen [39], Arslan and
Yolcu [40] determined fuzzy relationships with ANN
models with different structures. Although the usage of
ANN had become a popular tool, excessive hidden
layer neuron number was an issue to be solved. In this
direction, Cagcag Yolcu [41] determined fuzzy
relationships with a PSO-trained single multiplicative
neuron model ANN which does not have a structure
problem. In addition to all these studies, Yu and Huarng
[42], Alpaslan and Cagcag [26], Alpaslan et al. [43] and
Yolcu et al. [44] proposed prediction models that
consider the membership degrees of the observations in
the determination of fuzzy relations with ANNS.
Moreover, Arslan [45] proposed a gated recurrent unit
network-based fuzzy time series forecasting model.
Although centroid method was preferred for the last
stages of fuzzy time series analyses process, Cheng et
al. [46] and Aladag et al. [47] utilized adaptive
expectation method for the defuzzification stage.

All these studies have shown that; the performances of
fuzzy time series prediction models are highly
dependent on each of these stages and can be improved
with some changes in these stages. Apart from fuzzy
time series models, inference-based systems which is a
kind of nonlinear mapping that derives its output from
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fuzzy reasoning and a group of fuzzy if-then rules have
been also become popular. ANFIS algorithm the fuzzy-
logic based model has been widely used for the
prediction of time series. In the literature, Sarica et al.
[48], Catalao et al. [49], Chang [50], Cheng et al. [51,
52], Ho and Tsai [53], and Pousinho et al. [54] utilized
ANFIS in prediction problems.

On the other hand, T1FFs, which form the basis idea of
this paper, have recently become more popular as a FIS
approach due to their simplicity and rule-free structure.
Turksen [55] first introduced a fuzzy functions
approach called T1FF, for the solution of regression
and clustering problems, and this approach was also
used for time series prediction with the simultaneous
use of time series within the framework of a regression
logic. To get better prediction performance, Aladag et
al. [56] took into consideration time series’ lagged
variables as covariates. After that Aladag et al. [57]
proposed another prediction method which the lagged
variables of theT1FFs' inputs were determined through
binary particle swarm optimization. Tak et al. [58] used
T1FFs, taking into account the moving average (MA)
model, in their paper. Moreover, although Tak [59]
proposed the meta-probabilistic fuzzy function
approach, in this approach Tak did not essentially build
a prediction model but instead provides a perspective
based on the construction of fuzzy functions to combine
predictions. In addition to these, several studies using
T1FFs have been suggested by Goudarzi [60] and
Zarandi [61]. On the other hand, Yalaz and Atay [62]
used fuzzy linear regression based on simple
membership function and fuzzy rule generation
technique for time series data.

When the literature examined in detailed, prediction
tools based on artificial intelligence and fuzzy logic are
widely used to provide a service for time series
prediction. However, accurately predicting time series
is a challenging task due to the complex and often
chaotic relationships they may contain. FRFs approach,
by using some transformation of the memberships as
well as the real values of series, create a model with
more information. It is important to note that FRFs
construct a holistic model by combining a set of linear
functions based on the inputs. The relationship between
input and output is not always simply linear. This
situation is one of the gaps in the fuzzy regression
functions literature that needs to be filled. In addition,
although each fuzzy function was formed from a
multiple linear regression model in the FRF studies in
the literature, the basic assumptions of this model were
not examined and the validity of the model was not
checked. So, the validity of the presented model is an
important point and needs to be checked. This study
aims to address these gaps by developing fuzzy
regression functions with a nonlinear structure, built on
feed-forward neural networks. In this paper, as a new
approach, Fuzzy Regression Network Functions which
capable of modelling nonlinear relationships between
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inputs and outputs is introduced. In the proposed
approach, each fuzzy function is constructed with
FFNN instead of a linear regression model, and
nonlinear matching is achieved. Moreover, due to the
structure of the proposed FNF approach and used
FFNN as a fuzzy function, strict assumptions and their
examination are not required. In addition, it has been
shown over many real time series that the proposed
approach has superior prediction performance due to its
ability to provide nonlinear matching.

The rest of the paper is fictionalised as follows: The
second section outlines the motivation behind this
study and highlights its key contributions. With the
third section FCM and Type 1 Fuzzy Regression
Functions are given. The fourth chapter presents the
methodology, including the proposed new approach
with its detailed features. The comprehensive results of
implementations are investigated in section five with
comparatively comments and evaluations. The findings
and conclusions are presented and discussed in the sixth
section. Finally, future work and limitations are
presented in the last section.

I1. MOTIVATION & CONTRIBUTIONS
Time series prediction methods aim to accurately
forecast events and/or extend identified patterns from
historical data. The processes that generate time series
data and their underlying system models are often
complex, making it difficult to predict precise future
values. Accurate and unbiased predictions of data sets,
including almost all-time series, generated by such
systems cannot always be obtained using well-known
linear techniques. Therefore, more advanced
algorithms developed for time series prediction are
often required. Recently, alternative methods have been
utilized for time series prediction. And these models
generally based on fuzzy set theory or computational
based approaches. uncertainty Although computational
models perform exceptionally well in capturing
nonlinear patterns due to their adaptability, they do not
incorporate measures for uncertainty.

From this perspective, an approach has been proposed
in this study that will both shed light on uncertainty and
preserve the high adaptability of computational based
methods. The main contributions of the proposed Fuzzy
Regression Network Functions to the literature can be
summarized item by item as follows;

e The proposed Fuzzy Regression Network Functions
(FRNF) offer a more realistic approach, by using
some transformation of the memberships as well as
the real values of series, and also create a model
with more information (to compare fuzzy-based
FTS models).

e Fuzzy inference systems are generally rule-based
and often need expert opinion. Although T1FRF's
approach has handled this problem, the generated
functions are linear in terms of parameters.
However, many real-life problems are not linear.
So, the proposed FRNFs use FFNNs to model
nonlinear relationships contained in the time series
(to compare fuzzy-based FTS and T1FRF models).

e Although each fuzzy function is composed of a
multiple linear regression model in T1FRF studies
in the literature, the basic assumptions of this model
have been ignored. The model's validity has not
been assessed. From this point of view, proposed
FRNFs do not need strict assumptions existing in
linear regression model to satisfy (to compare FRF
models).

¢ FRNFs combine the benefits of both computational-
based and fuzzy-based models. (to compare single
fuzzy-based and neural network-based models).

e Moreover, the proposed FRNFs perform
exceptionally well, furthering the prediction
accuracy for almost all time series datasets used in
this study.

I11. PRELIMINARIES

3.1. Fuzzy C-means

Fuzzy C-means algorithm is one of the fuzzy partitional
clustering algorithm which was proposed by Bezdek
[63]. The FCM algorithm employs fuzzy membership
to assign a degree of belonging to each class. And, the
data is divided into fuzzy sets by minimizing the sum
of squared errors within the groups. The FCM
algorithm uses the membership values and Euclidean
distance to compute the objective function. And the
form of the objective function tried to be minimized is
as follows:

I (X, V,U) = Z i uf; d?(x;,v,)

i=1 j=1

(1)

Here, u;; represents membership value, v; shows the
cluster centres n symbolizes the number of variables.
On the other hand g is weighting exponent (§ > 1)
which defines the fuzziness of the resulting clusters and
d(xj,v;) is the distance measure between the
observation and the cluster center. J; is tried to be
minimized under the constraints given below.

OSullﬁl,Vl,]
n

OSZuUSn, Vi
7 (2)
c
u; =1, vj

i=1
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The minimization [2] of the objective function process
of J is performed iteratively. In this process the values

of u;; and v; are updated with the given formulas.

.= Z_ }1:1 uijj (3)
LT
Uij = d(Xj:Ui))z/(Bfl) (4)

k=1
k=184 (X}, v;))

3.2. Type 1 Fuzzy Regressions

Type-1 fuzzy regression functions, proposed by
Turksen [64], works based on a combination of a
multiple linear regression model and FCM. T1FRFs use
as many functions as the number of fuzzy sets. In the
regression models created for each fuzzy set, in
addition to the original time series observations, inputs
consist of the membership values of the relevant fuzzy
set and some functions of these memberships. The
outputs/predictions produced by each regression
equation are weighted by their corresponding
membership values and converted into final
predictions. Let ¢ represents the number of fuzzy sets.
Thus, the regression function for each fuzzy set is given
in equation (5).

YO = xOpO 4 O (5)

In that case, the explanatory (inputs) and dependent
(targets) variables are given in equations (6) and (7).

i=12,--,c

x®
1—uy
tog ()
wyo uy o exp(uy) 1 1;2 X111 X1
_ %2 uh  exp(ug) log( " ) X1z X1z (6)
: : Uiz :
Uin  ufy exp(uy) 1:_u_N Xin XN
log( - )
Uin
=12,-,¢c
YO =D ¥ )" (7)

OLS (ordinary least squares) is used to estimate each
T1FRF. Thus, the estimated function becomes as in
equation (8).

PO = xOBO, j =12, ¢

(8)

Here, B® is obtained via OLS with the following
matrix operations.

o
L= 1’2,...’

(9)

The outputs produced by each fuzzy function for each
data point are weighted with their corresponding
membership values and converted into final predictions
as in equation (10).

B = (X(i)rx(i))‘lxm c

N Zf: Vit
9= k=12 (10)
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IV. THE PROPOSED FRNFs

Although ANNs are commonly utilized for time series
prediction, when determining relationships, the
inevitable, uncertainty in the data structure is not taken
into account in a meaningful way. However, this
uncertainty reveals both the existence of fuzzy relations
and the necessity of modelling them. At this point, even
though T1FRFs have significantly advanced the
literature in this sense, it produces outputs as a linear
function of the inputs, since each fuzzy function
consists of a multiple linear regression model. In short,
it contains a linear model in terms of parameters.
However, many time series contain nonlinear
relationships. From this context, in this study, owing to
the superior adaptability of artificial neural networks to
data and their capacity to model nonlinear
relationships, a superior prediction tool has been
introduced for time series prediction. In the study, the
introduced new approach' inputs are consisted of not
only the memberships produced by FCM but also some
functions of these memberships and crisp lagged
variables as well. In this approach, each regression
function consists of an FFNN. In this study a prediction
tool that takes the advantage of FRF by converting
more information, obtained from membership
transformations, into inputs and has the ability to model
nonlinear relationships using FFNNs as a polyaromatic
tool is proposed.

In the light of this information, the algorithm of the
proposed approach is summarized with some steps:

Step 1 All the necessity parameters of process are
determined
maxitr : Maximum iteration number

p : # lagged crisp variables

K : # hidden layer neuron

ter : Length of the training set
tyoal : Length of the validation set
trest : Length of the test set

c . # fuzzy sets

Br : fuzziness index

Step 2 The dataset fragmentation is performed

The data set is divided into three parts as training,
validation, and testing subsets A block partitioning
strategy is employed to partition the dataset to preserve
its time-dependent structure.

X=[x)i=12-,p;t=12,--,T—p (11)
X =[xl i=12,,p;t =12, t, (12)

Xpar = [xit]ri =12,-,p;t
=ty + 1ty +2, -ty + tow (13)
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Keest =[xl i =12, ,p;t
=ty ttyg t 1, tey + oo

14
+2,,T (1)

Here, T represents the number of observations in time
series.

Step 3 A standardization process is applied to the data
In this step to be able to converts the structure of
different datasets into one common format of data, data
standardization is performed as below;

P trxmax
trxmax —

— X

tr xmin

t=12,T (15)

Step 4 FCM clustering algorithm is performed

FCM is applied over the training set based on c, the
number of fuzzy sets. The input matrix for FCM is
given in equation (16)

[ Xp Xp_1 X1 ]

X, X X

_ |1 p

Xer = : : e 8 J (17)
Xtop—1  Xtpo—2 Xter—p

Thus, pu, t=12,-,t; — 0k =1,2,--,c membership
values and vy, cluster centers are obtained. During the
operation of FCM, the alpha-cut value, which refers to
the threshold that defines the degree of membership of
data points in clusters, was taken as zero to operate the
prediction system without any loss of information by
using all the information.

Step 5 The input matrix is created

In this step, an input matrix is created for each fuzzy
regression network. The input matrix consists of lagged
variables, memberships and some transformations of
these memberships. In this study, three different
transformations are used: quadratic, exponential, and
logarithmic. These transformations form the 2nd, 3rd,

and 4th columns in the input matrix given as WX in

i H th —
Xor = [Xee Kooz Kooy (16) equation (18) respect_lvely. For thg k™ k =
1,2,--,c fuzzy regression network, the input matrix
It means that; can be given as below.
G ® ® 1- %
2 u exp () log () % Xp-1 %
My
®) ®),2 ) 1- Y, Xp+1 Xp X
(k)X — 1253 U3 exp ( 2% ) lOg ( (k)[,l ) B H H (18)
2
K. K E () 1-“y, -p
©uep O, exp (Ppe,p) log o) X1 K2 Xt
o ter—p 4

The target values corresponding to these inputs are as
in equation (19).

Wy = (19)

[xp+1- Xp+2,°" 'xttT]T

The basic structure of the proposed approach is given
with Figure 1 as visual.

Network

Functions Combined
Outputs

...... -

—

Final
Outputs

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
]

N
1
1
1
1
1
1
1
1
1
1
1
1
1
]
1

I

Figurel. The architecture of proposed Fuzzy Regression Network Functions

Step 6 Training of networks is carried out

Depending on the potential parameter values, networks
are trained for all possible combinations. The training
of neural networks is performed with the Levenberg
Marquardt backpropagation algorithm. The number of
network functions trained for each combination is equal
to the fuzzy set number. Fuzzy networks produce
outputs (predictions) as a nonlinear combination of

40

their inputs. These outputs are weighted with the
membership values of the relevant observation set and
thus converted to final outputs.

Step 7 The best combination of parameters are
determined

Data points of validation sets are transformed into
inputs as an out of sample for the trained networks. For
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this purpose, firstly, lagged variables are established for
the validation set as in equation (20). A vector of target
values given in equation (21) is also created for the
validation set.

[ xttr xttr’l xt"_p

X¢, 41 X¢ Xter—p+1

— t t

Xval - r B " . (20)
Xtprt+tpa=1  Xter+tpq—2 Xtir+tyai-p
By _ T
vatl = [Xegs1: Xtr20 ) Xttty (21)

Secondly, membership values are calculated based on
cluster centers determined by FCM as in equation (22).

1
T AXLv)
Zl:l(d(Xt, U]l()

ek =12,-,c (22)

Y g1y

Moreover, for validation set, memberships, some
transformations of memberships, and lagged variables
with real values constitute the inputs of the trained
neural networks. The fitness function values for the
validation set are calculated over the final outputs of the
trained neural networks. In this process the mean square
error (MSE) criterion has been taken as fitness function.
Thus, the combination that gives the lowest RMSE
given in equation (23) value for the validation set is
determined as the best parameter values.

tval

1
MSE = |— E (Target, — Forecast,)? (23)
tval =1

Step 8 With the best combination of parameters,
predictions for the test set are obtained.

Predictions are obtained for the out-of-sample dataset
to evaluate the performance of the proposed FNFs.
Memberships and input matrix can be created for the
test set as similar to the validation set. Predictions of
the test set are generated by FRNFs using the best
combination of parameter values, and converted into
final f predictions via membership degrees.

V. EXPERIMENTAL RESULTS AND
DISCUSSION

5.1. Data preparation

The prediction capacity and performance of the
proposed FRNFs have been examined with various
financial time series applications. These time series are
Taiwan Stock Exchange Capitalization Weighted Stock
Index (TAIEX), and Istanbul Stock Exchange (IEX).
Table 1 provides a summary of the datasets along with
their relevant application features.

The data sets were divided into three parts as raining,
validation, and test set. Depending on the potential
parameter values, networks were trained for all possible
combinations. The best combination of parameters was
determined on validation sets. And the performance
evaluation was discussed on test sets. The size of the
validation and test sets was chosen equally to each other
in all implementations. In total, analyses were fulfilled
for 26 different data sets.

Tablo 1. The application features and the data sets.

Series No TirT_1e Year # of _ sz_e of Size of V_alidation &
Series Observations Training Set Testing Sets
1 2000 271 177 47
2 2001 244 158 43
3 TAIEX 2002 248 162 43
4 2003 249 163 43
5 2004 250 160 45
6/17/28 2008 249 163 43
71181729 2009 247 159 44
8/19/30 2010 250 160 45
9/20/31 2011 247 159 44
10/21/32 2012 246 162 42
11/22/33 TAIEX 2013 244 158 43
12/23/34 2014 248 162 43
13724135 2015 244 156 44
14725/ 36 2016 242 154 44
15726137 2017 243 157 43
16/27/38 2018 245 161 42
39740 2009 103/103 89/73 7115
41/42 2010 104 /104 90/ 74 7115
42 /44 IEX 2011 106/ 106 92/76 7115
45/ 46 2012 106/ 106 92/76 7115
47148 2013 106 /106 92/76 7115
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Moreover, the grid-search algorithm has been used to
determine the best hyper-parameters. The basic hyper-
parameters and potential values of them which
produced the points of search space in grid-search are
given in Table 2.

Tablo 2. The possible values of hyper-parameters.

# # # #
f lagged  hidden Fuzziness R
uzzy ; model’s
crisp layer Index
sets . target
variable neuron
from3 from2 from2 (1.8, 1.9, 2.0, 1
to7 to5 to5 21,2.2)
5.2. Performance Measure
The prediction performance of the introduced

approach, FRNF, have been examined with different
evaluation metrics. As in many studies, Root Mean
Square Error (RMSE) and Average Absolute Percent
Error (MAPE) have been used as performance
measures. The formulation of RMSE, the standard
deviation of the residuals is commonly used in
prediction problems to verify experimental results, is
given in equation (24).

T
1
RMSE = TZ(Tar‘gett — Forecast,)? (24)

t=1

Although the RMSE criterion is accepted as an
effective evaluation criterion in comparing models, it
cannot give clear information about the level of
accuracy of the predictions produced by the model
alone, i.e. whether it produces satisfactory predictive
results. From this point of view, in this study, to
evaluate the proposed model from different aspects, we
also choose the MAPE criterion.

MAPE produces a scale-independent metric that can be
used to understand and compare model performance.
Also, it measures this accuracy as a percentage
regardless of the size of the data. The formulation of
MAPE is given in equation (25).

1 T
MAPE =
72|
t=1

Another method, which shows how well the obtained
prediction results are compatible with real
observations, is designing a linear regression model to
be designed between the predictions and targets. Some
properties of the linear regression model can be
examined to prove the superior prediction performance
of the proposed model. Two key parameters (8 and R?)
of a regression model given by equation (26) were used
as other metrics to measure the performance of the
proposed model.

Target, — Forecastt|

| 100% (25)

Target,

42

Y, =BV +¢ (26)

Apart from all these metrics, different graphics that
present the harmony between the predicted and the
target values are also used as visual metrics.

5.3. Implementation Results
The performance of proposed FRNFs has been
evaluated on the results obtained from some different
financial time series analysis.

5.3.1. TAIEX Implementations - the daily data sets
between 2000-2004 years

First, daily observed TAIEX datasets recorded from
2000-2004 were analysed using the proposed FRNFs.
The produced prediction results, in terms of RMSE
metric, are summarized in Table 3 together with the
results of some other state-of-the-art models in order to
provide a comparative perspective. When these results
given in Table 3 are evaluated, it is seen that the
predictions produced by the proposed FRFNs for
TAIEX 2000-2004 datasets have the highest accuracy.
The proposed model has superior performance over
many fuzzy time series methods. Moreover, the FRNFs
method seems to be superior, especially when
compared to both some ANN ((CNN and LSTM [65])
and some Type-1 fuzzy regression function approaches
([58, 66, 67]). When the datasets are approached from
a holistic point of view, it is seen that the proposed
FRFNs perform the best in terms of average and median
statistics. When the results presented in Table 3 are
evaluated from another perspective, it is seen that the
proposed FRNFs improved the prediction performance
by approximately 5% to 10% when each TAIEX time
series is evaluated separately, compared to the best of
the state-of-the-art model available in the literature.
Moreover, when the 5 TAIEX time series are
considered as a whole, it made approximately 9%
progress on average.

The superior performance of the proposed FRNFs,
which is numerically proven with the RMSE metric,
can also be supported by some visuals presented in
Figure 2. For all datasets, as other evidence of the
special performance of the proposed prediction tool, the
visuals in Figure 2 indicate a strong consistency
between the predictions produced by FRNFs and the
observed time series points. Again, the parameter
values of regression models, which are given with these
figures and established between the observed and
predicted values of the data points, point to the results
in the same direction. The estimation of the regression
coefficient (B) and the determination coefficient (R?)
for all TAIEX time series are very close to 1. Also, at
the 95% level established for $, all confidence intervals
cover 1. These findings can be seen as proof that the
proposed FRFNs approach is a prediction tool with a
high capability.
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Tablo 3. The possible values of hyper-parameters.

Models Time Series / TAIEX Data Sets RMSE’s _

2000 2001 2002 2003 2004 Average Median
[1] 293 116 76 77 82 129 82
[5] 225 116 76 77 82 115 82
[71* 473 359 234 247 384 339 359
[71? 473 810 116 308 384 418 384
[36] 133 124 82 62 85 97 85
[18] 152 130 84 56 116 108 116
[68] 154 124 93 66 72 102 93
[42] 131 130 80 58 67 93 80
[37] 168 120 76 58 63 97 76
[69] 129 113 67 54 60 85 67
[70] 124 115 71 58 58 85 71
[71] 131 113 66 52 54 83 66
[8] 255 130 84 56 116 128 116
[44] 227 102 66 51 55 100 66
[72] 126 114 65 54 53 82 65
[39] 125 115 65 53 53 82 65
[22] 132 113 60 52 50 81 60
[73] 140 120 77 60 59 91 77
[29] 126 113 63 51 54 81 63
[74] 180 134 81 77 55 105 81
[75] 129 110 60 51 53 81 60
[76] 127 110 62 53 53 81 62
[58] 128 106 65 52 54 81 65
[77] 137 115 66 57 61 87 66
[78] 124 112 63 52 54 81 63
[48] 123 111 66 52 54 81 66
[66] 120 113 63 49 52 79 63
[79] 122 110 54 51 50 77 54
[80] 122 107 64 52 53 80 64
[65] 105 110 60 51 50 75 60
LSTM from [65] 136 101 89 92 70 98 92
[67] 118 104 64 51 52 78 64
[45] 189 104 156 69 53 114 104
The Proposed FRNFs 100 96 51 44 48 68 51
Progress Rate (%) 5 5 6 10 4 9 6
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Figure 2. The harmony between the predictions and observations

Moreover, MAPE and MdAPE criteria are also
presented in Figure 2 as a measure of performance. The
obtained predictions for the TAIEX2000 and
TAIEX2001 datasets were produced with MAPE and
MdAPE values below 2%. Moreover, for the other 3
TAIEX time series, these values were obtained around
1% or even below 1%. The best values obtained for the
parameters are presented in Table 4.

Table 4. The best values obtained for the parameters
for TAIEX2000-2004

Data Sets Parameters
TAIEX p K c By
2000 5 4 3 19
2001 4 2 6 18
2002 4 2 5 1.8
2003 3 2 3 2.2
2004 3 3 5 1.8
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5.3.2. TAIEX Implementations - the daily data sets
between 2008-2018 years

Second, eleven TAIEX datasets observed daily from
2008 to 2018 were analysed. The obtained results are
discussed by comparing them with the results produced
in some other studies. The results in terms of the RMSE
metric are given in Table 5. As can be seen from Table
5, the proposed method exhibits the best prediction
performance for the time series of these 11-year TAIEX
datasets. In addition, when the average of the RMSE
values obtained for the 11 different time series is
considered, it is seen that there has been progress of
about 7% ((74.32-67.87)/ 74.32). As seen from Table
5, the proposed FRNFs improve the prediction
performance by approximately up to 13% when each
dataset is evaluated separately, compared to the best
model available in the literature. In addition, when the
11 data sets are considered an entire, it made
approximately 9% progress on average.
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Some visual graphs can also be created showing that
the proposed FRFNs approach produces very
successful prediction results for these TAIEX data sets.
These visuals are graphs showing observed and
predicted values and residuals between them. One such
bundle of visuals is given in Figure 3.

When Figure 3 is investigated detailed, it is clearly seen
that the predicted values are in harmony with the
observed data points. The red lines representing the
residuals are quite short in almost all data points, with
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the exception of the 3-year dataset specifically. Even
for these 3 datasets (2011, 2016, and 2018 years), while
some residuals may seem relatively large, they still
indicate fairly reasonable error levels. While the MAPE
value, which is a relative error measure for 2011,
indicates an extraordinary prediction performance of
approximately 1%, these values were even below 1%
for 2016 and 2018. Considering that the MAPE values
are even below 1% for most of the other years, the
superior performance of the proposed FRNFs approach
is once again remarkable.
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Figure 3. The together plot of the observations, predictions, and residuals for TAIEX (2008-2018)
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Table 5. The results of current models in terms of RMSE for TAIEX (2008-2018).

Models 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 Average
[4] 225.38 204.11 151.42 237.43 8108 823 9864 1766 12271 9169 17336 14952
[5] 186.48 207.42 21121 21513 78.37 184.83 308.72 100.75 316.57 902.18 492.89  291.32
[71 105.10 78.25 103.84 117.78 59.14 4959 87.52 90.72 80.98 63.20 18621  92.94
[81] 138.94 7130 72.92 11554 62.32 4953 69.60 78.73 8222 62.98 102.19  82.39
[82] 142.38 110.88 100.76 180.79 63.30 63.16 71.62 1044 8835 89.02 231.35  113.27
[10] 131.18 7148 7407 119.34 5955 50.09 6572 79.93 8210 61.67 101.99 8156
[68] 14423 7216 62.23 11425 59.94 5097 6479 79.27 8229 62.15 107.08  81.76
[42] 129.48 69.91 67.11 123.03 5837 50.39 69.15 7822 8051 64.25 103.74  81.29
[18] 14049 70.34 93.08 118.89 62.35 49.63 66.55 78.46 82.73 62.21 109.39  84.92
[83] 142.37 11245 99.83 164.97 63.31 64.76 74.85 94.33 8659 88.93 161.78  104.92
[84] 114.03 7091 6859 117.02 6050 49.92 70.44 77.67 80.86 62.61 106.75  79.94
[85] 129.29 7027 7546 11145 63.20 50.84 67.67 78.33 84.39 61.09 103.26  81.39
[86] 137.44 7176 7452 117.38 6159 5137 69.23 79.89 8353 6237 10324  82.94
[87]* 10852 121.46 7533 12846 60.43 ©SL17 7944 9492 8039 7876 88.23 87.92
[87]2 10857 6857 5215 113.38 58.84 48.87 6590 80.22 8224 6431 7452 7432
[88] 140.19 73.22 80.37 124.38 6253 5239 66.26 82.78 80.14 61.98 99.03  83.93
[89] 126.29 73.77 14353 12249 60.73 5538 66.15 79.47 8318 6554 203.72  98.20
[90] 14048 70.63 67.46 121.27 6110 50.23 67.08 80.65 8112 66.34 9813  82.23
[91] 113.03 7230 62.82 113.69 6045 50.17 6828 78.65 8243 6249 10449  78.98
The

Proposed  95.81 59.85 51.38 106.07 51.68 46.32 60.04 70.98 69.59 58.00 74.31  67.87
FRFNs

E;‘zgz‘jjj 9 13 1 5 11 5 7 9 13 5 1 9

The best values obtained for the parameters are
presented in Table 6.

Table 6. The best values obtained for the parameters
for TAIEX2008-2018.

Data Sets Parameters
TAIEX p K c Br
2008 5 3 3 1.9
2009 3 3 6 2.1
2010 4 3 3 1.9
2011 2 5 7 2.2
2012 3 3 5 2.2
2013 2 4 3 1.9
2014 5 5 4 2.1
2015 4 4 6 19
2016 2 4 3 2.0
2017 4 3 4 2.0
2018 2 4 7 1.8
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5.3.3. IEX Implementations

Finally, the prediction ability of the proposed FRNFs
has been revealed by analysing daily IEX datasets
observed in 5 different years from 2009 to 2013. A total
of 10 different analyses were performed using two
different test sets of lengths 7 and 15 for each of the
IEX time series. The obtained results were evaluated
comparatively with traditional time series estimation
methods, and also both fuzzy-based and ANN-based
models. For this purpose, RMSE criterion values have
been given in Table 7 and Table 7 for all prediction
models.

The proposed FRFNs exhibited the best predictive
performance for all-time series excluding a single IEX
dataset. Especially in the time series in 2010, 2011, and
2013, where the test set length was 7, nearly 40%
progress has been achieved in prediction accuracy.
Moreover, in the time series in 2011 and 2013, where
the test set length was 15, over 10% progress has been
achieved in prediction accuracy. In addition, in the time
series where the test set length was 7 in 2012, the level
of progress was observed to be close to 20%.
Considering all 10 data sets, it is seen that an average
of 20% performance improvement is achieved.
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Table 7. The results in terms of RMSE for IEX data sets.

Year / Test Set Size ivMeffg’:
2009/7 2009/15 2010/7 2010/15 2011/7 2011/15 2012/7 2012/15 2013/7 2013/15
[92] 345 540 1221 1612 1058 1130 651 621 1362 1269 981
[93] 345 540 1208 1612 1057 1130 651 621 1362 1269 980
[94] 325 525 1077 1603 920 1096 775 783 1315 1233 965
1] 1402 1754 1128 1742 1396 1360 1292 1047 1450 1931 1450
[73] 267 514 1050 1357 765 917 590 582 786 1208 804
[77] 405 647 1141 2033 1007 1134 634 938 1447 1413 1080
[78] 261 503 1144 1303 960 1009 634 620 1418 1264 913
48] 200 467 1136 1451 987 999 631 619 1362 1256 915
[55] 446 534 1180 1852 1083 1146 1034 1038 1512 1279 1110
[66] 319 495 1080 1575 915 1028 720 676 1251 1237 930
[67] 240 500 1045 1300 946 1000 662 762 832 1207 849
Proposed 213 46 663 1247 442 808 477 716 477 1084 649
E;‘:Sr(ﬁ/f); 11 1 37 4 42 12 19 NA 39 10 19

V1. CONCLUSIONS

Fuzzy-based prediction models are able to produce
very satisfactory results, as they offer a flexible
approach to the uncertainty contained in the time series.
Also, T1-FRF approach, by using some transformation
of the memberships as well as the real values of series,
create a model with more information. However, there
are some significant problems, considered as a gap in
the literature and worth investigating. The first one is
that the T1-FRF forms a holistic model based on the
combination of a set of linear functions of the inputs.
But the relationship between input and output is not
always simply linear. The second gap is, FRF studies in
the literature do not take into account the rigid
assumptions of the linear regression model and the
validity of the model is not checked. Moreover, current
studies on time series prediction consider the data sets
either from computational based point of view or fuzzy
based points. So, this issue can be considered as another
gap belongs to current studies.

In this study, a novel prediction approach has been
proposed in order to both fill all these important gaps in
the literature and improve the prediction performance
of the model significantly. The proposed FRNFs, by
using some transformation of the memberships as well
as the real values of series, create a model with more
information and so offer a more realistic approach. The
proposed FRNFs are capable of modelling nonlinear
relationships in time series, thanks to their properties
and structure. The proposed FRNFs do not need strict
assumptions existing in linear regression model to
satisfy, thanks to the used computational-based
approach.
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In addition to completing the shortcomings of the
current studies in the literature, the proposed method's
superior prediction performance has been proven by the
analysis of different real-life time series.

It has been clearly demonstrated that the proposed
prediction tool has a superior predictive ability as well
as overcoming the existing problems in the literature.
With these aspects, the proposed FRNF is expected to
be an effective prediction tool that researchers and
practitioners in many fields can benefit from dealing
with the time series problem.

VII. FUTURE

LIMITATIONS

The present approach is limited to tuning the hyper
parameters of FFNN, used as a nonlinear fuzzy
function. Although this problem has been tried to be
overcome by using the validation set, the search space
has been limited. Therefore, in future studies,
hyperparameter tuning can be carried out in an
optimization process.
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Abstract

Aloe Vera Gel (AVG) is a product obtained from the leaf portion of the Barbadensis Miller plant and known for its wound-
healing properties. PVA is a water-soluble, biologically disintegrated polymer. PLLA, the stereoisomer of the biodegradable
polylactic acid obtained from corn, is a thermoplastic polymer and has properties such as strength and elasticity. In this study,
in the first stage, PLLA polymer was converted into nanoweb form as a carrier layer. In the second stage, two-layer
nanobiocomposites were produced by applying aloe vera (AVG)/PVA mixture on the existing PLLA nanoweb on the collector
of the electrospinning device. The effects of the AVG addition of AVG/PVA/PLLA nanobiocomposite structures containing 0
%, 5 %, 10 %, and 20 % of AVG were examined by using instrumental methods such as viscosity, conductivity, pH, SEM, tensile
strength, stretch %, delicacy, FT-IR, and XRD.As a result, the percentage of crystallization due to the AVG ratio in the mixtures
increased and has been found to provide resistance to the structure. This feature will be the source for the formation of
biocrheable resistant materials in future medical studies related to AVG.

Keywords: PLLA (poly-L-lactic acid), PVA ((Poly(vinyl alcohol), AVG (Aloe Vera Gel), Nanobiocomposite, Electrospinning

I. INTRODUCTION

Aloe Vera is among “’Selected Medicinal Plants’” by (WHO World Health Organization) and principally this
species is called as Aloe Barbadensis Miller. It is an approximately 12-years old plant that has 30-50 cm height
and its leaves have 10 cm wideness at its deep parts and that has fine and sparse tubular shaped light yellow flowers
at the mid parts that includes a colourless gel at inner parts (parenchyma region) and a plant that grows so many
tropical and hot regions like all Mediterranean mainly upper parts of “Nile“ river located in Sudan African
Continent and Asia, Bahamas, Central America, Mexico, south part of USA, Southeast Asia and West India [1-2].
Aloe Vera Barbadensis Miller plant has totally 200 components that 75 of these components have a biological
activity. Gel part of plant is constituted from 99,5% water and 0,5% solid matter content [3]. The materials like (8
(1, 4) acetylated mannose, xylose, mannose, galactose and arabinose, Lupeol (a triterpenoid), cholesterol,
campesterol and B-sitosterol) constituted by long chain polysaccharides that are known as glucose and mannose
are constituted from 1,4 glycosides bonds, polymers at branched linear structure and acidified glaucoma’s are
water soluble [4-5]. AVG (Aloe Vera Gel) is a type of nectar that have different effects like scar treatment [6-7],
skin renovation [1], wrinkle correction [8-10], skin damage renovation bound to UV and X-ray [11], antibacterial
[12], antimicrobial [6], anti-inflammatory and antiarthritic [13].

PVA (Poly(vinyl alcohol) is a water-soluble and hydrophilic polymer same as AVG and it is the most produced
artificial adhesive in the world. It is used in a significant number of commercial products because of its excellent
chemical resistance, physical and biodegradable properties. Itis used as equalizer for coating material, sizing agent,
adhesive, emulsion stabilizer and colloid suspensions in textile and paper industry [14-15]. It is a widely used
advantageous polymer due to being a biodegradable polymer constituting degradation products like H.O and CO;,
as well as easy processing feature especially for biomedical applications and drugs and also being a biological
adhesive that is not toxic and carcinogenic [15-17].
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Polylactic acid (PLA) has a leading position in bio
plastic market with regard to the demand situation and
the appropriate production costs. It is aliphatic
polyester produced from lactic acid and it also is
relatively naturally occurring acid and a food additive.
PLA is a thermoplastic material having similar rigidity
and transparency to polystyrene and polyester.
Different end-use products like flexible and rigid film
packages, injection moulds, extrusion coating and
textile fibers are produced from PLA polymer. It is a
bio-based and biodegradable polymer that is absorbable
in the soil under industrial recycling conditions [18].

Uslu et al. (2010) added AVG into biopolymers, such
as PVA, PVP (Polyvinyl pyrrolidone, PEG
(Polyethylene glycol ) etc., to produce nanofibers and
they investigated the effects of AVG on pH, surface
stretching, viscosity and conductivity of nanofibers by
using characterisation techniques. It was observed that
the fiber diameter was 200-500nm, homogenous,
tandem and linear and it was reported that a crystalline
and cross-linked hybrid polymer occurred when 3%wt
ratio of Aloe Vera was added [19]. In another study, a
nanofiber structure was produced by adding HPMC
(hydroxypropyl methylcellulose) and AVG (2%, 4%
and 6%) into the PVA/PVP/PEG solution with the aims
of water retention and wound healing properties,
respectively. It was observed that amorphous ratio, Tm
(Melting temperature) and T4 (Glass temperature)
values and correspondingly thermal stability were
increased with increase in AVG ratio inside smooth
fine fibers in 100-900 nm diameter. It was also seen that
its wound healing and bacteria protection properties
increased with increase in number of pores [20].
Serincay et al. (2013) reported that nanofiber porous
structure produced by adding 0.2g ciprofloxacin HCI
(Hydrochloric acid) and 0,08 g AVG into PVA/PAA
(Polyacrylic acid) solution at different ratios showed an
appropriate  humidity, oxygen transmittance and
thermal stability and it was also bacteria proof that
addition of ciprofloxacin HCI and AVG into the
solution prevented bacteria passage and ciprofloxacin
HCI drug was released in 120 minutes [21]. Kim et al.
solved PLLA polymer in dichloromethane and
dimethyl acetamide = mixture solution and added
AgNO; (silver nitrate) nano particles at different ratios
and produced nanofiber by electro spinning. Produced
nanofiber structure contained 0%, 3%, 6% and 9% wt.
ratio of AgNOs. The nanofiber structure was
investigated under UV spectrophotometer, It was seen
that bead formation in the solution was decreased with
an increase in number of silver particles that resulted an
improved electro spinning process. It was observed that
the structure contained 10% PLA and 6% showed the
best result, thinner and smoother fiber diameter [22].
Tomaszewski et al. produced nanofiber and microfiber
structures from poly-L-lactic acid (PLLA) by single jet
and multi jet electro spinning and then investigated
tensile properties. They observed that thickness and
quality of fiber was directly proportional to viscosity of
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solution concentration. Furthermore, it was reported
that durability and mechanical properties improved
with an increase in crystalline region as seen in their
DSC and tensile strength test results [23].

The amount of AVG used in this study is the highest
ratio in nanofiber materials up to now which constitutes
a foresight for the studies to be conducted in medical
field in the future. Fully biodegradation of polymer
materials, healing properties of aloe vera gel and
positive change in the mechanical properties of the
nanobiocomposite material constitute the outline of this
study.

In this study, mechanical properties of 2 stratified
nanobiocomposite material composed of 2 nanofiber
structures; one produced from PVA dissolved in
deionised water and contained 5%, 10% or 20% AVG
and the other one produced from PLLA dissolved in
CHCI; (chloroform) /DMF(Dimethyl formamide) /
mixture.

Il. MATERIAL AND METHOD

2.1. Materials

The stabilized AVG product (whose tolerance was
increased with chemical procedures for environment
conditions) was purchased from Forever Living
Products Company as Aloe Vera Gel (AVG) which was
then subjected to filtration procedure by using a socket
cartridge (Filter lab 100% Pure Cel. 33X80 MM REF:
1800) and purified from botanical residuals. PLLA
polymer was purchased from (85,000-160,000g/mol)
Sigma Aldrich Company. PVA (70,000g/mol), CHCl3
(99.0%) which is used to dissolve the polymer, NaCl
(Sodium chloride 99. 0%) which is used to increase the
conductivity and DMF (98.8%) solvent was purchased
from Merck Company. All the chemicals were used as
obtained without any further purification.

The whole study was conducted in 3 three parts; (a)
solution preparation and its properties, (b) electro
spinning process and nanobiocomposite production (c)
characterization of produced structures.

2.2. Solution Preparation

In this study, to form a nanobiocomposite structure,
firstly a nanofiber structure was produced from PLLA
(poly-L-lactic) (1g/10 ml (10% wt.) polymer which was
dissolved in the CHCIs; (chloroform) 80%: DMF
(dimethyl formamide) 20% by using electro spinning
method. Two stratified nanobiocomposite structure was
produced by forming the second nano fiber structure,
which was produced from a solution containing 12%
wt. ratio of PVA dissolved in water and stabilised Aloe
Vera Gel (95:05, 90:10, 80:20) in different proportions,
onto the first one by using the spinning technique.
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With the aim of increased conductivity and gravitation  and 10 ml PVA/AVG solutions mixed by a magnetic
of the solution during electro spinning process, 0.2 g  stirrer for 24 hours was homogenised in the bath for 10
NaCl was added into PLLA (10%wt) solution, and  minutes. pH and (uS/cm) values of the prepared
stirred for 24 hours in a magnetic stirrer. The solution  solution was measured with “WTW Cond 3110~
was put in the capped glass vials and homogenized by  branded Manual type conductivity meter and viscosity
applying 20 kVA power for 10 min in an Everest values of the solution was measured with “Brookfield
branded ultrasonic bath. DV-E” branded viscometer device. Small sample
adaptor (for the solutions that are 10 ml and below) s21
PVA with a weight ratio of 12% was dissolved in  number spindle (rotating shaft) was used for viscosity
deionised water by being stirred with a magnetic stirrer.  measurement of samples in small quantities and the
Stabilized AVG at different proportions like 95:05,  values were read as cP (centipoise) at 100 rpm and
90:10, and 80:20 was added to prepared PVA solution ~ 25°C. The measured values are given at (Table 1.)

Table 1. Polymer Solution Properties Prepared for Electro spinning Process

Polymer solutions Blend ratio (%) Viscosity (cP)  Conductivity (uS/cm) pH
AVG (%100) + H,0 100 14.8+1.1 3.25+1.7 5
PVA (%12) + H.O 100 215+1.8 519+2.8 5
PLLA (%10) CHCIs/DMF 100 45422 1.1+2.0 5
PVA (%12) + H,O/AVG (%100) 95/5 58+2.3 1020+2.1 5
PVA (%12) + H,O/AVG (%100) 90/10 113415 1030+£1.9 5
PVA (%12) + H,O/AVG (%100) 80/20 123+1.2 1216+1.7 5
2.3. Electrospinning Process spinneret was directed to 8 cm diameter assembler

The electro spinning process was carried out with NS24  cylinder, which is 15-30 cm above the spinneret,
laboratory type device of Invenso company that work  oscillating from the centre to right and left at 35 d/min
in accordance with vertical production principle (the rotational speed and electrical field constituted with
needle is below and assembler cylinder is above). averagely 30 kV AC alternative current voltage and
Polymer solution drawn into the injector and located on  nano fiber 2 layered composite structures was
dosing unit was pumped with the help of ml/min  produced. (Figure 1) Nano composite production was
adjustable speed injector pump to a gauge with a  done at 26-30 °C and 30-42% relative humidity (Table
diameter of 20. The polymer jet taken from the 2).

PVA 12% wt

& PVA 12%wt/WATER+AVG (95:05, 90:10, 85:05)
10ml
WATER/AVG * 4 ‘::\-;
95:05, 90:10, = l
—— 1 g *
P - - o5

85:15 E — = @

magnetic stirrer

. LAYER 1: PVA/AVG
ultrasonic bath syringe pump

PLLA 1g E Nanobiocomposites

@ PLLA / CHCls / DMF 1g/10 ml (10% wt) LAYER 2: PLLA

CHCls/ DMF |
(8:2) ————

\

magnetic stirrer
ultrasonic bath syringe pump

Figure 1. Nanobiocomposites Production Chart
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Table 2. Electro Spinning Production Parameters

Polymer  NaCl (g) Production Collector distance Temperature Relative AC current

solutions rate (ml/h) (cm) (°Cc) humidity (%) (kV)
PVA/AVG - 1 15 26 40 33
PLLA 0.2 0.30 27 29 32 30

2.4. Nanofiber Characterization

2.4.1. Morphological characterization

In this study, nano fiber structures were first coated
with gold and then viewed under JEOL JMS-5910 type
scanning  electron  microscope  (SEM)  with
magnifications of 10000x and 20000x at 20 kV.
Statistical analysis of SEM images and measurements
obtained from 60 different regions by using image J
program via computer and the images were examined
with mean and standard deviation methods. (ASTM D
130)

2.4.2. X-ray Difractometer

Diffraction angle 20 of samples was determined by
clearance of a specific group planes by using Riguku
XRD analyze at X-ray diffraction. Preference
orientation along 200 reflection intensity was observed
as 30-40 ° according to this value calculated with the
help of Bragg equality for all AVG samples
(ASTMDA4294)

2.4.3. FT-IR

Thermo Scientific Nicolet iS50R brand device was
used in the study. Nanobiocomposite materials were
examined at 4 cm-1 solubility by carrying out 5
different test for per sample between 500 cm™* and 4000
cm* wavelength. (ASTM D7414)

2.5. Mechanical Properties

Test samples were 30x10 mm and in dry condition and
they were prepared in the machine and material width
direction. Firstly material thickness measurement was
carried out with RB Cloth Thickness Tester branded
thickness meter from James & Heal Co. Ltd. Tensile
strength of nanobiocomposite samples were measured
with Instron 4411 branded device under 50 N (Newton)
force at 20m/min speed.

Carrying out a test according to tensile strength test
standards (according to ASTM D 882-10) applied to
film or cheesecloth based fabrics was seen as the most
common and most appropriate method in the
mechanical property investigations of nanofibers [25].
Nanobiocomposite structures were cut in the shape of
rectangular or dumbbell (standard towing bar) and
subjected to disjuncture strength and elongation test at
towing bar [26]. An alternative towing sample was
prepared by Huang et al. (2004) for nanofiber
cheesecloth based fabrics. The tensile strength of
nanocomposite structures which was assembled over
the adhesive tape bind on the surface of assembler
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cylinder was carried out after being cut 30 mm in
length, 10 mm and~0,3 mm thickness in width and put
into towing device in the shapes of strips [27]. In this
study, tensile strength measurement was carried out by
taking same method as basis. 0.01 mm thick
Aluminium folio, which prevents the fabric being
adhered on assembler instead of adhesive tape, was
used as carrier.

I1l. RESULTS

3.1. Morphological Properties

Trace amount of salt (0.2 g) was added to increase the
conductivity which was decreased due to AVG
addition. Since AVG addition into PVA was carried out
homogenously, there was no visible phase separation or
any other formation in the SEM images (Figure 2).

The fineness of nanofibers produced from PVA/AVG
blend by electro spinning process was decreased with
the increase in AVG in the blend. It was thought that
the reason for this was the increase of AVG ratio which
caused decrease in viscosity and an increase in
conductivity of the solution (Tablel.)

In the evaluation of the nanofibre thickness, it was seen
that the material produced from PVA/AVG blends
constituted the finest fibers (Table3). It was assumed
that the increase in PVA ratio caused an increase in
nanofiber diameter. It was also seen that the increase in
PLLA amount in the nanobiocomposite structure
caused an increase in nanofiber diameter. The reason
for that was semi-crystalline structure of PLLA and
amorphous structure of others. Therefore, electro static
intensity and polymer concentration had a significant
effect on fiber morphology and diameter [24,28-29].

It was thought that decrease of PVA ratio in PVA/AVG
blends caused the increase of load density over polymer
elongation of jet inside strength field constituted by
electrostatic powers and jet showing more elongation
and fibers being refined. PVA polymer provided a good
adhesive Figure 2.(a) by harmonized with PLLA
polymer in Figure 2.(b) and PVA/AVG polymer blend
in Figure 2.(c) and Figure 2(d).(Beats occurred due to
the change in electrical field which can be seen in SEM
image of PVA/AV 80:20 in Figure 2.(e). It was
investigated that distribution of nanofiber structure was
appropriate for PLLA/PVA mixtures in every direction
as seen in Figure 2.(f). It was seen at Figure 2. (g, h, i)
that nanobiocomposite structures had homogenous
fineness and direction.
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28kU X209, 000

Figure 2. SEM images of produced nano fiber and nano composite materials (a) PVA 100%, (b) PLLA100%, (c)
PVA/AVG 95:5% (d) PVA/AVG90:10%, (e) PVA/AVG 80:20%, (f) PLLA/PVA 100%, (g) PLLA PVA/AVG
95:5%, (h) PLLA PVA/AVG 90:10% (1) PLLA PVA/AVG 80:20%

Table 3 Mixture ratios and fineness of nanofiber

Polymer solutions Blend ratio (%)

Nanofiber fineness (nm)

PVA (%12) 100% 167455
PVA (%12)/AVG %95/5 129+47
PVA (%12)/AVG %90/10 96150
PVA (%12)/AVG %80/20 83+28
PLLA (%10) 100% 534+187
3.2. Mechanical Properties In Figure 3, the tensile strength values of

Strength values of PVA/AVG blends for machine
direction and machine width direction are given in
Figure 3. A decrease in strength values was seen as
AVG ratio was increased in the blends, in spite of that,
the lowest values were recorded in both directions of
100% PVA structures. The best result at strength values
according to machine direction was at PVA/AVG
(95/5%). Decreases in strength values were seen at
elongation values, machine width and material
direction. But the best value was (90/10 %) against the
decreases at elongation values at material width
direction.
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nanobiocomposite structures produced by adding
PLLA polymer into PVA/AVG blend. Decreases in
tensile strength values were seen with the addition of
AVG to nanobiocomposite structure. When tensile
strength results were taken into account in the direction
of material width, the highest tensile strength value was
PLLA/PVA/AVG (95:5) nanobiocomposite structure.
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Figure 3. Strength and % Elongation Values of nanobiocomposites.

When tensile strength properties were evaluated by
taking material width and machine direction into
consideration, optimum strength value was recorded in
composite structures containing 5% of AVG in the
blend. When % elongation values were taken into
account, it was expected that PVA would have the
highest elongation values [30]. When % elongation
values were taken into consideration, an increase was
observed in elongation values with an increase in AVG
amount. While a stable increase in tensile strength in
the machine direction, the deformation in the machine
direction was decreased. When elongation values of
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nano fiber structure produced by using PLLA polymer
were compared with elongation values of PVA/AVG,
it was seen that they provided 5% elongation values
which is the optimum value in the machine direction.
In bio composite structures, it was observed that the
elongation ratio was increased in material width
direction. It was thought conceived that the reason was
the increase of AVG amount added in stratified
bionanocomposites materials produced from PLLA
polymer caused to have better elasticity of semi
crystalline rigid structure of PLLA.
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33. FT-IR

FT-IR spectrum of PVA nano fiber is seen in Figure 5.
Stretching bands belonging to —OH groups that made a
strong intermolecular and intermolecular hydrogen
bond at PVA molecule gave wide and severe bands at
3334 cm™™. Two severe peaks at 2947 cm-! and 2933
cm?® were characteristic bands belonging to
respectively asymmetric and symmetric C-H
stretching. The band belonging to stretching intensities
of C=0 groups was 1735 c¢cm™. C=0O bands were
carbonyl functional group belonging to acetate groups
remaining after preparation of PVA with hydrolyse of

......

oxidation or polyvinyl acetate during manufacture.
Absorption bands at 1435 cm™ and 1255 cm? were
resulted from CHj leaning vibrations and CH shaking
movement, respectively. They were absorption bands
belonging to C-H and OH deflections at 1333 cm™. It
was noted that the band at 1093 cm™ belonged to C-C
and C-O-C stretching vibrations. In the literature, it was
reported that CH, deflection vibrations for PVA was
resulted from 1417 cm™ and 1270 cm™* CH, shaking
movement and 1417 cm band belonged to C-C and C-
O-C stretching vibrations [20].
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Figure 5. FT-IR Analyze Graphic of PVA/AVG Nanofibers and Nanobiocomposites Structure

Characteristic absorption band showing existence of
C=0 groups at ester groups over characteristic bands of
PLLA chains belonging to PLLA fibers was seen at
1749 cm™ (Figure 6). The peak at 1082cm-1 shows
stretching band of C-O, while peaks at 1382cm-1 and
2946 cm-1 shows the scissoring (sagging) of -CH-
stretching and vibration bands of —CH-, respectively
[37]. It was seen in the literature that stretching
vibrations of C-H groups for PLLA gave similar values
in FTIR analyzes [31]. Characteristic absorption band
showed that existence of C=0 groups was respectively
seen at 1751cm™ (95:05), 1749 cm™ (90:10),1639 cm™
(80:20) for PLLA/PVA/ AVG nanobiocomposite
structure. Furthermore, scissoring (sagging) of —CH-
groups was seen at 1382 cm™’, 1382 cm, 1378 cm™?,
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stretching of C-O groups was seen at 1086cm™", 1084
cmde, 1089 cm and stretching vibration bands of —
CH- groups was seen at 2946 cm™, 2996 cm™ and 2948
cm. Stretching vibrations of —OH groups of PVA
nanofibers in PLLA/PVA nanobiocomposites structure
gave wide and severe bands at 3325cm™. The peak at
2943 cm was the characteristic band of asymmetric C-
H. It was thought that wide and mid-severe N-H (amine
and amide) at 3300 cm™* was from the texture of AVG
sap and PVVA bio polymer. In previous studies, phenolic
powerful and severe stretching’s of OH groups were
seen in phenolic, flavonoid, and antracinon available in
AVG extract [32] that was seen at 3300 cmtin this
study (Figure 6).



Int. J. Adv. Eng. Pure Sci. 2025, 37(1): <53-63>

AloeVera Gel /PVA /PLLA Layered Nanobiocomposites

AT % PVA
“‘\‘ :rﬂ.th. . :r' PLLA
NeN o ,ee_ /77TSaoe<l. PLLAPVA
R s as
i
T Ar~ -
e k\ {‘ ﬂ;\xm
v ~ PLLAPVA/AVG 95:5
L
\J
\ . —
RN A N~ _ _ PLLAPVA/AVG 90:10
A

W PLLA PVA/ AVG 80:20

4000 3000 2000

1500 1000 650

Figure 6. FT-IR analyze Graphic of PLLA/PVA/AVG Nanofiber and Nanobiocomposites Structure.

3.4. XRD analyze

Diffraction angle of samples was detected by the
distinctness between 20 a specific group planes by
using Riguku XRD branded device at X-ray diffraction
analyze. It was observed that preference orientation
along 200 reflection intensity planes was 30-40°
according to the value calculated with the help of Bragg

AL

equality for all AVG samples. Diffraction way of peak
shifted to left and showed an amorphous structure [33].

Itis seen that PVA wide peak was 20° centred. 26 = 19°

is totally lost (Figure 7). It is possible to define
maximum 26 of PLLA fibers approximately at 15° [34].

PVA/AVG 80:20

L_/“M-.. w...._______,______, o PVA/AVG 90:10

\A\' w'ﬁ u..__..__.,w Nw pVA/AV(J 95:5
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Figure 7. XRD analyze of 100% PVA Nanofiber and PVA/AVG Mixture Nanofibers

The maximum 26 of PLLA was approximately 15° in
literature that can be seen in Figure 8. In the literature,
peaks for PLLA polymer were defined at 10°-25° in
XRD analysis. It is assumed that a 20 approximately

150° wide peak was constituted as a result of coincide
of PLLA/PVA peaks. Figure 7., 8. The values in the
literature coincide with the data determined [34-35].

60
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Figure 8. XRD analyze of 100% PLLA Nanofiber nanobiocomposites Structure Constituted with PVA/AVG

It was observed that PVA, PVA/AVG nanofibers
constituted the only wide and severe peaks on 26 =~20
° at x-ray diffractometers of nanofiber and
nanobiocomposite structure. Calculation of these peak
fields revealed out that PVA polymer had 23,7%
crystallinity An increase in the crystallinity was
observed with an increase in AVG amount in the blend
(Table 4). Crystallinity was calculated according to the

equation given below (1).

crive =22 %100 (1)
X2

Crl % : Crystallinity %

X1 : Maximum peak value

Xz : Minimum peak value [36].

Table 4. XRD analyze results of nano fiber and nanobiocomposite structure

Nanofiber /Nanobiocomposites  Blend ratio %

Reflection intensity 20 (°)  Crystalinity Crl (%)

PVA 100
PLLA 100
PVA/AVG 95:05
PVA/AVG 90:10
PVA/AVG 80:20
PLLA/PVA 100+100
PLLA/PVA/AVG 100+95:05
PLLA/PVA/AVG 100+90:10
PLLA/PVA/AVG 100+80:20
Reflection intensity of nanobiocomposites and

nanofiber ranges between 20=19° - 20° structures
produced from PLLA polymer. Crystallization
percentage of PVA/AVG blends increased depending
on AVG ratio. Even though PLLA/PVA/AVG layered
nanobiocomposite structure showed lower crystallinity
as compared to 100% PLLA polymer, an increase in
crystallinity was still observed with the increase of
AVG percentage (Table 4). The reason is that PLLA
polymer has a semi crystallized structure and
PVAJAVG blends is in accordant with each other and
constitutes an accordant structure.

6l

20 23.7
17 52.1
20 16

20 17.9
20 18.2
19 43.6
20 20.5
19 21.5
20 23

1IV. CONCLUSION

In this study, firstly, PLA carrier polymer nanofiber
floor, which is the biodegradable feature, was created
by using PVA/ AVG mixture nanofibers and the
electrospinning method by using a two-layer
nanobiocomposite structure. Then, to characterize the
samples, strength, % elongation measurement, sem,
contact angle, FT-IR, DSC, and XRD analyses were
applied to the nanofiber and nanocomposite structures.
Observation made on viscosity and conductivity values
shows that viscosity decreased, but conductivity
increased due to the amount of AVG increase
depending on the amount of polymer found in the
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solution and molecular weight. Again, the increase in
the amount of PLLA in nanofiber has increased
nanolyphic thickness. Considering the standard
deviation values, the PVA/PLLA mixture shows that
nanobiocomposite structure provides the best machine
direction and strength values in the direction of material
width. As the amount of AVG added to the structure of
nano biocompositis increased, there was a decrease in
strength. When the DSC thermograms are examined,
PLLA polymer is semi-crystalline, and other polymers
and aloe vera gel (AVG) used in the study were
determined by peaks obtained from amorphous
structure. DSC thermograms show that in
nanobiocomposite structures obtained from PLLA
polymer, TG and TM values decrease and heat stability
increases. This is considered to be caused by the cross-
bond made by PVA polymer and AVG. In PLLA/ PVA/
AVG Nanobiocomposites structures, the characteristic
absorption band that shows the presence of ¢ = those
groups, the scissors of the -ch- groups, the stress of c-
O groups, the stress vibration bands of the -ch-groups,
the AVG plant extract and the structure of the PVA
biopolymer It is seen that it is similar to two
characteristic groups. In the light of all data obtained in
XRD analysis, PLLA polymer's semi-crystalline
structure and AVG and PVA molecular structure are
considered to be amorphous materials. It is seen that the
reflection intensity value in the diffractograms obtained
contains a wide and severe peak specific to the structure
of amorphous materials and constitutes close peak
values.

As aresult, it has been observed that AVG participation
has positive contributions to the thermal properties of
nanobiocomposite structures. It is considered that
different solvents and additional additives are used to
improve strength properties. The fact that the
biopolymers and AVG used in the study have a
completely biological disintegration feature indicates
that it is an environmentally non-toxic substance. In
addition, the presence of AVG plant extract in
nanobiocomposites obtained constitutes a prediction
for studies in the future medical field.
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Abstract

Acute myeloid leukemia (AML) is a bone marrow condition that arises from abnormalities in hematopoietic stem cells due to
genetic mutations in progenitor blood cells. These mutations lead to the uncontrolled proliferation of malignant clonal
myeloid stem cells. Although extramedullary symptoms such as myeloid sarcomas and leukemia cutis can arise, the main
issue continues to be the disturbances in hematologic cell production. Despite the high complete remission rate in elderly
patients, a notable number of patients experience relapse within three years. To address this issue, new objectives must be
identified. In a previous study, PSMB8 drew our attention due to its elevated expression levels in AML patients exhibiting
lower survival rates compared to those with reduced expression levels. PSMB8 was used for drug repurposing studies by
performing in silico drug screening, an ADMET analysis which is followed by Molecular Dynamics (MD) simulations. Three
ligand molecules were identified as potential treatment options for AML which were Adozelesin, Fiduxosin and Omipalisib.
Omipalisib is known as a PI3K/mTOR inhibitor which was taken our attention for cytotoxic analysis due to overexpression of
PI3K/mTOR pathway proteins in AML development. In the subsequent phase, we assessed the cytotoxicity of Omipalisib in
comparison to ONX-0914, an inhibitor of PSMBS, in the HL60 cell lines. This research indicated that PSMB8 could be a possible
target for Acute Myeloid Leukemia and that a potential medication can be utilized for targeted treatment.

Keywords: Omipalisib, ONX-0914, AML, PI3K/mTOR, PSMBS, Proteasome

Oz

Akut miyeloid 16semi (AML), progenitor kan hiicrelerindeki genetik mutasyonlar nedeniyle hematopoetik kok hiicrelerde
meydana gelen dizensizliklerden kaynaklanan bir kemik iligi hastaligidir. Bu mutasyonlar, malign klonal miyeloid kdék
hucrelerin kontrolsiiz cogalmasina yol agar. Miyeloid sarkomlar ve 16semi kutisi gibi ekstramedailler belirtiler ortaya gikabilse
de, temel sorun hematolojik hiicre Gretimindeki bozulmalardir. Yasl hastalarda tam remisyon orani yiiksek olmasina ragmen,
onemli sayida hasta lc¢ yil icinde nlks yasamaktadir. Bu sorunun lstesinden gelmek icin yeni hedeflerin belirlenmesi
gerekmektedir. Onceki calismamizda, AML hastalarinda PSMBS8’in yiiksek ekspresyon seviyeleri gdstermesi ve diisiik
ekspresyon seviyelerine sahip hastalara kiyasla daha diisiik sagkalim oranlari ile iliskilendirilmesi dikkatimizi gekmistir. Daha
onceki gcalismamizda, PSMB8 hedef alinarak sanal ilag taramalari, ADMET analizi ve ardindan Molekiler Dinamik (MD)
similasyonlari gergeklestirilmistir. Bu ¢alismalar sonucunda AML tedavisi igin U¢ potansiyel ilag adayi belirlenmistir:
Adozelesin, Fiduxosin ve Omipalisib. PI3K/mTOR inhibitéri olarak bilinen Omipalisib, AML gelisiminde PI3K/mTOR yolak
proteinlerinin asiri ekspresyon gostermesi nedeniyle sitotoksisite analizi igin dikkatimizi ¢ekmistir. Sonraki asamada, HL60
hicre hattinda Omipalisib’in sitotoksisitesi, PSMB8 inhibitorii olan ONX-0914 ile karsilastirilmistir. Bu arastirma, PSMB8'in
Akut Myeloid Losemi igin olasi bir hedef olabilecegini ve potansiyel bir ilacin hedefli tedavi i¢in kullanilabilecegini gosterdi.
Anahtar Kelimeler: Omipalisib, ONX-0914, AML PI3K/mTOR, PSMBS, Proteazom

I. INTRODUCTION

Acute myeloid leukemia (AML) is a bone marrow disorder stemming from genetic abnormalities in hematopoietic
stem cells, leading to malignant clonal expansion of myeloid precursors. While extramedullary manifestations
such as myeloid sarcomas and leukemia cutis may occur, the primary pathology involves dysregulated
hematopoiesis. In most cases, AML arises from chromosomal aberrations or gene mutations, although the exact
mechanism remains unclear. Although some instances have been linked to prior chemotherapy or chemical
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exposure, these represent exceptions rather than the
predominant cause. Recognizing these genetic
mutations is essential for assessing patient risk and
guiding appropriate treatment approaches [1].

Acute myeloid leukemia (AML) represents the most
common type of acute leukemia among adults, with its
incidence rising progressively in older populations. The
standard induction chemotherapy regimen, which
includes a combination of anthracycline and
cytarabine, has been established over the past several
decades and remains the primary treatment approach in
clinical practice [2]. Whereas at least 85% of identified
patients under 60 show a positive response to
chemotherapy induction and reach complete remission,
a notable proportion relapse within three years [3]. The
incorporation of molecularly targeted therapies has led
to the use of multidrug regimens in combination with
hematopoietic stem cell transplantation (HSCT),
achieving a five-year survival rate of approximately
25% among patients [4]. The prognosis of AML is
considerably poorer in elderly patients and those who
are not fit for standard induction chemotherapy,
resulting in a median survival of between 5 and 10
months, with a mere 5% of individuals surviving
beyond five years [5]. The classification of acute
myeloid leukemia (AML) has evolved from just
depending on blast percentage to a broader method that
includes cytogenetic and molecular indicators.
Diagnosis generally necessitates the presence of more
than 20-30% myeloid blasts in the blood or bone
marrow or the identification of specific genetic
abnormalities. At this point, a comprehensive
assessment involving morphology, flow cytometry, and
genomic analysis is crucial. The two primary
classification systems, WHO and ICC, show slight
differences; for instance, ICC requires a minimum of
10% blasts in cases with recurring genetic
abnormalities, whereas WHO offers more flexibility.
Furthermore, ICC established a category for patients
exhibiting 10-19% blasts to expand treatment
alternatives. Although there are slight variations, both
categorizations highlight the significance of molecular
and cytogenetic profiling for precise prognosis and
treatment coordination in AML. Acute myeloid
leukemia requires immediate diagnosis and frequently
arises as an urgent medical condition. Although early
symptoms may be nonspecific, patients typically show
various indicators associated with immunosuppression,
myelosuppression  (like  severe  anemia  or
thrombocytopenia), and leucocytosis, indicating a
potential hematological malignancy [6].

The immunoproteasome enhances protein degradation,
generating antigenic peptides that are subsequently
presented by major histocompatibility complex class |
(MHC-I). The 26S proteasome, responsible for
breaking down polyubiquitinated proteins, is composed
of a 20S core proteasome coupled with 19S regulatory
subunits [7]. The 20S core proteasome is composed of

65

seven a-type subunits that form a gating mechanism,
while its seven B-type subunits serve as the proteolytic
active site [8]. The beta type-8 proteasome subunit
(PSMBS), known as LMP7 or B5i [9], typically serves
as a subunit of the immunoproteasome, activated by
TNF-0 and IFN-y [10]. Unlike the conventional
proteasome, the immunoproteasome demonstrates
enhanced  chymotrypsin-like and  trypsin-like
enzymatic activity, facilitating the production of
antigenic peptides for MHC-I presentation [11]. The
expression of this immunoproteasome affects cell
metabolism, immune regulation, and differentiation.
Mutations in PSMB8 have been associated with
disorders such as autoinflammation and lipodystrophy
in humans, highlighting its function in sustaining
dynamic equilibrium [12]. Moreover, PSMB8 inhibits
neovascularization in glioma cells through the
modulation of the ERK1/2 and PI3K/AKT signaling
pathways [13].

Research has established links between the expression
of the PSMB8 gene and acute myeloid leukaemia
(AML). Analysis of AML datasets highlights a positive
correlation between increased PSMB8 levels and the
upregulation of galectin-9 (Gal-9), a molecule also
highly expressed in AML. This suggests that both play
a synergistic role in cellular signaling, survival, and the
progression of AML [14]. Another study demonstrated
that PSMB8 expression is elevated in AML and
strongly correlates with HCP5, a long non-coding RNA
found within the HLA Complex P5. Interestingly,
silencing HCP5 led to a significant reduction in PSMB8
levels, while its expression remained high in cells with
HCP5 overexpression. Furthermore, it appears that the
activation of the PI3K/AKT pathway in AML is
influenced by HCP5’s regulation of PSMBS.
Consequently, the activation of PI3K/AKT via PSMB8
in AML is suggested to play a role in driving tumor
progression [15]. In addition to these studies, our group
have previously conducted an in silico analysis
concerning PSMB8 in AML for drug repurposing [16].
In our prior research, we explored the essential survival
genes within the Cancer Genome Atlas (TCGA) and the
LAML (Acute Myeloid Leukemia) dataset using the
GEPIA (Gene Expression Profiling Interactive
Analysis) tool [17]. Of all the genes associated with
survival outcomes, PSMB8 was recognized as a hotable
candidate in the LAML dataset, drawing from results of
earlier studies. With extensive findings, our interest
was taken on PSMBS as a potential target for AML for
drug repurposing study [17].

Drug repurposing is among the most commonly
employed methods for discovering new uses for
medications that have already been approved [18]. This
method seeks to significantly reduce both the expenses
and duration of research [19]. Drug repurposing
initiatives have demonstrated greater efficiency,
reduced risk, and cost-effectiveness compared to
traditional drug development and discovery methods
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[20]. By leveraging repurposed drugs that have already
been tested in humans, we gain a more thorough
understanding of the drug’s pharmacokinetics,
pharmacodynamics, dosage, metabolic profiles,
molecular pathways, mechanism of action, and a host
of other target interactions. As a result, that may reduce

the necessity for further research into the
pharmacokinetics and toxicity profiles of the
medication.

In a previous study conducted by our team, we
identified three potential drug candidates for AML
treatment: Adozelesin, Fiduxosin, and Omipalisib.
Among three drug molecule, various filters have let us
with the only available Omipalisib agent which is also
a PI3BK/mTOR inhibitor that have been found to have
strong interactions with PSMB8. Additionally, since
the PISBK/mTOR pathway is known to be overly active
in AML patients [21], Omipalisib would be well suited
to target the PI3BK/mTOR pathway as well as being a
repurposed drug against PSMB8. On the other side,
PSMB8 has known inhibitor molecule as called ONX-
0914. In our study, we explored the cytotoxic effects of
these drugs on AML cell line HL60 through both
individual and combinational treatment approaches.
Therefore we have explored for the first time in the
literature that PSMB8 could actually be an AML-
related novel molecule and it has a potential to be
targeted through a drug repurposing approach.

Il. MATERIAL AND METHODS

2.1. Cell Growth Conditions

To evaluate the in vitro effectiveness of the drugs,
human cell lines were utilized. For this purpose, HL60
cell lines were chosen for testing the selected drugs on
AML. HL60 cells were cultured according to standard
protocols, using RPMI-1640 medium enriched with
10% Fetal Bovine Serum (FBS) and 1%
penicillin/streptomycin, as previously outlined [22].

2.2. MTT Assay

In order to assess cytotoxic effects of ONX-0914 and
Omipalisib on the HL60 cell lines, MTT assay was
employed. Total number of 1 x 10* cells/well were
plated into 96 well plates with various concentrations.
After 48 and 72 hours of incubation, MTT reagent with
a volume of 20 pl/well was added to wells and
incubated for an additional 4 hours at 37 °C. After this
period, the supernatants were gently discarded, and
DMSO with volume of 100 pl used to dissolvethe
leftover formazan crystals. The plates were
subsequently incubated for another 30 minutes at 37
°C. Ultimately, the optical density (OD) readings were
recorded [23].

2.3. Cell Growth Curve

The IC50 values determined for ONX-0914 and
Omipalisib were tested against HL60 to determine
cytotoxic effects with trypan blue staining. 3x10"5
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cells/ml were seeded in 6 well plate and incubated for
72 hours and at 48 and 72th hour, samples collected and
counted with trypan blue 3 times/sample. The data was
using to creation of growth curve, with and absence of
the selected drugs [24].

2.4. Flow Cytometry

To evaluate apoptosis using Flow Cytometry, HL60
cells were grown in a 6-well plate with a concentration
of 3x10"5cells/ml, cells treated with drugs for 48 and
72 hours. Subsequently, 1x1076 cells were gathered,
washed two times with PBS, and the pellet was
resuspended in 100 pl of binding buffer. Subsequently,
5 ul of Annexin APC was introduced to the binding
buffer and pellet mixture, followed by the addition of
10 pl of PI to the mixture after a 10-minute interval.
The mixture was kept at room temperature, in pitch
dark conditions, for 15 minutes, after which 400 pl of
binding buffer was added. Flow cytometry was then
employed to analyze the stained cell lines [25].

2.5. Western Blot

To evaluate apoptosis, a western blot was conducted by
measuring the alterations in the expression of PARP
and B-Actin, which served as a control. Cell groups
were initially exposed to the specified drug
concentrations for 48 and 72 hours. Following
treatment, cell pellets were harvested, and protein
concentrations were determined using the BSA Protein
Assay Kit, in accordance with the provided protocol.
For the running procedure, a 10% SDS gel was used.
The samples were prepared with 5X Loading buffer
featuring 100mM B-Mercaptoethanol (BME), 1%
Bromophenol blue, 50% Glycerol, SDS 8%, Tris-Cl
(250mM, pH 6.8), and H20 loaded into each well. The
gel inserted into the Biorad western blot system and
voltages were set to compete the run. The membrane
transfer then was conducted using the Biorad Transblot
- Turbo Transfer system. For immunodetection, PARP
and p-Actin antibodies were prepared following their
established protocols. Finally for chemiluminescent
detection, ECL substrate is used to incubate the
membrane followed by imaging [26].

2.6 Statistical Analysis

All the statistical analysis were done by using
GraphPad Prism software (v10.3.1). All data obtained
from cytotoxic assays performed through this study.
Data expressed as mean £SD and Two-way ANOVA
test was applied for multiple comparision. Statistical
significance level was accepted as p<0.05(*), p<0.01
(**), p<0.001 (***) and p<0.0001 (****).

I1l. RESULTS AND DISCUSSION

3.1. Cytotoxic Impact of ONX-0914 and Omipalisib
on the HL60 Cells

Omipalisib was previously discovered through
molecular docking and dynamics studies and selected
for evaluation on the AML cell line, HL60, in
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comparison with ONX-0914 to assess cytotoxic effects.
To achieve this, every drug was applied separately to

the HL60 cell line and incubated for 48 and 72 hours,
after which analysis was conducted using MTT assays.
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Figure 1. The effects of Omipalisib at 48h (A) and 72h of treatment (B) ONX-0914 at 48h (C) and 72h of
treatment (D) on cell viability of HL60 cells. IC50 values were calculated based on MTT assay cell counting
measures for each treatment. (E) The effects of combinational treatment of Omipalisib and ONX-0914 at 48

and 72h of treatments on HL60 cells. The viabilities were calculated based on MTT assay cell counting
measures for each treatment. Each experiment was conducted as triplicates and error bars represent SD values.

The results showed that, in comparison to ONX-0914,
Omipalisib demonstrated greater efficacy, with 1C50
values recorded at 161.7nM and 152.8nM for the 48
and 72-hour marks as seen in figure 1A and figure 1B,
while 1C50 values for ONX-0914 were 277.7nM and
227.5nM as seen in figure 1C and figure 1D.

After administering individual doses of Omipalisib and
ONX-0914, combination therapies were implemented.
The selected concentrations were 80 nM and 160 nM
for Omipalisib, and 200 nM and 280 nM for ONX-
0914, based on their IC50 values. Omipalisib had IC50
values of 161 nM and 153 nM, which were very closg;
therefore, 160 nM was chosen. Additionally, 80 nM
was selected to minimize toxicity when combined with
ONX-0914. ONX-0914 had I1C50 values of 278 nM and
227.5 nM, so 280 nM was chosen for simplicity in
calculations, along with 200 nM. Using these
concentrations, four distinct combinations were
formed: 80nM Omipalisib with 200nM ONX-0914,
160nM Omipalisib with 200nM ONX-0914, 80nM
Omipalisib with 280nM ONX-0914, and 160nM
Omipalisib with 280nM ONX-0914. Utilizing these
concentrations, an MTT assay was conducted over 48
and 72 hours (Figure 1E). Within 48 hours, the sole
combination of 160nM Omipalisib and 280nM ONX-
0914 reduced viability by 50%, which corresponds to
43.5% viability. Conversely, after 72 hours, the
viabilities were found to be 46.5%, 43.3%, 42.2%, and
34.0% respectively. This leads to the most efficient
combination of 160nM Omipalisib and 280nM ONX-
0914
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3.2. Growth Curves Revealed Anti-Proliferative
Effects of ONX-0914 and Omipalisib on the HL60
cells

To assess the anti-proliferative effects of Omipalisib
and ONX-0914 on HL60 cells, trypan blue cell
counting was conducted using specific concentrations
for both drugs. Omipalisib was tested at 80 and 160 nM,
while ONX-0914 was tested at 200 and 280 nM. Cell
counting with trypan blue was performed at 48 and 72
hours for every treatment group, in addition to a control
group. In addition to single doses, combination
therapies were utilized to assess the antiproliferative
impacts of medications on HL60. As shown in Figure
2A, the untreated control group exhibited significant
proliferation at both 48 and 72 hours, consistent with
the expected growth of HL60 cells under normal
conditions. In contrast, cells treated with 80 nM
Omipalisib exhibited a noteworthy decrease in
proliferation, with further decline observed at 160 nM.
This dose-dependent decrease highlights Omipalisib's
ability to successfully inhibit cell growth over time.

Similarly, Figure 2B shows the anti-proliferative
effects of ONX-0914. The control group again
exhibited substantial proliferation, while cells treated
with 200nM ONX-0914 displayed reduced growth. The
most notable suppression was observed at 280 nM,
where cell proliferation was blocked. Notably, the
decrease in cell count from 48 to 72 hours in the high
concentration group suggests that ONX-0914’s
efficacy may increase with longer exposure.
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In combinational therapies, in most instances, viability
diminishes as the concentration of a medication rises.
For treatments of 48 hours, the average viable cell
counts were computed as 0.35x106 cells/ml, 0.28x106
cells/ml, 0.31x106 cells/ml and 0.16x106 cells /ml

Cell Number ( x 108)

based on the established treatment groups. After 72
hours of treatments the viability levels declined to
0.28x106  cells/ml, 0.13x106 cells/ml, 0.225x106
cells/ml and 0.09x106 cells/ml as seen in Figure 5.
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Figure 2. (A) Evaluation of cell viability and proliferation in HL60 cells using Trypan Blue after Omipalisib
treatment for 48 and 72h. (B) Evaluation of cell viability and proliferation in HL60 cells using Trypan Blue after
ONX-0914 treatment for 48 and 72h. (C) Evaluation of cell viability and proliferation in HL60 cells using Trypan

Blue after ONX-0914 and Omipalisib treatment for 48 and 72h. Cell samples were collected at 48 and 72 hours
and counted as triplicates. Error bars represent the SD values

In summary, both Omipalisib and ONX-0914
demonstrated dose- and time-dependent actions that
reduce the proliferation of HL60 cells. Nevertheless,
increased doses of ONX-0914 led to a more significant
reduction in cell viabilities than Omipalisib. These
findings support the potential therapeutic applications
of these drugs in targeting myeloid leukemia cells.

3.3. Flow Cytometry Revealed the Induced
Apoptosis in Response to ONX-0914 and Omipalisib
Treatment on HL60 cells

To assess the apoptotic effects of the chosen drug,
Omipalisib, the Annexin/PIl staining technique was
utilized. The experiment spanned 72 hours, with
measurements gathered at the 48th and 72nd hour
intervals using a flow cytometer. Throughout the study,
HL60 cells received individual treatments of 80nM and
160nM Omipalisib at specified time intervals. As a
positive control, HL60 cells were exposed to 100nM
doxorubicin. Annexin/Pl staining demonstrated that
doses of 80 nM and 160 nM of Omipalisib as shown in
Figure 3 led to a steady rise in apoptosis. Additionally,
these results validated the consistency of the doses
established via the MTT assay. Omipalisib induced a
time-dependent increase in apoptosis, with no
significant difference between 80 nM and 160 nM at 48
hours, but a significant apoptotic increase at 160 nM by
72 hours (p < 0.05). This suggests that Omipalisib’s
pro-apoptotic effect intensifies over time rather than
being purely dose-dependent.

To compare Omipalisib and evaluate the effect of
PSMBS8 inhibition on cell viability, ONX-0914 was
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chosen for treatment at concentrations of 200nM and
280nM. The study was carried out over 72 hours, with
data gathered at the 48th and 72nd hour marks using a
flow cytometer as seen in Figure 4.

ONX-0914 induced dose- and time-dependent
apoptosis, with 200 nM significantly increasing
apoptosis compared to the control, and 280 nM leading
to an even greater effect (p < 0.0001). The difference
between 200 nM and 280 nM was significant at both 48
and 72 hours, confirming that higher ONX
concentrations further enhance apoptosis as seen in
Figure 4.

Ultimately, the combinations identified previously
were employed to identify apoptotic cell populations
following treatments for 48 and 72 hours. Combination
therapy with 80 nM Omi & 200 nM ONX and 160 nM
Omi & 200 nM ONX led to significant increases in
apoptosis, with stronger effects observed at 72 hours.
The most potent combinations were 80 nM Omi & 280
nM ONX and 160 nM Omi & 280 nM ONX, where
apoptosis levels approached 70-77%, indicating a
synergistic effect of the higher ONX concentration as
seen in Figure 5.

In conclusion, either single or combined use of
Omipalisib and ONX-0914 can be proposed to use in
the treatment of AML. The findings indicate that
blocking PSMB8 may serve as a viable treatment
option for AML. Combined therapies demonstrate
heightened toxicity across all groups, achieving peak
levels of apoptosis during the treatment process.

Il 48h
3 72h



Int. ). Adv. Eng. Pure Sci. 2025, 37(1): <64-72> Targeting PSMB8 for Novel AML Treatment

A B
05.01.2025-80nM1 pie... All Events _ @ (1 | [ 05.01.2025-1600M1 pi..- Al Events @3 |
o JO1-UL030%) Q1-UR(1.78 %) o JO1-UL162%) “Q1-UR(3.05 %)
E HL60
b sFokokk
< I
¢ *kkk
5 —
; ****
] : 1 : 3
-LL(82.58 Q1-LR(14.34 %) o
T T —T Ty e e
0 108 80 B 48h
o
C D £ o =1 72
1 o
06.01.2025-80nM Omi-..  All Events [ 06.01.2025-160nM Om...: All Events @ & E
Q1-UL(1.42 % Q1-UR(1.66 % £ E
] ( ) ( ) $_01 UL(1.78 %) =] UR@ 33 %) ° 40
2 E 7]
8
8 I3
] 5 9 20
< - < &
& &
® 4 R 0 -
(:ontrol 160 Dox
B N [nM] Omipalisib
S | s J
orLLas 74 Q1-LR(21.18%) 01-LL(53.86 %) Q1-LR(41.03%)
r T 5 u T -.
m? 1n3 10 10° 10% 10° 10t 10°
APC-A APC-A

Figure 3. Flow cytometry analysis of apoptosis in HL60 cells treated with Omipalisib. Cells were treated with 80
nM and 160 nM Omipalisib for 48 or 72 hours, followed by Annexin V/PI staining A) 80nM Omipalisib for 48
hr, B) 160nM Omipalisib for 48 hr, C) 80nM Omipalisib for 72 hr, D) 160nM Omipalisib for 72 hr. The
quadrants denote distinct cell populations: Q1-UL (necrotic cells), Q1-UR (late apoptotic cells), Q1-LL (live
cells), and Q1-LR (early apoptotic cells). E) Apoptosis analysis of HL60 cells treated with Omipalisib for 48 and
72 hours, assessed by flow cytometry. Apoptotic cell percentages were determined using annexin V/PI staining.
The data represent the mean + standard deviation (SD) from three independent experiments, with error bars
denoting the standard deviation.
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Figure 4. Flow cytometry analysis of apoptosis in HL60 cells treated with ONX-0914. Cells were treated with 200
nM and 280 nM Omipalisib for 48 or 72 hours, followed by Annexin V/PI staining A) 200nM ONX-0914 for 48 hr,
B) 280 nM ONX-0914 for 48 hr, C) 200nM ONX-0914 for 72 hr, D) 280nM ONX-0914 for 72 hr. The quadrants
denote distinct cell populations: Q1-UL (necrotic cells), Q1-UR (late apoptotic cells), Q1-LL (live cells), and Q1-LR
(early apoptotic cells). E) Apoptosis analysis of HL60 cells treated with ONX-0914 for 48 and 72 hours, assessed by
flow cytometry. Apoptotic cell percentages determined using annexin V/PI staining. Data represent the mean +
standard deviation (SD) from three independent experiments. Error bars indicate standard deviation.
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Figure 5. Flow cytometry analysis of apoptosis in HL60 cells treated with Omipalisib and ONX-0914 in
combination. Cells treated with 200 and 280 nM Omipalisib for 48 hours, followed by Annexin V/PI staining A)
80nM Omipalisib & 200 nM ONX-0914, B) 80nM Omipalisib & 280 nM ONX-0914, C) 160nM Omipalisib &
200 nM ONX-0914, D) 160 Omipalisib & 280 nM ONX-0914. Flow cytometry analysis of apoptosis in HL60
cells treated with Omipalisib and ONX-0914 in combination. Cells treated with 200 and 280 nM Omipalisib for
72 hours, followed by Annexin V/PI staining E) 80nM Omipalisib & 200 nM ONX-0914, F) 80nM Omipalisib
& 280 nM ONX-0914, G) 160nM Omipalisib & 200 nM ONX-0914, H) 160 Omipalisib & 280 nM ONX-0914.
Apoptosis analysis of HL60 cells treated with Omipalisib and ONX-0914 for 48 and 72 hours, assessed by flow
cytometry. Apoptotic cell percentages were determined using annexin V/PI staining. The data represent the mean
+ standard deviation (SD) from three independent experiments, with error bars denoting the standard deviation.

3.4 Western Blotting determines the Apoptotic
Marker, Cleaved PARP Protein, on ONX-0914 and
Omipalisib Treated HL60 Cells

In earlier chapters, we noted that both individual and
combined therapies led to cell death in HL60 cells.
Specifically, after assessing the percentage of apoptotic
cells using flow cytometry, we intended to analyze the
levels of cleaved PARP during apoptosis, along with f3-
actin as a loading control, concentrating on alterations
noted during individual treatments. PARP-1 is
generally present in a cell; however, it was observed
that PARP-1 becomes cleaved by caspase-3 when cells
go through apoptosis [27]. In this assay, the primary
objective was to identify cells undergoing apoptosis
because of PARP-1 for the single treatment at 48 hours.

Dox-100nM
Omipalisib-80nM
Omipalisib-160nM
ONX0914-200nM

CT

ONX0914-280nM

The western blot analysis indicated that control cells do
not exhibit any cleaved PARP-1; Doxorubicin was
chosen as a positive control, resulting in a certain cell
death. Doxorubicin revealed strong bands for cleaved
PARP-1 in western blot analysis. At both
concentrations of ONX-0914 (200nM and 280nM),
cleaved PARP-1 was observed, and the band intensity
increased with elevated concentrations of this agent.
Additionally, PARP-1 cleavage was also observed,
although not that significant with Omipalisib treatment
at both 80nM and 160nM concentrations which
suggests additional mechanisms being involved when
cells undergo apoptosis by Omipalisib treatment
(Figure 6).
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Figure 6. Apoptosis marker protein, cleaved Parp, detection assessed via western blot. HL60 cells treated with
Omipalisib or ONX-0914 for 48 hours. Doxorubicin selected as positive control. The experiments repeated three
times.
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IV. CONCLUSION

In this study, we examined PSMB8 as a potential
therapeutic target for Acute Myeloid Leukemia (AML)
and assessed the possible efficacy of Omipalisib and
ONX-0914 as treatment options. Our findings from in
silico studies previously showed that PSMB8 is
significantly overexpressed in AML patients and
correlates with poorer survival outcomes, emphasizing
its promise as a new target for drug development.
Through in silico drug repurposing, we identified
Omipalisib, a PI3BK/mTOR inhibitor, as a promising
candidate for AML treatment. Our in vitro analyses
revealed that Omipalisib and ONX-0914 exert
cytotoxic and pro-apoptotic effects on HL60 cells, with
their impact varying according to concentration and
exposure duration. Furthermore, combination therapy
enhanced cell death more effectively than individual
therapies, suggesting a synergistic effect that may help
overcome drug resistance in aggressive AML subtypes.
These findings lay a solid groundwork for future
research on targeting PSMB8 in AML and highlight the
importance of further preclinical and clinical
evaluations to confirm the therapeutic potential of these
inhibitors, particularly in more aggressive AML
subtypes, such as those with FLT3 mutations and other
chromosomal abnormalities.
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Oz

Bu arastirmada i1s18a ve ¢ozlicl ortamina oldukga hassas, ¢ok kiiglik uyarim kesit alanina sahip ve zayif floresan isima yapabilen
flavin mononiikleotit (FMN) ve flavin adenin dintikleotit (FAD) koenzimlerinin fotofiziksel gegislerini ¢ozimleme kapasitesine
sahip mikroakiskan temelli bir floresans mikroskop sistemi i¢in niimerik modelleme galismalari sunulmustur. FMN ve FAD’nin
molekiler yapisi, fotofiziksel 6zellikleri ve girdikleri kimyasal reaksiyonlar dikkate alinarak her iki molekdl igin farkli fotofiziksel
modeller kullaniimistir. Bu modellerde yer alan elektronik durumlar 1. mertebeden lineer diferansiyel denklem sistemi olarak
ele alinmis olup her bir elektronik durum popiilasyonu zamana bagl olarak ¢6ziilmis, mikroakiskan cip ile lazer uyarim
alaninin geometrik boyutlari ve mikroskop parametreleri kullanilarak goriintii ve sinyal verisi olarak elde edilmistir. iki farkli
akis hizinda lazer uyarim siddeti, ¢oziicliye eklenen etanol, askorbat ve triptofan gibi redoks ajanlarinin normalize floresan
sinyaline ve elektronik durum popilasyonlarina olan etkisi simile edilmistir. Sinyal ve elektronik durum analizlerine ek olarak
sinyallerin olusturulmasinda kullanilan sCMOS goriintu verileri farkli deneysel kosullar igin simule edilmis ve lazer uyarim
alaniyla kiyaslanmistir. Arastirmada 6nerilen yontem farkli akis hizlarinda farkli karanlik durum popilasyonlarinin birbirinden
ayirt edilebilirligini ve farkli deneysel kosullarda degisen karanlik durumlarin normalize floresan sinyaline ve kamera
gorintiilerine olan etkisini ¢doziimleme kapasitesine sahip oldugunu gostermistir. Mevcut yontemlerle kiyaslandiginda, elde
edilen sayisal bulgular, ¢alismada sunulan yontemin flavin foto-bozunumunu biyik 6lgiide 6nleyebilme potansiyelini
ispatlamistir ve farkli molekdillerin fotofiziksel &zelliklerinin hangi kosullarda gozlemlenebilecegi ile ilgili optimizasyon
¢alismalarinin yapilmasina olanak saglamaktadir.

Anahtar Kelimeler: Flavin mononikleotit, flavin adenin dinikleotit, fotofizik, floresans spektroskopisi ve mikroskobu,
elektronik durum modeli, nimerik similasyon.

Abstract
In this research, numerical modeling studies are presented for a microfluidic-based fluorescence microscope system capable

of resolving photophysical transitions of flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) coenzymes that
are very sensitive to light and solvent environment, have very small excitation cross-section and weak fluorescence. Different
photophysical models were used for both molecules considering the molecular structure, photophysical properties and
chemical reactions of FMN and FAD. The electronic states in these models were considered as a first order linear differential
equation system and each electronic state population was solved in time, and image and signal data were obtained using the
geometric dimensions of the laser excitation area and microscope parameters with the microfluidic chip. The laser excitation
intensity at two different flow rates and the effects of redox agents such as ethanol, ascorbate and tryptophan added to the
solvent on the normalized fluorescence signal and electronic state populations were simulated. In addition to signal and
electronic state analyses, sCMOS image data used in generating the signals were simulated for different experimental
conditions and compared with the laser excitation field. The method proposed in the study showed that it has the capacity
to distinguish different dark state populations from each other at different flow rates and to resolve the effect of different
dark states on normalized fluorescence signals and camera images under different experimental conditions. When compared
with existing methods, the numerical findings demonstrate the potential of the method presented in the study to prevent
flavin photodegradation to a large extent and enable optimization studies to be conducted regarding the conditions under
which photophysical properties of different molecules can be observed.

Keywords: Flavin mononucleotide, flavin adenine dinucleotide, photophysics, fluorescence spectroscopy and microscopy,
electronic state model, numerical simulation.
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Flavin Fotofizigi

I. GIRIS

Biyolojik arastirmalarda floresans temelli yontemler
ozellikle son on yil iginde yiiksek ¢o6ziinirliklii
mikroskoplarin gelistirilmesi ve hedef molekillere
konjuge edilebilen akilli floresan isaretleyicilerin
(florofor) ortaya ¢ikmasiyla birlikte biiyiik bir 6nem
kazanmustir [1, 2]. Hicrelerde yer alan spesifik organel,
vezikil, eksozom, protein veya ribonikleik asit (RNA)
gibi makro boyutlu molekiilleri isaretleyebilen ve lazer
uyarimi altinda floresan 1s1ma yapabilen floroforlar,
yiksek  ¢6zunlrlikla  floresans  mikroskoplarda
dedektdr olarak kullanilan CCD veya sCMOS
kameralar yardimiyla lokalize edilebilmektedir [3].
Ozellikle de floresans temelli biyolojik goriintiileme
alaninda kullanilan floroforlarin yiiksek siddetteki lazer
uyarimlarina kars1 dayanikli olmasi ve yiiksek uyarim
kesit alanina (Ogyc ~ 107 cm?) sahip olmalan tercih
edilir [4]. Bu tip isaretleyici floresan molekiiller
genellikle diisiik lazer uyarimlarinda bile yiliksek
parlaklik degerlerinde 1s1ma yapmaktadir ve rodamin
bazli floroforlar bu sinifa 6rnek olarak verilebilir.
Diisiik uyarim kesit alanina (e ~ 10°7 cm?) sahip ve
ayni zamanda Keratakonus gibi g6z rahatsizliklarinda
capraz baglayicit malzeme olarak kullanilan flavin gibi
otofloresan koenzim molekiiller ise olduk¢a zayif 1s1ma
yaptiklarindan dolayr bu tip molekiillerde optimal
seviyede foton emisyonunun elde edilebilmesi icin
daha yiiksek lazer uyarimina ihtiya¢ duyulmaktadir [5-
8]. Ancak bu tip zayif molekiillerde yiiksek uyarim
siddetlerinin kullanilmast 151kla agartma
(photobleaching) reaksiyonuna, yani kullanilan
floroforlarin kalict olarak floresans 1s1ma yapamayacak
sekilde fotokimyasal bozunumuna sebep olmaktadir.
Goriintiilemede yiiksek dozda 151k siddetinin 6zellikle
hayvan hiicresi gibi yasamsal faaliyetler gdsteren
ortamlarda uygulanmasi hiicre i¢inde flavin ve benzeri
koenzimlerin bozunumuna ve fototoksisiteye neden
olmaktadir [9]. Bu tiir, disaridan ekstra bir molekiille
isaretlenmeye ihtiyaci olmayan otofloresan koenzimler
optimal dozlarda wuygulanan uyarim siddeti ile
fotokimyasal bozunuma ugramadan 1s1ma yapma
kapasitesine sahiptir. Ancak diisik veya ortalama
dozlarda uygulanan lazer uyarim siddetlerinde bu
molekiillerden zayif floresans 1s1ma sinyali elde edilir
ve goriintiileme calismalarinda diisiik sinyal giiriiltilye
neden olmaktadir. Lazer uyarim siddetindeki kademeli
arti, molekiillerdeki floresans 1simanin satiirasyon
seviyesine ulagsmasi sonrasinda Olgiilen floresans
sinyalinde artig yerine kisa siire i¢inde azalmalar
gorulebilmektedir. Sinyallerde goriilen bu
zayiflamanin sebebi baglangigta yalnizca 1$181n
agartma reaksiyonu gibi diisiiniilse de siirekli uyarim
kesildikten kisa bir siire sonra bu molekiiller yeni bir
lazer uyarimu ile tekrar uyarildiklarinda baglangictakine
benzer siddette 1s1ma yapabilmektedirler. Siirekli
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uyarim altinda floresans sinyalinin azalmasinin temel
sebeplerinden biri floresan molekiiliin uyarilmis singlet
halinde yer alan elektronlarin kuantum mekaniksel
olarak yasakli olan tiglii (triplet) duruma gegisleri veya
triplet halden redoks reaksiyonlarinin gerceklestigi
radikal durumlara gegislerinden kaynaklanmaktadir
[10, 11]. Uyarilnus singlet durumdan triplet veya
redoks gibi floresans 1s1maya gore daha uzun Smiirli
olan bu durumlar arasindaki elektronik gecisler,
esasinda floroforlarin bulundugu hiicre veya bir ¢ozelti
icinde gozden kacan biyokimyasal mekanizmalar ve
molekiiller arasi etkilesimler hakkinda olduk¢a 6nemli
bilgi tasimaktadir. Genellikle nanosaniyeler iginde
gerceklesen floresans 1gimaya kiyasla mikrosaniyeler
(us) ve milisaniyeler (ms) i¢inde olusan bu elektronik
durumlar karanlik hal olarak tanimlanmaktadirlar [12].
Deney ortamindaki oksijen konsantrasyonu [13],
cozicundn viskozitesi [14], ortamda veya molekiil
yapisinda yer alan agir atomlar [15, 16], polarite [17],
floresan molekiiliin konformasyonel degisimi [18-20],
foto-redilksiyon [21] ve foto-oksidasyon [22] gibi
redoks reaksiyonlar1 floroforlarin karanlik elektronik
durum popiilasyonlarini etkileyen 6nemli faktérlerdir.
Siirekli lazer uyarimi altinda bu tiir fotofiziksel

fenomenlerin  gergeklesmesi durumunda  Slgiilen
floresans sinyalinde zayiflama goriilmesi
kaginilmazdir.

Floresan molekiillerin karanlik elektronik durum
popiilasyonlarin1  kantitatif olarak 6lgmek amaciyla
gelistirilmis iki O6nemli yontem mevcuttur. Bu
yontemlerden birincisi 1972’de ilk kez Madge, Elson
ve Webb tarafindan ortaya atilan, floroforlarin
konsantrasyonunu,  diflizyonunu, triplet  durum
popilasyonunu ve molekillerdeki protonasyonu
6lcebilen floresans korelasyon spektroskopisidir (FCS)
[23, 24]. Biyofizikte analitik bir metot olarak kullanilan
FCS, konfokal mikroskop, siirekli lazer uyarimi ve
fotodedekttrlerden olusan kompleks bir sistemdir [25,
26]. Bu yontem mikroskop objektifinde femtolitre
biiyiikliigiinde elipsoit sekilli bir algilama hacmi i¢ine
difuzyonla rastgelen giren molekullerden floresans
1simayla yayilan fotonlar1 zamana bagli olarak
Olgmektedir [27]. Aym tip 2 dedektor tarafindan belirli
bir siire es zamanli olarak kaydedilen foton sayilari
birbiri ile korele edilerek logaritmik zamana gore
degisen korelasyon egrisi elde edilir. Korelasyon
egrileri birka¢ ps icinde gerceklesen protonasyon ve
triplet gecisleri hakkinda bilgi verirken, ms skalasinda
floresan molekdillerin difiizyon sureleri kantitatif olarak
tayin edilebilmektedir. FCS yonteminde molekullerin
lazerle uyarildig1 algilama hacminin boyutu oldukca
kiigik (~ 10 L) oldugu igin genellikle nanomolar
(nM) ¢ozelti konsantrasyonu kullanilmaktadir [28]. Bu
tiir diisiik konsantrasyonlu florofor c¢ozeltilerindeki
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floresan molekiil sayist1 tek molekiil seviyesinde
oldugundan, yeterli miktarda foton, yani floresans
sinyali elde edebilmek i¢in se¢ilen floroforlarin yiiksek
parlaklik degerlerine sahip olmasi gerekmektedir [29].
Diisiik parlaklik ve kiiciik uyarim kesit alanina sahip
floresan molekillerde c¢ok ylksek seviyede lazer
uyarimlar1 kullanilarak FCS sinyali artirilabilir ancak
bu durum kullanilan molekiillerin fotokimyasal
bozunumuna dogrudan sebep olmaktadir. Bu nedenle
flavin gibi otofloresan molekiillerin fotofiziksel
ozellikleri ve karanlik durumlara gegisleri, FCS gibi tek
molekiil algilama temelli spektroskopik bir yontem ile
dogru bir bigimde tayin edilemez.
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Sekil 1. FMN ve FAD molekiillerinin kimyasal yapisi

Floroforlarm hem karanlik hal
Olcebilmek hem de zayif floresan i1simasina sahip
molekiilleri ideal lazer uyarimlarinda hasar vermeden
goriintillemek amaciyla Widengren ve arkadaslari
TRAST  adimt  verdikleri  floresans  temelli
spektroskopik bir yontem gelistirmiglerdir [30, 31].
TRAST spektroskopisi mikroskop objektifi Uzerinde
konfokal uyarima alternatif olarak genis uyarim alani
da saglamakta olup, yiiksek konsantrasyonlarda
florofor ¢ozeltilerinin  kullanilabilmesine  olanak
saglamaktadir [32]. Molekiillerin lazerle uyarilmasinda
genis uyarim alani kullanildiginda lazer siddetinin
ortalama etkisi daha diisiik oldugundan molekillerin
fotokimyasal bozunumu yiiksek 6lctide 6nlenmektedir.
TRAST spektroskopisi yontem olarak 100 ns ve 10 ms
zaman araliginda rastgele segilen, kesikli (pulsed) lazer
uyarimlarina karst molekiillerden yayilan floresans
sinyalini 6lcmekte olup 6l¢llen bu degerleri logaritmik
zamana gore degisen grafik verisi olarak vermektedir
[33]. Normalize edilmis floresans sinyal degerlerinin
zamana gore degisimlerine  bakarak triplet,
protonasyon, redoks veya trans-cis  durum
popiilasyonlarina ait fotofiziksel gegis hizlari tayin
edilebilmektedir [34]. Bu yontem ayni zamanda
hiicrelerde floresan molekiillerle isaretlenmis olan

popiilasyonlarini
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organel  veya  makromolekillerin  fotofiziksel
ozelliklerini de inceleyebilmektedir. Ancak
immunoisaretlenmis (immunostained) hiicreler petri
kabinda veya lamel iizerine sabitlendigi icin ve
Ol¢iimler sirasinda ayni hedef molekiiller tekrar 1s1kla
uyarilacagi i¢in hem isaretleyici molekiillerde hem de
otofloresan  flavinlerde fotokimyasal bozunuma
sebebiyet vermektedir. Isikla agartmadan kaynaklanan
fotokimyasal bozunum, Sekil 1’de kimyasal yapisi
verilen, Ol¢limler sirasinda ¢oziicii icinde serbest
Brownian hareketi yapan flavin monontkleotit (FMN)
ve flavin adenin dinikleotit (FAD) molekilleri igin
TRAST spektroskopisi kullanilarak deneysel olarak
kanitlanmigtir [35]. Bu nedenle zayif 1s1ma yapan ve
15182 hassas olan bu tiir molekiillerin karanlik hal
gecislerini calisabilmek i¢in yeni nesil spektroskopik
yontemlerin gelistirilmesine ihtiya¢ duyulmaktadir.

Bu makalede, bahsedilen problemleri ¢6ziimleyebilen
ve mevcut spektroskopik yontemlere alternatif olarak
kullanilabilecek mikroakigkan temelli, genis alan
uyarimli bir floresans mikroskop tasarimi gelistirilmis;
bu sistemin flavin fotofizigi i¢in uygulamasi niimerik
simiilasyon sonuglar1 ile sunulmustur. Onerilen
spektroskopik tasarimda amag floroforlarin elektronik
gecis parametrelerini, mikroakigkan ¢ipin geometrisini
ve ayrica genis alan mikroskobunun optik
parametrelerini  kullanarak  normalize  floresans
sinyallerini simiile etmek ve floroforlarin karanlik
durum popiilasyonlarini kantitatif olarak
belirleyebilmektir. Bu sayede 1s18a duyarl, zayif
molekiller deneysel olarak mikroskopta 6lctilmeden
once, niimerik simiilasyonlar yapilarak o6zellikle
deneysel galisan aragtirmacilara yapilmast planlanan
deneylerle ilgili optimizasyon imkani ve olgiimlerle
ilgili 6ngdrii saglayacaktir. Niimerik simiilasyonlarla
sunulan bu tasarimin iki Onemli deneysel avantaji
olacaktir. Bunlardan birincisi, mikroakiskan ¢ip iginde
sabit akis hiziyla hareket ederek uyarim alanindan
gegen floroforlarin floresans sinyali bir sSCMOS kamera
yardimiyla kaydedilerek ¢ok sayida goriintii verisi elde
edilecek ve bu nedenle kiigiik uyarim kesit alanina
sahip otofloresan molekiiller icin yeterli foton istatistigi
saglayacaktir. Ikinci avantaj olarak ise; floresan
molekiiller lazer uyarim alanindan yalnizca bir kez
gececegi i¢in kullanilan lazerin her bir molekiilii
agartma riski onemli derecede azaltilacak olup bu
yontem ile elde edilen sinyaller daha guvenilir
fotofiziksel analizler saglayacaktir. Onerilen yontemin
bagarisini ispatlamak amaciyla, foto-fiziksel modelleri
ve karanlik hal gegis parametreleri raporlanmis FMN
ve FAD molekiilleri i¢in ¢esitli niimerik simiilasyonlar
yapilmistir. Bu molekiiller igin kullanilan foto-fiziksel
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Sekil 2. (a) FMN ve (b) FAD molekilunin elektronik durum (fotofizik) modeli.
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modellere  iligkin  ayrintilar, segilen  deneysel
parametreler ve niimerik simiilasyonlarla karanlik
duruma  gecislerin  hangi  ideal  kosullarda
gozlemlenebilecegi sirasiyla asagidaki basliklarda
verilmistir.

Il. MATERYAL VE YONTEM

21. FMN ve FAD icin Elektronik Durum
(Fotofizik) Modelleri

FMN ve FAD molekillerinin floresans sinyallerini
simule etmeden 6nce bu molekuller igin singlet ve
karanlik hal durumlarinin  birbiriyle etkilestigi
elektronik ~ durum  modellerinin  olusturulmasi
gereklidir. Karanlik, gegici elektronik durumlari igeren
floresans sinyalini nlmerik olarak modelleme
asamasinda belkemigi olarak kullanilacak elektronik
durum modelini érneklendirmek ve kuramsal yéntemi
aciklamak amaciyla FMN ve FAD molekiillerinin
fotofiziksel modelleri sirasiyla Sekil 2(a) ve (b)’de
verilmistir [35]. Her iki modelde de 5 temel durum olan
singlet taban durum (S;), floresan i1si1ma yapan 1.
uyarilmis singlet durum (S, ), triplet durum (T), redoks
reaksiyonlarini temsil eden radikal durum (R) ve 1s1kla
agartilmis durum (B) ortak olarak yer almaktadir. Iki
modelde de T, R ve B uzun Omiirlii, karanlik gecici
elektronik durumlar1 temsil etmektedir. FAD floroforu
FMN’den  farkli  olarak  molekiil  yapisinda
izomerizasyona  sebep  olan  adenin  grubu
barimdirmaktadir (Sekil 1). izomerizasyona bagli olarak
adenin grubunun izoalloksazin halkas1 ile garpigmasi
durumunda olusan katlannug yap1 P ile temsil edilen
farkli bir karanlik durumu olusturur ve katlanmis
durumdaki FAD molekiilleri floresan 1s1ma yapamaz.
FAD molekuli P durumuna hem S, hem de S,
durumundan gecis yapabilmektedir. Genis alan
mikroskobu iizerinde olusturulan diiz tepeli lazer
uyarim alan1 konfokal mikroskoba kiyasla oldukca
genis oldugundan molekiiliin lazerle uyarim hizi (kg,)
oldukea diisiiktiir. Bu sebeple daha yiiksek seviyelerde
uyarilmis singlet ve triplet durumlar Sekil 2’deki
modellere dahil edilmemistir. Singlet S, ve S;
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durumlar1 FMN ve FAD dahil 1s1ma yapan her florofor
icin var olan temel elektronik durumlardir. ki
molekilde de S, durumunda bulunan elektronlar lazerle
uyarildiklarinda S; durumuna kg, hizi ile gegis yapar ve

bu hizin matematiksel ifadesi asagida  gibi
verilebilmektedir [36]:
ly
Ko1 = OexcPexc (1)

=0 [——
e Efoton

Denklem 1°’de yer alan Oeye , Poxes lo V€ Efoton
parametreleri sirasiyla floroforlarin uyarim kesit alani,
uyarilma akisi, lazer uyarim siddeti ve foton enerjisidir.
Siirekli lazer uyarimina maruz kalan floroforlarda, S;
durumuna uyarilan elektronlar taban durumuna k4 hizt
ile ge¢is yaparak floresan 1sima yapmaktadir. S;
durumuna yiksek I, degeri ile uyarilan molekiiller
floresan satlirasyonuna ugrayarak, S; durumundaki
elektronlar gecis
(intersystem crossing) hizi olarak bilinen ki ile gecis
yapar. T durumundaki elektronlar S, durumuna k; hiz1
ile gevsemektedir. Molekiillerin lazerle uyarimi, ps’ler
icinde olusan T ve P durumlarina ek olarak daha uzun
omarld (birkag ms) olan redoks temelli radikallerin (R)
olusumuna sebep olmaktadir. Sekil 2’de verilen
fotofiziksel modellerde T durumundan R durumuna
gecis foto-rediiksiyon, k.q hiz1 ile belirlenmektedir. R
durumundaki  elektronlar S, durumuna foto-
oksidasyon, k., parametresi ile geri ddnerek tim
elektronik sistem gegici olarak dengeye ulagir. FMN ve
FAD molekuilleri ¢ok daha yiiksek I, degerinde
uyarildiginda molekiiller R durumundan B durumuna
kalic1 olarak 151kla agarmaktadir. Bu gegisler ky, hizi ile
Olciilmektedir. FMN koenziminin floresan 1s1ma
siddetini dogrudan etkileyen k;, hizinin matematiksel
ifadesi diger gecis hizlar1 cinsinden asagidaki gibi
yazilabilir:

T durumuna sistemler arasi

1
ko = T_ — Kisc — Kred 2)

f
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Sekil 3. (a) Floroforlar mikroskop objektifinin arka agikligina odaklanmig lazer (mavi) ile uyarilmaktadir ve
floresan 1s1ma (ag1k yesil) goriintii verisi olarak hesaplanmaktadir. (b) Mikroakiskan platformun ig¢ine gomiili
¢ipin gosterimi: ¢ip tizerinde akig yoniine dik yonde uzatilmis diiz tepeli uyarma 1511 (mavi) sabit hizla hareket
eden tiim molekiilleri benzer lazer siddetinde uyararak floroforlarin karanlik elektronik durumlara gecislerine
sebep olmaktadir. Oklar, x ekseni boyunca molekiillere uygulanan ideal, laminer akisin yoniinii géstermektedir.
Diiz tepeli lazer uyarim alaninin (c) 3-boyutlu ve (d) 2-boyutlu similasyonu. (e) Ydntemle elde edilebilecek
temsili bir veri 6rnegi: niimerik simiilasyonlarla elde edilen lazer profilinin (®4y.) ve zamana bagh degisen
karanlik elektronik durumlarin F ., (t)’ye etkisi gosterilmektedir. Burada karanlik durumlara gegislerin
olmamasi durumunda F,.,, (t) sinyalinin @, sinyali ile tamamen ortiigmesi beklenmektedir.

Denklem 2’de yer alan t; floroforun floresan isima
omriidiir ve organik molekiiller i¢in bu deger genellikle
birka¢ nanosaniyedir. Hesaplanan k;, degeri FAD i¢in
sabit bir degerdir ve bu deger 131 us™! olarak
bulunmugtur [35]. Sekil 2(b)’de verilen FAD
molekilinin elektronik durum modeli g6z o6nine
alindiginda, uyarilmig S; durumundan P durumuna
gegis hizi olan Kpporo—stack hizini ifade etmek igin
asagidaki denklem kullanilmaktadir:

1

kphoto—stack = ‘E_f — K10 — Kisc

(3)

FAD molekuli Sy durumundan karanhik P durumuna
Kgtack hiz1 ile gegerek katlanmis yapi olusturmaktadir.
P durumundan S, durumuna gegerek ise molekiil agitk
formuna Kkyn_siack izt ile geri donebilmektedir.
Fotofiziksel modellerde verilen Kisc, K¢, Kreqs Koxs Kb,
Ketack V€ Kun—stack gibi geg¢is hizlari, TRAST
spektroskopisi kullanilarak elde edilmis olup bu
calismadaki niimerik simiilasyonlarda kullanilmistir
[35]. Bu yontemle 6l¢ilerek belirlenen bu parametreler
bulgular ve tartigma boliimiinde Tablo 1, 2, 3 ve 4’te
listelenmistir. Bununla birlikte ko, ve kqo hizlarini
simiile edebilmek amaciyla Gexc = 1.9 X 10717 cm?
olarak belirlenmis olup, fosfat tamponlu tuzlu su
(phosphate buffered saline) iginde c¢ozdurtlerek
Olctimii yapilan FMN ve FAD molekiilleri i¢in t¢
degerleri Tgyy = 4.7 NS Ve Tpap = 2.7 ns olarak
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kullanilmistir.  Egoion  degerlerinin  hesaplanabilmesi
icin lazer uyarim dalga boyu (Aey.) 488 nm olarak
secilmistir.

2.2. Mikroakiskan Cip Sistemi Ve Lazer Uyarim
Alanimnin Niimerik Simiilasyonu

Onerilen yontemde lazerle sabit uyarim alani {izerinden
gecerek hareket eden FMN ve FAD molekillerinin iki
boyutlu floresans goruntl verileri, F(x,y), niimerik
simiilasyonlarla olusturulmustur. Simiile edilen F(x,y)
goriintiilerindeki her piksel farkli floresan sinyal
degerine sahip olup bu ifadedeki x akig yonunii, y ise
akig yoniine dik yondeki Kartezyen koordinatlar: temsil
etmektedir. Mikroakigkan ¢ip sistemindeki akis hizi ve
goruntd verisinin piksel boyutu bilgisiyle, molekullerin
her bir pikselden geg¢is siiresi hesaplanmigtir. GOriintii
verisindeki molekiiller i¢in akis yonii boyunca simiile
edilen floresans sinyali F(x) ile gosterilecek olup t =
x/v (piksel uzunlugu/molekiiliin akis hizi) denklemi
kullanilarak zaman ortalamali floresans sinyali, F . (t),
elde edilmistir. Uygulanan akis hizlari, mikroakiskan
¢ipin geometrik boyutu, kullanilan I, degerleri ve
elektronik gecis hizlarma bagli olarak floroforlarin
karanlik gecici durumlari, normalize edilmis, zaman
ortalamali floresans sinyalindeki Fpo, (t) degisimlere
bakilarak analiz edilmistir. Analizlerin dogru bir
bicimde yapilabilmesi i¢in, mikroakiskan ¢ipin
geometrik boyutlariin yani sira lazer uyarim alaninin
geometrisinin de dikkate alinmasi gerekmektedir.
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Yapilan simiilasyonlarda gercek bir sSCMOS kamera
gOrlintii  verisinin Ozellikleri sayisal veri olarak
kullanilmigtir. SCMOS kameralarda iiretilen goriintii
verisi yatay ve dikey boyutlarda 2048 kare pikselden
olusmakta olup her bir pikselin uzunluk degeri yaklagik
6.5 um olarak belirlenmistir [39]. Deneysel dl¢ciimlerde
sCMOS kameranin ¢ok daha hizli kayit yapabilmesi
icin toplam piksel sayis1 4x4 gruplama yodntemiyle
genigletilerek 512 piksele  diisiiriilebilmektedir.
Gruplama ile bu sayede objektifte olusan goriintii
verisinin 1 piksel uzunlugu 26 pm olarak elde
edilmigtir. Bu ¢alismada {iretilen lazer ve normalize
floresans sinyalleri igin gorintl verileri Python
ortaminda 2 boyutlu 1zgara (grid) iginde simiile
edilmistir. Simiile edilen goriintiide ¢ip genisligi (akis
dogrultusuna dik yoén) boyunca toplam 233, c¢ip
uzunlugu, yani akis yonii dogrultusunda ise toplam 512
piksel barindirmaktadir. Sekil 3(a) ve (b)’de resmedilen
mikroskop iizerine yerlestirilmig 60x biiylitmeli su ile
odaklanabilen mikroskop objektifinde olusan goriintii
verisinde bir piksel uzunlugu 0.43 pum/piksel olarak
hesaplanmistir. Simiilasyonlarda sCMOS kameranin
goriis alanina giren mikroakigskan ¢ipin uzunlugu ve
yiiksekligi bu durumda 220.16 pm ve 50 pum olarak
belirlenmistir. Calismamizda simiile edilmis goriintii
verilerinin akisa dik boyutu, yani ¢ip genisligi 100.19
um olacak sekilde belirlenmistir. Bu ebatlardaki ¢ipler
Micronit isimli mikroakigkan sistemler gelistiren bir
ticari firma tarafindan kolaylikla {iretilebilmektedir
[40]. Sekil 3(b)’da resmedilen mikroakigkan sistem ile
karanlikk  durumlara  gegisleri  tetiklenmektedir.
Stipergauss lazer 151in  profilinin  genellestirilmis
matematiksel ifadesi, n > 2 mertebesindeki x ve y
Kartezyen koordinatlarindaki optiksel yogunluk profili
I(x,y) ile Denklem 4’teki gibi ifade edilebilmektedir
[41, 42]:

x—xo)n
w

y€[0,L]
diger

I(x,y) = {Io 'g_z( )

Denklem 4°te yer alan L ¢ip genisligini, w ise Gausyen
profilin kiris bel yar1 ¢apimi ve n diz tepeli lazer
profilinin mertebesini gdstermektedir. Denklem 4 ile
niimerik simiilasyonlarda kullanilacak olan diiz tepeli
lazer uyarim alani parametreleri sirasiyla I, = 3000
a.u., L= 100.19 pm, w = 50 um ve n = 6 olarak

secilmistir.  Lazer 1smnmn  simetri  merkezinin
koordinati, ¢ipin akis yOnii boyunca tam orta
noktasinda  (x, =110.08 pm) olacak sekilde

belirlenmistir. i1k olarak 512 piksel degerine sahip ¢ip
uzunlugu boyunca I(x, 0) sinyali y = 0 i¢in Denklem 4
ile simiile edilmistir. Ayn1 simiilasyon ¢ip genisligi
boyunca yer alan 233 piksel i¢in bir dongii algoritmasi
(for loop) iginde tekrar edilerek I(x,y) degerleri y =

78

L =100.19 upm’ye wulasana dek hesaplanmistir.
Hesaplanan I(x,y) degerleri 512 x 233 piksel?
boyutunda olusturulan grid i¢ine kaydedilmistir. Grid
icinde her piksel igin kaydedilen I(x,y) degerlerinin
olusturulmasinda kullanilan lazer profilinin 3 ve 2
boyutlu gosterimleri sirasiyla Sekil 3(c) ve (d)’de
verilmistir. Mikroakiskan ¢ip i¢inde hareket eden flavin
koenzimlerini lazerle uyarmak i¢in kullanilan efektif
optik gi¢ P.g, 1(x,y) cinsinden agagidaki bagintiyla
hesaplanabilmektedir:

o L
X—x0\®
P = ffloe_z(To) dy dx
—o0 0

Denklem 5’te P icin tamimlanan integralin I i¢in w,
L ve gamma fonksiyonu (T') cinsinden ¢6zumi
asagidaki ifade ile bulunmustur:

Lot 3Y2Py
°7r@a/e)  wl

(5)

(6)

FMN ve FAD igin farkli lazer siddetlerinin normalize
floresans sinyallerine olan etkisi Denklem 6’da bulunan
¢Oziim kullanilarak incelenmistir. Yapilan
simulasyonlarda I'(1/6) degeri 5.57 olarak alinmistir
[43]. Floroforlarin Iy’a bagh karanlik durumlara
gegcislerini kontrol etmek amaciyla Denklem 1°deki kg,
hizt kullanilmaktadir ve bu denklemde yer alan I
degeri (kW/cm? cinsinden) Denklem 6°daki ¢oziim ile
elde edilmektedir. 488 nm uyarim dalga boyuna sahip
lazerlerde maksimum P degeri 300 mW’a kadar
ulasabildiginden, niimerik simiilasyonlardaki I, deger
aralig1 0.06 - 3.62 kW/cm? olarak belirlenmis ve bu

aralikta  farkli I, degerleri  simiilasyonlarda
kullanilmistir.
2.3. Zamana  Bagh  Elektronik  Durum

Popiilasyonlar: ile Normalize Floresans Sinyalinin
Numerik Simulasyonu

Lazer, mikroskop ve cip parametrelerini ky; hizim
hesaplamak amaciyla belirledikten sonra karanlik
durumlari igeren floresan sinyallerinin simiile edilmesi
i¢in kullanilacak hesaplamali yontem bu baslikta FMN
molekiiliiniin fotofiziksel modeli i¢in 6rneklenmistir.
Sekil 2(a)’da FMN i¢in verilen 5 temel elektronik
durum ve bu durumlar arasi gegis hizlar1 1. mertebeden
lineer diferansiyel denklem sistemi olarak ele alinip,
aynt yontem FAD molekiiliine uyarlanarak sayisal
¢Oziimler yapilmigtir. Diferansiyel denklem sisteminin
¢Oziimi Ozdeger ve Ozvektor problemi olarak ele
alinmis olup elektronik durum popiilasyonlarini

gosteren  S(t)  vektdrii  asagidaki  ifade ile
yazilabilmektedir [35]:
dg(t) = M- S(t) (7)
™7
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Denklem 7’de yer alan S(t) zamana bagh elektronik
durum poptlasyon vektoriint temsil etmektedir, M ise
bu durumlar arasindaki elektronik gecis hizlari
kapsayan Dbir birlestirme matrisidir. FMN’nin
fotofiziksel modeli baz alinarak M matrisi agik bir
sekilde Denklem 8’deki gibi yazilmaktadir. FMN

molekiillerinin  elektronik durum popiilasyonlari
olasilik degeri olarak g6z Oniine alindiginda
So(D+S; (H+T(H)+R()+B(t)=1 Vit kosulunun

saglanmast gerekir. FMN molekiilleri, t = 0 aninda
henliz uyarim alanindan ge¢medikleri ve lazerle
uyaritlmamig olduklart igin elektronlarin tamamen
taban durumunda (S,) oldugu varsayilir [6] ve S, degeri
bu durumda 1 olarak alinir. Elektronik durum vektorii
icin niimerik olarak ¢oziilecek olan 6zdeger-6zvektor
probleminde bu nedenle baslangic kosulu vektor
formunda asagidaki gibi ifade edilebilmektedir:

So(t)

ol [4

70 |=o ©
R(t

O] Lol

t = 0°da baslatilan sabit bir uyarim sonrasinda FMN
molekdillerinin herhangi bir t aninda floresan 1sima
yapan S; durumunda bulunma olasiligi asagida verilen
denklem ile hesaplanmaktadir [19]:

Ko1
ko1 + Kqo

p
- Z(Ai — Aje7hit)
i=1

Bu denklemde yer alan p, S, ve S; disindaki karanlik
durum sayisini, Ay, Ve A; 6zdegerleri ve A; ise kararlt
durumdaki elektronik durum popiilasyonlarinin genlik
degerlerini  gdstermektedir. Lazer 1sinlarindaki
fotonlarin  diizensiz dagiliminin singlet Sy,- S
durumlart arasindaki denge siiresi (anti-bunching)
Tap = 1/A4, ile elde edilmektedir [44]. Bu ifade A, =
1/(kos + ki) seklinde tamimlanmaktadir [45-47].
So(t = 0) = 1 baslangi¢ kosulunu kullanarak A; ve A;
degerleri, Sekil 2(a)’da goriilen Sy, S;, T, R ve B
popiilasyonlari, Denklem 8’de verilen elektronik gecis
parametreleri cinsinden analitik olarak ¢oziilmiistiir.
Denklem 10°da zamana bagl olan kgy,(t) hizt
molekiillerde floresan 1gimanin  gorildiga S, (t)

Sl (t) = 1-—- e_labt

(10)

- kred
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kq Kox 0] [So(t)

0 0 o| IS (t)}

—k, 0 0| 'I%(t) (8)
0 _kox - kb OJ R(t)

0 Ky, 0 B(t)

popilasyonunu etkileyen en 6nemli parametredir.
Mikroakiskan c¢ipte uyarilan floroforlarn 151ma
yapmas1 ve karanlik durumlara ge¢mesi durumunda
S;(t) popiilasyonu  dogrudan etkilenmektedir.
Molekiiller uyarim alam iizerinde hareket ederken
simiile edilen/kaydedilen goriintiilerde ¢ip uzunlugu ve
genisligi boyunca yer alan her piksel farkli 1(x,y)
degerine sahip olacagindan Denklem 10’da verilen
ko1 (t) hizt her I(x,y) i¢in farkli ancak birbirine yakin
degerler almaktadir. Floresans sinyal siddetinin zamana
bagli simiilasyonunda ilk olarak toplam 512 piksel
degerine sahip ¢ip uzunlugu boyunca, I(t = x/v,0)
sinyali y = 0 i¢in Denklem 4 ile elde edildikten sonra
bulunan I(t, 0) degeri Denklem 1 iginde kullanilarak
ko1 (t) degerleri zamana bagli olarak hesaplanmustir.
Ayn1 simiilasyon ¢ip genisligi boyunca yer alan 233
piksel icin bir dongii algoritmasi iginde tekrar edilerek
K1 (t) degerleri y = L =100.19 um’ye ulagana dek
elde edilmistir. Her piksel i¢in hesaplanan kg, hizlari
Denklem 10 iginde kullanilarak 512 x 233 piksel?
boyutunda olusturulan baska bir 2 boyutlu grid i¢inde
S, (t) populasyonlar1 elde edilmistir. Sekil 3(c) ve
3(d)’deki goriintiilerde kameranin grid i¢indeki her bir
piksel i¢in 6lgebilecegi, zamana bagli ortalama floresan
sinyali  (Fore(t)) asagidaki  denklemle  elde
edilmektedir:

Fort(t) = K109¢qpS: (D) (11)
Denklem 11°de verilen g¢ ve qp sirasiyla floresans
kuantum verimi ve kameranin floresans algilama
kuantum verimi olarak bilinen sabit terimlerdir.
Flavinler icin normalize floresan sinyalleri (Form (1) =
Fore(t) / Forepa, (D) simile edilecegi igin qr Ve qp
terimleri birbirini yok etmektedir ve bu terimlerin
simiile edilen egrilere bir katkis1 bulunmamaktadir. Bu
calismada FMN ve FAD molekiilleri i¢in simiile edilen
gOrlintii verileri lizerinden molekiillerin akis yonii
boyunca Fpomm(t) sinyalleri hesaplanarak analizler
yapilmistir. Elde edilen normalize floresans sinyali
Frorm(t) Sekil 3(e)’de orneklenmistir. Fpopm (1)
sinyalinin zamana bagli degisim grafiginin lazerin
uyarim profilinden farkli oldugu durumlarda, bu
degisimlerin fiziksel sebeplerinin hangi karanlik
durumlara gecislerden kaynaklandigi bulgular ve
tartisma kisminda detaylica agiklanmustir.
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III. BULGULAR VE TARTISMA

3.1. FMN Molekiilii i¢in Simiilasyon Sonuclar

488 nm dalga boylu, diiz tepeli lazer uyarimi alanindan
farkli akig hizlarinda gegen FMN molekillerinin
normalize floresans sinyalleri Sekil 2(a)’da verilen
fotofiziksel model kullanilarak ve Denklem 11
normalize edilerek farkli kosullar igin simiile
edilmigtir. Tornmalm ve Widengren tarafindan TRAST
kullanilarak belirlenmis fotofiziksel gecis hizlari,
onerilen mikroakiskan temelli floresans mikroskop
sistemine uyarlanarak hangi elektronik gecislerin net
bir sekilde gozlemlenebilecegi test edilmistir. TRAST
yoéntemi ile elde edilen tiim 6l¢lim parametreleri Tablo
1, 2, 3 ve 4’te listelenmistir [35]. FMN floroforu icin

ilk olarak I, etkisi arastirilmis olup 20 pL/dk ve 2000
puL/dk akis hizlar1 igin simiile edilen normalize
floresans sinyali egrilerinde kullanilan parametreler
Tablo 1’de, simiilasyon sonuglari ise sirasiyla Sekil
4(a) ve (c)’de verilmistir. 20 pL/dk akis hiziyla uyarim
alanindan gecen FMN floroforuna ait normalize
floresans sinyal egrisinin lazer uyarim alani boyunca I,
siddetinin artmasiyla kademeli olarak azaldig
gozlemlenmistir. Lazerin konumlandigi  bolgede
normalize sinyal genligindeki zamana bagli azalmanin
sebebinin floresan 1g1ma yapan S;  durumundan
karanhk T, R ve B durumlarina gegislerden
kaynaklandig1 aciktir. 20 pL/dk gibi bir akis hizinda
lazer uyarim siddetine olduk¢a hassas olan FMN
molekiilii lazer uyarim alanindan ortalama 1500 ps gibi

Tablo 1. FMN molekiiliiniin elektronik durumlarina I, degerinin etkisinin arastirilmasinda kullanilan molekiil
akis hizlar1 ve fotofiziksel parametreler.

Akis hizlart ey Kisc k¢ Kred Kox ky,
-1 -1 -1 -1 -1
(nL/dK) (ns) (us™) (ms™) (s™) (rs™) (rs™)
20-2000 4.7 82 0.81 0.017 0.020 0.0016
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Sekil 4. (a) Akis hiz1 20 pL/dk olan FMN molekiiliiniin normalize floresans sinyalinin farkli lazer uyarim
siddetlerinde incelenmesi, (b) ayni akis hizinda FMN molekiiliiniin elektronik durum popiilasyonlarinin 3.62
kW/cm? uyarim siddeti altinda zamana gére degisimi. (¢) Akis hiz1 2000 pL/dk olan FMN molekilinin
normalize floresans sinyalinin farkli lazer uyarim siddetlerinde incelenmesi, (d) ayni akis hizinda FMN
molekiiliiniin elektronik durum popiilasyonlarinin 3.62 kW/cm? uyarim siddeti altinda zamana gore degisimi. 4
grafikte de yer alan gri kesikli ¢izgi karanlik durumlarin olmadig, lazerin kendi uyarim profilini gdstermektedir.

80



Flavin Fotofizigi

Int. ). Adv. Eng. Pure Sci. 2025, 37(1): <73-91>

bir stirede gegisini tamamlamaktadir ve bu siire i¢inde
1isikla agararak foto-bozunuma ugrayip B durumuna
geegis yapmasi beklenmektedir. Sekil 4(c)’de 2000
uL/dk akis hizi igin simiile edilen normalize
sinyallerdeki zamana bagli bu diisiis daha zayiftir.

Her iki akis hizinda da hangi spesifik karanlik duruma
gecisin  sinyal genliginde diisiise sebep oldugunu
anlamak  amaciyla  bitin  elektronik  durum
popiilasyonlarinin zamana baglh degisim grafikleri
kapsamli bir sekilde incelenmigtir. 3.62 kW/cm?
uyarim siddeti altinda uyarilan FMN molekiilii i¢in 20
pL/dk ve 2000 pL/dk akis hizindaki Sy (t), S;(t), T(t),
R(t) ve B(t) popiilasyonlar1 S$ekil 4(b) ve (d)’de
sirastyla  verilmistir. Her iki akis hizinda FMN
molekiillerinin lazer uyarim alanina girmeden Once
molekillerin tamamen S, durumunda oldugu agik¢a
gorulmektedir. 20 pL/dk akis hizinda (Sekil 4(b)) bu
molekiiller uyarim alanina girmeye bagladigi andan
itibaren Sy, durumundaki FMN molekiilleri 1s1kla

uyarilarak S; durumuna ve hemen akabinde karanlik T,
R ve B durumlarina da geg¢is yapmaya baglamistir.
Diisiik akis hizinda bile molekiillerin R durumuna
gecmeden once T durumuna gegtikleri agikca
goriilmektedir. Bu sonu¢ olduk¢a anlamlidir ¢linkii T
durumuna gecisler yalnizca birkag ps surerken, redoks
radikallerinin olusumu ms’ler icinde
gergeklesmektedir. Molekiiller uyarim alaninin en diiz
tepeli kismina ulastiginda ise geri doniisii olmayan B
durumuna gecislerin yiiksek oranda artis1 acik bir
sekilde ortaya ¢ikmistir. FMN molekiillerinin bir kismi
lazer uyarim alanindan uyarilarak ¢iktiklar: bolgede B
durumuna gecerek foto-bozunuma ugradiklari igin S,
popiilasyonunda baslangica gore yaklasik %10
oraninda diislis gozlemlenmistir. Diger yandan T, R ve
B popiilasyonlarina kiyasla S; popiilasyonu uyarim
alan1 bolgesinde oldukca diisiiktiir ancak popiilasyon
degeri 0’a esit degildir, bu sebeple diger
popiilasyonlara kiyasla sinyal egrisi diiz ¢izgi olarak
gbzlemlenmistir. Bu davranis fiziksel olarak oldukca

Tablo 2. FMN molekiiliiniin elektronik durumlarina farkli konsantrasyonlarda eklenen etanol, askorbat ve
triptofan molekiillerinin etkisinin arastirilmasinda kullanilan molekiil akis hizlar1 ve fotofiziksel parametreler.

Eklenen  C* Akis hizlart  tpyy Kisc k Kred Kox kp
Molekll  (%v/iv-mM) (uL/dk) (ns) (us™1)  (us™H  (us7Y) (us™1) (us™1)
0.0 0.81 0.030
0.1 1 0.025
0.3 1.20 0.021
Etanol 0.65 20-2000 4.7 82 1.52 0.017 0.018 0.0016
0.71 1.98 0.015
0.82 2.48 0.013
0.9 3.04 0.011
0.95 3.62 0.009

0.0 0.027
0.05 0.077
0.1 0.127
0.2 0.227
Askorbat .3 20-2000 4.7 82 0.72 0.327 0.019 0.0018
0.4 0.427
0.5 0.527
0.7 0.727
1.0 1.027
0.0 0.035
0.05 0.085
0.1 0.135
0.2 0.235
Triptofan .3 20-2000 4.7 82 0.76 0.335 0.028 0.0016
0.4 0.435
0.5 0.535
0.6 0.635
0.7 0.735
1.0 1.035

*C eklenen molekiiliin konsantrasyon degerini temsil etmektedir.
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Sekil 5. (a) 20 uL/dk ve (b) 2000 pL/dk akis hiziyla 3.62 kW/cm? uyarim siddeti altinda lazer uyarim alanindan
gecen FMN molekiillerinin normalize sinyal egrilerine triplet (T), radikal (R) ve 1s1kla agarma (B) durumlarinin
tekil etkisi. Gri kesikli ¢izgi karanlik durumlarin olmadigi, lazerin kendi uyarim profilini géstermektedir.
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Sekil 6. Maksimum lazer uyarim siddeti (3.62 kW/cm?) altinda 2000 uL/dk akis hiztyla lazer uyarim alanindan

gecen FMN molekiillerinin normalize floresans sinyallerine farkl kiitle fraksiyonlarinda (a) etanol, (b) triptofan

ve (c) askorbat molekdllerinin etkisi. (d) Ayn1 uyarim siddeti altinda askorbat etkisinin 500 puL/dk akis hizinda
incelenmesi. Gri kesikli ¢izgi karanlik durumlarin olmadig, lazerin kendi uyarim profilini géstermektedir.

anlamlidir ve FMN molekiiliiniin neden zayif 1s1ma  uyarim alanindan yalnizca birkag ps iginde gectikleri
yaptigini agik bir sekilde gostermektedir. Sekil 4(d)’de  ig¢in ms zaman skalasinda gerceklesen foto-bozunum
FMN molekulleri i¢cin 2000 pL/dk akis hizinda simiile ~ veya redoks reaksiyonlarina girecek siireye sahip
edilen elektronik durum popiilasyonlarina bakildiginda  degillerdir. Bu sebeple simiile edilen R ve B
ise T durumuna gegislerin diger karanlik durumlara  popiilasyonlarinin T popiilasyonuna gore ¢ok daha
gore cok daha belirgin bir sekilde goriildiigli ortaya  diisiik seviyede oldugu gézlemlenmistir. 2000 pL/dk
ctkmustir. Yiiksek hizda hareket eden FMN molekiilleri  akis hizi  igin  yapilan elektronik popiilasyon
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simiilasyonlarinda S, popilasyonunun 20 pL/dk akis
hizinda elde edilene gore bir miktar daha yiiksek
oldugu goriilmiistir. Bu nedenle Sekil 4(c)’deki
normalize floresans sinyallerinin genlik degerlerindeki
zayiflamanin Sekil 4(a)’da simiile edilen egrilere gore
daha az oldugu anlasilmistir.

Bu bulgulart dogrulamak amaciyla Sekil 2(a)’da
sunulan fotofiziksel modeldeki her bir karanlik
durumun iki farkli akis hizindaki tekil etkisi ayrica
arastirilmustir ve 3.62 kW/cm? uyarim siddeti altinda
simiile edilen normalize floresans sinyalleri Sekil 5(a)
ve (b)’de 20 pL/dk ve 2000 pL/dk akis hizlar igin
sirastyla verilmistir. Her iki grafikte de F sinyali (mavi
cizgi) tim karanlikk durumlarin ihmal edildigi
normalize floresans sinyalini, F ve T sinyali (turuncu
cizgi) F ile tek karanhik durum olarak tripletin var
oldugu sinyali, F, T ve R sinyali (yesil ¢izgi) F ile
birlikte triplet ve radikal durumlarin var oldugu sinyali,
F, T, R ve B (kirmiz1 ¢izgi) ise floresans sinyali dahil
diger tim karanlik durumlarin var oldugu sinyali
gostermektedir. Sekil 5(a)’da sunuldugu gibi 20 pL/dk
akis hiz1 boyunca simiile edilen normalize sinyaldeki
genligin azalmasinin temel sebebi FMN molekiillerinin
geri doniisii olmayan B durumuna gegisleridir ve bu
analiz 6nceki simiilasyon sonuglarini dogrulamaktadir
[48]. B durumuna gecisin ihmal edilip yalmizca T
ve/veya R durumlar1 kullanilarak simiile edilen
sinyaller (turuncu ve yesil sinyaller) molekiiliin
yalnizca F sinyaliyle (mavi sinyal) kiyaslandiginda
aralarinda biyik bir fark olmadigi anlasilmistir.
Yalnizca siirekli lazer uyarmmimin oldugu, redoks
reaksiyonuna sebep olan ek ajan molekdillerinin
eklenmedigi bir deney ortaminda R durum
popilasyonunun  6nemli  derecede  degismesi
beklenmemektedir, dolayisiyla bu bulgular oldukga
anlamlidir. FMN molekiillerinin 2000 pL/dk akis
hizinda F ile yalmizca T durumunun dahil edilerek
simile edildigi egriden T durumuna gegisler Sekil
5(b)’de net bir bicimde ayirt edilebilmektedir. Bu tiir
yiiksek akis hizinda molekiiller birkag ps i¢inde uyarim
alaninda gectiklerinden dolayt T durumuna gegislerin
¢coziimlenebilmesi beklenmektedir. R ve B durumlarina
gecislerin var oldugu sinyal egrileri yalnizca tripletin
oldugu (turuncu) egri ile birbirine yakindir. Yalnizca B
durumunun ihmal edildigi simiilasyon egrisi (yesil) ile
B durumunun dahil edildigi simiilasyon egrisinin
(kirmizi) st {iste binmesi, B durumunun bu akis
hizinda etkisiz oldugunu ortaya ¢ikarmistir. Bu hiz
degerinde molekiiliin uyarim alanindan gecis siiresi
floroforlarin 1g1kla agarmasi igin yeterli degildir ve
foto-bozunum 6nlenmektedir. Bu ¢aligma sonuglari
onerilen yontemin FMN gibi 1s18a duyarli olan
otofloresan koenzimlere ait karanlik elektronik durum
popiilasyonlarinin hangi akis hizlarinda
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Olgiilebilecegini ve hangi deneysel parametrelerle
manuel sekilde kontrol edilebilecegini ispatlamustir.

FMN molekullerinde T popiilasyonu ortamdaki oksijen
konsantrasyonuna dogrudan baglidir ve molekiiler
oksijen T popilasyonunu soniimleyebilme (triplet
quenching) 6zelligine sahiptir [49]. FMN ¢ozeltisine
farkli hacim fraksiyonlarinda etanol eklendiginde
oksijen  ¢oziniirliglinin  kontrol  edilebilecegi
tartistlmaktadir. FMN ¢d6zeltisine eklenen etanoliin T
durumuna etkisi TRAST ile aragtirtlmig olup bu
yontemle elde edilen fotofiziksel parametreler Tablo
2’de verilmistir. Bu ¢alismada sunulan spektroskopik
yontem kullanilarak FMN molekiiliindeki karanlik T
durumunun ¢ozeltiye eklenen etanol miktari ile kontrol
edilip edilemeyecegini ortaya c¢ikarmak amaciyla
niimerik simiilasyonlar yapilmistir ve sonuglar Sekil
6(a)’da sunulmustur. 3.62 kW/cm? lazer uyarim siddeti
altinda ve 2000 pL/dk akis hizinda FMN ¢6zeltisindeki
etanol miktarmim artirilmasiyla ortamda oksijen
konsantrasyonu artmistir. Bu artisa bagli olarak T
popiilasyonunun giderek azaldigi ve 95 %v/v etanol
kiitle fraksiyonuna ulasildiginda ise T durumunun
neredeyse tamamen soniimlendigi agikca
gozlemlenmistir. Bu bulgular 6nerilen yontemin FMN
molekiliniin T populasyonunu kontrol edebilme
kapasitesine sahip oldugunu gostermektedir.

T’nin yani sira enzimatik reaksiyonlarda aktif olarak rol
alan FMN molekiilleri i¢in radikal durumlarin
olusumlar1 test edilmistir. Tornmalm ve Widengren,
FMN ¢ozeltisine farkli konsantrasyonlarda triptofan ile
askorbat ekleyerek FMN molekiliinde radikal
durumlarin  nasil  etkilendigini arastirmigtir  ve
bulduklar1 fotofiziksel ge¢is hizlari Tablo 2’de
raporlanmigtir. Redoks ajanlarinin varliginda tekrar
belirlenen gecis hizlari, bu c¢alismada Onerilen
mikroskop sisteminde kullanilarak normalize sinyal
egrileri simiile edilmistir. Sekil 6(b) ve (c)’de
goriildiigiic gibi FMN ¢ozeltisindeki triptofan ve
askorbat miktar1 sistematik olarak artirildiginda
karanlik R durumuna olan gegislerin artmasi sebebiyle
normalize sinyal egrilerinde 6nemli miktarda zayiflama
gbzlemlenmistir. Bu sonuglar TRAST ydntemiyle elde
edilen deneysel bulgularla oldukga uyumludur [35].
Genlik degerindeki bu azalmanin temel sebebi statik
sontimleme olup bu fiziksel fenomen simiile edilen
floresans sinyalinde siddetli zayiflama olarak ortaya
cikmigtir [50]. Triptofan ve askorbat eklendiginde T
durumundan R durumuna elektron transferine bagh
olarak  foto-indirgenmis  radikallerin  olustugu
diistiniilmektedir ve bu radikallerin olusmasi 2000
pL/dk gibi yiiksek akis hizinda bile normalize floresans
sinyal genliginde diigsiise sebep olmustur. Askorbat
konsantrasyonuna bagli bu etkinin daha diisiik bir
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Sekil 7. (a) Akis hiz1 20 pL/dk olan FAD molekiiliiniin normalize floresans sinyalinin farkli lazer uyarim
siddetlerinde incelenmesi, (b) ayni akis hizinda FAD molekiiliiniin elektronik durum popiilasyonlarimin 3.62
kW/cm? uyarim siddeti altinda zamana gére degisimi. (€) Akis hizi1 2000 pL/dk olan FAD molekiiltnin
normalize floresans sinyalinin farkli lazer uyarim siddetlerinde incelenmesi, (d) ayni akis hizinda FAD
molekiiliiniin elektronik durum popiilasyonlarinin 3.62 kW/cm? uyarim siddeti altinda zamana gore degisimi. 4
grafikte de yer alan gri kesikli ¢izgi karanlik durumlarin olmadig, lazerin kendi uyarim profilini

molekiil akis hizinda da (500 pL/dk) gézlemlenebildigi
Sekil 6(d)’de ayrica arastirtlmigtir. Bu akis hizinda
FMN molekiilleri uyarim alanindan daha uzun siirede
gectikleri  icin  foto-indirgenmis  radikal R
popllasyonlarimin daha fazla elektron kazanarak
artmas1 ve floresans 1s1ma degerini daha yiiksek oranda
diigiirmesi olduk¢a anlamli bir sonugtur.

3.2. FAD Molekiilii i¢in Simiilasyon Sonuclar:

FMN koenzimlerinde fotofiziksel gecisler kapsamli bir
bi¢imde incelendikten sonra farkli bir flavin tiirevi olan
FAD molekiilii i¢in benzer simiilasyonlar yapilmistir.
FAD koenzimi i¢in yapilan simiilasyonlarda Sekil
2(b)’deki fotofiziksel model referans alinarak, her bir
elektronik durum populasyonu igin Denklem 7 ve 9
niimerik olarak Python ortaminda ¢ozdirilmiistiir.

Analizlerde ilk adim olarak I, etkisi arastirilmig olup 20
uL/dk ve 2000 pL/dk akis hizlari i¢in simiile edilen
normalize floresans sinyali egrilerinde kullanilan
parametreler Tablo 3’te, grafik veriler ise sirasiyla
Sekil 7(a) ve (c¢)’de verilmistir. FMN’ye benzer sekilde,
20 pL/dk akis hiziyla uyarim alanindan gegen FAD
molekillerine ait normalize floresans sinyal egrilerinin
lazer uyarim alani boyunca I, siddetinin artmasiyla
kademeli olarak azaldig: ortaya ¢ikmistir. Ayni trend
2000 pL/dk akis hizi i¢in de gozlemlenmigtir. FAD
molekiilleri bu yiiksek akis hizinda karanlik durumlara
gegebilmek igin yeterli zamana sahip olmadigi igin
genlikteki azalim daha diisiik ¢ikmistir. Ancak bu iki
akis hizinda da elde edilen normalize genlik
degerindeki azalimm FMN molekiiliine kiyasla (Sekil
4(a) ve (c)) ¢ok daha diisiik oldugu gézlemlenmistir. Bu

Tablo 3. FAD molekiiliiniin elektronik durumlarina I, degerinin etkisinin aragtirilmasinda kullanilan molekiil
akis hizlar1 ve fotofiziksel parametreler.

Akis hizlar TFAD Kisc k¢ Kreq Kox Ky, Kstack Kun—stack
(nL/dK) (ns) (us™")  (us7™h) (us™) (us™) (us™) (us™) (us™)
20-2000 2.7 82 0.81 0.010 0.0081 0.0011 62 33
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Sekil 8. (a) Maksimum lazer uyarim siddeti (3.62 kW/cm?) altinda 20 pL/dk akis hiziyla lazer uyarim alanindan
gecen FAD molekiillerinin normalize floresans sinyallerine farkl: kiitle fraksiyonlarinda etanol etkisi. (b) Foto-
oksidasyon hizinin etanol konsantrasyonuna gére degisimi. (C) Maksimum lazer uyarim siddeti (3.62 kW/cm?)
altinda 2000 pL/dKk akis hiztyla lazer uyarim alanindan gegen FAD molekiillerinin normalize floresans
sinyallerine farkl kiitle fraksiyonlarinda etanol etkisi. (d) Farkli etanol fraksiyonlarinda S, ve P
popiilasyonlarinin degisimi. (a) ve (c)’de gri kesikli ¢izgi ile gosterilen sinyal karanlik durumlarin olusmadigi,
lazer uyariminin normalize sinyalini géstermektedir.

durumun bir sebebi FAD molekiiliiniin floresan 1sima
Omrinin (tpap = 2.7 ns) FMN molekiiliiniin 1s1ma
omrinden (tppmy = 4.7 ns) ¢ok daha kisa olmasidir. Bir
diger sebebi ise FAD molekiilinde yer alan adenin
grubunun izoalloksazin halkasina ¢arparak olusturdugu
katlanmig yapida (P durumunda) bulunma olasiligidir.
FAD molekilleri farkli akig hizlarinda lazer uyarim
alaninin diginda da S, ve P durumunda bulunma
olasiligmma  sahiptir.  Bu  elektronik  durum
popiilasyonlarinin zamana gore degisim grafikleri 20
uL/dk ve 2000 pL/dk akis hizlar ig¢in Sekil 7(b) ve
(d)’de swrastyla verilmistir. Elde edilen grafiklerde
goriildiigii gibi FAD molekiillerinin iki akis hizinda da
P durumunda bulunma olasiligt Sy, S;, T, R ve B
durumlarinda bulunma olasiliklarma gore ¢ok daha
yuksektir.  FMN  molekiiline  kiyasla ~FAD
koenzimlerinde ¢ok daha diisiik oranda olusan floresan
S; durumundan T, R ve B durumlarma gegisler daha
zayiftir ve bu durum Sekil 7(a) ve (c)’deki zayif genlik
kaybina sebebiyet vermektedir. Sekil 7(b)’de
gorildigii tizere 20 pL/dk gibi yavas akig hizlarinda
FAD molekild icin T, R ve B popiilasyonlarinin artigi
acikca gozlemlenmistir. 2000 pL/dk gibi daha yiksek
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akig hizlarinda ise T gegisleri olduk¢a net bir sekilde
ortaya ¢ikmistir. Bu sonug ile FMN’e gore ¢ok daha
zayif olan FAD gibi koenzimlerin karanlik durumlara
gecislerinin  farkli  akis  hizlarinda ayr1  ayn
¢oziimlenebilecegi ispatlanmistir. Lazer uyarim alanina
girmeden 6nce, katlanmis durumda olan FAD molekiil
popilasyonunun (P) katlanmamis agik yapidaki
molekul popilasyonuna (S,) orami 65:35 olarak
bulunmus olup bu sonu¢ TRAST ydntemi ve farkli
deneysel yontemler ile elde edilen oranlara oldukca
yakindir [35, 51, 52]. Bu sonuca ek olarak 2000 pL/dk
akig hizinda uyarim alanina giren FAD’lerde P durum
popilasyonunun 20 upL/dk akis hizina gore arttigt
gbzlemlenmistir. Yiiksek akis hizlarinda FAD molekiil
yapisinda bulunan adenin grubunun izoalloksazin
halkasina ¢arpma olasilig1 ¢ok daha yiiksek oldugu igin
P populasyonundaki artig fiziksel olarak oldukca
anlamlidir. FAD molekiiliiniin katlanma kinetiginin
kontrol edilebilirligini tespit etmek ve karanlik durum
popiilasyonlarinin  nasil  etkilendigini  arastirmak
amaciyla farkli konsantrasyonlarda etanol, sulu FAD
¢ozeltisine eklenmis olup TRAST yontemi ile deneysel
olarak calisilmistir. Bu deneylerden elde edilen



Int. J. Adv. Eng. Pure Sci. 2025, 37(1): <73-91>

Flavin Fotofizigi

Cip uzunlugu (um)
25 50 75 100 125 150 175 200

<

Askorbat (mM)
0.0

=
<
1

<
=)

<
=N

Karanhk
radikallerin (R)
olusumu

S

<

e
)

=]
Il

Normalize lazer / floresans sinyali

T T T T T
1000 1500 2000 2500 3000

Piksel gecis siiresi (ps)
Cip uzunlugu (um)

75 100 125 150 175 200
I ! ! ! I I

T
500

=

25 50

=
=
1

Askorbat (mM)
()0

e
]

<
=

i
IS

125

150 175

Karanlik
radikallerin (R)
olusumu

<
(%}

=}
1

Cip uzunlugu (pum)
75100 125 150 175 200
1 1 1 1 1 1

”

25 50

N\

it
=
1

=}
=
1

]
L

r | Isikla agarma (B)
— B ! Karanlk \
04 ! radikallerin (R) \  durumunun artmasi
y olugumu

o
o

=]
=]
Il

Elektronik durum popiilasyonlart

T T T T T
1000 1500 2000 2500 3000

Piksel gecis stiresi (j1s)

Cip uzunlugu (um)
50 75 100 125 150 175 200
I I | 1 1 I 1 1
Karanlk
radikallerin (R)
] olugumu .
0.1 ? ¥

0.05 1
~ H
/ 0 \

g0
, 15.0 17.5 20.0 22.5 25.0
N Piksel gegis stiresi (us)

T
500

o

=3

\
\

=
o

|

=
=
Il

e
=
I

=
¥

/

e
=]

Normalize lazer / floresans sinyali

T T T T T
10 15 20 25 30

Piksel gecis siiresi (ps)

<

Elektronik durum popiilasyonlart

T T T T T
10 15 20 25

Piksel gegis stiresi (us)

Sekil 9. Maksimum lazer uyarim siddeti (3.62 kW/cm?) altinda 20 pL/dk akis hiziyla lazer uyarim alanindan
gecen FAD molekillerinin (a) normalize floresans sinyallerine ve (b) R ile B popiilasyonlarina askorbat etkisi.
Ayni lazer uyarim siddeti altinda 2000 pL/dk akis hiziyla lazer uyarim alanindan gecen FAD molekiillerinin (b)
normalize floresans sinyallerine ve (c) R ile B popiilasyonlaria askorbat etkisi. Gri kesikli ¢izgi ile gdsterilen
sinyal karanlik durumlarin olusmadigi, lazer uyariminin normalize sinyalini gostermektedir. (b) ve (d)’de
verilen egrilerde askorbat konsantrasyonunun 0 mM’den 1 mM’ye artisi, renklerin agiktan koyuya dogru
kademeli degisimi ile gdsterilmistir.

parametreler Tablo 4’te listelenmistir. Sekil 8(a)’da
gosterildigi gibi 20 pL/dk akis hizinda hareket eden
FAD molekiillerine 0.7 %v/v oranma kadar farkli
konsantrasyonlarda etanol eklendiginde egrilerdeki
degisimlerde diizenli azalim veya diizenli artig elde
edilmemistir. Normalize floresan sinyal genliginde
sistematik olmayan bu degisimin Sekil 8(b)’de sunulan
ve TRAST yontemiyle elde edilmis olan k., degerleri
ile paralel olarak degistigi anlasilmistir. Kademeli
olarak etanoliin eklenmesi ve ortamdaki oksijen
seviyesinin artmasi ile FAD molekiillerinde triplet
durumun séniimlenmesi beklenmektedir. Bu fenomeni
aragtirmak amaciyla, ayni parametreler kullanilarak
2000 pL/dk akis hiziyla uyarim alanindan gegen FAD
molekiilleri icin normalize floresans sinyalleri simiile
edilmis ve bulgular Sekil 8(c)’de verilmistir. 0 ile 0.3
%v/v arasindaki etanol konsantrasyonlart i¢in
normalize floresans sinyal genliginde artis goriilmiis
olup 0.3 %v/v ve flizeri etanol konsantrasyonlarinda
genlik kademeli olarak azalmaya baglamistir. 0 ile 0.3
%v/v etanol deger araliginda genlikte azalma yerine
artisin  goriilme sebebi, ¢oOziicii ortaminda triplet
popilasyonunu azaltmak igin yeterli miktarda oksijenin
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coziinememesi ile agiklanabilir. C6zlcl olarak suya

gore daha polar olan etanol kademeli olarak
eklendiginde FAD  molekiillerindeki  katlanmis
yapilarin olusma olasiliginin  azalmasi, yani P

popiilasyonunda diisiis beklenmektedir. Sekil 8(d)’de
2000 pL/dk akis hizi igin simiile edilen P ve S,
popiilasyonlarinin ortalama degerlerinin artan etanol
konsantrasyonuna karsi nasil degistigi grafik veri ile
sunulmustur. Ortalama P degeri etanol
konsantrasyonunun artmasi ile azalmig olup katlanmis
durumdaki FAD molekiillerinin  floresan 1g1ma
yapabilen agik yapilar haline doniistigii ortaya
cikmigtir [53]. Boylelikle artan S, durumu ile FAD
koenzimleri dogrudan karanlik P durumuna ge¢cmek
yerine S; durumuna gecerek floresan sinyalinde artisa
sebebiyet vermistir.

FMN gibi enzimatik reaksiyonlarda koenzim olarak rol
alan FAD molekiilleri i¢in radikal gruplarin olusumu
ayrica  arastirilmigtir. ' FAD  ¢ozeltisine  farkh
konsantrasyonlarda  askorbat  eklenerek  FAD
koenzimlerinde radikal durumlarin nasil etkilendigi
TRAST spektroskopisi ile arastirilmis olup dlgiilen
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Tablo 4. FAD molekiiliiniin elektronik durumlarina farkli konsantrasyonlarda eklenen etanol ve askorbat
molekiillerinin etkisinin aragtirilmasinda kullanilan molekiil akis hizlar1 ve fotofiziksel parametreler. Bu
parametreler kullanilarak 20 pL/dk ve 2000 uL/dk akis hizlari i¢in karsilastirmali simiilasyonlar yapilmistir.

Eklenen c* TFAD kisc kt kred kox kb kstack kun—stack
Molekul  (%v/v- (ns) (us™)  (s™h) (us™Y)  (wsTH  (usTH) (us™)  (us™)
mM)
0.0 2.7 0.62 0.0098 62 33
0.1 3.0 0.66 0.0050 56.3 40.7
0.2 3.1 0.72 0.0048 50.6 48.4
Etanol 0.3 3.4 82 0.82 0.011 0.0051 0.00077 44.9 56.1
0.4 3.5 1.12 0.0054 39.2 63.8
0.5 3.8 1.32 0.0047 33.5 715
0.6 4.0 1.44 0.0043 27.8 79.2
0.7 4.2 1.78 0.0034 22.1 86.9
0.0 0.017
0.1 0.057
0.3 0.137
Askorbat 0.35 2.7 82 0.81 0.157 0.011 0.0012 52 33
0.4 0.177
05 0.217
1.0 0.417
yeni fotofiziksel gecis hizlar1 Tablo 4’te listelenmistir. ~ Karanlik durum popiilasyonlarindaki degisimlerin

Bu gegis hizlar1 kullanilarak o6nerilen mikroskop
sistemi i¢in normalize floresans sinyal egrileri ve
elektronik durum popiilasyonlar1 20 pL/dk ve 2000
uL/dk akis hizlari igin ayr1 ayri simiile edilmistir. Sekil
9(a)’da goruldigi gibi FAD ¢ozeltisindeki askorbat
miktar1 0 mM’den 1 mM’ye kademeli olarak
artirtldiginda karanlik R durumuna olan gegislerin artigi
sebebiyle normalize sinyal egrilerinde 6nemli miktarda
zayiflama gozlemlenmistir. Bu zayiflamanin R ve B
popiilasyonlarindaki artigtan kaynaklandigr  Sekil
9(b)’de simiile edilen popilasyon egrileri ile
ispatlanmistir. Bu akis hizinda yiiksek konsantrasyonda
eklenen askorbat molekillerinin  Gzellikle B
populasyonundaki artig1 tetikleyerek foto-bozunuma
sebebiyet verdigi agikga ortaya ¢ikmustir. Bu akis
hizinda FAD molekiilleri uyarim alanindan ms’ler
icinde  gectikleri icin  foto-indirgenmis R
popiilasyonlarinin  daha fazla elektron kazanarak
artmas1 ve floresans 1s1ma degerinin diismesi oldukca
anlaml bir sonugtur. Askorbat konsantrasyonuna baglh
bu etkinin 2000 pL/dk akis hizinda nasil degistigi
ayrica arastirilmis ve sonuglar Sekil 9(c) ve 9(d)’de
Ozetlenmistir. Bu akis hizinda B durumuna gegisler
tamamen  Onlenmigs olup normalize  floresan
sinyalindeki azalimin sebebinin temel olarak R
durumuna olan gecislerden kaynaklandigi tespit
edilmistir (Sekil 9(d)). Bu sonuglar FMN i¢in elde
edilen simiilasyon sonuglar1 ve TRAST yontemiyle
elde edilen dlgtim verileriyle olduk¢a uyumludur [35].

87

temel sebebi statik sonumleme (static quenching)
mekanizmasi olup bu fiziksel fenomen simiile edilen
floresans sinyalinde siddetli zayiflama olarak ortaya
cikmustir. Florofor ¢dzeltisine askorbat kademeli olarak
eklendiginde, T durumundan R durumuna gegislerde
elektron transferine bagli olarak foto-indirgenmis
radikallerin olustugu diigiiniilmektedir ve Sekil 9(c)’de
de goriildiigii gibi bu radikallerin olusmasi yiiksek akis
hizinda bile normalize floresans sinyalinde
zayiflamaya sebep olmustur.

3.3. sCMOS Kamera Goriintii Verilerinin Is1
Haritalar1 Yontemi ile Karsilastiriimasi

Mikroakigkan ¢ip iginde uyarim alanindan gegen FMN
ve FAD molekiilleri igin farkli deneysel kosullarda elde
edilen normalize floresan sinyalleri sSCMOS kamera
gorintu verisinden (Uretilmektedir. Deneysel 6lgiim
esnasinda mikroskop sistemine entegre edilmis bir
kamera ile bu koenzimlere veya farkli floroforlara ait
karanlik durum gegislerinin kaydedilerek bilgisayar
ekranindan canli olarak takip edilmesi miimkiindiir
[19]. sCMOS kamera goriintii boyutlar1 akig alanina dik
yonde 233 piksel ve akis yonii boyunca 512 piksel
olarak belirlenmis olup bu goriintiiler lizerinde analizler
yapilmustir. 3.62 kW/cm? altinda 20 pL/dk akis hiziyla
lazer uyarim alanindan gegen FAD molekiillerine
askorbat etkisi Sekil 10(a)’da goriintii verisi olarak
sunulmustur. Burada ilk goriintii verisi karanlik
durumlarin olusmadigi, yalnizca lazerin uyarim alanin
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Sekil 10. 3.62 kW/cm? altinda 20 pL/dk akis hiziyla lazer uyarim alanindan gegen FAD molekiillerine farkli
kiitle fraksiyonlarinda askorbat eklendiginde olusmasi beklenen kamera goriintiilerinin ve normalize floresans
sinyallerinin degisimleri. Simiile edilen goriintii verisinin (a) 2 renk ile (standart SCMOS kamera renk paleti) ve
(b) 3 renkli 1s1 haritas1 yontemleri ile gosterimi. Her goriintii verisinde yer alan kirmiz1 kesikli ¢izgi karanlik
durumlarm olusmadigi, lazerin kendi sinyalini gdstermektedir.

gosterirken kirmizi  kesikli ¢izgi ise bu uyarim
alanindan akis yonii boyunca elde edilen normalize
uyarim  sinyalini  temsil  etmektedir. = Diger
goriintiilerdeki yesil ¢izgi ise akig yonii dogrultusunda
gorinti verisinden elde edilen normalize floresan
sinyalini temsil etmektedir. Kuvvetli redoks ajani olan
askorbatin kademeli olarak 0 mM’den 1’mM’ye
artirtlirken  simiile edilen goriintiilerin akis yonii
boyunca parlaklik degerlerinin giderek zayifladigi ve
normalize floresans sinyal egrilerinin lazerin kendi
uyarim profiline gore giderek azaldigi agik bir sekilde
gbzlemlenmistir. Lazer uyarim alan1 boyunca olusan bu
zayiflamay1 daha kapsamli incelemek amaciyla ayni
goriintii verileri 3 renkli 1s1 haritast yontemi ile Sekil
10(b)’de yeniden simiile edilmistir. Elde edilen 1s1
haritalarinda askorbat miktarinin artirilmasiyla olusan
goriintil alaninin giderek sol tarafa dogru kaydigi ve
goriinti  alaninin  genisledigi agik bir bicimde
gozlemlenmistir. Karanlik radikallerin  ve 1gikla
agarmis durumun olusumunun iiretilen 1s1 haritalarinda
kolaylikla gozlemlenebilmesi, bu ¢alismada onerilen
yontemin  karanlik  durum  dedektorii  olarak
kullanilabilecegini kanitlamistir.
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IV. SONUC

Bu makalede 1s18a ve ¢Oziicli ortamina duyarli, ¢ok
kiiciik uyarim kesit alanina sahip ve zayif floresan
1sima yapabilen FMN ve FAD koenzimlerinin
fotofiziksel gecislerini ¢6ziimleme kapasitesine sahip
mikroakigkan temelli bir floresans mikroskop sistemi
icin niimerik modelleme ¢aligmalar1 sunulmustur. FMN
ve FAD’nin molekiiler yapisi, fotofiziksel 6zellikleri ve
girdikleri reaksiyonlar g6z énunde bulundurularak her
iki molekiil ic¢in farkli elektronik durum modeli
kullanilmistir. Bu modellerde yer alan elektronik
durumlar 1. mertebeden lineer diferansiyel denklem
sistemi olarak ele alinmis olup her bir elektronik durum
popiilasyonu zamana bagli olarak  ¢6ziilmiis,
mikroakigkan ¢ip ile lazer uyarim alaninin geometrik
boyutlar1 ve mikroskop parametreleri kullanilarak
gOrintii ve sinyal verisi olarak elde edilmistir. 20 uL/dk
ve 2000 pL/dk akis degerleri i¢in farkli deneysel
kosullarda TRAST ydntemiyle 6l¢iilmiis fotofiziksel
gecis hizlart mevcut c¢aligmalardan toplanarak bu
calismada onerilen yonteme uyarlanmustir. Tki akis
hizinda da FMN ve FAD molekiillerinde lazer uyarim
siddetinin artirilmasiyla karanlik durumlara gegislerin
arttigit  gozlemlenmis olup normalize floresan
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sinyalinde  zayiflama  gozlemlenmistir. =~ FMN
molekiiliine farkli miktarlarda etanol eklenerek
ortamdaki oksijen miktarinin artmasi sebebiyle triplet
sontimlemesi 2000 plL/dk akis hizinda basarili bir
sekilde gozlemlenmigtir. Farkli akis hizlarinda FMN
molekiiliine askorbat ve triptofan gibi redoks ajanlari
eklendiginde simiile edilen sinyal egrilerinde zayiflama
gorilerek  foto-indirgenmis karanlik radikallerin
olustugu ortaya c¢ikmustir. Normalize floresan
sinyalindeki ayni zayiflama FAD molekiili i¢in de
gbzlemlenmis olup ozellikle 20 pL/dk akis hizinda
foto-indirgenmis karanlik radikallerin olusumuna ek
olarak bu molekullerin kuvvetli bir sekilde foto-
bozunuma ugradigi ortaya ¢ikmistir. FAD molekdiliine
kademeli olarak etanol eklenmesi sonucunda triplet
sonimlemesinin ancak yuksek etanol
konsantrasyonlarinda  gerceklesebildigi ve etanol
eklenmesi ile katlanmis yapidaki FAD molekil
popiilasyonunun giderek azaldigi ortaya c¢ikmustir.
Sinyal  analizlerine ek  olarak, sinyallerin
olusturulmasinda  kullanilan ~ goriintii  verilerinin
analizleri kapsamli bir sekilde gerceklestirilmistir.
FAD fotofizigine askorbat etkisi 2 renkli sCMOS
kamera goriintii verisi olarak simiile edilmis olup daha
sonrasinda 3 renkli 1s1 haritasina doniistiiriilerek
birbiriyle kiyaslanmistir. Uretilen 1s1 haritalarindan
FAD molekiillerinde olusan karanlik durumlar, lazer
uyarim alani {izerinde olusan goriintiide genisleme,
daralma ya da kayma gibi etkiler olarak ortaya
¢ikmistir. Farkli deneysel yontemlerle elde edilen
fotofiziksel parametreler kullanilarak yapilan niimerik
simiilasyonlar, bu aragtirmada 6nerilen yontemin flavin
gibi zayif molekiillerin fotofiziksel gecislerini basarilt
bir sekilde ¢oziimleyebildigini kanitlamigtir. Sunulan
yontem ve simiilasyonlar 1gima yapabilen farkli tip
floroforlara uyarlanabilecek olup hangi deneysel
kosullarda daha etkin bir sekilde Ol¢iimler
yapilabilecegi ile ilgili ngorii ve optimizasyon imkant
saglayacaktir.
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