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Abstract

In this study, it was aimed to determine the phenolic and flavonoid content and different biological activities
(antioxidant, enzyme inhibitor, anthelmintic) of the methanol extract of Inula graveolens (L.) Desf collected from
Mugla (Turkey). As a result of the study, the total phenolic content was determined as 5.36+0.32 mg GAE/g, and
the total flavonoid amount was determined as 3.49+0.05 mg QE/g extract equivalent. In the B-carotene/linoleic
acid method, the extract showed lower activity than the standard BHA used. The extract was determined to be
equivalent to 4.28%0.24/0.47+0.03 mg TE/g extract in terms of copper and iron-reducing power capacity,
respectively. Although the enzyme inhibitory activities of the extract increased with the increase in
concentration, it was determined that it had lower activity than galantamine (89.41+0.05%) and kojic acid
(73.931£0.10%) used as standard. Paralysis and death times of the extract at different concentrations (2.5,5,10,20
mg/mL) on Tubifex tubifex worms were determined. It was determined that the extract at high concentrations
(20 mg/mL) exhibited an activity near that of andazole (10 mg/mL) used as a standard. According to these results,
I. graveolens can be considered a good resource for the pharmaceutical industry due to its activities.

Keywords: Inula graveolens, antioxidant, enzyme inhibitor, Tubifex tubifex

Tiirkiye’den Toplanan Inula graveolens (L.) Desf. Tiirliniin Bazi Biyolojik

Aktivitelerinin Arastirilmasi
0z

Bu calismada Mugla'dan toplanan Inula graveolens (L.) Desf turiinin metanol ekstraktinin fenolik ve flavonoid
miktari ve farkli biyolojik aktivitelerinin (antioksidan, enzim inhibitor, antihelmint) belirlenmesi amaglanmistir.
Calisma sonucunda total fenolik miktari 5,3620,32 mg GAE/g, total flavonoid miktari ise 3,49+0,05 mg QE/g
ekstrakt esdegeri olarak belirlenmistir. B-karoten/linoleik asit yonteminde ekstrakt standart olarak kullanilan
BHA’ya gore daha dlstk bir aktivite sergilemistir. Ekstraktin bakir ve demir indirgeme gilici kapasitesi
bakimindan sirasiyla 4,28+0,24/0,47+0,03 mg TE/g ekstrakt esdegeri oldugu belirlenmistir. Ekstraktin enzim
inhibitor aktiviteleri konsantrasyon artigsina bagh artsa da standart olarak kullanilan galantamin (89.41+0.05%)
ve kojik asite (73.93+0.10%) goére daha dusuk bir aktiviteye sahip oldugu tespit edilmistir. Farkli
konsantrasyondaki ekstraktin (2.5,5,10,20 mg/mL) Tubifex tubifex solucanlan Uzerindeki paralize ve 6lim
streleri belirlenmistir. Yiiksek konsantrasyonlardaki ekstraktin (20 mg/mL) standart olarak kullanilan andazole
(10 mg/mL) yakin bir aktivite sergiledigi belirlenmistir. Bu sonuglara gore /. graveolens gosterdigi aktivitelerden
dolayi ilag enddstrisi icin iyi bir kaynak olarak dikkate alinabilir.

Anahtar Kelimeler: Inula graveolens, antioksidan, enzim inhibitor, Tubifex tubifex

Sorumlu Yazar / Corresponding Author: Mehmet Ozgiir Atay a mehmetozguratay@gmail.com
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Introduction

Due to the chemical diversity of metabolites in plants, they are widely used as food raw materials,
treatment of diseases, and reducing the negative effects of conditions such as stress and aging (Ekor,
2014; Petrovska, 2012). Secondary metabolites are bioactive components that are important for
human health. Plant secondary metabolites are raw materials in high demand in many industries,
including health and food. The production of secondary metabolites by plants depends on
meteorological conditions, geographical location, and growing conditions, and many plants can only
grow and mature in certain seasons (Colgecen, 2015). Based on their biosynthetic origins, they are
divided into 3 main groups as alkaloids, terpenes and phenolics. Phenolic compounds are one of the
groups with the highest number of members in the plant kingdom (Tring et al., 2020).

Free radicals are molecules with one or more unpaired electrons. Due to their unstable structure, they
can cause damage by binding to lipids, nucleic acids, proteins, and organelles in the cell (Karabulut &
Gulay, 2016). In healthy individuals, there is a balance between antioxidants and free radicals
(Gokbulut & Sarer, 2011). Antioxidants provide protection against various diseases (diabetes, cancer,
ischemic and neurodegenerative disorders) that may occur by inhibiting free radicals. Tocopherols,
ascorbic acid, flavonoids, and phenolic compounds are the most important natural antioxidant groups.
Phenolics, which are important plant components, could remove radicals due to the presence of
hydroxyl groups in their structures (Karabulut & Giilay, 2016). Antioxidants obtained from natural
products in drug production have fewer side effects than synthetic antioxidants. Therefore, the
interest in the search for antioxidant substances from natural products has gained importance over
time. In addition, natural compounds with enzyme inhibitor potential have gained importance in the
pharmaceutical industry because they are used in the treatment of many diseases such as cancer, and
metabolic, cardiovascular, and neurological disorders (Abdioglu, 2019).

Plants provide a rich medicinal resource against anthelmintics and insecticides. Ailments caused by
helminths are caused by parasitic gastroenteritis, infections caused by different kinds of stomach and
intestinal worms. As a result, discomforts such as fatigue, loss of appetite, and decreased productivity
occur. Since chemotherapy or an effective vaccine against helminths has not been developed,
metabolites obtained from natural products are the only effective treatment method to treat and
control helminth infections. Random use of synthetic anthelmintic drugs can lead to parasite
resistance. Herbal medicines have been used since ancient times for the treatment of parasitic diseases
in humans and may be valuable in preventing the development of resistance (Hossain, 2015).

Inula graveolens (L) Desf, which grows widely in the Mediterranean region and is known as stinking
grass among the people, is in the family of Asteraceae (Gokbulut & Sarer, 2011). I. graveolens is an
herb with small yellow to yellow/white flowers that smell of camphor. I. graveolens, a perennial
shrubby plant, can grow up to one meter. It is a multi-branched, heavily scented, linear-lanceolate
plant covered with small glandular hairs (Karan et al., 2018). Sellem et al. (2020) investigated the
antioxidant, antioxidant enzyme inhibitory activity, total substance amount as well as antimicrobial
activity of extracts obtained from five different solvents (Cyclohexane - Dichloromethane - Ethyl
acetate - Acetone - Acetonitrile) from Inula graveolens species. They demonstrated different biological
activities. They determined that the highest amount of substance in its content belongs to phenolics.

The aim of this study was to determine the total phenolic and flavonoid amounts of the aboveground
methanol extract of I. graveolens species and to evaluate different biological activities such as
antioxidant (B-carotene, CUPRAC, FRAP), enzyme inhibition (Acetylcholinesterase, Tyrosinase), and
anthelmintic (Tubifex tubifex).

In this study, besides the determination of antioxidant (B-carotene, CUPRAC, FRAP), enzyme inhibitor
(Acetylcholinesterase, Tyrosinase), and anthelmintic activities of the aerial methanol extract of /nula
graveolens species, the determination of the substance (flavonoid, phenolic) was performed.
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Materials and Methods

Plant Material and Extract Preparation

Inula graveolens species was collected from the Kavaklidere district of Mugla (Turkey) in 2021. The
collected plant samples were dried and cut into small pieces with a blender. The fragmented plant
samples (20 g) were transferred to the Erlenmeyer flask and 100 mL of methanol was added to it.
Afterward, the Erlenmeyer flask was kept in a shaking incubator at 50 °C for 6 hours, and after this
process, it was filtered into the balloon jug with the help of blotting paper. The incubation process was
repeated a second time with the addition of solvent. After the filtration process was completed, the
filtered samples were taken to the rotary evaporator (Heindolph LABOROTA 4011) to remove the
solvent. In order to remove the water in the samples, they were kept in a lyophilizer (Thermo Savant)
at -54 °C for 10 hours. After the lyophilization process, the samples were stored at -20 °C until they
would be used (Turan & Mammadov, 2018).

Quantitative Analysis of Extracts and Determination of Antioxidant Activity

The total phenolic content of the extracts was calculated as gallic acid (mg GAE/g) equivalent using the
Folin-Ciocalculate method (Singleton & Rossi, 1965). The total flavonoid amount was calculated as
quercetin equivalent (mg QE/g) by modifying the method of Aryal et al. (2019). The R-carotene/linoleic
acid method for the determination of total antioxidant activity was performed according to the
method of Amarowicz et al. (2004). The reducing power capacity of iron and copper was determined
as Trolox equivalent (mg TE/g) according to the method of Benzie and Strain (1996), and Apak et al.
(2004) respectively.

Enzyme Inhibitory Activity Methods

Acetylcholinesterase

125 uL of DTNB (0.5 mM), 25 uL of anticholinesterase (0.026 U/mL) was mixed onto 50 pL of water-
dissolved solution extract solution (1 mg/mL) and incubated for 15 minutes at room temperature. After
incubation, 25 pL of acetylthiocholine iodide substrate (1.5 mM) was added to initiate the reaction and
incubated again for 10 minutes at room temperature. After incubation, absorbance measurement was
performed at 405 nm. The same processes were performed in galantamine, which was used as a
standard. By using absorbance values from all samples, % inhibitions were calculated with the help of
the following formula (Ellman et al., 1961).

% inhibitions = [(Ac—As) /Ac] x 100

A. is the absorbance value of the control and A is the absorbance value of the extract.

Tyrosinase

After adding 40 uL of water-dissolved extract solution, 120 pL of phosphate buffer (20 mM pH: 6.8),
and 20 pL of tyrosinase (480 U/mL) enzyme solution, it was incubated at room temperature for 15
minutes. After incubation, the reaction was started by adding 20 uL of L-DOPA (2.5 mM). Then, after
incubation for 10 minutes at room temperature, absorbance values were measured at 492 nm. The
same procedures were applied for kojic acid solutions as standard material. By using the absorbance
values from all samples, the % inhibitions were calculated with the help of the following formula
(Sharaf et al., 2014).

% inhibitions = [(Ac—As) /Ac] x 100

A. is the absorbance value of the control and A is the absorbance value of the extract.
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Determination of Anthelmintic Activity

The anthelmintic activity of the plant extract was determined by Dash et al. (2002) method was
modified. Tubifex tubifex, which is in the Annelida group, and is anatomically and physiologically similar
to human intestinal worms, was used in the experiment. Aquarium worms such as T. tubifex are widely
used for the initial evaluation of anthelmintic compounds in vitro due to their easy availability. T.
tubifex was collected from the canals in the Koycegiz district of Mugla. T. tubifex average size is around
1-2 cm. 20 ml solutions prepared at different concentrations (2.5, 5, 10, 20 mg/mL) by dissolving the
plant extracts in distilled water were poured into Petri dishes. Later, 6 of these wolves were placed
inside. Albendazole (10 mg/mL) was used as the reference standard. Distilled water was used as a
negative control. The time taken for paralysis and death was then noted in minutes. The mean duration
of paralysis at which movement was lost or no movement could be observed was noted, except when
the worms were vigorously swayed. The time of death of each worm was recorded after it was
determined that the worms did not move when shaken or externally stimulated.

Statistical analysis

All assays were performed in 3 replicates. The mean + standard error was analyzed with Microsoft
Excel. In studies conducted to determine free radical scavenging activity, the 1Cso value was calculated
using the Minitab 16 statistical program.

Results and Discussion

The potential antioxidant activity of methanol extract obtained from I. graveolens species was
determined by RB-carotene/linoleic acid, FRAP, and CUPRAC methods (Table 1). It was determined that
the extract (27.8813.86%) exhibited a lower % inhibition than BHA (94.68+0.28%) used as a standard
in the RB-carotene/linoleic acid method. The copper and iron reducing power capacities of the extract
were calculated as Trolox equivalent. It was determined that it was 4.28+0.24/0.47+0.03 mg TE/g
extract equivalent, respectively. There is a positive correlation between the total antioxidant activities
of the extract and its phenolic content. Phenolic substances can inhibit the harmful structures of free
radicals with hydroxyl groups in their structures. Within the scope of the study, the total phenolic and
flavonoid substance amounts of the extract were determined (Table 1). The total phenolic amount was
determined as gallic acid equivalent, and the total flavonoid amount was determined as quercetin
equivalent. It was found to be 5.36+0.32 mg GAE/g and 3.49+0.05 mg QE/g extract equivalent,
respectively.

Table 1. The Total Amount of Secondary Metabolites and Antioxidant Activity of the Extract

Sample/Assay B-caratone/ FRAP CUPRAC Total Phenolic  Total Flavonoid
Linoleic Acid (%) (mg TE/g) (mg TE/g) (mg GAE/g) (mg QE/g)

I. graveolens 27,88+3,86 0,47+0,03 4,28+0,24 5,3610,32 3,49+0,05

BHA 94,68+0,28 - - - -

Ceyhan et al. (2021), antioxidant activities of 11 /nula L. species, DPPH (58.99-188.22 mg TE/g), ABTS
(90.51-220.97 mg TE/g), CUPRAC (169.88-460.53) mg TE/g), FRAP (81.57-237.99 mg TE/g), metal
chelation (8.31-25.39 mg EDTA/g), Phosphomolybdenum (1.55-2.49 mmol TE/g) methods were
investigated. They found that the extracts exhibited significant antioxidant capacity. In a study, they
determined the total phenolic content as well as the DPPH and ABTS scavenging activities of /. viscosa
species collected from Algeria. They determined that the scavenging activity was 14.1+1.3-24.2+1.0
pg/mL in terms of ICsp value. They revealed that the total phenolic amount was 299.1 + 34.5 mg GAE/g
extract value (Brahmi-Chendouh et al., 2019). In another study on /. viscosa, DPPH free radical
scavenging activity (157.72 + 6.45 uM TE/g DW), oxygen radical absorbance capacity (4471.42 £ 113.16
UM TE/g DW), hydroxyl radical scavenging capacity (630.10 + 17.81 uM) of ethanol extract TE/g DW)
and total phenolic content (285.77 + 3.68 mg GAE/g DW) were determined (Kheyar-Kraouche et al.,
2018). Mohti et al. (2020) determined the antioxidant activity of the extracts obtained from the leaves
and flower buds of /. viscosa, which they collected from Morocco, using different solvents and
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methods. They determined that the highest scavenging activity was 54.24 + 0.21 ug/mL (ICso) flower
bud (Sox-EtOH) extract. In another study, Imouzzer, Sefrou and Taounate investigated the antioxidant
activities and total substance content of the ethanol and ethyl acetate extracts of /. viscosa collected.
They revealed that /. viscosa extracts have significant antioxidant activities. They found that the highest
amount of phenolic was in the ethanol extract, while the amounts of flavonoids were equal in the
extracts (Chahmi et al., 2015). Gokbulut et al. (2013) determined the potential antioxidant activity of
water, methanol, and ethyl acetate extracts obtained from leaves, flowers, and roots of 3 different
Inula L. species collected from different regions of Anatolia by DPPH and ABTS methods. The highest
scavenging activity was found in /. helenium flower methanol (0.14 + 0.06 mg/mL, ICso) extract and
flower water extract (0.05 £ 0.02 mg/mL, 1Cso), respectively. In a study, DPPH free radical scavenging
antioxidant activity and total phenolic content of I. crithmoides hexane, methylene chloride, and
methanol extracts were determined. They revealed that the methanol extract has both the highest
activity and the highest amount of phenolic substances (Bucchini et al., 2015). Albayrak et al. (2015)
investigated the antioxidant activities (DPPH, Phosphomolybdenum, B-carotene/linoleic acid) and total
phenolic contents of methanol, ethanol, water, and ethyl acetate extracts obtained from different taxa
of I. helenium. Total phenolic amounts vary between 4.18+0.0-102.91+0.6 mg GAE/g. They determined
that I. helenium ssp. methanol extract exhibited the highest activity. Tredafilova et al. (2020) examined
the antioxidant activities (DPPH) and phenolic amounts of six different Inula L. species collected from
Bulgaria in a study they conducted. They found the highest activity (69.41+0.55%) and phenolic
substance content (119.92+0.95 mg GAE/g) in /. ensifolia flower methanol extract. Ozkan et al. (2019)
investigated the antioxidant activities (DPPH) and total substance amounts (Phenolic, Flavonoid) of
water and methanol extracts obtained from I. viscosa species they collected from Manisa. They
determined that the highest amount of phenolic (107.0£0.0001 mg GAE/g) and flavonoid
(158.35+0.0002 mg CE/g) was in the methanol extract. The methanol extract (93.78+0.0003) showed
the highest activity in terms of DPPH free radical scavenging activity of the extracts at different
concentrations. Asraoui et al. (2021) determined the antioxidant activity and total phenolic and
flavonoid content of /. viscosa leaf extracts of methanol, ethyl acetate, and chloroform. The extracts
showed gallic acid and catechin equivalence as high as 87.2 + 0.50 mg GAE/g and 78.6 + 0.55 mg CE/g,
respectively. They found that ethyl acetate extract exhibited higher antioxidant activity in DPPH
(0,6%0,03 pg/mL; ICso), ABTS (8,610,08 pg/mL), and FRAP (634,8 mg + 1,45 AAE/g) methods compared
to methanol and chloroform.

The acetylcholinesterase and tyrosinase enzyme inhibitory activities of the extract were determined
(Table 2, Table 3). In both studies, an increase in % inhibition is observed depending on the increase in
concentration. It exhibited lower percent inhibition than galantamine (89.41+0.05%) and kojic acid
(73.93+0.10%) used as standard.

Table 2. Acetylcholinesterase Enzyme Inhibitory Activity of the Extract (% inhibition)

Plant/Standard 0,025 mg/mL 0,05 mg/mL 0,01 mg/mL 0,2 mg/mL ICso(mg/ml)
I. graveolens - 13.01+0.24 22.57+0.62 37.83+0.52 0.228+0.002
Galantamine 73.09+0.05 79.08+0.47 84.76+0.08 89.41+0.05 -

Table 3. Tyrosinase Enzyme Inhibitory Activity of the Extract (% inhibition)

Plant/Standard 0,025 mg/mL 0,05 mg/mL 0,01 mg/mL 0,2 mg/mL ICso(mg/ml)
l. graveolens - 11.80+0.12 21.04+0.34 61.73+0.05 0.172+0.001
Kojic acid 45.52+0.14 54.81+0.17 61.73+0.05 73.93+0.10 0.037+0.003

In a study, acetylcholinesterase (3.56-5.13 mg GALAE/g, butyrylcholinesterase (1.49-7.34 mg
GALAE/g), tyrosinase (112.31-122.13 mg KAE/g), a-glucosidase (0.77-2.08 mmol)) of 11 Inula L. species
ACAE/g) and a-amylase (0.73-0.90 mmol ACAE/g) were found to be active enzyme inhibitors (Ceyhan
et al,, 2021). In a study, acetylcholinesterase and tyrosinase enzyme inhibitory activities of 6 different
Inula species were investigated. The highest acetylcholinesterase enzyme inhibitory activity was
observed in I. ensifolia flower methanol (17.0%) extract. I. bifrons flower methanol (0.123+0.000
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mg/mL, ICso) extract exhibited the highest tyrosinase enzyme inhibitory activity (Trendafilova et al.,
2020). In a study, the enzyme inhibitory activities of a-glucosidase and a-amylase of leaf methanol,
ethyl acetate, and chloroform extracts of I. viscosa species were investigated. Methanol extract
showed the highest a-glucosidase (22.3 + 2.82 mg/mlL, ICso) and a-amylase (27%) enzyme inhibitory
activity (Asraoui et al., 2021). In a study, acetylcholinesterase (38.5 mg/mL, ICso), butyrylcholinesterase
(34.65 mg/mL, ICsp), glutathione S-transferase (77.0 mg/mL, 1Cso) and a- glucosidase (40.76 mg/mL,
ICs0) enzyme inhibitory activities were determined (Bursal et al., 2021). Gigli et al. (2022) determined
that acetylcholinesterase (75.94+0.09%), butyrylcholinesterase (78.63+ 0.02%), a-glucosidase
(53.26+0.12%), a-amylase (18.07+0.03%) and tyrosinase (59.21+0.08%) enzyme inhibitory activities of
I. auccheriana ethanol (80%) ethanol extract. In a study, acetylcholinesterase, butyrylcholinesterase,
and a-amylase enzyme inhibitory activities of /. salicina extracts prepared with different solvents were
investigated. The highest a-amylase (0.290+0.001 mg/mL, ICso) and acetylcholinesterase (0.577+0.012
mg/mL, 1Cso) enzyme inhibitory activities were observed in ethyl acetate extract. They found that the
highest butyrylcholinesterase enzyme inhibitory activity was in methanol (0.279+£0.004 mg/mL, 1Cs)
extract (Yildirm et al., 2022). Although the methanol extract exhibited lower inhibition than the
standards in enzyme inhibitor assays, the results were moderate because it was tested at the same
concentrations as the pure standard compounds.

The anthelmintic activity of the extract at different concentrations (2.5, 5, 10, 20 mg/mL) was
determined by determining the duration of action (paralysis and death) on Tubifex tubifex helminths
(Table 4). Depending on the increase in concentration, there was a decrease in the duration of paralysis
and death. Concentrations of 10 mg/mL and 20 mg/mL exhibited anthelmintic activity near andazole
used as a positive control.

Table 4. Anthelmintic Activity of Inula Graveolens Methanol Extract

Concentration (mg/mL) P (min)* D (min)**
2,5 18 32
I. graveolens > 13 23
10 7 12
20 3 5
Pozitive Control*** 10 4 10

Negative Control**** - - _

*P: Paralysis time for worms, **D: Death time for worms, *** Positive Control: Andazol®, ****Negative Control:
Distilled water.

In a study, they investigated the anthelmintic activity (Panagrellus redivivus/Tubifex worms) of
different concentrations (2, 2.5, 3 mg/mL) of methanol extract obtained from Blumea lacera species
in the Asteraceae family. They found that the extract exhibited an anthelmintic activity close to
levamisole, which is used as a standard (Haque et al., 2014). Das et al. (2011) investigated the
anthelmintic activity of Tamarindus indica leaf, bark ethanol, and water extracts (Pheretima posthuma,
Tubifex tubifex). Extracts from the bark showed activity close to the standard (Piperazine) in both
worms. It was determined that the bark methanol extract at a concentration of 15 mg/mL (death time:
20.6611.33) exhibited a higher anthelmintic activity than Piperezine (45.3311.20). In a study, the
anthelmintic activity (Tubifex tubifex) of Hopea odorata leaf methanol, ethanol, and water extracts
was investigated. The methanol extract (20 mg/mL) exhibited an anthelmintic activity close to the
standard Levamisole (1 mg/mL) (Hossain et al., 2015). Dey and Ghosh (2010) investigated the
anthelmintic activity of Amorphophallus paeoniifolius methanol extract at different concentrations
(25,50,100 mg/mL) on Pheretima posthuma and Tubifex tubifex in their study. The extract at a
concentration of 100 mg/mL (time to death: 38.66+2.906) showed higher anthelmintic activity than
Piperazine at a concentration of 10 mg/mL (time to die: 64+0.881). In a study, the anthelmintic
(Pheretima posthuma, Tubifex tubifex) activity of different concentrations (25, 50, 100 mg/mL) of
Tragia involucrata leaf methanol extract was investigated. It was observed that the death and paralysis
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times were shortened due to the increase in concentration. They found that the paralysis time at the
highest concentration was 19.33 minutes, and the dead time was 40.00 minutes.

Conclusion

Plants have always been used for medicinal purposes as well as for ethnobotanical use. Species found
in the genus Inula L. have been very valuable in this respect. This study on /. graveolens shows us that
the extracts of the species are at moderate levels in terms of phenolic component, although they do
not have high activity. Although methanol extracts did not exhibit as high activity as the standards,
data close to them were obtained in the studies conducted to determine the enzyme inhibitory activity
on acetylcholinesterase and tyrosinase. The results obtained in the anthelminthic studies revealed that
the lethality of the species is high. This may be due to the effect of glycoside saponins on the structure
of the plant. All these revealed that /. graveolens is a species that can be evaluated pharmacologically
in future studies, as it has antioxidant, enzyme inhibitor, and anthelmintic effects.
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Grafenin sentezlenmesinin ardindan iki boyutlu (2D) malzemeler hakkinda g¢alismalar devam etmis ve bu
calismalar neticesinde borofenin 2D sihirli bir stiper ince malzeme oldugu kesfedilmistir. Borofen tizerindeki
calismalarin ¢ogu halen teorik olarak devam etmekle birlikte ok az deneysel calisma gézlenmistir. Ustiin
ozellikleri sebebiyle gelecekte bu malzemenin farkli teknolojilerde gokga karsimiza gikacagi 6n gorilmektedir. Bu
calismada elektronik uygulamalarda yaygin olarak kullanilan bakir ylzeylerin kimyasal buhar biriktirme (CVD)
yontemi ile sentezlenmis borofen ile kaplanmasina ait parametreler ve kaplamalarin karakterizasyonuna etkileri
arastinlmistir. ince bakir filmler altlik malzemesi olarak segilmis ve 950-1035 °C sicaklik araliklarinda CVD yéntemi
ile 1/1 gravimetrik oranda metalik bor ve boroksit toz karisimi, 50 mili Tor basing ve 100 sccm hidrojen gazi
altinda borofen sentezi gerceklestirilmistir. Uretilen borofen ince filmlerin karakterizasyon ¢alismasinda Raman
Spektrometresi'nden faydalaniimis ve 181 cm™ ile 1148 cmYdeki karakteristik bantlari gdzlenmistir.
Sentezlenen ince film tabakalarin yapi kontrollerinde Taramali Elektron Mikroskobu (SEM) kullanilarak nano yapi
dogrulanmistir. Kaplamalarin elektriksel iletkenlikleri doért nokta prob teknigi ile test edilmis, artan sicaklik ile
elektriksel direncin arttig1 gézlenmis ve 1035 °C’den sonra iletkenligin tamamen ortadan kalktigi tespit edilmistir.
Calismanin sonucunda borofen film tabakalarinin Gretilmesi ve karakterizasyon galismalari i¢in gerekli olan
parametreler tanimlanarak kayit altina alinmistir.

Anahtar Kelimeler: borofen, CVD, Raman, SEM

Borophene Production and Characterization by Chemical Vapor Deposition
Method

Abstract

After the synthesis of graphene, studies on two-dimensional (2D) materials continued, and resulting that
borophene is a magic 2D superfine material. While most of the study on borophene is still theoretical, and few
experimental studies have been observed. In this study, the parameters of the copper coating surfaces, which
are widely used in electronic applications, with borophene synthesized by chemical vapor deposition (CVD)
method and the coatings’ characterization were investigated. Thin copper films were chosen as the substrate
material and borophene synthesis was carried out by CVD method with a 1/1 gravimetric ratio of metallic boron
and boroxide powder mixture, 50 milliTor pressure and 100 sccm hydrogen gas at a temperature range of 950-
1035 °C. Characteristic borophene bands at 181 cm™, and 1148 cm™ were observed by Raman Spectrometry.
The nanostructure was confirmed by using Scanning Electron Microscopy (SEM). The electrical conductivity was
tested with the four-point probe technique, and it was observed that the electrical resistance increased with
increasing temperature, the conductivity completely disappeared at 1035 °C. As a result of the study, the
parameters required for the production and characterization studies of borophene film layers were defined and
recorded.

Keywords: borophene, CVD, Raman, SEM
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Giris
Malzemelerin 6zelliklerini iyilestirmek ve daha kigik hacimde daha yliksek performans elde etmek
gecmisten giiniimiize gelen calismalarin temelini olusturmaktadir (Zhoura vd., 2021). iki boyutlu (2D)
malzemelerin sergiledikleri davranislar daha detayli arastirildiginda Ustlin entegrasyon potansiyelleri
kesfedilmeye baslanmistir. Siphesiz ki son zamanlarda en ¢ok ragbet géren malzemelerin basinda
grafen gelmektedir (Zhang vd., 2019). Grafenin gordgi bu ragbetin sebepleri; gicli, esnek, yiksek
elektrik ve 1sil iletkenlik 6zelliklerini binyesinde barindirmasidir (Tai vd., 2015).

Grafenle baslayan 2D malzemelere olan ilginin artmasi ile bu alandaki bilimsel galismalara agirlik
verilmis ve bu konudaki yatirimlar bir¢ok kurum ve kurulusun ana glindem maddesi haline gelmistir
(Tan vd., 2015). GUnimuzde 2D malzemelerin farkli sektorlerde kullanimina iliskin arastirmalar artan
bir hizla devam etmektedir. ileri nesil elektrokimyasallar, sensorler, piller, transistérler, fotokatalizérler
ve fotovoltaik teknolojideki gelismeler 2D malzemeler i¢in bir potansiyel olusturmustur (Mohan vd.,
2018). Bu malzemeler detayli olarak incelenmeye baslandiginda; ylksek teorik ylizey alani, son derece
ylksek elektron hareketliligi ve termal iletkenlik ile karsilasiimistir. Ayrica cok katmanh yiksek esneklik
ve seffaf 6zellikler gbstermesi neticesinde bilim ve sanayi dallarinda genis bir ilgi kitlesiyle bulusmustur
(Wang vd., 2016).

Deneysel olarak cgesitli 2B malzemeler (zerinde calismalar halen devam etmektedir. Fosforen,
germanen, g-C3N4, metal-organik cerceveler (Wang vd., 2016), kovalent organik cerceveler (Shukla vd.,
2017), antimonen (Li vd., 2017), organik-inorganik hibrit perovskitler (Rana vd., 2020), molibden
disulfit ultra ince nano tabakalar (Bergmann vd., 2002) ve silikon gibi iki boyutlu bircok malzeme bilim
insanlarinin glindemine hizli bir sekilde giris yapmis bulunmaktadir (Shahbazi vd., 2016).

2B malzemelerden borofen ise oldukga kritik bir 6Sneme sahiptir (Xu vd., 2016). Xiamen Universitesi’nin
2015 yilinda gergeklestirdigi bildiride, borofenin elektronik ve stiperiletken sistemlerinde yaygin olarak
kullanilmasi planlanan grafenin 6niine gececek bir malzeme oldugu tespit edilmistir (Wang vd., 2019).
Yapilan arastirmalar neticesinde borofenin, celikten yaklasik iki yliz kat daha mukavemetli oldugu ifade
edilen grafenden bile daha mukavemetli ve esnek oldugu 6n gérilmistir (Mannix vd., 2018).

Massachusetts Institute of Technology kendi web sayfasinda borofenle ilgili arastirmayi “Uzgiiniiz
grafen artik herkesi heyecanlandiran yeni mucizevi malzeme borofen” bashgl ile duyurmus
bulunmaktadir (Meng vd., 2017). Stphesiz borofenin bu sekilde glindeme gelmesi llkemiz agisindan
kritik bir 6neme sahiptir. Tlirkiye, diinya bor rezervlerinin %73’line sahip olmasiyla bu konuda lider
durumdadir. Ulkemize en yakin bor rezervine sahip tlkelerin maksimum rezervleri bile ancak %7
mertebelerindedir (Yigitbasioglu, 2004).

Bor hakkinda bir diger 6nemli konu ise stper iletken teknolojilerinde kritik bir Gneme sahip olan sivi
helyum rezervlerinin 50 yil sonra tliikenecek olmasidir (Li vd., 2019). Bu amagla sivi helyumun yerini
almasi beklenen hidrojen atomlarinin depolanmasinda bor elementi kritik bir 6neme sahiptir (Peng vd.,
2016). Kendi basina yanici bir element olan hidrojenin bor ile yaptigi bilesikler alev almaz 6zelliktedir.
Bor, NaB0O,.2H,0’dan NaBH, hidrolizi yoluyla hidrojenin ¢evreye zarar vermeden elde edilebilmesi ve
hidrojenin saglikh bir sekilde depolanabilmesi avantajlarinin yaninda yakit pilleri icin baylk bir
potansiyeldir (Zhou vd., 2010).

Borla Uretilen ve stratejik bir malzeme olarak degerlendirilmesi planlanan borofen ile ilgili genis bir
literatlr arastirmasi yapilmistir. Bu arastirmalarin neticesinde teorik calismalara agirlik verildigi ancak
deneysel calismalarin sinirlh sayida oldugu tespit edilmistir. Bu ¢alisma ile literatiirde heniz
karsilasiimamis olan CVD ile borofen sentezinde parametrelerin elektriksel ve yapisal 6zelliklere etkisi
detaylh olarak okuyuculara aktarilmistir. Boylece ayni deney diizenegi lizerinde gerceklestirilen sentez
¢alismalarinda degisen parametrelere bagl olarak meydana gelen degisime ait 6zgiin bir ¢alisma
literatlire kazandirilmistir. Calismanin ilk bolimiinde CVD ile borofen sentezinin detaylari anlatilimis,
olusacak hatalari engellemek adina gelistirilen transfer baski tekniginden faydalanilarak borofen
tabakalarinin karakterizasyon islemleri gergeklestirilmistir. Raman spektrometresi yardimiyla borofen
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tabakasinin yapisal karakterizasyonu tespit edilmis ve Taramali Elektron Mikroskobu (SEM) yardimiyla
nano yapi analizleri yapilmistir. Dort nokta prob teknigi ile elektriksel direng 6lglimleri gergeklestirilmis,
parametre ve yapilara gore karsilastirmanin detaylari aktarilmistir.

Materyal ve Yontem

Borofen sentezi calismalari Protherm ASP 11/100/500 marka tip firinin 6zellikleri iyilestirilerek CVD
sistemine cevrilmesi ile gerceklestirilmistir. CVD sistemine ait gorsel sekil 1'de yer almaktadir.

Sekil 1. CVD Sistemi

Bor kaynagi olarak metalik bor ve boroksit tozu, rediktif ortam igin %99,9995 saflikta hidrojen gazi
(H,), tastyici gaz igin saf argon gazi (Ar), 0,025 mm kalinliginda ve %99,8 safliginda bakir folyolar ise
katalizor olarak kullanilmistir.

ince bakir levhalardan 5cmx5cm ebadinda althk malzemeler kesilmistir. Bakir folyolarin sentezleme
Oncesi ylzeylerinin temiz olmasi 6nem arz etmektedir. Folyolar Uzerindeki borofen ince film
kaplamalar; pirizsiz, homojen ve kararli yapida olmalidir. Bu amacla bakir folyolar; aseton,
izopropanol ve saf su ultrasonic banyolarindan gegirilmis ve ardindan atmosferik ortamda azot gazi ile
kurutulmustur. Bu islemin ardindan bakir athklar vakum odasina alinmistir. Borofen sentezinin
parametreleri igin onceki grafen calismalarimdan, borofen optimizasyon derlemelerimden ve
literatlirde yer alan farkli g¢alismalardan vyararlanilmistir.  Bakir ylizeyinde olusan oksitlerin
temizlenmesi igin 50 mTor’luk basing ve 100 sccm (molar akis hizini ifade eden standard cubic
centimeters per minute teriminin kisaltmasidir) hidrojen gazi atmosferinde diizenek 1035 °C sicakhga
kadar isitilmistir. Sistemin bu sartlar altinda 1035 °C’ye ulasmasi ve bakir ylizeyinde olusan oksitlerin
giderilme siiresi 85 dakika olarak kaydedilmistir. Sekil 2’de bu sentez i¢in tasarlanmis hiicrenin ¢alisma
prensibi gosterilmistir.

Out
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Sekil 2. Borofen Sentezi i¢in Tasarlanmis iki Bélmeli CVD Sistem Akis Semasi (Xie, 2020).
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100 mg B,03 ve 100 mg metalik bor tartilarak kiiclik bir pota icerisinde sisteme yiklenmistir. Sekil 3'te
potanin sistemin icerisine yerlestirilmis halleri gdsterilmektedir.

Sekil 3. Metalik Bor ve Boroksit Karisiminin Sistem igerisindeki Konumu

Firinin oda sicakhigindan 600 °C’'ye kadar yiikselmesi esnasinda H, gazi akis yoniinde once pota sonra
bakir folyo gelecek sekilde sisteme besleme gerceklestirilmistir. Burada amag B,Os'teki oksijenin H; ile
indirgenerek saf bor elde edilmesini saglamaktir. Sekil 4’te bakir folyo ve B+B,0s karisiminin yer aldigi
potanin CVD sistemi igerisindeki yerlesimi gdsterilmektedir.

Sekil 4. CVD’de Borofen Sentezi

50 dakika sonunda sentezlenme islemi sonuglanmistir. Sekil 5'te bakir folyonun sistem Uzerindeki
yerlesimi ve borofen sentezlenme islemi gosterilmistir.
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Sekil 5. Bakir Folyo Uzerinde Meydana Gelen Kaplamanin CVD Sistemindeki Yerlesimi

Bakir folyo Uzerinde sentezlenen kaplamalarin karakterizasyonu 532.08 nm dalga boylu Xplora Plus
marka Raman spektrometre cihazi ile gergeklestirilmistir. Kaplamalarin yapi ve elektriksel 6zelliklerinin
tespit edilebilmesi icin altlik malzeme ve kaplamanin ayrilmasi asamasina gecilmistir. Altlk
malzemelerden bakir Gzerinde sentezlenen borofen katmanini ayirmak icin transfer baski yénteminden
faydalanilmistir. Bu yontemde CVD ile sentezlenen borofen filmlerin tzeri 1 um kalinhga sahip
fotodireng tabaka ile kaplanir. Daha sonra elastomerik bir malzeme olan PDMS (Poli dimetil siloksan)
polimeri fotodireng kapli bakir folyo lizerine uygulanir. Bu asama sonrasinda 1M’lik FeCl; ¢Ozeltisi
icerisinde bakir tabakasi tamamen eritilir. Bakir tamamen eritildikten sonra PDMS altlik malzeme
Uzerinde isitilarak uygulanir. PDMS’in ylizey enerjisinin sicaklik ile ters orantili galismasi sebebiyle artan
sicaklik ile Gzerindeki filmi altlik Gzerinden kolaylikla birakir. Sekil 6’da borofen filminin altliktan
ayrismasina ait gorseller yer almaktadir.

- 7Y

Sekil 6. Borofen Tabakasinin Bakir Altliktan Ayrismasi

Bakir altiklarindan ayrilan ve seffaf bir fiziksel yapida olan borofen sentezlerine ait yapi analizleri 500
nA prob akimi, 6A ¢oziintrlige sahip FESEM JEOL JSM 7900F cihazi ile gerceklestiriimistir. Kaplamalarin
elektriksel iletkenlikleri ASTM D4935-10 standardina gore test edilmistir. Rohde&Schwarz ZVL-
Network analizori ile elektromanyetik sinyal ireten ve geri dénisiin olcildigi dort nokta prob testi
gerceklestirilmistir.
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Bulgular ve Tartisma

Bakir folyo izerinde sentezlenen borofen ince film tabakalarinin karakterizasyonu icin asagida basliklar
halinde verilen analizler gergeklestirilmistir.

Spektroskopi Analizleri

Sekil 7°de, bakir Gizerinde sentezlenen borofen numunesinin Raman Mikroskobu ile gerceklestirilen
gorseli yer almaktadir. Bu testin ilk asamasinda kaplamada analize uygun olan yizeyin tespiti
gerceklestirilir. Optik mikroskopta yapilan ylzey taramasinin ardindan uygun goériinen noktada
spektrometre analizi yapilir.

Sekil 7. Borofen Kaplamalarin Raman Mikroskobu Gorseli

Sekil 8’de borofene ait Raman Sagilmasi gosterilmektedir. Bu spektrumda 4 adet pik ve 2 temel fonon
modu bulunmaktadir. Bu fonon modlari D; (181 cm™), 2D; (296 cm™), D, (856 cm™) ve 2D, (1148 cm?)
olarak adlandiriimaktadir. Bu durum borofenin diger 2D malzemelerden farkh bir konuma gelmesine
sebep olan polimorfik dzellik géstermesinden kaynaklanmaktadir. 181 cm™ ve 296 cm™ pikleri 81, fazini
temsil eder. 8;, fazinin olugsmasi neticesinde énce D1 bandi olusmaktadir. 2D; bandi ise ikinci derece
Raman Sinyali'ni gostermektedir. Bu sinyal oldukca yiliksek momentuma sahip olan bélge siniri
fononlarina ait spektrumdur ve Raman Spektrumu olarak adlandirilir. Bu bandin araligi borofen
sentezinin basarili bir sekilde yapildigi, bandin siddeti ve spektral genisligi ise biyitilen 6rnekteki
tabaka sayisi ile ilgili bilgi vermektedir. D1 piki ile 2D; pikinin mukayesesinde, 2D; pikine ait siddetin
daha dusiik oldugu tespit edilmistir. Bu durum yapidaki katlanmadan meydan gelmektedir. 856 cm™
ve 1148 cm™ ise D, ve 2D, bantlarini temsil etmektedir ve X; borofen fazina aittir. Burada 2D, piki, D>
pikinden daha yiksektir, bu da ¢cok fazli borofen tabakasinin bakir althk lizerinde sentezlendiginin bir
gostergesidir. Parakhonskiy (2011) arastirmasinda boronun Raman Spektrum analizinde birden ¢ok pik
gozlemis ve bu piklerin a ve B boron fazlarina ait oldugunu belirtmistir. Bu da polimorfik 6zelligin temel
bir gostergedir. 181 cm™, 296 cm™ ve 856 pikleri ise 812 ve X3 boronu temsil etmekte ve yapidaki bor
atomlarinin farkh fazlarda borofen olusturma egilimin ifade etmektedir. (Zhao vd., 2019).
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Sekil 8. CVD Teknigi ile Bakir Althk Uzerinde Sentezlenen Borofen Tabakasina ait Raman Spektrumu

Taramali Elektron Mikroskobu Analizleri

Sentezlenen borofen tabakalarinin SEM analizleri icin numune hazirliklari gergeklestirilmistir. Bunun
icin kaplamalar bakir altliklardan ayrilmis ve seffaf hale getirilmistir. Sekil 9’da borofen kaplamasinin
SEM 06ncesine ait hazirlik asamasi yer almaktadir.

Sekil 9. Tek Katmanli Borofen SEM Numunesi

Borofen sentezlerine ait yapi analizi FESEM JEOL JSM 7900F cihazi ile gerceklestirilmis olup elde edilen
nano yapi Sekil 10’da gosterilmistir. Borofen tabakasinin katlanmis kenar gortntileri SEM’de net bir
sekilde gozlenmistir. Bu durum; oksijen iceren hidroksil organik baglarin kalintilarindan
kaynaklanmistir. Xie (2020) gerceklestirdigi calismada benzer kirigikliklari gézlemis ve bunun iki
sebepten kaynaklandigini belirtilmistir. Birincisi; bakir althktan kaplamanin ayrilmasi esnasinda borofen
ile althk malzeme arasinda bosluk bulunmasi, ikincisi ise CVD’nin sogutma asamasinda meydana gelen
termal genlesme farklaridir. Deneysel ¢alismalardan dnce gergeklestirilen literatiir arastirmalarinda bu
riskin olabilecegi g6z dniinde bulundurularak borofen ile altlik malzeme arasinda bosluk kalmamasi igin
transfer baski teknigi kullanilarak bosluk olusumu engellenmistir. Yine ayni sekilde CVD’de sistem oda
sicakligina gelinceye kadar argon gazi altinda kontrolli sogutma gerceklestirilerek termal genlesme
farklarindan kaynaklanan kirisikliklarin 6niine gegilmistir. Hidroksil baglarindan kaynaklanan kirisikhk
ise CVD ile gergeklestirilen kaplamalarda gézlenen normal bir durumdur (Wang, 2019). Bu asamada
nano borofen kimesi bakir althk ylzeyinde Cu (111) dizleminde biyime mekanizmasi ile
sentezlenmistir. Bu mekanizma, difiizyon ve hizli soguma asamalarindan olusmaktadir. Pargcalanmis bor
atomlari yiiksek sicaklikta gerceklesen tavlama asamasinda yigin halinde difiize olur, sogutma siresi
boyunca bor atomlari tekrar bakir ylzeyine ¢ikarak borofen filmini olusturur. Bir baska ifadeyle bor
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atomlari Cu (111) dizlem ylizeyine c¢arpip ¢Okelir ve borofen tabakasini olusturur. Bu olusum Sekil
10’daki SEM yapi analizinde kademeli bir sekilde gdzlenmektedir.

Sekil 10. Borofen Nano Yapisi

i3

B

950 °C'den kademeli olarak sicaklik ve ¢oktiirme sireleri arttirlan numune ylzeylerinin fiziksel
gorintileri, iletkenlik durumlari ve elektriksel direng dlglimlerine ait veriler Tablo 1’de 6zetlenmistir.

Tablo 1. Borofen Kaplamalarin Fiziksel ve Elektriksel Ozellikleri

No Sicaklik (°C) Stire (Dk.) Numune Yizeyi iletkenlik Elektriksel Direng(Q/sq)
1 1035 60 Mat Yok 2x10°
2 1035 15 Mat Yok 1x10°
3 1035 5 Mat Yok 200
4 1035 1,5 Mat Var 2

5 1035 1 Mat Var 1,8
6 1000 1 Mat Var 1,4
7 985 1 Mat Var 1,2
8 975 1 Mat Var 1

9 960 1 Mat Var 0,1
10 950 1 Mat Var 0,2

Bu asamada ince kaplamalar icin tabaka direnci 6l¢iim modu secilmistir. Tabaka direncinin birimi Q’dur
ancak uygulamada ince film kaplamalarin alan bazinda ele alinmasi sebebiyle genellikle Q/sq veya Q/o
kullanilmaktadir. Bu calismada borofen tabakalarinin kare numuneleri 6lgiimis ve direng degerinin
sayisal karsiligi ele alinmistir, bu sebeple birim olarak Q/sq kullanimi tercih edilmistir. 950 °C’'de
sentezlenen borofen filmlerde 0,2 Q/sq gibi oldukg¢a distk bir 6zdireng 6lglilmis ve iletken 6zellik
gostermistir. 1035 °C’ye kadar yapilan sentezlerin Glgiimleri 2 Q/sq 6zdirenge sahipken CVD islem
sliresinin artmasiyla 6zdireng degeri de artis gdstermis olup 2x10° Q/sq odlculerek yalitkan bir 6zellik
sergilemistir. Bunun sebebi, ylizeyde olusan borofen tabakalarinin asiri diflizyonu sonrasinda tane
blylimesi ile altigen borofen yapisini kaybedip iletken olmayan boroksit formuna doniismesidir. Sekil
11’de 1035 °C’'de 60 dakika buyunca gerceklestirilen senteze ait gorinti yer almaktadir. Yizeydeki
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borofen yapisinin bozulmus oldugu net bir sekilde tespit edilmis olup gergeklestirilen iletkenlik
testinden de olumlu bir sonug elde edilmemistir.

Sekil 11. 1035 °C'de 60 Dakika Sentezlenen Borofen Yiizey Yapisi

Sonug ve Oneriler

Bu ¢alismada, CVD yontemi ile borofen kaplamalar bakir altliklar (izerinde basarili bir sekilde
sentezlenmistir. Buna goére 950 °C’nin altindaki sicakliklarda borofen sentezi gézlenmemis olup 1035
°C Uzerinde ise borofenin iletkenlik ve homojen yiizey 6zelligini kaybettigi tespit edilmistir. Borofen
tabakalarin karakterizasyonunda Raman Spektroskopisi kullaniimis olup borofeni temsil eden 2 temel
fonon modlan 181 cm? ve 1148 cm? spektroskopide net bir sekilde gézlenmistir. Elektron
mikroskobunda gerceklestirilen arastirmalar neticesinde nano yapiya sahip borofen tabakasinin bakir
altlik yizeyindeki sentezlenmesine ait asamalar tespit edilmistir. Tabaka direnci 6lcim testleri
neticesinde 950 °C’nin Uzerindeki sicakliklarda sentezlenen numuneler oldukga giizel iletken 6zellik
sergilerken 1035 °C’nin izerinde ve 5 dakikay1 asan sentezlerde iletkenlik ortadan kalkmis ve heterojen
bir ylizey elde edilmistir.

Mevcut CVD sisteminin tek hazneli olmasi sebebiyle kuvars tiip sistem icerisinde hareket ettirilmek
suretiyle iki farkli sicaklik alani olusturulmustur. Ayni tlp icerisinde farkl iki alan olusturabilecek
kapasitedeki CVD sistemlerinin olusturulmasi miimkindir. Bu ¢alisma ile CVD teknigi ile bakir folyo
Gzerinde farkli karakterde borofen kaplamalarin elde edilebilecegi tespit edilmistir. Borofen sentez
sicakliginin 1035 °C’den 950 °C’ye disurilmesi ile iletkenligin arttigl tespit edilmistir. TUm ylzeyler mat
olmakla birlikte farkli parametreler ile ylzey 6zelliklerinin gelistirilebilecegi gdzlenmistir. Elde edilen
verilerin yayginlastirilmasi ve CVD sisteminin gelistiriimesi ile Raman Spektrometresi’'nde birden fazla
D bandinin gozlenmedigi tek fazli borofen tabakalarinin sentezi miimkiin olabilecektir. Ayrica borofenin
daha nitelikli 6zelliklerine ait ¢galismalarin ilerleyen zamanlarda gelecegi bu 6zgilin arastirma ile net bir
sekilde ortaya konmustur. Hekzagonal nano yapi goriintileri icin gegirimli elektron mikroskobu ile
gerceklestirilecek olan arastirmalar ile daha net yapi gorsellerinin elde edilmesinin 6ni agiimistir.

Tamamlanan bu ¢alisma ile farkh althk malzemeler ve kaplama parametreleri kullanilarak borofenin
yeni 6zelliklerinin tespit edilmesine iliskin potansiyel arastirmalarin temeli olusturulmustur. Ozelikle
altin altliklar Gzerine borofen sentezi hakkinda yapilacak akademik galismalar plazmonik sensérlere
yeni bir bakis agisi getirecektir. Bu makalenin 6ncesi ve sonrasinda gergeklestirilen c¢alismalar
neticesinde; borofenin birgok sektoriin ihtiyaglarina cevap verebilecek, erisimi ve Uretilmesi kolay, ucuz
bir hammadde haline déniismesinin ¢ok kisa bir siire icerisinde ger¢eklesecegi tespit edilmistir. Bunun
sonuncunda tlkemiz borofen Uretiminde stratejik bir konuma gelecektir.
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Son yillarda, entomoloji alaninda yapay sinir aglari (YSA) 6nemli bir arag haline gelmis ve kullanimi hizla artmistir.
Entomologlar, YSA'nin sundugu olanaklardan pek c¢ok alanda yararlanmaktadir. YSA'nin kullanimi; bdcek
tirlerinin tahmininden baglayarak, bocek popiilasyonlarinin takibine, zararli boceklerin belirlenmesine ve bocek
davranislarinin modellemesine kadar cesitli uygulamalara olanak tanimaktadir. Ozellikle tarim alanlarinda
yapilan gozlemler ve olgiimler sonucunda elde edilen biyuk veri kiimelerinin hizli ve hassas bir sekilde analiz
edilmesi, boceklerle miicadele stratejilerinin gelistiriimesinde entomologlara 6nemli bir avantaj saglamaktadir.
Bu derleme, YSA'nin entomolojide kullanilabilir ve etkili bir ara¢ oldugunu géstermekte ve YSA'nin gelecekteki
uygulama potansiyeline genel bir bakis sunmaktadir. Ancak, YSA teknolojisinin gelistirilmesi ve uygulanmasi
sureklilik arz eden bir ¢caba gerektirmektedir. YSA uygulamalarinda egitim siirecine 6zen gosterilmeli ve her yeni
¢alismanin sinir agi egitimine katki saglayacagi unutulmamalidir. Bu nedenle, entomologlar YSA'nin potansiyelini
daha fazla kesfetmeye odaklanmali ve bu yenilik¢i yontemi entomolojide daha genis 6lgekte kullanmaya yonelik
calismalar yapmalidir. Boylece; béceklerin dogasi hakkinda daha derin bilgilere ulasmak, ¢evre dostu miicadele
stratejileri gelistirmek, tarim alanlarinda daha sirdirilebilir ve verimli Gretim siregleri gecirmek mimkin
olacaktir. YSA'nin entomoloji alaninda ilerlemesi, hem bilimsel arastirmalara hem de tarim sektoriine énemli
katkilar saglayacaktir.

Anahtar Kelimeler: entomoloji, yapay sinir aglari, tanimlama, siniflandirma, izleme

Use of Artificial Neural Networks in Entomology
Abstract

In recent years, artificial neural networks (ANN) have become an important tool in entomology, and their use
has rapidly increased. Entomologists are taking advantage of the possibilities offered by ANN in various fields.
These applications range from predicting insect species and monitoring insect populations to identifying pests
and modeling insect behavior. The ability to quickly and accurately analyze large datasets resulting from
observations and measurements, especially in agriculture, provides a significant advantage for entomologists in
developing insect control strategies. This review confirms that ANN is a valuable and effective tool in entomology
and provides an overview of its potential future applications. However, the development and application of ANN
technology require sustained effort. During ANN applications, attention should be given to the training process,
and it's essential to acknowledge that each new study contributes to neural network training. As a result,
entomologists should focus on exploring the potential of ANN further and work towards implementing this
innovative method on a larger scale in entomology. By doing so, it will be possible to gain deeper insights into
the nature of insects, develop environmentally-friendly control strategies, and establish more sustainable and
efficient production processes in agricultural areas.

Keywords: entomology, artificial neural networks, identification, classification, monitoring
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Giris
Yunanca entomon (bocek) ve logos (bilim) kelimelerinden olusan "entomoloji'' bocekleri inceleyen
bilim dalidir (Entofito, 2023). Entomoloji, temelde Zooloji'nin bir alt dali olsa da dinya Gzerindeki
hayvan tirlerinin ylzde 80'inden fazlasini olusturan bocekler, ekonomik agidan énemli olduklari igin
ayri bir bilim dali olarak kabul edilir (Demirsoy, 2003). Boceklerin canlilar Gzerindeki etkileri gbz ardi
edilemeyecek kadar 6nemli oldugundan, son yillarda entomoloji alanindaki arastirmalar blyik bir artis
gostermektedir. Bu ¢alismalar arasinda yapay zeka uygulamalarinin etkisi her gecen giin artmaktadir.

Yapay zeka yontemlerinden biri olan yapay sinir aglari (YSA), ginimizde ¢ok popiiler bir konu haline
gelmis ve cesitli problemlerin ¢dziimiinde énemli bir ara¢ olarak kullaniimaktadir. Ozellikle bilimsel
calismalarda ve ekonomik anlamda zararh olan boceklerin miicadelesinde énemli bir belirleyici olan
zararlinin tanimlamasi ve poptilasyon yogunlugunun énceden tahmin edilmesinde YSA énemli bir yer
tutmaktadir (Alhady vd., 2018; Cocu vd., 2005; Fldrian vd., 2023; Shi vd., 2020).

Literatlirde, Turkiye ve diinya genelinde entomoloji alaninda YSA uygulamalarini ele alan calisma sayisi
oldukga sinirlidir. Bu nedenle, bu ¢alismanin amaci, entomoloji alaninda YSA uygulamalarinin sagladigi
faydalar belirlemektir. Bu calisma, alandaki teorik ve pratik bilgi birikimini artirmanin yani sira,
uygulayicilara bu konuda rehberlik etme ve literatlirdeki Gnemli bir boslugu doldurma agisindan buyuk
bir 6neme sahiptir.

Calisma genel hatlari ile dért béliimden olusmaktadir. ilk bélimde galismanin neden énemli oldugu ve
ne amacla yapildig kisaca agiklanmaktadir. ikinci bélimde; YSA'ya genel bir bakis sunulmakta, bu
yontemin nasil calistigi ve temel isleyisinin ne oldugu hakkinda bilgiler verilmektedir. Ugiincii béliimde,
YSA'nin entomolojide hangi alanlarda kullanildigi ve bu kullanimin nasil etkili oldugu ele alinmaktadir.
Son olarak, dordiincii bélimde yapilan ¢calismanin ortaya koydugu dnemli sonuclar 6zetlenmektedir.

Yapay Sinir Aglari (YSA)

Gilnlimiuzde teknolojinin hizla gelismesi sonucu bilgisayarlar sadece karmasik sayisal modelleri
¢Ozebilen araglar olmanin Otesine ge¢mis ve insana benzer dislinen, 6grenen ve Ogrendiklerini
uygulayabilen araclar halini almistir. Gegmis yillardan beri, insan beyninin dislinme, 6grenme ve
olaylara tepki verme siirecleri izerine yogun arastirmalar yapilmistir. YSA'da; insan beyninin biyolojik
yapisindan esinlenerek, 6grenme siirecinin matematiksel olarak modellenmesi sonucu ortaya ¢ikmistir
(Elmas, 2016).

YSA'nin temel amaci, belirli bir girdi kiimesine karsilik gelebilecek bir ¢ikti kimesini tahmin etmektir.
Bu yetenegi kazanabilmesi icin ag, ilgili olayin 6rnekleri lizerinden 6grenme yaparak genelleme
yapabilir. Bu genelleme sayesinde, benzer olaylara karsilik gelen cikti kiimesi belirlenir. Ozellikle
bilgilerin olmadigi ancak érneklerin bulundugu durumlarda, etkili bir karar verme araci ve hesaplama
yontemi olarak kullanilabilir (Cakir, 2018).

YSA, basit biyolojik sinir sisteminin ¢alisma seklini simiile etmek igin tasarlanirlar ve simiile edilen
néronlari (sinir hiicreleri) icerirler. Yapay sinir hiicrelerinde de ayni biyolojik sinir hiicrelerinde oldugu
gibi giris sinyallerini aldiklari, bu sinyalleri toplayip isledikleri ve g¢iktilari ilettikleri bolimleri
bulunmaktadir (Hassoun, 1995; Oztemel, 2006).

Bir yapay sinir hiicresi temel olarak; girdiler, agirliklar, toplama fonksiyonu, aktivasyon fonksiyonu ve
ciktilar olmak Uzere Sekil 1'de gosterildigi gibi bes kisimdan meydana gelmektedir (Haykin, 2010).
Yapay sinir hiicrelerinin birbirine baglanmasiyla YSA olusmaktadir. YSA'da genel olarak girdi katmani,
ara (gizli) katman ve ¢ikti katmani olmak tizere 3 katman bulunmaktadir (Sekil 2). Girdi katmani, giris
verilerinin alindigi katmandir. Ara katman, giris katmanindan aldigi verileri kullanip aktivasyon
fonksiyonu ile isleyip ¢ikti katmanina aktarmaktadir. Cikti katmani ise c¢ikis degerlerinin alindig
katmandir (Haykin, 1998).
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Sekil2. Ornek Yapay Sinir Ag Yapisi

Entomolojide YSA'nin Kullanimi

Bocek taksonomisinde YSA'nin kullanilabilmesi icin her seyden oOnce, dikkatlice olusturulmus ve
dogrulanmis bir veri tabanina ihtiya¢ duyulmaktadir. Béyle bir veri tabaninda oncelikle, karakterler
girdi olarak alinmali ve tirler arasindaki iliskiyi bulmak icin bir model tasarlanmalidir. Bundan sonraki
asamaya 6grenme veya egitim denilmektedir. Verilerin egitilmesi sirasinda; ¢iktilar, egitim setindeki
girdiler olarak verilen hedef degerler ile karsilastiriimahdir. Bilinmeyen tirlerin tanimlanmasi igin
YSA'da egitilerek dogrulanmis modeller kullanilabilir. Yapilmis ¢alismalar en az 9 tirin YSA'da
egitilmesi sartiyla tanimlamanin olduk¢a dogru sonuglar verdigini gostermistir (Vanhara vd., 2010).
YSA'da farkli 6§renme yontemleri olmasina ragmen, genellikle geri yayilim algoritmasi kullaniimaktadir.
Veri tabaninin glvenilirligi ve tir tanimlamanin dogrulugu capraz dogrulama (Cross Validation)
yontemiyle kontrol edilmelidir (Vanhara vd., 2010).

Tiir tanimlama ile ilgili YSA Uygulamalari

Boceklerin gesitliligi ve ayni tiirin familyalari arasindaki benzerlikler nedeniyle, entomologlar ve
taksonomistler icin bocekleri tanimlamak ve siniflandirmak her zaman zorlu bir gérev olmustur.
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Literatirde, bu zorluklarin Gstesinden gelmek icin bircok calisma yapilmistir ve bocekleri tanimlamak
icin YSA gibi otomatik yontemler énerilmistir (Fedor vd., 2008; Kaya vd., 2015; Shi vd., 2020).

Do vd. (1999), disi cinsel organinin donustlrlilmis dijital gorintilerini kullanarak Lycosidae
familyasindan alti 6riimcek tlrinG tanimlamak icin YSA'yl basariyla uygulamislardir. Moore (1991),
Aedes aegypti (Linnaeus, 1762) ve Aedes triseriatus (Say, 1823) (Diptera: Culicidae) disi ve erkeklerinin
Uzerinde yaptigi ¢calisma sonucunda kelebek kanat ¢irpma sikligina dayanan fonksiyon ile dogru tiiri ve
cinsiyeti tanimlamak icin YSA'yi kullanarak %84 basari saglamistir. Marcondes ve Borges (2000), YSA ve
bir morfometrik karakter seti kullanarak Lutzomyia intermedia (Lutz ve Neiva, 1912) (Diptera:
Psychodidae, Phlebotominae) erkeklerini giivenilir bir sekilde ayirt etmeyi basarmislar ve boylece
YSA'nin Diptera'daki ilk uygulamasini kullanmislardir. YSA ayrica biyoakustik verilerin islenmesinde de
kullanilmistir. Ornegin Chesmore (2004), 4 farkli Orthoptera tiiriiniin ses kayitlarini YSA'da kullanarak
tirlerin otomatik olarak tanimlanmasini saglamistir. Vanhara vd. (2007) yaptiklari ¢alismada, bir
parazitoid olan Tachinidae (Diptera) familyasindan secilen Tachina Meigen cinsinin (g tirl [Tachina
fera (Linnaeus, 1761), Tachina magnicornis (Zetterstedt, 1844), Tachina nupta (Rondani, 1859)
(Diptera: Tachinidae)] ve Ectophasia Townsend cinsinin iki tirinin [Ectophasia crassipennis (Fabricius,
1794) ve Ectophasia oblonga (Robineau—Desvoidy, 1830) (Diptera: Tachinidae)] siniflandiriimasi igin
YSA'yi kullanmiglardir. Siniflandirmada farkli kanat damarlarinin uzunlugu veya bunlarin parcalari,
anten segmentlerinin genisligi ve cinsiyetleri girdi olarak alinmistir. Elde edilen modelin tahmin
yeteneginin egitim setindeki Orneklerin sayisina bagh olarak %88 ile %100 arasinda degistigini
belirtmislerdir. Yapilan bir diger ¢alismada, 18 yaygin Avrupa Thysanoptera tirinin otomatik olarak
tanimlanmasi igin YSA modeli kullanilmigtir. Elde edilen sonuglara gére 18 tiiriin hem erkek hem de
disilerinde %97 oraninda dogru tanimlama saglanismistir (Fedor vd., 2008). Fedor vd. (2009) ekonomik
acidan 6nemli 101 Avrupa thrips (Thysanoptera) tirinin hem erkek hem de disi olan 3000'den fazla
orneginin kafa, klavus, kanat, ovipositor uzunlugu ve genisligi gibi esas olarak kantitatif morfometrik
karakterleri g6z online alinarak zararlinin otomatik olarak tanimlanmasini saglamak igin YSA modeli
kullanmislar ve sonug olarak zararl bocekleriizlemede ve teshis etmede YSA'nin kullanilabilir oldugunu
bulmuslardir. Wang vd. (2012), takim diizeyinde teshis i¢in diinya ¢capinda yaygin olan 9 takim ve alt
takimlarin bocek goriuntilerine odaklanarak yeni bir tanimlama sistemi tasarlamislardir. YSA
kullanilarak yapilan testler sonucunda sistemin %93 oraninda dogruluk gosterdigini belirtmislerdir.
Kang vd. 2012 yilinda yapmis olduklari calismada; kelebek seklinin sinir piksellerinden hesaplanan dal
uzunlugu benzerligi entropisine dayanarak 7 farkli kelebek tirinin 268 6rneginden alinan kanat
gorintalerinin veri setlerini YSA'da kullaniimislar ve YSA ile elde edilen modelin kelebek tirlerini
tanimlamak igin yliksek bir dogruluk seviyesi (%86'dan fazla) gdsterdigi belirtmislerdir. Kang vd. (2014)
yapmis olduklari calismada ise, 15 kelebek tiiriinde 150 6rnegin resimleri kullaniimislar ve deneysel
sonuglarla dal uzunlugu benzerligi entropisi kavraminin kelebekleri sekil tirlerine gére karakterize
etmek icin glcli bir arag olabilecegini gostermislerdir. Ayni zamanda; Lee ve Kang (2016), kelebeklerde
tlr tanimlamada sorun olusturan gorus acisi probleminin Gstesinden gelerek kelebek tiirlerini otomatik
olarak tanimayabilmek icin dal uzunlugu entropisine dayanan bu yeni sekil tanima yontemini
gelistirmeye calismislardir. Savas tanklarini tanimak ve insan yuzlerini farkli duygularla karakterize
etmek icin basariyla kullanilan bu yéntem, tek bir diigiimden ve onun dallarindan olusmus olan basit
bir dallanma agindan meydana gelmistir. Kaya ve Kayci (2014) yaptiklari calismada, kelebek tirlerinin
tanimlanmasinda YSA ve goriinti isleme tekniklerinden yararlanmiglardir. Kelebeklerin doku ve renk
Ozellikleri kullanarak elde edilen model tiir tanimlamada %92.85 oraninda dogru sonug vermistir. Bu
bulgular, doku ve renk ozelliklerinin kelebek tirlerinin tanimlanmasinda vyararli olabilecegini
gostermistir. Kaya vd. (2015) yaptiklari ¢alismada, YSA'yi kullanarak 5 farkh kelebek tiirlini %98
oraninda blyuk bir basari ile otomatik olarak tanimlamayi ve siniflandirmayi basarmislardir. Lorenz vd.
(2015) yaptiklar calismada kanat sekli karakterlerine dayanan Anopheles, Aedes ve Culex cinsinin 17
trinin tanimlanmasi ve siniflandirilmasinda YSA'yl kullanmislardir.  YSA kullanilarak yapilan
siniflandirmanin, geleneksel yontemlerle yapilan siniflandirmalardan daha iyi sonuglar (%85.70-%100)
verdigini belirlemislerdir. Bu bulgular kanat damarlarinin tiire 6zgii oldugu ve bu nedenle taksonomik
anahtarlara dahil edilmesi gerektigi hipotezini de desteklemistir. Alhady vd. (2018) yapmis olduklari
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calismada Ideopsis vulgaris (Butler, 1874) ve Hypolimnas bolina (Linnaeus, 1758) (Lepidoptera:
Nymphalidae) kelebek tirinin kanatlarindaki desenleri kullanarak YSA'da tir tanimlama yapmayi
hedeflemisler ve yapmis olduklari ¢alisma neticesinde I. vulgaris ve H. bolina tiirleri igin sirasiyla %90
ve %100 basari elde etmislerdir.

Sitma, Zika, Dang hummasi, Chagas ve Chikungunya gibi hastaliklar; insan sagligina yonelik en 6nemli
tehditler arasinda yer alan vektér kaynakli hastaliklardir (Nauen, 2007; Sinkins ve Gould, 2006). Bu tir
hastaliklarin riskini tahmin etmek ve hastaliklari kontrol etmek amaciyla stratejiler gelistirmek igin
Onemli bir unsur olan eklembacakh vektér tlrlerinin tanimlanmasi 6nem arz etmektedir
(Mukundarajan vd., 2017). Vektér kaynakh hastaliklarla iliskili sivrisineklerin tanimlanmasi igin yapay
zeka yontemleri kullanilmistir. Ornegin; Sanchez-Ortiz vd. (2017), cep telefonu ile aldiklari Aedes
sivrisinek larvalarinin gortntilerini kullanarak YSA yontemiyle larvalarin tir tanimlanmasi islemini
%100 basari ile gerceklestirmislerdir. Bu ¢alismada, 6rneklem biyiklGgu ¢cok kiicik olmasina ragmen
YSA'nin, sivrisineklerin tir siniflandirmasi icin kullanilabilecegi gosterilmektedir.

Sitmaya karsi miicadelede vektor kontrol programlari stratejik bir onceliktir. Sitma bulasma
suricilerini karakterize etmek icin entomolojik araglar sinirlidir ve bu araclarin tarlada kullaniimasi
olduk¢a zordur. Sitmaya neden olan en 6nemli vektorin sivrisinek oldugu bilinmektedir. Bazi
arastiricilar, sivrisineklerin molekiler tanimlamasi isleminin yavas ve pahali olmasindan dolayi bu
sureci otomatiklestirmek icin yapay zeka kullanmislardir. Bu arastiricilar; yapmis olduklari calismada,
cektikleri boceklerin fotograf ozelliklerinin degerlendirilip eslestirildigi veri setlerini makine 6grenme
algoritmasinda kullanarak Aedes aegypti L.nin molekller tanimlanmasini %90 basariyla
gerceklestirmislerdir (De Los Reyes vd., 2016). Ouyang vd. (2015) yapmis olduklari ¢calismada, g ayri
sivrisinek tarlnin cinsiyetini, cinsini ve tlrind siniflandirmak icin YSA'yl kullanmislar ve yapmis
olduklari calisma neticesinde %85 oraninda basari elde etmislerdir. Bir diger arastiricilar ise Anopheles
stephensi Liston, 1901 (Diptera: Culicidae) sivrisinek tlrinin tanimlanmasi icin YSA'y1 kullanmislar ve
%78 oraninda basari elde etmislerdir (Nabet vd., 2020).

Arastiricilar, 7 milyon insanin Chagas hastaliginin semptomlarini gésterdigini ve 75 milyondan fazla
insanin dinya capinda bu hastaligin enfeksiyon riskini tasidigini belirtmislerdir (WHO 2023). Chagas
hastaliginin vektor béceklerinden biri olan Triatominae tirlerinin derin sinir agl yontemiyle otomatik
olarak dogru tanimlanabiliniyor olmasi, tehlikeli hastaliklarda umut vaat eden potansiyel bir ¢6ziim
olarak yapay zeka uygulamalarinin kullanilabilinecegini gostermektedir. Khalighifar vd. (2019), 12
Meksika triatomin tirleri igin 405 ve 39 Brezilya triatomin (Hemiptera: Reduviidae) tirleri icin 1.584
dijital gorlintliden faydalanarak otomatik bir tiir tanimlama sistemi gelistirmeye calismislar ve sonug
olarak; tiim Meksika ve Brezilya tiirlerinde sirasiyla %83.0 ve %86.7 oraninda basari elde etmislerdir.

Yapay zeka uygulamalari sivrisinek tuzak tasarimininda da oldukc¢a 6nemli bir yere sahiptir (da Silva
Motta vd., 2018). Ornegin; arastiricilar tarafindan gelistirilen akilli tuzaklar, zararli bécekleri kendine
cekebilmekte ve hedef olmayan bocekleri ise serbest birakabilmektedir. Ayrica; hedeflenen
sivrisineklerin tdrlerinin tanimlanmasi, sivrisineklerin davranislarinin anlasilmasi, zararlinin tuzaklara
yakalanma tarihi ve saatinin tahmin edilmesi, hedef olmayan bocek popilasyonunun yogunlugunun
tahmin edilmesi gibi 6nemli islemler kolaylikla yapilabilmektedir (da Silva Motta vd., 2018). Akill
sivrisinek tuzaklarinin tasarlanmasi igin; bir lazer algilayici ve ses analiz teknikleri kullanilarak elde
edilmis olan veriler, yapay zekanin alt ana dal olan makine 6grenme algoritmalarinda islenmistir.
Yapilan islemler sonucunda, akilli sivrisinek tuzaklarini kullanarak makine 6grenme algoritmalari ile
boceklerin tanimlanmasinda %98 basari elde edilmistir (Silva vd., 2013).

Ayop ve Chesmore (2013) yapmis olduklari ¢alismada renkli goriintiiler ve geometrik olgiimler
kullanarak ugur boécegi tirlerinin [Harmonia axyridis (Pallas, 1773) (Coleoptera: Coccinellidae)]
tanimlanmasini kolaylastirmak istemisler ve yapmis olduklari deneysel sonuglar neticesinde tir
tanimlama asamasinda benzer renkli beneklere sahip taksonlarin %75'ten fazla eslesme sagladigini
ortaya koymuslardir.
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Bauch ve Rath (2004) yapmis olduklari calismada, Bemisia tabaci (Gennadius, 1889) ve Trialeurodes
vaporarium Westwood, 1856 (Hemiptera: Aleyrodidae)'un tanimlanmasi icin zararhlarin sekil ve renk
ozelliklerini kullanarak YSA'da %85 basari elde etmislerdir. Espinoza vd. (2016) yapmis olduklari
calismada, seralarda ergin evresindeki beyazsinek [Bemisia tabaci (G.)] ve thrips [Frankliniella
occidentalis Pergande, 1895 (Thysanoptera: Thripidae)]'in tespiti ve izlenmesi igin gorintl isleme
algoritmasi ve YSA'nin kombinasyonuna dayal yeni bir yaklasim kullanmislardir. Yapilan galisma
sonucunda beyazsinekler ve thripsler icin sirasiyla %95 ve %92 oraninda basari elde edilmistir.

Depolanan tahil boceklerinin tespiti ve tanimlanmasi, Griinlerin glvenligini saglamak icin dnemlidir. Shi
vd. (2020) yaptiklari ¢calismada sekiz yaygin depolanmis tahil boceginin tespiti ve siniflandiriimasinda
yapay zeka uygulamalarini kullanmislar ve yaptiklari calismada yapay zekanin tiir tanimlamada basarili
sonuglar verdigini belirtmislerdir.

Popovic vd. (2020) yapmis olduklari ¢alismada belirli bir alandaki Merodon avidus (Rossi, 1790) ve
Merodon moenium (Wiedemann, 1822) (Diptera, Syrphidae) sinek tirlerini tanimlamak amaciyla YSA'y!
basarili bir sekilde kullanmislardir.

Siniflandirma ile ilgili YSA Uygulamalari

Bagnéres vd. (1998), YSA ve PCA (Principal Component Analysis, Temel Bilesenler Analizi) yontemini
kullanarak Gc¢ Avrupa termit tlrl [Reticuliterm grassei, R. santonensis (Feytaud) ve R. banyulensis
Clément, 1978 (Isoptera: Rhinotermitidae)] ve bir Kuzey Amerika termit tiriinden [(R. flavipes) (Kollar,
1837) (Isoptera: Rhinotermitidae)] toplanan hidrokarbon verilerine dayanarak her bir bocegin sinif
ayrimini modellemeye galismislardir. Arastiricilar, kitikiler hidrokarbonlarin nispi oranlarindaki kiiguk
farklari iceren kimyasal bir farkhhgin, bocekler arasinda ayirt edici bir 6zellik oldugu hipotezini
desteklemislerdir. Ayni zamanda bu calismada, kimyasal haberlesmede kullanilan dogal feromonlarin
siniflandiriilmada YSA'ya iyi bir arac olabilecegi ve PCA analizlerinin aksine, siniflar arasinda taniya izin
verebilecegini belirtmislerdir. Samanta vd. (2012), yapmis olduklari ¢alismada, cayda zararh bocek
turlerini (yaprak biti, farkli akar tlrleri, Helopeltis cinsi sivrisinek trt, kirmizi 6rimcek ve thrips)
siniflandirmak igin YSA'y1 kullanmislar ve basari oranini %100 olarak bulmuslardir. Butcher vd. (2013),
belirli hidrokarbon verilerini kullanarak YSA ile adli acidan 6nemli olan Lucilia sericata (Meigen,
1826)'nin her bir larva dénemini %89 basariyla otomatik bir sekilde siniflandirmiglardir. Moore vd.
(2016), YSA'yi kullanarak larvalarda mevcut olan kutikiiler hidrokarbonlarin larva dénemlerinin
siniflandiriimasinda 6nemli olup olmadigini arastirmislar ve arastiricilar, calismada adli olarak 6nemli
iki Calliphora (Diptera: Calliphoridae) tirinin [Calliphora vicina Robineau-Desvoidy, 1830 ve C.
vomitoria (Linnaeus, 1758)] larva yaslarini belirlemek icin YSA'y1 basariyla kullanmislardir. Arastiricilar,
bu ¢alismada YSA'daki sonuglarin geng larvalardan olgunlasan larvaya kadar meydana gelen dnemli
kimyasal degisiklikleri basariyla gdsterdigini belirtmislerdir. Moore vd. (2017), ingiltere'de yaygin
olarak bulunan adli tiirde tG¢ 6nemli Calliphora tirleri [L. sericata (Meigen, 1826), Calliphora vicina
(Robineau-Desvoidy, 1830) ve C. vomitoria (Linnaeus, 1758)]'nin kitikiler hidrokarbonlari (CHC)
inceleyerek ve YSA'yi kullanarak ergin sineklerde yas tahmini yapmaya ¢alismislar ve ayni zamanda iki
Calliphora tiirii igin 1, 5, 10, 20 ve 30 glinlUk araliklarla ve L. sericata M. igin ise 10. gline kadar ergin
doénemlerinde zamana bagh kimyasal degisimlerin olup olmadigini tespit etmeye c¢alismislardir.
Kitiktler hidrokarbonlarin sineklerin  yasam dongtlerinin gelisimi boyunca stabil oldugu ve
hidrokarbon profillerinin tiire 6zgii oldugu bilindigi icin bocekleri teshiste hidrokarbonlarin giivenilir bir
yas gostergesi olma potansiyeline sahip oldugu bu ¢alisma sonucunda belirlemislerdir. Tan vd. (2022),
yapmis olduklari calismada Sakarya ilindeki ayva (Cydonia oblonga Mill.) (Rosales: Rosaceae) ekilis
alanlarindan elde edilen farkh bitki paraziti nematod tirlerinin disi bireylerine ait olan tek ve cift
ovarilerin dogru sekilde siniflandirilmasi amaciyla YSA'yi kullanmislardir. Arastiricilar sirasiyla, 2016
Temmuz ve 2017 Temmuz'da topraktan alinan toplam 109 ve 121 adet disi nematod Uzerinde
ylrittikleri calisma sonucunda yiiksek basari elde edilmistir.

Bilgisayarli zeka teknikleri ile ilgili gelismeler, gérinti islemeye dayali yeni siniflandirma yontemlerinin
uygulanmasini kolaylastirmistir. Adli entomolojideki boceklerin incelenmesi, adli bilimler igin belirli
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kararlarin alinmasinda ¢ok dnemlidir. Hamam boceklerinin teshisi, adli entomolojide blyik 6neme
sahiptir. Luquin vd. (2017), yapmis olduklari calismada Meksika'nin farkli alanlarinda yaygin olan ve adli
entomoloji vakalarinda énemli olan lic hamambdcegi tiirliniin [Blattella germanica (Linnaeus, 1767)
(Blattodea: Ectobiidae), Periplaneta americana (Linnaeus, 1758) (Blattodea: Blattidae) ve Arenivaga
sp. (Rehn, 1903) (Blattodea, Corydiidae)] dogru siniflandiriimasi icin doku, renk ve sekil gibi pronotum
goruntilerini YSA modelleme calismasinda kullanarak %96.26 oraninda yiksek bir basari elde
etmislerdir.

Popiilasyon izleme ile ilgili YSA Uygulamalan

Urlinlerde zarar yapan boceklerin belirlenmesi ve popiilasyon dalgalanmalarinin izlenmesi zararl
yonetim sistemlerinde dnemli bir husustur. Yang vd. (2009) yaptiklari calismada piringte zararli olan
Scirpophaga incertula'nin olusumu ile meteorolojik faktérler arasindaki iliskiyi bulmak ve daha sonra,
zararlinin popilasyon olusumu hakkindaki tarihsel verileri analiz etmek icin YSA'y1 kullanarak tahmin
modeli olusturmuslardir. Yeni model; 2006, 2007 ve 2008 yillarinda Scirpophaga incertula (Walker,
1863) (Lepidoptera: Pyralidae) popilasyonunun olusumunu basariyla tahmin edebilmistir. Yaptiklari
calismanin sonucunda, bocek popilasyonu ile meteorolojik faktorler arasinda 6nemli bir iliski oldugu
kesin olarak ortaya konulmustur.

Cirjak vd. (2022), yapmis olduklari calismada elma bahgesinde zararli olan Leucoptera malifoliella (O.
Costa, 1836) (Lepidoptera: Lyonetiidae)'nin popilasyonunu izlemek amaciyla kamerali iki izleme
cihazindan alinan 400 fotografi YSA'yl egitmek igin kullanmiglar ve modelin dogrulugunu %98 olarak
belirlemiglerdir.

Popiilasyon Yogunlugunu Tahmin Etme ile ilgili YSA Uygulamalari

Bocek popilasyonlarinin izlenmesi, dogru koruma zamanlamasi ve gereksiz bocek ilaci kullaniminin
onlenmesi ile hasere kontroliinii optimize etmek icin cok 6nemlidir. Chon vd. (2000), Kuzeydogu
Asya'daki cam agaclarinda ciddi bir orman haseresi olan bir gal sinegi tlirintin [Thecodiplosis japonensis
Uchida et Inouye (Diptera: Cecidomyiidae)] popilasyonunun dinamik verilerini tahmin etmede YSA
algoritmasinin basari sagladigini bildirmislerdir. Cocu vd. (2005), YSA'yi kullanarak énemli bir zararli
olan Myzus persicae (Sulzer, 1776) (Hemiptera: Aphididae)' nin fenolojisi ve yillik popilasyonunun
Uzerinde zararlinin yogun oldugu cografi bolge, iklim ve arazi kullanim faktorlerinin etki derecelerini
belirlemeye ¢alismislardir. Calisma, yaprak biti veri tabani 6zelliklerini ve mevcut arazi kullanim veri
setlerini hesaba katan dort mekansal olgege odaklanmistir. Sonug olarak arastiricilar; iklim, arazi
kullanimi ve cografi konumun yillik yaprak biti sayilari ve fenoloji modellerinin belirlenmesinde rol
oynadigi hipotezini desteklemis ve YSA'larin en buiyik iki galisma alani igin; 6rnegin, Avrupa ve Kuzey
Bati Avrupa veri tabani kapsami igin alternatif bir modelleme yaklasimi olarak kullanilacagini
saptamislardir. Bianconi vd. (2010a) yapmis olduklari ¢alismada, Chrysomya megacephala (F.) (Diptera:
Calliphoridae) ergin populasyonlarinin tahmininde bocegin baslangigtaki larva yogunlugu (larva sayisi),
mevcut gida miktari ve olgunlasmamis larva donemlerin siresi dikkate alinarak 3 farkli YSA yénteminin
(Cok Kath Algilayici, Radyal Temel Fonksiyon ve Adaptif Sinir AgI Tabanli Bulanik Cikarim Sistemi) klasik
bir istatistiksel yonteme (coklu dogrusal regresyon) gore daha iyi performans gosterdigini tespit
etmislerdir. Tonnang vd. (2010), yapmis olduklari calismada Lahana Yaprak Gilivesi'nin [Plutella
xylostella (Linnaeus, 1758) (Lepidoptera: Plutellidae)] ve bu gilivenin parazitoidi olan Diadegma
semiclausum (Hellén, 1949) (Hymenoptera: Ichneumonidae)'nin popilasyon yogunlugunu YSA
kullanarak tahmin etmeye calismislar ve yapmis olduklari calismanin sonucunda YSA modelinin Lahana
Yaprak Giivesi (R?=0.81, P<0.00036) ve bu giivenin dogal diismani (R?=0.85, P<0.00013) icin tatmin
edici sonuglar verdigini bildirmislerdir. Calismada arastiricilar, bocek popilasyonlarinin yogunluklarini
tahmin etmek, béceklerin dogal diismanlarini izlemek ve tahmin etmek icin YSA'nin kullanilabilecegini
belirtmislerdir. Ayni zamanda bu calismada dogal dismanlarin nispi etkinligini degerlendirmek ve
arttirici biyolojik kontrol stratejilerini arastirmak igcin YSA'nin basarili bir sekilde kullanilabilinecegi
arastiricilar tarafindan belirtilmistir. Saruhan vd. 2015 yilinda yapmis olduklari calismada, Aphis fabae
(Scopoli, 1763) (Hemiptera: Aphididae)’nin ergin ve nimf donemlerini tahmin etmek icin G¢ morfolojik
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karakteri (arka tibia, anten ve vicut uzunlugu) g6z 6nine alarak YSA'yi kullaniimislar ve calisma
sonucunda YSA performansini larva dénemlerinin tahmini igin basarili bulmuslardir. Shabaninejad vd.
2017 yilinda yapmis oldugu calismada iran'da bir salatalik alanindaki iki Noktali Kirmizi Oriimcek
[Tetranychus urticae C. L. Koch, 1836 (Acari: Tetranychidae)] yogunlugunun tahmini igin YSA ve cografi
istatistikleri karsilastirmis ve YSA ydnteminin %98 basari ile diger istatistiksel yontemlerden daha fazla
etkili oldugunu belirlemislerdir. Hakimitabar vd. (2017) yapmis olduklari calismada, Ascidae
familyasinin (Acari: Mesostigmata) 137 ayri noktadaki popuilasyon tahminini belirlemek amaciyla YSA'yi
basaril bir sekilde kullanmiglardir. Mohamadi vd. (2018), yapmis olduklari calismada YSA'yi kullanarak
Coccinella septempunctata (Linnaeus, 1758) (Col.: Coccinellidae) poplilasyonunun arazide tahmin
edilmesi amaglanmis ve calisma sonucunda %98 oraninda basari elde edilmistir. Case vd. (2020),
yapmis olduklari ¢alismada istilaci bir hastalik vektori olan Aedes albopictus (Skuse, 1894) (Diptera:
Culicidae) zararlisinin belirli bir bolgedeki popilasyon yogunlugunu vyapay zeka kullanarak
belirlemislerdir. Bu calismada insansiz hava araglari (iHA)'ndan alinan goriintiiler kullanilmistir. Yapilan
calisma sonucunda %80 oraninda basari elde edilerek IHA gériintiileme ve ag analizinin kombinasyon
seklindeki kullanimina vurgu yapilmistir. Kinney vd. (2021) yapmis olduklari ¢calismada A. aegypti L.
sivrisinek tliriintin Chikungunya, Zika ve Dang hummasi gibi bulasici hastaliklara sebebiyet verdigini; ve
boylece bu sivrisinek tirtiintin her yil milyonlarca insani kotl etkiledigini belirtmislerdir. Arastiricilar
hastalik riskini degerlendirmek amaciyla bu sivrisinek vektoriiniin popilasyon yogunlugunu bilmek
gerektigini belirtmisler ve yapmis olduklari calisma sonucunda YSA modelleri sayesinde oldukga basari
elde etmislerdir. Damos vd. (2021), yapmis olduklari calisma Culex (Linnaeus, 1758) (Diptera: Culicidae)
tirlerinin erginlerinin dogrusal olmayan popiilasyon dinamikleri hakkinda fikir edinebilmek igin YSA'ya
dayali basit yumusak hesaplama tekniklerini kullanmislar ve bu hesaplama tekniklerinin Culex sp'nin
tahmini icin basari sagladigini belirtmislerdir. Naeim Amini vd. (2021) yapmis olduklari ¢calismada, 6rti
alti sera kosullarinda énemli bir zararli olan Sera Beyazsinek [Trialeurodes vaporariorum (Westwood)
(Hemiptera: Aleyrodidae)] zararlisinin popiilasyon yogunlugunu tahmin etmek amaciyla YSA'yi
kullanarak oldukca basari elde etmislerdir. Cletus vd. (2022), yapmis olduklari ¢calismada sivrisinek
popliilasyon tahminini yapmak amaciyla yapay zeka modelini kullanmislardir. Yapilan ¢alismada yapay
zeka modeli arastirma icin benimsenen hava durumu verileri (maksimum sicakhk, minimum sicaklik,
bagil nem ve yagis) olmak Uzere dort girdi 6zelligini icermekte olup, yapilan uygulama sonucunda;
arastiricilar, yapay zeka modelinin zararlinin poptlasyon yogunluk tahmininde %96.67 oraninda
dogruluk orani gosterdigini ve YSA modelinin sicak yari kurak bir iklim bélgesinde sivrisinek yayginligini
tahmin etmede etkili bir ara¢ oldugunu belirtmislerdir. Narava vd. (2022) yapmis olduklari ¢calismada,
Helicoverpa armigera (Hliibner, 1808) (Noctuidae: Lepidopetra) zararlisinin ergin populasyon tahminini
yapmak amaciyla YSA'yl kullanmislar ve %80 oraninda basari elde etmislerdir. Flérian vd. (2023),
yapmis olduklari calismada alti glive tlrinin [Agrotis segetum (Denis & Schiffermdller, 1775)
(Lepidoptera: Noctuidae), Autographa gamma (Linnaeus, 1758) (Lepidoptera: Noctuidae), Helicoverpa
armigera H., Cameraria ohridella (Deschka & Dimi¢, 1986) (Lepidoptera: Gracillariidae), Grapholita
funebrana (Treitschke, 1835) ve Grapholita molesta (Busck, 1916) (Lepidoptera: Tortricidae)] glnlik
ve aylik uguslarini YSA ile tespit etmislerdir. Yapilan ¢alismada, YSA'nin dogrulugu her zaman %60'in
Uzerinde bulunmustur. Kigik viicut 6lgllerine sahip zararli tirlerine kiyasla daha biiylk viicut
Olgllerine sahip zararli tirlerinde bu oran %90'a kadar ulagsmis ve tespit dogrulugu ortalama olarak
%84 ila %92 arasinda degisim gdstermistir.

Entomolojinin Farkh Konularinda YSA Uygulamalari ile Tahmin Yiiriitme

Starrett vd. (1998), YSA kullanarak golf sahasindaki 50 cm ¢im kapli topraktan gecen pestisit ylizdesini
tahmin ederek ¢im alanlarina uygulanan pestisitlerin atiimini dogru bir sekilde dngdren bir bilgisayar
modeli gelistirmisler ve bu modelin ¢oklu regresyon denklemi tahminine kiyasla daha az hataya sahip
oldugunu belirtmislerdir. Von Zuben vd. (2000), yapmis olduklari ¢alismada C. megacephala (F.)
zararlisini etkili sekilde kontrol etmek amaciyla zararli ile ilgili yumurtlama orani, ergin ¢ikisi ve larva
gelisimi gibi bilgilerin 6grenilmesi gerektigini belirtmisler ve bilgilere YSA kullanarak basari ile
ulastiklarini belirtmislerdir. Lankin vd. (2001), Yeni Zelanda'daki tahil yaprak biti [Rhopalosiphum padi
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(Linnaeus, 1758) (Hemiptera: Aphididae)] goc¢ tarihini ve boyutunu tahmin edebilen bir model elde
etmek icin 20 yillik iklim ve yaprak biti go¢ verilerini kullanarak YSA olusturmuslardir. YSA modeli,
yaprak biti goclerinin seviyesini ve zamanlamasini %95 oraninda basariyla tahmin edebilmistir. Watts
ve Worner (2008), yapmis olduklari calismada iklim degiskenlerinin zararli bocek tiirlerinin olusumuna
goreceli 6nemini belirlemede YSA'yi calismislar ve sonuc olarak YSA'nin belirli bir cografi bolgedeki
zararh bocek tirlerinin olusumunu dogru bir sekilde tahmin etmeyi 6grenebildigini bildirmiglerdir.
Howe vd. (2007), yapmis olduklari ¢calismada yaygin bir kelebek tiirtintin viicut sicakhgini ve aktivitesini
hava durumuna goére modelleyerek boceklerin viicut sicakligini ve aktivitesini tahmin etmek igin sinir
aglarinin kullanmanin basari sagladigini belirtmislerdir. Zhang vd. (2008), Spodoptera litura (Fabricius,
1775) (Lepidoptera: Noctuidae) larvalarinin gida aliminin sicaklik-zamana bagh iliskilerinin
similasyonunda YSA algoritmasinin geleneksel modellere kiyasla daha iyi performans gosterdigini
belirlemislerdir. Bianconi vd. (2010b), adli bilimde énemli bir sinek tiirii olan C. megacephala (F.)’'nin
larva yogunlugu, mevcut gida miktari ve pupa blytkligu ile ilgili mevcut verileri kullanarak sinegin
pupa agirhgini dogru tahmin edebilmek icin YSA'yi basarili bir sekilde kullanmislar ve YSA modelinin
geleneksel istatistiksel modele kiyasla (¢coklu regrasyon) daha dogru performans gosterdigini
belirtmislerdir. Saruhan (2012), boceklerin farkh larva dénemleri ve cinsiyetleri arasindaki farki ayirt
etmek icin bocek vicudunun farkli kisimlarinin morfometrik c¢alismalarinin kullanilabilecegini
disinmis ve bu konu tizerinde arastirma yapmistir. Arastirici, calismada viicut uzunlugu ve protoraks
genigligi kullanilarak Palomena prasina (Linnaeus, 1761) (Hemiptera: Pentatomidae)’'nin larva
doénemleri ve cinsiyetlerinin ayrimi igin tahmin modeli gelistirmeyi ve tahmin edilen larva dénemleri ve
cinsiyetler icin yaziim gelistirmeyi amaglamaktadir. YSA'da olusturulan modellemenin bireysel larva
doénemlerini ve cinsiyeti tahmin etmek icin yiksek dogruluk derecesinde yararli olabilecegi sonucuna
varmistir. Carmo vd. (2020), yapmis olduklari galismada tropikal bélgelerde sebze zararlilarinin dnemli
bir avcisi olan Blaptostethus pallescens Poppius (Heteroptera: Anthocoridae) yasam dongu
asamalarinin dogru tanimlanmasi amaciyla ti¢ morfometrik 6l¢l (kafa genisligi, vicut genisligi ve viicut
uzunlugu) kullanarak YSA'yi egitmislerdir. Yapilan c¢alisma sonucunda YSA yonteminin klasik
yontemlerle elde edilemeyecek kadar basari gdsterdigi belirlenmistir. Altay ve Ozgen (2021) yapmis
olduklari bir calismada diinya ¢apinda genis bir yayilisa sahip olan depolanmis (riin zararlisi Tribolium
confusum Jacquelin du Val, 1863 (Coleoptera: Tenebrionidae) zararlisinin Gizerinde odun ve findik sirke
uygulamasi yaparak bu uygulamalarin zararl Gzerindeki bocek 6ldiiriici etkisini tg farkli yapay zeka
yontemi ile belirtmeye calismislardir. Yapilan ¢alisma sonucunda YSA zararl Uzerindeki LDso degerini
tahmin etmede oldukga basari saglamistir. Latif vd. (2022), yapmis olduklari calismada YSA kullanarak
piring mahsullerine zarar veren hasere saldirilarinin derecesini tahmin eden bir tahmin sistemi
onerilmis ve uygulama sonucunda basarili sonuclar elde edilmistir.

Sonug ve Oneriler

Bu derleme YSA'nin entomoloji alaninda uygulanabilir bir yéntem oldugunu ve etkili sonuglar elde
edildigini gostermek amaciyla yapilmistir. Gliniimizde teknolojinin giderek daha yogun kullanildigl g6z
Oonline alindiginda, entomoloji alaninda da geleneksel ydntemlerin disinda yeni yaklasimlarin
kullanilmasi kaginilmaz olmaktadir. Entomolojide yeni bir yéntem olarak kullanilan YSA uygulamalari;
bocek tirleri tahmini, bocek poptlasyonlari takibi, bdcek zararlilarini belirleme, bocek davranislarinin
modellemesi, bocek ekolojisi ve ekonomik ©nemlerinin analizi gibi konularinda kullanilarak
entomologlara yardim saglamaktadir. Ayrica YSA, boceklerin biyolojik ve ekolojik siireglerini daha iyi
anlamak, bocek tirlerini hizli ve dogru bir sekilde tahmin etmek, bocek zararlilarina karsi etkili
miicadele stratejileri gelistirmek ve entomolojik arastirmalarda veri analizini optimize etmek gibi
faydalar saglamaktadir. YSA uygulamalari entomoloji alaninda kullanildik¢a, bdceklerin biyolojisi,
ekolojisi ve ekonomik 6nemleri gibi konularda daha ayrintili bilgiler elde edilmesine ve bdceklerle ilgili
daha etkili yonetim stratejilerinin gelistirilmesine katki saglayacaktir. Ayrica YSA uygulamalarinin bir
egitim silireci oldugunu gz 6nlinde bulundurulmali ve her yeni ¢calismanin sinir ag1 egitimine katki
saglayacagl unutulmamalidir. Bu amagla YSA ve benzeri teknolojik uygulamalarin lkemizde hizla
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yayginlastirilmasi ve bu uygulamalarin zararli yonetim sistemlerinin belirlenmesinde etkili bir arag
olarak kullanilmasinin zararli miicadelesine faydali olacagi kanaatindeyiz.
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Bu calismada Ordu ve cevresinde dogal yayilis gosteren Lamiaceae familyasina ait Satureja spicigera tiiri
anatomik 6zellikleri agisindan ayrintili sekilde incelenmistir. S. spicigera tirinin bazi toprak alti ve toprak Usti
organlarindan kesitler alinarak yapilari incelenmistir. Bitkinin gévdesi dort koselidir ve koselerinde 5-6 sirali
kollenkima hiicre tabakasi bulunmaktadir. Turiin govde ve yapraklarinda salgi ve 6rtl tiyleri bulunmaktadir.
Salgi tlyleri kapitat ve peltat tiptedir. Yaprak tipi ekvifasiyal ve amfistomatik tiptedir. Stomalar anizositik ve

parasitik tiptedir. Yapragin adaksiyal ylzeyi icin stoma indeksi 17.73, abaksiyal ylizeyi icin 16.06 olarak
belirlenmistir. Stoma indeks orani 1.04’tdr.

Anahtar Kelimeler: Lamiaceae, Satureja spicigera, anatomi, tiiy yapisi.

Anatomical Characteristics of Satureja spicigera (Lamiaceae) Species
Distributed in Ordu and its Surroundings

Abstract

In this study, the species Satureja spicigera belonging to the family Lamiaceae, which is naturally distributed in
Ordu and its surroundings, was anatomically analyzed S. spicigera species was examined by taking sections from
some above and below ground organs. The stem is quadrangular with 5-6 rows of collenchyma cells at the
corners. The stems and leaves of the species have glandular and eglandular hairs. Glandular hairs are capitate
and peltate types. Leaf type is equifacial and amphistomatic. Stomata are anisocytic and parasitic. The stomatal
index for the adaxial surface of the leaf is 17.73 and 16.06 for the abaxial surface. The stomatal index ratio is
1.04.

Keywords: Lamiaceae, Satureja spicigera, anatomy, hair structure.
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Giris

Satureja L. Lamiaceae familyasina ait ¢ok yillik otsu bir cinstir. Cinsin diinyada yaklasik 50 tiri
bulunmaktadir. Tirkiye’de bulunan 15 Satureja tiriiniin 5 tanesi endemiktir. Endemizm orani %
33,3'tir (Oztekin, 2012). Tirkiye’nin hemen hemen her bédlgesinde bu cinsin (yelerine
rastlanabilmektedir (Sadikoglu, 2005). Satureja tiirleri, halk arasinda; yaygin olarak Kekik, Sivri kekik,
Kihg kekik olarak bilinmekle beraber, Keklik otu, Sater, Kara kekik, Catli, Stpirge kekigi, Cibriska,
Cubriza, Trabzon kekigi ve Ari kekigi gibi yoresel isimler ile de adlandirilmaktadir. Satureja spicigera (K.
Koch.) Boiss. tiirli ise ‘corba kekigi’ veya “Trabzon kekigi” olarak bilinmektedir (Baytop, 1994). Tlr koyu
yesil yaprakl, beyaz renk gicekli bitkilerdir. Tlrkiye’de en ¢ok S. cuneifolia Ten., S. wiedemanniana
(Lalem.) Velen, S. montana L., S. hortensis L., S. cilicica P. H. Davis, S. spicigera ve S. thymbra L. tiirlerinin
dogadan toplanarak ticareti yapilmaktadir (Satil vd., 2002; Bozdemir, 2019). S. spicigera tiri tibbi ve
aromatik 6zellige sahiptir. Halk arasinda kas agrilari, bulasici hastaliklar ve ishal gibi cesitli hastaliklarin
tedavisinde etkilidirler (Baytop, 1999).

Lamiaceae familyasinda salgl tiylerinin morfolojisi ve varligi 6nemlidir. Bu ozellikler alt familya
kategorisinde ayirt edici 6zellik olarak kullanilmaktadir (Ascensao vd., 1995; Baran, 2011). Turkiye'de
bulunan Satureja tirlerinin morfolojik benzerliklerinden dolayi siniflandirmalarinda belirsizlik
bulunmaktadir. Bazi Satureja tirlerinin anatomileri lzerine calismalar bulunmaktadir. Ayrica S.
spicigera tiriiniinde dahil oldugu 15 Satureja tiirliniin yaprak anatomisi incelenmistir (Satil vd., 2002;
Satil vd., 2003; Satil ve Kaya, 2007). inceledigimiz tiiriin kok, gévde anatomisi lizerine yapilmis bir
arastirmaya rastlanilmamistir. Bu arastirmada Satureja spicigera tirinin ayrintih olarak anatomik
yapisini incelemek ve diger tirlerle aralarindaki benzerlik ve farkliliklari belirlemek amaclanmaktadir.

Materyal ve Yontem

Materyal

Satureja spicigera turine ait 6rnekler 2022 yili Eylal ayinda Ordu ili Persembe ilcesinden toplanmistir.
Araziden toplanan 6rneklerin bir kismi herbaryum materyali haline getirilmistir. Bitki 6rneklerinin bir
kismi da anatomik incelemeler icin %70’lik alkol ¢6zeltisine konulmustur Ornek tayini Flora of Turkey’e
gore yapilmistir (Mill, 1982).

Yontem

Anatomik ¢alismalar igin bitkinin toprak alti ve toprak Gstl (kok, gévde ve yaprak) kisimlarindan el ile
enine ve ylzeysel kesitler ainmistir. Alinan kesitler safranin/fast green (1:9) ile boyama isleminden
gecirilmis ve preparatlar haline getirilmistir. Kesitlerde incelenen hiicrelerin boyutlari NIS Elements
Imaging Software 3.00 SP5 programi kullanilarak 6l¢tilmistir. Tlriin anatomik kesitlerinin fotograflari
Nikon FDX-35 marka mikroskop ile c¢ekilmistir. Yapraklarin alt ve Ust yilzeylerinde birim alandaki
(200X200 um?) stoma indeksi ve stoma indeks orani hesaplanmistir (Meidner ve Mansfield, 1968).

Bulgular

S. spicigera tiuriinin kok, govde ve yaprak ylzeyleri anatomik olarak incelenmistir. Kék enine
kesitlerinde en dista koruyucu doku olarak periderma yer alir. Periderma tabakasinin altinda 6-7 siral
parankimatik hiicrelerden ve ¢ok sirali floem hiicrelerinden olusmus korteks tabakasi bulunmaktadir.
Parankima hiicreleri 17.7146.41 x 13.22+3.89 um ebatlarinda dizenli dizilmis hiicreler seklindedir.
Floem ve ksilem hiicreleri arasinda kambiyum tabakasi bulunmaktadir. Trake elemanlari ortalama
26.3347.2 um capindaki hiicrelerden olusmustur. iletim demetlerinde belirgin sekilde 1-2 sira 6z 1sinlari
mevcuttur. Oz bélgesi ortalama 56.54+10.64 um capindaki yuvarlak-kdseli parankimatik hiicrelerden
olusmaktadir.

S. spicigera tiriinlin govdesi dort koselidir. Govde tek sirali ortalama 19.82+3.29 x 13.38+2.70 um
ebatlarindaki epiderma hiicreleri ile cevrelenmistir. Gévdenin kdselerinde 5-6 sirali, kenarlarda ise 1-2
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sirali ortalama 19.06+3.86 x 14.54+3.37 um buyuklGgtindeki hiicrelerden olusan kollenkima tabakasi
bulunmaktadir. Korteks parankimasi htcreleri ¢ok hiicreli kloroplasth ve kloroplastsiz, ortalama
33.08+7.65 x 19.29+5.12 um boyutlarindaki oval hiicrelerden olusmaktadir. Endoderma hicreleri
belirgin olup 42.71£19.99 x 22.92+10.31 um buylkligiinde dikdértgen hiicrelerden olugsmaktadir.
Floem ve ksilem arasindaki kambiyum g¢ok belirgin degildir. Ksilem, diizenli siralanmis ¢ok sayida blyiik
trake ve bunlarin arasindaki kii¢lik trakeidlerden olusmaktadir. Trake elemanlari ortalama 16.9318.43
um ebatlarindaki hiicrelerden olusmaktadir. Oz bélgesi ortalama 66.71+15.77 um boyutlarindaki
yuvarlak-koseli parankimatik hiicrelerden olusmaktadir. Merkezde genis bir 6z kismi yer almaktadir
Ayrica govde ylizeyinde iki ve ¢cok hiicreli 6rti ve salgi tiiyleri bulunmaktadir.

S. spicigera tiiriinde yapraklarin her iki yiizeyinde tek sirali epiderma hiicreleri ile bulunmaktadir. Ust
epidermis hicreleri ortalama 21.17+6.13 x 15.04+3.89 um ebatlarindadir. Alt epidermis hiicreleri ise
ortalama 22.62+8.82 x 15.25+6.42 um ebatlarindadir. Yaprak tipi ekvifasiyal tiptedir. Her iki tarafta
palizat parankimasi ortada ise siinger parankimasi bulunmaktadir. Ust palizat parankimasi ortalama
16.5£2.28 x 63.64+5.12 um, alt palizat parankimasi ortalama 18.22+4.57 x 43.40+9.59 um
ebatlarindadir. Siinger parankimasi 29.91+7.46 um ebatlarindadir. Yapragin st ve alt ylzeyinde bol
miktarda kapitat ve peltat salgi tliyleri ile az miktarda orti tlyl bulunmaktadir. Yapragin ortasinda
bulunan biyiik vaskiler demeti inceledigimizde ksilem bolgesinin floem bolgesine gére daha fazla bir
alani kapladigi ve adaksiyal yilzeye tarafinda oldugu gorilmektedir. Ksilem elemanlari ortalama
6.11+0.75 um capindadir. S. spicigera bitkisinin yapraklarinin her iki ylizeyinde epidermis hicreleri
dalgali ceperlidir. Bitkinin yapraklarinda hem adaksiyal hem de abaksiyal ylizeyde stomalar
bulunmaktadir. Stomalar diasitik ve anizositik tiptedir. Adaksiyal taraftaki stomalar daha yuvarlak
sekillidir. Yapragin adaksiyal yizeyi icin stoma indeksi 17.73, abaksiyal ylizeyi i¢in 16.06’dir. Stoma
indeks orani 1.04’tir. Tire ait anatomik ol¢limler Tablo 1 ve Tablo 2’de, anatomik sekiller ise Sekil 1’de
verilmigtir.
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Tablo 1. Satureja spicigera Taksonunun Bazi Anatomik Olgiimleri

2023, 13(2), 146-153

Ortalama + SH

En / Cap (um) Boy (um)

Korteks Parankimasi 17.71+6.41 13.22+3.89
Kok Ksilem 26.33+7.2 -

Oz Parankima Hiicresi 56.541+10.65 -

Epiderma Hiicresi 19.82+3.29 13.38+2.70

Korteks Parankimasi 33.084£7.65 19.29+5.12
Govde Ksilem 19.93+8.43 -

Oz Parankima Hiicresi 66.71+15.77 -

Kose Kollenkima 19.06+3.36 14.54+3.37

Endodermis 42.71+£19.99 22.92+10.31

Ust Epidermis 21.17+6.13 15.04+3.

Ust Palizat Parankimasi 16.5+2.28 63.64+5.12
Yaprak Stinger Parankimasi 24.91+7.46 -

Alt Palizat Parankimasi 18.22+4.57 43.40+9.59

Alt Epidermis 22.62+8.82 15.25+6.42

Ksilem 6.11+0.75 -

Tablo 2. Satureja spicigera Taksonunun Yapraklarinin Adaksiyal ve Abaksiyal Yiizeylerinin Stoma ve

Epiderma Ozellikleri

Yaprak Adaksiyal Ylizey
Ortalamaz SH

Yaprak Abaksiyal Yiizey
Ortalamaz SH

Stoma Huicre Sayisi (200x200um?)
Epiderma Hiicre Sayisi (200x200pum?)
Stoma Hucreleri En (um)

Stoma Hucreleri Boy (1um)

Stoma indeksi

Stoma indeks Orani

46
232
15.05+1.52

19.62+4.49

17.3

42
211
15.46+3.29
23.58+3.99
16.6
1.04
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Sekil 1. Satureja spicigera Taksonunun Anatomik Sekilleri

A. Satureja spicigera genel gériiniis, B-C: S. spicigera kék (enine kesit), D-E: S. spicigera gévde (enine kesit), F-H:
S. spicigera yaprak (enine kesit), K-L: yaprak ylizeysel kesit, M: Kapitat salgi tiyi, N-O: Peltat salg: tiiyleri, P-R:
Ortii tiiyleri, dk: demet kini, ki: kbse kollenkimasi, kp: korteks parankimasi, f: floem, k: ksilem, e: epidermis, 6z: 6z
bélgesi, 6t: értii tiiyi, km: kambiyum, (e: (st epiderma, ae: alt epidermis, (ip: (st palizat parankimasi, ap: alt
palizat parankimasi, sp: siinger parankimasi, st: stoma Bar (B, D, F, H, M, P):100 um, (C, G, K, L, R): 50 um, (N, O):
20 um
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Tartisma

Satureja cinsine ait Satureja spicigera tiiriiniin kdk, gdévde ve yapraklarinin anatomik 6zellikleri ayrintili
sekilde incelenmistir. S. spicigera tiirinde kok sekonder olarak kalinlagmistir. Kékiin en dis kisminda
koruyucu doku olarak periderma tabakasi bulunmaktadir. Lamiaceae familyasina ait ornekler de
sekonder kalinlasma yapan kok yapisina rastlanabilir. Marrubium trachyticum Boiss. (Aytas Akgin ve
Camili, 2018), Sideritis ozturkii Ayta¢ & Aksoy (Demirelma vd., 2018), Salvia tomentosa Mill. (Kaplan ve
Altundag Cakir, 2020), taksonlarinin da sekonder kok yapisina sahip oldugu bildirilmistir. Tlirlin gévdesi
4 koseli olup tek sirali epidermis tabakasi ile cevrilmistir. Govdenin kdselerinde 5-6 sirali kollenkima
hicreleri bulunmaktadir. Koselerde bulunan kollenkima hicre sirasi tirlere goére degisiklik
gostermektedir. Satureja parnassica subsp. sipylea P.H.Davis taksonunda koselerde 4-6 sirali
kollenkima bulunmaktadir (Satil vd., 2002). inceledigimiz tiirde gévdede ksilem diizenli siralanmis cok
sayida, oval bly(ik trake ve bunlarin arasindaki kiictik trakeid hiicrelerinden olusmaktadir ve 6z isinlari
tek siralidir. S. parnassica subsp. sipylea taksonunun da benzer 6zelliklere sahip oldugu bildirilmistir
(Satil vd., 2002). Lamiaceae familyasinda 6zellikle yapraklardaki iletim demetlerinin sklerankimatik
hlcrelerin bulunup bulunmamasina goére iki tipe ayrildigi bildirilmistir. S. coerulea Janka, S.
wiedemanniana ve S. khuzestanica tiirlerinde sklerenkima hicrelerinin oldugu bildirilmistir (Malmir
vd., 2014; Satil ve Kaya, 2007). S. spicigera turinde ise iletim demetlerinde sklerankimatik hiicrelere
rastlanilmamistir. Turkiye’deki Satureja tlrlerinde tly Ozelliklerinin, yaprak orta damar, mezofil ve
iletim demeti yapilarinin faydali karakterler oldugunu belirtilmistir (Satil vd., 2003). inceledigimiz S.
spicigera tirinde yaprak tipi ekvifasiyal tiptedir. Satureja tiirlerinde yapraklarin ekvifasiyal ve
dorsiventral tipte olabilecegi bildirilmistir. S. parnassica subsp. sipylea, S. khuzestanica taksonlarinda
yaprak tipi ekvifasiyal, S. spicigera ve S. subspicata Bartl. ex. Vis. tlrlerinde ise dorsiventral olarak
belirlenmistir (Malmir vd., 2014; Redzic vd., 2006; Satil vd., 2002).

Lamiaceae familyasinda yapilan calismalarda c¢ok sayida ortli, peltat ve kapitat salgl tiylerine
rastlanmistir. inceledigimiz tiirde yapraklarin her iki yiizeyinde bol miktarda tek ve cok hiicreli peltat
ve kapitat salgi tiyleri ile az miktarda 6rti tiyd bulunmaktadir (Fahn, 2000). Satureja tiirlerinin ortl ve
salgi tlylerine sahip oldugunu ve salgi tiylerinin de kapitat ve peltat tipte oldugunu bildirmistir. S.
thymbra, S. amani, S. boissieri, S. aintabensis ve S. khuzestanica tirlerinde yogun peltat tiylerin
bulundugu belirtilmistir. Peltat tliylerde bas hiicreleri cok hiicrelidir. Bazi Satureja tiirlerinde 12-16 bas
hicresi oldugu bildirilmistir (Malmir vd., 2014; Satil ve Kaya, 2007). Bu sayi tiirlere gore de degisiklik
gostermektedir. Kendi ¢calismamizda ise bas hiicresi 4-8 olarak belirlenmistir. S. montana tirinde orti
tayleri tek hicreli, S. cuneifolia tirinde ise 6rtl tlylerinin uzun ve 4 hicreli oldugu belirtilmistir (Satil
ve Kaya, 2007). Calistigimiz tirde ise tek, 2-4 hiicreli 6rta tiyleri bulunmaktadir.

Satureja tirlerinde genellikle stomalar yapraklarin her iki ylizeyinde bulunmaktadir. Bununla beraber
hipostomatik yapraklara sahip olan tirlerde vardir (Husain vd., 1990; Acar ve Satil, 2019). Lamiaceae
familyasina ait bitkilerde genellikle diasitik tip stomalar bulundugu belirtilmistir (Acar ve Satil, 2019;
Akgin vd., 2022; Giirdal vd., 2019). inceledigimiz S. spicigera tiiriinde yapraklarin tst ve alt yiizeyinde
diasitik ve anizositik tip stomalar bulundugu belirlenmistir. Ust yiizeyde stoma yogunlugu alt yiizeye
gore daha fazladir. S. parnassica subsp. sipylea tiirinde stomalar diasitik tiptedir ve stoma indeks orani
1.04 olarak bulunmustur(Satil vd., 2002). S. khuzestanica Lamzad. tlriinde stoma indeksinin Gst
yaprakta 13.54 oldugu tespit edilmistir (Satil ve Kaya, 2007). S. spicigera tiirlinde ise stoma indeksi st
ylzey icin 17.3, alt ylzey igin 16.6 olarak bulunmustur.

Sonug ve Oneriler

S. spicigera turinin kok, govde, yaprak ylzeylerinin anatomik 6zellikleri ve tly yapilari belirlenerek
tlrin daha ayrintili sekilde incelenmesi saglanmistir. Tarln diger Satureja tiirleri ile gosterdikleri
benzerlik ve farkliliklar ortaya konulmaya calisilmistir. Bol miktarda salgi tlyl icerdigini belirledigimiz
S. spicigera tirlunin eterik yaglar ve diger biyokimyasal maddeler acgisindan incelenmesi
Onerilmektedir. Satureja tirlerinin ayrintih anatomik ve mikromorfolojik olarak incelenmesi
siniflandirmalarindaki belirsizligi gidermede yardimci olacaktir.
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Abstract

The suppression of ionization energy loss owing to the Chudakov effect is discussed using the opening angles of
the electron-positron pairs from the GEANT4 simulation package. The expected Borsellino and Olsen angles for
photon energies between 1-178 GeV were presented and compared with the simulated opening angles. The
simulated opening angles of the electron-positron pair are mostly compatible with the Borsellino angle for
energies below 30 GeV. The ionization-suppression effect was reproduced using known theoretical approaches
and compared with the corresponding simulated results. The results showed that the GEANT4 simulation
package is suitable for adopting the Chudakov effect in a simulation environment, with a dataset that provides
theory-experiment consistency.

Keywords: pair production, ionization energy loss, Chudakov effect, King-Perkins-Chudakov effect

Elektron-Pozitron Ciftinin iyonlasma Enerji Kaybinin Coklu-GeV Bélgesinde

Belirlenmesi
0z

Chudakov etkisi nedeniyle iyonlasma enerji kaybinin bastiriimasi, GEANT4 simiilasyon paketinden elde edilen
elektron-pozitron giftlerinin acgilma agilari kullanilarak tartisilmistir. 1-178 GeV arasindaki foton enerjileri igin
beklenen Borsellino ve Olsen agilari gosterilmis ve simiile edilen agilma agilari ile karsilagtirilmistir. Elektron-
pozitron giftinin benzetimi yapilan agilma agilari, 30 GeV'in altindaki enerijiler i¢in Borsellino agisi ile gogunlukla
uyumludur. iyonizasyon-bastirma etkisi bilinen teorik yaklagimlar kullanilarak yeniden (retilmis ve ilgili
similasyon sonuglari ile karsilastirilmistir. Elde edilen sonuglar, GEANT4 similasyon paketinin teori-deney
tutarhhg! saglayan bir veri seti ile Chudakov etkisini similasyon ortamina uyarlamak igin uygun oldugunu
gostermisgtir.

Anahtar Kelimeler: cift olusumu, iyonizasyonla enerji kaybi, Chudakov etkisi, King-Perkins-Chudakov etkisi
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Introduction

The ionization energy loss of the electron-positron produced by pair production is expected to reach
twice the ionization loss of a single electron. However, when the electron-positron pair's transverse
separation is too small around the production point, the ionization energy loss in a substance
decreases, as the oppositely charged particles affect each other's electric field (Trofymenko & Shul’ga,
2015). That is, suppression of ionization occurs due to the interference of electromagnetic fields of
electron-positron pairs (lwadare, 1958). This is called the Chudakov or King-Perkins-Chudakov effect
(Chudakov, 1955; Perkins, 1955) and has been extensively studied both theoretically and
experimentally (Berestetskii, 1957; Burkhardt, 1958; Mito, 1957; Wolter, 1956; Yekutieli, 1957;
Zielinski, 1985), with more detailed theoretical studies published over the last two decades (Shul’'ga &
Trofymenko, 2014; Trofymenko & Shul’ga 2017; Trofymenko, 2020; Thomsen & Uggerhgj, 2011,
Trofymenko & Shul’ga, 2013). Cosmic ray experiments have been performed to observe the Chudakov
effect, but these experiments offer limited statistics and are unable to control the beam energy
(lwadare, 1958; Perkins, 1955; Wolter, 1956). Also, an accelerator-based experiment was performed
to directly measure the Chudakov effect with photon beam energy in the range of 1-178 GeV (Virkus,
et al., 2008). In this experiment, 20 um thick gold targets were placed at different distances from the
CCD detector, and ionization suppression was measured with the most probable energy loss ratios
(Virkus, et al., 2008). The results of this experiment show the effect is significantly stronger than
expected such that the mechanism of suppression of ionization requires further investigation.

More recently, Trofymenko determined the struggling function for the most probable value of the pair
ionization loss, which includes the Chudakov effect (Trofymenko, 2023). The theoretical results of this
study can be used to adopt the Chudakov effect in the simulation packages used for high energy physics
experiments such as GEANT4 (Agostinelli, et al., 2003).

In this study, a simplified version of the CERN NA63 experiment (Virkus, et al., 2008) was constructed
using the GEANT4 simulation package to obtain the electron-positron pair opening angles, and the
results were used to evaluate the ionization energy loss according to theoretical approaches. The
simulations are used to reproduce the expected theoretical results and to show that the simulation
package is suitable for adopting ionization loss suppression for future studies.

Material and Methods

Method for Calculating lonization Suppression

The Chudakov effect is valid when the electron and positron are close to each other which are
produced by highly energetic photons and the opening angle of the pair is too small. According to the
Borsellino formula, the opening angle of the pair is § = 4m,/ E, (m, is the electron mass and E, is
the photon energy) where e~ and et have approximately the same energies (Borsellino, 1953). When
the distance is known between the detector and the target where the pair production takes place, the
opening angle can be determined and the transverse distance (s) of the e™- e™ pair relative to each
other can be found. Since the suppression of ionization occurs due to the interference of
electromagnetic fields of the pair in the restricted transverse distance, the distance between the e™-
et pair is the key point to determine the suppression ratio as can be seen in the equations 1, and 2.

Relative ionization loss of the pair (R) is defined by the Chudakov as

1 .
R = n(s/Tmin) )
In(Bnax / Timin)
Tmin = Ac Compton wavelength (1. = h/m,c), Tipax = ¢/wy, and the equationisvalid for s = ¥x <
0.67;,45, Where x is the distance from pair production vertex, 9 is the opening angle of the pair and
wy, is the plasma frequency of substance (Chudakov, 1955; Thomsen & Uggerhgj, 2011).

The energy loss of the pair also defined by Berestetskii and Geshkenbain with
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dat 7B hw Bc @
where T, = 10° eV for 16 um Si, the first term is responsible for restricted energy loss of the pair,
and the second is the interference term (Berestetskii & Geshkenbain, 1957; Zielinski, 1985). Second
kind with the order zero modified Bessel function is given with K.

dE, Zahwﬁ [l (,/ZmeczTcut> X (sa)p)]
_ n _K, (=

p

According to equations 1 and 2, the theoretical curves are determined using the Borsellino angles
corresponding to the gamma energy. Also, the pair opening angle suggested by Olsen (§ = 3.2m,/ E,)
is taken into account; and intersection regions of the results for relative ionization loss are specified
for Borsellino and Olsen angles (Borsellino, 1953; Olsen, 1963).

Monte Carlo Simulations

GEANT4 simulation toolkit allows for the simulation of the passage of particles through matter,
including gamma interactions such as photoelectric effect, Compton scattering, and pair production
(Geant4 Collaboration, 2023). The default “Physics List” constructor (G4EmStandardPhysics) was
selected for the simulations. In the selected physics constructor, the polar angle is defined with respect
to the incoming photon, the azimuthal angle is generated isotropically, and the momenta of the pair
is coplanar with the photon (Geant4 Collaboration, 2023).

To determine the ionization suppression with equation 1 and 2, the transverse distance between the
electron-positron pair must be calculated. The opening angle was used to determine the transverse
distance for each photon energy and was obtained using the GEANT4 simulation package version
10.07.p03.

The experiment to measure the Chudakov effect in the accelerator environment used an electron
beam; after generating the photons in the target, the electrons were deflected under a uniform
magnetic field (Virkus, et al., 2008). The generated photons interact with the 20 um Au targets and the
ionization energy loss of the generated pairs is measured with the 16 um CCD detector (for more
details of the experimental setup see Virkus, et al., 2008). Au target is used in front of the CCD detector
to increase the probability of pair production since the probability of pair production in Au is
approximately 35 times higher than Si (Thomsen & Uggerhgj, 2011). To simplify this experimental
setup in the simulation, the monoenergetic photon beam was used and its energy was adjusted in
accordance with the energies in (Virkus, et al., 2008), thus simulating a simpler experimental setup.
The setup includes gold targets (Aul, Au2) to which photons are directed and detectors (Det-1, Det-2)
to determine the corresponding information of the generated e "- e ™ pairs. The thickness of the targets
(Au) was set to 20 um and the thickness of the detectors (Si) was 16 um. A schematic representation
of the simulation setup is shown in Figure 1.

Vacuum

" Det-2

Au-2

Figure 1. Schematic Representation of Simulation Setup

The drawing is not to scale.
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The polar angle between the electron-positron pairs was obtained using the directions of the produced
pairs. The photon beam moves along the Z-axis perpendicular to the X and Y-axes; the angles of the
secondary particles with respect to the Z-axis are defined as

Pixy);
Oy = = 3)
\/ PZ + P+ P?

where Py ,, »), are the momentum directions of the electron-positron pairs.

The Borsellino angles were found numerically by assuming that the energies of the pairs were close to
each other. In order to determine the angle between the produced pairs with a similar approach, 5%
of half of the photon energy was chosen as the energy window and the opening angle was determined
with events satisfying this condition. At least 10° events were produced for each selected photon
energy and the average opening angle was determined for the pairs. The statistical error of the opening
angle was found by repeating the simulations at least three times. The transverse distance of the e™-
e* pair to each other at the detectors was determined using the opening angle of the pairs and the
known distances between the targets and detectors. The horizontal distance between the center of
the Au-1 and Au-2 targets to the detectors Det-1 and Det-2 are 16 um and 116 um respectively.

Results and Discussions

The expected Borsellino and Olsen angles corresponding to the energies between 1-178 GeV are given
in Figure 2. The energy points (1.21, 3.71, 11.8,37.2, and 114 GeV) in the accelerator-based experiment
(Virkus, et al., 2008) are considered to adjust the photon source energy in the simulation and the
corresponding angles for these energies are given in Figure 2. The simulation results indicate that the
opening angles are mostly compatible with the Borsellino angle for the energy region below 30 GeV.
In the high energy region, the Borsellino and Olsen angles are approximately the same and the angles
from the simulation are compatible with the expected results.

; Borsellino
200 -===- Qlsen
1 75 \ } Simulation
et I
150{
B 1.25/
S 100 %
20.75.
£ 0.751 3
0.50 3
0.251 e
0.00 | oy aTT——
100 10! 10?

Energy (GeV)

Figure 2. Pair Opening Angles for Gamma Energies between 1-178 GeV

The solid line represents the Borsellino angle, the dashed line Olsen angle, and the points are the simulation
results.

To compute the reduction ratio of ionization energy loss in the detectors, the opening angles of the
pairs corresponding to the photon beam energy were used in equations 1 and 2. Also, the expected
Borsellino and Olsen angles were used to compare the results. The reduction ratio of the ionization
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energy loss was defined as the expected ionization energy loss in the detector for the pairs originating
from the close (Aul) and far (Au2) targets. The distances of Aul and Au2 centers to the Det-1 and Det-
2 are 16 um and 116 um, respectively. Thus, the transverse distance s; between pairs produced in Aul
is smaller than the transverse distance of the pair s, generated in the second target when they arrived
at the detectors. The ionization suppression effect is stronger for the pairs produced in Aul while the
ionization is almost unaffected for the pairs coming from the far (116 um) target. Thus, the reduction
of ionization energy loss (the relative ionization suppression (R)) can be calculated with the ratio of
expected ionization energy loss of the pairs for s; and s, distances. The ratios of the ionization
suppression are given in Figure 3.

0.95 § ;
0.90 :

0.85] =t . 4

0.80/ -
0.751

0.701

0.651

10° 100 102
Energy (GeV)

Figure 3. The Ratios of the lonization Suppression

Relative ionization suppression (R) determined from the Chudakov (dashed) and Berestetskii-Geshkenbain (solid)
equations with Borsellino angles, Berestetskii-Geshkenbain (dotted) equation with Olsen angles, Chudakov (open
squares) and Berestetskii-Geshkenbain (open circles) equations with simulation angles. The color of the regions
is the same as the color of the drawn equations.

In Figure 3, the colored plots represent regions determined with horizontal distances of d; = 16 +
10 ym and d, = 116 + 10 um, considering that gamma conversion occurs inside the 20 um gold
target. The ionization suppression effect derived from the simulation results are compatible with the
results expected for the Berestetskii and Geshkenbain approach. The points derived from the equation
1 differ slightly from the Chudakov approach but are within the expected range. As can be seen in
Figure 3, the theories of the Berestetskii-Geshkenbain and Chudakov are quite different below 10 GeV.
Also, experimental results show a stronger ionization suppression below 10 GeV than theoretically
expected, and the experimental results are mostly consistent with the theory of Chudakov (Thomsen
& Uggerhgj, 2011). However, the theoretical expectations are almost the same for the high-energy
regions above 100 GeV. The possible ionization suppression ratios determined by applying the
simulation results to the theory are also compatible above 100 GeV.

In the accelerator-based experiment designed to directly measure the Chudakov effect, the most
probable value of the pair ionization loss is used to determine the relative energy deposition of the
pairs (Virkus, et al., 2008). GEANT4 simulation package is suitable for determining the energy loss of
the particles in the medium without Chudakov effect. However, the expected relative energy
deposition of the pairs can be used to derive the energy loss distribution of the pairs. Recently,
Trofymenko proposed the struggling function for the most probable value of the pair ionization loss,
which includes the effect of ionization suppression (Trofymenko, 2023). It is stated that the most
probable value of the ionization loss of e - e* pairs can be written as
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[ ]

| 2mgn wy,S |
Eyp(s) = n|in—2= — 2K, (—=) 4+ 0.2 (4)
| Aae)

like the equation 2, wheren/x =~ 0.0356 keV /um for Si detector (Trofymenko, 2023). This expression
fit in the struggling function given in (Trofymenko, 2023) and can be used to determine the relative
suppression. Thus, the ratio of the most probable energy loss (MPEL) of the pairs can be written as
Eyp(s1)/Emp(s2). Equation 4 is used to numerically calculate the most probable energy deposition of
the pairs in detectors and adopted to the simulated energy deposition to configure the suppressed
ionization loss distribution indirectly. The relative suppression ratios for energies between 1-178 GeV
are given in Figure 4.

1 00 ‘ ———— w==: Chudakov eq(l)
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Figure 4. The Relative Suppression Ratios for Energies between 1-178 GeV

Relative ionization suppression (R) for equations (4) (dash-dot), (1) (dashed), and (2) (solid). The color of the
regions is the same as the color of the drawn equations.

Although equation 4 mostly coincides with the experimental data (Virkus, et al., 2008) at the high
energy region, the difference between curves below 10 GeV is still present. However, the R values can
be used to simulate the expected energy deposition distributions for the energies below 40 GeV where
Eyp(sy) is almost constant (Trofymenko, 2023). The expected distributions with ionization
suppression were determined by applying the R values to the energy depositions of the pairs formed
by photon sources with 11.8 and 37.2 GeV energies and are given in Figure 5.
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Figure 5. The Energy Depositions of the Pairs Formed by Photon Sources with 11.8 and 37.2 GeV
Energies

Expected energy depositions the e™- e* pairs for 11.8 GeV (a) and 37.2 GeV (b) photon beams. Red dashed lines
represent the expected energy deposition with ionization suppression according to equation 4.

In Figure 5, the most probable value of the energy deposition with ionization suppression (red dashed
lines) is specified by fitting the Landau distribution. The MPEL values are 6.58 + 0.01 and 5.57 £ 0.02
for the given distributions (a) and (b) respectively. The MPEL for the pairs produced by 1.21 GeV
photons is approximately the same with the energy deposition without ionization suppression as

expected.

Conclusions

This is the first study to indirectly determine the Chudakov effect using the GEANT4 simulation
package. The simplified demonstration of the accelerator-based experiment designed for observation
of the Chudakov effect was simulated using the GEANT4 simulation package. Simulation results show
that the opening angles are mostly in agreement with the Borsellino angle for the energy region below
30 GeV. Above 30 GeV, the Borselino and Olsen angles are approximately the same and in agreement
with the simulated opening angle. Also, the ionization suppression was derived using the simulated
opening angles and the results were found to be in agreement with the reproduced literature results.
These results show that the GEANT4 software package is suitable for adapting the Chudakov effect to
the simulation environment. However, to complete adaptation of the ionization suppression
mechanism to any of the simulation environments needs more experimental work, especially below
the 10 GeV region. To eliminate the discrepancies between theoretical approaches, an experiment is
needed in which the Chudakov effect is observed with high statistics and in a wide energy range.
Finally, to adapt the Chudakov effect to the simulation environment, it is necessary to overcome the
discrepancies between the theoretical approaches and thus provide consistent theory-experiment

results.
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Abstract

As it is known, solutions obtained in terms of Fourier series are widely used for more detailed analysis of
mathematical models defined for different engineering problems. In this study, for the mathematical analysis
of transient events in active RC based linear electronic circuits, the Cauchy problem is defined and solved in
terms of Fourier series. For this reason, first of all, the mathematical model needed for the mathematical
definition of the investigated problem was created. Based on the defined mathematical model, a quadratic
differential equation for the linear RC electric circuit is obtained and the voltage and current changes are
analysed for simple special cases using the Fourier series. As a result, mathematical modelling of transient
processes occurring in linear RC circuits and mathematical problems defined as the Cauchy problem for such
circuits have been solved analytically. It is thought that the results of the research will contribute theoretically
and practically to the solution of the problems that arise in the study and design automation of different
electronic circuits containing nonlinear circuit elements.

Keywords: electronics, differential equations, Fourier series, mathematical model, RC circuit

Bir Direng ve iki Kapasitorlii Lineer Bir RC Devresi i¢in Cauchy Probleminin

Fourier Serisi Cinsinden C6ziimii
0z

Bilindigi Uzere, degisik mihendislik problemleri igin tanimlanan matematiksel modellerin daha ayrintili analizi
icin Fourier serisi cinsinden elde edilen ¢6ziimler yaygin olarak kullaniimaktadir. Bu ¢alismada, aktif RC tabanl
lineer elektronik devrelerde gergeklesen transient olaylarin matematiksel analizi i¢in Cauchy problemi
tanimlanmis ve Fourier serisi cinsinden ¢6zilmistir. Bu nedenle dncelikle, incelenen problemin matematiksel
tanimi igin ihtiya¢ duyulan matematiksel model olusturulmustur. Tanimlanan matematiksel modele dayal
olarak lineer RC elektrik devresi icin ikinci dereceden bir diferansiyel denklem elde edilmis ve Fourier serisi
kullanilarak basit 6zel durumlar igin gerilim ve akim degisimleri analiz edilmistir. Sonug olarak, lineer RC
devrelerinde gercgeklesen gegici slireclerin matematiksel modellenmesi ile bu tiir devreler igin Cauchy problemi
bigiminde tanimlanmis matematiksel problemler analitik ¢ozulmdistir. Elde edilen arastirma sonuglarinin,
dogrusal olmayan devre elemanlari iceren degisik elektronik devrelerin galisma ve tasarim otomasyonunda
ortaya cikan problemlerin ¢ézimine teorik ve pratik katki saglayacagi distiniilmektedir.

Anahtar Kelimeler: elektronik, diferansiyel denklemler, Fourier serileri, matematiksel model, RC devre
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Introduction

In today's conditions, the production of information transmission systems, computers and other
electronic equipment has become one of the priority areas of scientific research. Electrical signals
whose physical magnitude is current or voltage are used in information transmission systems. At the
same time, information transfer tools include highly complex electronic circuits (Chua & NG, 1979;
Rabiner, 1971; Sun & Fidler, 1997). For this reason, the quality requirements of the designed
electronic devices are increasing and every device developed must provide the necessary accuracy
(Bruton, 1980; Chua & Lin, 1975; Manthe et al., 2003; Sanchez-Lopez et al., 2011; Soliman & Saad,
2010). Apart from these, it is known that the calculations encountered in the design of electronic
circuits have a very complex structure. This situation has made it necessary not to use modern
computational facilities. Also, circuit-based methods of prototyping have proven to be ineffective,
making it impossible to study integrated circuits that are traditionally assembled from discrete
elements (Yerzhan & Langheinrich, 1985). Thus, the complexity and responsibility of the electronic
circuits being developed made it necessary to abandon the old traditional methods (Dumitriu et al.,
2007; Sanchez-Lopez, 2013; Sanzhez-Lopez et al., 2011).

Electrical circuits may consist of simple or complex systems for a specific purpose. The basic laws that
can solve these systems using old traditional methods are also the same. Therefore, the qualitative
theory of dynamical systems should provide the basis for a more accurate necessary approach (Teor,
1984). From this point of view, computerized analysis of transient processes occurring in electrical
circuits has become quite common. Therefore, it is necessary to determine the mathematical models
needed for the transient processes in line with the targeted problems. It should be known that the
mathematical model of the problem depends on its physical formulation, symbolic analysis and the
properties of the circuit elements. At this point, symbolic analysis is a powerful tool that can model
the behaviour of a circuit with symbolic parameters. At the same time, symbolic expressions not only
give a better idea of the behaviour of the circuit, but can also be used in synthesis and optimization
procedures (Sanchez-Lopez, 2011). In this modelling, the mathematical models of the processes
occurring in various linear RC circuits are examined and the analytical solution of the transient
processes is calculated.

In the transient occurring in a linear RC circuit containing two capacitors and a resistor, the changes
in the determined component of the solution at the initial moment are determined. Thus, the
mathematical definition of the problem was made with the help of mathematical modelling method.
Special cases were also determined by analysing the solution obtained from the mathematical
model. As a result, an analytical solution is found by obtaining mathematical models of transient
processes in a linear electronic circuit.

Material and Method

Transition Processes in Linear Circuits

In electrical circuits, during various interactions that lead to a change in their mode of operation, i.e.,
under the action of various kinds of switching equipment, for example, switches for turning on or off
the source or receiver of energy, when the circuit breaks, etc., transient processes occur. Among
these effects, an important role is played by harmonic oscillations, which are widely used for the
transmission of signals and electrical energy. The study of the mode of harmonic oscillations is also
important in those cases when non-harmonic effects are considered and expansions of the function
describing the effect signal into Fourier series are used.

The physical reason for the occurrence of transient processes in circuits is the presence of inductive
and capacitive elements in them in the corresponding equivalent circuits. This is explained by the fact
that the energy of the magnetic and electric fields formed on the components during the transition
process in the circuit cannot suddenly change. It is known that for the analysis and design of
electronic circuits, it is necessary to develop a mathematical model of the possible processes that
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may occur in these circuits. Therefore, the temporal process in a linear circuit is described by linear
differential equations. In most cases, there is a mathematical problem associated with the Cauchy
problem for a system of ordinary differential equations. For this reason, various analytical methods
are used to solve constant parameter linear differential equations. These methods are used to
calculate transient processes occurring in electrical circuits. The most common of these methods is
the classical method, which has a physical nature and is used to calculate simple circuits. At the same
time, the operator method and the Fourier integral method are used to simplify the computation of
complex circuits. The purpose of this work is to implement the Fourier integral method for the
equivalent electrical circuit shown in Figure 1, when the source is a complex function.

Figure 1. Linear RC Circuit with n Capacitors

The processes occurring in electronic circuits can be described using mathematical relationships
between the fundamental parameters of the circuit. These parameters are mainly currents, voltages
and properties of circuit elements. It is also known that these equations are arranged according to
Kirchhoff's laws. The number of these equations depends on the number of energy storage elements
of the electric and magnetic fields in the circuit under consideration. In this work, capacitors act as a
storage device for electrical energy. Starting from the laws of Kirchhoff and commutation (second
commutation law V-(07) = V(0")) to construct the circuit's state equations, the following well-
known formulas can be written for the electrical circuit under consideration (Figure 1):

y d:;f" = VCI;}_VC" . j=23,..n (1)
Li,\,,=c,\,,-%, k=12 ..,n
Ve, ®le=o = 0, k=12 ..n 2)

Thus, the Cauchy problem for differential equations (1) with initial conditions (2) compiled for this
scheme in the general formulation can be formulated as follows:

Let a system of n differential equations with n sought-for functions in normal form (1) and a system
of initial conditions (2) be given,

i. If the point My(ty, X1g, -, Xng) is (n+ 1)- inside the dimensional domain of variables
0(E, %1, -, Xp) in which limy_,y, f(M) = f(M,), then there exists a particular solution of
system (1) that satisfies the conditions (2)
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ii. If, in addition, in this region 2(t, x4,...,x,) the functions f;- have continuous partial
derivatives (fi);j(M), (i,j = 1,2, ...,n) then this particular solution is unique.

For simplicity, the described Cauchy problem is primarily solved a linear RC circuit with two
capacitors. For this special case, the solution of the system of linear equations defined by (1),
satisfying the initial condition defined by (2), can be written in terms of circuit parameters and source
i(t) function as follows:

t
1 t _(ﬂ)x 1 —ax
Ve, () = RZCZ—];) f(x)e ‘R2C1C2/7dx = goff(x)e dx (3a)
C1+C,
Ve, (6) = Vi, () + [f(t)e‘(—Rzglcz)t] Ve, (0 + [ (D] (3b)
Here,

L[ o)y, L[
= — i 201G, =— | i ax 4
f(® CLL i(x)e dx . Ol(x)e dx (4)

C1+C,

1,1, .
= —+ — is made, and 7; and 7, represent the time
26162 T2 T

constants of the capacitors C; and C, in the circuit. As it can be seen, the solution of the Cauchy
problem defined for the investigated special case depends on the source function i(t).

In these formulas, the notation x=

If all discontinuity points of the function i(t) are discontinuity points of the first kind and have no
more than a finite number of local extrema on the segment [0, T], then the Dirichlet conditions are
satisfied. Therefore, according to the Dirichlet theorem, i(t) can be expanded into a Fourier series
(lonkin, 1976; Polyanin, 2006).

i(t) = % + Z:;l (ak cos (Zl;ﬂt> + b, sin (ZI;nt» (5)

The coefficients ay, a and by, contained in this expression are determined by using the formulas in
(6), respectively.

( 2 (T p
== t)dt
Qo T_Ll()

2 T
Jag = ?f i(t)cos(kwt)dt (6)
0

2 T
by = —f i(t)sin(kwt)dt
T Jo

In subsequent calculations, it is necessary to know the integral values obtained as a result of
rearrangement of expression (4) by considering expression (5).

FO=glat)y aty g

Here,
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t ax
ao apg(e® —1)
Ay = — PXdx = ——— 8
07 2 —fo e 2a (82)

t
= ax = —ak at i — 8b
Ay akfo e™cos(kwx)dx ZF (ka)? {e*[a cos(kwt) + kwsin(kwt)] — a} (8b)
B bft “sin(kwx)d P (e sin(ket) — kocos(kwt)] + ko) (8c)
= = - —_ C
k k . e sin(kwx)dx = — T (ka)? e*lasin(kw wcos(kwt) )

Thus, we can determine the desired functions V¢, (t) and V¢, (t). To do this, we first need to calculate
the integral using the expression (8a-8c):

t

1 [ee]
Ve, = o | e [Ao(x) +Zk:1Ak(x) + B ()| dx (9)

Substituting these formulas in equation (9) and calculating the integrals, we obtain the function
Ve, (t) in the following form.

1 (ag (e7% —1)
VCZ (t) = E{z <t + —(X )

+ Zw _ Sk [isin(ka)t) —cos(kwt) + e™% + 1]
k=1a% + (kw)? lkw

(10)
) b ¢ kw
+ Zk:lr&a))z [H (1 = cos(kwt)) — sin(kwt) + — 1- e—a’t)]}

Then, using the V¢, (t) function we determined, the V¢, (t) function is determined as follows, starting
from the expression (3b):

dve,
Ve, (®) =V, () + R,C, i
=V,
1 (a
+ e -em )
2a

L S b s — (11)
+Zk=1a2+(kw)2[acos(ka)t) kw sin(kwt) — ae %]

by ; —at
+ zk=1m [a Sm(kwt) —kw cos(kwt) + kwe ]}

Thus, the expressions (10) and (11) that allow to determine the desired functions V¢, (t) and V¢, (t)
depending on the i(t) function were determined with the help of the Fourier series. In the next step,

i1(t) and i, (t) functions, which define the change of currents in the circuit depending on time t, are
determined. For this purpose, the following formulas are used.

dve,
dt

. . dVCZ
i1(t) =i(t) — G, dt

i(t) =G,

(12)
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As can be seen, after determining the first derivative of the V¢, (t) function, we obtain the following
equation to determine the i, (t) function.

i(t) =

{ﬂ (1—e %)+ zoo _ Mk [a cos(kwt) — kw sin(kwt) — ae™*]
2a k=1a? + (kw)?

* b ; —at
+ z}(ﬂm [asin(kwt) — kw cos(kwt) + kwe ]}

R,C
201 (13)

Thus, by substituting the determined expression (13) in the second equation in the expression (12),
the i; (t) function is also determined.

As a result, the solution of the Cauchy problem for the above-defined two-capacitor linear RC electric
circuit is performed in terms of Fourier series, and formulas that allow determining the functions
Ve, (0, Ve, (t), i1(t) and i, (¢) are derived.

Along with these operations, it is necessary to take into account special cases when the current
source function i(t) acting at the input of the circuit has certain types. In practice, the following two
cases often occur.

Special Case where Current Is a Periodic Function
Let the current i(t) be variable and use the following periodic function to define it:
i(t) = Lpsin(wt) (14)

where A is the amplitude and w is the angular frequency. This periodic function is written in the
formulas V¢, (t) and Vc, (t) obtained in fourier terms.

at

ﬁ [asin(wt) + w(1 — cos(wt))] (15)

t
je“xsin(wx)dxz >
0

Also, the functions V¢ (t) and V¢, (t) are restated considering equation (15).

Ve, () = m [a)

- . a
R,C,C, (% + w?) E(l — e~ — sin(wt) + - 1- cos(wt))] (16)

Ve, @®) =V, () + sin(wt) — % (e7at — cos(a)t))] (17)

ma [
Ci(a? + w?)

In addition to these expressions, new expressions of i (t) and i, (t) functions are determined using
these formulas.

Lha

)
L = @ o

) [sin(a)t) + % [e—at — COS(wt)]] (18)

i1 (t) = i(t) — ip(t) (19)

The obtained analytical solution of the mathematical problem defined for the case under study
makes it possible to perform a numerical analysis for various values of the parameters describing a
particular electrical circuit.

Analysis of the results corresponding to the problem solving;
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For the examined electrical circuit, the results of the numerical calculation are given for the values of
the parameters ( C; = 5uF, C, = 2,5uF; R =10k ; f =150Hz ) included in the circuit. For
this case, I, = 14 ; i(t) = sin(wt) = sin(2nft)

1
Ve, () = 1.41.10° [1 — 760t Esin(BOOnt) + (1 — cos(300mt))

25m? (20a)

Ve, () = Ve, (t) + 13.47[sin(300mt) + 5m(cos(300mt) — e~%0)] (20b)
i,(t) = 5.387.10%[sin(300mt) + 5m(e %%t — cos(300mt))] (20c)
i1(t) = sin(300mt) — i, (t) (20d)

Calculations are performed using a step of h = 0.001 for a time interval of 0 < t < 0.15. Based on

these expressions, the voltage variation graphs on the capacitors C; and C, are given in Figure 2.

e0j— —

— v
Vet

v (Vottage)
g g g

2

B

X
1 (Time)

Figure 2. The Variation of Voltage Value V¢ (t) and V¢, (t) on Capacitors C; and C, When i(t) =
[ sinwt

Accordingly, the variation of currents i; (t) and i, (t) with respect to time is given in Figure 3.

T T T T T T |
—ic2
icl
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1 -

0.5

i (Current)
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L L | 1 | L L L |
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Figure 3. The Variation of Current Value i; (t) and i, (t) When i(t) = [;sinwt
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Special Case Where Current is a Unit Step Function

In this case, it is accepted that the current i(t) is a signal in the form of a unit step applied to the
circuit and is the cause of the transient event in the electrical circuit under consideration.

T
I if 0<t<s

i(t) = T (21)
0 if S<t<T

Extending this i(t) function to a Fourier series gives the following expression.

L, 2l (sinowt sin(3wt) sin(5wt)
i(t) = =4+ —= 22
i(t) > + - ( 1 + 3 + z + (22)
The coefficients of this series (22) are determined from the formulas:
ap=1In; ax=0; by = ﬁu — (=D, k=123,.. (23)
In this particular case, the desired functions are obtained as follows.
1 Ly 1 1
Ve, = =+ (e 4 —em =)
® 12C2+{2a +ae a
N ImTZaZw [1- (=1)¥] [1 (2nkt> 1 <2knt)
/s k=1 k[(2km)? + (aT)?] OS\r ST (24a)

2k
+ - e"“t)]}

1
Ve,(®) = Ve, (0 + &
1
Im
—/(1 - —at
+{2a( e )

Ly T2~ [1-(=1)"] _(2mkt (24b)
T Zkzlk[(an)2+(aT)2] [Sm( T )

(o (7))

CZ Im
7 t) = —— e 1_ —at
i (t) T261+{2a( )

I, T?a~0® [1-(-1)F] 2k | 2kmt.  2km 2kmt
+ Z [ sin ) — cos ( )
T k=1 k[(2km)? + (aT)?]L T T a

2km . _
22 f)]}
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] I 21, (sin(wt) sin(3wt) sin(5wt) C,
ll(t):7m+7m< 1 T3 T 5 )°

7,C4
2a

mT2a 0% [1—-(-1*] 2rk _ (2kmt\ 2km  (2kmt (24d)
* zkzlk[(an)2+(aT)2] T Sm( T )_ oT C°S< T )

+ {I’” (1-e™9)
I

The solutions obtained determine the state of the circuit in transient mode. In order to determine
the steady state, the values of the sought functions at t — co must be determined.

For example, for the current i, (t):

CZ Im
. _ b2 )mo _
tlirgzo i,(t) = - {Za( exp(—at)

L,T?a 0 [1-(=1¥]  [2mkt 2k 2mkt
* s Zk=1k[(2nk)2+(at)2] [(sm( T )_ Ta COS( T ))

_ G ) (25)
Csz 2a

al T2 [1— (-1)¥] 2mkN\*  [2mkt
A Zkzlk[(an)2+(at)2] 1+<ﬁ) S‘"(T“”")

Here, @), = arctg (%) In the settled regime, it will be i, (t) = i9(t).

U ok e (2TRE
DM
Gt |20 m Lak=1 k[ J@2rk)? + (at)?]
. (2mkt (27)
. _é _i é oo ] 2kt _Sln(T_(pk)
u(t)—z(l 61T2>+n Zk=1 Zsm( T ) \/(an)2+(“t)2

Conclusion

For active RC-based linear electric circuits, two capacitor circuits were examined and mathematical
models obtained from the initial equations were found. It has been determined that these
mathematical models meet all the requirements of Cauchy problems using Ohm and Kirchhoff's law.

After the circuit equations were defined, solutions of differential equations were realized with
certain notations. Since these equations are used in a circuit with two capacitors, they are rearranged
as a second order differential equation and an intrinsic solution is obtained. It has been found that if
this self-solution gives us a function i(t) it allows us to construct the current and voltage equations
on the capacitors depending on the current.
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In order to better analyse the complex electronic circuits, the Fourier series expansions are
calculated with the Cauchy problems together with the Dirichlet conditions depending on the i(t)
function. These calculations allowed to find the voltage equations on the capacitors. Along with the
voltage equations, the current equations on the capacitor depending on t time are also found.

The special cases that are frequently encountered in practice, namely the special case where the
current is periodic, and the special case where the current is a unit step, were analysed and
determined. Special cases made it possible to solve for various parameters of circuits. In addition,
numerical analysis of accepted transients on a circuit is also done.
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Abstract

This research aims to analyze the drug development potential of geranial, a naturally occurring compound
known for its medicinal properties, through in-depth ADMT (Absorption, Distribution, Metabolism, and
Toxicity) profiling and Density Functional Theory (DFT) calculations, at B3LYP/6-311G** level and basis set.
The optimized and confirmed structures of the data set were used for further computations. The FMO
"Frontier Molecular Orbital" energies and MEP "Molecular Electrostatic Potential" were considered to
elucidate the possible reactivity features and regions of the molecules, respectively. Concurrently, DFT
calculations helped to elucidate the compound's electronic properties and structural stability, further
affirming its suitability for drug development. These findings emphasize the potential of compounds
structurally related to geranial in the pharmaceutical field and underline the necessity of similar evaluations
for novel drug candidates, ensuring safety and efficacy while mitigating potential risks to human health and
the environment.

Keywords: geranial, ADMT study, DFT computations

Geranial benzeri -dienlerin ilag Benzerligi ve ADMT Ozelliklerine iliskin

Hesaplamali Analizler
0z

Bu arastirma, tibbi ozellikleriyle bilinen, dogal olarak olusan bir bilesik olan geranialin (sardunya) ilag
gelistirme potansiyelini, derinlemesine ADMT (Absorbsiyon, Dagitim, Metabolizma ve Toksisite) profili
olusturma ve B3LYP/6-311G** fonksiyon ve temel setinde, Yogunluk Fonksiyonel Teorisi (DFT) hesaplamalari
yoluyla analiz etmeyi amaglamaktadir. Veri setinin optimize edilmis ve onaylanmis yapilari daha sonraki
hesaplamalar icin kullanildi. FMO "Frontier Molecular Orbital" enerjileri ve MEP "Molekiler Elektrostatik
Potansiyel" sirasiyla molekillerin olasi reaktivite 06zelliklerini ve bolgelerini aydinlatacak sekilde
degerlendirildi. Ayrica, DFT hesaplamalari bilesigin elektronik 6zelliklerinin ve yapisal stabilitesinin
aydinlatilmasina yardimci oldu ve ilag gelistirmeye uygunlugunu dogruladi. Bu bulgular, farmasétik alanda
geranial ile yapisal olarak iligkili bilesiklerin potansiyelini vurgulamakta ve insan sagligina ve gevreye yonelik
potansiyel riskleri azaltirken giivenlik ve etkinligi saglayan yeni ilag adaylari igin benzer degerlendirmelerin
gerekliliginin altini cizmektedir.

Anahtar Kelimeler: geranial, ADMT ¢alismasi, DFT hesaplamalari
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Introduction

Geranial, also known as citral, is a naturally occurring organic compound found in various essential
oils, including lemongrass, lemon, and orange (Gaonkar et al., 2016; Wohlmuth et al., 2006).
Geranial-based molecules, derivatives, and analogs have garnered significant attention due to their
unique chemical properties and diverse applications, particularly in the field of medicine.
Furthermore, it is a volatile aldehyde with a distinct citrus aroma and is widely used in the fragrance
and flavor industries (Burdock et al., 2009) as well as food additives (Ruiz et al., 2008; Sharmeen et
al., 2021). Its characteristic citrus scent provides a fresh and invigorating experience, contributing to
its widespread use in various consumer products. Additionally, geranial possesses antimicrobial
(Viktorova et al., 2020), antifungal (Ju et al., 2020), and insecticidal (Oyedeji et al., 2020; Plata-Rueda
et al., 2020) properties, making it an effective natural preservative and repellent.

In recent years, the medicinal importance of geranial and its derivatives has been extensively studied
and researchers have discovered a range of potential therapeutic applications for these molecules
(Bailly 2020, Li et al., 2015; Zeng et al., 2023). In this respect, Studies have shown that geranial
exhibits significant anticancer activity by inducing apoptosis (programmed cell death) in cancer cells,
inhibiting tumor growth, and suppressing metastasis (Balusamy et al., 2020; Samarghandian et al.,
2014; Silva et al., 2021). Its cytotoxic effects on cancer cells have made it a promising candidate for
the development of novel chemotherapeutic agents. Moreover, geranial-based molecules have
demonstrated potent anti-inflammatory and analgesic properties, which have been found to inhibit
the production of inflammatory mediators and reduce pain in various experimental models (Adorjan
et al., 2010; Bouyahya et al., 2022; Ortiz et al., 2010). These findings suggest that geranial and its
derivatives hold promise for the development of new anti-inflammatory drugs and pain management
strategies. Furthermore, geranial has shown antimicrobial activity against a wide spectrum of
bacteria, fungi, and parasites. It exhibits inhibitory effects against several pathogenic organisms,
including Staphylococcus aureus, Candida albicans, and Plasmodium falciparum, the parasite
responsible for malaria (Oladeji et al., 2020; Sharma et al., 2023; Tchoumbougnang et al., 2005). The
antimicrobial potential of geranial-based molecules has led to their investigation as alternative
agents for the treatment of infectious diseases, particularly those caused by drug-resistant
microorganisms.

In light of the diverse properties and medicinal importance of geranial-based molecules, this paper
aims to provide an overview of their main characteristics and therapeutic potential. For this aim, we
performed the DFT computations based on the B3LYP hybrid function using the 6-311G** basis set to
determine and evaluation of the electronic structure underlying the reactivity tendency. Also, the
ADMT features of the compounds have been used to evaluate pharmacokinetics, drug-likeness, and
toxicity possibility in addition to the water solubility and lipophilicity to discuss the challenges and
prospects for developing geranial-based molecules as pharmaceutical agents. By gaining a deeper
understanding of the main properties and medicinal significance of geranial and its derivatives, we
hope to pave the way for further research and development in this promising field. The potential
applications of geranial-based molecules in various therapeutic areas make them an intriguing
subject for exploration and hold the potential to make a significant impact on human health.

Computational Methods

DFT Study

The GO9W (Frisch et al., 2013) and GaussView 6.0.16 (Dennington et al., 2016) packages were used
for all DFT computations at the B3LYP (Becke 1993; Lee et al., 1988) /6-311G** (Raghavachari et al.,
1980; Mclean et al., 1980) level of theory maintaining default (Kudin et al., 2002; Li et al., 2006)
settings and for demonstrating the optimized structures and FMO plots, respectively.

As known well, the thermodynamic quantities have been assessed depending on the principles of
guantum statistics (Hill 1962; McQuarrie 1973). In this way, the Q "partition function" is crucial in
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determining thermodynamic properties through specific equations defined below. In such
asymmetric top systems, the vibrational degree of freedom equals 3N-6, because the molecular
system allows for movement (three degrees) and rotation (three degrees) along three distinct axes.
Thus, it is crucial to be aware that the differences in the quantities of thermodynamic properties for
all asymmetric top molecules stem from the vibrational movements, as the contributions from
translational and rotational movements are akin due to specific physical constants. The vibrational
partition function is formulated as below, and its contribution to thermodynamic properties is
essential in assessing chemical properties (Herzberg 1964; Hill 1962; McQuarrie 1973; Serdaroglu &
Durmaz 2010).

Q = Qtrans. X Qrot. X Qvib. Qelec.

Qv,j/ZT

e
Quip. = TTj27°

_ovj

Here, Evib. “vibrational thermal energy”, Svib. “vibrational entropy”, and Cwvib. “vibrational heat
capacity” are calculated by the following equations (Herzberg 1964; Hill 1962; McQuarrie 1973).

3N-6
Qv,j 01}] e_@"'f/T
Eyip. = Nk Z T"' T evj\

(1=e7%)
3N-6

T
Syin = Nk Z [( - ;’/JT/ ln(l - e_@v,j/T)]
e 4

3N-6 < ) eavj/T
(%7 = 1)

Cvmb -

. hv; « . . ” “ ”
The terms disclose as O,; =% the vibrational temperature”, h-> “Planck constant”, k->
“Boltzmann constant”, and v,=>” /" fundamental frequency”.

I”

Koopmans® theorem defined the | “ionization energy” and A “electron affinity” (Koopmans 1934)
depending on the energies of the frontier molecular orbital. From the | and A values, the global
reactivity values can be calculated by the following equations.

I= -Enomo
A= -ELumo
_ (I+A)
_I-A
T2
2
w="5
2n

I+ A
ANpgyx = 20— A)

*x (I+34)2/(16( — A))
-~ (31 + A)?/(16(I — A))
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_ n
Agback—donation = _Z

Here, the symbols show that x = “electronic chemical potential” n - “global hardness”, w =
“electrophilicity”, ANmax = “the maximum charge transfer capability index” (Janak 1978; Parr et al.,
1983; Parr et al, 1999; Pearson 1986; Perdew et al.,, 1982; Perdew et al.,, 1983), w- “the
electrodonating power” and w+ “the electroaccepting power” (Gazquez et al., 2007), and AEpack-donat.
“back-donation energy” (Gomez et al., 2006).

Lipophilicity and Water Solubility Features

The lipophilicity indices were ascertained utilizing five methodologies, which were ILOGP (Daina et
al., 2014), XLOGP3 (Cheng et al., 2007), WLOGP (Wildman et al., 1999), MLOGP (Lipinski et al., 2001),
and SILICOS-IT (Silicos-it) utilized through the execution of SwissADME (Daina et al., 2017). It is well
acknowledged that the lipophilicity parameter (Log P), founded on the concentration of a distinct
neutral molecular system in octanol (Co) and water (Cw), is defined as follows.

Co
Log P,,, = Log o

The water solubility (Log S) was also calculated by using different approaches defined by Delaney
(Delaney et al., 2004) and Ali et al. (Ali et al.,, 2012). Accordingly, the approach ESOL "Estimated
SOLubility" defined by Delaney (Delaney et al., 2004) is given depending on the molecular features,
which are "Molecular weight, MWT", "Rotatable bonds, RB", "Aromatic proportion, AP" as follows

Log Sw=0.16-0.63 clogP - 0.0062 MWT + 0.066 RB - 0.74 AP (ESOL)

On the other hand, the benchmark study performed by Ali et al. (Ali et al., 2012) revealed that water
solubility depends on the phenolic parameters remarkable which are the number of the aromatic -
OH group(s), in addition to the melting point and TPSA, as follows.

logS= -1.0239 logP- 0.0148 TPSA- 0.0058 (m.p. (C)- 25)+ 0.3295 aroOHdel+ 0.5337 (ALI)

Absorption, Distribution, Metabolism, Druglikeness, and Toxicity Study

The drug-likeness features of the data set were considered on the basis of Lipinski (Lipinski et al.,
2001), Ghose (Ghose et al., 1999), Veber (Veber et al., 2002), Egan (Egan et al., 2000), and Muegge
(Muegge et al., 2001) rules. Also, the Abbott score (Martin, 2005) for bioavailability investigations of
data set scores was used via SwissADME (Daina et., 2017) tools. The adsorption, distribution
characteristics, metabolism, and possible toxicity features of the data set were determined by
ADMETLab 2.0 (ADMETlab 2.0).

Result and Discussion

Molecule Geometry and Thermochemical Properties

The thermochemical and physical properties are critical as these aspects govern the fundamental
physical and chemical characteristics of matter, influencing phenomena from routine chemical
reactions to advanced processes in the pharmaceutical design, material science, and environmental
chemistry (Serdaroglu 2017; Serdaroglu 2011a; Serdaroglu 2011b). The calculated quantities of the
studied compounds (Fig. 1) were presented in Table 1.

The dipole moment and polarizability of the compounds D1-D5 were determined as D2(4.837)>
D1(3.060)> D5(1.477)> D3(1.389)> D4(0.330) and D5(134.850)> D4(130.332)> D1(122.071)>
D2(118.499)> D3(108.089), respectively. Here, the -C=N group substitution on the -diene bone made
an increase in the dipole moment due to the lone pair electrons of nitrogen. Furthermore, the AE,
AH, and AG quantities of the compounds were predicted as the following orders of D5 (-
580.336463)< D1 (-541.050353)< D4 (-522.256208)< D2 (-444.708110)< D3(-427.673040), D5 (-
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580.319444)< D1 (-541.035022)< D4 (-522.239504)< D2 (-444.693855)< D3 (-427.659033), and D5 (-
580.382097)< D1 (-541.093717)< D4 (-522.301559)< D2 (-444.749447)< D3 (-427.713702),
respectively. The AEwer. (kcal/mol) was calculated as D4 (182.305)> D5 (178.519)> D1 (160.225)> D3
(152.395)> D2 (149.172), which the main contribution to each of them stemming from the vibrational
freedom degrees. Subsequently, the Cwyi. (cal/molK) of the compounds were found to be D5
(50.591)> D4 (49.311)> D1 (45.387)> D2 (41.368)> D3 (40.303). The S and Sup (cal/molK) were
predicted as D5 (131.864)> D4 (130.606)> D1 (123.534)> D2 (117.002)> D3 (115.060) and
D5(58.182)> D4 (57.347)> D1 (50.678)> D2 (45.080)> D3 (43.896), respectively. Accordingly, these
observations, facilitated by precise calculations and predictions, reveal the influence of molecular
modifications such as the -C=N or -OCH3 substitution on the -diene bone. Subsequently, the results
would be hoped to ultimately aid in predicting and manipulating the compounds' behaviors for
specific applications such as smart material design and therapeutic purposes.

Table 1. The Calculated Physiochemical Values at B3LYP/6-311G** Level

D1 D2 D3 D4 D5

DM (debye) 3.060 4.837 1.389 0.330 1.477

a (au) 122.071 118.499 108.089 130.332 134.850
AE (au) -541.050353  -444.708110 -427.673040 -522.256208 -580.336463
AH (au) -541.035022  -444.693855 -427.659033 -522.239504 -580.319444
AG (au) -541.093717 -444.749447 -427.713702 -522.301559 -580.382097
AEthermal (kcal/mol) 160.225 149.172 152.395 182.305 178.519
AEyib. (kcal/mol) 158.447 147.395 150.618 180.527 176.742
Cv (cal/molK) 51.348 47.330 46.265 55.273 56.553
Cvuib. (cal/molK) 45.387 41.368 40.303 49.311 50.591

S (cal/molK) 123.534 117.002 115.060 130.606 131.864
Svib (cal/molK) 50.678 45.080 43.896 57.347 58.182
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Figure 1. The Optimized Structures of the Studied-dienes

Lipophilicity and Water Solubility Features

In the realm of drug discovery and development, two key factors are fat-solubility (lipophilicity) and
the water-solubility of organic compounds. Lipophilicity greatly affects a drug's absorption,
distribution, metabolism, and excretion (Lin et al., 1997), with highly lipophilic drugs possessing the
potential for toxicity due to their accumulation in the body's fatty tissues (Jackson et al., 2017). On
the other hand, water solubility plays a significant role in drug formulation, delivery, and
bioavailability, with challenges arising for drugs with either too high or too low water solubility. Both
lipophilicity and water-solubility have a bearing on drug-drug interactions and chemical stability,
impacting drug efficacy, safety, and overall applicability (Carpenter et al., 1997).

From Table 2, the Log Po/w (iLOGP) indices were calculated as D5 (3.05)> D4 (2.81)> D2 (2.63)> D3
(2.55)> D1 (2.13), whereas lipophilicity depended on the XLOGP3 approach was determined as D5
(3.42)> D4 (3.35)> D2 (3.29)> D3 (3.21)> D1 (3.09). On the other hand, the WLOGP and MLOGP
approaches revealed that the following changes in the lipophilicity predicted in D2 (3.20)> D3 (3.19)>
D5 (2.85)> D1 (2.76)> D4 (2.57) and D5 (2.67)> D2 (2.49)> D4 (2.47)> D1 (2.38)> D3 (2.28),
respectively. The Log Po/w showed some different order depending on the approach used to predict
the indices. The order of average Log Po/w of the compounds was determined as D5 (2.91)> D2
(2.82)> D3 (2.63)> D1 (2.58)> D3 (2.47). The varying Log Po/w values determined by different
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methods (iLOGP, XLOGP3, WLOGP, MLOGP) underscore the critical role of lipophilicity in the
behavior and potential interactions of compounds D1-D5.

For all approaches, the compounds D1-D5 were found to be soluble in the water. Namely, the
solubility (mg/mL)x10? values of the compounds D1-D5 depend on the ESOL were determined as
follows D1 (4.57)> D3 (4.10)> D4 (3.62)> D2 (3.42)> D5 (2.92), whereas solubility (mg/mL)x102 was
calculated as D3 (6.91)> D2 (5.12)> D1 (4.84)> D5 (4.06)> D4 (2.89) based on the Ali approach. On
the other hand, the solubility score obtained from SILICOS-IT was changed in the order of D1 (6.73)>
D3 (5.22)> D4 (2.62)> D5 (1.42)> D2 (1.19). Despite the varying indices calculated by different
predictive methods, it is clear that all compounds would be soluble in the water.
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Table 2. Physicochemical Properties, Lipophilicity, and Water Solubility Characteristics

D1 D2 D3 D4 D5
/
N NH;
0 7 OH S 0
OH \ 0]
. : \ \ \ \
Physicochemical
properties
\ \ \ \ \
0-(3,7-
! thyl (E)-
(E)-3,7- (E)-3,7- dimethylocta- ety (E)
. . (E)-2,6- . 3,7-
dimethyloct  dimethyloct . 2,6-dien-1- .
Name dimethylhepta- dimethyloct
a-2,6- a-2,6- . yl)0020hydroxy
L . . 1,5-dien-1-ol a-2,6-
dienoic acid dienenitrile | .
. dienoate
amine
Formula C10H1602 C10H15N C9H160 C10H19NO C11H1802
Molecular weight 168.23 149.23 140.22 169.26 182.26
(g/mol)
Num. heavy atoms 12 11 10 12 13
Num. arom. heavy atoms 0 0 0 0 0
Fraction Csp3 0.50 0.50 0.56 0.60 0.55
Num. rotatable bonds 4 3 3 5 5
Num. H-bond acceptors 2 1 1 2 2
Num. H-bond donors 1 0 1 1 0
Molar Refractivity 51.01 48.98 46.00 53.03 55.33
TPSA (A?) 37.30 23.79 20.23 35.25 26.30
Lipophilicity
Log Po/w (iLOGP) 2.13 2.63 2.55 2.81 3.05
Log Po/w (XLOGP3) 3.09 3.29 3.21 3.35 3.42
Log Po/w (WLOGP) 2.76 3.20 3.19 2.57 2.85
Log Po/w (MLOGP) 2.38 2.49 2.28 2.47 2.67
Log Posw (SILICOS-IT) 1.96 2.47 1.91 1.72 2.54
Consensus Log Po/w 2.47 2.82 2.63 2.58 291
Water Solubility
Log S (ESOL) -2.57 -2.64 -2.53 -2.67 -2.79
Solubility
4.57 42 4.1 .62 2.92
(mg/mL)x10? > 3 0 3.6 9
Class Soluble Soluble Soluble Soluble Soluble
Log S (Ali) -3.54 -3.46 -3.31 -3.77 -3.65
Solubility
(mg/mL)x10° 4.84 5.12 6.91 2.89 4.06
Class Soluble Soluble Soluble Soluble Soluble
Log S (SILICOS-IT) -1.40 -2.10 -1.43 -1.81 -2.11
Solubility (mg/mL) 6.73 1.19 5.22 2.62 1.42
Class Soluble Soluble Soluble Soluble Soluble

*TPSA “topological polar surface Area” was calculated based on polar fragments that contributed to the polar
surface.

Absorption, Distribution, Metabolism, Druglikeness, and Bioavailability Study

In the domain of pharmaceutical research, parameters such as absorption, distribution, metabolism,
bioavailability, and drug-likeness are fundamental. From this perspective, we determined these key
parameters to evaluate their significance in the landscape of drug discovery and design and
presented Table 3.

181



Ordu Universitesi Bilim ve Teknoloji Dergisi | Ordu University Journal of Science and Technology 2023, 13(2), 174-192

From Table 3, all compounds were found to be promising structures in view of Caco-2 Pe, MDCK Pe.,
Pgp-inh., Pgp-subs., and HIA. Namely, the Caco-2 Pe. indices of the compounds were determined
higher than the optimal value (-5.15) in the following order of D3 (-5.071)< D1 (-4.789)< D4 (-4.475)<
D2 (-4.32)< D5 (-4.299). Also, MDCK Pe. (x10°) cm/s indices implied that all compounds would show
high passive permeability by the order of D4 (3.4)> D2=D3 (2.5)> D5 (2.3)> D1 (1.3). The Pgp-inh. and
Pgp-subs. indexes of the compounds were determined in the ranks of 0.000-0.016 and 0.005-0.101,
respectively. In addition, the HIA values of the compounds D1-D5 were estimated in the range of
0.003-0.009. For all compounds, the F3o% scores give the green alarm predicted in the range of 0.006-
0.074. The Fy0% values of the compounds D1, D2, D4, and D5 were estimated in the range of 0.023-
0.135, while it for D3 was found to be 0.738 by a red alarm.

Except for D4 (81.33%), the other compounds presented high PPB % scores which were greater than
90% and which implied that there could be a lower therapeutic feature. For all compounds, VD
scores were calculated in the region of the optimal limits (0.04-20L/kg). However, the BBB Pen.
values of D1 and D5 were estimated at 0.194 and 0.157, while this indice for D2-D4 were determined
at 0.962, 0.724, and 0.974, respectively. Also, Fig. 2 supported the BBB Pen. the capability of all
compounds because they would be placed in the yolk region of the BOILED-EGG. The fractional
unbonded form in the plasma for D2 would be at a low level (4.750%), while D4 (22.81) could be said
that a high level in plasma as unbonded. The other compounds as unbonded would be in the plasma
at a medium level (5~20%). In addition, the metabolism scores of the compounds implied that all
compounds might have been suitable structures for both substrate and inhibitor against the different
lines of the P450s. The calculated ADM scores, as these crucially influence a compound's therapeutic
efficacy and its interaction with metabolic enzymes like P450s, thereby playing a pivotal role in the
design and/or modification of potential drugs.

Table 3. Absorption, Distribution, and Metabolism Scores

D1 D2 D3 D4 D5
Absorption
Caco-2 Pe. -4.789 -4.32 -5.071 -4.475 -4.299
MDCK Pe. (x10°) cm/s 1.3 2.5 2.5 3.4 2.3
Pgp-inh. 0.001 0.002 0.0 0.016 0.003
Pgp-subs. 0.022 0.005 0.011 0.101 0.011
HIA 0.006 0.003 0.005 0.009 0.005
Fao% 0.135 0.023 0.738 0.034 0.08
F3o0% 0.051 0.007 0.026 0.006 0.074
Distribution
PPB % 95.10 96.67 94.00 81.33 97.52
VD (L/kg) 0.554 2.892 4.807 1.437 2.696
BBB Pen. 0.194 0.962 0.724 0.974 0.157
Fu % 13.47 4.750 11.95 22.81 10.12
Metabolism
CYP1A2 inh. 0.088 0.974 0.214 0.760 0.922
CYP1A2 subs. 0.190 0.849 0.574 0.424 0.655
CYP2C19 inh. 0.028 0.952 0.028 0.237 0.593
CYP2C19 subs. 0.078 0.831 0.831 0.539 0.869
CYP2C9 inh. 0.123 0.559 0.019 0.072 0.466
CYP2C9 subs. 0.832 0.948 0.956 0.789 0.889
CYP2D6 inh. 0.342 0.150 0.053 0.054 0.055
CYP2D6 subs. 0.180 0.453 0.683 0.476 0.246
CYP3A4 inh. 0.016 0.139 0.009 0.034 0.065
CYP3A4 subs. 0.097 0.280 0.122 0.216 0.243

* Permeability, Pe; Penetration, Pen, Inhibitor, Inh; Substrate, subs. MDCK, Madin-Darby canine kidney; HIA,
Human Intestinal Absorption; PPB, Plasma Protein Binding; VD, Volume Distribution; BBB, Blood-Brain Barrier
Penetration; Fu, fraction unbound in plasma; hERG, human ether-a-go-go related gene; H-HT, Human
Hepatotoxicity; DILI, Drug-Induced Liver Injury; FDAMDD, FDA Maximum (Recommended) Daily Dose.
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Figure 2. BOILED-Egg Model and Pharmacokinetic Radar Graphs

Toxicity Study

One of the goals of drug discovery and development is to find therapeutic agents that are safe,
effective, and improve patient outcomes. In this regard, it also involves a rigorous toxicity
assessment of potential drug candidates and an evaluation of their 'drug-likeness'. The
computational tools are used to anticipate toxicity scores, including medical and environmental risks,
and identify favorable pharmacokinetic and pharmacodynamic properties. Here, the calculated
toxicity results were presented in Table 4.

In terms of the hERG Blockers, DILI, AMES, Rat Oral Acute, and FDAMDD, there would be a low (or
no) toxic effect possibility for all compounds. On the other hand, the H-HT scores revealed that all
compounds could be toxic due to the higher toxicity index values predicted in the range of 0.839-
0.898. Except for the D3 (0.317) at a medium level, the other compounds would have also presented
an adverse effect in terms of eye Irritation. The D1 (0.892), D2 (0.910), and D4 (0.849) would have
been a higher toxic possibility for eye corrosion, whereas D3 (0.017) and D5 (0.700) could be caused
to low and medium level toxic effect, respectively. The D1 (0.817), D4 (0.926), and D5 (0.921) could
be adversely in terms of skin sensitivity, whereas this possibility for the compounds D2 (0.520) and
D3 (0.433) was determined at a medium level. The carcinogenicity indices revealed that D4 (0.107)
and D5 (0.237) could have a low severe effect, while D1 (0.327) and D2 (0.422) could have medium-
level toxicity. The D2 (0.920) would-be toxic at a high level in terms of the respiratory, D5 could be
moderate level toxic, and the others probably could have a low toxic effect.

In view of the environment, the BCF scores of all compounds were determined lower than the
threshold value (log BCF< 3.3) (McGeer et al., 2003; Nendza et al., 2010). The IGC50, LC50FM, and
LC50DM values were determined in the ranks of 2.327-3.429, 3.469-5.735, and 4.465-6.040,
respectively. In the view of the Tox21 pathway, the D1 would be toxic at a moderate level for NR-ER
(0.350) and a high level toxic for SR-HSE (0.719), fortunately, there would be no toxic effect for the
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others. The D2 could display a harmful effect in terms of the NR-ER-LBD (0.479) only. The D3 (0.628)
and D4 (0.531) would be harmful to SR-HSE at a medium size. On the other hand, the D5 would be
adverse at a high level to SR-HSE (0.739) and might be toxic for NR-ER-LBD (0.352) at medium size.
From the results gathered in this study, we hope this work will underline the importance of toxicity
assessment in future research and development efforts, facilitating the creation of safer, more
efficacious therapeutic agents and contributing to the mitigation of potential risks to both human
health and the environment.

Table 4. Toxicity Values

D1 D2 D3 D4 D5

Medicinal

hERG Blockers 0.007 0.020 0.066 0.016 0.014
H-HT 0.868 0.895 0.839 0.898 0.873
DiLl 0.244 0.056 0.031 0.027 0.059
AMES Tox. 0.006 0.049 0.003 0.044 0.008
Rat Oral Acute Tox. 0.028 0.038 0.018 0.019 0.017
FDAMDD 0.027 0.053 0.208 0.226 0.049
Skin Sens. 0.817 0.520 0.433 0.926 0.921
Carcinogencity 0.327 0.422 0.752 0.107 0.237
Eye Corrosion 0.892 0.910 0.017 0.849 0.700
Eye Irritation 0.988 0.989 0.317 0.981 0.959
Respiratory Tox. 0.218 0.920 0.145 0.147 0.303
Environmental

BCF 0.390 0.998 0.191 2.677 0.828
IGCso 2.811 2.743 2.327 3.429 2.871
LCsoFM 3.554 4.073 3.469 5.735 4.195
LCsoDM 4.465 5.395 5.331 6.040 5.671
Tox21 Pathway

NR-AR 0.010 0.014 0.009 0.004 0.008
NR-AR-LBD 0.004 0.005 0.003 0.003 0.005
NR-AhR 0.009 0.005 0.019 0.025 0.006
NR-Aromatase 0.006 0.011 0.004 0.009 0.011
NR-ER 0.350 0.077 0.095 0.061 0.078
NR-ER-LBD 0.143 0.479 0.010 0.010 0.352
NR-PPAR-gamma 0.005 0.011 0.003 0.003 0.006
SR-ARE 0.243 0.069 0.028 0.225 0.181
SR-ATADS 0.005 0.006 0.005 0.006 0.009
SR-HSE 0.719 0.189 0.628 0.531 0.739
SR-MMP 0.024 0.013 0.016 0.033 0.010
SR-p53 0.011 0.050 0.007 0.034 0.020

*The abbreviations are defined as: Tox, Toxicity; sens, Sensitization; BCF, the unit of bioconcentration factors,
IGC50, LC50FM, and LC50DM is given in -Log10[(mg/L)/(1000xMW)].

FMO (Frontier Molecular Orbital) Analysis and MEP (Molecular Electrostatic Potential)

For a long time, the FMO analysis and MEP graphs are powerful theoretical tools used in the field of
computational chemistry to study the electronic structure and reactivity of molecules (Erdogan 2021;
Hsissou et al., 2021; Serin 2023; Serin 2022; Serin et al., 2022;), providing insights into their chemical
properties and interactions.

From Table 5, the order of the H (-I) and L (-A) (eV) of the compounds was calculated as D3 (-5.715)>
D4 (-6.381)> D5 (-6.524)> D1 (-6.583)> D2 (-6.731) and D3 (0.634)> D4 (0.338)> D5 (-1.087)> D1 (-
1.213)= D2 (-1.213), respectively. Accordingly, the global reactivity indices obtained from these
values were changed in the following orders.
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AE (L-H) (eV): D4 (6.719)> D3 (6.349)> D2 (5.518)> D5(5.438)> D1 (5.370)
i (eV): D3 (-2.540)> D4 (-3.022)> D5 (-3.806)> D1 (-3.898)> D2 (-3.972)

1 (eV): D4 (3.359)> D3 (3.174)> D2 (2.759)> D5 (2.719)> D2 (2.685)

® (eV): D2 (0.105)> D1 (0.104)> D5 (0.098)> D4 (0.050)> D3 (0.037)

w+ (au): D1 (0.045)= D2 (0.045)> D5 (0.040)> D4 (0.010)> D3 (0.005)

w- (au): D2 (0.191)> D1 (0.188)> D5 (0.180)> D4 (0.121)> D3 (0.099)

ANmax. (eV): D1 (1.452)> D2 (1.440)> D5 (1.400)> D4 (0.899)> D3 (0.800)
AEback (eV): D1 (-0.671)> D5 (-0.680)> D2 (-0.690)> D3 (-0.794)> D4 (-0.840)

From obtained results, the D4 would tend to interact with the external molecular system more than
the intramolecular interactions due to its highest AE value, and vice versa for D1. Considering the p
(eV) values, D2 could be more stable and D3 would be less stable structure. Furthermore, D4 was
predicted the hardest molecule and D2 was found to softer one among the compounds. Concerning
the electrophilicity feature, D2 could be said to present a more electrophilic character and D3 would
have a less electrophilic character. The electrodonating power of all compounds would predominate
on the electroaccepting potency. Moreover, D1 would have a higher charge transfer capability
among the compounds and also it would gain more stability by way of the back donation. From Fig.
3, D1 and D5 would present similar HOMO densities, which were towards the dimethyl terminals of
each molecule, whereas their LUMO would expand towards terminals -COO. For D2, the HOMO
would be expanded over the surface except for the methyl group that was neighbor to the -CN group
whereas the LUMO density would be distributed towards the half part where the -CN group
substituted. The HOMO for D3 could be localized over the half part of the molecule toward the -OH
terminal, whereas the LUMO would separate partially towards the -OH terminal and mainly localized
on the remaining part. For D4, the HOMO would also have expanded toward -ONH2, whereas the
LUMO would also distribute mainly over -ONH2 and slightly on the remaining part of the compound.
Also, the surround of the O atom of the -C=0 group for both D1 and D5 was covered by red color
(V<0), which was a marker of the electron-rich region as a function of the electrostatic potential on
the total density surface. The blue color for both D1 and D3 molecules would be appeared on the H
atom of the -OH group, as expected. Moreover, the red color for D2 would be placed around the N
atom of the -CN group. For the D4 molecule, the red color appeared on the central region of the
compound whereas the moderate blue color covered the Hs of the -NH2 group.

Table 5. The Quantum Chemical Reactivity Values

D1 D2 D3 D4 D5
H (-1) (eV) -6.583 -6.731 -5.715 -6.381 -6.524
L (-A) (eV) -1.213 -1.213 0.634 0.338 -1.087
AE (L-H) (eV) 5.370 5.518 6.349 6.719 5.438
W (eV) -3.898 -3.972 -2.540 -3.022 -3.806
n (eV) 2.685 2.759 3.174 3.359 2.719
w (eV) 0.104 0.105 0.037 0.050 0.098
w* (au) 0.045 0.045 0.005 0.010 0.040
w (au) 0.188 0.191 0.099 0.121 0.180
ANmax. (V) 1.452 1.440 0.800 0.899 1.400
AEback. (€V) -0.671 -0.690 -0.794 -0.840 -0.680
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HOMO LUMO MEP

Figure 3. HOMO& LUMO (isoval:0.02), and MEP (isoval:0.0004) Plots

Conclusions

In this study, extensive computational investigations were conducted to assess the ADMT
(absorption, distribution, metabolism, and toxicity) properties of the -diene derivatives. After
optimizing and confirming the structures, various properties such as lipophilicity, water solubility,
drug-likeness, and bioavailability were evaluated. Additionally, the potential toxicity from medicinal
and environmental perspectives was considered. Structural factors influencing these properties were
determined through FMO and MEP analyses as well as the global reactivity parameters. From FMO
analyses, D4 was determined to have the highest AE value and thereby it would prefer to interact
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with the external molecular systems more than the others. Furthermore, D1 would have a higher
charge transfer capability among the compounds and also it would gain more stability by way of the
back donation. The compounds exhibited promising structures concerning Caco-2 Pe, MDCK Pe, Pgp-
inh, Pgp-subs, and HIA. All compounds showed low or no toxicity in hERG Blockers, DILI, AMES, Rat
Oral Acute, and FDAMDD assessments. However, they exhibited potential toxicity based on the H-HT
scores, with higher toxicity index values ranging from 0.839 to 0.898. Eye irritation was expected for
all compounds except D3, while D1, D2, and D4 had a higher likelihood of causing eye corrosion. D1,
D4, and D5 showed adverse effects on skin sensitivity. Carcinogenicity indices indicated varying levels
of toxicity. Some compounds had high respiratory toxicity, while others had low or moderate toxic
effects. In terms of environmental impact, all compounds had BCF scores below the threshold value.
In the Tox21 pathway, some compounds exhibited moderate to high toxicity for specific targets,
while others had no toxic effects. Obtained results of this investigation will be hoped to provide
valuable insights into the relationship between ADME, toxicity, and electronic structure in the
exploration, development, and improvement of future drug agents.
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Abstract

The construction sector has an important role in solving of energy shortage and global warming problems.
Therefore, innovative studies focused on building materials are among the priority topics. Foam concrete is
one of them. However, foam concrete needs to be improved through the components of the final product in
terms of efficieny and sustainability. In this study, it has thought that it could be improve the thermal
performaces of foam concretes due to blended cement used bentonite with high thermal performance. On the
other hand, thanks to the use of blended cements, reduction in CO, emissions and more economical cement
production would be achieved. The aim of the study is to examining physical, mechanical and thermal
properties of foam mortars used bentonite as supplementary cementitious material (SCM). For this aim, it is
carried out tests on foam mortars produced with blended cements at replacement ratios determined as 0, 5,
10, 15 wt.% of Portland cement. The results were discussed comparatively among produced series. According
to the obtained experimental data, the strength and thermal properties of foam mortars could be developed
due to blended cements produced with bentonite additive up to 15% replacement ratio.

Keywords: bentonite, supplementary cementitious material, foam mortar, thermal property

Cimento Katki Malzemesi olarak Bentonit Kullanilan Képiik

Harglarin Termal Ozellikleri
0z

insaat sektérii, enerji kisithgi ve kiiresel 1sinma problemlerinin ¢6ziimiinde &nemli bir role sahiptir. Bu nedenle,
yapl malzemelerine odakh yenilik¢i calismalar oncelikli konular arasinda yer almaktadir. Képik beton
bunlardan biridir. Ancak, kopiik beton verimlilik ve strdirulebilirlik agisindan nihai Grlin bilesenleri araciligiyla
iyilestiriimesi gerekmektedir. Bu calismada, 1sil performansi yliksek bentonit katkili ¢cimento kullaniimasinin
koplk betonlarin 1sil performanslarinin iyilestirebilecegi dustinilmistir. Diger taraftan, katkih cimento
kullanimi sayesinde CO, emisyonlarinda azalma ve daha ekonomik c¢imento Uretimi saglanabilecektir. Bu
¢alismanin amaci, ¢imento katki malzemesi (CKM) olarak bentonit kullanilan képlik harglarin fiziksel, mekanik
ve 1sil dzelliklerinin incelenmesidir. Bu amagla, Portland ¢imentosunun agirlik¢a 0, 5, 10, 15 olarak belirlenen
ikame oranlarinda katkili ¢imentolarla Uretilen képik harglar Gzerinde testler yapilmistir. Sonuglar deney
serileri arasinda karsilastirmali olarak tartigildi. Elde edilen deneysel verilere gére %15' e kadar bentonit katkisi
ile Uretilen katkili cimentolar sayesinde koplik harglarin dayanim ve isil 6zellikleri gelistirilebilmektedir.

Anahtar Kelimeler: bentonit, cimento katki malzemesi, kopuk harg, termal 6zellik
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Introduction

The energy consumed during the construction and operation of buildings corresponds to 36% of the
global energy consumption. (Santamouris et al., 2021). Moreover, according to the 2020 report of
the United Nations Environment Program, the building and construction sector is responsible from
39% of the processes related to CO, emissions in 2018. (United Nations Environment Programme,
2020). As seen from these numerical values, these sectors have primary responsibilities in solving
problems such as high energy consumption and greenhouse gas emissions. Also, world population
prospect reports predict that the world population may increase by up to 11 billion people by 2050
(United Nations, 2019). And, it is expected that energy and global warming problems will increase
gradually due to the overpopulation increase. Energy commonly used in buildings is heat energy (Li
et al., 2020). Therefore, studies on heat storage and thermal insulation of building materials have
become widespread. Foam concrete is a suitable material for these studies. Foam concrete are in the
light-weight concrete class. Air voids are trapped inside of mixture by using foaming agent during the
production of foam concrete (Chica & Alzate, 2019). So, thermal insulation ability of foam concretes
improves due to low density and an increasing in the porous structure occur with obtained air voids.
Foam concretes could be produced at different density ranges depending on foam content in design
(300-1600 kg/m®). The usage areas of foam concrete is determined by density ranges. Low density
prefers for insulation applications. (Gambhir, 2011). Also, foam concretes have positive properties
such as low consumption of aggregate, satisfying compressive strength, high freeze-thawing, fire
resistance, thermal insulation and heat storage capacity (Gencel et al., 2021; Gencel et al., 2022;
Jitchaiyaphum et al., 2013; Raj et al., 2019; Raj et al., 2020; Xie et al., 2019; Zhao et al., 2015). On the
other hand, cement is produced with overintense energy consumption. And, production processes of
its have undesired CO, emissions. The use of mineral additive in cement production is one of the
solution keys to these issues. Thus, strength and durability of building materials produced with
blended cement also improves. (Bayraktar et al., 2021; Gong et al., 2019; Krishna et al., 2021; Yang et
al., 2020). Calcined bentonite is a mineral additive that has pozzolanic activity (Khandelwal et al.,
2022; Liu et al., 2020; Maske et al., 2021). Also, it is a good heat storage materials (Gencel et al.,
2022; Sari & Alkan, 2014). The heat energy storage studies on building materials increases gradually
due to being a simplistic and effective method. The main aim of the heat storage method is to be
storing by transfer on the material of the extreme and unusable heat in the medium. And the later,
the stored heat is given back to the medium as heat needed (Hassan et al., 2022). This method is
used as passive heating applications in the energy efficient building designs such as optimization of
indoor air comfort conditions or suplementary heat to HVAC systems (Dincer & Rosen, 2010). In the
technical literature, there are many studies on thermal insulation of foam concrete with or without
mineral additives such as in the author's previous work (Akgiin, 2022; Gencel et al., 2022; Jhatial et
al., 2020; Liu et al., 2021) But, the studies on the heat storage capacity of foam concrete are limited
(Chen et al., 2023; Huang et al., 2017; Sari, 2016).

This study aims determining physical, mechanical and thermal properties, obtaining data, increasing
using efficiency, reducing costs and CO, emissions in terms of foam concretes productions. For these
aims, the replacement ratios of bentonite for blended cement production were determined as 0, 5,
10 and 15 wt.% of cement weight. The plates and standard cubic foam mortar samples were
produced with bentonite blended cements. And, it is carried out density, water absoption, pozzolanic
activity, compressive strength, macrostructure investigations, heat storage and insulation tests on
produced samples. Some of the results of the author's previous study (Akgiin, 2022) were used in
present study for the aim of comparison of thermal properties.

Materials and Methods

In the mixture, it was used CEM | 42.5 R type of Portland Cement (PC) in accordance with EN 197-1
(CEN, 2012). The some properties of PC are shown in Table 1. Bentonite (B) was used as
supplementary cementitious material (SCM) replaced with Portland cement (PC). Bentonite was
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provided from Ordu/Fatsa region of Tirkiye. Bentonite is a natural pozzolan in the volcanic tuff
character. Bentonite is referred as Micronize MCIAGA-MO06 in market. Grit content at 200 pm sieve
size of its is maximum 1%. And, the chemical formula of bentonite is NaCaAIMgg(Si,O4p) 6n.H,0. Itis a
clay mineral. It swells when meets wet. But if it is calcined at appropriate temperature. It does not
swell and also occurs pozzolanic activity. So, in the study, bentonite was used by calcined at 900°C.
Therefore, it was also determined strength activity index (SAl) that uses to measure the pozzolanic
activity of a cementitious material for bentonite. If this index value exceeds 75% value at 28-days, the
pozzolan is considered as active according to ASTM C618-22 (ASTM Standard, 2023). Also, the sum of
the silica, aluminum and iron oxide chemical contents of bentonite is 84.2% (conformity criteria
required for pozzolanic activity is >75%). The properties of bentonite are given in Table 2. In the
production of foam mortars, CEN Standard sand in accordance with EN 196-1 (CEN, 2016) was used.
It was used foaming agent that is obtained by the hydrolysis of animal proteins in protein-based and
liguid form. The foam component obtained by the foaming agent does not react with other
components in the mixture. It only allows the formation of bubbles in which air is stored. The density
of foaming agent is 1.09 + 0.01 g/cm3. The water used at mixtures does not contain organic
substances, harmful minerals or salts. The plates at dimensions of 20x60x150mm for thermal
performance tests and standard cubes at 150x150x150mm dimensions for strength tests were used.
The compressive strengths of standard cube samples were determined by uniaxial compression test.
A view from the production stages of the test series is given in Figure 1. The label information of test
series is given in Table 3. Mix design of foam mortar for 1 m?® is given in Table 4. The production
samples were in accordance with EN 196-1. The spread and mini-slump of produced foam mortar are
in the ranges of 140-150mm and 20-25mm, respectively. The foam mortar samples were in molds for
2 days at 23+2°C. After they were taken out of their molds, they were kept in air for 1 day, in water
for 4 days and finally in air for 21 days. Samples were 28 days age at the time of the experiment.

Macro structure investigations on the samples were carried out with ground forms of hardened foam
mortars. A view from the SEM examinations of the foamed mortars in ground form is given in Figure
2. The macrostructure photos of foam mortar samples was determined by Scanning Electron
Microscopy (SEM) in The Central Research Laboratory of Ordu University. The heat storage and
insulation poperties tests were carried out in the Laboratory of Dicle University. The thermal
properties tests carried out according to EN 1SO 8990 (CEN, 1989) and EN ISO 6946 (CEN, 2017). The
device used the hot-wire method according to DIN 5104628 (DIN, 1976) and EN 993-15 (CEN, 2006).
Thermal properties examined in the study are thermal conductivity (A), specific heat (c,), thermal
diffusion (a) and volumetric specific heat capacity (C). These were measured from tests carried out
on foam mortar plates. Lower thermal conductivit means better insulation. Lower thermal diffusivity
means better sorption of heat energy. The higher specific heat and volumetric specific heat capacity
indicate the better heat storage ability of material (Incropera et al., 2007).

Table 1. The Properties of Portland Cement

Physical and Mechanical Chemical Components Mass (%)
Density (g/cm3) 3.11 Si02 19.68
Initial Setting (min.) 162 Al203 5.37
Final Setting (min.) 268 Fe203 3.36
Volume Expansion (mm) 1.00 Ca0o 62.57
Blaine (cm2/g) 3313 MgO 0.96
Strength of 7 days, MPa 41.30 S03 2.70
Strength of 28 days, MPa 48.70 LOI 4.14
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Table 2. The Properties of Bentonite
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Contents Sio, Ca0O MgO Na,0O K0 LOI Density (g/cm”)
Mass (%) 67.5 2.3 3.8 1.0 1.1 7.4 2.58
Table 3. The Label Information of Test Series
Replacement ratios (%) 5 10 15
Labels of Test Series EMB5S FMB10 EMB15
Table 4. Mix Design of Foam Mortars for 1m3
Materials (kg/m3) FMBO FMB5 FMB10 FMB15
Portland Cement 500 475 450 425
Bentonite 0 25 50 75
CEN Sand 500 500 500 500
Foaming Agent 4 4 4 4
Water (for mix) 200 200 200 200
120 120 120

Figure 2. A View from the SEM Examinations of Foam Mortars in Ground Form
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Results and Discussions

In the study, bentonite that has pozzolanic activity and thermal performance was used as
supplementary cementitious material (SCM) in foam mortar mixtures for building applications. SEM
images of some test samples are shown in Figures 3-4. In macrostructure photos of samples
determined by Scanning Electron Microscopy (SEM), closed pores could be clearly seen from samples
with bentonite as opposed to foam mortar samples without bentonite. Saturated and dry densities,
water absorption, compressive strength, strength activity index (for pozzolanic activity) and thermal
properties of samples are given in Tables 5-6 and in Figures 5-7. The densities of foam mortar
samples decreased with the increase of replacement ratios. Because density of Portland cement is
higher as 20.54% than that of bentonite. The compressive strengths of FMB5, FMB10 and FMB15
series were lower than that of the FMBO series. The lowest compressive strength of foam mortar
samples is 1.94 MPa. This value complies (>1.5 MPa) with TS EN 13655 (TSI, 2015). But, it is thought
that the later ages strengths of samples with bentonite additive will show an upward tendency. This
situation could be attributed to expectation that bentonite will be form additional bindings by
reacting with the Ca(OH), occured in later ages (Liu et al., 2020; Khandelwal et al., 2022; Trumer et
al.,, 2019; Kaya &Yazicioglu, 2015). Strength activity indexes of all foam mortars are from 94.22 to
86.22% at 28 days age. The SAl above 75% is refered to the presence of the pozzolanic reaction.
According to seen, the strength activity index results conform to the ASTM Standard C618. The water
absorption phenomenon is closely related to capillar porosity. If the capillar porosity increase, water
absorption increases. Thus, the compressive strength decreases. The finely ground pozzolans occur
also a filler effect in foam mortar. The capillar porosities and sum of pore volumes of foam mortars
with bentonite blended cements are less than those of foam mortars with Portland cements
(Jitchaiyaphum et al., 2013). The thermal conductivity of series with bentonite (FMB15) were 22.76%
lower than that of series with PC (FMBO). This decreasing could be referred with low density of
bentonite. As seen, thermal insulation improved with bentonite mineral additive. The heat storage
properties (cp and C) in a dry state of samples increased with the increase of bentonite content. The
cp and C values of FMB15 series were 20.51% and 11.76% higher than those of FMBO series,
respectively. These increasing values refers better heat storage capacity. The thermal diffusivity
values decreased up to 30.79% with the increasing of bentonite content. This decreasing tendency of
thermal diffusivity means better sorption of heat energy.

Figure 3. The Pore Surface of FMBO Figure 4. The Pore Surface of FMB15

197



Ordu Universitesi Bilim ve Teknoloji Dergisi | Ordu University Journal of Science and Technology 2022, 13(2), 193-202

Table 5. Density, Water Absorption, Strength and SAI Values of Samples

3 3 Water * SAl
Foam Mortars  psturatea+ (k8/M7)  Prurs (kg/m7) Absorption (%) Strength (MPa) (%)
FMBO 551.12 470.24 38.57 2.25 100.00
FMB5 538.28 463.18 36.45 2.12 94.22
FMB10 529.11 457.52 37.83 1.98 88.00
FMB15 514.39 436.71 39.01 1.94 86.22
*the author’s previous study (Akgin, 2022
Table 6. Heat Storage and Thermal Insulation Capacities in a Dry State of Samples
Mortars Pruru cplo'6 c.10° Adry .10° Temperature
kg/m> J/kg.K J/m>K W/mK m*/s °C
FMBO 470.24 903.21 0.425 0.145 0.341 23.73
FMB5 463.18 1012.64 0.469 0.121 0.258 25.45
FMB10 457.52 1032.82 0.473 0.114 0.241 23.52
FMB15 436.71 1088.43 0.475 0.112 0.236 24.97
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Figure 5. Dry Density and Compressive Strength of Foam Mortars
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Figure 6. Dry Density and Thermal Conductivity of Foam Mortars (Akglin, 2022)
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Figure 7. Dry Density and Specific Heat of Foam Mortars

Conclusions and Recommendations
Based on obtained data from tests some results are given:

The compressive strengths of foam mortars produced with blended cements used bentonite as SCM
decreased with the increase of replacement ratios of bentonite. But these decreases are at
acceptable level up to 15%.

The heat storage capacities and thermal insulation ability of foam mortars produced with bentonite
blended cements were improved.

According to the investigations in this study in terms of heat storage capacity, thermal insulation
ability and satisfactory strength values, the foam mortars produced with bentonite blended cements
could be used with up to 15% replacement ratio in buildings with a holistic design approach such as
energy saving, economic and environment friendly.

In future studies, it should be investigated durability and later age strengths on foam concretes
produced with different bentonite types.
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Abstract

In this article, the time-fractional Clannish Random Walker's parabolic equation solutions of the traveling
wave, a nonlinear partial differential equation, are analyzed using the Modified Exponential Function Model
(MEFM) and the General Kudryashov Model (GKM). The solution functions of the mathematical model were
obtained by a mathematical programme using two effective methods. The program was used to draw 2D and
3D contours that simulate the behaviour of this nonlinear mathematical model under appropriate parameters.

Keywords: the time fractional Clannish Random Walker’s parabolic equation, modified exponential function
method, generalized Kudryashov method

Zaman Kesirli Matematiksel Modelin Etkili Tekniklerle Co6ziimii
0z
Bu makalede, dogrusal olmayan bir kismi diferansiyel denklem olan Zaman Kesirli Clannish Random Walker'in
Parabolik Denklemi hareketli dalga ¢éziimleri, Gelistirilmis Ustel Fonksiyon Metodu (GUFM) ve Genellestirilmis
Kudryashov Metodu (GKM) kullanilarak analiz edilmektedir. Bu sekilde, matematiksel modelin ¢6ziim
fonksiyonlari, iki etkili yontem yardimiyla matematiksel bir program araciligiyla elde edilmistir. Dogrusal

olmayan bu matematiksel modelin davranisini simile eden iki boyutlu, ¢ boyutlu kontur grafikleri program
yardimiyla uygun parametreler altinda gizilmistir.

Anahtar Kelimeler: zaman kesirli Clannish Random Walker'in parabolik denklemi, gelistirilmis tstel fonksiyon
metodu, genellestirilmis Kudryashov metodu
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Introduction

Nonlinear partial differential equations (NPDEs) serve as mathematical models that find applications
in various fields of engineering and healthcare. For instance, they have been employed in electronic
engineering to describe phenomena such as the tension in water pipes (Ergiin & Amirov, 2022; Ergun
2020a; Ergun, 2020b) and in healthcare to model the progression of events like the Covid-19
pandemic. These examples demonstrate the wide-ranging utility of these nonlinear mathematical
models in explaining phenomena across different aspects of life. As a result, researchers have
developed various methods and techniques to obtain solutions for these critical equation models.
Some of these methods include the Bernoulli sub-equation method (Baskonus et al., 2015; Zheng,
2014; Zhou, 2014), the G'/G method (Ebadi & Biswas, 2011; Kudryashov, 2010; Zayed & Gepreel,
2009), the (m+1/G')-Expansion method (Bulut et al., 2021), the sine-Gordon method (Akbar et al.,
2021; Yel et al.,, 2017), and the extended trial equation method (Ekici et al., 2017a; Ekici et al.,
2017b). One such mathematical model worth noting is the time-fractional Clannish Random Walker's
Parabolic (CRWP) equation, which exhibits particular behaviors and characteristics (Siddique et al.,
2022).

D/u+su +quu, +ru, =0. (1)

[, the beta derivative order of the above mathematical model, is in the range f € (O,l].

The article follows the following template from this section onwards: In the subsequent section
following the introduction, we delve into the definition and properties of the fractional derivative
within the mathematical model under investigation. Following this, we provide a comprehensive
exposition of the Modified Exponential Function Method (MEFM) and the Generalized Kudryashov
Method (GKM), both of which will be employed to derive the traveling wave solutions for the
nonlinear mathematical model. The solution functions of the nonlinear fractional mathematical
model are subsequently acquired by applying these methods, and the concluding section
consolidates all the results and commentary presented within this article.

Analysis of Beta Derivative

Definition: The definition of the beta derivative is given below (Ghanbari, 2019),

flx+e x+i N - f(x)
D7 { f (x)}=lim ( r(ﬂ)} , Be(01]. (2)

-0 <

The most important factor in choosing the mathematical model that is the subject of this article is
the ability to use the properties of the beta derivative rule. Accordingly, the properties of the beta
derivative are as follows:

i) D/ {ag(x)+bh(x)}=aD}{ g(x)}+bD/

{
0 0/ {o(x)n(0}=h(x)D! {g(x)}+3(x)D

h(x)},va,beR. (3)

(
{h(x)}. @

i)

(5)
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Method

The Modified Exponential Function Method: Analyzing Its Processing Steps for Effective Application

In this section, we will provide information about the Modified Exponential Function Method
(MEFM). We will discuss both the solution function of the mathematical model investigated in this
study and the general form of the nonlinear partial differential equation based on the derivatives of
this function. Here they are: Solution function of the mathematical model investigated in this study.
General form of the nonlinear partial differential equation derived from the derivatives of this
function.

P(u,Dfu,ux,u uux,---)=0. (6)

XX !

We introduce the following travelling transform based on the beta derivative variables in the
nonlinear mathematical model to simplify the nonlinear partial differential equation shown in the
figure above, which has multiple derivative variables, into a single variable.

U(x,t)=U(§),§=x—;[t+r[1ﬂ]]- )

The derivative terms required in equation (6) are obtained from the traveling wave transform in
equation (7) and then substituted to derive the general form of the following nonlinear ordinary
differential equation,

N(U,U*U’U",)=0. (8)
The assumed solution function that is expected to yield the nonlinear mathematical model discussed
in the paper is as follows:
. A e 967
U(g)_jzz(‘; il ] _A+Ae Y+ L+ AT )
iB- [e 7O B,+Be’+...+Be™’
i=0

where A;j,B;,(0<j<n,0<i<m) are any constants. The derivative terms required in equation (8)

are obtained and substituted in equation (9). However, while obtaining these derivative terms, the
derivatives of the 4 function in the powers of the exponential functions in equation (8) are needed.
Therefore, the following equation is used,

' -3 9
d(&)=e () +ue () +A. (10)
Equation (10) is integrated according to & . In this order, the following states are obtained according
to the values of A and u in the equation (He, 2006):

Family 1: ¢+ 0 and 22 -4, >0,

HE) = |n(_\"1;/:4“ tanh(\"122_4“ &+ E))—%). (11)

Family 2: ¢##0 and 22 -44<o0,

(&) = In( V‘é; 4K tan( VA 2+ au (& +E)) —i). (12)
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Family3: £=0, A#0 and 22 _4, >0,

A
‘9(5) = _In(eg(‘erE) _1) (13)
Family4: 4 #0, A#0 and 22 -44=0,
_ _2/1(§+E)+4 14
(&) = In( “XGErE) ). (14)
Family5: =0, A=0and 22—4, =0,
9(&) =In(S+E), (15)

where E, A, u are coefficients.

According to the conditions obtained above, the & in powers of exponential functions are found in
the solution function considered as assumption (8). Another crucial step is to define the boundaries
of the solution function. This is accomplished by establishing a relationship between the boundary
terms, which involves balancing the highest order derivative term and the highest order nonlinear
term within the nonlinear ordinary differential equation. Subsequently, arbitrary values are assigned
to these parameters to delineate the boundaries of the solution function (Equation 8). Following this,
the solution function is conjectured, and the requisite derivative terms within the nonlinear ordinary
differential equation are then substituted. When this equation is arranged in terms of powers of

eg(g) , a system of algebraic equations is obtained. Following this procedure, we ascertain the
coefficients associated with the solution function (8). Ultimately, we verify that the solution function,
resulting from all these operations, satisfies the nonlinear ordinary differential equation (NODE) first,
and subsequently, the nonlinear partial differential equation. We also generate graphical
representations of the solution function with the assistance of specialized software.

Analyzing the Generalized Kudryashov Method for Solving Nonlinear Differential Equations

In this article, we will conduct a detailed analysis of the Generalized Kudryashov Method (GKM),
which is another approach for obtaining solution functions of nonlinear mathematical models. To a
certain extent, the procedures of these methods share similarities. Similar to the previously
described method, the general form of the nonlinear partial differential equation under investigation
in this paper is as follows:

P(u,Dfu,ux,u uux,---)=0. (16)

XX !

In order to simplify the solution of this nonlinear partial differential equation (NPDE), we employ the
following traveling wave transform to reduce the number of derivative variables to a single variable:

c 1
Uixt)=Ul(S&),E=x——|t+——= 1. 17
(xt)=u(¢) A\ A (17)

By applying the nonlinear mathematical model to this traveling wave transformation, the general
form of the univariate nonlinear ordinary differential equation depending on ¢ is obtained,

N(U,U%U"U",)=0. (18)
In this method, similar to the previously described approach, we assume the solution function, which

is expected to satisfy both the nonlinear ordinary differential equation (NODE) and the nonlinear
partial differential equation (NPDE), as follows:
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n o j
U(g)zg J[Q] :a0+a1Q+a2Q2+"'+anQn (19)
Spio  BrBQEBQTHB,Q"

where aj,bi,(OS J <n, Oﬁiﬁm) are any constants. Using the solution function (19), the

derivative terms required in the nonlinear ordinary differential equation are arranged. In the
meantime, the derivatives of the Q function also appear. Therefore, this term, which is one of the
components of the solution function, is treated as follows (Kaplan, 2021):

Q'=Q"-Q. (20)

After determining the Q in the solution function, we start the process of bounding the solution
function. It does so through the application of the balancing principle in the context of nonlinear
ordinary differential equation. This principle involves balancing the term that contains the derivative
of the highest order and the term of the highest order within the equation. Through the assignment
of appropriate values to these parameters, we determine the bounds of the solution function. The
nonlinear ordinary differential equation is then solved by substituting the solution function and its
derivatives. This equation is organized according to the powers of Q, and a system of algebraic
equations consisting of the coefficients in the solution function is obtained. The coefficients obtained
from the solution of this system are then applied to the solution function. A subsequent process of
verification is carried out to ensure that this solution function satisfies first the nonlinear ordinary
differential equation (NODE) and then the nonlinear partial differential equation (NPDE). In addition,
graphical representations illustrating the behaviour of the NPDE are generated using the program.

Application

Solutions of Nonlinear Mathematical Model with Modified Exponential Function Method (MEFM)

In this part of the paper, to obtain the solution functions of the time-fractional clannish random
walker parabolic equation and to determine the graphs according to the appropriate parameters, the
modified exponential function method introduced in detail above is used. First, the following
nonlinear ordinary differential equation model of equation (1) is obtained when the derivative terms
in the nonlinear mathematical model (1) are obtained from equation (7) and replaced:

2(s—c)U +quU?+2ru’=0. (21)

By balancing the highest order derivative term U % and the highest order nonlinear term U’ in
equation (21), the following relation is obtained.

2n—-2m=n-m+l=n=m+1 (22)

By means of relation (22), the boundaries of the solution function assumed to satisfy the nonlinear
partial differential equation will be determined. In this process, N =2 is obtained for m =1, taking
into account the technological possibilities studied. Then, the model accepted as the solution
function is obtained as follows:

U = A+Ae " +Ae .

B, +Be™’

(23)
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In equation (21), all necessary function models are obtained from equation (22) and substituted. The

resulting equation is then organized according to e’ to obtain the algebraic system of equations
consisting of coefficients.

Case 1.

A =0A = (/1 Ji -4 )AZB ~0,B = qu c=s—r2*—apu. (24)

The preferred coefficients for this case are substituted in equation (23). Then, the selected cases of
the @ function under the following conditions are substituted into the solution function and the
mathematical model that satisfies the nonlinear partial differential equation is obtained.

Family 1: ¢z#0 and 22 -4, >0

r(ﬂ(—ﬁ+\/m>+4ﬂ)[—1+tanhﬁM(E”LSZ)D

U1,1(X!t): , (25)

q(“mtanh[;m(m)ﬂ

where §—X—C(t+1J
' s\ rs])

Figure 1. Display of Effective Graphs Showing the Behavior of Equation (25) as a Function of the
Parameters A1=3,u=1, A2 =05,0=0.1r=0.255=0.32, Ao =0, A1 =0.190983, B0 =0, B1 =0.1,c=-0.239017,4 =05,E =0.75,t =1.

Family 2:If, =0 and 2> -4 <0
r(ﬂz INAZ = ap - 4,u+(./ (12 YN 22+4than[ ]j
U, (xt)= ,
12(%) ( — -2 +4utan[w )

(26)
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where, a)=% —/12+4,u(E+§).

Figure 2. Display of Effective Graphs Showing the Behavior of Equation (26) as a Function of the
ParametersA=1u=3, A2 =050=01r=0255=032, A0 = O,A1 =0.25-0.829156i, B0 =0, B1 =0.1,c = 0.32-0.829156i,
L=05E=075t=1

Family3: =0, A#0and 22—44>0

r(—\//i_z+ﬂcoth[;ﬂ(E+§)D.

q

U (xt)= (27)
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Yo L]

"

Figure 3. Display of Effective Graphs Showing the Behavior of Equation (27) as a Function of the
Parameters A=1u=0, A2 =050=0Lr=025s= 0.32,A0 = O,A1 =0, B0 =0, B1 =01c=007,=05E=075t=1

Family 4: When, ##0 120 and A~ —4x#=0

U, (xt)= (28)

q

Figure 4. Display of Effective Graphs Showing the Behavior of Equation (28) as a Function of the
Parameters A1=2,u=1 A2 =05,g=0.1r=0.25s= 0.32,A0 = O,A1 =0.5, B[J =0, B1 =01c=032,4=05E=075t=1
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Family5: =0, A=0and 42—4,=0

Ups(x,t)= (E+§) (29)

Figure 5. Display of Effective Graphs Showing the Behavior of Equation (29) as a Function of the
Parameters 1=0,u4=0, A2 =05,0=01r=025s= 0.32,A0 = O.A1 = O,B0 = O,B1 =0.1c=032,4=05E=075t=1

Case 2.

A =0A = (,1+,/,12 4u)AZB 0|3l—qA2 C=s+rA —4y. (30)

The processes of obtaining the solution functions of the nonlinear mathematical model according to
the second of the coefficient states get by solving the algebraic equation system are as follows.

Family 1: 220 and 22 —4,>0

r(g(ﬂ,+M)—4y)(l+tanhBM(EMS)D

U, (x,t)= , (31)

q(mmtanh[;m(w)}]

where f;‘—x—E t+i
’ sl Tls])
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Figure 6. Display of Effective Graphs Showing the Behavior of Equation (31) as a Function of the
Parameters A=3u=1 A2 =05,0=0.1r=0.25s = 0.32,A0 = O,A1 =1.30902, B0 =0, B1 =0.1,c=0.879017,5 = 0.5,
E=0.75t=1.

Family 2: ¢z#0 and 22 -4, <0

r[}t(/1+\/m>—4,u—(,/—(lz—4y)2+A —12+4,ujtan[a)]j
q(l—\/mtan[w]) |

U,,(xt)= (32)

where, coz%«/—ﬂz +4,u(E+§).
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RN

Figure 7. Display of Effective Graphs Showing the Behavior of Equation (32) as a Function of the
Parameters A=1u=3, A2 =050=01r=0255=032 A0 =0, A1 =0.25+0.829156i, B0 =0, B1 =0.1,¢ = 0.32 +0.829156i,
B=05E=075t=1

Family3: =0, A#0and 22—44>0

r(ﬁmom[;z(Ew)D

U, (x.t)= ]

(33)
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Figure 8. Display of Effective Graphs Showing the Behavior of Equation (33) as a Function of the
Parameters 1=1u=0, A2 =050=04r=025s= 0.32,AO = 0,A1 =05, B0 =0, B1 =0.1c=057,=05E=075t=1

Family4: =0, A#0and 42 -4, =0,

U, (%t)= ; . (34)

Figure 9. Display of Effective Graphs Showing the Behavior of Equation (34) as a Function of the
Parameters A=2,u=1 A2 =050=0L4r=025s= 0.32,AO = O,A1 =05, BO =0, B1 =01c=032,4=05E=075t=1

Family5: =0, A=0and 4244 =0,
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2r

__ (35)
q(E+¢)

U, (x1)

Figure 10. Display of Effective Graphs Showing the Behavior of Equation (35) as a Function of the
Parameters 1=0,u=0, AZ =059=0Lr=025s= 0.32,A0 = O,A1 =0, BO =0, B1 =01c=032,4=05E=075t=1

Analysis of Wave Solutions of Mathematical Model with the Generalized Kudryashov Method
(GKM)

In this part of the article, the steps of the GKM, which is the second method in the article for
obtaining the traveling wave solutions of the the Time Fractional Clannish Random Walker’s
Parabolic Equation will be given. As mentioned earlier, where the two methods used in the paper
diverge is in the difference of the solution functions taken as assumptions. According to this method,
the solution function is as follows.

U=
3 (o) IR

where aj,bi ,(0<J<n,0<i<m) are any constants. Then, the derivative terms required in the

3,[QY
=0 ! = aO +alQ+a2Q2 (36)
1

NODE are get from the solution function accepted as this assumption and written in their place. The
equation found is arranged according to the powers of Q.

Case 1.

—%bl, C=-r+Ss. (37)

The equations to be written in place of Q with the solution of equation (20) are as follows.

(Il ool ioicoml e
Q_(Z 2tanh[zD,Q (2 2coth{zD. (38)
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By using the coefficients obtained above and these equations where Q is equal, the solution
functions of equation (1) are obtained as follows.

r (—1+ tanh {1 (SD
2 (39)

Us, (xt)= ; ,

where §—X—C(t+1J
' sl Tls])

Uy

' ‘ [ "‘/“
/
; ' /

Figure 11. Display of Effective Graphs Showing the Behavior of Equation (39) as a Function of the
Parameters a = 0.24,0=1.22,r =0.75,5 = 0.44,a0 = O,a2 = —0.24,b0 = —0.1952,b1 =0.1952,c =-0.31,4=05E =0.75t =1.

r [—1+ coth [1 §D
2 V| (40)

U,,(x,t)= ]
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Figure 12. Display of Effective Graphs Showing the Behavior of Equation (40) as a Function of the
Parameters a = 0.24,0=122,r=0.75,s = 0.44,610 = O,a2 = —0.24,b0 = —0.1!-)52,b1 =0.1952,c=-0.3,4=05E =075t =1.

Case 2.
a0:4rbo,al=_8rb°,a2=4rb°,b1=_2bo'C=2r+s' (41)
q g a
r(2+coth Bg}tanh B ch
U4,1(X’t) = . (42)

q
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Ugy

Figure 13. Display of Effective Graphs Showing the Behavior of Equation (42) as a Function of the
Parameters a = -2.70492,q0 =1.22,r =0.75,s = 0.44,&10 = 1.35246,aZ = 1.35426,b0 = 0.55,bl =-11c=194,=05E=075t=1

Conclusions

This study used two methods, MEFM and GKM, to obtain solutions to the Time Fractional Clannish
Random Walker's parabolic equation. It has been found that both methods have superior and
inferior aspects when examining the operation of these methods and the resulting solution
functions. The similarity between the two methods is that the solutions are partly periodic. The most
important advantage of using such functions is that the model continues to behave the same at each
interval. The MEFM actually offers more options for varying the solving function. But this method has
its own disadvantage. Because of the family 4 and family 5 constraints in particular, the solution
functions may not appear in some instances. It is also possible to use this method to find solution
functions for a nonlinear mathematical model and to produce diagrams showing how these solution
functions behave. In conclusion, it can be said that both of these methods are effective techniques
for obtaining the solutions of NPDEs that are of both the integer order and the fractional derivative

type.
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Abstract

In this study, the effects of different hazelnut varieties and impeller velocities on energy consumption,
hazelnut cracking efficiency and kernel quality in the centrifugal hazelnut cracking method were examined.
Giresun Quality Tombul, Levant Quality Gakildak and Kara hazelnuts, which are important Turkish hazelnut
varieties, were selected as the study material. A centrifugal type machine, which does not require grading,
crackes with the help of a rotating impeller, and has a crushing capacity of 100 kg per hour, was used as the
experimental device. The study was carried out at 4 different fan rotation speeds: 350, 750, 1100 and 1450
rom. According to the study results, although it is resulted that each hazelnut varieties different behaviors at
different impeller velocities, it can be said that the optimum benefit is achieved at 1100 rpm. The results of the
article emphasize that equipment adjustments and the development of hazelnut variety-specific processing
strategies are important in optimizing cracking and parted rates in the hazelnut processing process. This study
can serve as a basis for studies aimed at contributing to efficiency and quality improvements in the hazelnut
processing industry.

Keywords: hazelnut cracking, energy efficiency, process efficiency, kernel quality

Savurmali Findik Kirma Makinesinde Donme Hizinin Enerji Tiiketimi, Kirma

Verimi ve I¢ Findik Kalitesi Uzerine Etkilerinin Belirlenmesi
0z

Bu calismada, savurmal findik kirma yénteminde farkli findik gesitlerinin ve isleme hizlarinin enerji tiiketimi,
findik kirma verimi ve i¢ kalite Uzerindeki etkileri incelenmistir. Calisma materyali olarak dnemli Tirk findik
cesitleri olan Giresun Kalite Tombul, Levant Kalite Cakildak ve Kara findik segilmistir. Deney diizenegi olarak
boylama gerektirmeyen, dénen fan yardimiyla kirma yapan, saatlik 100 kg kirma kapasitesine sahip savurmali
tip makine kullanilmistir. Calisma 350, 750, 1100 ve 1450 rpm olamk tzere 4 farkli fan dénis hizinda
yaratilmustir. Calisma sonuglarina goére farkli fan doniis hizlarinda her findik cesidinin farkh davranislar
sergiledigi gorilse de optimum faydanin 1100 rpm’de saglandigi sdylenebilir. Makalenin sonuglari, ekipman
ayarlamalarinin ve findik cesitlerine 6zgu isleme stratejilerinin gelistirilmesinin, findik isleme siirecinde ¢atlama
ve pargalanma oranlarinin optimize edilmesinde énemli oldugunu vurgulamaktadir. Bu ¢alisma, findik isleme
sanayinde verimlilik ve kalite iyilestirmelerine katki saglamak amaciyla yapilan g¢alismalara temel teskil
edebilecek ozelliktedir.

Anahtar Kelimeler: findik kirma, enerji verimliligi, proses verimliligi, i¢ findik kalitesi
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Introduction

Hazelnut (Corylus avellana L.) is one of the most popular nuts that can be consumed both natural and
roasted, with an annual production of approximately 1.150.000 tons. Turkey, which produces 62% of
global hazelnut product, is the most important producer, followed by Italy (13%), USA (6%),
Azerbaijan (5%), Chile and Georgia (3%). Hazelnuts are also grown in countries such as Spain, Iran,
Poland and France (FAO, 2020). The 18 types of hazelnuts grown in Turkey are divided into two
according to their quality: Giresun Quality (prime quality) and Levant Quality (second quality). Prime
quality consists of Tombul hazelnuts grown in the Giresun region, while other hazelnuts are classified
as Levant Quality (Alasalvar et al., 2009).

Hazelnut, with its unique taste and crisp texture, is one of the most important nuts, which is used
extensively in the confectionery and bakery industries, especially in chocolate, and can also be
consumed as natural and roasted. In addition to its organoleptic properties, it is also important that
hazelnut has a beneficial nutritional composition for human health (Ghirardello et al., 2016; Moscetti
et al., 2012). It has been reported in many studies that regular hazelnut consumption reduces the risk
of cardiovascular, diabetes, obesity, some cancer types and inflammatory diseases (Amaral et al.
2006; Pelvan et al. 2018; Pycia et al. 2019). In order to reduce the risk of coronary heart disease, the
European Food Safety Authority recommends consuming 32.5 g of nuts containing hazelnuts daily
(European Food Safety Authority, 2011).

The beneficial effects of hazelnut on human health are closely related to its special fatty acid profile,
high content of tocopherol and phytosterol, and being rich in biologically active phytochemicals
(Pelvan et al.,, 2018). Nutrient composition of hazelnut is also highly sensitive to hydrolytic or
oxidative enzymes and degradation of oil by oxidation (Wang et al., 2018). It is very critical to crack
the hazelnuts without damaging the inside of the fruit in order to preserve the nutritional
components of the hazelnut during its shelf life and to reduce the development of undesirable
flavors by fat oxidation.

In order for hazelnuts, which are a hard-shelled fruit, to be consumed as human food, the outer
brown hard shell must be broken and separated from the fruit. Therefore, the hazelnut cracking
process is a vital step in the hazelnut industry, which is the first and must-be implemented process
and directly affects the quality of the hazelnut kernels (Delprete & Sesana, 2014). Hazelnut is a fruit
that is rich in unsaturated fatty acids, especially oleic and linoleic acids. Although this makes
hazelnuts beneficial for health, it also makes them very sensitive to hydrolytic or oxidative enzymes
and oxidative oil degradation (Sun et al., 2022). Due to the special fatty acid composition of
hazelnuts, it is of great importance to minimize the defect called bruising by damaging the fruit tissue
during the cracking process (Akar, 2016). As a result of damage to the fruit tissue as a consequence
of damage, the oil comes out of the tissue and enters into an intense reaction with air oxygen.
Because of the rapid oxidation of unsaturated fatty acids, an increase in the amount of free fatty
acids occurs and then a rancid taste called rancidity occurs. On the other hand, enzymatic
discoloration occurs with the activation of polyphenol oxidase enzymes, especially as a result of
physical damage to the brown membrane surrounding the fruit (Karaosmanoglu, 2023). Therefore, in
order to preserve the sensory quality during the shelf life, it is essential to develop cracking units that
will not damage the fruit during the hazelnut cracking process.

Of course, there is a close relationship between hazelnut cracking and energy consumption. Hazelnut
cracking is generally done by using electrical energy. Therefore, energy is needed to operate the
machines used for the process. Electric motors are used to ensure the operation of hazelnut crackers.
In addition, the energy consumption during the hazelnut cracking process may vary depending on the
capacity of the machines used, the processing volume and the hardness of the shells outside the
hazelnuts. Cracking hazelnuts with thicker shells may require more energy. According to Dursun
(2023), there is a linear relationship between hazelnut shell thickness and cracking force. Cracking
force varies depending on the shell thickness and can reach up to 200 N. The energy consumption of

222



Ordu Universitesi Bilim ve Teknoloji Dergisi | Ordu University Journal of Science and Technology 2023, 13(2), 221-233

the machines used for the hazelnut cracking process depends also on factors such as the processing
efficiency, the level of technology and the characteristics of the hazelnuts. More efficient machines
and energy saving methods can both reduce energy costs and reduce environmental impact (Dursun,
2023).

In Turkey, which is the most important producer country, hazelnut cracking is traditionally carried
out in cracking facilities with stone mills. In this system, hazelnuts are first calibrated according to
their dimensions, and then the distance between the crackers in the stone mill is adjusted and the
cracking process takes place. However, in this system, high and wide structures are needed especially
for classification, which results in very high installation costs. Cracking systems, which have been
developed on a smaller scale in recent years, still need calibration, although they take up less space.
This situation both reduces the cracking capacity and increases the amount of energy consumed. Due
to all these negativities, the development of hazelnut cracking machines that do not need fruit
calibration, have high cracking efficiency and low energy consumption, and do not damage the inside
of the fruit during cracking is of great importance, especially for the expansion of small-scale
processing facilities. In this study, the effects of the cracking process on the energy, cracking
efficiency and hazelnut kernel quality of Giresun Quality Tombul, Levant Quality Cakildak and Kara
varieties using a rorational system hazelnut cracking machine were investigated.

Materials and Methods

Materials

In the study, Tombul (Giresun Quality), Cakildak and Kara (Levant Quality) hazelnut varieties, which
are commercially important Turkish hazelnut varieties, were used. Tombul, Kara and Cakildak
hazelnut samples are respectively Akkoy (Giresun- 40°51'37.73" N, 38°18'59.61" E), Caldag (Giresun-
41°06'02.25" N, 39°15'01.00" E) and from the orchards produced by conventional farming methods
in Yesiltepe (Giresun-40°75'69.53" N, 38°53'16.74" E ) regions. The harvested hazelnuts were
separated from their green husks with a thresher and then left to dry in a concrete blend on a jute
awning (5x5 m) under the sun for 4 days (36 hours) between 09:00 in the morning and 18:00 in the
evening (average temperature 23.6 °C). It was also mixed 5 times every day during the drying period.
After 18:00 in the evening, each awning was gathered in the middle and covered with a nylon cover
to prevent moisture transfer. At the end of the 4th day, the drying process was terminated when the
moisture content of the hazelnuts dropped below 6%. Dried hazelnuts were kept in jute sacks under
ambient conditions until the day of analysis.Before the analysis, nut sizes, weights and shell
thicknesses of the samples were measured according to the methods mentioned in Karaosmanoglu
(2022) (Table 1).

Each experiment was conducted with 100 hazelnuts in 3 repetitions. For every 100 hazelnuts, whole
hazelnut, uncracked, damaged, parted and partially cracked were separated and reported as a
percentage. When determining the amount of damaged hazelnuts, visible damage was taken into
account.

Table 1. Nut and Kernel Dimensions, Weights and Shell Thicknesses of Hazelnut Samples

. Nut length  Nut width  Nut depth Kernel Kgrnel Kernel Nut Kernel §he|l
Cultivar (mm) (mm) (mm) length(mm) width depth weight (g) weight (g) thickness
g (mm) (mm) gntle gntle (mm)

Tombul 18.56+1.22 15.02+1.24 16.58+0.99 14.32+1.09 11.79+1.11 12.73+1.50 1.70+0.23 1.03+0.09 0.95+0.10
Cakildak 19.06+1.02 15.36%+1.11 16.46%1.19 14.01+1.01 11.12#1.01 12.37#1.25 1.57#0.22 0.87%#0.10 0.91+0.09
Kara 18.88+0.89 14.38+0.76 16.04+0.52 14.77+0.77 9.81+0.21 10.62+0.71 1.50+0.12 0.77+0.08 0.99+0.08

All values are presented as mean + standard deviation (n=3).
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Cracking Setup

In the study, a whirlwind type hazelnut cracking machine was used. The hazelnuts are poured from
the upper chamber and broken by hitting the blades of the impeller connected to the end of the
engine. The schematic picture of the machine is shown in Figure 1 below. There is a shaft coupled to
the electric motor and a impeller at the end of the machine. Nuts poured from the feeding chamber
get broken by hitting the rotating impeller blades without undergoing any sorting process. There is a
120 Watt motor on the machine. In order to find the amperage drawn by the machine during
cracking, an ampere meter is connected in series on the power cable of the machine.

) Handle
.
Speed controller —, )
Feeding hopper \[ — Mokor
\ __—— Impeller shaft
| . Impeller (Crasher)
zg [T - | K"

Fixing bars

Figure 1. Representation of Hazelnut Cracking Machine

The velocity drive and the cracking impeller in the hazelnut cracking machine were operated at 4
different velocities (350, 750, 110,1450 rpm). Nuts were poured from the feeding chamber on the
side of the machine in each revolution and taken into a box. In the box, the hazelnuts were handled
one by one and they were categorized under 5 different groups as whole hazelnut, uncracked,
damaged, parted, partially cracked.

The amount of current drawn at each of four different velocities was measured with an ampere
meter connected in series on the line and the current value was read directly from the ampere
meter. The amount of electrical energy consumed was calculated from the Equation 1.

P=V.| (1)
Where P (Watt) is the power, V (Volt) is the voltage, and | (Ampere) is the current

While normally the current drawn by the motor is expected to increase with increasing velocity, the
opposite happened in this study. There is theory between RPM and armature current explained by
the principle of electromagnetic induction. Accordingly, as the machine velocity increases, the
magnetic field change rate also increases. This leads to a decrease in armature current. A model can
be created by considering the forces acting on the hazelnut and the laws of motion.

There are three basic forces acting on the nuts in the rotating impeller. These forces are (1) weight
force (mg), (2) centrifugal force (mrw?) and (3) friction force (umrw?).

where m is the mass, g is the gravitational acceleration, r is the radius of rotation of the impeller, and
w is the angular velocity.

If the impact velocity of the nut is greater than the linear velocity of the wheel V, it will accelerate
towards the falling direction of the nut and suffer more damage. This is because the centrifugal force
acting on the nut increases its effect in the direction of falling.
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If the falling velocity of the nut is less than the linear velocity of the wheel V, the centrifugal force will
still be effective, but less in the falling direction. In this case, it is expected that the nut will gain less
velocity and suffer less damage while falling. Net force acting on the hazelnut can be defined as:

Total force = Centrifugal force - Weight force
F_net=mrw?-mg (2)

Impact force: F_net = mV' where V' is the impact velocity of the nut. If V' is drawn from here;

V'= (mrw?-mg)/ m (3)

V': (impact velocity, m/s), m: mass (kg), r: diameter (m), w: angular velocity (rad/s)

Statistical Analysis

Analyses were conducted using JMP (pro-16) statistical software. One-way ANOVA followed by
Tukey's post-hoc test was used to compare the means of the study sets. A p-value less than 0.05 was
considered to be statistically significant. Results were expressed as means + and standart deviation
(n=3) for each determination.

Results and Discussions

As a result of the experiments, it is seen that the nut cracking rate increases up to a certain velocity
of the impeller and then the crack rate does not increase. This situation can be explained by the
effects of the rotating impeller and the behavior of the hazelnut. In the rotating impeller, the forces
acting on the hazelnut include weight force (mg) and centrifugal force (mrw?). The spilled hazelnut
accelerates as it is subjected to these forces, and a friction force also interacts. Up to a certain
velocity value, as the velocity of the hazelnut increases, the centrifugal force also increases and the
effect of the hazelnut in the direction of impact becomes stronger. In this case, the nut crashes faster
and is damaged more. Frictional force can also increase with increasing velocity, but generally has a
smaller effect than centrifugal force. However, even if the velocity of the hazelnut increases after a
certain point, the increase in centrifugal force is limited. At this point, the centrifugal force remains
constant or increases very little. Friction force continues to increase rapidly. At this point, the friction
force dominates the centrifugal force and limits the impact velocity of the hazelnut. Thus, the
hazelnut is less damaged after a certain velocity because the increase in impact velocity slows down.

Energy Consumption

In the study, the data was obtained by operating the machine at 4 different velocities (350, 750,
1100, and 1450 rpm). The average amperage values drawn at no load and at load in each revolution
were read. During both idle and load operation, the amount of amperage drawn by the machine
increased with the increasing revolution velocity, and the increase in the current value decreased
after a certain velocity value. In the idle state, 112, 104, 89 and 88 W energy consumption was
achieved for 350, 750, 110 and 1400 rpm, respectively, while this value varied between 135 and 120
W during hazelnut cracking. Since the working principle of the machine is based on the principle that
the nuts hit the impeller blades, the current drawn by the machine at load was higher than the
current drawn at no load. Figure 2 shows the idle and load power consumptions.
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Figure 2. Power Consumption of the Machine

The relationship between impeller velocity and armature current can be explained by the principle of
electromagnetic induction. Basically, as the number of revolutions of the machine (especially the
rotor) increases, the rate of change of the magnetic field within the armature also increases. This
means that the induced electromotive force (EMF) in the armature also increases, leading to a
decrease in the armature current. Conversely, as the RPM decreases, the induced EMF decreases,
resulting in an increase in armature current. This is known as the "EMF equation" in electrical
machines.

Variation of the Number of Whole Hazelnuts with Rotational Velocity

Figure 3, given below, shows the number of whole hazelnut kernels formed in hazelnut cultivars in
the cracking process at different velocities. Based on these data, we can observe that each hazelnut
cultivar has different nut yields at different times. According to the results, the highest efficiency in
Tombul was detected at 350 rpm, while the efficiency increased at a statistically significant level at
750 rpm (P<0.001). There was no significant difference between 1100 and 1450 rpm (P>0.05). While
the highest efficiency in Cakildak was observed at 750 rpm, the lowest efficiency was detected at 350
rom. The difference between 1100 and 1450 rpm was not found to be statistically significant. As
expected, the highest yield in the Kara was detected at 1450 rpm. However, interestingly, while there
was no difference between 350 and 750 rpm, the efficiency decreased at 1100 rpm. It is well known
that the chemical and physical properties of hazelnuts vary significantly depending on the variety
(Amaral et al. 2006). These differences may be due to differences in physical properties such as
hazelnut shell thickness and flexibility. Based on these data, we can observe the differences in the
nut yield of different hazelnut cultivars.
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Figure 3. Variation of the Number of Whole Nuts with Impeller Velocity

Variation of the Number of Uncracked with Impeller Velocity

Figure 4 shows the variation of the number of uncracked hazelnuts with the change of impeller
velocity. According to these data, we can observe that each hazelnut cultivar has the number of
uncracked hazelnuts at different impeller velocities. According to the statistical analysis results, as
the rotationalvelocity increased in Tombul, the proportion of uncracked hazelnuts decreased
(P<0.001) and all samples cracked at 1450 revolutions. In addition, the uncracked rate in Tombul,
which was 13% at 350 rpm, dropped dramatically to 4% at 750 rpm. There is only a 2% difference
between 750 and 1100 rpm. While the highest rate of uncracked hazelnuts in the Cakildak variety
was detected at 350 rpm, it was observed that the other velocities were statistically in the same
group (P<0.001). In addition, the rate of 35% in Cakildak 350 rpm dropped below 2% in other
velocities. In Kara, the highest unbroken rate was found at 350 cycles (P<0.001), while no difference
was observed between 1100 and 1450 rpm. However, in Kara, the dramatic decrease was recorded
at 1100 rpm, probably due to the high crustal thickness. The ratio, which was 46% at 350 rpm,
decreased to 27% at 750 rpm and 3.67% at 1100 rpm and remained unchanged thereafter.
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Figure 4. Variation of the Number of Uncracked Hazelnuts with The Rotation Velocity

Variation of the Damaged Nut Number with the Impeller Rotation Velocity

During the cracking process, some nut kernels may be damaged by the effect of rapid impact. As a
result of this problem, the oil goes out of the tissue and the oxidation rate increases. Depending on
the oxidation, in addition to the rancid taste formation, discoloration may also occur (Akar, 2016).
For this reason, it is desired that the damaged nut ratio is low in the cracking process. Figure 5 shows
the data on the number of damaged nuts. According to these data, we can observe that each
hazelnut cultivar results in varying number of damaged nuts at different impeller velocities. For
example, while the highest damaged rate in Tombul and Kara was reached at 1450 rpm, it was at
1100 rpm in Cakildak. In addition, it is noticed that the number of hazelnuts that are damaged
generally increases with the increase in the impeller velocity. According to the results of the
statistical analysis, it was observed that as the rpm increased in the Tombul variety, the rate of
damaged also increased (P<0.001). The lowest number of damaged was detected at 350 cycles (12%)
and the highest at 1450 cycles (25%). While similar behavior was observed for Kara, at 350 and 750
rpm were statistically in the same group. Similarly, in Cakildak, the lowest damaged was resulted at
350 rpm, while interestingly, a higher damaged rate was determined at 1100 rpm compared to 1450.
This may be due to the flexibility in the skin of the Cakildak variety. Based on these data, it was
observed that the rate of damaged generally increased as the rpm increased (p<0.001).
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Figure 5. Variation of the Number of Damaged Nut With the Impellerrotation Velocity
Variation of the Number of Parted Hazelnuts with Impeller Rotation Velocity

Figure 6 gives the variation of the number of parted hazelnuts. We can observe that each hazelnut
cultivar has the number of hazelnut kernels that are parted at different impeller velocities. For
example, in the Tombul variety, the highest parted rate was seen at 1100 rpm, while the parted rate
at 1450 rpm was significantly less (P<0.001). The lowest parted rate was observed at 350 rpm, as
expected. While there was no statistical difference between 1450 and 1100 rpm for Cakildak, the
lowest parted rate was observed at 350 rpm due to the decrease in revolution. Kara hazelnuts
showed a very variable effect. While there was a significant difference between all rpom (P<0.001),
the lowest parted rate was resulted at 350 rpm and the highest rate was resulted at 1100 rpm. In
addition, it is observed that the number of parted hazelnut kernels increases with the increase in the
impeller velocity in general. Based on these data, it is seen that there are differences in the number
of cracked hazelnut kernels and the impeller velocity is effective on the number of cracked hazelnut
kernels.

It is remarkable that the number of parted hazelnuts does not increase or even decreases although
the velocity increases between the 3rd and 4th impellers for different hazelnut cultivars. This
indicates that different hazelnut cultivars respond differently to mechanical effects and that the
cracking resistance is not directly related to the increase in velocity. Such a situation indicates that
the internal structure of hazelnut cultivars may be different and other factors besides
impellervelocity may affect the cracking rate. The reasons for the differences between hazelnut
cultivars may be factors such as genetic characteristics, shell thickness, compactness or elasticity in
the internal structure. This observation indicates that there are factors that need to be optimized in
the hazelnut processing and cracking process. Perhaps the adjustment of the equipment used in the
cracking process or the development of special processing methods for hazelnut cultivars may affect
the increase or decrease in the cracking rate (Delprete & Sesana, 2014; Giner et al., 2003).
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Figure 6. Variation of the Number of Parted Hazelnuts with Impeller Velocity

Variation of the Number of Partially Cracked Hazelnuts with Impeller Velocity

Figure 7 shows the change in the number of partially cracked hazelnuts. According to these data, we
can observe that each hazelnut cultivars has the number of partially cracked hazelnuts at different
impellervelocities. According to the statistical analysis results, the highest partial cracked rate in
Tombul resulted in the lowest rpm, while as the rpm increased, the amount of partial cracked
decreased, as expected. However, there was no significant difference between 1100 and 1450 rpm.
While the Cakildak exhibited a similar behavior to Tombul, it showed higher partial crack at low
speeds. Interestingly, in Kara hazelnuts, the lowest partial crack rates were resulted at the lowest and
highest rpm (P<0.001). While the highest partial crack was detected at 750 rpm, a decrease in partial
crack was observed at 1100 rpm (P<0.001). Based on these data, it is seen that there are differences
in the number of partially cracked hazelnuts the impeller velocity is effective on the number of
partially cracked hazelnuts (P<0.001). Especially in the hazelnut processing process, taking these
differences into account, making appropriate adjustments may be important to minimize the number
of partially cracked hazelnuts.

According to these data, we can observe that the number of partially cracked hazelnuts in Kara
hazelnuts at the 4th impellervelocity increased compared to the 3rd impellervelocity. A similar trend
is observed in Cakildak and Tombul hazelnuts, which are other hazelnut cultivars. This may suggest
that the 4th impellervelocity increases the cracking resistance of hazelnut cultivars or that there are
less cracked hazelnuts at the 3rd impellervelocity. In conclusion, in the light of these data, we can
draw attention to the increase in the number of partially cracked hazelnuts at the 4th
impellervelocity compared to the 3rd impellervelocity.
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Conclusion

Depending on the different hazelnut cultivars (Tombul, Cakildak, Kara) and their impeller velocity,
the cracking and splitting conditions of hazelnuts differ. Differences are observed in the number of
cracked hazelnuts and the number of cracked hazelnut kernels among hazelnut cultivars. Each
hazelnut cultivar exhibits different cracking and splitting tendencies depending on the impeller
velocity. According to the results of the study, it was resulted that impeller velocity affected the
energy consumption, whole hazelnuts, uncracked, damaged nuts, parted hazelnuts, partially cracked
hazelnuts levels of hazelnut varieties. Energy consumption decreases with increasing impeller
velocity. However, no significant difference was observed between 1100 and 1450 rpm. While the
amount of whole hazelnut kernels increased up to 750 rpm for Cakildak, it decreased thereafter. In
Tombul and Kara, it decreased up to 1100 rpm and increased at 1450 rpm. The number of uncracked
hazelnuts decreased with increasing impeller velocity in all varieties. However, the change after 1100
rom was not significant. The number of hazelnuts tended to increase with increasing impeller
velocity in all three hazelnut varieties. In Cakildak, it fell after 1100 rpm. While the number of cracked
hazelnuts increased up to 1100 rpm for all varieties, it generally decreased thereafter. The number of
partially cracked hazelnuts decreased with increasing impeller velocity, but generally increased after
1100 rpm. As a result, when hazelnut kernel quality and other parameters are considered together, it
has been seen that the cracking process at 1100 rpm has optimum efficiency.
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Yerinde on-islem gormis gergek tekstil atik suyu, elektrokoagtiilasyon, adsorpsiyon ve foto Fenton benzeri
oksidasyon islemlerinin ardisik uygulamalarindan olusan bir hibrid proses ile aritilmistir. Elektrokoagtilasyon
prosesinde aliminyum elektrot kullanilarak en uygun reaksiyon kosullari altinda %19,5 toplam organik karbon
(TOK) giderimi saglanmistir. Tekstil atik suyu elektrokoagiilasyondan sonra adsorpsiyona tabi tutulmustur.
Adsorpsiyon isleminde misir koganindan hazirlanan grafen oksit (MK-GO) adsorbentler kullanilmistir. En uygun
adsorpsiyon kosullarinin belirlenmesi igin adsorbent yuklemesinin ve baslangi¢ pH'sinin etkisi incelenmistir. 2
g/L adsorbent yiklemesinde ve pH 5'de %40,3 kiimulatif TOK giderimi saglanmistir. Adsorpsiyon sonrasinda
Gglinci adim olarak BiFeO3;/MK-GO ve BiNiO3/MK-GO katalizérler varliginda foto Fenton benzeri oksidasyonu
uygulanmistir. Katalizérlerin TOK giderimi performanslar 0,25 ve 0,5 g/L’de karsilastiriimis ve foto Fenton
benzeri oksidasyonu sonrasinda en yiksek kimdilatif TOK giderimi BiNiO3/MK-GO varliginda %51 olarak
hesaplanmistir. Biyokiitleden tiiretilen grafen oksitin elektrokoagiilasyon, adsorpsiyon ve foto Fenton benzeri
oksidasyonundan olusan bir ardisik aritim sisteminde tekstil atik suyu giderimi icin adsorbent ve katalizér
destek malzemesi olarak kullanimi bu galismanin temel 6zgiin degerini olusturmaktadir.

Anahtar Kelimeler: biyokitleden tiretilen grafen benzeri malzeme, endistriyel atik su aritimi,
elektrokoagilasyon, adsorpsiyon, fotokatalitik oksidasyon

Treatment of Industrial Wastewaters by Sequential Electrochemical,
Chemical and Photochemical Methods Using Agricultural Waste Derived
Graphene-like Materials

Abstract

The quality of the in-situ pretreated real textile wastewater was improved by a hybrid treatment process
comprising of the sequential applications of the electrocoagulation, adsorption and photo Fenton like
oxidation processes. Under the most suitable electrocoagulation conditions 19.5% total organic carbon (TOC)
removal was accomplished. The textile wastewater was subjected to adsorption after electrocoagulation.
Graphene oxide adsorbents were prepared from corncob (C-GO) was used as the adsorbent in the adsorption
process. The effect of the adsorbent loading and the initial pH were investigated to determine the most
suitable adsorption conditions. At 2 g/L of adsorbent loading and pH 5, 40.3% cumulative TOC removal was
achieved. After the adsorption photo Fenton like oxidation was applied as the third treatment step in the
presence of BiFeO3/C-GO and BiNiO;/C-GO catalysts. The TOC removal performances of the catalysts were
compared at 0.25 and 0.5 g/L of catalyst loading. After the photo Fenton like oxidation the highest cumulative
TOC removal was evaluated as 51% in the presence of BiNiO;/C-GO catalysts. The use of biomass-derived
graphene oxide as adsorbent and catalyst support material for textile wastewater removal in a sequential
treatment system consisting of electrocoagulation, adsorption and photo-Fenton-like oxidation constitutes the
main originality of this study.

Keywords: biomass derived graphene-like material, industrial wastewater treatment, electrocoagulation,
adsorption, photocatalytic oxidation
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Giris
iklim degisiklikleri ve su kaynaklarinin asiri tiiketimi nedeniyle olusan su sikintisi, diinya ¢apinda en
onemli sorunlardan biri olarak yer almaktadir. Diinya niifusunun yaklasik %40'inin su sikintisi ¢ektigi

bilinmektedir. Yogun su tiketimi nedeniyle azalan yeralti su seviyesi, endistriyel kaynakli atik sularin
yeniden degerlendirilmesini gerekli kilmaktadir (Pera-Titus vd., 2004; Xiao vd., 2015).

Tekstil endistrisi, dinyada bircok (ilkede ekonomik agidan en 6nemli sektorlerden biridir. Cesitli boya
ve kimyasallarin kullanildigi tekstil endistrisinde su tiiketiminin ve atik su Gretiminin ¢ok yuksek
oldugu prosesler bulunmaktadir. Bu sebeple, tekstil endistrisi atik sularinin aritilarak yeniden
degerlendirilmesi 6nem tasimaktadir. Tekstil endistrisi atik sularinin kompleks yapida olmasi, yiksek
kimyasal oksijen ihtiyaci (KOI) ve toplam organik karbon (TOK) icerigi ve biyolojik bozunabilirliginin
disik olmasi nedeniyle (Bisschops ve Spanjers, 2003; GilPavas vd., 2017) kirletici giderim veriminin
ylksek degerlere ulasabilmesi icin hibrit aritim sistemleri kullanilmaktadir. Literatiirde tekstil atik
sularinin aritilmasiyla ilgili olarak yapilan c¢alismalarda koagtlasyon/flokllasyon, adsorpsiyon,
membran, elektrokoagilasyon, ileri oksidasyon prosesleri ve biyolojik prosesler yaygin olarak
kullanilmaktadir (Kavitha ve Namasivayam, 2008; Manenti vd., 2014).

Elektrokoagiilasyon (EK), ortama bir elektrik akimi vererek, sulu bir ortamdaki siispanse edilmis veya
¢ozlinmis kirleticilerinin dengesizlestirme islemidir (Ozyonar ve Karagozoglu, 2012). EK prosesi
koagtlasyon, adsorpsiyon, ¢coktiirme ve flotasyon giderme mekanizmalarini icermekte olup, atik
suyun icinde elektrot malzemelerinin ¢6zllmesiyle metal hidroksit parcalarinin olusumuna
dayanmaktadir (Eyvaz vd., 2006; Moussa vd., 2017). Elektrokoagitilasyon, gesitli kirletici, organik, boya
ve agir metallerin gideriminde kullanilabilen ve kimyasal malzeme gerektirmeyen cevre dostu bir
yontemdir (Emamjomeh ve Sivakumar, 2009; Khandegar ve Saroha, 2013; Naje vd., 2015).

Adsorpsiyon, atik suyun icindeki organik kirleticilerin ve agir metallerin uzaklastirilmasinda etkili ve
ekonomik bir yontem olarak kabul edilmektedir (Liu vd., 2017; Patel ve Vashi, 2010). Kil,
biyomalzemeler, aktif karbon, zeolitler ve bazi kati atiklar, atik suyun icindeki organik maddelerin
uzaklastiriimasi icin adsorbent olarak kullanilabilir (Wang ve Peng, 2010).

ileri oksidasyon prosesleri giiclii oksitleyiciler (genellikle hidroksil radikalleri) agiga cikarak organik
bilesikleri daha klguk molekillere pargalamaktadir. Hidroksil radikalleri segici olmayip tiim organik
maddeler ile reaksiyona girmekte ve son Uriin olarak CO, ve H,0 olusturmaktadir (Vilar vd., 2011).
Katalitik 1slak hava oksidasyonu, katalitik i1slak peroksit oksidasyonu, stperkritik su oksidasyonu,
03/H,0,, UV/0;, UV/H,0,, Fenton (Fe**/H,0,), foto Fenton (Fe**/H,0,/UV) ve ultrasonik oksidasyon
en cok uygulanan ileri oksidasyon yéntemleri arasindadir. ileri oksidasyon proseslerinde kullanilan
homojen metal katalizorlerin, aritilan suda ¢dziinmeleri, sinirli pH araliklarinda etkili olmalari ve 1si1gin
penetrasyonunu engelleyen slispansiyon yapilar olusturmalari gibi dezavantajlari bulunmaktadir. Bu
nedenle literatiirdeki ¢alismalarda yerlerini metallerin katalizér destek malzemesine tutturulmasi ile
elde edilen heterojen katalizérlere birakmislardir (Foo ve Hameed, 2010).

iki boyutlu karbon allotropu grafen, tek atomik katmanli petek agdan olusmakta ve temel bilimler ve
ileri teknolojik uygulamalar icin en dikkat ¢ekici malzemelerden biri olarak gosterilmektedir. Grafenin
benzersiz termal, optik, elektronik ve mekanik 06zellikleri, adsorpsiyon, heterojen kataliz,
nanoelektronik, biyoalgilama ve hidrojen depolama dahil olmak tzere cesitli uygulamalara entegre
edilebilecek yenilikci fonksiyonel malzemelerin tasarimi icin 6nem tasimaktadir (Pastrana-Martinez
vd., 2012). Grafen oksit (GO), hidroksil, karboksil ve epoksi gibi cesitli fonksiyonel gruplari iceren
oksitlenmis bir grafen formudur (Fan vd., 2015). Grafen oksit yliksek mekanik mukavemeti ve genis
ylzey alani nedeniyle katalizor destek malzemesi olarak kullanima elverisli malzemeler arasindadir.

Grafen Uretiminde kullanilan klasik yontemler arasinda kimyasal buhar biriktirme, karbon kaynagi
olarak yenilenemeyen fosil yakitlari kullandigi icin strdirilebilir degildir. Dogal veya sentetik grafiten
grafen lretiminde de yenilenemeyen kaynaklar kullanilmakta ve Uretim sirecleri cevre sagligini
olumsuz yonde etkileyebilmektedir. Bu nedenle, siirdirilebilir grafen Uretiminin gelistirilmesi
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gerekmektedir. Son vyillarda, distik maliyetle ve blylik Olgcekte yiksek kaliteli grafen Uretimine
yonelik arastirmalar yapilmaktadir. Grafen lGretiminde yenilenebilir kaynaklarin kullanimini arttirmak
icin biyokitleden tiretilen karbon bazli malzemelere odaklaniimistir. Grafen Uretiminde disuk
maliyetli ve kolay erisilebilir biyokitle kullanimi Uretim maliyetini 6nemli oOlglide azaltmaktadir
(Sawant vd., 2022; Zhou vd., 2022).

Esas olarak seliiloz, hemiseliiloz ve lignin biyopolimerlerden olusan biyokiitle, az miktarda protein,
basit karbonhidrat, inorganik bilesik ve su icermektedir. Zirai atiklardan olusan biyokiitle ¢ogunlukla
mahsul saplari, yapraklar, kokler, meyve kabuklari ve kuruyemis olarak tlketilen gesitli tohumlarin
kabuklaridir. Yenilenebilir bir karbon kaynagi olarak kabul edilen biyokiitle ylksek karbon igerigi
nedeniyle grafen yapisina donustirilmeye elverislidir (Athanasiou vd., 2022). Literattrdeki
calismalarda seker kamisi (Xiao vd., 2017), fistik kabuklari (Luo vd., 2022), feslegen tohumlari (Sanei
vd., 2023), Lentinus edodes (sitaki mantari) tozu (Han vd., 2021) gibi cesitli biyokitlelerden elde
edilen grafen malzemeler adsorpsiyon ve fotokatalitik oksidasyon proseslerinde adsorbent, katalizor
veya katalizor destek malzemesi olarak etkili olarak kullaniimaktadir.

Bu calisma kapsaminda misir koganindan elde edilen grafen oksit benzeri malzeme (MK-GO) ile
desteklenenen BiFeO3;/MK-GO ve BiNiO3/MK-GO kompozit katalizorler hazirlanmis ve ardisik atik su
aritim proseslerinde tekstil atik suyu aritim performanslari test edilmistir. Aritim prosesinde
elektrokoagilasyon c¢ikis suyuna MK-GO adsorbent kullanilarak adsorpsiyon uygulanmistir.
Adsorpsiyon prosesinde pH ve adsorbent ylklemesinin toplam organik karbon giderimi (izerine etkisi
incelenmis ve en uygun isletme kosullari belirlenmistir. Adsorpsiyon sonrasinda fotokatalitik
oksidayonda BiFeO3;/MK-GO ve BiNiO3/MK-GO katalizorlerin  fotokatalitik performanslari
karsilastirilmistir. Teksil atik su aritimi ile ilgili literatlir arastirmasina gore, ardisik atik su aritim
proseslerinde biyokiitleden elde edilen grafen oksit benzeri malzemelerin kullanildigi herhangi bir
¢alismaya rastlanmamistir. Bu baglamda, biyokitleden tiiretilen grafen oksitin adsorbent ve katalizor
destek malzemesi olarak tekstil atik su aritiminda kullanimi bu galismanin temel 6zgin degerini
olusturmaktadir.

Materyal ve Yontem

Kimyasallar

Yerinde 6n artilmig gercek tekstil atik suyu, izmir, Tirkiye'deki bir tekstil fabrikasindan saglanmistir.
On aritma asamasinda fabrikada fiziksel, biyolojik ve kimyasal aritma ydntemleri uygulanmistir.
Yerinde 6n aritilmis atik suyun desarj 6zellikleri Tablo 1'de gosterilmistir.

Tablo 1. Yerinde On islem Gérmiis Gercek Tekstil Atik Suyu Ozellikleri

Atik Su Ozellikleri Degerler
Toplam Organik Karbon (mg/L) 31,47
pH 8,3
iletkenlik (mS/cm) 7,42
Coziinmus O, (mg/L) 4,8
436 nm (sari) 16,3
Renk, m’ 525 nm (kirmizi) 13,3
620 nm (mavi) 11,2

Grafen oksit adsorbent hazirlanisinda grafit yerine 1sil islem gérmis misir kogani tozu, silflirik asit
(Merck, 95-97%) ve potasyum permanganat (Merck, 99,0-100,5%) ve hidroklorik asit (Merck, 37%)
kullanilmistir. Perovskit/grafen oksit katalizor sentezinde bizmut nitrat pentahidrat (%98), nikel nitrat
hekzahidrat (Merck, %99-102), demir nitrat nonahidrat (Merck, %99-102) ve sitrik asit mono hidrat
(Merck, %99,5-100,5) kullaniimistir.
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Adsorbent ve Katalizor Hazirlanisi

Atiklardan grafen benzeri malzemelerin eldesi icin kimyasal eksfoliasyon, termal kimyasal buhar
biriktirme, sivi fazli eksfoliasyon, elektrokimyasal eksfoliasyon, katalitik karbonizasyon, tavlama ve
piroliz olmak Uzere gesitli yontemler kullaniimaktadir (Berktas vd., 2020). Bu c¢alismada misir
koganindan grafen oksit elde edilmesi igin kimyasal eksfoliasyon ve modifiye Hummer yontemi
kullanilmistir. Literatlirden derlenerek (Akhavan vd., 2014; Ariyanti vd., 2021; Chailuecha vd., 2021)
modifiye edilen prosediire gore misir koganlari 6gatilmus ve 300°C’de kil firininda 2 saat sure ile isil
islem gdérmistir. 1 gram isil islem géren misir kogani tizerine 23 ml H,SO4ve 3 g KMnO, ilave edilerek
karisimin sicakhgr buz banyosu yardimi ile 20°C'nin altinda tutulmustur. Sonrasinda karisim 35°C’de
40 dakika boyunca karistirilmistir. Karisima 46 mL su eklendikten sonra 20 dakika daha karisim
saglanmistir. Son olarak 140 mL su ve 15 mL H,0, (%35’lik) eklenerek karisim bir giin siire ile
dinlenmeye birakilmistir. Bir giin sonrasinda karisim siiziilerek sirasiyla HCI (hacimce %5’lik) ve saf su
ile yikanmistir. Yikanma islemi tamamlanan grafen oksit 30 dakika boyunca 300°C'de isil islem
gormistiir. MK-GO hazirlanis basamaklari Sekil 1’de gosterilmistir.

300°C°de 2 Biyokiitlenin 35°Cde 40 Su ve H,0, Filtreleme, 300°C°de 30
saat 1s1l iglem H,S0, ve dakika eklendikten HCl ve safsu da}clka 1s1tma
KMnO;, ile karigtirma sonra bir giin ile yitkanmasi ile grafen
karistirmasi bekletilme oksit eldesi

Sekil 1. Misir Koganindan Elde Edilen Grafen Oksit Adsorbent ve Katalizor Destek Malzemesi
Hazirlanis Adimlari

BiBO3;/MK-GO (B: Fe, Ni) hazirlanmasi icin ilk olarak Bi(NO3);.5H,0 ve Fe(NO3);.9H,0 veya
Ni(NOs),.6H,0 etanol-su karisiminda ¢6zlinerek metal nitratlarin molleri toplaminin 1,5 kati miktarda
sitrik asit monohidrat eklenmistir. Elde edilen ¢ozeltiye katalizoriin kitlece %10’unu olusturacak
miktarda, biyokitleden elde edilen grafen oksit eklenmis ve 30 dakika ultrasonikasyon uygulanmistir.
Karisim 80°C’de jel olusumu gozleninceye kadar karistirilmistir. Elde edilen jel, 120°C'de 4 saat
kurutulmus ve son olarak kil firininda 400°C'de 4 saat kalsinasyon yapilmistir. Katalizér hazirlanisi igin
uygulanan yontemin adimlari Sekil 2’de gosterilmistir.

Bi(NO;)SH,0 ve Biyokutleden 30 dakika Jel olugumu 120°Cde 4 400°C de 4 saat kalsinasyon

Fe(NO3);.9H,0 veya
Ni(NO3).6H,0 tuzlarmin
etanol-suda ¢oziinmesi ve

C:H:0-,.H-0 eklenmesi

elde edilen sonikasyon gozleninceye saat kurutma sonrast BiNiOs/MK-GO ve
grafen oksit uygulanmasi kadar 80°Cde BiFeO5/MK-GO eldesi
eklenmesi karigtirma

Sekil 2. Misir Koganindan Elde Edilen Grafen Oksit Adsorbent ve Katalizér Destek Malzemesi
Hazirlanig Adimlari

Adsorbent ve Katalizor Karakterizasyonu

MK-GO adsorbent ve BiBOs/MK-GO Kkatalizorlerin yiizey morfolojisi Ege Universitesi Merkezi
Arastirma Test ve Analiz Laboratuvari Uygulama ve Arastirma Merkezi'nde taramal elektron
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mikroskobu ile incelenmistir. Hazirlanan adsorbent ve katalizorlerin FT-IR spektrumlari Ege
Universitesi Kimya Mihendisligi Bolimi’nde 4000-650 cm™ araliginda kaydedilirken XRD analizleri
izmir Yiksek Teknoloji Enstitiisi Timlesik Arastirma Merkezleri'nde gerceklestiriimis ve XRD
desenleri 26=5-80° araliginda kaydedilmistir.

Deney Sistemi ve Prosediirii

Yerinde On islem gormus tekstil atik suyu sirasiyla elektrokoagiilasyon, adsorpsiyon ve foto Fenton
benzeri oksidasyonuna tabi tutulmustur. Elektrokagtilasyon deney sistemi temel olarak 600 mL deney
hacmine uygun 800 ml’lik beher, manyetik karistirici, giic kaynagi, ve 50x50 mm aliminyum
elektrotlardan olusmaktadir. Elektrokoagilasyon, dnceki bir ¢alismada 220 rpm karistirma hizi, 25
mA/cm?” akim yogunlugu ve pH 5 olarak belirlenen optimum kosullarda gerceklestiriimistir (Bener vd.,
2019). Adsorpsiyon deney sistemi bir orbital ¢alkalayici (Jeiotech, SKF-2025) ve 250 ml’lik erlenlerden
olusmaktadir. Adsorbent olarak misir koganindan elde edilen grafen oksit (MK-GO) kullaniimistir.
Adsorpsiyon deneyleri 24 saatlik kesikli stiregler halinde gergeklestirilmistir. Adsorbent ylklemesinin
ve atik su pH’sinin toplam organik karbon giderimi (izerine etkileri incelenerek en uygun adsorpsiyon
kosullari belirlenmistir. Bu kosullar altinda adsorpsiyon c¢ikis suyuna foto Fenton benzeri oksidasyonu
uygulanmistir. Foto Fenton benzeri oksidasyonu deney sistemi 250 mL beher, manyetik karistirici, su
banyosu ve 100 Watt halojen lambadan olusmaktadir. 0,25 ve 0,5 g/L olmak Uzere iki farkh katalizor
yuklemesinde BiNiO3/MK-GO ve BiFeOs;/MK-GO katalizérlerin fotokatalitik performanslari
karsilastirilmistir. Foto Fenton benzeri oksidasyonu deneyleri baslangic H,0, derisimi 2 mM’da sabit
tutularak 2 saat sure ile gerceklestirilmistir.

Analiz

Toplam organik karbon bir Shimadzu, TOC-L cihazi ile 6lctilmustir. Toplam organik karbon giderimi
Denklem 1’e gbre hesaplanmistir:
TOK, — TOK;

%TOK Giderimi = [ TOK
0o

] x 100 (1)

TOK,= Baslangi¢ aninda 6lgtilen TOK degeri, mg/L
TOK;=t aninda o6l¢lilen TOK degeri, mg/L

iletkenlik, pH, sicaklik ve ¢dziinmis oksijen olgcimi bir WTW Multi 340i multimetre ile
gergeklestirilmistir.

Atik suyun renk degerleri sari, kirmizi ve maviye karsilik gelen 436, 525, and 620 nm’deki absorbans
degerlerinin UV-Gorinir spektrofotometrede (Thermo Genesys 10S) 6lciimiyle belirlenmistir.

Adsorbentin sifir yik noktasi analizi 0,1 mol/L HCI veya 0,1 mol/L NaOH kullanarak 50 mL 0,01 mol/L
NaCl ¢ozeltilerinin pH degerlerinin 4, 5, 6, 7, 8, 9, 10’a ayarlanmasi ile gercgeklestirilmistir. pH
ayarlamasi yapilan her bir tuz ¢ozeltisine 0,15 gram grafen oksit eklendikten sonra sispansiyonlar 3
saat bekletilmis ve son pH degerleri sabit kalincaya dek belirli araliklar ile pH 6lgimi yapilmistir
(Rivera-Utrilla vd., 2001).

Bulgular ve Tartisma
Katalizor Karakterizasyonu

Yiizey Morfolojisinin incelenmesi

MK-GO adsorbent ve katalizér destek malzemesinin ve BiBO;/MK-GO (B: Fe, Ni) fotokatalizorlerin
2500 ve 100000 kat biyiutme arasinda cekilen taramal elektron mikroskobu goriintileri Sekil 3'te
sunulmustur. Sekil 3'te yer alan mikrograflara gore, misir kocanindan elde edilen katalizér destek
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malzemesinin grafen oksit yapisindakine benzer sekilde bir dizi entegre ve kiimelenmis tabakadan
olustugu gorulmektedir. Literatlirde de biyokiitleden elde edilen grafen oksit benzeri maddelerin
tabakalar arasi baglarla birbiri lzerine rastgele istiflenmis burusuk ve katlanmis tabakalarin
gozlemlendigi rapor edilmistir (Huang vd., 2019). BiFeO3;/MK-GO ve BiNiO3/MK-GO mikrograflari
incelendiginde eliptik ve graniler perovskit nano taneciklerinin grafen oksit benzeri malzeme
ylzeyindeki tabakalar arasina karbon yapiya zarar vermeden yerlestigi gérilmektedir.

Sekil 3. MK-GO (a,b), BiFeO3/MK-GO (c,d) ve BiNiO3/MK-GO (e,f) Malzemelerin Taramal Elektron
Mikroskobu Gorintdleri

XRD Analizi

MK-GO, BiFeO;/MK-GO ve BiNiO3;/MK-GO icin XRD analizi 26 = 5-80° a¢I araliginda gergeklestirilerek
elde edilen sonuglar Sekil 4’te gosterilmistir.

700
600
500
+ 400
% —— MK-GO
@ 300 —— BiFe0;/MK-GO
—— BiNiOs/MK-GO

0 10 20 30 40 50 60 70 80
26 (Derece)

Sekil 4. MK-GO, BiFeO3/MK-GO ve BiNiO3;/MK-GO Malzemelerin XRD Desenleri

Kirnim desenlerinde 26=26° civarinda gozlenen genis belirgin pik grafen oksit malzemelerde
karakteristik olarak gorilen altigen fazh grafitin (002) dizlemlerine karsilik gelmektedir (Rajaura vd.,
2016). 26=32°, 57° ve 71° civarinda gozlemlenen zayif pikler kompozit malzemelerdeki eskenar
dortgen perovskit yapisini belirtmektedir (Moitra vd., 2017).
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FT-IR analizi

Tabakali ¢ift hidroksit katalizorlerin FT-IR spektrumlari Sekil 5'te gosterilmektedir. FT-IR analiz
sonuglarina gére 1620 cm “'deki bant, numunelerin grafen oksit malzemelerin karbon iskeletindeki
C=C titresimine karsilik gelmektedir (Preetha vd., 2022; Shalini Reghunath vd., 2022). 1020 cm™"'deki
bant alkoksi gruplarinin C-O-C gerilmesini ifade etmektedir (Surekha vd., 2020). Spektrumlarda 1700
ve 1080 cm™* civarinda gozlenen bantlar karboksil (C=0) ve primer alkol (C-O) gruplarina karsilik
gelmektedir (Bukhari vd., 2023). 950 cm "'deki bant grafen oksit yapisindaki epoksi gruplarindan
kaynaklanan (C-C) gruplarini ifade etmektedir (Wang vd., 2017).

300 1 __mkso ——BiFe0,/MK-GO BiNiO,/MK-GO
250
200 -
150 N’_—_—‘_’\—_\J/\
100 -

0

FEEFEFLLESETFFESETFE S

Gegirgenlilk,%

Dalga Sayisi, cm™

Sekil 5. MK-GO, BiFeO3/MK-GO ve BiNiO3/MK-GO Malzemelerin FT-IR Spektrumlari
Elektrokoagiilasyon Cikis Suyuna Adsorpsiyon Uygulanmasi

Adsorbent Yiiklemesi Etkisi

Elektrokoagiilasyon prosesinde 220 rpm karistirma hizi, 25 mA/cm? akim yogunlugu ve pH 5 kosullari
altinda 2 saat sonunda %19,5 TOK giderimi elde edilmistir (Bener vd., 2019). Elektrokoagiilasyon ¢ikis
suyuna 1, 2 ve 4 g/L olmak tzere farkli MK-GO adsorbent ylklemelerinde adsorpsiyon uygulanmis ve
24 saat sonunda elde edilen TOK giderim verimleri Sekil 6’da gosterilmistir.

0 1 M Elektrokoagllasyon M Adsorpsiyon

50

40

20

Kumulatif TOK Giderimi, %
(98]
(=]

2
Adsorbent yiklemesi, g/L

Sekil 6. Hibrit Aritim Sisteminin Adsorpsiyon Adiminda Adsorbent Yiiklemesinin TOK Giderimi Uzerine
Etkisi
Adsorpsiyon Kosullari: pH=8, T=25 °C

Adsorbent miktari atik su aritim verimini ve adsorpsiyon kapasitesini etkileyen 6énemli faktorler
arasindadir. Adsorbent miktarinin arttiriimasi, atik sudaki kirleticilerin adsorpsiyonu icin daha genis
bir ylizey saglanmasi ve yizeydeki aktif kisimlarin sayisininin artmasi nedeniyle kirletici giderimi
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yuzdesini yikseltmektedir (Kutluay, 2019; Li vd., 2014). Adsorbent yuklemesi 1 g/L den 4 g/Ll’ye
ciktiginda adsorpsiyon prosesinde elde edilen TOK giderimi %11,1’den %20,3’e ylkselmistir.
Literatlirde de grafen oksit adsorbent dozunun arttirilmasi ile daha yiksek giderim degerleri elde
edildigi rapor edilmistir (Sarwar vd., 2021). Ancak, adsorban dozundaki fazla artis, aktif kisimlarin
doymus olmasi nedeniyle adsorpsiyon kapasitesini etkilemeyebilir veya adsorbentin birim agirlig
Uzerine adsorbe edilen kirletici miktari azalmasina ve adsorpsiyon kapasitesinin diismesine neden
olmaktadir (Guo vd., 2016). Adsorbent yiklemesi 2 g/L’den 4 g/L’ye ¢iktiginda TOK giderimindeki
artisa ragmen adsorpsiyon kapasitesi 2,7 mg/g’den 1,59 mg/g'ye dismustir. Adsorpsiyon
kapasitesindeki dislis goz oninde bulundurularak en uygun adsorbent yiklemesi 2 g/L olarak
belirlenmistir.

Atik Su pH Degerinin Etkisi

Adsorpsiyon verimini etkileyen en 6nemli parametrelerden biri atik suyun pH'sidir. Atik sudaki
kirleticilerin iyonlasma derecesini etkilemesi ve adsorbentin ylizey 6zelliklerinin degismesi nedeniyle
atik su pH’sI adsorpsiyon kapasitesini etkilemektedir. Adsorbent ylizeyinin hangi pH degerlerinde arti
veya eksi yiklendiginin belirlenmesi icin dncelikle misir kogcanindan tiiretilen grafen oksitin sifir yik
noktasi analizi gercgeklestirilmis ve sonuclar Sekil 7’de gosterilmistir.

12 4
11 A
10 -
9 -

Son pH
MW bR U~

ilk pH

Sekil 7. MK-GO Adsorbentin Sifir Yiilk Noktasi Analiz Sonuglari

Misir koganindan tiretilen grafen oksitin sifir yiik 4,2 olarak bulunmustur. Literatiirde grafen oksitin
sifir yik noktasi icin benzer degerler rapor edilmistir. G. Zhao, Li, vd. (2011) ve G. Zhao, Ren, vd.
(2011) gerceklestirdikleri calismalarda grafen oksitin sifir yik noktasini (G. Zhao, Li, vd., 2011; G.
Zhao, Ren, vd., 2011) 3,9 ve 3,8 olarak hesaplamislardir. De Assis vd. (2020) ticari grafen nanotabakal
icin sifir yik noktasini 3,78 olarak bulmuslardir (de Assis vd., 2020). Adsorbent ylizeyi pH sifir yuk
noktasinin altinda iken pozitif, sifir yik noktasinin tzerindeyken negatif yiklenmektedir (Shi vd.,
2022; Sitko vd., 2013). Bu nedenle, pH > 4,2 iken MK-GO’nun yiizey yikl negatiftir ve elektrostatik
kuvvetler nedeniyle grafen oksit tabakalari ve pozitif yuakli kirleticiler arasindaki etkilesim
glclenmektedir.

Elektrokoagilasyon ¢ikis suyunun pH’si 5, 8 ve 10 olmak Uzere farkh degerlere ayarlanarak MK-GO
adsorbent varliginda belirlenen adsorpsiyon ylklemesinde hesaplanan TOK giderim verimleri Sekil
8’de gosterilmistir.

Atik su pH’si arttikca grafen oksit ylizeyindeki negatif yliklenme artmakta ve grafen oksit ylzeyindeki
oksijen iceren anyonik fonksiyonel gruplarin deprotonasyonuna neden olmaktadir. Siispansiyon
formdaki yliksek oranda negatif yukli grafen oksit tabakalari, elektrostatik itme kuvvetleri ile
homojen bir sekilde dagilmakta ve atik sudaki katyonik molekiller ile negatif yukli tabakalar
arasindaki elektrostatik ¢ekim kuvvetleri nedeniyle adsorpsiyon verimi artmaktadir (Peng vd., 2016).
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Sekil 8. Hibrit Aritim Sisteminin Adsorpsiyon Adiminda Atik Su pH Degerinin TOK Giderimi Uzerine
Etkisi

Adsorpsiyon Kosullari: Adsorbent Yiiklemesi = 2 g/I, T=25 °C

Atik su pH degeri 5’ten 10’a ¢ikarildiginda adsorpsiyon kapasiteleri ve TOK giderim degerleri artmistir.
2 g/L adsorbent yiklemesinde adsorpsiyon kapasiteleri pH 5, 8 ve 10’da 1,29, 2,7 ve 2,9 mg/g olarak
hesaplanmistir. En ylksek TOK giderim verimi pH 10’da elde edilmistir. Ancak pH 8 ve 10’da elde
edilen yakin adsorpsiyon kapasiteleri ve pH ayarlamada kullanilan kimyasalin ekonomik ve ¢evre
Uzerine etkileri goz onlinde bulunduruldugunda pH 8 de galisma kosulu olarak degerlendirilmistir.
Elektrokoagiilasyon prosesinde %19,5 TOK giderimi elde edildikten sonra optimum adsorbent
yiklemesinde pH 8 ve 10’da sirasiyla %17,2 ve %20,8 TOK giderimi daha saglanarak %36,7 ve %40,3
kiimilatif TOK giderimine ulagilmistir.

Adsorpsiyon Cikis Suyuna Foto Fenton Benzeri Oksidasyonu Uygulanmasi

Belirlenen en uygun adsorbent yiiklemesi ve atiksu pH degerinde gergeklestirilen adsorpsiyon ¢ikis
suyuna foto Fenton benzeri oksidasyonu uygulanmistir. BiFeO;/MK-GO ve BiNiO3/MK-GO
katalizorlerinin gorinir bolge 1sik altinda foto Fenton benzeri oksidasyonu performanslari, iki farkli
katalizor yiklemesinde test edilmistir. Hibrit aritim sisteminin Gglnci adiminda yer alan ileri
oksidasyon prosesinde 0,25 g/L ve 0,50 g/L katalizor kullanilarak elde edilen TOK giderim sonuglari
Sekil 9'da verilmistir.

[=2]
o
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Sekil 9. Hibrit Aritim Sisteminin Foto Fenton Benzeri Oksidasyonu Adiminda 0,25 g/L (a) ve 0,5 g/L (b)
Katalizor Kullanilarak Elde Edilen TOK Giderimi

Adsorpsiyon kosullari: Adsorbent yiiklemesi = 2 g/L, pH=10, T=25 °C, Foto Fenton benzeri oksidasyonu kosullari:
[H202]o=2 mM, T=25 °C
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Foto Fenton benzeri oksidasyonunda gecis metali iceren katalizér ve H,0, etkilesimi ile hidroksil
radikalleri agiga ¢ikmakta (Denklem 2) (Lee vd., 2001) ve atik su igindeki organik maddeler
bozunmaktadir:

M"™ + H,0, » M1 + HO®* + OH™  (M: Gecis metali) (D

Elektrokoagilasyon ve adsorpsiyon ¢ikis suyuna 0,25 g/L katalizor ile uygulanan foto Fenton benzeri
oksidasyonu sonucunda BiFeO3;/MK-GO ve BiNiO3/MK-GO varliginda kiimulatif TOK giderimi degerleri
sirastyla %43,5 ve %47,7’ye ulasmistir. Katalizor yliklemesi 0,25'ten 0,5 g/L'ye ytikseltildiginde, hem
BiFeO3/MK-GO hem de BiNiO3/MK-GO kullaniminda TOK giderim verimleri artmistir. Katalizor
dozajindaki artis belirli bir dereceye kadar katalitik aktiviteyi arttirsa da yikselen maliyet ve gevre
etkileri pratik uygulamalari kisitlamaktadir (Z. Zhao vd., 2022). Ayrica fazla miktarda katalizor
kullanimi reaksiyon sivisinin 1sik gecirgenligini azaltarak fotokatalitik verimi dlstirmektedir. Bu
nedenle, 0,5 g/L’nin Uzerinde katalizér ylklemesi ile deneme yapilmamistir. Her iki katalizor
yuklemesinde de (0,25 ve 0,5 g/L) nikel iceren katalizér, demir iceren katalizére gére daha yiksek
TOK giderim performansi sergilemistir. Elektrokoagiilasyon, adsorpsiyon ve foto Fenton benzeri
oksidasyonun ardisik uygulanmasi sonucu en yiksek kiimulatif TOK giderim performasi 0,5 g/L
BiNiO3/MK-GO yiiklemesinde %51 olarak hesaplanmistir.

TOK gideriminin yani sira, optimum elektrokoagiilasyon, adsorpsiyon ve foto Fenton benzeri
oksidasyonu kosullarinda isletilen hibrit aritma sistemi ¢ikis suyunun renk, pH, iletkenlik ve ¢6ziinmus
oksijen ihtiyaci olcimleri gerceklestirilmis ve aritim sonucu su kalitesindeki degisim Tablo 2'de
gosterilmistir.

Tablo 2. Hibrit sistem ile aritilan tekstil atik suyu 6zellikleri

Atik Su Ozellikleri Degerler
Toplam organik karbon (mg/L) 15,42
pH 8
iletkenlik (mS/cm) 8,95
Coztinmis O, (mg/L) 4,63
436 nm (sari) 0,9
Renk, m™ 525 nm (kirmizi) 0,4
620 nm (mavi) 0,1

Atik sular aritim sonrasinda sagladiklar su kalitesi kriterlerine gére tarimsal sulama, balik¢ilik ve
kabuklu deniz Grlnleri Gretimi ve endistriyel prosesler gibi cesitli alanlarda kullanilabilmektedir.
Kitaici Yeristl Su Kaynaklarinin Siniflarina Gore Kalite Kriterleri’'ne gore birinci sinif sular icin belirtilen
pH (6,5-8,5) ve renk (436 nm < 1,5 m? 525nm <12 m? 620 nm<0,8 m'l) limitleri ve Gglncia sinif
sular icin belirtilen ¢oziinmus oksijen (3 mg O,/L) limitleri hibrit aritim yonteminin uygulanmasi ile
saglanmistir. Ancak, iletkenlik (veya tuzluluk) parametresine gore ilk lg¢ kalite sinifinin kriteri
saglanamamistir. Tuzluluk giderimi icin ultrafiltrasyon veya ters ozmoz gibi bir aritim basamaginin
hibrit aritim sistemine eklenmesi 6nerilmektedir. Elektrokoagiilasyon, adsorpsiyon ve foto Fenton
benzeri oksidasyonu ile aritilan tekstil atik sulari, tuzluluk kriterinin saglanacagl bir aritim
basamaginin eklenmesi durumunda proses suyu ve sogutma suyu olarak kullanim igin yiksek
potansiyel tasimaktadir.

Sonug ve Oneriler

Yerinde 6n islem gormis gergek tekstil atik suyunun aritimi igin elektrokoagiilasyon, adsorpsiyon ve
foto Fenton benzeri oksidasyonu yontemleri ardisik olarak uygulanmistir. Misir koganindan elde
edilen grafen oksit, adsorbent ve katalizor destek malzemesi olarak kullaniimistir. 25 mA/cm? akim
yogunlugu, pH 5 ve 220 rpm c¢alkalama hizinda isletilen elektrokoagtilasyon prosesinde %19,5 TOK
giderimi elde edilmistir. Misir koganindan elde edilen grafen oksit varliginda gerceklestirilen
adsorpsiyon prosesinde en uygun pH ve adsorbent yliklemesinde %20,8 TOK giderimi elde edilmistir.
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Gorinur bolge 1sik altinda gergeklestirilen foto Fenton benzeri oksidasyonunda BiFeOs;/MK-GO ve
BiNiO3/MK-GO katalizorlerin performanslari karsilastirilmis ve gtinci adimin sonunda kiimulatif TOK
giderimi BiNiO3/MK-GO varliginda %51’e ulasmistir. Adsorbent ve katalizor destek malzemesinin zirai
atiklardan elde edilmesi sirdirilebilir atik su aritim sistemlerinin  gelistirilmesine katkida
bulunmustur. Calismada elde edilen sonuglar, perovskit/grafen oksit malzemelerinin ¢evre dostu
hibrit aritim teknolojilerinde tekstil atik sularinin aritilmasi icin umut verici alternatifler oldugunu
gostermistir.
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Bu calismada, Pleurotus ostreatus tiiriine ait Yaprak 77 cesidi (gri istiridye) ve Pleurotus citrinopileatus (sar
istiridye) turiine ait M2502 ve 3040 suslarinin farkli tarimsal atiklarla olusturulan yetistiricilik ortamlarindaki
performanslari belirlenmistir. Denemede yetistiricilik ortamlari, mese talasi ve bugday sapinin 2:1 oraninda
agirhk Gzerinden bugday kepegiyle karisimlarindan olusturulmustur (P. citrinopileatus: 2 mese talasi + 1 bugday
kepegi (P1A), 2 bugday sapi +1 bugday kepegi (P2A); P. citrinopileatus (B): 2 mese talasi + 1 bugday kepegi
(P1B), 2 bugday sapi +1 bugday kepegi (P2B); P. ostreatus (C): 2 mese talasi + 1 bugday kepegi (P1C), 2 bugday
sapi +1 bugday kepegi (P2C). Calisma siiresince; elde edilen mantarlarin sapka g¢api, sap uzunlugu, sap capl,
mantar agirhgi, toplam verim, kuru madde miktari ve kullanilan yetistiricilik ortamlarinin otoklav sonrasi, misel
gelisim ve hasat sonu donemlerinde nem ve pH analizleri gergeklestirilmistir. P. citrinopileatus-M2502 susunda
en yiksek mantar agirligi ve kuru madde miktari P1A (sirasiyla; 17.08 g, %18.35) kombinasyonundan elde
edilmistir. P. citrinopileatus-3040 susunda, mantar agirligi (13.19 g) ve kuru madde miktari (%11.99) en yiiksek
olan kombinasyon P2B, toplam verim degeri en yiiksek olan kombinasyon P1B (159 g/kg) olarak belirlenmistir.

P. ostreatus’da en yiksek, mantar agirhgi (15.85 g), kuru madde miktari (%13.81) ve toplam verim (93.18 g/kg)
P2C kombinasyonunda tespit edilmistir.

Anahtar Kelimeler: Pleurotus ostreatus, Pleurotus citrinopileatus, yetistiricilik, tarimsal atik

The Effect of Different Agricultural Wastes on Yield and Quality in Cultivation
of Pleurotus citrinopileatus and Pleurotus ostreatus

Abstract

The aim of this study was to check the performances of the Yaprak 77 variety (gray oyster) of the Pleurotus
ostreatus and M2502 and 3040 strains of the Pleurotus citrinopileatus (yellow oyster) in the cultivation
environments under different agricultural wastes. In the experiment, the growing media were developed by
mixing oak sawdust and wheat straw with wheat bran in a ratio of 2:1 by weight (P. citrinopileatus: 2 oak
sawdust + 1 wheat bran (P1A), 2 wheat straw + 1 wheat bran (P2A); P. citrinopileatus (B): 2 oak shavings + 1
wheat bran (P1B), 2 wheat stalks +1 wheat bran (P2B); P. ostreatus (C): 2 oak shavings + 1 wheat bran (P1C), 2
wheat stalks +1 wheat bran (P2C). Various parameters i.e. Cap diameter, stem length, stem diameter,
mushroom weight, total yield, dry matter amount of the mushrooms obtained, and moisture and pH analyses
of the growing media used after autoclaving, mycelial development, and post-harvest periods were
performed. The highest mushroom weight and dry matter content in P. citrinopileatus-M2502 strain was
obtained from the P1A combination (17.08 g, 18.35%, respectively). In P. citrinopileatus-3040 strain, the
combination with the highest mushroom weight (13.19 g) and dry matter content (11.99%) was determined as
P2B, and the combination with the highest total yield value was determined as P1B (159 g/kg). In P. ostreatus,
the highest mushroom weight (15.85 g), dry matter content (13.81%), and total yield (93.18 g/kg) were
detected with the P2C combination.

Keywords: Pleurotus ostreatus, Pleurotus citrinopileatus, cultivation, agricultural waste
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Giris

Avcilik ve toplayicilik donemlerinden glinimize kadar mantarlar bilinmekte ve tiketilmektedir (Wani
vd., 2010). Mantar, yiksek vitamin ve mineral igeriginin yani sira, disik kalorili bir besindir.
Beslenmenin digsinda o6zellikle dogu (lkelerinde, ylzyillardir tibbi amag icin kullaniimakta ve
mantarlardan ilag yapilmaktadir (Oztiirk ve Copur, 2009). Artan diinya niifusu, sanayilesme ve
kentlesme, beraberinde tarim arazilerinin giderek azalmasina sebep olmaktadir. Mantar gibi, gerekli
kosullar saglandiginda yil boyunca Uretimi yapilabilen besinler giderek 6nem kazanmaktadir. Az
gelismis Ulkelerde gerekli olan protein gereksinimini karsilamak amaciyla, mantar yetistiriciligi son
donemlerde popiller hale gelmistir (Kurt vd., 2018; Eren ve Peksen, 2019). Mantarlar, ozellikle
Pleurotus tirleri; protein, fosfor, kalsiyum, demir, potasyum ve sodyum gibi mineraller agisindan
zengindir (Szabova vd., 2013). Ayrica P. ostreatus’taki Amino Asit Skoru (AAS), yetiskinler icin gerekli
tiim amino asitlerin beslenme gereksinimini karsilamaktadir (Carrasco-Gonzalez vd., 2017).

Agaricus bisporus ve A. brasilensis mantar tirleri, %30’luk pay ile diinyada en ¢ok yetistiriciligi yapilan
mantarlardir. Bunu %27’lik pay ile Pleurotus, %17’lik pay ile Lentinula tirleri takip etmektedir (Eren
ve Peksen, 2016). Ulkemizde ise en cok yetistiriciligi yapilan mantar tiirii Agaricus bisporus’tur (beyaz
sapkali mantar) ve toplam mantar Gretimimizin %80’lik kismini olusturmaktadir. Pleurotus ostreatus
(istiridye mantari)’da en fazla yetistirilen ikinci mantar tirldir (Eren ve Peksen, 2019). Diger
yetistiriciligi yapilan mantar tirleri ile kiyaslandiginda Pleurotus mantari yetistiriciliginin bircok
avantajl bulunmaktadir. Bunlar, diger tiirlere gore yetistiricilik stresinin kisa olmasi, farkh sicaklik
kosullarinda yetistirilebilen cesitlerin varhg, iptidai kosullara ve hastaliklara olan dayanimi ve liretim
maliyetinin dislik olmasidir (Ragunathan vd., 1996; Sanchez, 2010).

Son zamanlarda farkli lignoselilozik materyaller (izerinde istiridye mantari yetistiriciligi yogun
¢alisiimaktadir (Pereira vd., 2017; Postemsky vd., 2017; Sardar vd., 2017). Diger mantar tirlerinde
oldugu gibi Pleurotus tirlerinin de vyapilarinda lignoseliilozik bilesenleri c¢cozebilen enzimler
bulunmaktadir. Bu sayede tarimsal atiklar (misir kogani, bugday sapi, yerfistigi kabugu, cay atigi, soya
sapl vb.) yetistiricilik ortami olarak kullanilarak geri déniisime katki saglanmaktadir (Kibar, 2016;
Yang vd., 2016). Pleurotus tirlerinde findik zurufu, sarimsak atiklari, cay yapraklari, pamuk samani,
bugday samani, piring samani ve muz yapraklari kullanilarak olusturulan yetistiricilik ortamlarindan
yiksek verim alindigi cesitli ¢alismalarda bildirilmistir (Kamthan ve Tiwari, 2017; Peksen ve
Kiiglikomuzlu, 2004; Sanli ve Peksen, 2018).

Bu bilgiler 1s18inda bu ¢alismada; Pleurotus cinsine ait en fazla Uretimi yapilan P. ostreatus (gri) ve
heniiz Glkemizde ticari olarak Gretimi yapilmayan P. citrinopileatus’un (sari) iki susunun, her biri igin 2
farkh tarimsal atik recetesinde yetistiricilik kosullari denenmis, verim ve kalite parametreleri
incelenmistir.

Materyal ve Yontem

Materyal

Calisma, 2021-2022 yillari arasinda, Cukurova Universitesi Ziraat Fakiiltesi Bahge Bitkileri Bolimii'nde
tam iklim kontrolli mantar yetistirme odalari ve Prof. Dr. Saadet BUYUKALACA doku kiiltiiri
laboratuvarinda yuruatilmustir. Calismada kullanilan suslar, orijinal kodlari, temin edildigi yerler ve
harflendirilmis ve Tablo 1’de sunulmustur.

Tablo 1. Calismada Kullanilan Suslar, Harflendirilmesi, Tiirli ve Temin Edildigi Yerler

Harflendirme  Orginal kodu Tir Temin edildigi yer

A M2502 P. citrinopileatus Mycelia Spawn Company-Belgika

B 3040 P. citrinopileatus Sylvan Spawn Company

C Yaprak 77 P. ostreatus Atatlirk Bahcge Kilturleri Merkez Arastirma Enstitlist
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Yontem

Yetistirme Ortamlarinin Hazirlanmasi

Calismada ele alinan her (g sus icin de mege talasi ve bugday sapi ayri ayri kullanilarak, 2:1 oraninda
bugday kepegi ve %5 oraninda soya unu eklenerek yetistiricilik ortamlari hazirlanmistir. Kullanilan
tarimsal atiklarin kepekle karisimlari, Tablo 2’de verilmistir.

Tablo 2. Calismada Kullanilan Suslar ve Yetistiricilik Ortamlarinin icerikleri

Kullanilan Suslar Yetistiricilik Ortamlari
Pleurotus citrinopileatus (A) 2 Mese talasi + 1 Bugday kepegi (P1A)
2 Bugday sapi +1 Bugday kepegi (P2A)
Pleurotus citrinopileatus (B) 2 Mese talasi + 1 Bugday kepegi (P1B)
2 Bugday sapi +1 Bugday kepegi (P2B)
Pleurotus ostreatus (C) 2 Megse talasi + 1 Bugday kepegi (P1C)

2 Bugday sapi +1 Bugday kepegi (P2C)

Yetistirme ortamlarinin hazirlanmasinda tartimlar yapilmis ve her ortamin nem degerleri yaklasik %70
olacak sekilde ¢esme suyu ile belli araliklarla islatiimigtir. Ortam pH’sini ayarlamak amaciyla da her
ortama %1 oraninda kireg ilavesi yapilmistir.

Sterilizasyon ve Misel Asilamasi

Hazirlanan yetistirme ortamlari, yiksek basing ve sicaklik kosullarina dayanikli polipropilen torbalara
1 kg olacak sekilde doldurulmus ve sterilizasyon amaciyla 121°C'de 1.2 atm basing altinda 1 saat
boyunca otoklavda steril edilmistir. Yetistiricilik ortamlari 25 °C'ye soguduktan sonra her bir torbaya
yaklasik 25-30 g tohumluk misel ekimi yapilmistir.

Misel Gelisimi ve Hasat

Misel ekimi tamamlanan yetistiricilik torbalari, %70-80 nem ve 22+1°C sicakliktaki mantar yetistirme
odalarinda misel gelisimi saglanana kadar bekletilmistir. Miseller torbalarin etrafini tamamen
kapladiktan sonra, oda sicakhig 18+1°C’'ye dusiriilmistiir. ilk primordiumlarin olusumundan sonra
Uretim odasi havalandirilip, odanin nem orani %90-95 araliginda tutulmustur. Nemlendirme islemi
otomasyona bagl nem cihazi ile otomatik olarak yapilmistir. Misel sarim déneminde yetistiricilik
odasi karanlik iken ilk primordiumlarin olusumundan itibaren 200 liix siddetinde, floresan lamba 12
saat acik tutularak aydinlatma gergeklestirilmistir. Misel sariminin gergeklesmesinden itibaren
primordium olusumunu tesvik etme amaciyla, yetistiricilik torbalari 4 farkh yoneyden 5'er c¢cm
genigliginde kesilmis ve torbalarin agzi acilmistir. Yetistiricilik ortamlarinda gelisen Pleurotus
mantarlarina ait gorintdler Sekil 1’de verilmistir.

Sekil 1. Yetistiricilik Ortamlarinda Gelisen Pleurotus citrinopileatus ve Pleurotus ostreatus Mantarlari
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Calismada Yapilan Olgiimler

Mantar kalitesi ve toplam verim ile ilgili yapilan 6l¢limler Agaoglu vd. (1992)’a gore yapilmistir.

Toplam Verim

Calisma boyunca +0.01 g duyarlilikta terazide, her bir uygulama ve tekerriirden giinlik hasat sonucu
elde edilen mantarlarin tartimi saglanmistir. Hasat sonucunda elde edilen mantarlarin agirligi her
uygulama igin ayri ayri hesaplanip, toplam verim miktari hesaplanmistir.

Mantar Agirhgi

Hasat edilen mantarlardan 10 adet 6rnekte, sapka ve sapin birlikte terazide g olarak tartilmasi ile
gerceklestirilmistir.

Sapka Capi

Hasat edilen mantarlardan 10 adet Ornekte, sapkanin en genis ve en dar yerinden 0.1 mm
duyarliliktaki kumpas ile mm olarak dlglimler yapilarak ortalamalari hesaplanmistir.

Sap Uzunlugu

Hasat edilen mantarlardan 10 adet 6rnekte, sapin sapka ile ortam ylizeyine baglandigi yer arasindaki
mesafe mm cinsinden sap uzunlugu olarak saptanmistir.

Sap Capi

Hasat edilen mantarlardan 10 adet Ornekte, sapin sapka ve ortam yizeyi ile birlestigi kisim ile sapin
orta noktasindan kumpas yardimiyla mm olarak yapilmistir.

Kuru Madde

Kuru madde tayinleri, ilk hasat edilen mantarlara yapiimistir. Buna gére mantarlar hassas terazide
tartildiktan sonra 65°C'ye ayarlanmis gida kurutucularinda sabit agirliga gelinceye kadar
kurutulduktan sonra tartimi yapilmis ve kuru madde miktarlari belirlenmistir.

pH Analizi

Yetistiricilik ortamlarinin 6zelliklerini tespit etmek amaciyla ortamlara 3 farkli donemde (otoklav
sonrasl, misel sarim sonrasi ve hasat sonu) pH analizi yapilmistir. 10 g 6rnek her bir ortam icin tartilip,
100 ml saf su icerisinde 90 dakika bekletilmistir. Bu sirenin sonunda karisimin suyu sizilerek pH
Olcimi yapilmistir.

Nem igerigi

Hazirlanan her bir ortamdan alinan 6rneklerin yas agirliklari belirlendikten sonra agirhg sabitlenene
kadar 65°C’'de etiivde kurutulmustur. Belirlenen kuru agirliklar 100‘den gikartilarak, ortamlarin %
nem igerikleri tespit edilmistir.

Deneme Deseni ve Istatistiksel Degerlendirme

Calisma, Tesadif Parselleri Deneme Desenine gore 3 tekerrirli ve her bir tekerriirde 4 torba olacak
sekilde planlanmistir. Sonuglar, JMP istatistik paket programinda analiz edilmistir. istatistiki acidan
onemli oldugu belirlenen verilere LSD testi yapilarak harflendirme yapilmistir.
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Bulgular ve Tartisma

P. citrinopileatus-M2502

P. citrinopileatus-M2502 mantarinin Uretim kosullarinin belirlenmesi amaciyla kullanilan farkh
yetistiricilik ortamlarinin pH ve nem (%) oranlari Tablo 3’te verilmistir. pH analizi sonucunda ortamlar
ve donem interaksiyonu arasindaki farkhliklar istatistiki acidan 6nemli, donemlerin ortalamalari
arasindaki farkhliklar ise 6nemsiz bulunmustur.

P2A ortaminin otoklav sonrasi déneminden en yiiksek pH degeri (6.43) elde edilmistir. En distk pH
degeri ise P2A ortaminin misel gelisim sonrasi (5.28) ve hasat sonu (5.24) donemlerinden elde
edilmistir. Donemler kendi aralarinda kiyaslandiginda ise otoklav sonrasi donemde pH degeri yiksek
cikarken, misel gelisim ve hasat sonrasinda pH’nin distigl dikkat cekmistir.

Yetistiricilik ortamlarinin nem (%) degerleri incelendiginde, ortamlar ve dénem arasindaki farkliliklar
onemli bulunurken, interaksiyon 6énemli bulunmamistir. P1A ortaminin nem igeriginin daha fazla
oldugu tespit edilmistir. Dénemlerin ortalamasi incelendiginde ise en fazla nem igeriginin otoklav
sonrasl (%73.18) donemde oldugu, bunu misel gelisim sonrasinin (%70.40) takip ettigi dikkat
¢cekmistir.

Hasat sonunda nem miktarinin dnemli oranlarda distlgl gorilmektedir. Bunun nedeni, mantar
gelisiminin saglanmasi icin torbalarin agizlarinin acilmasi olarak aciklanabilir.

Tablo 3. P. citrinopileatus-M2502 Mantarinin Uretildigi Farkl Yetistiricilik Ortamlarinin pH ve Nem
Miktari (%)

Ortam Dénem pH Donem Nem (%)

0S MGS HS Ort. 0s MGS HS Ort.
P1A 6.10b 5.59¢ 5.43cd 5.71 75.56 66.18 75.69 72.47A
P2A 6.43a 5.28d 5.24d 5.65 70.80 64.49 65.10 66.80B
Ort. 6.27A 5.44B 5.34B 73.18A 70.40A 65.33B
LSDzam***=0.21, LSD4t=0.D., LSDzamxatk*=0.30 LSDzam**= 4.60, LSDat**= 3.73, LSDzamxatk= O.D.

Ayni stitunda farkli harflerle gésterilen ortalamalar arasindaki farklar istatistiksel olarak 6nemli bulunmustur.
*P < 0.05, **P < 0.01, ***P < 0.001, O.D: Onemli Degil, OS: otoklav sonrasi, MGS: misel gelisimi sonrasi, HS:
hasat sonu, Ort: ortalama

Farkli yetistiricilik ortamlarinda dretilen P. citrinopileatus-M2502 mantarinin sapka ¢api (mm), sap
uzunlugu (mm), sap ¢ap! (mm), mantar agirhigi (g), verim (g/kg) ve kuru madde miktari (%); Tablo 4’te
verilmistir. P. citrinopileatus-M2502 mantari icin degerlendirilen kalite parametrelerinin hepsi
istatistiki olarak 6nemli bulunmustur.

Sapka cap! en genis mantarlar 57.03 mm ile P2A ortamindan elde edilirken, P1A ortamindan elde
edilen mantarlarin sapka ¢apinin ortalama 51.06 mm oldugu belirlenmistir. Sap uzunlugu agisindan
en uzun mantarlarinP2A (51.48 mm) ortaminda oldugu tespit edilmistir. En kisa mantar sapi
uzunluklari ise P1A (35.72 mm) ortamindan elde edilmistir. Sap ¢ap! en genis olan mantarlar 12.88
mm ile P2A ortaminda bulunurken, en disik olanlar 9.81 mm ile P1A ortaminda oldugu tespit
edilmistir. P1A ortamindan hasat edilen mantarlarin agirliginin en fazla oldugu (17.08 g), bunu P2A
(13.10 g) ortaminin takip ettigi saptanmistir.

Her iki uygulamadan da alinan verim degerleri kiyaslandiginda, 111.95 g/kg ile P1A ortamindan en
yuksek, 108.41 g/kg ile P2A ortamindan en distk degerler elde edilmistir. Mantarlarin kuru madde
miktarlari incelendiginde, en yiiksek degerlerin P1A (%18.35) ortaminda oldugu dikkat ¢ekmistir. P2A
ortamindan elde edilen mantarlarin kuru madde miktarlari ortalamasinin %13.95 oldugu tespit
edilmistir.

Atila (2017) tarafindan yapilan bir calismada, farkh yetistiricilik ortamlarinin P. djamor, P.
citrinopileatus ve P. eryngii yetistiriciliginde kullanimini degerlendirilmistir. Calismada, P. djamor'da
verimin 87.5-258.1 g/kg arasinda, P. citrinopileatus’da 146-199 g arasinda ve P. eryngii’de 140.2-234
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g arasinda oldugu bildirilmistir. Ayni calismada, ortalama mantar agirliginin ise P. djamor'da 11.5-17.6
g arasinda, P. citrinopileatus’de 3.4-4.8 g arasinda ve P. eryngii’de 54.7-74.9 g arasinda oldugu
belirtilmistir.

Freitas vd. (2018) tarafindan yapilan bir ¢calismada, P. citrinopileatus mantarinin verimi 25.1 g/100 g
olarak bildirilmistir. Dissasa (2022) dort farkli vyetistiricilik ortamini kullandigi ¢alismasinda, P.
citrinopileatus tliriinin toplam veriminin 250.36-550 g arasinda oldugunu bildirmistir. Freitas vd.
(2018) tarafindan yapilan bir ¢alismada, P. citrinopileatus mantarinin kuru madde miktarinin 9.7
g/100 g oldugu belirtilmistir.

Calisma bulgulari incelendiginde P. citrinopileatus-M2502 mantarinin sapka c¢api, sap uzunlugu ve sap
capinin en ylksek oldugu ortam P2A (2 Bugday sapi +1 Bugday kepegi) olarak tespit edilmistir.
Mantar agirligi, verim ve kuru madde miktari bakimindan en yiksek degerler P1A (2 Mese talasi + 1
Bugday kepegi) ortamindan elde edilmistir. Mantar veriminin 63.65 g/kg ile 142.73 g/kg arasinda
degistigi tespit edilmis ve literatlirle uyumlu sonuglar elde edilmistir.

Tablo 4. Farkli Yetistiricilik Ortamlarinda Uretilen P. citrinopileatus-M2502 Mantarinin Sapka Capi
(mm), Sap Uzunlugu (mm), Sap Capi (mm), Mantar Agirligi (g), Verim (g/kg) ve Kuru Madde Miktari
(%)

Ortam Sapka Capi Sap Uzunlugu Sap Capi Mantar Verim Kuru Madde
(mm) (mm) (mm) Agirhgi (g) (g/kg) Miktari (%)
P1A 51.06b 35.72b 9.81b 17.08a 111.95a 18.35a
P2A 57.03a 40.34a 12.88a 13.10b 108.41b 13.95b
LSD 3.25%* 2.40 ** 2.27* 3.98%* 3.37* 3.45%*

Ayni siitunda farkli harflerle gésterilen ortalamalar arasindaki farklar istatistiksel olarak énemli bulunmustur
*P < 0.05, **P <0.01, ***P < 0.001, O.D: Onemli Degil

Pleurotus citrinopileatus-3040

P. citrinopileatus-3040 mantarinin Uretim kosullarinin belirlenmesi amaciyla kullanilan farkh
yetistiricilik ortamlarinin pH ve nem (%) oranlari Tablo 5te sunulmustur. pH analizi sonucunda
ortamlar ve donem interaksiyonu ile dénemlerin ortalamalari arasindaki farkliliklar istatistiki agidan
onemli bulunurken, ortamlarin ortalamasi dGnemsiz bulunmustur.

pH degerinin en yiksek oldugu dénem otoklav sonrasi (6.26) olarak bulunmus ve bunu misel gelisim
sonrasl (5.58) ve hasat sonu (5.23) donemleri takip etmistir.

Yetistiricilik ortamlarinin nem degerleri kiyaslandiginda ise dénemler, ortamlar ve interaksiyonlar
arasindaki farhhklarin istatistiki olarak 6nemli olmadigi dikkat cekmistir. Kullanilan yetistiricilik
ortamlarinin nem igeriginin %70.75-74.84 arasinda oldugu saptanmistir.

Ragunathan ve Swaminathan (2003) tarafindan yapilan bir ¢calismada, lg farkli Pleurotus tirG farkli
ortamlarda yetistirilmistir. Kullanilan yetistiricilik ortamlarinin nem igeriginin P. sajor-caju i¢in 90.14
ile 93.08 g/kg arasinda, P. platypus icin 90.84 ile 92.08 g/kg arasinda ve P. citrinopileatus igin 90.08 ile
92.87 g/kg arasinda oldugu bildirilmistir.

Bu calismada kullanilan yetistiricilik ortamlarinin nem igerigi literatlre gére daha dusik bulunmustur.
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Tablo 5. P. citrinopileatus-3040 Mantarinin Uretildigi Farkl Yetistiricilik Ortamlarinin pH ve Nem
Miktari (%)

Ortam Dénem pH Donem Nem (%)

0OS MGS HS Ort. 0OS MGS HS Ort.
P1B 6.10b 5.60c 5.26d 5.65 75.56 74.71 74.26 74.84
P2B 6.43a 5.55c 5.20d 5.73 70.80 69.21 72.23 70.75
Ort. 6.26A 5.58B 5.23C 73.18 71.96 73.24
LSDzam***= 018, LSDatk=(j.D., LSDzamxatk= OD LSDzam= OD, LSDatk= OD, LSDzamxatk= OD

Ayni stitunda farkli harflerle gosterilen ortalamalar arasindaki farklar istatistiksel olarak énemli bulunmustur
*P < 0.05, **P < 0.01, ***P < 0.001, 6.D: Onemli Degil, OS: otoklav sonrasi, MGS: misel gelisimi sonrasi, HS:
hasat sonu, Ort: ortalama

Farkh yetistiricilik ortamlarinda Uretilen P. citrinopileatus-3040 mantarinin sapka capi (mm), sap
uzunlugu (mm), sap ¢ap! (mm), mantar agirhigi (g), verim (g/kg) ve kuru madde miktari (%) Tablo 6’da
verilmistir. Her bir uygulamadan elde edilen mantarlara yapilan dlgciimler sonucunda sapka capi,
mantar agirhg ve verim parametreleri aralarindaki farkhliklarin istatistiki agidan 6nemli oldugu
saptanmigstir.

Sapka capi en genis olan mantarlar P2B (62.29 mm) ortamindan hasat edilmistir. P1B ortaminda
olusan mantarlarin sapka c¢apinin (53.60 mm) daha dar oldugu tespit edilmistir. Hasat edilen
mantarlarin sap uzunluklari ortalamalarinin 38.12 mm ile 37.26 mm arasinda oldugu ve ortamlar
arasindaki farkhliklarin istatistiki olarak 6nemli bulunmadigi tespit edilmistir. Hasat edilen mantarlarin
sap caplari incelendiginde ortalamanin 11.34-10.47 mm arasinda degistigi belirlenmis ve ortamlar
istatistiki olarak ayni grupta yer aldigi saptanmistir. Mantar agirhgi en yliksek ortam P2B (13.19 g), en
disik olan ortam P1B (8.62 g) olarak tespit edilmistir.

Ortamlardan hasat edilen mantarlarin toplam verim degerlerinin 126.76 ile 159.72 g/kg arasinda
degistigi dikkat ¢cekmistir. En ylksek verim P1B ortamindan elde edilmistir. Her bir uygulamadan
hasat edilen mantarlarin kuru madde oranlari degerlendirildiginde, ortalamalar arasindaki farkhliklar
istatistiki olarak 6nemli bulunmayip, kuru madde miktarinin %10.35-11.99 arasinda oldugu tespit
edilmistir.

Ragunathan ve Swaminathan (2003), P. sajor-caju, P. platypus ve P. citrinopileatus tirlerini farkh
tarimsal atiklar Gzerinde yetistirmis ve mantarlarin toplam verimlerini; sirasiyla 23.32 ile 414.18 g/kg
arasi, 261 ile 334.5 g/kg arasi ve 236.42 ile 315.13 g/kg arasi olarak belirlemistir. inci vd. (2023)
tarafindan yapilan bir g¢alismada, bugday samani, kinoa samani ve bunlarin 1:1 kg karisimlariyla
olusturulan ortamlarda P. citrinopileatus yetistirilmis, toplam verim 13.9-29.6 (g/100 g) arasinda
tespit edilmistir. P. citrinopileatus yetistiriciliginde en iyi ortamin bugday samani oldugu bulunmustur.

Calisma bulgulari incelendiginde toplam verim en yiiksek P1B (2 Mese talasi + 1 Bugday kepegi)
ortamindan elde edilmistir. Sonuglar literatlirii destekler niteliktedir.

Tablo 6. Farkli Yetistiricilik Ortamlarinda Uretilen P. citrinopileatus-3040 Mantarinin Sapka Capi (mm),
Sap Uzunlugu (mm), Sap Capi (mm), Mantar Agirhgi (g), Verim (g/kg) ve Kuru Madde Miktari (%)

Sapka capi Sap Uzunlugu Sap Capi Mantar . Kuru Madde
Ortam (mm) (mm) (mm) Agirligi (g) verim (g/kg) Miktari (%)
P1B 53.60b 37.26 10.47 8.62b 159.72a 10.35
P2B 62.29a 38.12 11.34 13.19a 126.76b 11.99
LSD 7,51%** 0D 0D 3.57* 21.27%** 0D

Ayni siitunda farkli harflerle gésterilen ortalamalar arasindaki farklar istatistiksel olarak 6nemli bulunmustur.
*P < 0.05, ***P < 0.001, 0.D: Onemli Degil
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Pleurotus ostreatus

P. ostreatus mantarinin Uretim kosullarinin belirlenmesi amaciyla kullanilan farkli yetistiricilik
ortamlarinin pH ve nem (%) oranlari Tablo 7’de verilmistir. Yetistiricilik ortamlarina yapilan pH analizi
sonucunda, ortamlarin ortalamasi ile ortamlar ve donem interaksiyonu 6nemsiz bulunurken,
doénemlerin ortalamalari arasindaki farkliliklarin istatistiki agidan 6nemli oldugu tespit edilmistir.
Ortamlarin pH oranlari otoklav sonrasi (6.27) donemde en yiiksek bulunurken, hasat sonrasi (5.37)
doénemde en dislik olarak belirlenmistir. Ortam-dénem interaksiyonuna gore en yiiksek pH degeri
P2-D ortaminda (6.43) tespit edilmistir.

Yetistiricilik ortamlarinin nem igerikleri dénem, ortamlar ve dénem x ortam arasindaki interaksiyonda
istatistiki olarak O6nemli bulunmustur. P1C (%77.35) ortaminin nem icerigi en yiksek olarak
belirlenmistir. Donemler kiyaslandiginda ise en yiksek nem iceriginin hasat sonunda (%77.53) oldugu
dikkat cekmistir.

Kurt ve Biyikalaca (2010) tarafindan yapilan bir ¢calismada; asma budama atigi, bugday sapi, susam
sapl ve talas ile olusturulan yetistiricilik ortamlarinin pH degerleri 6.00 ile 6.95 arasinda, nem
degerleri ise %62.96 ile 73.35 arasinda oldugu tespit edilmistir.

Tablo 7. P. ostreatus Mantarinin Uretildigi Farkli Yetistiricilik Ortamlarinin pH ve Nem Miktari (%)

Ortam Dénem pH (%) Donem Nem (%)

0sS MGS HS Ort. oS MGS HS Ort.
P1C 6.10b 6.09b 5.42c 5.93 75.56b 75.90b 80.57a 77.35A
P2C 6.43a 6.07b 5.31c 5.87 70.80c 61.43d 74.48b 69.89B
Ort. 6.27A 6.08A 5.37B 73.18B 70.14B 77.53A
LSDzam***=0.20, LSDatx=0.D., LSDzamsatk= O.D. LSD**;am=3.38, LSD***,4= 1.73, LSD*zamxat = 3.00

Ayni stitunda farkli harflerle gésterilen ortalamalar arasindaki farklar istatistiksel olarak énemli bulunmustur
**p < 0.01, ***P < 0.001, 0.D: Onemli Dedil, OS: otoklav sonrasi, MGS: misel gelisimi sonrasi, HS: hasat sonu,
Ort: ortalama

Farkh yetistiricilik ortamlarinda Uretilen P. ostreatus mantarlarinin sapka capi (mm), sap uzunlugu
(mm), sap capi (mm), mantar agirhgi (g), verim (g/kg) ve kuru madde miktari (%) belirlenmistir (Tablo
8).

Sapka c¢api en genis mantarlar P2C (73.98 mm) ortamindan elde edilmistir. Saplari en uzun mantarlar
P1C (48.60 mm) ortamindan elde edilirken, en kisa saplilar ise P2C (45.23 mm) ortamindan elde
edilmistir. Sap capi en yiiksek mantarlar P2C (21.03 mm) ortaminda, en disikler ise P1C (13.63 mm)
ortaminda olusmustur. Hasat edilen mantarlarin agiliklari incelendiginde ortamlar arasindaki
farkhliklar 6nemsiz bulunup, mantar agirliklarinin 14.82-15.85 g arasinda degistigi tespit edilmistir.

Yetistiricilik ortamlarindan hasat edilen mantarlarin toplam verim sonuclarina yapilan istatistiksel
analizler sonucunda, P2C ortaminin verim degerinin en yliksek (93.18 g/kg) oldugu tespit edilmistir.
belirlenmistir. Toplam verimin P1C ortaminda ise 74.70 g/kg oldugu belirlenmistir. Mantarlarin kuru
madde miktari incelendiginde, en yiiksek deger P2C (%13.81) ortamindan, en diisiik ise P1C (%8.49)
ortamindan elde edilmistir.

Pleurotus tirlerinin sapka ¢apl, sap uzunlugu ve sap capinin tir 6zelligine ve yetisme kosullarina gore
farkhlik gosterdigi daha Onceki calismalarda bildirilmistir (Aksu, 2006). Kiglikomuzlu (2003)
tarafindan yapilan bir calismada, P. ostreatus’un sap ¢api 1.12 cm olarak belirlenmistir. Kurt (2008), P.
ostreatus mantarinin sapka capini 7.53 ile 7.72 cm arasinda, sap uzunlugunu 2.91 ile 4.00 cm
arasinda, sap ¢apini ise 1.04 ile 1.12 cm arasinda tespit etmistir.

Yapilan diger ¢alismalarda, P. ostreatus’un sap uzunlugunun 1.21-3.92 cm ve sap ¢apinin 8.80-17.41
mm, sapka c¢apinin 6.08 ile 11.12 cm ve sapka uzunlugunun 5.46 ile 13.22 c¢cm arasinda oldugu
belirlenmistir (Atila, 2016; Avci, 2015; Besikci vd., 2014; Birlik, 2019; Gezer vd., 2016; Kurt, 2008;
Kiglikomuzlu ve Peksen, 2005). Kibar (2019), P. ostreatus’un sapka enini 9.02 ile 10.46 cm, sapka
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uzunlugunu 10.27 ile 13.97 cm, sap uzunlugunu 3.41 ile 4.81 cm ve sap c¢apini 16.66 ile 28.72 cm
arasinda olarak belirlemistir.

P. ostreatus’un mantar agirhigi ile ilgili yapilan farkh galismalarda, 14.19 g (Kiglikomuzlu, 2003), 17.0
ile 26.27 g arasinda (Kurt, 2008), 22.15 ile 32.42 g arasinda (Atila, 2016), 25.10 ile 35.15 g arasinda
(Birlik, 2019) ve 22.27 ile 29.38 g arasinda (Kibar, 2019) sonuglar elde edilmistir.

Yapilan farkh calismalarda P. ostreatus'un verimi, 136-271 g/kg, 246-358 g/kg ve 154-220 g/kg olarak
belirlenmistir (Atila, 2016; Gezer vd., 2016; Kibar vd., 2016). Thongklang ve Luangharn (2016), P.
ostreatus'u yetistirmek icin en uygun ortamin talas + piring kabugu oldugunu ve verimin ortalama
277.50 g/800 g olarak belirlendigini tespit etmislerdir.

Yamauchi vd. (2018) istiridye mantarinin (P. ostreatus) yetistirilmesinde, alternatif bir substrat olarak
Moso bambu talasi kullanimini degerlendirmis ve verimi 90.3 ile 97.9 (g/600 g) arasinda bulmuslardir.
Jin vd. (2018), P. ostreatus veriminin 844.40 ile 978.00 g/2.5 kg arasinda oldugunu bildirmislerdir.
Kibar (2019), P. ostreatus verimini 202.39 ile 330.57 g/kg arasinda olarak belirlemistir. Dissasa (2022)
dort farkh yetistiricilik ortami kullandigi ¢alismasinda, P. ostreatus’un toplam verim degerlerinin
469.63 ile 862 g/1.5 kg arasinda oldugunu bildirmistir.

Calisma bulgulari literatiirle kiyaslandiginda, sapka capinda, sap uzunlugunda ve sap ¢apinda daha
ylksek degerler elde edildigini, mantar agirliklari ve toplam verim degerlerinin daha distk oldugu
gbze carpmaktadir.

Tablo 8. Farkli Yetistiricilik Ortamlarinda Uretilen P. ostreatus Mantarinin Sapka Capi (mm), Sap
Uzunlugu (mm), Sap Capi (mm), Mantar Agirhgi (g), Verim (g) ve Kuru Madde Miktari (%)

k I zunlug I Mantar . Kuru M
oram S Vet e
P1C 59.29b 48.60a 13.63b 14.82 74.70b 11.49b
P2C 73.98a 45.23b 21.03a 15.85 93.18a 13.81a
LSD 10.63*** 2.27* 6.29%** oD 10.57*** 1.89*

Ayni stitunda farkli harflerle gésterilen ortalamalar arasindaki farklar istatistiksel olarak é6nemli bulunmustur.
*P < 0.05, **P <0.01, ***P < 0.001, O.D: Onemli Degil

Sonug ve Oneriler

Mantarlar saglikli gida olarak degerlendirilmeleri nedeniyle tiketicilerin, yetistiriciliginin iklim
kosullarina bagh kalmadan yapilabilmesi nedeni ile de Ureticilerin dikkatini ¢ekmektedir. Renkli
Pleurotus mantarlarinin gidalardaki gorselligi artirma agisindan, halkimiz tarafindan kabul gorecegi
distnilmektedir. Sunulan ¢alisma, Ullkemizde mantar Uretimini, tiketimini, pazardaki cesitliligi
artirmak ve Ulkemizde yaygin sekilde Uretilmeyen mantar tirlerinin yetistiricilik kosullarinin
belirlenmesini hedeflemistir. Calismada kullanilan ¢ mantar i¢cin de sapka capi ve sap capi
bakimindan en iyi 2 Bugday sapi +1 Bugday kepegi ortaminda, toplam verim agisindan P.
citrinopileatus suslarinin en iyi 2 Mese talasi + 1 Bugday kepegi ortaminda, P. ostreatus mantarinin
ise en iyi verim degerlerinin 2 Bugday sapi +1 Bugday kepegi ortaminda oldugu tespit edilmistir. Elde
edilen sonuglar literatirdeki sonugclarla karsilastirildiginda, Pleurotus tirlerinin sapka capi, sap
uzunlugu, sap capl, mantar agirhigi, verim ve kuru madde miktarinin yetistiricilik ortamlari icerigine,
katki oranina, substratin biyolojik yapisina ve kullanilan materyalin tipine bagh olarak farklilik
gosterdigi tespit edilmistir. Bu nedenle P. ostreatus ve P. citrinopileatus tlrlerinin yetistiricilik ortam
iceriklerinin belirlenmesi calismalarina, farkli bolgelerimizin farkli Grin desenine gére denemeler
planlanarak devam edilebilir.

Destek ve Tesekkiir

Bu calisma, Cukurova Universitesi Bilimsel Arastirma Projesi Koordinasyon Birimi (FYL-2019-12322)
tarafindan desteklenmistir. Maddi desteklerinden &tiirii C.U. BAP koordinasyon birimine tesekkiir
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Bu calismada, diiz bir yuzeye ¢arpan sinirlandirilmamis ve diz levha ile sinirlandirilmig tiirbilanslh dénmeli hava
jetlerinde carpma vylzeylerindeki isi transferi etkileri deneysel olarak incelenmistir. Reynolds sayisinin Re =
20000 ve 30000 degerleri, lile-levha arasi agikligin H/D = 0.5, 1, 3 ve 6 degerleri ve boyutsuz dénme sayisinin
S= 0.125, 0.26 ve 0.52 degerleri igin ¢arpma levhasi ylzeylerinde termal kamera ile sicaklik 6lglimleri
gerceklestirilmistir. Elde edilen sicaklik dagilimlarindan, Reynolds sayisinin, lile-levha arasi acikhgin, sinirlayici
levha durumunun ve boyutsuz dénme sayisinin c¢arpma levhasi Gzerindeki Nusselt dagilimlarina etkisi
arastiriimistir. incelenen tiim akis alanlarinda, garpma levhasi (izerindeki Nusselt degerlerinin artan Reynolds
sayist ile arttigi, artan lile-levha arasi agikhk ile azaldigi goriilmustiir. Akis alanlarinda sinirlayici levhanin varligi,
¢arpma levhasi lzerindeki Nusselt degerlerini azaltmaktadir. Boyutsuz donme sayisi arttikga, carpma levhasi

Gzerindeki Nusselt dagilimlari daha tiniform hale gelmektedir. Carpma levhasi (izerinde Uniform dagilima en
yakin Nusselt dagilimi goriintlsi, H/D=3 ve S=0.52 degerlerinde olusmaktadir.

Anahtar Kelimeler: carpan donmeli jet, sinirlayici levha, Nusselt dagilimi

Investigation of Heat Transfer Effects in Unconfined and Confined Swirling
Jets Impinging on a Flat Plate

Abstract

In this study, the heat transfer effects on the impingement surfaces of unconfined and confined turbulent swirl
air jets impacting a flat surface are experimentally investigated. For Reynolds numbers Re = 20000 and 30000,
nozzle-to-plate spacings H/D = 0.5, 1, 3 and 6 and dimensionless swirl nhumber S = 0.125, 0.26 and 0.52,
temperature measurements were performed with a thermal camera on the impingement plate surfaces. From
the temperature distributions obtained, the effects of Reynolds number, nozzle-to-plate spacing, the presence
of confinement plate and dimensionless swirl number on the Nusselt distributions on the impingement plate
were investigated. In all flow fields investigated, it was observed that the Nusselt values on the impingement
plate increased with increasing Reynolds number and decreased with increasing nozzle-to-plate spacing. The
presence of the confinement plate in the flow fields reduces the Nusselt values on the impingement plate. As
the dimensionless swirl number increases, the Nusselt distributions on the impingement plate become more
uniform. The Nusselt distribution on the impingement plate is closest to the uniform distribution at H/D=3 and
$=0.52.

Keywords: impinging swirl jet, confinement plate, Nusselt distribution
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Giris

Jet akislari ile dogada ve mihendislik uygulamalarinda serbest jet ve bir ylizeye ¢arpan jet olarak iki
farkh sekilde karsilagilmaktadir. Yiizeye carpan jetler, genellikle i1sitma ve sogutma islemlerinde,
Ozellikle ylksek 1s1 transfer miktarlarinin istenildigi durumlarda yaygin olarak kullanilmaktadir.
Elektronik sistemlerin devrelerinde bulunan transistor, cip ve benzeri elemanlardan kaynaklanan isi,
optimum c¢alisma sicakliklarini olumsuz yonde etkilemektedir. Bu tir elemanlarin glvenli sekilde
¢alisabilmeleri ve performanslarinin artirilmasi, 1sil yonden kararli olmalarina baglidir. Carpan jet
akislarinda ylzeyden 1s1 gecisi, carpma bolgesinden itibaren ylizey boyunca gittikce azalmakta ve
ylizeyde homojen olmayan bir sicaklik alani meydana gelmektedir. Bu tiir akislarda 1si gegis
mekanizmasi tasinim agirlikhidir ve jetin ylzeye garptigl bolgeden kenarlara dogru isi tasinim katsayisi
azalmaktadir. Elektronik elemanlar lzerinde Uniform olmayan sicaklik dagilimlari, i¢c gerilmelere ve
termal kararsizliklara yol agmakta ve elemanlarin islem performansinin diismesine ve dmiirlerinin
kisalmasina neden olmaktadir. Carpan jetlerle hem yiksek diizeyde hem de Uniform isi transferini
saglamak amaciyla son vyillarda ¢arpan dénmeli jetler kullanilmaya baslanmistir. Donmeli akislarla
dogada ve bircok endistriyel uygulamada sikhkla karsilasilmaktadir. Donmeli jetler, normal jetlere
gore cevresiyle cok daha hizli bir karisim performansi gostermektedir. Bu nedenle, havalandirma
sistemlerinde etkinligi artirmak icin ve gaz tirbinlerindeki yakicilarda alev stabilizasyonu icin yaygin
olarak kullanilmaktadir. Carpan donmeli jetler, dénerek ve ilerleyerek hareket etmeleri nedeniyle
hem carpma bolgesini hem de duvar jeti bolgesini genisletmektedir. Carpan dénmeli jetlerde akis
alani, serbest jet, carpma alani, capraz akis, akis ayrilmasi, slriklenme ve zayiflamis akis
bolgelerinden olusmaktadir. D6nme etkisi, akisin radyal olarak acilmasina neden olmaktadir. Yiiksek
jet hizi ve dénme etkisi dairesel jetlere gore daha fazla siiriiklenme etkisi yaratmaktadir. Carpan
donmeli jet ve dairesel jet durumlarina ait sicaklik dagihimlar karsilastirildiginda, ¢arpan dénmeli
jetlerin carpma yilzeyi Uzerinde daha Ulniform bir sicaklik dagilmi olusturdugu ve daha yliksek
ortalama Nusselt sayisi degerlerine ulasildigi gériilmektedir (Huang ve El-Genk, 1998).

Carpan donmeli jet akislar ile ilgili literatlirdeki c¢alismalar g¢ogunlukla deneysel incelemeler
seklindedir. Huang ve El-Genk (1998), dairesel ¢arpan jet ve donmeli carpan jet akisinda isi transferi
etkilerini deneysel olarak incelemislerdir. Dénmeli jet durumunda ¢arpma levhasi lizerindeki yerel ve
ortalama Nusselt sayilarinin daha biiyik oldugunu ve levha boyunca tniform bir dagim gosterdigini
belirtmislerdir. Lee vd. (2002), dairesel bir lile igerisine eklenen vida mekanizmasi ile olusturulmus
¢arpan donmeli jet akisinda s transferi karakteristiklerini sivi kristal yontemi kullanarak
incelemislerdir. Donmeli jet akisinin ¢arpma ylzeyi Uzerindeki isi transferini iyilestirdigini ifade
etmislerdir. Bilen vd. (2002), carpan donmeli jet akisinda donmeli geometrideki acinin carpma levhasi
Gzerindeki 1s1 transferine etkisini tekli ve c¢oklu jet durumlari igin sivi kristal yontemi ile
incelemislerdir. Donmeli geometri agisindaki artisin ve ¢oklu jet durumunun isi transfer performansini
artirdigini belirtmislerdir. Wen ve Jang (2003), dairesel bir lileden ¢ikan donmeli ¢arpan jet akisinda,
carpma levhasi Uzerine yerlestirdikleri termoelemanlar ile 1si transferi karakteristiklerini deneysel
olarak incelemislerdir. Disik lule-levha arasi agikliklarda, carpma bolgesindeki yerel Nusselt
sayllarinda, dairesel jete gore iyilesmenin oldugunu agiklamislardir. Carpan donmeli jet akisinda isi
transferi performansinin farkli ltle-levha arasi agikliklarda ve donmeli geometri acilarinda sivi kristal
teknigi kullanilarak incelendigi bir calisma Senda vd. (2005) tarafindan gerceklestirilmistir. Artan lile-
levha arasi aciklik ve donmeli geometri agisiyla birlikte, carpma levhasi boyunca Nusselt dagiliminin
Uniform oldugunu belirtmislerdir. laniro ve Cardone (2012), carpan ddonmeli jet akisinda, ince folyo
seklindeki carpma levhasi Gzerinde akis yapisi ve 1si transferi karakteristiklerini PIV ve termal kamera
kullanarak incelemistir. Llle icerisine eklenen donmeli geometri ile olusturduklari donmeli jetin,
¢arpma levhasi boyunca sicaklik dagilimini Gniform hale getirdigini belirtmistir. Wongcharee vd.
(2017) jet akiskani olarak TiO,-su nano karisimini ¢arpan dairesel ve donmeli jetlerde kullanarak
gerceklestirdikleri calismalarinda, sivi kristal teknigi ile 1s1 transferi karakteristiklerini incelenmislerdir.
Carpan donmeli jetin, dairesel jete gore daha yliksek Isi transfer kapasitesine sahip oldugunu
aciklamiglardir. Singh ve Chander (2019), lile-levha arasi agiklik, jetler arasi mesafe ve Reynolds sayisi
parametrelerinin carpan ¢oklu donmeli jet akislarindaki i1si transferi Gizerine etkisini termal kamera ile
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incelemislerdir. Disuk llle-levha arasi acikliklarda ve donmeli geometri agilarinda isi transferinin
iyilestigini ifade etmislerdir. Mohamed lllyas vd. (2019), carpan dénmeli jet akisinda ¢arpma levhasi
Uzerindeki sicaklik dagihmlarini sivi kristal teknigi ile elde ettikleri ¢calismalarinda, ¢ok kiiglk ltle-levha
arasi agikliklarda dénmeli geometrinin i1si transferi lzerinde belirgin bir etkisinin olmadigini ifade
etmislerdir.

Wannassi ve Monnoyer (2015) tarafindan diz bir ylzeye carpan dairesel jet ve donmeli jet
akislarinda, akis alani ve isi transferi karakteristikleri deneysel ve sayisal olarak incelenmistir. Sayisal
calismada kullanildiklari SST k-w tirbiilans modeli sonuclarinin deneysel veriler ile olduk¢a uyumlu
oldugunu vurgulamislardir. Zerrout vd. (2017), kilavuz kanat ilavesi ile olusturduklari tekli ve ¢oklu
carpan donmeli jet akislarinda 1si transferi karakteristiklerini deneysel ve sayisal olarak
incelemislerdir. k-€ tlirblilans modeli ile coklu carpan dénmeli jetler icin elde edilen sayisal sonuglarin
deneysel veriler ile daha uyumlu oldugunu vurgulamislardir. Amini vd. (2015), burulmus serit
eklenerek olusturulan carpan donmeli jet akisinda farkh burulma oranlari, lile-levha arasi aciklik ve
Reynolds sayilari icin gerceklestirdikleri sayisal c¢alismada, ¢arpma levhasi Uzerinde 1si transferi
karakteristiklerini incelemislerdir. Duslik liile-levha arasi agikliklarda 1s1 transferi performansinin
arttigini ve artan Reynolds sayisi ile momentum transferinin hizlandigini belirtilmislerdir.

Bu calismada, diiz bir ylizeye carpan sinirlandirilmamis ve sinirlandirilmis tirbilansli dénmeli hava
jetlerinde carpma vyizeylerindeki 1si transferi karakteristikleri deneysel olarak incelenmistir.
Calismada, termal kamera kullanilarak elde edilen sicaklik dagilimlarindan, Reynolds sayisinin, lile-
levha arasi acgikligin ve sinirlayici levha durumunun ¢arpma levhasi Uzerindeki Nusselt dagihmlarina
etkisinin arastirilmasi amaglanmistir. Bu g¢alismada, hem sinirlandirilmamis hem de sinirlandiriimis
carpan donmeli jet akislarinda, boyutsuz donme sayisi etkisi, Reynolds sayisi etkisi ve liile-levha arasi
acikhk etkisi ayrintili olarak incelenmistir. Calismada, donmeli akis elde etmek amaciyla liile igerisine
yerlestirilen 6zel kivrimh geometrik eklentiler ile calismada 6zgiinliik saglanmaktadir.

Materyal ve Yontem

Carpan doénmeli jet akis alanlarinda carpma levhasi Uzerindeki isi transferi etkilerini incelemek
amaclyla yatay eksenli carpan jet akis diizenegi imal edilmistir. Sekil 1a’da sematik, Sekillb’de
fotograf gorintlsi verilen deney dizeneginde, fan yardimiyla emilen ortam havasi yatay sekilde
konumlanmis baglanti borusundan gecerek genlesme odasina ulasmaktadir. Lileden ¢ikan yatay hava
jeti elektriksel olarak isitilmis dairesel ¢arpma levhasina carpmaktadir. Disey olarak konumlanmis
olan isitilmis carpma levhasi, kayit-kizak mekanizmasiyla yatay dogrultuda hareket ettirilerek lile-
levha arasi aciklik degistirilmektedir. Fan girisine yerlestirilmis kapagin acikligi degistirilerek farkh
debiler elde edilmektedir. Sicaklik 6lcimleri, epoksi levhanin arka ylzeyi Uzerinde ylizeye dik
dogrultuda konumlanmis termal kamera ile gerceklestiriimektedir.

263



Ordu Universitesi Bilim ve Teknoloji Dergisi | Ordu University Journal of Science and Technology 2022, 13(2), 261-285

Hava Emis Fam

Genlesme Odasi S
Degistirilebilir
Liile Baghi

Carpma Levhasi

Termal Kamera

Kayit-Kizak ‘E: :

Mekanizmasi i
5
£

(b)
Sekil 1. Yatay Eksenli Carpan Jet Akis Diizeneginin Sematik (a) ve (b) Fotograf Goriinimu

Yatay eksenli carpan donmeli jet diizeneginde, 1.5 mm kalinligindaki epoksi malzemeden Uretilen
carpma levhasinin isitilacak dairesel béliminde, Gniform sicaklik dagilimi elde etmek amaciyla baski
devre teknigi kullanilarak 1 mm genislige ve 40 um kalinhga sahip bakir seritler ile 180 mm’lik capa
sahip dairesel formda elektriksel devre olusturulmustur. Epoksi levhanin isi iletim katsayisi ve
emisivitesi, sirasiyla 0.15 W/mK ve 0.95 dir. Dairesel carpma levhasinin termal kamera tarafindaki
arka ylzeyi ise sprey boya ile mat siyah renge boyanmistir. Carpma levhasinin dairesel bolimi
Gzerinde, ayarl trafo yardimiyla uygulanan 20.3 Volt gerilim ve 2.01 Amper alternatif akimla, 1603.5
W/m2’lik sabit 1si akisi olusturulmustur. Carpma levhasinin isitilmis dairesel kismi tzerine l¢ adet
termoeleman vyerlestiriimis ve termoelemanlardan alinan sicaklik degerleri termal kamera ile
karsilastirilarak emisivite degerleri ayarlanmistir. Carpan donmeli jet diizeneginde, 20 mm ¢apa ve 80
mm uzunluga sahip lile kullanilmistir. Dairesel kesitli lile, donmeli akis elde etmek amaciyla liile
icerisine yerlestirilen kivrimli gubuk eklentileri ve sinirlayici diiz levha, Creality Ender 3 Pro marka Ug
boyutlu yazici ile Gretilmistir. Sinirlayici diz levha, donmeli jet lllesinin ucuna siki gegme seklinde
monte edilmistir. Carpan dénmeli jet akis alanlari, dairesel kesitli Iilenin igerisine farkli acilara sahip
donmeli geometri eklentilerinin yerlestirilmesiyle olusturulmustur. Bu amagla, l¢ boyutlu yazicida,
diisey uzunlugu boyunca kendi ekseni etrafindaki donis agcilari sirasiyla 90°, 180° ve 360° olmak lizere
disey eksen ile yapmis olduklari aginin B = 10.50°, 21.50° ve 37.50° degerlerinde Ug farkli kivrimli
cubuk eklentisi Gretilmistir. Bu eklentilerin ylzeyleri kabadan inceye dogru zimparalanarak
¢apaklarindan arindirilmis ve yiizey plrizlilGgi 50 um seviyesine duslrilmistir. Sekil 2’de sematik
resmi gorilen 80 mm uzunlugundaki kivrimh gubuk eklentileri, 20 mm g¢apindaki dairesel kesitli
lilenin igerisine siki gegme seklinde monte edilmistir. Donmeli jet derecesi, genellikle boyutsuz
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dénme sayisi S ile tanimlanmaktadir. Boyutsuz donme sayisi, Gupta vd. (1984) tarafindan 6nerildigi
sekliyle, Denklem 1’de verilmistir. Burada, d ve D sirasiyla dénmeli geometri ilavesinin i¢ ve dis ¢apini,
B ise, donmeli geometri acisini ifade etmektedir.

__ 2 (1-(d/D)?
S=3 (1—(d/D)2) tan(p) (1)
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=

80 mm

-*_—\
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(a) S=0.125 (b) S=0.26 (c) S=0.52
Sekil 2. Kivrimh Cubuk Eklentilerinin Sematik Goriiniimii

Calisma kapsaminda yatay eksenli carpan jet akis dizeneginde olusturulan diz levha ile
sinirlandiriimis carpan donmeli jet sistemine ait 6rnek akis alani sematik olarak Sekil 3'te verilmistir.
Lileden cikan hava jeti, sinirlayici levhanin ucundan itibaren H mesafesi kadar uzakta olan ve liile
eksenine dik dogrultuda yerlestirilen elektriksel olarak isitilan diiz levhalara carpmaktadir.

ilavesi

Sekil 3. Carpan Dairesel Jet Akis Diizeneginde Sinirlandiriimis Ornek Akis Alaninin Sematik Gériinimi

H, lile-levha arasi/levhalar arasi acikhigi, D, lile capini ve S, boyutsuz dénme sayisini gostermek Uzere,
carpan donmeli jet deneyleri kapsaminda, sinirlandirilmamis ve diiz levha levha ile sinirlandirilmis, S =
0.125, 0.26 ve 0.52 sayisina sahip ¢ farkli donmeli geometrik eklenti durumu igin, 0.5 < H/D < 6 liile-
levha arasi/levhalar arasi aciklik ve 20000 < Re < 30000 Reynolds sayisi araliklarinda ¢arpma levhasi
Uzerinde sicaklik ol¢limleri gerceklestirilmistir. Donmeli geometri eklentisine ait acinin, sinirlayici
levha durumunun, lile-levha arasi/levhalar arasi agikhgin ve Reynolds sayisinin Nusselt dagilimlar
Uzerindeki etkileri incelenmistir.
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Carpan jetlerde Reynolds sayisi, lile capina ve lile c¢ikisindaki akis hizina gore belirlenmektedir.
Calisma kapsaminda incelenen akis alanlarindaki Reynolds sayilarinin belirlenmesi amaciyla lile
cikislarina yerlestirilen Pitot tlpl ile basing farklari o6lgllerek, lile cikiglarindaki jet hizlari
hesaplanmistir. Reynolds sayisinin 20000 ve 30000 degerleri igin, Pitot tlpu ile olgilen lile ¢ikig
hizlari sirastyla 15.10 m/s ve 22.65 m/s olarak gerceklesmistir.

Isitilmis durumdaki carpma levhasina ortam havasi sicakligindaki jetin carptiriimasiyla, carpma
levhasindan olan 1si transferi etkisi, isitilmis ¢arpma ylizeyinin arka ylzeyi tarafinda ylzeye dik
dogrultuda konumlanmis termal kamera ile gerceklestirilen sicaklik 6lglimleriyle incelenmistir. Yiizey
sicakhk olctimleri, -40°C’den +500 °C’ye kadar 6l¢ctiim araligina ve 0.08 °C hassasiyetine sahip, 240x320
piksel ¢ozlinlrlikli, 50 Hz o6lgim hizina sahip FLIR Thermovision A20 model termal kamera
kullanilarak gergeklestirilmistir. Sicaklik degerleri, ThermaCAM Researcher Professional paket
programi ile kaydedilmistir. Termal kamera, carpma levhasinin jet tarafindaki yizeyi Uzerine
yerlestirilen termoeleman ile kalibre edilmistir.

Termal kamera ile o6lgllen sicaklik degerlerinin dogrulanmasi amaciyla, carpma levhasinin her iki
ylzeyine toplam (¢ adet T tipi termoeleman yerlestirilmistir. Carpma ylzeyi Uzerine yerlestirilen
termoeleman ile olgllen sicakhk, ayni konumda termal kamera ile olgllen sicakhk degeri ile
karsilastirilmis ve carpma yizeyindeki 0.98 emisivite degerinde termoeleman ve termal kamera ile
Olcllen sicaklik degerleri arasindaki farkin 1.5 K diizeyinde oldugu gortlmdistir. Sicakhk degerleri,
carpma levhasindaki yerel sicakliklarin zamanlara degismemesi ve akisin kisa slirede stirekli rejime
ulasmasi nedeniyle 5 dakika silireyle kaydedilmistir. Carpan jetlerle isi transferine yonelik deneysel
calismalarda, goz oniinde bulundurulmasi gereken faktorlerden biri de siriikleme etkisidir. Ortam
sicakligi ile jet akiskaninin sicakhigi arasindaki farkin yliksek olmasi durumunda ortaya ¢ikan siiriikleme
etkisi, Nusselt sayisi Uzerinde dnemli etkiye sahiptir. Carpma levhasindaki isi transferi analizinde
surtkleme etkisinin ihmal edilebilmesi igin sicaklik farkinin 3 K'den az olmasi gerekmektedir (Huang,
1996). Bu c¢alismada, siriikleme etkisinin diizeyini belirlemek amaciyla, lile ¢ikisina yerlestirilen
amaciyla bir adet termoeleman ile jet akiskaninin sicakhigr élctilmistiir. Olciim sonucunda, ortam
sicakligr ve jet akiskaninin sicakligi arasindaki farkin 3 K’in altinda olmasi nedeniyle, ¢arpma
levhasindaki sicaklik 6l¢iimlerinde stiriikleme etkisi ihmal edilmistir.

Isi Transferi Parametreleri ve Hesaplama Prosediirii

Calisma kapsaminda, liile cikisindaki hava jeti hizi U, ve lile ¢apina gére tanimlanmis Reynolds sayisi
sirasiyla asagidaki bagintilarla hesaplanmistir.

Uy = +/2AP/p (2)
_ pUpD
1

Re

(3)

Bu bagintilarda, AP, basing farkini, p, akiskanin yogunlugunu, p, dinamik viskoziteyi ve D ise llle ¢apini
gostermektedir.

Carpan jet akislarinda, carpma levhalari (izerindeki isi transferi etkileri, asagida sirasiyla bagintilari
verilen is1 tasinim katsayisi (h) ve boyutsuz Nusselt sayisi (Nu) ile incelenmektedir.

h= qtaslnlm/Aw(Tw - Tj) (4)
hD

— 5

Nu K (5)
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Burada Qugnm, tasinimla isi akisini, A, isitilmis levhanin yiizey alanini, T,, jet tarafindaki levha
sicakhigini ve T;, jetin ¢ikis sicakligini ifade etmektedir. Nusselt sayisi ifadesinde yer alan k, havanin isi
iletim katsayisi olarak tanimlanmaktadir. Sekil 4’te, diz bir ylzeye ¢arpan jet akisinda, ¢arpma
levhasindan isi transferinde etkili blytklikler sematik bir gériinti ile verilmektedir. Burada, T, termal
kamera ile olgilen sicakligl, T., ¢evre ortamin sicakligini ve T, jet tarafindaki levha sicakligini
gostermektedir.

Al
T -l‘(\\')
’l~|cl

o

L

ile  \
Carpma Liile

levhasi

Sekil 4. Carpan Jetlerde Isi Transferinde Etkili BayUklukler

Qragnm, tasinimla isi akisi, Joule etkisi ile elde edilen isi akisindan (Qiwopam), 1S kayiplari ¢ikarilarak
hesaplanmaktadir. Carpma ylizeyindeki enerji dengesinden,

Qtaginim = Ytoplam — diletim — Qisinim — qdogaltaslmm (6)

elde edilmektedir. Burada, Giopam, toplam isi akisi miktarini, Qietim, Qignm V€ Odogaltagmm 15€ Sirasiyla
¢arpma ylzeyinden iletimle, 1sinimla ve dogal tasinimla olan isi kaybini géstermektedir. Epoksi
levhaya toplam glic girisi, ayarh trafo tarafindan saglanan gerilim ve multimetre ile o6lciilen levha
direnci degerleri kullanilarak hesaplanmakta ve asagidaki bagintiyla ifade edilmektedir.

Qtoplam =1V= VZ/R (7)

Isi kayiplari, levhanin jete maruz kalmayan arka ylzeyi lzerindeki 1sinim, iletim ve dogal tasinim
etkilerinden kaynaklanmaktadir. Carpma levhasi lzerinde radyal yénde iletimle olan isi transferi,
carpma levhasi malzemesinin dlstk 1si iletim katsayisina sahip olmasi nedeniyle ihmal edilmistir.
Carpma levhasi ile cevre ortamin sicaklik degerleri arasindaki fark nedeniyle olusan isinimla isi
transferi asagida verilen Stefan-Boltzmann (Bergman vd., 2011) bagintist kullanilarak
hesaplanmaktadir.

qlslmm = SAWG(T‘?\} - T(,fliev) (8)

Burada, €, carpma levhasinin emisivite degerini géstermektedir. Stefan-Boltzmann sabiti 6=5.67x10®
[W/(m°K*)] degerindedir. Carpan dairesel jet akis diizeneginde, disey konumlandirilan carpma
levhasindan dogal tasinimla olan isi kaybi, Churcill ve Chu (1975) tarafindan asagida énerilen ampirik
baginti ile hesaplanmistir.

= 0.670-Ral/*
Nup, = 0.68 + [1+((%)9/16)4/9]

9
Ra<10 (9)

Bu bagintilarda, Ra ve Pr, sirasiyla Rayleigh sayisini ve Prandtl sayisini ifade etmektedir.

Yukarida verilen bagintilar kullanilarak, yatay carpan jet dlizeneginde, dogal tasinim ve isinim
kayiplari sirasiyla toplam isi miktarinin %3’ ve %4’( olarak hesaplanmistir. Toplam kayiplar, yatay
¢arpan jet diizeneginde toplam isi akisinin %7’si degerinde olmaktadir.
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Belirsizlik Analizi

Deneyler sirasinda yapilan élgimlerle ilgili belirsizlik analizi yapilmistir. Calisma kapsaminda incelenen
Reynolds sayisina ve Nusselt sayisina ait belirsizlikler sirasiyla, + %2.61 ve + % 2.87 mertebesindedir.

Bulgular ve Tartisma

Bu galismada, ¢arpan donmeli jet akis alanlarinda gcarpma ylzeylerindeki isi transferi etkileri deneysel
olarak incelenmistir. incelenen akis alanlarindaki etkili parametreler icin carpma levhalari lizerinde
termal kamera ile sicaklik dagihmlari elde edilmistir. Sicaklik dagilimlari, garpma levhasinin tiim ylizeyi
boyunca elde edilmistir. Sicaklik dagilimlarindan elde edilen kontiir grafiklerle, donmeli geometriye
ait a¢inin, sinirlayici levha durumunun, lile-levha arasi/levhalar arasi acgikligin ve Reynolds sayisinin
carpma levhasi lizerindeki Nusselt dagilimlarina etkisi incelenmistir. Carpan dénmeli jet akisinda isi
transferi deneyleri, sinirlandirilmamis ve diz levha ile sinirlandinimis akis alanlarinda Reynolds
sayisinin Re = 20000 ve 30000 degerleri, ltle-levha arasi acgikligin / sinirlayici levha-carpma levhasi
arasi acikhgin H/D = 0.5, 1, 3 ve 6 degerleri ve donmeli geometri ilavesi icin tanimlanmis boyutsuz
dénme sayisinin S= 0.125, 0.26 ve 0.52 degerlerinde gergeklestirilmistir. Carpma levhasi izerindeki
sicaklik degerleri, 1sitilmis ¢carpma ylizeyinin arka yizeyi lizerinde ylzeye dik dogrultuda yerlestirilmis
termal kamera kullanilarak 6l¢tilmustir. Sicaklik 6lglimlerinden, ¢carpma levhasi lizerindeki boyutsuz
Nusselt dagilimlari konturlar seklinde elde edilmistir. Elde edilen deneysel sonuglar sinirlandirilmamis
ve diiz levha ile sinirlandiriimis carpan dénmeli jet akis alanlari igin incelenmistir.

Sinirlandirilmamig Carpan Donmeli Jet

Sinirlandiriimamis dénmeli jet akisinda, Reynolds sayisinin 20000 ve 30000 degerlerinde ve liile-levha
arasi acikligin 0.5, 1, 3 ve 6 degerlerinde carpma levhasi (izerinde merkezinde carpma bdlgesinin
oldugu 140 mm x 140 mm boyutlarindaki dértgen alanda 6l¢lilmis sicaklik degerlerinden elde edilen
Nusselt dagilimlari, donmeli geometri ilavesi icin tanimlanmis boyutsuz dénme sayisinin S= 0.125,
0.26 ve 0.52 degerleri icin sirasiyla Sekil 5-7’de verilmistir.

$=0.125 boyutsuz dénme sayisina sahip donmeli geometri ilavesiyle olusturulan sinirlandiriimamis
carpan donmeli jet akisinda, iki farkli Reynolds sayisi ve dort farkh lile-levha arasi aciklik icin carpma
ylzeyi lzerindeki Nusselt dagilimlari Sekil 5'de verilmistir. Carpma levhasinin arka ylizeyi Uzerinde
Olcllmus sicakhk konturlarindan elde edilen Nusselt dagilimlarindan, artan Reynolds sayisi ile Nusselt
degerlerinin arttigl, artan lile-levha arasi agiklikla ise Nusselt degerlerinin azaldig1 goriilmektedir. Her
iki Reynolds sayisinda da lile-levha arasi agiklik arttikca, ¢arpma levhasi lzerindeki maksimum ve
minimum Nusselt degerleri arasindaki fark azalmaktadir. Bu durum, artan liile-levha arasi aciklikla
birlikte garpma levhasi tizerindeki Nusselt dagilimlarinin daha tiniform hale geldigini gdstermektedir.
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Nu
i
Nu v
i
Nu |
i

Nu
i

$=0.125, Re=20000, H/D=0.5

$=0.125, Re=30000, H/D=0.5

y/D

y/D

$=0.125, Re=20000, H/D=3 Nu S=0.125, Re=30000, H/D=3

176,5

162,1

1476

1332

18,8

1043

89.88

7544

61,00

$=0.125, Re=20000, H/D=6

$=0.125, Re=30000, H/D=6

1331
1222
112
1003
89.38
7845
67.53

56,60

Sekil 5. Sinirlandirilmamis Jet Durumunda, S=0.125’te, Re=20000 ve 30000 ve H/D=0.5, 1, 3 ve 6 i¢in
Nusselt Dagilimlari

Donmeli geometri ilavesi icin tanimlanmis boyutsuz donme sayisinin $=0.26 oldugu durumdaki
sinirlandirilmamis ¢arpan donmeli jet akisinda, doért farkh IGle-levha arasi aciklik ve iki farkli Reynolds
sayisi icin carpma ylzeyi lizerindeki Nusselt dagilimlari Sekil 6’da verilmistir. Carpma levhasinin arka
ylzeyi lzerinde 6l¢llmis sicaklik konturlarindan elde edilen Nusselt dagilimlarindan, Sekil 5’teki
duruma benzer sekilde, artan Reynolds sayisi ile Nusselt degerlerinin arttigi, artan lile-levha arasi
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aciklikla ise Nusselt degerlerinin azaldigi gorilmektedir. Her iki Reynolds sayisinda da lile-levha arasi
arttikca, carpma levhasi lizerindeki maksimum ve minimum Nusselt degerleri arasindaki fark
azalmakta ve Nusselt dagilimlari daha liniform hale gelmektedir.

S$=0.52 boyutsuz donme sayisina sahip donmeli geometri ilavesiyle olusturulan sinirlandirilmamis
¢arpan donmeli jet akiginda, iki farkli Reynolds sayisi ve dort farkh lile-levha arasi agiklik igin garpma
ylzeyi lGzerindeki Nusselt dagilimlari Sekil 7’de verilmistir. Carpma levhasinin arka ylizeyi Uzerinde
Ol¢lilmus sicaklik konturlarindan elde edilen Nusselt dagilimlarindan, Sekil 6’daki duruma benzer
sekilde, artan Reynolds sayisi ile Nusselt degerlerinin arttigl, artan llle-levha arasi agiklikla ise Nusselt
degerlerinin azaldigl goérilmektedir. Reynolds sayisinin her iki degerinde de liile-levha arasi arttikca,
carpma levhasi Uzerindeki maksimum ve minimum Nusselt degerleri arasindaki fark azalmakta ve
Nusselt dagilimlari daha Gniform hale gelmektedir.
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$=0.26, Re=20000, H/D=0.5

84,00

78,50

73,00

67,50

y/D

5650

51,00

45,50

40,00

$=0.26, Re=20000, H/D=1

89,40
8345
77,50

7155

59.65
53,70
4775

41,80

78,80

74,01

6923

6444

59,65

y/D

54,86

50,08

4529

40,50

$=0.26, Re=20000, H/D=6

5991
56,15
5239
48,63
4456

EINTY

$=0.26, Re=30000, H/D=0.5

y/D

$=0.26, Re=30000, H/D=1

$=0.26, Re=30000, H/D=3

$=0.26, Re=30000, H/D=6 Nu

98.80

9240

54,00

4760

Sekil 6. Sinirlandirilmamis Jet Durumunda, $=0.26’da, Re=20000 ve 30000 ve H/D=0.5, 1, 3 ve 6 i¢in

Nusselt Dagilimlari
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$=0.52, Re=20000, H/D=0.5 $=0.52, Re=30000, H/D=0.5

86,80 190,5

80,80 1727
74,80 1549
68,30 137,1
62,80 1193
56,80 1014
50,80 83,63
44,80 6581
48,00

Nu

Nu
1485
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1104
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72,38
59,69
47,00

Nu
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38,80

$=0.52., Re=20000, H/D=1

$=0.52, Re=20000, H/D=3

$=0.52, Re=30000, H/D=3

4020

$=0.52, Re=20000, H/D=6 $=0.52, Re=30000, H/D=6

60,60
57,61
54,63
51,64
48,65
45,66
4268
39,69

36,70
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i .5
Nu ‘
izl
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Sekil 7. Sinirlandiriimamis Jet Durumunda, S=0.52"de, Re=20000 ve 30000 ve H/D=0.5, 1, 3 ve 6 igin
Nusselt Dagilimlari

Sinirlandirilmis GCarpan Dénmeli Jet

Diz levha ile sinirlandirilmis ¢arpan donmeli jet akisinda, Reynolds sayisinin 20000 ve 30000
degerlerinde ve llle-levha arasi agikligin 0.5, 1, 3 ve 6 degerlerinde ¢arpma levhasi lizerinde 6l¢llmus
sicaklik degerlerinden elde edilen Nusselt dagilimlari, donmeli geometri ilavesi icin tanimlanmis
boyutsuz dénme sayisinin 0.125, 0.26 ve 0.52 degerleri i¢in sirasiyla Sekil 8-10’da verilmistir.
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$=0.125 boyutsuz dénme sayisina sahip donmeli geometri ilavesiyle olusturulan diiz levha ile
sinirlandiriimis ¢arpan donmeli jet akisinda, iki farkli Reynolds sayisi ve doért farkl lile-levha arasi
acikhk icin carpma yuzeyi lzerindeki Nusselt dagilimlari Sekil 8’de verilmistir. Carpma levhasinin arka
ylzeyi Gzerinde 6lclilmus sicaklik konturlarindan elde edilen Nusselt dagilimlarindan, artan Reynolds
sayisi ile Nusselt degerlerinin arttigi, artan lile-levha arasi aciklikla ise Nusselt degerlerinin H/D=1
acikhktaki kigik bir artis sonrasinda azaldigi goérilmektedir. Her iki Reynolds sayisinda da lile-levha
arasli arttikca, carpma levhasi (izerindeki maksimum ve minimum Nusselt degerleri arasindaki fark
azalmaktadir. Bu durum, artan llle-levha arasi aciklikla birlikte ¢arpma levhasi (izerindeki Nusselt
dagilimlarinin daha Gniform hale geldigini gdstermektedir.

Donmeli geometri ilavesi icin tanimlanmis boyutsuz donme sayisinin 0.26 oldugu durumdaki diiz
levha ile sinirlandiriimis ¢carpan donmeli jet akisinda, dort farkli lile-levha arasi aciklik ve iki farkli
Reynolds sayisi icin carpma ylizeyi Uzerindeki Nusselt dagihmlari Sekil 9’da verilmistir. Carpma
levhasinin arka ylzeyi izerinde 6l¢llmus sicakhik konturlarindan elde edilen Nusselt dagilimlarindan,
Sekil 8'deki duruma benzer sekilde, artan Reynolds sayisi ile Nusselt degerlerinin arttigi, artan lile-
levha arasi agiklikla ise Nusselt degerlerinin H/D=1 acikliktaki kiclik bir artis sonrasinda azaldig
gorlilmektedir. Her iki Reynolds sayisinda da lile-levha arasi arttikca, carpma levhasi Gzerindeki
maksimum ve minimum Nusselt degerleri arasindaki fark azalmakta ve Nusselt dagilimlari daha
Gniform hale gelmektedir.
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Nu
Nu
Nu

Nu $=0.125, Re=30000, H/D=6

8420

$=0.125, Re=30000, H/D=0.5

S=0.125, Re=20000, H/D=0.5

y/D
°

$=0.125, Re=30000, H/D=3

79,55
7490

70.25

Nu

Nu
189.5
1723
155.0
137.8
1205
103.3
§6.00
68,75
51,50

Nu

Nu

Sekil 8. Dliz Levha ile Sinirlandirilmis Jet Durumunda, S=0.125te, Re=20000 ve 30000 ve H/D=0.5, 1, 3
ve 6 icin Nusselt Dagilimlari
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1010

90,40

7985

69,30

58,75

4820

Sekil 9. Diiz Levha ile Sinirlandirilmis Jet Durumunda, $=0.26’da, Re=20000 ve 30000 ve H/D=0.5, 1, 3

ve 6 icin Nusselt Dagilimlari

S$=0.52 boyutsuz donme sayisina sahip donmeli geometri ilavesiyle olusturulan diz levha ile
sinirlandirilmis ¢arpan dénmeli jet akisinda, iki farkli Reynolds sayisi ve dort farkli lile-levha arasi
aciklik i¢in carpma ylizeyi tizerindeki Nusselt dagilimlari Sekil 10’da verilmistir. Carpma levhasinin arka
ylzeyi Uzerinde 6l¢lilmis sicaklik konturlarindan elde edilen Nusselt dagilimlarindan, Sekil 9’daki
duruma benzer sekilde, artan Reynolds sayisi ile Nusselt degerlerinin arttigi, artan lile-levha arasi
acikhkla ise Nusselt degerlerinin H/D=1 agikliktaki kiiglk bir artis sonrasinda azaldig1 goriilmektedir.
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Reynolds sayisinin her iki degerinde de llle-levha arasi arttik¢a, carpma levhasi Gzerindeki maksimum
ve minimum Nusselt degerleri arasindaki fark azalmakta ve Nusselt dagilimlari daha Gniform hale

gelmektedir.
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Sekil 10. Diz Levha ile Sinirlandiriimis Jet Durumunda, $S=0.52’de, Re=20000 ve 30000 ve H/D=0.5, 1,

3 ve 6 igin Nusselt Dagilimlari

Carpan donmeli jet akisinda, sinirlandiriimamis ve diiz levha ile sinirlandirilmis akis alanlarinda
Reynolds sayisinin Re = 20000 ve 30000 degerleri, lile-levha arasi agikhgin / sinirlayici levha-garpma
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levhasi arasi agikligin H/D = 0.5, 1, 3 ve 6 degerleri ve donmeli geometri ilavesi i¢in tanimlanmis
boyutsuz donme sayisinin S= 0.125, 0.26 ve 0.52 degerlerinde carpma levhasi lGzerinden elde edilen
Nusselt dagilimlari bir arada degerlendirildiginde, sinirlandirilmamis jet durumdaki maksimum
Nusselt sayisi degerlerinin sinirlandirilmis jet durumundaki maksimum degerlerden daha biyik
oldugu gorulmustir. Lile levha arasi aciklik ve donmeli geometri ilavesinin dénme sayisi arttikca,
¢arpma levhasi Gizerindeki Nusselt dagilimlari daha Gniform hale gelmektedir.

Sinirlayici Levha Etkisi

Reynolds sayisinin 30000 degeri ve donmeli geometri ilavesi icin tanimlanmis boyutsuz dénme
sayisinin S = 0.125 degeri icin carpma levhasinda elde edilen Nusselt dagilimlari Gizerinde sinirlayici
levha durumunun etkisi, lile-levha acikhginin H/D=0.5, 1, 3 ve 6 degerleri icin sirasiyla Sekil 11-14’te
verilmistir. Lile-levha arasi agikligin H/D=0.5 degerinde, sinirlandirilmamis jet durumunda ¢arpma
levhasi (zerindeki Nusselt degerleri, sinirlandiriimis jet durumundaki degerlerden daha biyik
olmaktadir. Sinirlayici levhanin varligi ¢carpma bdlgesinde daha (niform bir Nusselt dagilimi
olusturmaktadir (Sekil 11). H/D=1 aciklikta, H/D=0.5"teki duruma benzer sekilde sinirlayici levhanin
varligiyla ¢carpma levhasi tGzerindeki maksimum ve minimum Nusselt degerleri azalmaktadir (Sekil 12).
Lule-levha arasi acikhigin H/D=3 degerinde, sinirlandirilmis jet durumunda ¢arpma levhasi tGzerindeki
maksimum ve minimum Nusselt degerleri arasindaki fark daha kigik olmaktadir (Sekil 13). H/D=6
acikhkta, sinirlayici levhanin varhginin, c¢arpma levhasi (zerindeki Nusselt degerlerine etkisi
azalmaktadir (Sekil 14).

Sinirlandirilmamig Jet 6=0° Simirlandirilmig Jet

$=0.125, Re=30000, H/D=0.5 $=0.125, Re=30000, H/D=0.5

107,0

y/D

88,13

69,25

50,38

31,50

Sekil 11. Re=30000, S=0.125 ve H/D=0.5 i¢cin Carpma Levhasi Uzerinde Nusselt Dagilimlar

Swnrlandirilmamis Jet 6=0° Sinirlandirimis Jet
$=0.125, Re=30000, H/D=1 $=0.125, Re=30000, H/D=1 Nu

S

189.5

1723

155,0

1378

y/D
=3

1205

1033

86.00

68,75

51,50

Sekil 12. Re=30000, S=0.125 ve H/D=1 i¢in Carpma Levhasi Uzerinde Nusselt Dagilimlari
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Siurlandirilmamig Jet 0=0° Smirlandirilnug Jet
$=0.125, Re=30000, H/D=3 $=0.125, Re=30000, H/D=3

x/D x/D
Sekil 13. Re=30000, S=0.125 ve H/D=3 i¢in Carpma Levhasi Uzerinde Nusselt Dagilimlari
Siirlandirilmamig Jet 6=0° Smirlandirilmig Jet

$=0.125, Re=30000, H/D=6 Nu $=0.125, Re=30000, TI/D=6

133.1

1222

2

1003

89.38

7845

67,53

56,60

Sekil 14. Re=30000, S=0.125 ve H/D=6 i¢cin Carpma Levhasi Uzerinde Nusselt Dagilimlari

Donmeli geometri ilavesi icin tanimlanmis boyutsuz donme sayisinin S=0.125 degerinde, sinirlayici
levhanin dort farkli ltle-levha arasi agikliktaki etkisi bir arada degerlendirildiginde, sinirlayici levhanin
varliginin ¢arpma levhasi Uzerindeki Nusselt degerlerini azalttigi goérilmektedir. Hem
sinirlandiriimamis jet hem de sinirlandiriimis jet durumunda, lile-levha arasi agikhk arttikga ¢carpma
levhasi Gzerindeki Nusselt degerleri azalmaktadir. Artan llle-levha arasi aciklik, carpma levhasi
Gzerindeki maksimum ve minimum Nusselt degerleri arasindaki farki azaltip daha Uniform
dagihimlarin olusmasini saglamaktadir.

Reynolds sayisinin 30000 degeri ve donmeli geometri ilavesi icin tanimlanmis boyutsuz dénme
sayisinin $=0.26 degeri icin carpma levhasinda elde edilen Nusselt dagilimlari Gzerinde sinirlayici
levha durumunun etkisi, ltle-levha acgikliginin H/D=0.5, 1, 3 ve 6 degerleri icin sirasiyla Sekil 15-18’de
verilmistir. H/D=0.5 aciklikta, sinirlandiriimamis jet durumunda ¢arpma levhasi Gizerindeki maksimum
Nusselt degeri, sinirlandiriimis jet durumundaki degerden daha biyilk olmaktadir. (Sekil 15). Lile-
levha arasi agikhgin H/D=1 degerinde, H/D=0.5"teki duruma benzer sekilde sinirlayici levhanin
varligiyla carpma levhasi izerindeki maksimum ve minimum Nusselt degerleri azalmaktadir (Sekil 16).
H/D=3 ve H/D=6 acikliklarda ise, sinirlandiriimis jet durumunda carpma levhasi lizerindeki Nusselt
degerleri, sinirlandiriilmamis jet durumundaki degerlerden daha biyik olmaktadir. (Sekil 17 ve Sekil
18).
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Smurlandinlmarmg Jet 6=0° Sinirlandirilmig Jet
$=0.26, Re=30000, H/D=0.5 Nu $=0.26, Re=30000, H/D=0.5

1730

1548

136,6

184

ws £ o 1003
=
9045 82,06
-1
9.45 63.88
654 5 45,60
4740 27.50
3 2 1 0 1 2 3
XD x/D

Sekil 15. Re=30000, S=0.26 ve H/D=0.5 icin Carpma Levhasi Uzerinde Nusselt Dagilimlari

Sinirlandmimamg Jet 6=0° Siirlandirimis Jet
§=0.26, Re=30000, H/D=1 Nu $=0.26, Re=30000, H/D=1
182.0
2 1656
149.3
1
1329
% 0 16,5
100.1
El
8375
2 67,38
S1.00
3 -2 -1 0 1 2 3
x/D
Sekil 16. Re=30000, S=0.26 ve H/D=1 igin Carpma Levhasi Uzerinde Nusselt Dagihmlari
Smirlandiriimamis Jet 6=0° Sinirlandirilmis Jet
$=0.26, Re=30000, H/D=3 Nu $=0.26, Re=30000, H/D=3 Nu

122,0 1326

12,7 1221

1034 s
94,03 1010
84,70 90.40
75,38 79.85
66,05 69,30
56,73 58,75
47,40 4820

Sekil 17. Re=30000, S=0.26 ve H/D=3 icin Carpma Levhasi Uzerinde Nusselt Dagilimlari
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Simirlandirilmamig Jet 6=0° Siirlandirilmig Jet
$=0.26, Re=30000, H/D=6 Nu $=0.26, Re=30000, H/D=6

98,80

86,00

79,60

66,80
60,40
54,00

47,60

Sekil 18. Re=30000, S=0.26 ve H/D=6 icin Carpma Levhasi Uzerinde Nusselt Dagilimlari

Donmeli geometri ilavesi icin tanimlanmis boyutsuz donme sayisinin S=0.26 degerinde, sinirlayici
levhanin dort farkli lule-levha arasi acikhktaki etkisi bir arada degerlendirildiginde, hem
sinirlandiriimamis jet hem de sinirlandiriimis jet durumunda, lile-levha arasi agikhk arttikga ¢arpma
levhasi Gzerindeki Nusselt degerlerinin azaldigi gorilmektedir. Kiglik Illle-levha agikliklarinda
(H/D<1), carpma levhasi lzerinde sinirlayici levhanin varligiyla azalan Nusselt degerleri, buyuk lile-
levha agikliklarinda (H/D=3), sinirlayici levhanin varligiyla artmaktadir.

Reynolds sayisinin 30000 degeri ve donmeli geometri ilavesi igin tanimlanmis boyutsuz dénme
sayisinin S=0.52 degeri icin carpma levhasinda elde edilen Nusselt dagihimlari Gzerinde sinirlayici
levha durumunun etkisi, ltle-levha acgikliginin H/D=0.5, 1, 3 ve 6 degerleri icin sirasiyla Sekil 19-22’de
verilmistir. Lule-levha arasi acikligin H/D=0.5 degerinde, sinirlandiriimamis jet durumunda g¢arpma
levhasi lzerindeki Nusselt degerleri, sinirlandiriimis jet durumundaki degerlerden daha buyuk
olmaktadir. Sinirlayici levhanin varligi ¢carpma bdlgesinde daha (niform bir Nusselt dagilimi
olusturmaktadir (Sekil 19). H/D=1 aciklikta, sinirlayici levhanin varligiyla ¢arpma levhasi tzerindeki
Nusselt degerleri artmaktadir (Sekil 20). Lule-levha arasi agikhgin H/D=3 degerinde, H/D=1'deki
duruma benzer sekilde sinirlandirilmis jet durumunda ¢arpma levhasi Uzerindeki Nusselt degerleri
daha blylk olmaktadir (Sekil 21). H/D=6 aciklikta, sinirlayici levhanin varliginin, carpma levhasi
Gzerindeki Nusselt degerlerine etkisi kaybolmaktadir (Sekil 22).

Sirlandirimamis Jet 6=0° Simirlandinimis Jet
Nu $=0.52, Re=30000, H/D=0.5

$=0.52, Re=30000, H,

x/D

Sekil 19. Re=30000, S=0.52 ve H/D=0.5 icin Carpma Levhasi Uzerinde Nusselt Dagilimlari
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Simirlandirilmamis Jet 6=0° Smirlandirilmig Jet
$=0.52, Re=30000, IT/D=1 Nu $=0.52, Re=30000, H/D=1 Nu

1485 1595

1358 1457
1231 1319
1104 181
9775
85,06 90,44
72,38 76,63
59,69 62,81

47,00

49,00

Sekil 20. Re=30000, S=0.52 ve H/D=1 icin Carpma Levhasi Uzerinde Nusselt Dagilimlari

Sinirlandirilmamis Jet 0=0° Sinirlandinlmig Jet

$=0.52, Re=30000, H/D=3 Nu $=0.52, Re=30000, /D=3
107,6
100,1
92,65
85,18
71,70
70,23
62,75

5528

47,80

Sekil 21. Re=30000, S=0.52 ve H/D=3 icin Carpma Levhasi Uzerinde Nusselt Dagilimlari

Sinirlandirilmamis Jet 0=0° Smirlandirilmis Jet

$=0.52, Re=30000, H/D=6 Nu $=0.52, Re=30000, H/D=6
80,10
1539
70,68

65,96

6125

y/D

56,54

5183

EEATI

4240

x/D

Sekil 22. Re=30000, S=0.52 ve H/D=6 icin Carpma Levhasi Uzerinde Nusselt Dagilimlari

Donmeli geometri ilavesi icin tanimlanmis boyutsuz donme sayisinin S=0.52 degerinde, sinirlayici
levhanin dort farkli lile-levha arasi acikhktaki etkisi bir arada degerlendirildiginde, hem
sinirlandiriimamis jet hem de sinirlandirilmis jet durumunda, liile-levha arasi agikhk arttikga ¢arpma
levhasi Uzerindeki Nusselt degerlerinin azaldigi gortlmektedir. H/D=0.5 aciklikta, carpma levhasi
Uzerinde sinirlayici levhanin varligiyla azalan Nusselt degerleri, ltle-levha arasi acikhgin H/D=1 ve
H/D=3 degerlerinde sinirlayici levhanin varligiyla artmakta, H/D=6 agiklikta ise sinirlayici levhanin
Nusselt degerleri Gzerindeki etkisi kaybolmaktadir.

Boyutsuz D6nme Sayisi Etkisi

Reynolds sayisinin 30000 degeri icin dénmeli geometri ilavesi i¢cin tanimlanmis boyutsuz dénme
sayisinin $S=0.125, 0.26 ve 0.52 degerlerinde ¢arpma levhasinda elde edilen Nusselt dagilimlari
Uzerinde boyutsuz donme sayisi etkisi, sinirlandiriimamis jet ve sinirlandiriimis jet durumlarina gére
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lile-levha arasi/levhalar arasi acgikhgin H/D=0.5 ve 1 degerleri icin sirasiyla Sekil 23 ve Sekil 24’te
verilmistir. Levhalar arasi agikhgin H/D=0.5 degerinde, hem sinirlandiriimamis jet hem de
sinirlandiriimis jet durumunda artan boyutsuz dénme sayisi ile ¢arpma levhasi Gzerindeki Nusselt
degerleri azalmaktadir (Sekil 23). H/D=1 aciklikta, boyutsuz donme sayisi arttik¢ca, carpma levhasi
Gzerindeki maksimum Nusselt sayisi degerleri azalmaktadir (Sekil 24). Benzer bulgular, Senda vd.
(2005) tarafindan da ifade edilmistir.

Simirlandiriimamug Jet 0=0° Simirlandirilmig Jet
$=0.125, Re=30000, H/D=0.5 $=0.125, Re=30000, H/D=0.5
= \
3 2 -1 0 I 2: 3
x/D
Srlandinimamig Jet 6=0° Sinirlandirilmig Jet
$=0.26, Re=30000, H/D=0.5 $=0.26, Re=30000, H/D=0.5

1956

1646

1436

y/D

x/D

Smnirlandiriimamis Jet 0=0° Simirlandirlmig Jet
$=0.52, Re=30000, H/D=0.5 $=0.52, Re=30000, H/D=0.5 Nu

1549
1371

1193

y/D

1014

8363

Sekil 23. Re=30000 ve H/D=0.5 i¢in Carpma Levhasi Uzerinde Nusselt Dagilimlari
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Sinirlandiriimans Jet
$=0.125, Re=30000, H/D=1

0=0° Sinirlandiriimig Jet
$=0.125, Re=30000, H/D=1
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91,38

74,19

i
i
i

Sinirlandiriimanus Jet
$=0.26, Re=30000, H/D=1

0=0° Simrlandiriimis Jet
$=0.26, Re=30000, H/D=1 Nu

1488

1288

) 7 s

P ‘ / ‘. 98.73
b 88,70
78,68
‘:, o] F 68.65

58.63

0=0° Simirlandirlmig Jet
$=0.52, Re=30000, H/D=1

y/D

Simirlandiriimamis Jet
$=0.52, Re=30000, H/D=1

148,5 159.5

1358 1457
1231 1319
o4 18,1

97,75 1043

y/D
y/D
°

85,06

7238

59.69

x/D

Sekil 24. Re=30000 ve H/D=1 i¢in Carpma Levhasi Uzerinde Nusselt Dagilimlari

Sonuglar ve Oneriler

Bu calismada, carpan dénmeli jet akis alanlarinda ¢arpma yizeylerindeki isi transferi etkileri deneysel
olarak incelenmistir. Deneysel calisma kapsaminda termal kamera ile sicaklik dagihmlari elde
edilmistir. Elde edilen sicaklik dagilimlarindan, Reynolds sayisinin, lile-levha arasi acikligin, boyutsuz
doénme sayisinin ve sinirlayici levha durumunun garpma levhasi tzerindeki Nusselt dagilimlarina etkisi
arastirilmistir.

Calismadan asagidaki sonuglara ulasiimistir:

1. Hem sinirlandirilmamis hem de diiz levha ile sinirlandiriimis ¢arpan dénmeli jet akisinda,
carpma levhasi Uzerindeki Nusselt degerleri artan Reynolds sayisi ile artmakta, artan lile-
levha/levhalar arasi acgiklikla azalmaktadir. Lile-levha/levhalar arasi agiklik arttikga, carpma
levhasi Gzerindeki maksimum ve minimum Nusselt degerleri arasindaki fark azalmaktadir.

2. Sinirlandinimamis c¢arpan donmeli jet durumdaki maksimum Nusselt sayisi degerleri

sinirlandiriimis ¢arpan dénmeli jet durumundaki maksimum degerlerden daha buiylk
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olmaktadir. Kiguk lule-levha acikliklarinda (H/D<1), carpma levhasi Uzerinde sinirlayici
levhanin varligiyla azalan Nusselt degerleri, buyuk ltle-levha agikliklarinda (H/D2=3), sinirlayici
levhanin varligiyla artmaktadir.

3. Hem sinirlandiriimamis hem de duiz levha ile sinirlandiriimis ¢arpan dénmeli jet akisinda,
boyutsuz donme sayisinin artmasiyla carpma levhasi Uzerindeki Nusselt degerleri
azalmaktadir.

4. Lule-levha/levhalar arasi agikhk ve boyutsuz dénme sayisi arttikca, carpma levhasi Gizerindeki
Nusselt dagilimlari daha tniform hale gelmektedir.

5. Lile-levha arasi agikhgin H/D=3 degerinde ve boyutsuz dénme sayisinin $=0.52 degerinde
carpma levhasi Gzerindeki Nusselt dagilimlari Uniform dagihma en yakin gorintlyu
olusturmaktadir.
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