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From the Editors

Dear Readers,

As the Journal of Innovative Engineering and Natural Sciences, we are excited to share with you a
recent development that fills us with joy and pride. In the rapidly advancing world of technology and
scientific research, we have taken an important step towards increasing the recognition of our journal in

Turkey and playing an active role on the international stage.

We proudly announce that the Journal of Innovative Engineering and Natural Sciences is now indexed
in TR Index, one of the prominent directories in Turkey. This achievement is considered a strong
reference to the quality and scientific impact of our journal. We extend our heartfelt thanks to all our

editorial board members, reviewers, and contributing authors for their invaluable contributions.

Adhering to our publishing principles of "academic discipline” and "ethical values," the Journal of
Innovative Engineering and Natural Sciences continues to fulfill its mission of providing an important
academic platform for researchers. Our primary goal is to offer scientific approaches and solutions to
the current issues in the fields of engineering and natural sciences and share these works swiftly with

academia and industry.

We take great pride in joining the ranks of distinguished national and international journals by taking this
significant step. The success of our journal continues to grow thanks to the contributions of our esteemed
readers and researchers. We look forward to sharing your valuable works in engineering and natural

sciences in our future issues.

With this update, we aim to enhance the quality and national recognition of our journal. We assure you

that we will continue to enlighten you by keeping up with the latest developments in the world of science.
Thank you for your participation, support, and interest.
Best regards,

Editors



Editorden

Degerli Okuyucularimiz,

Yenilik¢i Mihendislik ve Doga Bilimleri Dergisi olarak, sizlere biyuk bir heyecan ve mutlulukla duyurmak
istedigimiz guncel bir gelismeyi paylagsmak istiyoruz. Gelisen teknoloji ve bilimsel aragtirmalarin hizla
ilerledigi giinimdizde, dergimizin Turkiye'de taninirhgini artirmak ve uluslararasi arenada etkin bir rol

oynamak adina 6nemli bir adim atmis bulunmaktayiz.

Gururla duyuruyoruz ki, Yenilikgi Mihendislik ve Doga Bilimleri Dergisi artik Turkiye'deki énemli
dizinlerden biri olan TR dizinde yerini almigtir. Bu gelisme, dergimizin kalitesi ve bilimsel etkisi
konusundaki glgli bir referans olarak kabul edilmektedir. Bu basariyi elde etmemizde emegi gegen tim
yayin kurulu Gyelerimize, hakemlerimize ve katkida bulunan yazarlarimiza en icten tesekkurlerimizi

sunariz.

Yayin ilkelerimiz olan "akademik disiplin" ve "etik degerler" gergcevesinde, Yenilikgi Mihendislik ve Doga
Bilimleri Dergisi olarak, arastirmacilar igin 6nemli bir akademik platform sadlama misyonumuzu
surdurldyoruz. Dergimizin temel amaci, mihendislik ve doga bilimleri alaninda yapilan arastirmalara
bilimsel yaklasimlarla ¢dézimler sunmak ve bu calismalari akademi ve sektdrle hizli bir sekilde

paylasmaktir.

Bu 6nemli adimi atarak ulusal ve uluslararasi segkin dergiler arasinda yer almaktan blylk gurur
duyuyoruz. Siz degerli okuyucularimizin ve arastirmacilarin katkilari sayesinde dergimizin basarisi
artarak devam etmektedir. Gelecek sayillarimizda da mihendislik ve doga bilimleri alaninda

yurattiguniz degerli calismalari paylasmanizi arzu ediyoruz.

Sizlere sundugumuz bu glincellemeyle, dergimizin kalitesini ve ulusal ¢apta taninirhigini artirmayi
hedefliyoruz. Bilim diinyasindaki yeni gelismeleri takip ederek sizleri aydinlatmaya devam edecegimizi

taahhit ediyoruz.
Katiliminiz, desteginiz ve ilginiz igin tesekkir ederiz.
Saygilarimizla,

Editorler
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PCL/PS blends J. Innovative Eng. Nat. Sci. vol. 3, no.2, pp. 111-126, 2023.

The homopolymer PS (average M,=35.000 g/mol) exhibits T4 of 17.9 and T 66.6 °C. The DSC analysis of 3-CD-

PS shows no distinctive features except for the T4 associated with the PS arms at 17.8 °C.

While the literature reports [5] the T4 of PCL to be around -61.5 °C, we did not measure the Ty of PCL in this

particular experiment. Therefore, no crystallization peak associated with PCL is observed in our findings.

Figure 8. DSC thermograms of the constituent elements comprising the solution-cast films are depicted, with the curves being vertically
displaced for better visibility

DSC scans of a series of PCL/PS (30/70, 50/50, and 70/30) blends with and without various amounts of 3-CD-PS
are shown in Figure 9. A significant change in the T4 value was observed for the 30/70 PCL/PS blend. The T4 of
the 30/70 PCL/PS blend shifted to 21°C and 30.5 °C (with B-CD-PS) (left graph (2)) from 18.8 °C (without 3-CD-
PS) (left graph (1)). In addition, in another series of PCL/PS blends, the T4 values were slightly changed. Tms of
PCL were observed to undergo slight alterations in the presence of B-CD-PS. This may be attributed to forming a
crystalline structure that differs from the previous system. Figure 9, the right graph, shows the results of the cooling
cycle from DSC analysis for all samples. The PCL crystallization of the 3-CD-PS containing 30/70 PCL/PS blend
significantly declined to 14 °C from 24.6 °C with an exothermic peak. It is possible to conclude that adding 3-CD-
PS as a compatibilizer causes changes in some of the thermal properties of the 30/70 PCL/PS blend. Specifically,
the addition of B-CD-PS does not significantly impact the glass temperature or the melting temperature, as
anticipated.

The amount of compatibilizer (B-CD-PS) added to PCL/PS blends for miscibility was also investigated. The films
of 50/50 PCL/PS blends and 2-fold and 4-fold B-CD-PS contents are clearly in Figure 10a. When B-CD-PS is
increased, more homogenously mixed film is obtained. Moreover, from DSC cooling thermograms of 50/50
PCL/PS blends, show that T, of PCL is remarkably decreased due to the inclusion complexation of B-CD:PCL
(Figure 10b).
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Figure 9. DSC thermograms of films containing different concentrations of 3-CD-PS are presented, with the vertical shift applied to enhance

clarity (left graph). The cooling cycle of the same samples (right graph)
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Figure 10. a) Appearance of solvent-cast films prepared with 50/50 PCL/PS blend with 2-fold and 4-fold 3-CD-PS. b) DSC thermograms of
50/50 PCL/PS blend with 2 fold and 4 fold of B-CD-PS

The surface morphology of 50/50 PCL/PS blends containing various amounts of 3-CD-PS was studied through an
optical microscope to observe the miscibility of blends. The casting films were subsequently hot pressed for 3 min
at 195 °C under the pressure of 5 Mpa between Teflon sheets to produce film samples of uniform thickness (~50
um). Figure 11 presents the optical microscope micrographs of 50/50 PCL/PS blends with different ratios of -
CD-PS at 10X magnification to evaluate the morphological surfaces of the blends. Figure 11a has significant phase
separation on the surface. Figure 11d seems to have one uniform phase. Figure 11c showed better homogeneously
dispersed droplets than Figure 11b. The morphologies of these binary blend films changed depending on the
amount of B-CD-PS as compatibilizer. Additional techniques such as scanning electron microscopy (SEM) or
atomic force microscopy (AFM) may be employed to get information about the nanoscale or detect slight phase

separations for further studies.
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Figure 11. Optical microscopy micrographs of 50/50 PCL/PS blends a) without B-CD-PS, b) equimolar B-CD-PS to PCL, c) 2-fold of B-CD-
PS to PCL, and d) 4 fold of B-CD-PS to PCL

IV. CONCLUSIONS

Compatibilization of PCL and PS in THF/DMF (4:1) is achieved by the addition of B-CD end-functionalized PS
(B-CD-PS) (equimolar to PCL) by solution-cast technique. The B-CD-PS was obtained via CUAAC click reaction
of mono azide functional B-CD (B-CD-Ns) and previously synthesized PS via ATRP. The 1:1 inclusion
complexation was driven by B-CD and PCL by host-guest interaction. The process of compatibilization is visually
evident as the initially cloudy solutions become clear when heated and stirred for an extended period. The
mechanism underlying compatibilization is attributed to the threading of the f-CD-PS by PCL, which reduces the
interfaces between different components. This threading phenomenon of the B-CD ring by PCL is supported by
evidence obtained from 2D NOESY NMR analysis. A significant change in the T4 value was observed for the -
CD-PS containing a 30/70 PCL/PS blend. In addition, PCL crystallization was significantly shifted for the same
blend. Moreover, the amount of compatibilizer (B-CD-PS) added to PCL/PS blends for miscibility was also
investigated. The films of 50/50 PCL/PS blends with 2-fold and 4-fold 3-CD-PS contents gave homogenously
mixed films via optical microscope observations. The morphological properties showed that the PCL/PS mixtures
were miscible when the amount of B-CD-PS was increased. In conclusion, for inclusion complexation 1:1 (-

CD:PCL mole ratio is enough; however, 3-CD can be increased for good miscibility of blends.
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Article history: In this study, the development processes of reactive digital printing for cellulosic fabrics are discussed. In the
Received 12 May 2023 study, viscose fabric qualities were evaluated with the same content and different impregnation process
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Accepted 05 July 2023 tests, after digital printing application under the same conditions. In addition, print patterns were visually

examined. It has been determined that the visual quality of the fabrics with one pass impregnation is better
than two passes impregnations and the test results have similar values for all samples. Viscose fabric qualities,
with one pass application, were tested by applying different recipes and the optimum recipe was determined
by making a cost analysis and sustainability aspect. It was determined that the wet rubbing fastness values
were low. Fabric pH test results were determined to be in the range of 5.5-7.5, as expected. Washing, water,
and perspiration fastness values were determined to be in the range of 4-5 as expected.
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I. INTRODUCTION

The foundations of digital printing technology date back to 1878. The continuous ink jet printing method, which
is widely used in today's printing technology, was invented by Sweet in 1965. It was developed by Hertz in 1967.
Another important step in this field was taken in 1979 when HP and Canon found DOD (drop-on-demand)
technologies. This invention has enabled the printing of dots in the desired color at the desired point [1]. Inkjet
printing systems have had an extremely important area of use in offices, homes, and the advertising sector in the
last 20 years. This technology, which developed primarily in the direction of printing on paper in the 1980s, has
advanced considerably, especially with the developments in dye chemistry, digital printing is widely used in the
textile industry today. Since the first systems used in production had a very low resolution (12—-20 doi), they were
only used for printing suitable products such as carpets and blankets, where the patterns are of low resolution.
Since the early 1990s, high resolution inkjet printing systems have been used for printing on fabrics. Although the
first applications were for sample purposes, today there is a trend towards printing in smaller quantities. Most
recently, Reggiani Company launched a machine with a speed of 150 m?hour [2]. Digital printing technology is
applied in the textile industry, which provides green production processes with smart equipment and saves a lot of
water. The products produced with this technology in the textile sector have high quality and high resolution [3].
The printing process on the fabric can be finished in a short time, it is not limited to the pattern size, and it provides
repeatability advantages. Another advantage is fast production, sensitivity, and no waste paint released into the
environment [4]. In recent years, the application of digital inkjet printing on textiles has attracted increasing
attention at both the academic and industrial levels due to its flexibility, cleanliness, versatility, and

competitiveness [5-7]. Reactive printing ink is most commonly used in digital printing for cellulose-fiber fabrics
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such as cotton and linen. But reactive dye is very easy to hydrolyze. Dye fixation rate and color strength are low
during steaming. Hydrolyzed reactive dyes in wastewater can also pose an environmental hazard [8-13]. The
viscosity of digital printing inks is low. For this reason, without applying printing paste, the penetration of the
printing ink into the fabric cannot be controlled, and it spreads on the fabric surface. This prevents the acquisition
of clear patterns. Therefore, printing paste is required as a pre-treatment in digital printing. With digital printing

paste, thickeners, fixing agents, and auxiliary materials are applied to the fabric [14].

The pastes used in digital printing are prepared like the printing pastes used in conventional printing. Since digital
printing is not widespread yet, it is not preferred for expensive long-length prints. Digital prints are commonly
made on cotton, viscose, and polyamide fabrics in the textile sector. Therefore, reactive and acid dyestuffs are used
in printing, and printing pastes of these dyestuffs are prepared [15].

Covalent bonds between the dye and the cellulose are created by reactive dyes reacting with each other in an
alkaline environment. Sodium bicarbonate is often recommended because is affordable, provides adequate
pretreatment, and stabilizes print paste while causing the least amount of hydrolysis. Oxidizing agent is used for
avoid the risk of reduction, and decolourisation, of the dye during steaming. Urea is mainly used to swell cotton
fibers during the steaming process. It also acts as a moisture absorbing agent. Urea accelerates the transfer of dye

to cotton fiber and urea also reduces yellowing of cotton under warm, dry alkaline conditions [16-20].

Printing pastes; contain monomers that can cause air emissions, such as ammonia, formaldehyde, methanol,
alcohols, esters, aliphatic hydrocarbons, acrylates, vinyl acetate, styrene, and acrylnitrile. In addition, reactive

printing pastes can contain up to 150 g/kg of urea. Urea causes eutrophication in wastewater.

It has been observed that digital printing is cleaner than rotary screen printing in terms of depletion of natural
resources and the environmental effects of acidification. The environmental impact of rotary printing (such as the
Global warming effect, eutrophication, ozone depletion, and photochemical oxidation) increases, as the number of
colors used in rotary screen printing increases [21]. Complex multi-color printing patterns make digital printing
more advantageous. In addition, optimization of the digital printing preparation process and reducing its

environmental load have been recognized as important work areas.

Digital and conventional printing pastes are prepared differently. In conventional printing, it is difficult to measure
the amount of dye applied to the fabric. More dye is used than necessary to ensure sufficient dye penetration into
the fabric. For this reason, the dyestuffs used in general are fixed at a rate of 65-70% in fabric. In digital printing,
the amount of dye applied to the fabric can be precisely controlled, and the fixation rates are over 90%. In
conventional printing, thickeners and carriers are used in printing paste for both reactive and disperse dyes. After
the dyeing process, these substances are removed from the fabric by washing. These chemicals are not used in
digital printing [22, 23] While there is an optimized recipe for rotational printing, the digital printing recipe needs

to be optimized at the plant.

Harput Tekstil has invested in a digital printing machine both to gain a place in the clothing market and to build
up a sustainable alternative to the rotary printing process. With this investment, both an alternative printing method

in small quantities and an environmentally friendly process that generates less waste have been reached. Since the
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digital printing machine investment was made for the first time in this study, the need for process optimization

before and after digital printing in the enterprise was determined, and this need was met with recipe optimizations.

The aim of this study is to reduce the amount of chemicals released into the environment and reduce the process
cost by optimizing the paste content and amount in the digital printing process. In this study, the reactive digital
printing process was optimized with paste impregnation studies before reactive digital printing, and the cost has
been reduced. Reactive digital printing applications were carried out by working on three different preferred
qualities. In addition, with the optimizations made, the amount of chemicals in the paste recipe has been reduced,

and the process's environmental load has been reduced.

I1. EXPERIMENTAL METHOD
2.1. Materials

Paste auxiliary chemicals (touching and color efficiency enhancer, thickener, reduction inhibitor) were supplied
from Setas. Sodium bicarbonate, sodium sulfate, and urea chemicals were supplied by Ozan Kimya. Viscose fabric
qualities were supplied from the company's own resources. Printing design was chosen for reactive digital printing,

and recipe optimization was carried out for paste impregnations. The paste recipe is given in Table 1.

Table 1. Quantity of Chemicals in Digital Paste Recipe

Chemicals Quantity (g/L)
Sodium bicarbonate 35
Paste Auxiliary Chemicals (3 different chemicals) 36
Urea 200
2.2. Method

Viscose fabrics have been made ready for the digital printing process by applying one or two layers of paste
impregnation. Visual quality control, pH, washing fastness, rubbing fastness, water fastness, and perspiration
fastness tests were performed on fabrics that were digitally printed at the same conditions. Fabrics were compared
after application. After the paste impregnation applications, different sustainable paste recipes were determined, a
cost analysis was performed, and the most suitable paste recipe was determined. Old and new paste recipes were
applied to different commercially preferred cellulosic fabric qualities. In addition, fabric qualities were compared
by pH, washing fastness, rubbing fastness, water fastness, and perspiration fastness tests.

2.3 Characterization

The pH value was calculated, according to the TS ISO 3801 test standard. Color fastness to rubbing was determined
according to the ISO 105-X16:2016 test standard. Color fastness to perspiration was determined according to the
TS EN 1SO 105-E04 test standard. Color fastness to water was determined according to the TS EN ISO 105-E01
test standard. Color fastness to washing was determined according to the TS EN 1SO 105-CO06 test standard. Paste

impregnation applications were carried out in a stenter machine at 120 °C at a speed of 40 m/min. Digital printing
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applications were carried out at 90 °C at a speed of 5 m/min. After digital printing, viscose fabrics were fixed at

1200 kg of steam and 102 °C for 12 minutes then washing and drying processes occured.

111. RESULTS AND DISCUSSIONS
3.1. Fabric Analysis

At first, three different cellulosic fabric analyses, which are more preferred in the market, were made (Table 2).
The process was optimized with paste applications on viscose fabric quality before digital reactive printing.
Viscose fabrics are made ready for digital printing application by impregnating the paste once and twice in the
stenter machine. Front and back side images of viscose fabric qualities with digital reactive printing are given in

Figure 1.

Table 2. Fabric Analysis

30/1 Viscose 50/1 Poplin Cotton + Elastane
115 (g/m?) 108 (g/m?) 144 (g/m?)
Densit; Densit; Densit
Yarn Type (w/cmgl Yarn Type (W/cmil Yarn Type (w/cmgl
Weft Ne 30/1 Viscose 21 Ne 50/1 Cotton 32 Ne 30/1 Cotton 23
Warp  Ne 30/1 Viscose 26 Ne 50/1 Cotton 56 Ne 421;55;?120” * 53
Plain Plain Twill

3.2. Paste Impregnations

As aresult of the paste impregnations, it has been determined that there is a difference in handle and color between
the viscose fabric qualities. When we look at the fabrics that have been impregnated twice, it has been determined
that the applied dyestuff has more transitions to the back surface, but in visual quality control, the colors are more
dull and the handle is harder. In addition, it has been observed that the colors of the fabrics that have been

impregnated with the paste at one time are more vivid, and the handle is softer and more draped.

3.3. Test Results

After digital reactive printing applications, the visual quality control, pH, washing fastness, rubbing fastness, water
fastness, and perspiration fastness tests were performed, and paste impregnations were compared. Washing
fastness, perspiration fastness, and water fastness test results are given in Table 3. In this context, the fastness test
results of the sample fabrics, which were applied once and twice, were almost the same and also desired values.

The visual quality of one and double pass impregnation studies is similar.

Wet and dry rubbing fastnesses and pH values of viscose fabric qualities are given in Table 4. The pH test range,
which is determined as the acceptance criterion for garments according to DIN EN/ISO 3071 is between 4 and 7.5,
and the pH value of the sample fabrics was determined as 5.5-5.6 in the tests. In lighter tones, the wet rub test was
3-4 and the dry rub test was 4-5, while the pH was 6-6.5. In this study, the rubbing fastness values of cellulosic

fabrics were compared over dark colors. Other fastness values were higher for all colors.
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Figure 1. The front and back side images of digital printed fabrics (a) Front side image of one pass application (b) Front side image of two
passes application (c) Back side image of one pass application (d) Back side image of two passes application

Table 3. Fastness test results of 30/1 viscose fabric qualities

Wool Acrylic Polyester Polyamide Cotton Acetate
Fastness to Washing

One pass 5 5 4-5 5 4-5 4

Two passes 5 5 4-5 4-5 4-5 4-5
Fastness to Perspiration (Acid)

One pass 5 5 4-5 4-5 4-5 4-5

Two passes 5 5 4-5 4-5 4-5 4-5
Fastness to Perspiration (Alkali)

One pass 5 5 4-5 4-5 4-5 4-5

Two passes 5 5 4-5 4-5 4-5 4-5

Fastness to Water
One pass 5 5 4-5 4-5 4-5 4-5
Two passes 5 5 4-5 4-5 4-5 4-5

Table 4. Wet and dry rubbing fastnesses and pH values of 30/1 viscose fabric qualities

Wet Rubbing Fastness Dry Rubbing Fastness pH
One pass 2 3-4 5.6
Two passes 2 4 55

With the paste impregnation study, it has been determined that impregnations with one paste are more suitable for
digital printing processes. For comparison of viscose qualities with different cellulosic fabric qualities,
comparisons were made on three different fabric qualities preferred in the garment sector. Fastness tests and pH
tests were carried out to compare the fabric qualities with reactive digital printing under the same conditions.

Rubbing fastness test results and pH values are given in Table 5. Washing, water, and perspiration fastness test
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results are given in Table 6. Reactive digital print images of viscose, poplin, and cotton fabric qualities are given

in Figure 2.

Table 5. Rubbing fastness test results and pH results

Fabric Quality Wet Rubbing Fastness Dry Rubbing Fastness pH
Viscose 2 4 6.9
Poplin 2-3 3-4 6.5
Cotton + Elastane 1-2 34 6.9

Wet color fastnesses are at least one point lower than dry color fastnesses, especially in dark tones, consistent with
studies on reactive digital printing on cellulosic materials in the literature [24].

Figure 2. Reactive digital printing images of viscose, poplin and cotton fabrics (a: front side, b: back side)

According to visual quality control, the best performance with the most vivid color tones was seen in viscose
fabric. The lowest performance was seen in poplin due to the paste passing to the back side of the fabric.

Table 6. Washing, water and perspiration fastness test results

Wool Acrylic Polyester Polyamide Cotton Acetate
Fabric Quality Fastness to Washing
Viscose 5 5 5 5 4-5 5
Poplin 4-5 5 4-5 4-5 4-5 5
Cotton + Elastane 5 5 5 5 5 5
Fabric Quality Fastness to Perspiration (Acid)
Viscose 4-5 4-5 4-5 4-5 4-5 5
Poplin 4-5 4-5 4-5y 4-5 4-5 5
Cotton + Elastane 4-5 4-5 5 5 4-5 5
Fabric Quality Fastness to Perspiration (Alkali)
Viscose 4-5 4-5 4-5 4-5 4-5 5
Poplin 4-5 4-5 4-5 4-5 4-5 5
Cotton + Elastane 4-5 4-5 5 5 4-5 5
Fabric Quality Fastness to Water
Viscose 5 5 5 5 4-5 5
Poplin 4-5 4-5 4-5 4-5 4-5 5
Cotton + Elastane 4-5 4-5 5 5 4-5 5
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When the obtained fastness data were compared to the literature regarding reactive digital printing on cellulosic

materials, it was discovered that the results were consistent with the literature [24].

3.4. Optimization of the Pat Recipe

The current recipe for different fabric qualities preferred in the market has been optimized. Samples that were
impregnated once, under the same conditions were compared. Costs were reduced by changing the type of paste
auxiliary chemicals (different commercial product with similar chemical properties) and the amounts of urea
chemicals in the existing recipes (the old recipe).The current paste recipe and the developed paste recipe are given
in Table 7.

Table 7. Paste recipes developed for cost reduction

Chemical Old recipes (9) New recipes 1 (g) New recipes 2 (g)
Sodium bicarbonate 35 35 35

Paste Auxiliary Chemicals (3 different chemicals) 36 36 36

Urea 200 200 100

Total Cost (€/kg) 0.330 0.292 0.229

With the new recipes, digital printing was applied, and as a result of the fastness tests, the values were close to the
quality of the old recipe. New Recipe 1 was developed for viscose and cotton qualities. Recipe 2 is developed for
poplin grades. The cost of paste in poplin grades has been reduced from 0.33 €/kg to 0.229 €/kg. In viscose and
cotton qualities, the cost of paste has been reduced from 0.33 €/kg to 0.292 €/kg. A new recipe has started to be
used in the enterprise. After the study, the fabric qualities were tested and evaluated. The data for the test results

are given in Table 8. Washing, water, and perspiration fastness test results are given in Table 9.

Table 8. Rubbing fastness test results and pH values of old and new recipes

Fabric Quality Wet Rubbing Fastness Dry Rubbing Fastness pH
Viscose (Old recipes) 2-3 4-5 6.7
Viscose  (New recipes) 2-3 4 6.6
Poplin  (Old recipes) 2-3 4 6.5
Poplin  (New recipes) 2 4 6.5
Cotton + Elastane  (Old recipes) 2 3-4 6.9
Cotton + Elastane  (New recipes) 1-2 3-4 6.8

All the pH values remained in the range of 6.5-6.9, ensuring DIN EN/ISO 3071 (the standard range is between 4
and 7.5). Wet rubbing test values of cellulosic fabrics are quite low, dry rubbing test values are at a medium level,

and other fastness values are high and at desired values.

In this study, for the digital printing preparation phase, a more sustainable process was achieved by obtaining 50%
less chemical urea waste for viscose, poplin, and cotton qualities. Water consumption was reduced by 50% with

one pass applications.

133



J. Innovative Eng. Nat. Sci. vol. 3, no.2, pp. 127-136, 2023. Reactive digital printing

Table 9. Washing, water and perspiration fastness test results

Wool Acrylic Polyester Polyamide Cotton Acetate
Fabric Quality Fastness to Washing
Viscose (Old recipes) 5 5 5 5 5 5
Viscose (New recipes) 5 4-5 5 5 4-5 5
Poplin ~ (Old recipes) 5 5 4-5 4-5 4-5 5
Poplin  (New recipes) 5 4-5 4-5 4-5 4-5 5
Cotton + Elastane  (Old recipes) 5 5 5 5 5 5
Cotton + Elastane  (New recipes) 5 4-5 5 4-5 4-5 5
Fabric Quality Fastness to Perspiration (Acid)
Viscose (Old recipes) 4-5 4-5 5 5 4-5 5
Viscose  (New recipes) 4-5 4-5 5 5 4 4-5
Poplin ~ (Old recipes) 4-5 4-5 4-5 4-5 4-5 5
Poplin  (New recipes) 4-5 4-5 4-5 4-5 4-5 5
Cotton + Elastane  (Old recipes) 4-5 4-5 5 5 4-5 5
Cotton + Elastane  (New recipes) 4-5 4-5 5 4-5 4-5 5
Fabric Quality Fastness to Perspiration (Alkali)
Viscose (Old recipes) 4-5 4-5 5 5 4-5 5
Viscose  (New recipes) 4-5 4-5 5 5 4 4-5
Poplin ~ (Old recipes) 4-5 4-5 4-5 4-5 4-5 5
Poplin  (New recipes) 4-5 4-5 4-5 4-5 4-5 5
Cotton + Elastane  (Old recipes) 4-5 4-5 5 5 4-5 5
Cotton + Elastane  (New recipes) 4-5 4-5 5 4-5 4-5 5
Fabric Quality Fastness to Water
Viscose (Old recipes) 4-5 4-5 5 5 4-5 5
Viscose (New recipes) 4-5 4-5 5 5 4 4-5
Poplin  (Old recipes) 4-5 4-5 4-5 4-5 4-5 5
Poplin  (New recipes) 4-5 4-5 4-5 4-5 4-5 5
Cotton + Elastane  (Old recipes) 4-5 4-5 5 5 4-5 5
Cotton + Elastane  (New recipes) 4-5 4-5 5 4-5 4-5 5

IV. CONCLUSIONS

Reactive digital printing paste impregnation processes were optimized for cellulosic fabric qualities. With the
optimized paste recipe, more efficient results were obtained in the viscose fabric qualities that were impregnated
once. Thus, the study was continued with one layer of paste impregnation. The visual quality, pH, and fastness
values of three different cellulozic fabric qualities (viscose, poplin, and cotton + elastane fabrics), which were
impregnated once with paste, met expectations. After reactive digital printing, rubbing, washing, water, pH tests,
and visual quality controls were performed on three different fabric qualities. When the obtained fastness results
were compared to the research on reactive digital printing on cellulosic materials, the results were found to be

consistent.

Viscose fabrics have been found to have more vibrant colors than other fabric types. It has been found that the dye
penetrates up to the rear surface of the fabric because poplin fabric qualities have a lighter and tighter structure
than viscose fabric qualities. As a result, it has been found that viscose fabrics have better visual quality than poplin
materials. In addition, it was predicted that the dye could not form integrity on the fabric surface due to the different
weave structure of the cotton + elastane fabric, and the visual quality decreased compared to other fabric qualities.
It was determined that the optimized paste recipe was costly, and the existing recipe was improved again for three

different cellulosic fabric qualities. In cost reduction studies, low-cost recipes have been obtained by changing the
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high-cost paste auxiliary chemicals and amounts of urea chemicals. Fastness tests, fabric pH tests, and visual

quality controls were performed in all studies.

While the fastness values were high for all color tones, the rubbing fastness values were observed lower. Especially
the wet rubbing fastness values are quite low for dark tones. This shows that more studies are needed to improve
the wet rubbing fastness of reactive digital printing processes, especially in dark tones. The developed process
provided a significant reduction in water and chemical consumption, enabling the application of a more sustainable

process.
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ARTICLE INFO ABSTRACT

Article history: Particulate matter (PMO0.3) aerosols are the most penetrating particles, which pose a serious health threat to
Received 19 May 2023 humans. Therefore, mechanical filtration alone is insufficient to effectively filter 0.3 pm aerosols from a
Received in revised form 03 July 2023 polluted environment. Thus, the need for electrostatic filtration is undeniable. This study aims to investigate
Accepted 05 July 2023 the effect of incorporating 10 wt.% and 20 wt.% mass fractions of Polyvinylidene fluoride (PVDF) on the

filtration performance and mechanical properties of polypropylene (PP)-based melt-blown (MB) nonwoven
filter webs for air filtration applications. Morphological tests, fiber diameter measurements, filtration tests,
mechanical tests, contact angle tests, etc., were conducted for each filter web to characterize its properties.
The test results revealed that PP/PVDF fibrous webs exhibited thicker micro-fibers in the range of 1.0 to 1.32
um and rough surface morphologies (beads and droplets) compared to MB PP, which can be attributed to the
incorporation of PVDF. Consequently, the introduction of 10 wt.% and 20 wt.% PVDF into PP resulted in the

Auvailable online

Ezm(:c:z;ene creation of super-hydrophobic MB nonwover? webs, as. evidenced by their resistance to .Water droplets.

Polyvinylidene fluoride However, the study also demonstrated that the incorporation of 10 wt.% and 20 wt.% PVDF into PP reduced

Melt-blown the tensile strength of PP nonwoven filters by approximately 5.55% and 8.33%, respectively. Furthermore,

Filtration performance the addition of 20 wt.% PVDF into PP, along with corona charging, induced a quality factor (QF) of 0.11

Mechanical properties mmH20-1 for the 80PP-20PVDF sample. A similar QF was observed for corona-charged MB PP, which
exhibited a filtration efficiency of 99.01% against 0.3 um aerosol particles, at the expense of a pressure drop
of 427 Pa.

2023 JIENS All rights reserved.

1. INTRODUCTION

Micro/nanofibrous webs emerge as prominent filtering techniques for separating aerosol pollutants of various sizes
from polluted environments. These aerosols, in the form of solid and liquid droplets, including toxic PM particles,
pose a serious threat to human health [1]. Particles with diameters less than 2.5 um are particularly hazardous to
the respiratory system [2]. Therefore, there is a need for fibrous webs with high filtration performance to improve

the quality of inhaled air [3].

Various methods, including electrospinning (ES), solution blow spinning (SBS), centrifugal spinning (CS), and
melt-blowing, are used to produce polymeric micro/nanofibrous webs. While ES is low-cost and suitable for lab-

scale production [4], it has limitations and is not suitable for industrial-scale manufacturing [3-5]. On the other
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On the other hand, solidity also known as packing density affects air permeability. Basis weight, the thickness of
the filter web, and the density of the fiber material are the major factors that govern solidity. Theoretically, the
solidity value of PP, 90PP-10PVDF, and 80PP-20PVDF webs are calculated using the formula given in Eq. 6 [21].

. BW
Solidity = X p (6)

where t represents the thickness of filter webs and the density of the material, fiber webs are made designated by

P.

2.3.5. Filter web thickness measurement

The thickness of each MB filter web was measured at three different points using LOY KA digital micrometer with

a 1 um measurement resolution. And the mean value was computed and assigned for each sample.

2.3.6. Water contact angle (WCA) measurement

To investigate the surface hydrophobicity of filter samples contact angle measurements (Theta Lite) against a drop
of nearly 0.0062 ml of pure water at room temperature and pressures were measured by the sessile drop method.
For this analysis, samples were prepared with a dimension of 10 mm % 40 mm. Then, three contact angle data at

different locations on one surface were averaged to get a reliable value for each sample.

2.3.7. Mechanical properties

The mechanical properties of MB fibrous webs with a dimension of 5 cm x 25 cm were investigated according to
DIN EN ISO 7198 standard via INSTRON tensile testing device. The test is conducted three times for each MB
sample and a mean value was assigned for each PP and PP/PVDF fibrous web. During the test, tensile strength,

elongation modulus, and strains were examined under a fiber gauge length of 200 mm and speed of 2 mm/min.

I11. RESULTS AND DISCUSSIONS
3.1. SEM morphologies and fiber diameters

In MB technology high-speed hot air stretches the molten polymer to form fine fibers with high porosity. In this
study, all nonwoven filter samples were produced under the same MB processing parameters. Figure 4 indicates
the MB web morphologies and fiber diameters of PP and PP/PVVDF micro/nanofibrous examined under SEM.
Although the presence of beads was tremendously high, droplet-free MB filter webs were fabricated for PP (Figure
4(a)). These beads are attributed to the effect of high turbulence of air during MB production [22]. For other
nonwoven filters such as 90PP-10PVDF and 80PP-20PVDF randomly distributed fibers with a relatively small
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number of droplets were fabricated. But, there were more beaded morphologies were also noticed in 80PP-
20PVDF. On the other hand, fibrous webs of AFD 0.62 + 0.03 um were examined for melt-spun PP. From the
literature survey, it was investigated that by adjusting the MB process parameters such as low screw speed (i.e.,
low feed rate) and low hot air pressure it can be possible to produce thinner fibers [23]. However, thicker fibers in
micro-scale of 1.0 £ 0.03 um and 1.32 + 0.07 pm were observed for 90PP-10PVDF and 80PP-20PVDF,
respectively. This tells that fiber diameter increases with the increment addition of the content of PVDF into PP.
This is attributed to the increment in the viscosity of molten PP/PVDF polymer as compared to PP. Furthermore,
fiber diameter distribution for MB samples was considerably influenced by MB process parameters. Also, the
amount of blended material PVDF into the host polymer (PP) had a significant effect on fiber diameter distribution.
So, PP blended with 10 wt.% PVDF produces narrow fiber distribution with lower fiber diameter as illustrated in
Figure 4(b). On the contrary, as indicated in SEM images of Figure 4(c) 20 wt.% PVDF incorporated into PP
produces MB webs with higher fiber diameter and wider fiber distribution.
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Figure 4. Fiber morphologies of MB fibrous webs

144



Filtration performance J. Innovative Eng. Nat. Sci. vol. 3, no.2, pp. 137-152, 2023.

3.2. Basis weight and air permeability

The basis weight, solidity, and air permeability of single-and-double-layer filter samples were presented in Figures
5(a) and 5(b), respectively. As shown in Figure 5(a) the basis weight for single-layer PP, 90PP-10PVDF, and
80PP-20PVDF was measured as 58.47, 38.96, and 49.62 g/m?, respectively. Similarly, a basis weight value in the
range between 77.98 to 116.94 g/m? was measured for double-layer filter webs as depicted below in Figure 5(b).
Compared to MB PP filter webs, PP/PVDF samples blended with 10 and 20 wt.% PVDF showed better air
permeability properties. Among single-layer filter webs the highest air permeability of 101.8 mm/s was
investigated for the 90PP-10PVDF nonwoven filter, but the lowest is for PP with 81 mm/s. This shows that there
exists an indirect relationship between basis weight and air permeability. Looking at Figure 5(a), adding 10 wt.%
PVDF into PP results in a 33.37% reduction of basis weight conversely 25.68% improvements were noted in air
permeability. Furthermore, the study observed that there were no significant differences were noticed in the air
permeability values for filter webs before and after electrification treatment via corona charging. Likewise, a
resemble results were noted in the study of Yang et al. [17]. In their study, it was found that filter webs before and
after electrification treatment have relatively similar air permeability values. Thickness, density, and fiber
diameters are other structural parameters of nonwoven webs which influences filter air permeability. Also, in the
literature, it was revealed porosity is another factor that changes the air permeability of MB PP/PVDF nonwoven
webs. However, weight is the dominant factor in the determination of air permeability compared to thickness, fiber
diameter, and density of fibrous webs [24]. In the study, it was also noted that corona charging had insignificant

influence on the air permeability of MB webs.

Similarly, the air permeability test for double-layer filters gives in the range of 16.2 to 39.2 mm/s. The decrement
in air permeability values for double-layer MB samples was related to their thickness value in contrast to single-
layer filters. Thus, the study showed filter webs thickness had also an influence on their air permeability behavior.
The thickness of single-layer nonwoven webs such as PP, 90PP-10PVDF, and 80PP-20PVDF measured as 0.22,
0.72, and 0.74 mm, respectively. On the other hand, thickness values of 0.286, 0.899, and 0.970 mm were reported
for double-layer PP, 90PP-10PVDF, and 80PP-20PVDF, respectively. For instance, when filter web thickness was
increased from 0.72 to 0.899 mm between single and double layers of 90PP-10PVDF this resulted in an
approximately 72.1% reduction in air permeability. Air permeability decrement as a result of increment in filter
webs thickness was also noticed in the study of air permeability of Polyester nonwoven fabrics [20]. Generally,
due to the less torturous path encountered lower thickness nonwoven webs result in higher air permeability [25].
It was indicated in Figure 5(b) adding 20 wt.% PVDF into PP causes a decrement in basis weight (15.12%)
however, the air permeability was enhanced by (142%). The fiber collection time is also another factor that affects
fibrous web parameters namely basis weight and thickness but here during fiber production; the collection time
for all samples was identical. Basis weight, web thickness, and density of fiber material are the main factors of
solidity. An increment in basis weight results in simultaneous enhancement in filter webs solidity but a

considerable decrement in air permeability.
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Figure 5. Basis weight and air permeability of (a) single-layer and (b) double-layer MB fibrous webs (where the “+” and “-” signs ahead of

the number indicate percentage increment and decrement, respectively)

3.3. Filtration Efficiency of MB filter webs

The filtration efficiency test is conducted in single-layer PP, 90PP-10PVDF, and 80PP-20PVVDF nonwoven MB
filter samples as illustrated in Figure 6(a). Here for each MB sample, the test was performed before and after
corona charging. So, from Figure 6(a) it was seen that maximum filtration efficiency of 83.88% and 85.28% were
investigated for the PP filter web without corona and after corona charging, respectively. In addition, the maximum
pressure drop was also observed for this MB PP sample. This might be due to the effect of beaded morphologies
plays a crucial role in enhancing the air resistance properties of the MB PP sample. The highest basis weight for
PP samples shows the highest filtration efficiency and pressure drop. The increment in filtration efficiency and
pressure drop as a result of enhancement in basis weight was also observed in the study of Liu et al. [26]. On the
other side, introducing PVDF into PP-based fibrous webs had considerable effects on reducing the filtration
efficiency of PP/PVDF nonwoven filters. Thus, the lowest filtration efficiency of 48.64% was noted for the sample
(80PP-20PVDF) produced from the addition of a maximum amount of PVDF (20 wt.%). This might be due to the
presence of thicker fiber diameters observed in SEM images and also morphological defects (i.e., droplets and
beads) resulting from the addition of PVDF. The reduction in filtration efficiency due to the presence of many
thicker fibers was reported in previous research works and hence, this result is supported by past findings. For
instance, Eticha et al. showed that the addition of thermoplastic polyurethane (TPU) into electrically assisted
solution blow spun PVDF nonwovens results in the reduction of the filtration efficiency of PVDF nanofibrous

mats due to the increment in fibers diameter [18].
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Furthermore, together with mechanical filtration to enhance filtering of the most penetrating particle size of 0.3
um corona charging technology was adopted on both single-layer (Figure 6(a)) and double-layer (Figure 6(b))
nonwovens. As demonstrated in both Figure 6(a) and 6(b) corona charged samples have shown better filtration
efficiency than the uncharged filter webs. This is probably due to charged fibers capturing both charged and neutral
aerosol particles with the help of electrostatic force [6]. While considering double-layer fibrous webs before the
corona and after corona charging (Figure 6(b)) have exhibited higher filtering efficiency compared to single-layer
MB webs (Figure 6(a). This might be due to the increment in the thickness of filter samples. Also, it might be
related to because of the higher-voltage power supply and more charging time as compared to single-layer filters.
Moreover, in double-layer MB samples, the electret nature of fibers was higher since more charges will be created
and stored on the MB webs. Thus, a higher coulomb attraction force is created between charged aerosols and
charged fibers, and the electrostatic capturing mechanism will be conducted. On top of that, for neutral aerosols
the electric field created by the electret fibers will going to charge the neutral PMg 3 aerosols, and filtering action
is executed via an electrostatic filtration mechanism. It was also observed that for each corona-charged and
uncharged sample, the pressure drop remained relatively the same. This indicates that corona charging does not

have remarkable effects on the morphologies of MB nonwoven webs.,
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Figure 6. Filtration properties of MB filter webs
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3.4. Filtration performance of MB filter webs

The filtration performance of both single and double-layer MB nonwoven samples PP, 90PP-10PVDF, and 80PP-
20PVDF was depicted below in Figure 7. The lowest QF has been noticed for all non-corona-charged MB samples.
In addition, as shown in Figure 7(a) blending of PP by a low amount (10 wt.%) of PVVDF and without any charging
causes a slight improvement in the QF of filter webs than uncharged PP filter samples. But, as the PVDF content
increased to 20 wt.% the QF behaves a slight decrement compared to 90PP-10PVDF. This might be related to
fiber morphologies (presence of more beads and droplets) responsible for the rising of filters air resistance behavior
and an increment in fiber diameter lowers filtration efficiency, the combination of these two scenarios together
leads to QF reduction. On the contrary, non-corona charged double-layer MB nonwovens (Figure 7(b)) show the
addition of 10 and 20 wt.% PVDF into PP brings about higher QF as compared to PP filters. According to Figure
7(b), corona-charged samples have better QF as compared to uncharged nonwovens. Hence, as indicated in Figure
7(b) the study founds the maximum QF for double-layer corona-charged 80PP-20PVDF samples of 0.11 mmH,0
Lat a lower pressure drop of 93.3 Pa. Although corona-charged double-layer PP filter webs have similar QF to
double-layer corona-charged 80PP-20PVDF filter sample, it was seen that the measured pressure drop (427 Pa)
was remarkably high.

Furthermore, looking at Figures 7(a) and 7(b), generally, the QF value of PP, 90PP-10PVDF, and 80PP-20PVDF
is improved by blending PP with 10 and 20 wt.% PVDF contents. Before and after corona charging the QF values
for each sample displayed by the bar graph behaves a similar increment trend as represented in Figure 7(b), which

shows that the electrostatic force enhances the filtration efficiency without affecting filter webs pressure drop.
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Figure 7. Filtration performance of (a) single-layer filter webs and (b) double-layer filter webs (where the “+” sign ahead of numbers indicates
percentage increment)
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3.5. Contact angle measurements

For each MB filter web sample, the hydrophobicity/hydrophilicity tests were conducted, and their water contact
angle values were indicated in Figure 8. Contact angle values of 127.16 + 1.52°, 133.53 + 1.52°, and 134.22 +
0.96° were measured for PP, 90PP-10PVDF, and 80PP-20PVDF samples, respectively. As per the results, a
hydrophobic surface was noticed for all samples. Further, the addition of 10 and 20 wt.% PVDF contents into PP
improves the surface hydrophobic character of MB PP nonwoven webs. This is because of the intrinsic
hydrophobic characteristics of PVDF [27, 28]. Therefore, the hydrophobic properties of fibrous webs increased
with PVDF addition to the PP morphology, and hence, the contact angles increased. In addition to the
hydrophobicity of the blended polymer, the surface roughness of filter webs is also another factor that affects the
WCA. As shown in SEM images, the introduction of 20 wt.% PVDF results in a large number of beads on the
PP/PVDF surface of MB filter webs. So, compared to MB 90PP-10PVDF, SEM images revealed the surface
roughness is greater for 80PP-20PVDF, and hence, the surface experience better hydrophobicity properties. This
result was in complete agreement with Li et al. [29]. In their study, the addition of PVDF layers into PP shows
superior hydrophobicity behavior. A contact angle of 96.96 ° was noted for PP nanofibrous layers, but the WCA
value between 100 to 140.5 ° was noted for PVDF-coated PP nanofibrous layers.
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Figure 8. MB filter samples with their contact angle values (where the “+” sign ahead of numbers indicates percentage increment)

3.6. Mechanical properties

Figure 9 shows the mechanical properties of single-layer MB PP, 90PP-10PVDF, and 80PP-20PVDF fibrous webs.
As can be seen in Figure 9(a), the tensile strength slightly decreases with the increment of P\VDF content. On the
contrary, the addition of 10 wt.% and 20 wt.% PVDF contents into PP notably affect the elastic modulus of the
MB PP sample. The maximum tensile strength and elastic modulus were determined for PP with 0.18 + 0.05 MPa
and 2.68 + 1.08 MPa, respectively. As the mass fraction of PVDF added to PP is 20 wt.%, the tensile strength and
elastic modulus become 0.165 + 0.06 MPa and 1.29 + 0.43 MPa, respectively. The decrement in tensile strength

might be attributed to the formation of weak bonds between fibers. Similar mechanical properties were observed
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in the studies of PPS/PVDF by Xing et al. [30]. In their study, it was shown that until the content of PVVDF reaches
40 wt.% the tensile strength and tensile modulus of PPS/PVDF initially increase for low content of PVDF and then
gradually decrease. When the tensile load escalates the nonwoven filter webs begin to fracture gradually as a result
of random entanglements of fiber. Strain at break of PP/PVDF MB samples was indicated in Figure 9(b).
Incorporation of PVDF (10 and 20 wt.%) into PP reduced the tensile strength and elastic modulus of PP and
increased its strain at break. These results were in complete agreement with previous studies by Khakestani et al.
[31].
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Figure 9. Mechanical properties of MB filter webs (a) tensile and elastic modulus and (b) strain value

IV. CONCLUSIONS

The fabrication of PP and PP/PVVDF nonwoven filter webs using MB technology was successfully achieved. SEM
analysis revealed that introducing 20 wt.% PVDF into PP resulted in the production of thicker micro-scale fibers,
increased bead formation, and a relatively lower number of droplets compared to the 10 wt.% PVDF composition.
The addition of PVDF had a significant advantage in reducing the basis weight of the filter webs, leading to

improved air permeability in PP/PVVDF samples compared to pure PP filter webs. The piezoelectric properties of
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PVDF polymers likely played a crucial role in enhancing the electret characteristics of PP/PVDF filter webs by
improving their charge storage capacity after corona charging. Moreover, the incorporation of zinc stearate electret
additive in the MB PP and PP/PVDF fibers further enhanced the electrostatic attraction properties of the filter
webs. This enhancement was evident in the filtration efficiency results, where the corona-charged PP double-layer
filter web exhibited the highest filtration efficiency of 99.01% with a pressure drop of 427 Pa. Corona charging
had a remarkable impact on improving PMO0.3 aerosol filtration through electrostatic attraction, while not
significantly affecting the pressure drops. However, relatively higher pressure drops were observed for the MB
samples in this study. On the other hand, the addition of 20 wt.% PVDF significantly improved the hydrophobicity
of PP/PVVDF nonwovens. Nevertheless, mechanical tests revealed a slight decrease in the tensile and elongation
modulus properties of PP-based fibrous webs with the addition of 10 wt.% and 20 wt.% PVDF.
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and nanofibers were characterized by SEM, FT-IR, and electrical measurement methods. The results indicated
that the produced nanofibers exhibited a strong in vitro interaction and selectivity against acetone gas, a
biomarker of diabetes. Perovskite nanoparticle doped PAN nanofibers have shown approximately 43% change
in resistance with acetone gas exposure. These findings suggest that PrFeOs-doped nanofibers hold promise
as potential candidates for acetone gas sensors in non-invasive diabetes monitoring.
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1. INTRODUCTION

According to reports from the International Diabetes Federation (IDF) [1], there are currently over 537 million
adults living with diabetes worldwide, with one in every 10 individuals being affected by the disease. Reports from
the World Health Organization (WHO) [2], estimate that there are 422 million adults with diabetes (ages 18-99),
with an expected increase to 629 million by 2045 [3, 4]. The number of recorded deaths from diabetes is currently
at 1.6 million annually [5]. The rising prevalence of diabetes highlights the increasing yearly medical and non-
medical costs, as well as the growing number of diabetic fatalities [4, 6]. Diabetes Mellitus (DM) is a metabolic
disorder characterized by hyperglycemia (blood glucose level greater than 230 mg/dL) or hypoglycemia (blood
glucose level less than 65 mg/dL) caused by insulin hormone secretion or activation problems [4, 7]. Diabetes is
caused by the pancreas's failure to produce enough insulin for the body or the body's inability to use the insulin
produced by the pancreas effectively. Type 1 Diabetes Mellitus (T1DM) is a metabolic disorder caused by the
destruction of cells in the pancreas as a result of the immune system recognizing and attacking the beta cells as
foreign, resulting in insulin deficiency. Type 2 Diabetes Mellitus (T2DM) is caused by the body's inability to use
insulin effectively. Other types of diabetes include genetic disorders, drug use, genetic syndromes, and gestational
diabetes (GDM) [4, 8-12]. When T1DM and T2DM patients cannot effectively absorb glucose from circulation,
the metabolic shift results in increased ketone synthesis in the blood (ketonemia), urine (ketonuria), and breath
(ketosis) [13]. Acetone in the breath has been identified as an effective biomarker [5]. While it is evident that
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T1DM patients have a high concentration of ketones in their breath, there is no universally accepted measure of
the concentration of ketones in T2DM patients' breath [14-21].

Clinical investigations have demonstrated that the concentration of acetone in the breath of individuals with
diabetes exceeds 1.8 ppm (with a range of 1.25-2.5 ppm), while healthy individuals exhibit acetone concentration
below 0.9 ppm (with a range of 0.2-1.8 ppm) [22-27]. Moreover, the concentration of acetone in the breath of
individuals with type 1 diabetes mellitus (T1DM) may reach up to 25 ppm [5, 24, 28-30]. In terms of age, healthy
adults between the ages of 40-50 exhibit acetone concentration of 0.2-0.8 ppm in their breath, while adult diabetics
aged 50 or older exhibit acetone concentration within the range of 1.8 ppm [3]. The significant difference in acetone
concentration between healthy individuals and diabetics makes acetone in the breath a valuable biomarker for
diabetes identification [26, 27, 29, 31]. The discovery of the odor of rotten apple breath by John Gallo in 1798 and
the identification of this odor as acetone in 1857 led to the use of acetone as the first biomarker for diabetes [5, 24,
31]. In 1971, Linus Pauling presented a report proposing a study plan for differentiating 250 gases in human breath
using gas chromatography [5, 32]. Since then, more than 3000 distinct volatile organic compounds (VOCs) and
aerosolized particles have been identified in human breath [32—-34]. These gases are produced as byproducts of
metabolic reactions, for physiological functions such as cell-to-cell communication, or in infections and other
pathological conditions in the body [32]. Diet [35, 36], exercise [37], and medical condition [5, 20, 38] all
contribute to variations in breath acetone content. In addition to diabetes, intensive physical active ity and
ketogenic diets may also cause an increase in breath acetone content. Therefore, the measurement of acetone in
breath is critical for diabetes diagnosis and monitoring the efficacy of therapies in medical disorders [17]. is
considered a hazardous gas as well as a breath biomarker for diabetes [3, 39, 40], as it can cause nausea in humans
above 2000 ppm and respiratory irritation above 300-500 ppm [3, 40].

Elevated blood sugar levels in the body lead to several health complications, including hyperglycemia,
cardiovascular disease, diabetic nephropathy, diabetic retinopathy, and diabetic neuropathy [41, 42]. Furthermore,
diabetes can also result in heart attack, stroke, blindness, kidney failure, leg amputation, vision loss, and nerve
damage [2, 5, 42]. These complications highlight the critical importance of controlling blood sugar levels [3, 43].
To diagnose diabetes, a Plasma Glucose Level test is necessary. Diabetics receiving insulin therapy for diabetes
management need to test their blood glucose levels at least three times per day using the conventional finger prick
method [32, 44, 45]. However, these tests have significant drawbacks such as being uneconomical, unsafe,
impractical, painful, laborious, and susceptible to the risk of infection. These drawbacks can be eliminated by
using the acetone analysis method from breath. Breath analysis is a powerful tool in medical diagnosis and disease
research due to its noninvasive nature and real-time monitoring capability [16, 18, 24, 32-34, 46-48]. Various
techniques have been employed to measure acetone concentration for breath analysis, including mass spectrometry
(MS), proton transfer reaction by mass spectrometry (PTR-MS), gas chromatography (GC), flame ionization
detector (FID), selected ion flow tube mass spectrometry, ion mobility spectrometry (IMS), among others [47, 49—
51]. Nonetheless, these sensitive and reliable techniques have certain limitations such as bulky equipment size,

high cost, and unsuitability for miniaturization, making them unsuitable for daily diabetes monitoring [52].

An alternative approach to the diagnosis and monitoring of diabetes is the use of sensors for non-invasive and
continuous real-time measurement of acetone in breath. This method has the potential to facilitate early treatment

and promote effective management of the disease [3, 32]. Chemical sensors have become increasingly popular for
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breath analysis due to their small size, portability, and ability to provide real-time monitoring at a low cost. In
recent years, sensors that are selective, sensitive, stable, robust, and economical have been developed for breath
analysis. The advantages of using chemical sensors include ease of use, ease of sampling, and the ability to obtain
measurements from unconscious patients [32, 53].

Chemical gas sensors function by changing one or more physical properties, such as mass, electrical conductivity,
or dielectric properties when exposed to gas molecules [5]. Chemical gas sensors operate by measuring the change
in electrical resistance of the sensing material in the presence of target analytes and translating this chemical
information by changing the electrical resistance [5, 54]. Recently, chemical-resistant gas sensors have been
developed for the detection of acetone gas, a biomarker of diabetes, from breath [3, 55]. The detection mechanisms
of these sensors based on change in electrical resistance of sensing material by the molecular and/or crystalline
structure change. The basis for determining the presence of acetone is the reactions between surface oxygen and
acetone gas [3, 56]. The performance of these sensors is affected by various features such as surface area, particle
size, crystal defects, porous structures, stoichiometry, and morphology [56-58].

In recent years, there has been increasing interest in the development of chemical resistance gas sensors using
semiconductor metal oxides for acetone detection. Among the most extensively studied materials for chemical
resistance sensors are WOz, Zn0O, SnO,, Fe;0s, In,0s, TiO,, perovskites, and p-type metal oxides. TiOy, in
particular, has proven to be effective in sensing various gases [59]. Furthermore, environmentally friendly
perovskites have demonstrated exceptional long-term stability and durability in the detection area due to their
stable lattice structure [30, 60-63]. Perovskites such as Pd-doped SmFeO3[64], SmFeO3/Zn0O (p-SmFeO3s/n-Zn0)
[64], Ni-doped LaFeOs; [65] and Pd-doped NdFeOs; [66] have been investigated, with the gas sensitivity
performance of praseodymium ferrite (PrFeOs) receiving particular attention. In one study, Ma et al. (2017) [67]
investigated the structure, elemental composition, and morphology of PrFeO3 hollow nanofibers. These nanofibers
exhibited a low operating temperature (180 °C), high response value, good selectivity, fast response recovery, and
excellent long-term stability [67]. As such, PrFeOs hollow nanofibers have the potential to be used in the
fabrication of high-performance acetone sensors and represent promising candidates for practical applications. In
a subsequent study, Ma et al. (2020) [68] investigated Sm3* doped PrFeOj3 to improve the response and recovery
process of PrFeOs gas sensors. Nanofibers have become increasingly relevant in the sensing configuration of
biosensors, as their use can reduce sensor size, increase surface energy, and improve sensitivity by increasing
specific surface area [69—71]. Conducting polymers, such as polyaniline (PANi), can also be utilized in the sensing
configuration of gas sensors [72], where their molecular and macroscopic properties can change when exposed to
various chemicals [73]. PANi has been used as a sensing material for gases such as hydrogen (H2), ammonia
(NHz), nitrogen oxide (NOy), hydrogen sulfide (H.S), dimethylamine (DMA), and liquid petroleum gas (LPG) in
various forms [74]. Therefore, this study sought to combine conductive polymers, metal oxides, perovskites, and
nanofibers to create a unique sensor structure with the advantages of ease of synthesis, good environmental and
chemical stability, and improved sensing properties. Specifically, the study employed crystal lattice structured
perovskite PriFeOs nanoparticles on PANI-TiO,-coated PAN nanofibers to develop an efficient acetone sensor for

diabetics, followed by structural, morphological, and electrochemical characterizations.

I1. EXPERIMENTAL METHOD
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2.1 Materials

Praseodymium (111) nitrate hydrate (99.9%, Pr(NO3)s.H.0) (REO, Alfa Aesar, M=326.92 g/mol), Iron (111) nitrate
nonahydrate (Fe(NOs3)3.9H,0) (Sigma Aldrich, Merk, M=403.95 g/mol), Citric acid monohydrate (98%,
CsHsO7.H20) (food grade, Aromel, M=210.14 g/mol) and urea (> 99.5%, CH4N,O) (Iso-lab) were used for
synthesis of perovskite praseodymium ferrite (PrFeOs). Aniline (99%, CsHsNH,) (Sigma Aldrich), Ammonium
persulfate (>98%, APS) (HsN20sS;) (Honeywell / Fluka, M=228.2 g/mol), extra pure hydrochloric acid (30-32%,
HCl(aq)) (TEKKIM), Titanium (IV) oxide (>99.5%, TiO,) (particle size 21 nm, Sigma Aldrich, M=79.87 g/mol)
and ethanol (C2HsOH) were used for synthesis of titanium dioxide-doped polyaniline (PANi). Polyacrylonitrile
(PAN) (MW=150,000, JK Chemical) and N,N dimethyl formamide (99.9%, DMF) as solvent (Carlo Erba

Reagents, M=73.1 g/mol) was used for preparation of PAN nanofiber.

2.2 Methods
2.2.1. Synthesis of Praseodymium Ferrite (PrFeQs), Polyaniline (PANi) and Titanium (1V) oxide (TiO2)

The PrFeOs nanoparticles were synthesized using the sol-gel process, which has been previously reported in the
literature [75]. To prepare the growth solution at room temperature, a solution containing 0.1 M Pr(NOs)z and 0.67
M citric acid was used, and a separate 0.1 M solution of iron (111) nitrate was prepared. Fe(NO3)3 solution was then
added dropwise to the growth solution until the molar ratio of Pr(NO3)s to Fe(NOs)s in the solution became 1:1.
To obtain a gel, 0.5 g of urea was added to the resulting solution, which was stirred in a 50°C water bath for 60
minutes. The gel was then kept at 80°C for 24 hours to obtain the xerogel, which was calcined at 800°C for 5 hours

to produce the cinnamon-colored nanoparticles (Figure 1).

Figure 1. Picture of synthesized PrFeO,

For the synthesis of PANI-TiO2, 3.75 mL of aniline (C¢HsNH,) as the monomer and a desired amount of TiO; (30
wt.%) were added to the mixture and ultrasonicated until the TiO, nanoparticles were uniformly dispersed. Then,
2.360 g of ammonium persulfate ((NH4).S>O0s) prepared as an initiator was added dropwise in a cold water bath to
the solution obtained by dissolving in 100 mL of 1 M hydrochloric acid (HCI). The solution was kept in a cold
water bath under magnetic stirring condition for approximately 24 hours, until the polymerization was completed,
resulting in a solution that changed from colorless to blue tones. The solution was filtered by vacuum filtration
method, and the resulting PANi was washed twice with water (H20) and ethanol (C,HsOH), respectively [76]. The
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dark green precipitate obtained after washing was taken into ethanol, and the concentration of PANi obtained was
determined to be 11mg/L. Titanium (IV) oxide was weighed to 30% by mass and added to PANi as a powder. The

solid amount in 2.5 mL of PANi/ethanol solution was determined to be 25 mg.

2.2.2. Preparation of Nanofibers and Air-Brush Coating Process

To produce nanofiber solutions, 5% (w%) solid polymer was dissolved in DMF, and after adding PrFeO3, a total
of 10 g of polymer solution containing 0%, 5%, 10%, and 20% PrFeO3 was sonicated for 20 minutes. The resultant
colloidal solution was covered with aluminum (Al) foil and paraffin tape to protect it from light. The nanofibers
were then electrospun in the Nanospinner 24 device (Inovenso, NS24) at 28 kV, 500 rpm, and 175 mm between

the nozzle and the collector.

Undoped PAN nanofiber, 5% PrFeOs-added PAN nanofiber, 10% PrFeOs-added PAN nanofiber, and 20%-PrFeOs
added PAN nanofiber were coated with layers of PANi/TiO2 using an air-brush method to a thickness of a few
tens of microns. The coating was carried out by spraying at a pressure of 1-1.5 bar from a distance of 3 cm. The

coated nanofibers were dried in a desiccator for approximately 48 hours.

2.2.3. Device fabrication

To construct the acetone sensor, the PANI/TiO, layer was coated on electrospun PAN nanofibers doped with
PrFeOs. Two copper electrodes were placed on the surface of the nanofiber sensor that was coated with the
PANI/TiO; layer, with a distance of 1 cm between them. The produced nanofiber sensor was then heated in an
oven at 40°C overnight to ensure complete moisture evaporation. The acetone sensing measurement was
performed by modifying the following reference [77] in the air. To measure the acetone sensing characteristics,
the sensors (Figure 2) were positioned at a distance of 10 cm from the petri dish in the sample holder, with the
coated surface facing the acetone. The gas response of the nanofibers, measured as electrical resistance, was used
to evaluate the acetone-sensing properties. The initial resistance of the nanofiber sensor was measured without
acetone evaporation using a two-probe technique. Subsequently, acetone gas was heated using a hot plate to control
acetone evaporation by maintaining a temperature between 50-55 °C, which is close to the acetone evaporation

temperature. After 10 seconds, the second electrical resistance was measured.

2.2.4. Characterization

The morphology of PrFeOs; nanoparticles, as well as the undoped and PrFeOs-doped PAN nanofibers, were
examined using a scanning electron microscope (SEM) (Carl Zeiss/Gemini 300) at different distances ranging
from 8-9 mm and under a voltage of 5 kV. The bound structures of PrFeO3 nanoparticles, undoped and PrFeOs-
doped PAN nanofiber structures were analyzed using an FT-IR spectrophotometer (Thermofisher NICOLET-
iS50). The sensing measurements of PANI/TiO-coated PrFeO3-doped PAN nanofibers were conducted through a

two-point resistance measurement test in vitro using a multimeter (Keithley 2400 device).
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PrFeO, —doped PAN nanofiber  PANI-TiO, [llConductive Tape

Figure 2. PrFeO3-doped PANI/TiO,-coated PAN sensor

111. RESULTS AND DISCUSSIONS

3.1 FT-IR Results

The results of the FT-IR analysis of PrFeO3 nanoparticles are presented in Figure 3a. The spectrum revealed

prominent absorption peaks at 462 cm, which correspond to O-Fe-O bending vibrations, and 530 cm™, which

correspond to Fe-O stretching vibrations [78]. In Figure 3b, the FT-IR spectra of undoped and PrFeOs-doped PAN

nanofibers are presented.
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Figure 3. a) FT-IR results of PrFeO; nanoparticles and b) FT-IR results of undoped and PrFeOs-doped PAN nanofiber structures

The Fe-O stretching peak of PrFeO3; observed at 530 cm™ became more prominent as the PrFeO3 concentration

increased, as seen from the FT-IR spectra of the undoped and PrFeOs-doped PAN nanofiber structures. The effect

of acetone treatment on powder PriFeQ3, undoped PAN nanofiber, and PrFeOs-doped nanofiber was examined by
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FT-IR analysis, and it was observed that the structure retained acetone (Figure 4). Although no significant change
was observed in the FT-IR spectrum of powder PrFeO; after acetone treatment, the CO.-induced peaks that
appeared in the calcination range of 1200-1500 cm! disappeared [78]. In undoped PAN nanofiber, it was observed
that the nanofiber porous structure held acetone, and the vibrations of the aliphatic -CH groups at 1217 and 1364

cm of the PAN [79] were intensified by combining with the -CH vibrations of the acetone at the same points,
indicating that the structure retained acetone.
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Figure 4. FT-IR spectra of undoped and PrFeO;-doped PAN nanofiber structures

3.2 Morphology

Figure 5 displays SEM images of neat PAN nanofibers and PrFeOs-doped PAN nanofibers before PANi-TiO;
coating. The SEM images indicate that the nanofibers were formed uniformly with diameters ranging from 200 to
500 nm. Mean Diameters or neat nanofibers and 20% PrFeOs; doped nanofibers were 336 nm and 216 nm,
respectively (Figure 5a). Here, main reason that caused to thinning the fibres by nanoparticle loading into
electrospinning solution was the decrease in polymer concentration. With the other words, while the polymer
concentration was 5% by weight for neat PAN solution, the polymer concentration remained 4% since inorganic
was loaded in 20% doped solution. Moreover, PriFeOs nanoparticles were observed to exist in the PAN nanofiber
structure, with some embedded in the fibers and others protruding out of the fiber. The size of the nanoparticles
was between 100 and 500 nanometers, and the addition of PrFeO3 nanoparticles led to a decrease in the mean
diameter of the PAN nanofibers (Figure 5b). The SEM images indicated that perovskite (PrFeOs) nanoparticles

were successfully produced using the sol-gel method. However, it was observed that the crystal particles were
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fused and sintered together during calcination, resembling coral (Figure 5c). Despite this, the heat treatment
synthesis method offers several advantages such as low cost, simplicity, low reaction temperatures, and no waste
by-product [63,64,80].

Figure 5. a) Undoped PAN nanofibers - b) 20% PrFeO;-doped PAN nanofibers - ¢) PrFeO; nanoparticles

3.3 Sensing Measurements

Air-stable PrFeQOgs, a perovskite material, possesses desirable sensing properties, including high response, good
selectivity, and low operating temperatures, owing to its large specific surface area and abundance of active sites
that facilitate gas molecule diffusion and adsorption, thereby enhancing its detection ability [81]. The gas sensing
mechanism of PrFeOs is primarily based on the electrical resistance change before and after exposure to the test
gas [67]. The use of electrospun nanofibers with high specific surface area and web-like morphology resulted in
high sensing performance, as the target acetone gas molecules could diffuse efficiently into the nanofibers [82].
When the undoped PAN nanofiber sensor was exposed to acetone gas, its electrical resistance increased from 38.86
kQ to 42 kQ (Figure 6). Conversely, the electrical resistance of 5%, 10%, and 20% PrFeOs-doped PAN nanofibers
increased from 131.52 kQ to 145.56 kQ, 156.87 kQ to 172.35 kQ, and 508.5 kQ to 726.6 kQ, respectively, upon
exposure to acetone gas (Figure 6). The observed increase in the ratio of PrFeQOs in the nanofibers correspondingly
increased the initial resistance of the sensors compared to the neat nanofibers. The results obtained are consistent
with prior studies, which have shown that the electrical resistance of prepared sensors increases upon exposure to
acetone gas [67]. Moreover, this increase is below 10% for undoped, 5%, and 10%-doped nanofibers, while the

increase is approximately 30% for 20%-doped nanofiber sensors.
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Figure 6. Electrical resistance change of PAN nanofiber sensors during acetone exposure

IV. CONCLUSIONS

In this study, PrFeOs-doped PANI/TiO, coated PAN nanofibers were synthesized via a combination of PrFeOs
synthesis, electrospinning of nanofibers, and air-brush coating. SEM images were obtained to confirm the
successful synthesis and incorporation of PrFeO3; nanoparticles into the PAN nanofiber structure. The electrical
resistance of both doped and undoped nanofiber sensors increased when exposed to acetone gas, with the increase
in resistance being more pronounced for doped nanofiber sensors as the amount of PrFeO3 additive increased.
Overall, these findings suggest that PrFeOs-doped PANI/TiO, coated PAN nanofibers hold significant potential
for use as high-performance acetone sensors, and may prove to be promising candidates for non-invasive detection

of diabetes.
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MAKELE BILGISI OZET

Makale Ge¢misi: Rayli sistemler, hizli, giivenli ve g¢evre dostu bir toplu tasima secenegi olarak diinya genelinde aktif olarak
Gelis 07 Haziran 2023 kullanilmaktadirlar. Gaziantep banliyo projesi (Gaziray) Rayl Sistem Hatti, Tiirkiye nin Gaziantep sehrinde, toplu tasima
Diizeltme 20 Haziran 2023 ihtiyacint karsilamak amaciyla planlanan bir proje olarak biiyiik 6nem tagimaktadir. Rayli sistem hatlarinda, tren yanginlari
Kabul 10 Temmuz 2023 gibi potansiyel olas: tehlikelerin dikkate alinmasi ve yangmn etkilerinin degerlendirilmesi ¢ok onemlidir. Yanginlar,

trenlerin elektrikli ve mekanik bilegenlerinde, drnegin; elektrik kablolarinin asir1 1sinmasi, fren sistemlerinde arizalar, yakit

Cevrimici meveut sizintilar gibi sebeplerle ¢esitli nedenlerle ortaya ¢ikabilmektedirler. Bu tiir yanginlar, tiinellerde, tiinelin duvar, tavan, taban

ve diger yapisal elemanlara zarar verebilecek 6zellikte tehlikeli sonuglara yol agabileceginden, tiinel yapisinin yangidan
etkilenme seviyesi ve boylelikle yanginin tiinel yapisina verdigi zararmn dikkatlice degerlendirilmesi gerekmektedir. Yangin
sonrasi, tiinelin kullanilabilirligini, glivenligini ve yapisal biitiinliigiinii etkileyen yapisal hasarlar, tiinelin onarim

Anahtar Kelimeler: maliyetlerini ve isletme siireglerini de etkileyebilmektedir. Tiinel yanginlarinin etkilerini degerlendirmek igin yangin testleri,

Rayli sistemler
Tiineller
Yapisal yangin giivenligi

modelleme ve benzetimler/simiilasyonlar gibi yontemler kullanilmaktadir. Yangin testleri, ger¢ek yangin senaryolarini taklit
ederek tiinel yapisinin yangina karsi tepkisini belirleyebilmekte, modelleme ve simiilasyonlar ise tiinel yapisinin yangindan
etkilenme seviyesini belirlemektedir. Bu galigmanin amaci, Gaziray Rayli Sistem Hattinda bulunan tiinellerde meydana
gelebilecek olasi tren yangini durumunda, tiinel yapisinin yangindan etkilenme seviyesi ve bu etkinin degerlendirilmesidir.

Gaziray

Simiilasyon Kritik hiz; yangin esnasinda ortaya ¢ikan duman ve yanma iiriinii zehirli gazlarin ters katmanlagmadan istenilen yone itilmesi
CFED Modelleme igin gerekli olan minimum hava hizidir. Calismada, yapisal biitiinliigiin bozulmadan, cevresel kontrol sistemlerinin
Risk analizi ¢aligmasina olanak saglayarak ve insan tahliye yoniiniin ters yoniinde kritik hava hiz1 saglanarak; gerekli havalandirma

stratejisi ve kapasitesinin belirlenmesi hedefi ger¢eklestirilmistir.
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I. GIRiS

Toplu tagima sektoriinde 6zellikle biiyiik sehirlerdeki trafik sorunlarini ¢6zmede, rayli sistemler 6nemli bir rol
oynamaktadir. Rayli sistemler, insanlar1 ve yiikleri hizli, giivenli, konforlu ve gevre dostu bir sekilde tasimak igin
kullanilan toplu tasima araglari olup, modern sehirlerin ulagim ihtiyaglarini karsilamak i¢in son derece dnemli bir
ulasim bilesenidir. Rayli sistemlerin bircok avantaji bulunmaktadir. Bu sistemler, dncelikle, bu sistemler yiiksek
hizli ve diizenli bir hizmet sunarken, kara yolu trafigi sorunlarindan kaynaklanan gecikmelerin ve zaman
kayiplarinin Oniine ge¢mektedirler. Ayrica, bu sistemlerin diisiik maliyetli isletme ve bakim maliyetleri
bulunmaktadir. Cevreye duyarli bir ulagim segenegi olmalari nedeniyle rayli sistemler, ayni zamanda, karbon ayak
izini azaltmaya yardimci olmaktadirlar. Farkli tiirlerde rayli sistemler mevcuttur; hafif rayl sistemler, metro
hatlari, tramvaylar ve tren hatlar1, vb. Her bir tiir, farkli 6zellikleri ve avantajlari ile birbirinden farklidir. Ornegin,
hafif rayli sistemler, diisiik maliyetli bir segenek olarak bilinirken, metro hatlar1 yiiksek kapasiteli ve yiiksek hizli

bir hizmet sunmaktadirlar.

Rayli sistem tiinelleri/demiryolu tiinelleri, modern sehirlerde toplu tasima araglarinin giivenli bir sekilde seyahat
etmesini saglayan kritik bir altyapi bilesenidir. Tiinellerin bir iilkenin ulagim altyap1 aginin ayrilmaz bir bileseni
oldugu, bu nedenle tiinellerin iyi durumda ¢alismasinin yasami, ¢evreyi tehdit edebilecek her tiirlii etkiye karsi
diizenli olarak kesintisiz olarak siirekli bakimlarinin yapilmasi gerekmektedir. Tiinellerin tasarimi ve insas1 zorlu
bir siire¢ olup sehirlerde trafik akigini diizenlemek ve toplu tasima hizmetlerini daha giivenli ve verimli hale
getirmek i¢in 6nem arz etmektedir. Demiryolu ve karayolu tiinelleri arasinda dikkate alinmasi gereken 6nemli
farkliliklar bulunmaktadir [1]. Tiinelin uzunlugu, derinligi, egimi ve yonii gibi faktorler, insaat maliyetleri ve
tiinelin dayaniklilig1 agisindan dnemliyken, tiinellerin tasarimi, tiinelin i¢indeki hava kalitesini ve havalandirma
sistemlerini de dikkate almaktadir. Tiinellerdeki yangin riski, hava kalitesi ve giivenligi agisindan 6nemli bir

faktordiir ve bu nedenle tiinellerde yangin dnleme ve sondiirme sistemleri dikkatle tasarlanmalidir.

Tiineller, kaza ve olaganiistii ylik olaylar1 gibi istisnai yiikleme olaylarina maruz kalabilecegi 120 yil boyunca
hizmet vermek iizere tasarlanmistir [2]. Tiinel hatti boyunca meydana gelebilecek risk seviyesi en yiiksek
kazalardan biri olan yangin insan kaynakl bir felakettir [3-8]. Yangin durumunda, tiinel igindeki sicaklik ¢ok kisa
bir siire i¢inde hizli bir sekilde artabilmektedir. Bir yangin tarafindan iiretilen 1s1, dogrudan yangin kaynaginda
1200 °C'ye, tiinelin iist kismindaki havada 900 °C'ye ve en sicak duman bélimlerinde 500-600 °C'ye kadar
ulagabildigi gozlemlenmistir [9, 10]. Kaplama ve zeminin (6zellikle yer alti suyu mevcutsa) 1s1 akis 6zellikleri,
kaplamadaki gercek sicaklik dagilimini biiyiik dl¢iide etkileyecektir. Yanma, 1s1, yakit ve oksijenin dogru oranlarda
birlesmesiyle baglayan bir reaksiyondur. Kontrolsiiz yanma ise yangin olarak adlandirilir. Yanma sirasinda, alevin,
yakitin ve gevrenin etkilesimi esasen dogrusal degildir. Malzeme tiinel gibi kapali bir ortamda yanarsa, iki ana
parametre yangin giiciinii ve yangin hizini etkileyecektir. Bunlardan ilk parametre; kapali ortamin 1sinmasidir. Bu
durum, kapali ortamda yiikselen sicak hava birikmesine neden olacaktir. Boylece, yiizeyler ve sicak gaz tabakasi
1stim yoluyla yakit yiizeyine 1s1 transferi yaparak yanmay hizlandiracaktir. ikinci parametre; ortam havasinin
girebilecegi sinirli alanlardan dolay1 yanma i¢in gereken oksijenin kisitlanmasidir. Boylece, maddenin yanma hizi
ve cevreye verdigi 1s1 miktar1 azalacak ve gazin yanma hizi artacaktir. "Kapali alan yangini" terimi, kapali bir
alanda meydana gelen yangm i¢in kullanilan bir terimdir. Tiinelde meydana gelen yanginlar kapali alan yanginlari

olarak smiflandirilmaktadir (Sekil 1). Tiinellerin kapali yapisi, rayli sistem araglarinin dogal engellerden
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etkilenmesini ve hava kosullarindan zarar gérmesini 6nlerken, diger taraftan, olas1 bir yangin durumunda meydana

gelebilecek tiim olumsuzluklara karsin gerekli tedbirlerin alinmasi son derece 6nemlidir.

Sekil 1. Bolu Dag: Tiineli icerisindeki yangin [11]

Tiinel yanginlarina kars1 yangin algilama ve alarm sistemleri 1960'lardan bu yana kullanilmaktadir, ancak 6zellikle
1999-2001 yillar1 arasinda Avrupa'da meydana gelen tiinel kazalari, tiinel giivenlik sistemlerinin dnemini
artirmustir. Ozellikle son yillarda, teknolojinin gelismesiyle birlikte, olasi bir yangini erken teshis edebilen ve acil
durum yo6netimini eszamanli olarak saglayabilen yangin algilama sistemleri iiretilmis ve kullanilmaktadir [12].
Ote yandan tiinel yanginlarmin erken teshisi ve kontrolii, tiinel yangin direnci ve teknik altyapinin iyilestirilmesi
gibi konularda gerekli ¢calismalar hizlandirilmistir [13-17]. Tiinel giivenligi konusu, diinya ¢apinda meydana gelen
bir dizi biiyiik yangin nedeniyle de acil eylem plani igerisine alinmistir. 1996, 2006 ve 2008 yillarinda {i¢ biiyiik
6nemli yangin gegiren “The Channel Tunnel”-Fransa [18], yasanan bu yangimlardan dolay1 6nemli yapisal hasarlar
almistir. Diger demiryolu tiinel yangimlar1 arasinda “The Summit Tunnel”-ingiltere yangin1 (1984), “The Great
Belt Tunnel”-Danimarka TBM yangini (1994), Daegu metrosu-Giiney Kore yangimi (182 &lii), ve 2000 yilinda
Avusturya'nin Kaprun'daki finikiiler demiryolu tiinel yangini (155 6lii) yer almaktadir [19]. Meydana gelen bu
yanginlara yanit olarak, tiinel yangini giivenligi konularinin arastirilarak, yeni uygulama konular1 6nermek i¢in bir

dizi uluslararasi girisimler baglatilmistir [20].

Tiinel yanginlartyla ilgili olarak birgok arastirma yapilmis ve bu konuda literatiir oldukga genis bir yelpazede
sunulmaktadir [21-29]. Ingason vd. [7], yanginlar sirasinda tiineldeki hava akisi, sicaklik, basing ve duman tiretimi

gibi faktorleri inceleyerek, tiinel yanginlarina kargi almacak onlemleri belirlemislerdir. Kodur ve Naser [30]
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calismalarinda, kopriiler ve tiineller gibi kritik ulasim altyapilarinda yangin sorununu ele alan yapilan son
aragtirmalart incelemisler ve bu yapilarin performansini etkileyen kritik faktorleri calisma kapsaminda
tartismiglardir. Koprii ve tiinellerdeki yangin tehlikelerini azaltmak i¢in dnerilen ana stratejileri sunarak, pratik bir
vaka g¢alismasi araciligiyla uygulanabilirliklerini gostermislerdir. Demiryolu tiinellerinde yanginlarin risk ve
sonuglarin1 degerlendirmede normal olarak kullanilan kriterleri ve "en kotii senaryo" yanginlarin evrimini
tanimlayan uygun zaman-sicaklik egrilerinin se¢imini gézden gegiren calismalarinda Tarada ve King [1],
puskiirtme yangin koruma malzemeleri, ¢imento kaplamalar1 ve polipropilen liflerin eklenmesi vb. alternatif
yangin koruma ydntemlerinin avantajlart ve dezavantajlar1 incelemiglerdir ve ayrica, sabit yangin sondiirme
sistemleri konusu ve bunlarin pasif yangin koruma 6nlemlerine bir alternatif veya ek olarak goriilebilecekleri

konusu tartigtlmistir.

Tiineli yanginlarinda, risk degerlendirmesi i¢in kullanilan modelleme teknikleriyle yanginin boyutu hakkinda bilgi
edinilmesi ve tahliye prosediirleri ve giivenlik dnlemlerinin gelistirilerek olusabilecek hasarlarin minimize
edilmesi hedeflenmektedir. Son yillarda tiinel ylizey sicakliklarinin analizi, duman ve zararli gaz etkileri/cesitleri,
yapt malzemelerinin davranisinin modellenmesi ve yangin sondiirme sistemleri konusunda ilerleme
kaydedilmigtir. Tiinel yangmlarmin en O6nemli gilivenlik yonlerinden biri, tasarim asamasinda duman
yogunlugunun/dispersiyonunun dogru tahmin edilebilmesidir [31]. Bir¢ok tiinel projesine yangin giivenligi
acisindan katki saglayan “Computational Fluid Dynamics” (CFD) analizi, yangin durumunda 1s1 ve duman
emisyonlarinin, kirlenmis/zehirli gazlarin dagilimi ve yogunlugunun hesaplanmasi, duman besleme elemanlarinin
ve riizgarin etkilerinin de hesaba katilmasi i¢in kullanilmaktadir. Bir tiinelden yangin ¢iktiginda, duman
havalandirma hava akiginin yoniinde genis bir alana yayilir ve yangin olay: sirasinda tahliye ortami yeterince
giivenli olmayabilir. Bir tiineldeki havalandirma ekipmani degistirildiginde, yeni havalandirma ekipmaninin
giivenligi ve ekonomik verimliligi 6nceden degerlendirilmelidir [32]. Ancak, deney yaparak yeni havalandirma
ekipmaninin dogrulanmasi maliyetli ve kullanisli olmamasi nedeniyle uygun degildir. Bu nedenle, sayisal bir
simiilasyon gergeklestirerek bir tiinelden yangin ¢iktiginda tahliye durumunu tahmin etmek ve tiinelin tahliye
giivenligini incelemek faydali olabilmektedir [33, 34]. Yamamoto vd. [35] calismalarinda, “Fire Dynamics
Simulator” (FDS) [36, 37] yangin simiilasyon yazilimini kullanarak, olas1 yangini yeniden olusturmuglardir. FDS
bir tiir akigkanlar dinamigi yazilimi olup, bu yontemle; (i) tinel i¢i alev yayilmasi, (ii) yanginin biiytimesi, (iii)
nesneler arasindaki (gaz-kati) 1s1 transferi, (iv) tiinelde kullanilan yangin sdondiirme sistemlerinin aktivasyonu ve

(V) gelistirilen sistemle yangimin séndiiriilmesi gibi konularda dogru tahminler yapilabilmektedir [25, 26, 32, 38]:

FDS programi hesaplarini her sayisal 1zgaradaki her ayrik zaman adiminda, her bir sayisal 1zgara hiicresi i¢indeki
sicaklik, yogunluk, basing, hiz ve kimyasal bilesimi seklinde gergeklestirmektedir. Ayni zamanda, program kapali
kat1 ylizeylerin sicakligini, 1s1 akisini ve kiitlesel kayiplarii da hesaplamaktadir. FDS kodu, yangin akisi ile

yonlendirilen CFD temelinde formiile edilmistir [10].

Smokeview (SMW), ii¢ boyutlu (3D) modelleme, zamanla degisen yanginlarin sayisal hesaplamasi ve duman
yayilmasinin gorsellestirilmesi saglamaktadir. SMV, FDS ve “Consolidated Fire and Smoke Transport” (CFAST)
[39] simiilasyonlarinin ¢iktilarini goriintiilemek i¢in kullanilan bir gorsellestirme programidir. Gelistirilen yazilim,
sadece tlinel yangin modellemesi i¢in degil, ayn1 zamanda tiineldeki toksik gaz akisini ve insanlarin tahliyesini de
kapsamaktadir. Tiinel yangini: yanma maddesi ve yanma ydntemi gibi birgok bilinmeyeni i¢eren karmasik bir

siirectir. Onceki deneyimlere ve tam 6lcekli yangin testlerine dayanarak, yanginin biiyiime ve azalma hizlari,
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atesleme yerleri ve yangin boyutu vb. gibi bazi varsayimlar yapilabilmektedir. Bu analiz yontemleriyle, tiinelin
yangin davranmigini incelenerek, elde edilen veriler, tiinelde olasi bir yangin durumunda alinacak onlemleri
belirlemek i¢in kullanilabilmektedir. Boylelikle, yolcularin giivenli sekilde tahliyesi igin acil ¢ikig merdivenleri ve

havalandirma agikliklarmin yeterliligi de belirlenebilmektedir.

Gaziantep banliyo projesi (Gaziray) Rayl Sistem Hatti, Tiirkiye Cumhuriyeti Devlet Demiryollar1 (TCDD) ile
Gaziantep Biiyiiksehir Belediyesi arasinda ortak bir girisim olup, Tiirkiye’nin Gaziantep sehrinde hizmet veren
gevre dostu bir toplu tagima sistemidir. Gaziantep sehir merkezinden yaklagik 25 km uzakliktaki Gaziantep-Nizip
ilgesi arasinda, rayli sistem kullanarak banliy6 tasimaciligi hizmeti sunan bir ulasim projesidir. Projenin amaci,
kentsel ulagimi kolaylastirmak ve trafigi azaltmak i¢in modern bir toplu tagima sistemi saglamaktir. Toplam
uzunlugu 25.532 km olan hatta ve Gaziray hatti iizerinde tamami engelli erisimine uygun olan ikisi yer altinda
olmak iizere toplam 16 istasyonu olan hat, 5 Kasim 2022'de hizmete girmistir (Tablo 1). IZZBAN, Marmaray ve
Baskentray'dan sonra Tiirkiye’nin dérdiincii banliy® treni sistemidir [40]. Hattin tiim araglar elektrikle galismakta
ve ¢evreye higbir zararli gaz salinimi yapmamaktadir. Hattin isletmesi, enerji tasarrufu saglamak amaciyla akilli
sistemler kullanmaktadir. Hat, modern bir giivenlik sistemi ile donatilmigtir. Tiim istasyonlarda “Closed-Circuit
Television” (CCTV) kameralar, yangin algilama ve sondiirme sistemleri, acil durum anonslar1 ve acil durum
cikiglart bulunmaktadir. Ayrica, hattin gilivenligini saglamak i¢in her vagonun kapilar1 ve pencereleri alarm

sistemleri ile donatilmigtir.

Tablo 1. Gaziray istasyon bilgileri [40]

Sira Istasyon Ilce Tiir Istasyonlar arasi1 uzakhik ilk istasyona olan uzakhk
1 Bagpimar Hemzemin 0+00 km Baslangig
2 0OSB-3 Hemzemin 0+73 km 0+73 km
3 OSB-4 Hemzemin 1+01 km 1+74 km
4 Diiliik Hemzemin 2+37 km 4+11 km
5 Stadyum Hemzemin 3+27 km 7+38 Km
6 Beylerbeyi Hemzemin 0+91 km 8+29 km
7 Fistiklik Hemzem?n 0+93 km 9+22 km
8 Selimiye Sehitkamil Hemzemin 1+64 km 10+86 km
9 Adliye Yeraltt 1+85 km 12+71 km
10 Topraklik Yeraltt 1+71 km 14+42 km
11 Miicahitler Hemzemin 0+83 km 15+25 km
12 Gaziantep Garl Hemzemin 1+07 km 16+32 km
13 Golliice Hemzemin 2+02 km 18+34 km
14 Seyrantepe Hemzemin 2+13 km 20+47 km
15 Mustafa Yavuz Hemzemin 0+79 km 21+26 km
16 Tasglica Hemzemin 2+28 km 23+54 km

Gaziray Rayl Sistem Hatti, yer altinda 3.634,000 km uzunlugunda bir giizergaha sahip olup projesinde iki adet
yer alt1 istasyonu bulunmaktadir (Adliye ve Topraklik Istasyonlar1). Tiinel yapis1 ag-kapa sekilde tasarlanmigtir ve
her iki ucta da yiizeye agik portallar mevcuttur. Ag-kapa tiinel yapisinda 14 adet 4.8 m? (1.2 x 4 m) havalandirma
aciklig1 yer almaktadir. Ayrica, tiinelde 9 adet acil ¢ikis merdiveni de bulunmaktadir. Gaziray Rayli Sistem Hatt1
boyunca yer alan tiinellerden, yolcularin tamaminin, “National fire protection association” (NFPA) 130 [41]
kurallarina uygun olarak, 4 dakika i¢inde perondan tahliye edilebildigi ve 6 dakikada giivenli bir noktaya
ulasilabildigi varsayilmaktadir. Bu ¢alismanin amaci, Gaziray Rayl1 Sistem Hattinda bulunan tiinellerde meydana
gelebilecek olasi tren yangimi durumunda, tiinel yapisinin yangindan etkilenme seviyesi ve bu etkinin
degerlendirilmesidir. Kritik hiz; yangin esnasinda ortaya c¢ikan duman ve yanma tirlinii zehirli gazlarin ters

katmanlagmadan istenilen yone itilmesi i¢in gerekli olan minimum hava hizidir. Yapisal biitiinliigiin bozulmadan,
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gevresel kontrol sistemlerinin ¢aligmasina olanak saglayarak ve insan tahliye yoniiniin ters yoniinde kritik hava
hizi saglanarak; gerekli havalandirma stratejisi ve kapasitesinin belirlenmesi hedefi g¢alisma kapsaminda
gergeklestirilmistir. “Subway Environmental Simulation” (SES) [42] paket programi kullanilarak, hat bilgisi, tren
ve yangin bilgileri tanimlanarak, yangin bolgesinde tiinel igyapisinin ulastigi siireye bagl sicaklik tayin
gerceklestirilmistir. Calisma kapsaminda, oncelikle tiinelde yer alan havalandirma acikliklarina yerlestirilecek
tinel havalandirma fanlarimin efektif kullanilmasinin miimkiinliigii irdelenmistir. Bunun yaninda tiinellere
yerlestirilen jet fanlarin kullanimi degerlendirilmistir. CFD simiilasyonu sinir degerleri, bu ¢aligmada verilen fan
adet kapasiteleri kullanilarak hazirlanan SES simiilasyonu analizinden alinmistir. CFD simiilasyonu ile zamana
bagh olarak sicaklik, goriis mesafesi ve hava hizi dagilhimlar1 gosterilerek, sunulan bu arasgtirma makalesi ile

belirlenen havalandirma fan kapasitelerin yeterliligi incelenerek degerlendirilmistir.

1. MODELLEME
2.1 Trenlerin Modellenmesi

Tiinel havalandirma sistemi kapasitelerinin belirlenmesi i¢in yapilan yangin simiilasyonlarinda, yolcu ve yiik
trenlerinin, simiilasyon yapilabilmesi igin belirlenen tiinel, makas veya geceleme hatt1 bolgelerinde sabit
durduklar1 varsayilmaktadir. Tek boyutlu olarak modellenen trenler, bu bolgelerde, zamana bagli olmayan 1s1
kaynaklar1 olarak diisiiniilmektedir. Simiilasyonlarda kullanilan trenlere ait 6zellikler Tablo 2°de ve arag on

gOriinimii Sekil 2°de verilmistir.

2.1 Analiz Program:

Bu ¢alismada, tiinel havalandirma simiilasyonlar1 SES v4.1 programi [42] kullanilarak gerceklestirilmistir. SES
programi tek boyutlu bir analiz programi olup, metro ve yeralti ulasim sistemlerinin tiinel havalandirmasi
tasarimlarina yardimei olmak amaciyla kullanilan bir paket programdir. SES programinin tek boyutlu analiz diye
nitelendirilmesinin sebebi ise, hava hizi ve sicakli1 gibi parametrelerin tiinellerin eninde (y — dogrultusunda) ve
diisey yonde (z — dogrultusunda) degismedigi, sadece tiinel boyunca (x — dogrultusunda) degistiginin
varsayllmasidir. Tiinelin eni ve yliksekligi genelde tiinellerin boyuna oranla ¢ok daha kisa oldugu igin
parametrelerin hacimsel olarak degistigi varsayilmaktadir. Dolayisiyla, 3D analizlere gore, SES programi

basitlestirilmis sonuglar verebilmektedir. SES programinin 3D analizlere karsi bir bagka avantaji ise, uzun bir tiinel

sistemini bir arada ¢6zebilmesinin miimkiin olabilmesi ve zamansal tasarruf saglanmaktadir.
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Tablo 2. Yolcu ve yiik trenlerinin 6zellikleri

Ozellik Deger
Yolcu treni yangin yiikii 12 Mw
Yiik treni yangin yiikii 100 Mw
Konvektif 1s1 katsayisi 0.8
Konvektif 1s1 transferi (yolcu treni) 9.6 Mw
Konvektif 1s1 transferi (yiik treni) 80 Mw
Tren kesit alan 10.7 m?
Tren uzunlugu (yiik treni) 460 m
Tren uzunlugu (yolcu treni) 180 m
Tren ¢evre uzunlugu -
Trenin ylizeysel siirtiinme Katsayisi (yolcu treni) 0.023
Trenin ylizeysel siirtiinme katsayisi (yik treni) 0.1
Stiriiklenme katsayist (yolcu treni) 0.55
Siiriiklenme katsayisi (yiik treni) 0.56

3010
ar2o

860
700

180 T 1435 T

2160

2800

Sekil 2. Arag 6n goriiniimii
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III. TUNEL HAVALANDIRMA SiSTEMi TASARIMI
3.1 SES Modeli

Simiilasyon modelinin olugturulmasi agsamasinda, tiinel ve istasyon mimari projeleri basitlestirilerek, bu alanlar
SES programinda kullanilacak olan tek boyutlu elemanlar halinde ifade edilmistir. Ray iistii kot degerlerinin,
demiryolu hatlarinda belirli sinirlarla sinirlanmasinin ana nedenleri, yolcu konforunu ve seyir giivenligini
saglamaktir. EN 13848-Hat Geometrik Kalitesi sartnamesi [43], hat profilinde meydana gelen kot degisikliklerinin
belirli bir hat uzunlugu boyunca sinirlamalar1 konusunda 6neriler sunmaktadir. Hat profilindeki degisiklikler, tren
hizina, degisimin biiyilikliigline ve bu degisimin meydana geldigi hat uzunluguna bagli olarak hat {izerinde farkli
kuvvetlerin olugsmasina neden olur. Bu degisikliklerin sinirlanmasi, yolcu konforunu etkileyen titresimleri
azaltmay1 ve seyir giivenligini saglamay1 amaglamaktadir. Tiinel kesitleri ve ray istii kot degerleri Tablo 3’te
gosterilmigtir. Tablodaki degerler ortalama deniz seviyesine gore yiikseklik degerleri olup, Gaziantep ili merkez
rakim degeri ~850 m olmasi durumu g6z 6nilinde bulundurulmustur. Senaryo olusturulurken tiinelin, 15.827,700
km konumundan, hattin Miicahitler istasyonu yoniine dogru degisken olmak {izere 15.827,700 km~15.920,000 km
arast M-M ve N-N kesitleri dikkate alinmigtir. Hazirlanan simiilasyon modelinin ag semasit mimik diyagram
(MD) Sekil 3’te verilmistir.
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Sekil 3. SES simiilasyon modelinin ag semast MD
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Tablo 3. Tiinel kesitleri ve ray iistii kot degerleri

Kesitler Ray iistii kot degerleri (m)
C-C 1.086,100
D-D 979,600
E-E 882,300
F-F 803,600
G-G 819,000
H-H 915,00

I-1 1.008,100
J-J 763,100
K-K 757,600
L-L 757,600
M-M 757,600
N-N 757,600
0-0 757,600
P-P 753,400
R-R 752,300
S-S 752,800

3.2 Sicaklik Kriterleri

Yolcularin bulundugu alanlar ve tahliye giizergahinda, NFPA 130, Tablo B.2.1.1%¢e [41] gore 60 °C den diisiik
olmasi durumu dikkate alinarak tiinel tahliye yoniinde maksimum sicaklik 50 °C olarak belirtilmis olsa da NFPA
130 standard1 geregince, tahliye yollarinda insanlarin maruz kalinan sicakliga bagli olarak belirli bir siire igerisinde
tahliyeyi siirdiirebilmesi miimkiindiir. Bu ¢alismada, Tablo 4’te belirtilen araliklar g6z 6niinde bulundurmus olup

dumansiz bir sicaklik kosulu oldugu dikkate alinmustir.

Tablo 4. Acil durum tahliye esnasinda siireye bagli maksimum maruz kalinan siiresi

Maruz kalinan sicaklik (°C) Maruz kalinan siire (dakika)
80 3.8
75 47
70 6.0
65 7.7
60 10.1
55 13.6
50 18.8
45 26.9
40 40.2

3.2.1. Yapisal sicaklik kriterleri

Sicaklik-siire bazli grafikler, genellikle iki bilesenden; i) sicaklik siiresi egrisi, ii) malzeme performans egrisi,
olugmakta olup, yapinin yangin durumunda sicakliga maruz kalma siiresini ve yapinin bu sicaklik profil
seviyelerine karst gosterdigi performansi gosteren bir aragtir. Bu grafik, yangin miihendisligi ve yapisal tasarim
alanlarinda yaygin olarak kullanilan bir yontemdir. Degerler, genellikle 1s1 yayilimina dayali yangin testlerinden
elde edilen verilere dayanmaktadir. Yapinin sicaklik-siire bazli performansi, malzemelerin yangin sirasinda

yapmin islevselligini siirdiirme kapasitesini belirlemektedir.

3.3 Hava Hiz: Kriterleri

Amerika Birlesik Devletleri hava biirosu tarafindan, riizgar kuvvetini gostermek i¢in kullanilan Beaufort 6lgegi,
0’dan 12’ye kadar kademelendirilmis bir tablodur ve Subway Environmental Design Handbook’ta, Tablo 2.13’te
verilmektedir [44]. Beaufort 6lgeginde tavsiye edilen acil durumdaki maksimum hava hiz1 2500 fpm (12.700 m/s)
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olarak ifade edilmektedir. Normal kosullarin ist limiti, 2200 fpm (11.176 m/s) hava hiz1 acil durum kosullarinda
alt limit olarak kabul edildigi i¢in, acil durum kosullarinda insanlarin maruz kalacagi maksimum hava hiz1 11 m/s
olarak kabul edilmistir. Tahliye siiresi boyunca havalandirma tasariminin, yolcu tahliyesini miimkiin kilmasiyla
birlikte tiinel g¢eperine gelen sicakligin yapr formuna zarar vermemesi ve formunu en az 1 saat boyunca
koruyabilmesi, havalandirma sisteminin iglevini yerine getirme olanagi saglayacaktir. Yolcu giivenligi mutlak
oncelik olmasiyla birlikte tesisin kisa bir siire sonra yeniden isletilebilir olmas1 amaglanarak, yap1 giivenliginin

korunmas: dikkate alinmigtir. Bu ¢alismada ele alinan konuya iliskin hava hizi kriterleri Tablo 5’te verilmektedir.

Tablo 5. istasyon ve tiinel bolgesi yangin durumu hava hizi kriterleri

Konum Minimum Ortalama Azami
Platform (yatay) - 3mls 11 m/s
Merdivenler - 1.8 m/s 11 m/s
Tiineller 0.75 m/s - 11 m/s
Istasyon girisi - - 11 m/s
Havalandirma bacalari - 5m/s 11 m/s
Kaldirim 1zgaralari - 25m/s 11 m/s
Kaldirimdan 3 m ve daha yiiksekteki menfezler - 5mls 11 m/s

3.4 Yangin Senaryolar

Acil durum havalandirma sistemi, tiinelde veya istasyonda yangin gibi olasi bir acil durum kosulunda yolcularin
giivenli bir bicimde tahliye edilmesini ve itfaiyenin yanginla miicadele ekipleri ile arama kurtarma ekiplerinin
miidahalelerini yapabilecek ortam kosullarint saglamak igin tasarlanmaktadir. Yapisal formun, sicaklik kargisinda
dayanimi bu sistemlerin saglikli ¢aligabilmesi i¢in 6nemlidir. Acil durum havalandirma sisteminin kapasitesine;
(i) tiinel igi tren yangini senaryosu ve (ii) istasyon i¢i tren yangini senaryosu olmak iizere toplam iki tip senaryo

etki etmektedir:

Isletim sirasinda, olas1 bir tren yangininin gerceklesmesi durumunda, eger tren halen hareket edebilir durumda ise,
ilk tercih bu trenin bir sonraki istasyona kadar gitmesini saglamak ve yolcu tahliyesini burada gerceklestirmektir.
Fakat bazi durumlarda, yanmakta olan tren tiinelde hareketsiz kalabilmektedir. Bu durumda insanlar; yanginin
tiineldeki konumuna ve yanan vagonun trendeki konumuna gore en yakin istasyon, tiinel portali veya acil kagis
merdivenlerine dogru ylirlimesi ve tahliyesi gerekmektedir. Trende yangin ¢ikmasi ve yanan trenin tiinelde
durmasi ¢ok kiiciik bir olasilik olsa da sonuglari can ve mal giivenligi agisindan biiyiik olacagindan, uluslararasi

standartlar geregince dikkate alinmasi zorunlu kilmmustir.

Bu makale kapsaminda verilen yangin senaryosu c¢alismalarinda, yanginin yalnizca bir trende ortaya ¢iktigi ve
isletmede olan diger trenlerin yangin bolgesinden uzaklagtifi varsayimi yapilmistir. Yanginin konumuna gore,
portalda olan yangin vakasinin digindaki trenler tiinelde ise yangindan uzaklagarak en yakin istasyonda tahliyenin
gergeklestigi veya tiinel digina ¢iktigi kabulii yapilmaktadir. Ayrica heniiz tiinele giris yapmamig trenlerin ise
hareket dogrultusunu ters istikamete dogru yonlendirdigi ve yangindan uzaklastigi kabulii yapilmistir. Tiinel igi
ara¢ yangimlarinda en kritik senaryo, o6zellikle kesit alanin, hat egiminin ve yangin yiikiiniin yiiksek oldugu
konumlarda meydana gelmektedir. Tiinel i¢i tren yanginlarinda, tiinel havalandirma fanlar1 devreye girerek; “itme-
¢ekme” prensibi ile dumani bir yonde iterken, yolcular/personeller diger yonde dumandan etkilenmeden tiinelden
¢ikabilmesi hedeflenmektedir. Yanan vagonun trendeki konumu ve tahliye yonii havalandirma fanlarinin yoniinii

etkilemektedir. Tiinel acil durum havalandirma simiilasyon analizinde; yiik treni yangin yiikii (Tablo 2, 100 Mw),
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yolcu treni yangin yiikiinden (Tablo 2, 12 Mw) fazla olmas1 sebebiyle dncelikle yiik treni dikkate alinmistir. Yiik
treni yangin senaryo simiilasyon analizleri, tiinel havalandirma fanlarinin kapasitesini belirlemede yeterli olsa da
ilave olarak yolcu treni i¢in de simiilasyon analizleri yapilmigtir. Tlinel havalandirma senaryolari, ti¢ blgeye; (i)
Tiinel Portali-Adliye, (ii) Adliye-Topraklik ve (iii) Topraklik-Tiinel Portali, ayrilmig ve her bir bolge i¢in tahliye
yonlerine gore iki farkli senaryo olmak tizere, yiik ve yolcu trenleri i¢in ayr1 ayr1 toplam 6 senaryo olusturulmustur.

Analiz edilen yangin senaryolar1 Tablo 6’da verilmistir.

Tablo 6. Yangin senaryolari

Senaryo No Tren Bolge Konumu (km) Tahliye yonii
SN-01 Yiik Tiinel Portali-Adliye 13.900 Tiinel Portali
SN-02 Yiik Tiinel Portali-Adliye 13.453 Adliye
SN-03 Yiik Adliye-Topraklik 15.209 Adliye
SN-04 Yiik Adliye-Topraklik 14.775 Topraklik
SN-05 Yiik Topraklik-Tiinel Portali 15.708 Tiinel Portali
SN-06 Yk Topraklik-Tiinel Portali 16.196 Topraklik
SN-07 Yolcu Tiinel Portali-Adliye 13.900 Tiinel Portali
SN-08 Yolcu Tiinel Portali-Adliye 13.453 Adliye
SN-09 Yolcu Adliye-Topraklik 15.209 Adliye
SN-10 Yolcu Adliye-Topraklik 14.775 Topraklik
SN-11 Yolcu Topraklik-Tiinel Portali 15.708 Tiinel Portal1
SN-12 Yolcu Topraklik-Tiinel Portali 16.196 Topraklik

Bu calismada, yanan trenin bulundugu bdlgedeki fanlarin, yiiksek 1s1 sebebiyle iptal durumu SN-13 ve SN-18
arasindaki senaryolarda irdelenmistir. Yangin bolgesine denk gelen fanlarin hizmet dis1 tutularak, diger fanlarla

saglanan hava hizlar1 da detayli bir sekilde gosterilmistir.

3.5 Havalandirma Fanlar:

Tiinel havalandirma sistemi, yanginin tren {izerindeki yerine ve trenin tiinel igerisindeki yerine bagli olarak dumant
her iki yonde de (tersinir) itebilme kapasitesine sahip olmalidir. Dolayisiyla, tiinel havalandirma fanlar tersinir
olmali ve emme yoOniindeki hava debi degeri ile basma yoniindeki hava debi degerleri olabildigince birbirine esit
performansta olmalidir. Caligsmada, jet fanlarmn verimliligi %90 olarak ve havalandirma fanlar1 1 saat ve 250 °C

sicakliga kadar dayanikli oldugu kabulii yapilmustir.

3.6 Kritik Hiz

Tiinel igerisinde olugabilecek olast bir tren yangini durumunda, trenden duman ve zehirli gazlar tiim tiinele
yayilacak sekilde aciga ¢ikmaktadir. Eger tiinel havalandirma sistemleri, trenden yayilan duman tiinel igerisinde
bir yone dogru yonlendirmede yeterli olamazsa, duman ve gazlar tiim tiineli sararak yolcularin giivenligini tehdit
edebilmektedirler. Kritik hiz, trenden yayilmakta olan sicak ve zehirli gazlari, tiinel igerisinde sadece bir yone
dogru yonlendirmek i¢in, dolayisiyla diger yonde yolcular i¢in giivenli bir kagis yolu saglamak i¢in, gerekli olan
en diisiik hava hiz1 degeridir (Sekil 4). Fanli/Cebri havalandirma ile kritik hizin saglanmasi durumunda, dumanin

geri katmanlagmasi olugsmayacaktir.
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—_—
Havalandirma hizi i
—
%
Yangin

Sekil 4. Kritik hizin saglanmasi durumundaki duman ve sicak gazin dagilimi

Kritik hiz degeri; (V,), yangin yuki; (Q), ortam sicaklhigs; (T), tiinel kesit alani; (A), tiinel egimi; (grade), tiinel
yiiksekligi; (H), ve tren kesit alan1 gibi bir¢ok degiskene baglidir. Es. (1) bagintisiyla verilen kritik hiz degeri kritik

hiz ve yangin bdlgesindeki duman sicakligi denklemlerinin eg zamanli olarak ¢6ziilmesi sonucunda elde edilir:

1/3 (1)
VC:K1K9< gHQ )

Burada, K; = birimsiz sabit olup degeri 0.606’dir. K, = egim diizeltme katsayisini, C,, = sabit basingli havanin
6zgiil 1s1 katsayisini, Ty = yangin bdlgesi duman sicakligini gostermektedir. T ve K, nin formiilleri asagida Es.

(2) ve Es. (3) bagntilariyla verilmektedir:

Q
Tp=— 4T
f p%A%+ )
K, =1+ 0.0374(grade)®® 3)

Burada, p = havanin yogunlugunu, grade =yiizde cinsinden tiinelin egimini vermektedir. Eger tiinel icerisinde
yangin olan bolgede havalandirma yonii yokus yukari veya tiinel egimi diiz (= %0) ise K; = 1'dir. Havalandirma
yonii yokus asagi ise K,; degiskeni igin Es. 3 denklemi kullanilarak deger birden biiyiik bulunur. Bunun gerekgesi,
sicak gazlarin tlinelin tavanina dogru yiikselecek olmasi, hatta egimli olan tiinellerde daha fazla yiikselecek sekilde
egimi kullanarak yayilmasidir. Dolayisiyla yokus asagi yapilacak olan havalandirma durumunda, yiikselen sicak
gazlar1 da yokus asag1 siipiirmek i¢in daha yiliksek havalandirma hizina ihtiya¢ duyulmaktadir. Bu da kritik hiz i¢in
daha yiiksek bir deger hesaplanmasini agiklamaktadir. Sekil 5’te egim diizeltme katsayisinin egimle degisim

grafigi verilmektedir [45].
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Sekil 5. Egim diizeltme katsayisinin egimle degisim grafigi [45]

IV. ANALIZ BULGULARI VE TARTISMA

Basarili/gegerli senaryo sonuglarmin elde edildigi nihai fan adedi ve kapasitesi ile gergeklestirilen simiilasyon
sonuglart bu bolim kapsaminda incelenmistir. Sonuglarda belirli bolgeler igin hava hizi ve sicaklik bilgisi
verilmistir. Acil kag¢is yoniiniin tersi yoniinde kritik havalandirma hizi saglanmasi durumunda, jet fan kapasiteleri
yeterli goriilmiistiir. Boylece, tahliye yoniine dogru, duman ve sicak gazlarin ilerlemesi miimkiin olmayacaktir.
Tahliye yoniinde yer alan acil kagis merdivenleri i¢in bu bdlgelere duman yonelimi olmamasi sebebiyle ilave bir
basiglandirma gereksinimi bulunmamaktadir. Normal igletme ve trafik sirkiilasyonunun fazla oldugu sikisik
isletme durumlarinda tiinel sicakliklarini bertaraf etmek adina ve tlinellerde olusan kirli havanin veya yanginla
miicadele sonunda tiinellerde kalan soguk dumanin desarj edilmesi i¢in tiinel havalandirma fanlarinin (TVF)
saftlarma toplamda 36 m%s kapasiteli aksiyel fanlar yerlestirilerek bu asamalarda calistirilacaktir. Ustiin
performansli bir hava akisi islemini yerine getirerek, ortamdaki havanin kontroliinii en iyi bicimde saglayan aksiyel
fanlar, ilgili alanda aktive olduklarinda, basing farkinin yardimryla eksenel yonde bir hava dengesi olustururlar.
Ele alinan makale ¢alismasinda, elde edilen analiz sonuglarindaki yangin konumuna ve tahliye yonlerine gore
havalandirma ekipmanlarinin pozisyonlar1 Tablo 7’ de verilmektedir. Yangin bolgesinde fanlarin iptal olmasi
durumunda yiik treni kritik hiz analizi yangin senaryolarina gore sonuglar1 Sekiller 6—17 arasinda verilmekte olup

havalandirma tasarimi ic¢in yolcu tahliyesini ve olusun hava gazlarina ait sicaklik ve hiz bilgilerini

gostermektedirler.
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Sekil 6. SN-01: Tiinel Portali - Adliye Istasyonu Aras1 Yiik Treni Yangim - Tahliye Yonii: Tiinel Portali
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Sekil 7. SN-02: Tiinel Portali - Adliye Istasyonu Arasi Yiik Treni Yangin - Tahliye Yonii: Adliye istasyonu
ADLIYE [STASYONU TOPRAKLIK ISTASYONU
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Sekil 8. SN-03: Adliye — Topraklik istasyonlar1 Arasi Yiik Treni Yangini - Tahliye Yénii: Adliye Istasyonu

180



Tiinel acil durum havalandirma sistemi J. Innovative Eng. Nat. Sci., c. 3, s. 2, 55.167-190, 2023.
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Sekil 9. SN-04: Adliye — Topraklik Istasyonlar1 Arasi1 Yiik Treni Yangmi - Tahliye Yénii: Topraklik Istasyonu
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Sekil 10. SN-05: Topraklik Istasyonu - Tiinel Portali Aras1 Yiik Treni Yangini - Tahliye Yonii: Tiinel Portali
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Sekil 11. SN-06: Topraklik Istasyonu - Tiinel Portali Aras1 Yiik Treni Yangini - Tahliye Yonii: Topraklik Istasyonu
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Sekil 12. SN-07: Tiinel Portali - Adliye Istasyonu Arast Yolcu Treni Yangini - Tahliye Yonii: Tiinel Portali
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Sekil 13. SN-08: Tiinel Portali - Adliye istasyonu Arast Yolcu Treni Yangini - Tahliye Yonii: Adliye Istasyonu
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Sekil 14. SN-09: Adliye — Topraklik Istasyonlar1 Arasi Yolcu Treni Yangini - Tahliye Yénii: Adliye Istasyonu
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Tablo 7. Yangin senaryolar ve olusturulan havalandirma stratejileri

Yangin Konumu Tiinel‘Portall—AdIiye Adliye is(asyonu—Toprakllk Toprakhk istasyonu-Tiinel
Istasyonu Istasyonu Portal
Tiinel Portali Adliye Istasyonu Adliye Topraklik Topraklik Tiinel
Yolcu/Personel Istasyonu Istasyonu Istasyonu Portali
Tahliye Yonii — -
«— — «— —
Havalandirma Kapali Kapali Kapali Kapali Kapali Kapali
agikliklarindaki
damperler
Jet Fan-01-02-03 — — — - — _
Jet Fan-04-05 — — — - — —
Jet Fan-06 — — — - — —
Jet Fan-07-08-09 — — — - — -
Jet Fan-10-11-12 — — — - — -
Jet Fan-13-14 N - N — N P
Jet Fan-15 — — — — — -
Jet Fan-16-17-18 — — — — — -

Yapilan analizler sonucunda, Tiinel Portali — Adliye Istasyonu — Topraklik Istasyonu — Tiinel Portal1 bdlgesinde
yer alt1 tiinellerindeki toplam 12 yangin senaryosu i¢in yapilan analizde (bkz. Tablo 6), gerekli kritik hizin
saglanmasi i¢in toplam 18 adet jet fan ihtiyaci oldugu goriilmiistiir. Tablo 8’de belirtilen degerler, yapisal formun
zarar gormemesi durumu kabul edilerek ekipmanlarin ¢alisma yeterliligidir. Ancak, ilgili senaryolarda tiinel i¢
¢eperinin maruz kaldig1 sicakliklarinda ortaya konularak gerekli énlemlerin alinmasi gerekmektedir. Tiineldeki

giivenli tahliye i¢in gereken kritik hiz1 saglayan jet fanlara ait konum ve kapasite bilgileri Tablo 9°’da verilmektedir.

Tablo 8. Yangin senaryolari ve saglanan hizlar

Senaryo No Kritik hiz Saglanan hiz Aciklama
(m/s) (m/s)
SN-01 237 2.61 v Yeterli
SN-01 2.32 2.38 v Yeterli
SN-02 2.65 341 v Yeterli
SN-03 2.34 3.34 v Yeterli
SN-04 2.30 354 v Yeterli
SN-05 247 2.47 v Yeterli
SN-06 2.37 2.62 v Yeterli
SN-07 2.32 2.52 v Yeterli
SN-08 2.65 3.15 v Yeterli
SN-09 2.34 3.20 v Yeterli
SN-10 2.30 3.12 v Yeterli
SN-11 247 2.68 v Yeterli
SN-12 2.37 2.61 v Yeterli
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Tablo 9. Jet Fan konum ve kapasiteleri

Konum Fan adedi Cikis hava hizi Cikis hava debisi itki kuvveti
(m/s) (m®/s) (N)
13.670 3 35.7 404 1730
13.960 1 35.7 404 1730
13.960 2 35.7 404 1730
14.100 3 35.7 404 1730
15.480 3 35.7 404 1730
15.685 1 35.7 404 1730
15.685 2 35.7 404 1730
15.955 3 35.7 404 1730
13.670 3 35.7 404 1730
13.960 1 35.7 404 1730
13.960 2 35.7 404 1730
14.100 3 35.7 404 1730
15.480 3 35.7 404 1730

Yangin senaryolarina bagli olarak, yangin ¢ikan boliimde maksimum duvar sicakliklar1 Tablo 10°da verilmektedir
Bu sicaklik degerleri, yiik trenin yangin baslamasindan 1 saat sonraki durumunu gostermektedir. Ayrica, yiik
trenine ait yiiksek yangin yiikiinden (~100 Mw) dolay1 ¢ikan yangina ait duman ve sicak havanin; istasyon
merdiven yapilarindan veya tiinel portallarindan atildigi goriilmektedir. Yangin senaryo analiz sonuglarindan,
merdiven ve peron bolgesine ait sicaklik verilerinden de anlasilan bu durum, istasyon peronlarinda
bekleyen/tahliye olan yolcular agisindan can giivenligini tehlikeye atmaktadir. Sonugta, Marmaray hattinda da
oldugu iizere, yiiksek yangin yiikiine sahip yiik tren isletmeciligi, yolcu tren isletim saatlerinde yapilmamasi biiyiik

O6nem tasimaktadir [46].

Tablo 10. Yangin bolgesinde olusan maksimum duvar sicakliklar

Senaryo No Maksimum duvar sicakliklari (°C)
SN-01 774
SN-01 802
SN-02 894
SN-03 846
SN-04 776
SN-05 923
SN-06 774

V.SONUCLAR VE ONERILER

Rayli sistemler, hizli, giivenli ve ¢evre dostu bir toplu tasima segenegi olarak diinya genelinde kullanilmaktadir.
Gaziray Rayli Sistem Hatti, Tiirkiye'nin Gaziantep sehrinde toplu tagima ihtiyacini karsilamak amaciyla planlanan
bir proje olarak biiyiik 6nem tasimaktadir. Tren yangmlari, rayl sistem hatlarinda nadir olsa da meydana
gelebilecek potansiyel tehlikelerden biri olsa da, tehlike riski dikkate alinmasi ve tiinel yapisinin yangindan
etkilenme seviyesinin degerlendirilmesi ¢ok 6nemlidir. Yanginlar, trenlerin elektrikli ve mekanik bilesenlerinde
¢esitli nedenlerle ortaya ¢gikabilmekte, 6rnegin elektrik kablolarinin asir1 1stnmasi, fren sistemlerinde arizalar, yakit
sizintilar1 gibi sebeplerle yanginlar meydana gelebilmektedir. Tiinel yapisinin yangindan etkilenme seviyesi,
yangiin tlinel yapisina verdigi zararin degerlendirilmesini ifade etmektedir. Tiinelde meydana gelen yanginlar,
tiinel duvarlarina, tavanina, tabanmna ve diger yapisal elemanlara zarar verebilmekte ve bu zararlar, tiinelin

kullanilabilirligini, giivenligini ve yapisal biitiinliiglinii etkileyebilmektedir. Yangin sonrasi yapisal hasar, tiinelin
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onarim maliyetlerini ve isletme siireglerini de etkiler. Tiinel yanginlarinin etkilerini degerlendirmek igin yangin
testleri, modelleme ve simiilasyonlar gibi yontemler kullanilmaktadir. Yangin testleri, gergek yangin senaryolarini
taklit ederek tiinel yapisinin yangima karsi tepkisini belirlemektedir. Modelleme ve simiilasyonlar ise tiinel

yapisinin yangindan etkilenme seviyesini belirlemek i¢in kullanilmaktadir.

Bu makalede sunulan analiz ¢alismasi, Gaziray Rayli Sistem Hatti'nin giivenligini ve yangin durumlarinda tahliye
stireclerini degerlendirmek amaciyla gerceklestirilmigtir. Calismanin temel hedefi, tiinel yapisinin yangindan
etkilenme seviyesini belirlemek ve gerekli 6nlemleri alarak giivenli bir igletme ortami saglamaktir. Analizde,
tinelde olusabilecek yangin senaryolari ele alinmis ve bu senaryolara yonelik havalandirma stratejileri
gelistirilmistir. Tahliye yonlerine gére hava akisi, sicaklik ve hiz bilgileri incelenmistir. Yapilan analizler ve
simiilasyonlar sonucunda, yer alt1 tiinellerinde gergeklestirilen yangin senaryolari i¢in havalandirma tasariminin
basarili ve gegerli oldugu sonucuna vartlmistir. Acil kagig yoniiniin tersi yoniinde kritik havalandirma hizinin
saglanmasi i¢in jet fan kapasiteleri yeterli tespit edilmistir. Bu sayede tahliye yoniine dogru duman ve sicak
gazlarin ilerlemesi engellenerek giivenli bir tahliye saglanabilecektir. Tahliye yoniinde bulunan acil kagis
merdivenleri i¢in duman ydnelimi olmamasi nedeniyle ilave bir basinglandirma gereksinimi bulunmamaktadir.
Ayrica, tiinelde normal isletme ve yogun trafik durumlarinda olusabilecek sicaklik artislart ve kirli hava
problemlerini ¢6zmek i¢in TVF kullanilmustir. Bu 36 m%/s kapasiteli aksiyel fanlar, tiineldeki havanin kontroliinii
saglamak ve kirli havayi disartya atmak i¢in kullanilmaktadir. Fanlarin konumu ve kapasiteleri yangin
senaryolarina bagli olarak belirlenmistir. Analiz sonuglarina gére, Tiinel Portali - Adliye Istasyonu - Topraklik
Istasyonu - Tiinel Portal1 bdlgesinde yer alan yer alt1 tiinellerindeki toplamda 12 yangin senaryosu igin 18 adet jet
fan gerektigi tespit edilmistir. Jet fanlarin ¢ikis hiz1 35.7 m/s ve ¢ikis debisi 40.4 m®/s olarak belirlenmistir. Yangin
senaryolarina bagli olarak, yangin bolgesindeki duvar sicakliklari maksimum olarak 6l¢iilmiistiir. Bu sicakliklar,
yik treninin yangin baslamasindan 1 saat sonra ulasilan degerlerdir. Yangin ¢ikan bdliimdeki duvarlarda
maksimum 774 °C ile 923 °C arasinda sicakliklar kaydedilmistir. Bu bilgiler, yanginin siddetini ve yayilma
potansiyelini belirlemek igin énemli veriler saglamaktadir. Ornegin, yiiksek yangin yiikiine sahip yiik trenlerinin
isletimi, yolcu trenlerinin isletim saatleriyle ¢akismamasi onerilmektedir. Yiik trenleri, yolcu trenlerinden farkli
bir risk potansiyeli tasimaktadir ve yangin durumunda yolcularin giivenligini tehlikeye atabilmektedirler. Bu

nedenle, isletim saatlerinin diizenlenmesi ve gerektiginde ayri bir tren hattinin kullanilmasi 6nerilmektedir.

Bu ¢alisma, Gaziray Rayli Sistem Hatti'ndaki tiinellerin yangin giivenligi agisindan kapsamli bir degerlendirme
sunmakta ve proje i¢in 6zellestirilmis ¢oziimler 6nermektedir. Calismanin sonuglarinin, tiinelin yangin giivenligi
ve acil durum yonetimi konularinda tasarimcilara, igletmecilere ve karar vericilere rehberlik etmek amaciyla
kullanilabilecegi diisiiniilmektedir. Gaziray Rayli Sistem Hatti'ndaki tiinellerde meydana gelebilecek olasi tren
yangini durumunda tiinel yapisinin yangindan etkilenme seviyesini degerlendirmek amaciyla gerceklestirilen bu

makale ¢alismasi, diger benzer ¢aligmalardan farklilik gésteren baslica hususlari asagida siralanmustir:

o Incelenen calisma konusu, Gaziantep sehrinde gerceklestirilen Gaziray Rayli Sistem Hatt1 projesine
odaklanmaktadir. Bu nedenle, tiinel yapilarinin yangin giivenligi igin 6zel olarak bu projeye yonelik
analizler yapilmis ve 6neriler sunulmustur.

e Tiinel yangmlarindan etkilenen bdlgelerde etkili havalandirma stratejilerinin belirlenmesi konusu
¢alismanin odakladigi bir diger husustur. Yangin sirasinda olugan dumanin ve sicak gazin hizli bir sekilde

tahliyesi, insanlarin giivenli bir sekilde tahliye edilmesi i¢in hayati dneme sahiptir. Bu yoniiyle ¢alisma,
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jet fanlarin dogru konumlandirilmas: ve kapasitelerinin belirlenmesi gibi havalandirma stratejilerine
yonelik detayli analizler icermektedir.

e  Calismada, kritik hava hizinin saglanmasi ve dumanin tahliye yoniine dogru yonlendirilmesi i¢in gerekli
havalandirma stratejileri belirlenmektedir. Yangin senaryolarina bagl olarak, jet fanlarmn ¢ikis hizi ve
debisi gibi parametreleri ile birlikte tiinelin giivenli bir sekilde tahliye edilmesi i¢in gerekli olan jet fan
sayis1 ve performansi da belirlemektedir.

e  Yang sonrasi yapisal hasarin minimize edilmesi i¢in yangin dayanikli malzemelerin kullanimi, yangin
sirasinda yapisal deformasyonlari dnlemek i¢in stratejik destek elemanlarinin yerlestirilmesi gibi 6neriler

sunulan bu makele ¢alismasinda degerlendirilmektedir.

Yanginlarin yol agabilecegi yapisal hasarlar da dikkate alinarak gerekli dnlemlerin alinmasi dnerilmistir. Calisma
kapsaminda, yanginlarn tiinel yapisina ve yapisal elemanlara verdigi zararlar da degerlendirilmistir. Gaziray Rayl
Sistem Hatt1 gibi kritik aglar i¢in yangin giivenligi Onlemlerini iyilestirmede asagidaki genel Onlemler

Onerilmektedir:

e Yangmma dayanikh malzemelerin kullammmi: Tiinel yapisinin yangina dayanikli malzemelerle
giiclendirilmesi, yanginin tiinel i¢cindeki yapisal elemanlara verdigi zarari en aza indirecektir. Bu sayede
tiinelin yangin sonrasi onarim maliyetleri azalacak ve isletme siiregleri daha hizl bir sekilde normale
donebilecektir.

e Duman tahliyesi ve havalandirma sistemlerinin optimize edilmesi: Yangin sirasinda olusan dumanin
ve sicak gazin tiinel iginden hizli bir sekilde tahliye edilmesi Onemlidir. Jet fanlarin dogru
konumlandirilmasi1 ve kapasitelerinin uygun sekilde belirlenmesi, etkin bir duman tahliye sistemi
olusturulmasini saglayacaktir.

e Acil tahliye onlemlerinin giiclendirilmesi: Tiineldeki acil kacis merdivenlerinin konumlar1 ve
erigilebilirlikleri, giivenli tahliye icin bilylik 6nem tagmaktadir. Bu 6nlemlerin giiglendirilmesi, yangin
durumunda insanlarin hizli ve giivenli bir sekilde tiinelden ¢ikmasini saglayacaktir.

e Yangin alarm ve sondiirme sistemlerinin iyilestirilmesi: Yanginlarin erken tespiti ve hizli miidahale
icin etkili bir yangin alarm ve sondiirme sistemi kurulmalidir. Bu sistemlerin siirekli olarak bakimi ve test
edilmesi, giivenligin siirdiiriilebilirligi agisindan biiylik 6nem tagimaktadir.

o Egitim ve farkindahk: Tiinel kullanicilari, ¢alisanlar1 ve giivenlik personeli arasinda yangin giivenligi
konusunda diizenli egitimler diizenlenmelidir. Yangin durumunda yapilmasi gerekenlerin bilinmesi ve

farkindaligin artirilmasi, giivenli tahliyenin saglanmasi agisindan kritik 6neme sahiptir.

Sonug olarak, bu analiz ¢alismas1 Gaziray Rayli Sistem Hatti'nin giivenligini saglamak amaciyla yapilmustir.
Yangin senaryolari ve tahliye yonleri géz 6niinde bulundurularak havalandirma stratejileri gelistirilmis ve gerekli
ekipmanlarin konumu ve kapasiteleri belirlenmistir. Bu ¢alisma, tiinel yapisinin yangindan etkilenme seviyesini

degerlendirmek ve giivenli bir isletme ortami saglamak i¢in 6nemli bir adimdir.

TESEKKUR

Yazar, bu makale calismasinin hazirlanmasinda teknik destegi i¢in Makine Miihendisi Davut Belkizoglu’na

tesekkiir eder.
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olusan ve bagimli kontroldriin ayar noktasinin, bu ana kontroldr tarafindan ayarlandigi bir geri beslemeli
kontroldiir. Bu galismada, tizerine etki eden yergekimi kuvvetleri, Coriolis ve merkezcil kuvvetlerden dolay1
dogrusal olmayan dinamige sahip doner ters sarkag sisteminin denetlenmesinde kademeli kontrol

Cevrimigi meveut kullanilmistir. Burada, bagimli kontrolcii igin geribeslemeli dogrusallagtirma tabanli oransal-tiirevsel (PD)

denetleyici ve ana kontrolcii iginse dogrusal karesel diizenleyici (DKD) kullanilmustir. I¢ déngiide kullanilan
geri beslemeli dogrusallastirmanin bagil derecesi ikidir ve kararsiz sifir dinamiklere sahiptir. Bu kararsiz
Anahtar Kelimeler: dinamikler ana kontrolcii tasariminda ele alinmis ve kademeli kontroliin kararli olmasi saglanmugtir. Ters

Kademeli kontrol
Geribeslemeli dogrusallastirma
Doner ters sarkag

sarkacin dogrusal olmayan dinamik denkleminde sarkaca uygulanabilen tork bozanetken olarak formiile
edilmistir. Onerilen geribeslemeli dogrusallastirma tabanl kademeli denetleyici, bozan etken varhiginda iki
farkli denetleyici ile karsilastirilmis ve daha iyi performans sergiledigi gosterilmistir.
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I. GIRiS

Her biri kendine 6zgii 6zelliklere ve uygulamalara sahip gesitli ters sarkag sistemleri vardir. Araba iizerindeki ters
sarkag ¢esidinde sistem, arabaya bagli serbest bir direk ile bir ray iizerinde bir arabadan olusur [1, 2]. Amag, diregi
dikey konumda dengede tutmak i¢in arabanin hareketini kontrol etmektir. Cift ters sarkag [3, 4] ise u¢ uca eklenmis
iki sarkactan olusur ve amag sistemi dikey konumda dengede tutmak i¢in her iki sarkacin hareketini kontrol
etmektir. Bir diger ters sarkac cesidi ise, dikey eksende yer ¢ekimine karsi koymaya calisan iki baglantili bir
sistemdir [3, 5]. Sadece, ikinci baglanti noktasinda aktiiator bulunmaktadir. Bu ¢alismada kullandigimiz déner ters
sarkac (Furuta sarkaci olarak da bilinir) ise en yaygin olan ters sarkag cesitleri arasinda yer almaktadir ve dikey
eksen etrafinda her iki yonde de donebilen motorlu bir pivota bagli olan ve yatay bir eksen etrafinda donebilen bir
sarkagtan olugur [6-8]. Amag, sarkac1 dikey konumda dengede tutmak i¢in motor tahriki ile pivotu kontrol
etmektir. Sarkag tipik olarak doner kola uygulanan bir tork araciligiyla dolayli olarak kontrol edilir, bu da onu
eksik tahrikli bir sistem yapar. Sistemin dinamikleri olduk¢a karmasiktir ve ¢oklu denge noktasmin varligi ve
salmimlar gibi bir¢ok dogrusal olmayan davranis sergiler. Doner ters sarkacinin kontrolii, dogrusal olmayan dogasi
ve sistemin eksik tahrikle ¢aligtirilmasi nedeniyle zorlu bir problemdir, bu da sistemi stabilize etmek ve istenen
yoriingeleri elde etmek icin gelismis kontrol stratejileri gerektirir. Bu zorluklara ragmen, doner ters sarkag, yeni
kontrol algoritmalar1 ve tekniklerinin gelistirilmesi igin yararh bir test ortami sagladigindan, kontrol teorisi ve

robotikte kapsamli bir sekilde incelenmistir.

Klasik Kontrol Yaklagimi olan PID kontroli, basitligi ve etkinligi nedeniyle doner ters sarkaci stabilize etmek i¢in
yaygin olarak uygulanmistir. [9-11] gibi ¢aligmalar farkli yaklagimlarla PID kontroldrlerini uygulamis ve tatmin
edici performans elde etmislerdir. Kutup yerlestirme ve DKD gibi durum geri beslemeli kontrol teknikleri de doner
ters sarkact kontrol etmek igin kullanilmistir [12-14]. Yapilan caligmalar, DKD tabanli durum geri beslemeli
kontroliin basarili bir sekilde uygulandigini, gelismis stabilizasyon ve kontrol performanst elde edildigini
gostermektedir [13, 14]. Bulanik mantik kontrolii [15-16], doner ters sarkag da dahil olmak iizere dogrusal olmayan
ve karmagik sistemlerin kontroliinde popiilerlik kazanmistir. Oh ve ark. [15] tarafindan yapilan ¢aligmada
kontrolor parametreleri hiyerarsik adil rekabet tabanli genetik algoritma ile belirlenmistir. Nguyen ve ark. [16]
tarafindan ise kayan kipli kontrol esnasinda olusan ¢atirdama etkisini azaltabilen ve kontrol performansin
artirabilen bulanik tabanli bir istiin burulma stabilizasyon algoritmasi dnerilmistir. Doner ters sarkacin kontrolii
icin sinir aglarinin kullanimi umut verici sonuglar gostermistir. Soydemir ve ark. [7] ve Bulucu ve ark. [8]
tarafindan yapilan ¢aligsmalarda, sistem dinamikleri igerisinde dogrusal olmayan kisimlart 6grenmek ve uygun
kontrol girigini elde etmek igin sinir ag1 kontrolorleri kullamilmigtir. Kayan Kipli kontrol, bozanetken ve
belirsizliklere karsi saglamligi ile bilinir. Bircok ¢aligmada, doner ters sarkaci stabilize etmek igin kayan kipli
kontroliinii basariyla kullanilmis ve bozanetken reddi gosterilmistir [16, 17]. Kademeli kontrol, i¢ ige ge¢mis bir
yapida iki veya daha fazla kontroldriin kullanilmasini igerir; burada dis dongli kontroloriiniin ¢ikisi, i¢c dongi
kontrolorii igin ayar noktasi haline gelir. Akhtaruzzaman ve Shafie [9] tarafindan yapilan ¢aligmada iki PID
kontrolorii ile kademeli kontrol yapilmistir. Giines ve ark. [6] tarafindan ise geribeslemeli dogrusallastirmayla

beraber iki PID kontrolor kademeli olarak uygulanmustir.

Bu calismada doner ters sarkag sisteminin stabilizasyonu igin geribeslemeli dogrusallagtirma tabanl kademeli
kontrolii &nerilmistir. Onerilen bu yéntemde, i¢ dongii kontroldrii olarak geribeslemeli dogrusallastirma ve PD

kontroldr kullanilirken, dis déngii kontroldrii olarak da DKD kullanilmustir. I¢ déngii kontroldrii déner kolu kontrol
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etmekten sorumluyken, dis dongii kontrolorii sarkaci stabilize etmeye odaklanmaktadir. Giines ve ark. [6]
tarafindan bagimli kontrol i¢in sarkag¢ acist geri beslenmistir. Fakat kademeli kontrol tasariminda i¢ dongii dis
dongiiden daha hizli ¢alismali ve ana kontroloriin belirledigi ayar degerine hizli tepki vererek sistemi kontrol
etmelidir. Bu sebeple, onerilen yontemde Giines ve ark. [6] tarafindan yapilan ¢aligmadan farkli olarak kademeli
kontroldr tasarlama gereksinimlerini karsilayacak sekilde bagimli kontrol i¢in doner kol agist geri beslenmistir.
Ayrica, 6nerilen yontemde, kontrol parametrelerini belirlemek icin genetik algoritma gibi yiiksek islem yiikii
gerektiren bir yontem [6] yerine, kontrol parametrelerinin dogrudan hesaplanabildigi islem yiikii daha az yontemler
kullanilmigtir. Onerilen yontem, standart DKD ve Giines ve ark. [6] yaptig1 calismadaki kademeli kontrolor ile
karsilastirilmis ve daha iyi performans sergiledigi gosterilmistir. EK olarak, dnerilen geri besleme tabanli kademeli

kontrol yaklagimi bozanetken varliginda da daha iyi performans gostermektedir.

I1. DONER TERS SARKAC SiSTEMi VE MATEMATIKSEL MODELI

Ters sarkag sistemleri iizerine etki eden kuvvetler hesaba katildiginda dogrusal olmayan sistemlerdir. Her ters
sarkag sistemi kontrol etmek istenildiginde farkli zorluklara sahiptir ve sistemi dengede tutmak icin farkli kontrol
stratejileri gerekmektedir. Doner ters sarkag, serbestlik derecesinden daha az kontrol girdisine sahip bir dinamik
sistem oldugu icin eksik tahrikli bir sistemdir. Sekil 1°de doner sarka¢ sisteminin temsili bir gorseli verilmistir.
Burada, doner kol bir motora bagl iken sarka¢ serbesttir ve hareketi dolayli olarak ddner kol iizerinden

saglanmaktadir.

z
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—
e
—
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Sekil 1. Doner ters sarkacin basitlestirilmis ¢izimi
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2.1 Déner Ters Sarkag Sistemine ait Hareket Denklemleri

Doner ters sarkag sisteminde hareket denklemleri, detaylarmma Balula [18] tarafindan yapilan ¢aliymadan

ulasilabilecegi sekilde Lagrange mekanigi kullanarak asagidaki gibi tiiretilebilir.

6(Jo + Josin?(a)) + dB/,sin(2a) + d*m,l, L sin(a) — &m,l,L,cos(a) = 7, — By 6
1)

. o1
—0my,l,L.cos(a) — 62 Ejzsin(Za) + @J, — mylygsin(a) = 1, — Bya

Burada 8 doéner kol agisi, 6 bu kolun agisal hiz1, 6 doner kola ait agisal ivme, a sarkag agis1, d sarkacin agisal hizi,
@ sarkaca ait agisal ivme ve g yergekiminden kaynaklanan ivmedir. m,, [,, ve L,’de Sekil 1°de gosterildigi gibi
sirastyla sarkacin kiitlesini, sarkacin kiitle merkezinin baglanti noktasina olan uzakligint ve doner kolun
uzunlugunu temsil etmektedir. B; taban ve doner kol arasindaki siirtinme katsayisidir. B, doner kol ve sarkag
arasindaki siirtiinme katsayisidir. Ayrica, J, doner kolun ve sarkacin ana eklemdeki atalet momentini ifade
etmektedir ve doner kolun kiitle merkezindeki atalet momenti bileseni J, cinsinden J, = J, + mer2 olarak
tanimlanabilir. J, sarka¢ eklemindeki atalet momentini ifade etmektedir ve sarkacin kiitle merkezindeki atalet
momenti bileseni J, cinsinden J, = J,, + mplp2 olarak tanimlanabilir. T,, motor tarafindan uygulanan torktur. 7,

ise sarkaca uygulanan bozanetkene ait torku ifade etmektedir.

2.2 Déner Ters Sarkacinin Dogrusal Olmayan Durum Uzay Gésterimi

(1)’deki denklemler doner kol ve sarkag arasindaki siirtiinmenin ihmal edildigi durumda (B, = 0) agisal ivmeler
yalniz birakilarak agagidaki gibi yazilabilir.

léJ [Jo+/asin?(@)  —myl,L.cos(a) -t[t; — B,6 — d6],sin(2a) — a*m, 1, L,sin(a)
=

1
—myl,Lcos(a) J2 7, + 62 Ejzsin(Za) + myl,gsin(a)

Burada, durum uzay degiskenleri x; = 6, x, = 6, x3 = a Ve x, = & olarak tanimlanarak ve (2)’deki denklem

kullanilarak asagidaki durum uzay denklemi elde edilebilir.

)'C1=X3

©)

.X'Z =X4_
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- 3
my, L, Lycos(x;) <jzsm($)x3 + 1,

+ mplpgsin(x2)>

5(3 = 2

J2%sin?(xz) + JoJ, — (mplerCOS(xZ))
Jo(mplyLysin(xy)x,? + Jox3x,45in(2x,) — Ty + Byx3)
- 2
J22sin?(xy) + JoJ2 — (mplercos(xz))
. in(2 2 .
(Jo + J2sin?(x,)) <]zsm(+)x3 +1, + mplpgsm(xz))
3‘(4 =

2
J22sin?(xz) + JoJ, — (mplerCOS(xz))
B mplercos(xZ)(mplersin(xz)xﬁ + J2x3%48In(2%,) — 74 + Byx3)

; 2
J2sin?(x3) + JoJ, — (mplerCOS(xz))

Doner ters sarkag sisteminde DC motor kullanilmaktadir ve motor torkunun ifadesi 1, =
MmN gKi Ky (Vm - KgKmx3)/ R,, (3)’deki denklemde yerine koyularak durum uzay gdsterimi motor voltaji V,,’in
giris oldugu durum igin asagidaki gibi yazilabilir. Burada 7,,, motorun verimliligini, n, disli kutusu verimliligi, K,
motor tork sabiti, K, motor disli orani, K,,, motor voltaj sabiti ve R,, motorun armatiir direncidir. Motora ve doner

ters sarkaca ait bu degerler Tablo 1’de verilmistir.

x=fx)+ gV, +dx)T, (4)

Burada, x = [x; x5 x3 x4]7, f(.):R* > R*, g(.):R* - R*, d(.):R* = R* olarak tanimlanan fonksiyonlardir ve

asagida acik halleri verilmistir:

X3
X4
KmK, Kg? 21,21 gsin(2
—]2(]2x3x4sin(2x2)+W—mplpLTsin(xz)cosz(xz)x32+le3+mplpLTsin(x2)x4z—w>
— Z
f(x) jzzsinz(x2)+]0]2—(mplercos(xz)) 4
2 2, 2 .
. KmKingnmJ2Kg“x3 . . mp=lp“Lrgsin(2xz)
J22x3x45In(2000) +— ng g mpler(sm(xz)cosZ(xz))]2x32+31]ZX3+mplersm(x2)]2x4z—%
2
—Rm(]zzsinz(x2)+]0]2—(mplercos(xz)) )
0 0
0 0
J2KgKtngnm mplyLycos(xz)
_ - Z _ X Z
gx) = Rm<]2251n2(x2)+]0]2—(mplpLTcos(xz)) ) yd(x) = (jzzsmz(x2)+]0]2—(mplercos(xz)) ) .
KgKtngnmmplyLyrcos(xz) Jo+J2sin? (x3)
Z Z
_RTI'L(]ZZSinZ(x2)+]0]2_(mplpLTCOS(xz)) ) (lzzsinz(xz)+lolz—(mplerCOS(xz)) )

Ayrica, motor voltaji 1, kontrol girisini ve sarkaca uygulanan tork t, bozanetkeni temsil etmektedir.
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1. KONTROLOR TASARIMI

(4)’deki denklemde ters sarkaca ait dogrusal olmayan dinamik denklem verilmistir. Bu boliimde, bozanetken ihmal
edilerek elde edilen (5)’te tanimlanan sistemin matematiksel modeli kullanilarak geribeslemeli dogrusallagtirma

tabanli kademeli kontrolii tasarlanmistir.

¢ = () + gV
x=f(x)+g(x) ©)

y =h(x) =x

Bu kademeli kontrolde i¢ dongii kontrolii (bagimli kontrolér) olarak doner kol agisinin ¢ikis olarak alindig: giris-
cikis geribeslemeli dogrusallastirma ile birlikte PD kontroldr uygulanmustir. i¢ dongiide kullanilan geri beslemeli
dogrusallasgtirmanin bagil derecesi ikidir ve uygulanan PD kontroldr ile doner kol agisi ve hizinin kontrolii
amaglanmigtir. Fakat, geribeslemeli dogrusallastirma tabanli bu i¢ dongii kontrol sistemi kararsiz sifir dinamiklere
sahiptir. Bu sebeple ana kontrolcii olarak kullanilan dogrusal karesel diizenleyici ile i¢ dongiide bulunan kontrol
sisteminin referans denge noktasi civarinda kararli olmasi saglanacak sekilde tasarlanmig ve bu sayede kararsiz
dinamikler ele alinarak kademeli kontroliin kararli olmasi saglanmistir. Bu kontrolérlerin detaylar1 asagidaki alt

boliimlerde agiklanmustir.

3.1 I¢ Déngii (Bagimly) Kontrolor Tasarimi

Geribeslemeli dogrusallastirma, dogrusal olmayan bir dinamik sistemi geri besleme kullanarak esdeger bir
dogrusal sisteme doniistiiren bir kontrol sistemi tasarim teknigidir. Bu ¢alismada tek girisli tek ¢ikisl ters sarkag
sisteminin (5)’deki dogrusal olmayan durum uzay gosterimi kullanilarak giris-cikis geribeslemeli dogrusallastirma

yapilmistir. Bu sayede elde edilen dogrusal sisteme iyi tanimli dogrusal kontrol yontemleri uygulanabilmektedir.

Herhangi bir x € D, i¢in asagidaki kosullar saglaniyorsa (5) dogrusal olmayan sisteminin D, € D boélgesinde r

bagil derecesine sahip oldugu s6ylenir [19]:

LyLih(x) =0, i€{0,1,-,r—2}

(6)
LgLi'h(x) # 0

Burada, L¢h(x) Lie tiirevi olarak adlandirilir ve L’;h(x) = LfL’;_lh(x) = ;—X(L’;_lh(x)) f(x) ve LgL’;h(x) =

aa_x (L;fh(x)) g(x) olarak tanimlhidir. Eger bir sistem r bagil derecesine sahipse, ¢ikisin r’inci tiirevi agagidaki gibi

yazilabilir.
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y™ = Lih(x) + Lyl h(x)u (7)

Dolayistyla, (7) asagidaki kontrol girisi ile giris-¢ikis dogrusallastirilabilir

u = W(-L}h(ﬂd + U) (8)

ve (8)’deki kontrol girisinin (7)’ye uygulanmasiyla asagidaki dogrusallastirilmis sistem elde edilir.

y® =y )

I¢ dongii kontrolcii tasariminda (5)’de gosterildigi gibi ¢ikis doner kol agis1 olarak alinmus ve (6) kullanilarak bagil
derece 2 olarak hesaplanmistir. Bu durumda bagimli kontrol igin geribeslemeli dogrusallastirma girisi asagidaki

gibi hesaplanmustir.

1

= —LgL}h(x) (—Lth(x) +v) =

u

. (10)

gs(x)

(=fz(x) +v)

Burada, v dogrusallagtirilmis sisteme ait yeni kontrol girisi, f3(x) (5)’deki f (x) vektorel fonksiyonunun 3. elemani
ve gs(x) ise (5)’deki g(x) vektorel fonksiyonunun 3. elemanidir. (10)’daki kontrol girisi ile dogrusallagtirilan

sisteminin kontrolii i¢in Sekil 1’de gosterildigi gibi PD kontrolii se¢ilmis ve yeni giris:

v=K,(r—0) +Kd(r— 9)
= Kp(r — x1) + Kg(& — x3)

(11)

olmustur.

3.2 Dig Dongii (Ana) Kontrolor Tasarimi

Bagimli kontrolorde uygulanan geribeslemeli dogrusallastirma tabanli kontroliin referans girisi Sekil 2’de
gosterildigi gibi ana kontrolor tarafindan belirlenmektedir ve ana kontrolor olarak dogrusal karesel diizenleyici

kullanilmusgtir. Stirekli zamanli sistemler icin DKD, x =Ax+ Bu kasitt altinda

J(u) = fow(xTQx + uTRu)dt ikinci dereceden bir maliyet fonksiyonunu en aza indirerek dinamik bir sistemi
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kontrol etmek igin u = —Kx durum geribesleme kontroliindeki kazang degerinin (K) belirlenmesini saglar [20].
DKD’nin uygulanabilmesi i¢in (5)’teki sisteme bagimli kontroldr tarafindan uygulanan (10) ve (11)’deki kontrol
girisleri ile elde edilen i¢ dongii kontrol sistemi, [x; x, X3 x4, r 7]=[0 0 0 0 0 0] denge

noktasi civarinda agagida ifadesi verildigi lizere dogrusallastirilmistir:

X = Ax + bv. (12)
0 0 1 0 0
0 0 0 1 0
Buradad =| -K, 0 —K, Olveb = K,  [’dir. Sekil 1’de DKD’nin ana kontroldr olarak
—KpmplyLy mplpg —KgmplpLy 0 KpmplpLy
J2 J2 J2 J2

uygulanmasi gosterilmistir. Bu ana kontrol, i¢ déngii kontrol sisteminin dinamiklerini baz alarak tasarlandig1 i¢in
bagimli kontrolérde uygulanan geribeslemeli dogrusallastirma tabanli kontrol sonucu olugan kararsiz dinamiklerin

toplam kademeli kontrolde kararli olmasi saglanmistir.

Bozanetken
Sarkag a1s)
I o Doner Ters Sarkag
—» Dis Déngii Kontroldrii I¢ DGngli Kontroldrd »| Vo Sistemi
(Ana Kontroldr) (Bagimh Kontrol@r)
Doner kol agisi

iq; dongii

Dis déngli

Sekil 2. Doner ters sarkag sistemi igin dnerilen kademeli kontroliin blok diyagrami

IV. BENZETIM SONUCLARI

Doner ters sarkacin kontrolii i¢in gematik olarak Sekil 3’te nerilen geribesleme tabanli kademeli kontrol yontemi
iki kontrol yontemi ile kargilagtirilmigtir. Bunlardan biri Sekil 4’te gosterildigi gibi Giines ve ark. [6] yaptig1
caligmadan alinan kademeli kontrol yontemidir. Digeri ise Sekil 5’teki standart kontrol yontemi olan DKD’dir.

Tablo 1°de doner ters sarka¢ sistemine ait parametrelerin agiklamalari ve benzetimde kullanilan degerleri

verilmigtir.
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Tablo 1. Doner ters sarkag sistemine ait parametrelerin agiklamalari ve benzetimde kullanilan degerler.

Sembol Aciklama Degerler
m, Sarkacin kiitlesi 0.125 kg
L, Sarkacin kiitle merkezinin baglantt noktasina olan uzakligi 0.1675m
L, Déner kolun uzunlugunu 0.215m
Jo Déner kolun ve sarkacin ana eklemdeki atalet momenti 0.0091 kg.m?
2 Sarkag eklemindeki atalet momenti 0.0047 kg.m?
g Yer ¢ekimi ivmesi 9.81 m/s?
B, Taban ve doner kol arasindaki siirtiinme katsay1si 0.0077 N.m.s/rad
Mm Motor verimliligi 0.69
N4 Disli kutusu verimliligi 0.9
K, Motor tork sabiti 0.0077 N.m/A
K, Motor disli oran1 70
Ko Motor voltaj sabiti 0.0077 V/(rad/s)
R, Motor armatiir direnci 2.6 Q

Bu parametreler Giines ve ark. [6] tarafindan elde edilen sonugla karsilastirabilmek i¢in bahsedilen bu ¢alismadan
alinmistir. Benzetimler MATLAB R2022b ile Simulink kullanilarak yapilmistir. Doner ters sarkag¢ sisteminin
motor voltaj degerleri -12 V ve +12 V ile sinirlandirilmigtir. Bu yontemler igerisinde bulunan DKD’nin tasariminda

kullanilan Q ve R degerleri sirasiyla

10 0 0 O
0 10 0 O o
o o 10 ole 1 olarak se¢ilmistir.
0 0 0 10

Boylece Onerilen yontem i¢in DKD kazanci K =[—4.3166 87.9655 —5.9349 13.6371] ve
karsilagtirilan DKD igin ise K = [—-3.1623 60.98 —4.81 —9.4968] olarak bulunmustur. Sekil 4’teki
kademeli kontrolde i¢ ve dis dongiilerde bulunan PID kontrolér parametreleri ise Giines ve ark. [6] yaptigi
calismadan almmustir. Onerilen yontemde, bagil derecesi 2 olan geribeslemeli dogrusallastirma sonucu elde edilen

(9)’daki sistem i¢in i¢ dongiide kullanilan PD parametreleri K, = 3.1623 ve K; = 4.04, DKD tabanl optimal

degerler olarak hesaplanmigtir [21,22].

Bozanetken ]
déner kol agisi >

P sinyal P bozanetken
T a

sarkag agisi

doner kolun agisal hizi »
u f B voltaj

geribeslemeli_dognsallastirma
L b dlrlirnlar | roferans |— g PD(s) M lode L @
L kolun agisal hizi o

sarkacin agisal hizi

DKD DC Motor

Doner Ters Sarkag Sistemi

Sekil 3. Doner ters sarkacin 6nerilen geribesleme dogrusallagtirma tabanl kademeli kontroli

199



J. Innovative Eng. Nat. Sci., c. 3, s. 2, $5.191-204, 2023. Doner ters sarkag sisteminin kademeli kontrolii

Bozanetken 9
doner kol agisi L
sinyal »>
= i) a,
é
déner kolun agisal hiz: >
) u /_ voltaj
gerbeslemeli_dogrusallagtimma R
n o PID(s) O PID(s) v tork P tork .
ounas stz sarkacin agisal hizi d >
DC Motor
Doner Ters Sarkag Sistemi

Sekil 4. Doner ters sarkacin Giines ve ark. [6] yaptig1 ¢alismada tanitilan kademeli kontrolii

Bozanetken ]
déner kol agisi >
L sinyal B bozanetken
] .
— sarkag agis|
[
; daner kolun agisal hizi * >
L duruimiar ' ¢ volta] £ Voltaj
} _/
tork > tork )
DKD B kolun agsal hizi Sensie @
DC Motor

Doner Ters Sarkag Sistemi

Sekil 5. Doner ters sarkacin dogrusal karesel diizenleyici ile kontrolii

Kademeli kontrolorde ana kontroloriin ¢ikisi, bagimli kontroldriin referansidir ve i¢ dongii kontrol degiskeninin
dis dongii kontrol degiskeninden daha hizli ¢alismasi gerekir. Bu dis dongiiniin, i¢ dongii kontrol sistemindeki
bozanetkeni telafi etmek igin yeterli zamana sahip olmasini saglar. Ayrica, bu i¢ déngiiniin kontrol degiskeni dig
dongiiniin kontrol degiskenini etkileyebilmelidir. Sekil 4’teki kademeli kontrolde i¢ déngii kontrolérii ile sarkag
acis1 kontrol edilmekte ve bahsedilen kosullar saglanmamaktadir. Sekil 3’te dnerilen kademeli kontrolorde ise i¢
dongii kontrolorii ile doner kol agist iizerinden PD kontrolii ¢alismaktadir. Doner kolun daha hizli ¢caligmasi ve
sarkagta olusan bozanetkene karsi bu hizli tepki, dis dongii kontrolorii ile sarkag ac¢isinin Tablo 2°de gosterildigi
gibi 5.1636x10* en diisiik Ortalama Karesel Hata (OKH) degeri ile daha iyi bir performansla kontrol edilmesini
saglamaktadir. Sekil 6’daki bozanetken doner sarkaca (4)’deki matematiksel modelde gosterildigi gibi T,
iizerinden uygulanmigtir performans iyilestirilmesi Sekil 7°de gosterilmistir. Burada karsilagtirilan kademeli
kontroloriin bozanetkene karsi Tablo 2’de belirtilen 20x10* en yiikksek OKH degeri ile saglam olmadig:
gozlenmektedir. Onerilen ydntem ise kademeli kontrolor gereksinimlerine uygun olarak tasarlanmastyla bu
bozanetkene kars1 Sekil 7 ve Tablo 2’de gosterildigi gibi daha saglam bir cevap sergilemistir. Onerilen ydntem
Sekil 5’teki standart DKD ile de karsilagtirilmig ve sarkag¢ agisinin kontroliinde daha iyi performans gosterdigi
Sekil 7°de gosterilmistir. Sarkag agisinin OKH cinsinden elde edilen degerleri Tablo 2’de verilmistir. Bu degerlere
gore Onerilen geribeslemeli dogrusallastirma tabanli kademeli kontrol yonteminin bozanetken olmadigi ve oldugu
her iki durumda sirasiyla elde edilen 9.3066x107° ve 5.1636x10* OKH degerleriyle en iyi performansi sergiledigi

gbzlenmistir. Sarkacin stabilizasyonu esnasinda doner kol a¢isinin zamanla degigimi Sekil 8’de verilmistir. Ayrica,
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onerilen yontemdeki i¢ dongiide kullanilan geribeslemeli dogrusallastirma ile bagil derecesi 2 olacak sekilde giris-
¢ikis dogrusallastirma yapilmis ve bu dogrusal sistem i¢in iyi tanimli bir PD kontrolér elde edilmesi saglanmaistir.
I¢ dongiideki bagimli kontroldriin doner kol agisin1 kontrol edecek sekilde ayarlanmasiyla, eksik tahrik olan sistem
tek giris-tek ¢ikis olacak sekilde bir i¢ dongii kontrol sistemi olusturmustur. Boylece, dig dongiide kullanilan DKD
ile bu i¢ dongii kontrol sistemi ele alinmis ve i¢ dongii kontrol sistemindeki kararsiz i¢ dinamiklerle birlikte toplam

sistemin denge noktasi civarinda kararli olmasi saglanmigtir.

0.03 ; ‘
[
0.025 - (l 1

0.02 - [ 1

bozanetken (72)
o
S
w
T

o
2
T

|

0.005 - | .

Sekil 6. Sarkaca uygulanan bozanetkene ait tork: (4)’teki sistem dinamiklerinde T, olarak tanimlanmistir.

Tablo 2. Doner ters sarkag sisteminin stabilizasyonunda farkl kontrol sistemlerine ait sarkac acist icin hesaplanan KOKH degerleri.

Kontrolor Bozanetken olmadiginda OKH Bozanetken oldugunda OKH
Onerilen Kademeli Kontroldr 9.3066x10° 5.1636x10*
Kademeli Kontroldr 26.421x10°° 20x10*
DKD 9.6920x10°° 5.8641x10*
0.1 0.15
onerilen kademeli kontrol onerilen kademeli kontrol
kademeli kontrol kademeli kontrol
——— DKD 0.1 ——— DKD
0.05
r
i, 0.05
:| b A
A B S — T LN B P
< < \iof
m © \ g
< e \ ]
2 005 2 005 1
© © ]' |
O O i/
2 2 i/
& o1 g u
-0.15
-0.15
-0.2
-0.2 -0.25
0 5 10 15 0 5 10 15
zaman (s) zaman (s)
(a) (b)

Sekil 7. Doner ters sarkacin ti¢ farkli kontrolor ile denge noktasinda stabilizasyonunu esnasinda sarkag agisimin zamanla degisimi (@)
Sarkagta bozanetken olmadiginda (b) Sarkagta bozanetken oldugunda
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0.6

0.5

0.4t/

0.3

0.2

——-—-—-DKD

onerilen kademeli kontrol
kademeli kontrol

05/

=}

——-—--DKD

onerilen kademeli kontrol
kademeli kontrol

déner kol agisi (radyan)
déner kol agisi (radyan)
o
[
\

0.1 e

'
=

-0.1

-0.2 -2

zaman (s) zaman (s)

(a) (b)

Sekil 8. Déner ters sarkacin ti¢ farkli kontrolor ile denge noktasinda stabilizasyonunu esnasinda doner kol agisinin zamanla degisimi (a)
Sarkagta bozanetken olmadiginda (b) Sarkagta bozanetken oldugunda

IV. SONUCLAR

Bu ¢alismada, doner ters sarkag sisteminin stabilizasyonu igin geribeslemeli dogrusallagtirma tabanli kademeli bir
kontrol yontemi Onerilmistir. Bu kontrol yontemi, biri yine kademeli kontrolor digeri ise standart DKD ile
karsilasgtirilmistir. Onerilen kontrol, kademeli kontrolor tasarlama gereksinimlerini karsilamaktadir ve sarkaca
uygulanan bozanetkene karsi daha saglam oldugu gosterilmistir. iki ayr1 kontrolorle performanslari karsilagtiriimis
ve Tablo 2’de sunulan en diisiik 9.3066x107° ve 5.1636x10* OKH degerleriyle daha iyi sonuglar elde edilmistir.
Onerilen bu yéntemdeki i¢ dongii kontrolorii ile sistem bagil derecesi 2 olacak sekilde dogrusallastirilmis ve eksik
tahrik olan sistem bu bagimli kontroldr sayesinde tek giris-tek ¢ikis olacak sekilde bir i¢ dongii kontrol sistemi
olusturmustur. Boylece dis dongii kontrolorii icin DKD yerine tek giris-tek ¢ikis sistemler i¢in 6zel olarak
tasarlanan diger kontrol yontemleri uygulanabilir ve performans daha da iyilestirilebilir. Ayrica, kademeli kontrol
ile makine 6grenimi ve veri odakli kontrol yaklagimlarimin entegrasyonu ve doéner sarkag igin gelismis kontrol

stratejileri gelistirmek tizere bu tekniklerin kombinasyonunu daha sonraki ¢aligmalarda kesfedebilir.
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