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davranisina etkisi

Serkan ERDEMY“" | Mete Onur KAMANZ2"=", Mustafa GUR3

123 Department of Mechanical Engineering, Engineering Faculty, Firat University, Elazig, Turkey.
tserdem@firat.edu.tr, Zmkaman@firat.edu.tr, Smgur@firat.edu.tr

Received: 17.12.2021 N doi: 10.5505/fujece.2022.10820
Accepted: 20.01.2022 Revision: 13.01.2022 Research Avrticle

Abstract

In this study, the three-point bending behavior of laminated composite plates reinforced with three-dimensional (3D) spacer
fabric was experimentally investigated. Composite plate production was carried out using hand lay-up and vacuum infusion
(VARI) method. Three-point bending test results of composite plates produced as a single layer were experimentally compared.
Afterwards, composite plates with 2 and 3 layers were obtained by vacuum infusion method and load displacement graphs were
obtained by subjecting them to three-point bending test. There was no significant difference between the load carrying capacities
of the single-layer composite plates produced by hand lay-up and vacuum infusion method in the three-point bending test.
According to the three-point bending test, the maximum load obtained 105 N in hand lay-up production is 8% greater than the
vacuum infusion method. While the maximum load was 602 N in the plate produced in the 2-layer vacuum infusion method, it
was obtained as 923 N in the 3-layer.

Keywords: 3D spacer composites, Three-point bending, Glass fiber, Vacuum infusion, Failure load.

Ozet

Bu ¢alismada, ii¢ boyutlu (3B) bosluklu kumas ile gii¢clendirilmis tabakali lamine kompozit plaklarin {i¢ nokta egilme davranisi
deneysel olarak incelenmistir. Kompozit plak iiretimi elle yatirma ve vakum inflizyon yontemi kullanilarak gerceklestirilmistir.
Tek tabakali olarak iiretilen kompozit plaklarin Ug nokta egilme test sonuglar1 deneysel olarak karsilastirilmistir. Sonrasinda
vakum inflizyon yontemiyle 2 ve 3 tabakali olarak kompozit plak elde edilmis ve bunlar {i¢ nokta egilme testine tabi tutularak
yiik yer degistirme grafikleri elde edilmistir. Elle ve vakum infiizyon yontemiyle iiretilen tek tabakali kompozit plaklarin ii¢
nokta egilme testinde yiik tasima kapasiteleri arasinda kayda deger bir fark bulunmamistir. Ug nokta egme testine gore elle
yatirmali tiretimde 105 N elde edilen maksimum yiik, vakumlu infiizyon yontemine gére %8 daha fazladir. 2 katmanli vakum
inflizyon yonteminde iiretilen plakada maksimum yiik 602 N iken, 3 katmanlida 923 N olarak elde edilmistir.

Anahtar kelimeler: 3 boyutlu bosluklu kompozitler, Ug nokta egilme, Cam fiber, Vakum infiizyon, Hasar yiikii.

1. Introduction

In order to increase the strength of the materials used in the construction, their thickness should be increased. However,
doing this causes the weight of the materials to increase. The increase in weight causes an increase in energy costs in cases
such as the production or transportation of materials. This situation contributes not only economically but also to global
warming. Therefore, increasing the strength without increasing the thickness necessitates the addition of core material
between the materials. The materials created in this type are called sandwich materials. Anything desired can be used as
core material. Sandwich structure can be obtained by placing core material between composite materials. However, in
these cases, there may be adhesion problems between the composite and the core material. Spacer fabrics are 3D sandwich
fabric which are fabric at the bottom and top and fiber as the core.
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Considering this advantage of spacer fabrics, many studies have been carried out. When the studies are examined: Green
et al. calculated stress-strain under tensile loading for a 3D woven composite using the voxel method and damage analysis
in finite element analysis. The aim of the study is to compare the idealized geometry with the real geometry by simulation.
Simulated geometry models produced results close to experiments [1]. Neje et al. have produced woven spacer fabrics
with different cell geometries such as rectangular, trapezoidal and triangular. Sandwich composite plates were produced
from these fabrics by vacuum infusion method. The produced sandwich composites were analyzed for their quasi-static
lateral compression and bending performances [2]. Safari et al. have created new hybrid composites by filling the channels
of porous composites with polymer nanocomposite. Natural zeolite/polyurethane was used as nanocomposite. Flat
compression, edge compression, three-point bending and weight drop tests were applied to measure the mechanical
response of the samples. It has been obtained that zeolite particles significantly improves the mechanical properties of the
filled composite sandwich panels [3]. Sadighi et al. investigated the mechanical behavior of 3D woven glass fiber sandwich
composites experimentally and by the finite element method. Flat directional pressure, edge directional pressure, shear and
three-point bending tests were performed for three different core thicknesses of sandwich panels. Consistency was obtained
in the experimental studies with the studies carried out with the finite element method [4]. Zhang et al. investigated the
effect of surface layer structure on 3D woven spacer composites. The effect of flat and complex surface layer on 3D woven
spacer composites was investigated by three-point bending, quasi-static compression and low-speed impact tests [5]. Li et
al have produced 3D spacer woven composites with thickened face layers. The effect of thickened surface layers was
investigated by static compression and impact tests. Tests have shown that the face layer is an important parameter. The
thickened face layers significantly improved the warp compression and impact properties [6]. Li et al. produced composites
with thickened surface layers with 3D spacer woven fabric with the VARI process. Three-point bending test and fracture
mechanism were analyzed to evaluate the effect of the thickened surface plates. It has been reported that the surface plate
thickness is a parameter that affects the mechanical properties of the 3D spacer woven composite [7]. Umair et al. produced
composites by hand lay-up technique using 3D spacer woven E-glass fabric with three thickness levels (4, 10 and 20 mm)
as fiber and epoxy resin as matrix. The stiffness of the fabric increased as the sample thickness increased, and the bending
modulus decreased as the length of the 3D spacer woven fabrics increased. As the sample thickness increased, the bending
and slow velocity impact strength of the 3D spacer woven composites decreased [8]. Wang et al. produced composites
using 3D spacer glass woven fabric as fiber and epoxy resin as matrix. The produced composites exhibited excellent
compressive strength as well as good thermal insulation [9]. Atar et al. [10] evaluated the effect of core geometry on
bending stiffness and transverse shear stiffness in corrugated core sandwich panels experimentally and numerically. Three-
dimensional composite sandwich panels with rectangular, trapezoidal and triangular cross-section geometries were
produced. A significant relationship was found between the direction of corrugation and the load carrying capacity.

When the studies in the literature are examined, it is seen that the composite plates are produced only by hand lay-up or
VARI technique [1-10] and the produced plates are obtained as a single 3D spacer layer. Unlike the literature in this study,
the effect of these two production technigues on bending strength was investigated experimentally. In addition, multi-layer
composite plate was produced with the VARI method, and the effect of the increase in the number of layers on the increase
in bending behavior was investigated. Obtained strength behavior for three-point bending test were presented in graphic
form.

2. Material and Method

In this study, composite plates were produced using 3D spacer glass fiber fabrics (Figure 1). Composite plate production
was carried out by hand lay-up and VARI method. While 3D spacer glass fabric was used as fiber, F-1564 resin and F-
3487 hardener set purchased from Fibermak Composites Izmir, Turkey were used as matrix. The mixing ratio of resin and
hardener is 100:34 respectively. 800 g matrix and 1 m? fabric were used.

2.1. Hand lay-up method

The spacer glass fiber fabric was laid on the bench floor and the resin, hardener mixture was applied to the fabric manually
with the help of a roller. The fabric was left to dry for 24 hours at room temperature. Then, the test samples were cut from
the composite plate in accordance with ASTM D790 [11] standards by marble cutting machine.
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2.2. VARI method

Each step of the VARI production steps was applied sequentially [12-13]. The production is based on the principle that
the resin is given on the one hand and the fabric is wetted on the other hand. In vacuum infusion; The resin is given to the
system under the effect of vacuum and left to wait under the same vacuum. Sandwich structure cannot be obtained because
the lower and upper face sheets of 3D spacer fabrics will stick together due to vacuum and the wall thickness of the obtained
composite plates will decrease. However, in this study, primarily a sandwich structure was desired, so resin was injected
into the system and the entire fabric was wetted (Figure 2a).

b)

Figure 2. Production of composite plates using VARI method a) the vacuum applying, b) removing the vacuum and drying

Figure 3. Thicknesses of one layer specimens produced with hand lay-up and VARI method
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Then, the vacuum was removed and the fabrics were stretched to rise back and formed a sandwich structure (Figure 2b).
In vacuum infusion production, the vacuum was turned off when the process of giving resin to the fabric was finished.
This time is approximately two minutes. At the end of the vacuum process, the fabric has become 3D by itself. The
thickness of the composite plates produced as a single layer was obtained as 4.8 mm in both methods. Experiment samples
were obtained from the produced composite plates according to ASTM D790 standards by using marble cutting machine
(Figure 3). In the production of multi-layer composites, dry fabrics were placed on top of each other and then the vacuum
infusion production steps explained above were repeated. Resin-impregnated fabrics were cut into desired dimensions
after waiting for 24 hours at room temperature. After fabrication, the total thicknesses of the 2- and 3-layer composite
plates were measured as 9.2 mm and 13.6 mm, respectively. Three-point bending tests were carried out one week after
production.

2.3. Three-point bending test
Three-point bending test of 3D composite plates produced by hand lay-up and vacuum infusion method and cut in ASTM

D790 standard was performed at 0.5 mm/min speed on Utest 10 kN tensile device (Figure 4). The dimensions of all
specimens are 25x170 mm. The thicknesses are 4.8 mm (Figure 3).

Figure 4. Universal tension test machine and three-point bending test setup

3. Results and Discussions

Load displacement graphs were obtained from the three-point bending test results of composite plates produced from 3D
spacer glass fiber fabric by hand lay-up and vacuum infusion method. In addition, the maximum bending strength was also
determined.

3.1. Hand lay-up method

Three-point bending result graph of the composite plate produced as a single layer from 3D spacer glass fiber is shown in
Figure 5. In Figure 5, the maximum load of 108.61 N and a displacement of 0.463 mm were obtained in the load-
displacement graph. It has been observed that the relationship between load and displacement is linear. This indicates that
the material behaves brittle. After the maximum load, there was a sudden drop in load.

1000 120
200
800
700 80
Z 600 Z
& 500 Z 60
2 a0
300
200
100
0 0
0 2 4 6 8 0 0.2 0.4 0.6 0.8

Figure 5. Force-displacement graph of one-layer composite sandwich produced with hand lay-up
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3.2. VARI method

The load-displacement behaviors of composite plates produced from 3D spacer glass fiber fabric as single, double and
triple layers were obtained as shown in Figure 6. The load-displacement behavior of the composite plate produced with
VARI method as a single layer is linear [14]. This behavior is similar to that of plates produced by the hand lay-up method.
The bending behavior of two- and three-layer composites is non-linear, unlike single-layer composites. Depending on the
manufacture, the height of each layer may not be the same. For this reason, the resistance of each layer to bending will be
slightly different. Therefore, partial deviations from linearity are seen in the graphs up to the maximum load. However,
sudden but partial decreases in load are seen in the graph of multi-layer composites. During bending, shear stresses will
arise between the layers. This will force the matrix holding the layers together to suffer damage. Therefore, regional
delamination damage may occur between layers. Karahan et al. stated that damages occurred on foam-filled 3D spacer
composite samples as extra skin-core delamination [15]. Another damage behavior is regional core crushing on the load
applied surfaces. Since the load-displacement behavior is linear in monolayer composites, such damage also determines
the bending stiffness of the plate. However, in multi-layer composites, the first layer is crushed first at the load contact
point [8, 16-17]. Then the second layer is broken. In the triple layer, fracture occurs in the last layer. This causes a gradual
decrease in the load.

1000 1000
900 900
800 800 2 plies
700 700 VARI method

Z 600

8 500 1ply

£ 400 VARI method
3 plies

VARI method

o 2 4 6 8 0 2 4 6 8 0 2 4 6 8
Displacement (mm) Displacement (mm) Displacement (mm)

a) b) c)

Figure 6. Force displacement graph of composite plate consisted of a) one ply, b) two plies and c) three plies

Figure 7. Failure mechanisms of composite plate consisted a) one, b) two and c) three plies

Maximum damage loads of single-layer composite plates produced by hand lay-up and vacuum infusion method and two-
and three-layer composite plates produced by vacuum infusion method are presented in Figure 8. According to the three-
point bending chart, the maximum load obtained 105 N in hand lay-up production is 8% greater than the vacuum infusion
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method. Manufacturing the composite plate by hand lay-up or by vacuum infusion method had limited effect in terms of
maximum load. While the maximum load was 602 N in the plate produced in the 2-layer vacuum infusion method, it was
obtained as 923 N in the 3-layer.

1000

900 I
800
700
600 I
500

400
300

Mximum Bending Force (N)

200
100 = -

Handlay-up 1ply = VARIM lply = VARIM 2plics = VARIM 3 plics

Figure 8. Variation of maximum bending forces with layer number and production method

4. Conclusion

In this study, 3D spacer glass fiber reinforced composite plates were produced using hand lay-up and VARI method. The
results obtained as a result of the three-point bending test can be summarized as follows.

« Different production methods used for monolayer composites changed the bending stiffness by 8%. This shows that the
production method does not have a significant effect on the bending stiffness.

* The increase in the number of layers increased the bending load. A strength increase of ~600% was obtained when two
layers were used, and ~900% when three layers were used.

* The bending behavior of the monolayer composite is linear. However, the bending behavior of two- and three-layer
composites is non-linear. In addition, partial load drops have occurred due to sheet crushing and delamination at the load
contact point.
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The use of mixed algae species as biocathode in membrane-less microbial fuel cell

Karisik alg tiirlerinin membransiz mikrobiyal yakit hiicresinde biyokatot olarak kullanimi
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Abstract

Membrane-less microbial fuel cell (MLMFC) is one of the most promising technologies for energy generation from organic
wastes. The use of biocathode in the MLMFC system reduces the operation cost and provides many benefits. In an algal MLMFC
system, the photosynthetic microorganism facilitates the oxygen reduction in the cathode chamber and improves overall cell
performance. However, the assessment of the long-term stability of biocathode is a primary concern. In the current study, the
electricity generation performance of algal MLMFC using mixed-algae as a biocathode was investigated. The results showed
that the electricity generation of algal MLMFC increased during the light cycle because of the photosynthesis of algal cells in
the cathode. During the light cycle, the maximum power density and lowest cathode charge transfer resistance of algal MLMFC
were 215.71 mW/m? and 29.73 Q, respectively. The electrochemical analysis demonstrated that the anode biofilm of algal
MLMFC has high bioelectrogenic activity. This study plays a crucial role in determining the applicability of this technology.

Keywords: Membrane-less microbial fuel cell, Biocathode, Mixed algae, Power density.

Ozet

Membransiz mikrobiyal yakit hiicresi (MMYH), organik atiklardan enerji iiretimi i¢in en umut verici teknolojilerden biridir.
MMYH sisteminde biyokatot kullanimi isletme maliyetini digiiriir ve bir¢ok fayda saglar. Algal bir MMYH sisteminde,
fotosentetik mikroorganizma, katot bolimiinde oksijen azalmasini kolaylastirir ve genel hiicre performansini iyilestirir. Bununla
birlikte, biyokatodun uzun vadeli stabilitesinin degerlendirilmesi birincil endise kaynagidir. Mevcut ¢alismada, biyokatot olarak
karisik alg kullanan algal MMY H'nin elektrik {iretim performansi aragtirilmistir. Sonuglar, katottaki alg hiicrelerinin fotosentezi
nedeniyle 151k dongiisii sirasinda algal MMYH'nin elektrik iiretiminin arttigin1 gosterdi. Isik dongiisii sirasinda, algal MMYH'nin
maksimum gii¢ yogunlugu ve en diisiik Katot transfer direnci siras1 ile 215.71 mW/m? ve 29.73 Q idi. Elektrokimyasal analiz,
algal MMY H'nin anot biyofilminin yiiksek biyoelektrojenik aktiviteye sahip oldugunu gostermistir. Bu ¢alisma, bu teknolojinin
uygulanabilirliginin belirlenmesinde ¢ok dnemli bir rol oynamaktadir.

Anahtar kelimeler: Membransiz mikrobiyal yakit hiicresi, Biyokatot, Karisik alg, Gii¢ yogunlugu.

1. Introduction

Microbial fuel cells (MFCs) are reactors that generate bioelectricity by converting chemical energy into electrical energy.
[1]. MFCs can produce electricity and wastewater treatment simultaneously. In an MFC, the bacteria in the biofilm on the
anode electrode produce electrons (e”) by consuming organic wastes fed in anode and transfer to the anode electrode [2].
These electrons move to the cathode on the external resistance and are used by a reduction reaction [3]. The reduction of
oxygen in the cathode can produce a theoretic open-circuit voltage of 1.16V [4]. However, the low cathode performance,
energy loss, low electrode activity, and low oxygen transfer from the atmosphere to the cathode liquid limits cathode
performance [5]. Different cathode catalysts are generally used to improve the cathode performance of MFCs to provide
effective oxygen reduction in the cathode chamber. The platinum (Pt) is a commonly used catalyst used in the cathode of
MFC, which has a substantial reduction activity to provide a high cathodic potential [6]. In some previous studies, the
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MnSO4, MNnO,, and catalysts of carbon nanotube-supported MnQO, are cheaper than platinum, were used instead of
platinum [7]. In addition to this, the cost and disposal of chemical catalysts still restrict the improvement of MFCs [8].

In addition to the use of chemical catalysts in the cathode of MFCs, the development of biocathodes has a significant
potential for wastewater treatment and large-scale applications of the MFCs [9]. In particular, photosynthetic oxygen
generation is quite interesting to provide oxygen as an electron acceptor and eliminate the energy requirement [10]. Recent
studies using pure culture as biocathode suggest that the electron transfer mechanism of various strains could be critical.
[8, 11]. Many algae species have been used as biocathode in MFCs, such as Scenedesmus acutus [12], Chlorella vulgaris
[10], Chlorella sp. [13]. Although the previous studies demonstrated the increase in cathode performance of MFCs using
photosynthetic microorganisms, the implementation of the biocatalyzed biocathodes is still unclear, as many studies have
been carried out for the short-term operation [8].

In this study, the mixed microalgae were used as biocathode in the cathode chamber of algal MLMFC. The performance

of algal MLMFC was evaluated by electrochemical analysis and the concentration of DO measurement in the cathode
chamber.

2. Material and Methods

2.1. Cultivation of mixed algae

The algal samples were collected from the Keban Lake (Elazig). It was then cultivated in a photobioreactor system
described in our previous study using BG-11 medium [14]. The photobioreactor system was operated with 75 pmol
photons/m?s. The cultivated algal biomass was used in the cathode chamber of the MLMFC as a biocathode.

2.2. Construction of algal MLMFC and operation

The schematic diagram of the algal MLMFC system is shown in Figure 1. A cylindrical plastic container was used as the
algal MLMFC reactor. The dimensions of the algal MLMFC were 7 cm in diameter and 18 cm in height. The platinum
mesh and stainless steel mesh were used as cathode and anode electrodes [15].
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Figure 1. The schematic diagram of algal MLMFC
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A sand layer of 3 cm was filled on the anode chamber to physically separate the cathode and anode chambers and prevent
the transport of anode medium to the cathode chamber. The height of the anode and cathode chambers was 8 cm. The
anode and cathode electrodes were fixed with an external resistance of 1000 Q. The wastewater treatment sludge obtained
from the Elazig municipal wastewater treatment plant was used as a substrate for anode microorganisms. The anode
chamber was covered with an aluminum folio to prevent growing photosynthetic microorganisms in the anode chamber
of algal MLMFC. The cathode chamber of algal MLMFC was illuminated with a light intensity of 60 umol photon/m?.s
using a fluorescence lamp.

2.3. Analysis

The voltage of algal MLMFC was measured using 34970A digital multimeter (Data Acquisition/Switch Unit) and saved
to the computer. The electrochemical analysis of algal MLMFC was carried out Gamry Interface 1000 potentiostat
(Gamry, Warminster, PA). The electrochemical impedance spectroscopy (EIS) and linear sweep voltammetry (LSV)
analysis were carried out described in Taskan [16]. The EIS data were fitted using a circuit model (Figure 4) given by
Abazarian, et al. [13]. The concentration of dissolved oxygen (DO) was measured with a time interval of 15 min using a
digital multimeter (Hach Lange HQ40D, Germany).

3. Results and Discussion

3.1. The DO concentration in the cathode

The algal cells produce oxygen under light conditions by photosynthesis, and they use the oxygen under dark conditions
for respiration. Figure 2 shows the change in DO concentration in a day under dark and light conditions. It was determined
that the maximum DO concentration of the cathode reached 14.79 mg/L at the end of the light period and significantly
decreased with the turn of the fluorescence lamp. Kakarla and Min [12] reported a maximum DO concentration of 15.7 in
the cathode of the biocathode MFC using Scenedismus obliquus in the cathode. Abazarian, et al. [13] reported a maximum
oxygen concentration of 6.3 + 0.1 mg/L in the cathode of MFC using mechanical aeration. The maximum DO
concentration obtained in this study is more than two times the value obtained by Abazarian, et al. [13]. Additionally, a
positive correlation between voltage and DO concentration was determined.
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Figure 2. One-day DO concentration variation of the cathode chamber
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3.2. Power density

Figure 3 shows the power curve of algal MLMFC. The maximum power density of the algal MLMFC was determined to
be 215.71 mW/m?2. The maximum power density is relatively higher than literature values obtained by MFC with the algal
cathode. The previous studies reported a positive correlation between power density and DO concertation in the cathode
of MFC [17]. A maximum power density of 153 mW/m? was reported by a previous study, using Scenedismus obliquus
in the cathode of MFC [12]. The obtained maximum power density of this study is higher than that obtained by Kakarla
and Min [12]. In another study, the maximum power density produced by using Chlorella sp. as a photosynthetic
biocathode in sediment-type MFC was reported to be 19.6 mW/m? [13].
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Figure 3. Power density curve

3.3. Electrochemical characterization of algal MLMFC

The circuit model and fitted EIS results are shown in Figure 4. The performance of cathodic oxygen reduction reactions
in an MFC is relatively crucial to improving MFC's performance. The high DO concentration in the chamber of cathode
promotes the electricity generation performance of MFC. The determination of constitution and distribution of internal
resistance is required to increase MFC performance and obtain optimum power density [18, 19]. The performance of algal
MLMFC can be increased by decreasing the components of internal resistance. The analysis of EIS was performed to
investigate the components of the internal resistance of MFC. In the circuit model, Ry is charge transfer resistance, R is
mass transfer resistance, Rs is solution resistance, R, is other resistances in the cathode, and CPE is double-layer constant
phase elements. The Rs and R of the algal MLMFC were 51.55 Q and 29.73 Q. Consequently, biocathode in MFCs can
make the distribution of electrons easy and improve the system performance incredibly.
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Figure 4. Equivalent circuit model and nyquist plot
4. Conclusion

The current study used the mixed algae culture as biocathode in algal MLMFC. The electricity generation performance of
algal MLMFC was investigated in detail. The results showed that the dark and light periods are very effective on the
performance of algal MLMFC. The performance of reactor increased during the light period. Algal MLMFC produced a
high-power density of 215.71 mW/m?. The results showed that the photosynthetic biocathode facilitates the oxygen
reduction reaction at the cathode and the potential applicability of this technology.
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Modeling of a solar air collector heat transfer coefficient with regression algorithms
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Abstract

Solar air collectors (SAC) are thermodynamic systems that convert solar energy into useful fluid energy. SACs are very common in
heating, cooling, food drying, and many other low-temperature applications. In this study, the heat transfer coefficient in the SAC was
calculated according to Newton's cooling law. The obtained values and the thermal performance of the SAC were examined during the
sunshine period. At the same time, SAC heat transfer coefficient models were made with the help of regression algorithms (multiple
linear regression, simple linear regression) using SAC temperature data obtained by experimental measurements (inlet fluid, outlet
fluid, and absorber plate) and solar radiation data on the SAC. As a result of the modeling, linear mathematical equations expressing
the heat transfer coefficient for SACs were obtained. Obtained experimental and model data were compared. SAC heat transfer
coefficient values were modeled with a mean absolute error of 0.6.

Keywords: Solar air collector, Heat transfer coefficient, Solar energy, Regression, Equation derivation

Ozet

Havali giines kollektorleri (HGK), giines enerjisini faydali akigkan enerjisine donistiiren termodinamik sistemlerdir. Isitmada,
sogutmada, gida kurutmada ve daha bir¢ok diisiik sicaklik uygulamalarinda HGK’larin kullanimi olduk¢a yaygindir. Bu
calismada HGK igerisindeki 1s1 transfer katsayisi Newton sogutma kanununa gore hesaplanmis ve elde edilen degerler ile
HGK’nin termal performansi giineslenme siiresi boyunca incelenmigtir. Ayn1 zamanda deneysel dlgtimler ile elde edilen HGK
sicaklik verileri (giris akiskan, ¢ikis akiskan ve yutucu plaka) ve kollektor iizerine gelen giines radyasyon verileri kullanilarak
regresyon algoritmalar1 (¢coklu liner regresyon, basit liner regresyon) yardimiyla HGK 1s1 transfer katsayisi modellemeleri
yapilmigtir. Modellemeler sonucu HGK lar igin 1s1 transferi katsayisini ifade eden dogrusal matematiksel esitlikler elde edilmistir.
Elde edilen deneysel ve model verileri karsilagtirilmistir. HGK 1s1 transferi katsayisi degerleri 0.6 ortalama mutlak hata degeri
ile modellenmistir.

Anahtar kelimeler: Havali giines kollektori, Is1 transfer katsayisi, Giines enerjisi, Regresyon, Esitlik tiretme

1. Introduction

One of the most important components of solar energy systems is undoubtedly flat plate type solar collectors. Solar
collectors are system elements that collect the usable energy from the sun and transmit it to another environment using
various fluids [1]. Among flat plate type solar collectors, the usage areas of SAC type collectors are pretty comprehensive.
The SACs, which are used primarily in food drying [2,3] and space heating [4], are preferred as an alternative energy
method due to the gradual depletion of fossil fuels and the harmful environmental effects of fuels [5]. The working
principle of SACs is quite simple. When the sun's rays come to the SAC collector absorber surface, the absorber plate
heats up, and this heat is transferred to the air passing over the plate, thereby heating the collector outlet air [6]. In the
SACs, there is a heat transfer between the absorber plate and the fluid, and this heat transfer takes place by convection heat
transfer (h) according to Newton's cooling law [7,8].

Many data are obtained as a result of experimental studies. Various calculations and models are created with this data.
Models produced with experimental data are a structure that allows the data to be observed better. A model with a

*Corresponding author

14


https://orcid.org/0000-0003-0666-9189
https://orcid.org/0000-0002-4143-9226

Firat Univ Jour. of Exp. and Comp. Eng., 1(1), 14-23, 2022
E.K. Akpinar, M. Dag

theoretical framework helps to understand a particular phenomenon better. The linear model is of primary importance in
the education of any theoretical or applied mathematician. Linear statistical models are widely used in engineering and
other science fields as part of these processes [9]. There are many studies in the literature modeling the thermal efficiency
of SAC with MLR [10-13]. When these studies are examined, there are temperature and radiation values in the data set
created to model SAC thermal efficiency.

In this study, the heat transfer coefficient of SAC was calculated using experimental data. The data set used in the
calculations was also modeled with regression algorithms, and mathematical equations were produced for the h values.
Linear mathematical equations expressing two h values were obtained with multiple and simple regression algorithms.
The h values obtained by the models were compared with the experimental h values. The regression equation that best
expresses the h coefficient used for the heat transfer in SAC was determined.

2. Materials and Methot

The dimensions of the SAC used in the experiments are 1400mm x 800 x 150mm. The SAC structure consists of a
transparent cover, absorber plate, flat plate, insulation layer, and outer casing. The SAC consists of 12 mm thick tempered
glass as transparent cover and 0.5 mm thick matt-black painted corrugated stainless-steel sheet as absorber plate. In SAC,
4 cm thick rock wool was used as insulation material, and 4 mm thick aluminum was used as outer casing material. A
radial fan (0.15 m*h, 0.18 kW, 220 V, 50 Hz, 2800 rpm) connected to the air inlet parts of the SAC with a hood provided
the necessary air. The materials and properties of the SAC system are given in Table 1. The view of the experimental setup
is shown in Figure 1.

The measurements were carried out in June 2018 under the climatic conditions of Elazig province. In the experiments,
collector inlet temperature, collector outlet temperature, panel glass temperature, panel ground temperature, and solar
radiation values were measured at intervals of 30 minutes. Waterproof DS18B20 digital temperature sensors and
pyranometer are used for these measuring points. The experiments were carried out at a constant air velocity of 0.18 m/s
and a constant mass airflow rate of 0.023 kg/s. The experiments carried out on 1-2 June were started at 08:00 and ended
at 18:00.

J type iron-constantan thermocouples, manually controlled 20-channel automatic digital thermometer (ELIMKO, 6400)
in the measurements of collector inlet temperature (Ti), collector outlet temperature (T,), collector absorber plate
temperature (Typ), collector ground temperature (Tw) with a reading accuracy of +0.1 °C. Collector outlet air velocity was
measured with a 0-15 m/s digital anemometer (LUTRON, AM-4201) with a reading accuracy of = 0.01 m/s. While the
system was operating, the solar radiation was measured with a sensitivity of £ 0.1 W/m? and a Kipp and Zonen pyranometer
in a CC12 model digital solar integrator. Collector measurement points are shown schematically in Figure 2.
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Figure 1. Front (1) and rear (2) view of SAC

Table 1. Experimental set components

Part

Materials and Components

SAC case
Transparent Cover
Absorber Plate
Insulation Material
Circulation Fan

4 mm aluminum thickness, 1400x800x150 mm

12mm thick tempered glass

0.5 mm aluminum thickness, 1400x800 mm

3,5 kg rock wool, thickness 4 cm

Stainless steel, (0.15 m*h, 0.18 kW, 220 V, 50 Hz, 2800 rpm)

o
BT

Blower

E T

Solar Radiation
Measurement

Air Inlet SAC base
temperature
measurement

= | SOLAR AIR ol
o COLLECTOR (SAC) P

P Air
Outlet

SAC Inlet SAC Absorber SAC Qutlet
Temperature  pjate Temperature Temperature
Measurement peacyrement Measurement

_

Figure 2. Schematic representation of collector measuring points
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Uncertainty Analysis

It has been estimated that both fixed errors, manufacturing errors and random errors are effective for the uncertainties
that will arise during the measurement of temperature, air velocity and solar radiation in the SAC. When measuring
the value of a parameter, fixed errors, random errors, and errors due to manufacturing errors need to be considered.
Equation 1 was used to calculate the total errors resulting from these measured values [14].

We = [(X1)? + (X2)% + -+ e (X)?]H2 1)
Theoretical Calculations
SAC transforms solar energy into usable energy, increasing the heat energy of the fluid passing through it. The SACs

work similarly to the working principle of heat exchangers. Solar radiation is transformed into useful fluid heat (Qu)
through the SAC absorber plate. Qu is calculated with the help of the following equations [15,16].

Qu = maC pa

(To - T| ) (2)

The useful heat gained by the solar collector is the same as the heat transferred to the working fluid by convection
[17]. In this case, Equation 2 can also be expressed by Equation 3.

Q.u = hA: (Typ _Tort ) (3)

The heat transfer coefficients for SACs are calculated as follows [15].

hee (4)
A:(Typ _Tabs )

In Equation 4, Ty, is the surface temperature of the absorber plate. The Tas is the average temperature of the air used
as a fluid and is obtained by averaging the inlet and outlet temperatures of the collector. All the thermophysical
properties of the air are taken according to the mean temperature [18].

L _+T)

abs 2 (5)

Table 2 shows the uncertainty values that occur during the measurements of SAC. These values are calculated according
to Equation 1.

Table 2. Measurement uncertainties in the experimental set

Measurement parameters Uncertainty Value
Ty (°C) +0.50
Ti (°C) +0.43
To (°C) +0.33
SAC case base temperature T, (°C) +0.30
Solar Radiation | (W/m?) +0.41

17



Firat Univ Jour. of Exp. and Comp. Eng., 1(1), 14-23, 2022
E.K. Akpinar, M. Dag

Simple linear regression model

Models the relationship between two variables in a simple linear regression (SLR) model. This modeling result can produce
a simple linear equation as in Equation 6 based on a single variable [19].

Y=o+ mX+e (6)

In Equation 6; Y=Response Variable (Dependent Variable), X=Predictive Variable (Independent Variable), ¢ =Random
Variable (Error Term).

The linearity that appears in Equation 6 is just an assumption. Some further assumptions can be added, such as the
independence distribution of Y. The predicted model can predict the Y value based on a given X value.

Multiple linear regression model

In multiple linear regression (MLR), the dependent variable Y is sometimes affected by more than one independent
variable. A linear model that relates Y to several estimators can be expressed by Equation 7 [20].

Y =00+ Xy +opXo+ ... +oiXi+e @)

Arbitrary constants (a) are called regression coefficients. The error term o provides random variation in Y that predictors
cannot explain. Here, multiple variables (X1, Xa,...X;) can be used to estimate the Y value.

The data set used in the regression algorithms for the SAC heat transfer coefficient (h) values are shown in Table 3. The
maximum and minimum values of the parameters resulting from the experimental measurements are given in the table.

Table3. Input and output parameters for regression models

Input Parameters

Parameter Unit Min. Max.
Ti °C 26.8 35.15
To °C 29.3 56.3
Tye °C 55.2 75.7
Tta °C 23.2 45.1
I W/m? 404.8 926.8
Output Parameter
Parameter Unit Min. Max.
SAC heat transfer coefficient (h) W/m?°C 1.2 18.1

In this study, predictive model equations were created using h values MLR and SLR regression methods. MATLAB2018b
software was used to create the predictive model. A total of 252 data were used for each regression. The 210 of these data
were used for input values and 42 for output values. Mean absolute percentage error (MAPE), root mean square error
(RMSE) analyzes were performed to determine the accuracy between the h values obtained by regression algorithms and
the experimental h values. The equations of the MAPE and RMSE analyzes are given below.

hcxp'Tprcdictcd

MAPE= (

)-100 ®)

Tcxp

©)
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3. Results

For the SAC heat transfer coefficient calculation, the experimental data made on 1-2 June 2018 were used. The variation
of radiation values and SAC absorber plate temperature values measured in the experiments over time are given in Figure
3. According to Figure 3, both radiation and Ty, values reached the highest level in the 11:30-13:30.
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Figure 3. Change of SAC radiation and T, temperature values
Figure 4 shows the SAC inlet and outlet temperature difference during the experiment. According to Figure 4, where the

change in the heat transfer coefficient of the SAC can also be examined, the highest temperature difference and the heat
transfer coefficient value at 12:30 are shown as 16.7 °C and 23.4 W/m2 °C, respectively.

SAC AT and Heat Transfer Coefficient variations
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Figure 4. SAC input and output temperature difference and change of h values

Table 4 shows the h equations obtained by regression algorithms and the error analysis results of these equations. The h
equation obtained with MLR has less error value than the h equation obtained with SLR.
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Table 4. SAC h equations and MAE error values obtained by regression algorithms

MLR h Equation MAPE RMSE

h (W/m?°C)=10.7158 * Ti- 0.6571 * To + 0.2796 * Tta - 0.3116 * Typ + 0.0051 * | -1.0629 0.56 0.073
SLR h Equation MAPE RMSE

h (W/m?°C)=0.6 * Ti- 180.75 0.94 0.011

In studies related to SAC thermal efficiency value MLR modeling in the literature, Vafavei and Sah modeled the SAC
efficiency value with an R2 value of 0.947 using MLR [10]. Caner et al. modeled the SAC efficiency value with an RMSE
value of 1.2 [12] and Ghritlahre modeled the SAC efficiency value with an R2 value of 0.997 [13]. In this study, the error
values of the SAC efficiency value models created with MLR are similar to the studies in the literature.

In Figures 5 and 6, the h values are compared as a result of the equations produced by the regression algorithms, and the
experimental h values are given. As shown in Figure 5, the MLR h values are closer to the experimental h values.
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Figure 5. Comparison of SAC experimental h values and MLR h values
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Figure 6. Comparison of SAC experimental h values and SLR h values
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Figure 7 shows the convergence between the h values obtained by both regression algorithms and the experimental h
values. According to Figure 7, the regression algorithm closest to the experimental values is MLR regression.
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Figure 7. SAC experimental h values and regression h values convergence

4. Conclusions

In this study, the heat transfer coefficient values of an SAC were modeled by multiple and simple regression methods. The
resulting model error result has an average absolute error value of 0.6. The values determined by the mathematical h
equation obtained by CLR are pretty close to the experimental h values. Equations with fewer error values can be obtained
by using more data sets and different machine learning algorithms for the obtained model. It is hoped that the heat transfer
coefficient equation obtained as a result of the study can be used in different types of collectors and different experimental
conditions.
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Nomenclature

A SAC surface area (m?)
Avg  Average
Ty SAC absorber plate temperature (°C)
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Cpa Air specific heat at constant pressure (kJ/kgK)
h Heat transfer coefficient (W/ m?°C)

I Solar radiation on the collector (W/m?)

Tila Air mass flow rate (kg/s)

Qu Useful heat of air (W)

SAC  Solar air collector

T Temperature (°C)

8. References

[1]Huang MY, Wang MLi, Keovisar V, Li X, Kong D, Yu Q. "Comparative study on energy and exergy properties
of solar photovoltaic/thermal air collector based on amorphous silicon cells". Applied Thermal Engineering, 185,
116376, 2021.

[2] Arslan E, Aktag M. "4E analysis of infrared-convective dryer powered solar photovoltaic thermal collector”. Solar
Energy, 208, 46-57, 2020.

[3] Tagnamas Z, Lamsyehe H, Moussaoui H, Bahammou Y, Kouhila M, Idlimam A, Lamharrar A. "Energy and
exergy analyses of carob pulp drying system based on a solar collector”. Renewable Energy, 163, 495-503, 2021.

[4]Ceylan I, Giirel AE. "Solar-assisted fluidized bed dryer integrated with a heat pump for mint leaves”. Applied
Thermal Engineering, 106, 899-905, 2016.

[5] Akpinar EK, Kogyigit F. "Energy and exergy analysis of a new flat-plate solar air heater having different obstacles
on absorber plates". Applied Energy, 87, 3438-3450, 2010.

[6] Tuncer AD, Khanlari A, S6zen A, Giirbiiz EY, Sirin C, Gungor A. "Energy-exergy and enviro-economic survey
of solar air heaters with various air channel modifications". Renewable Energy, 160, 67-85, 2020.

[71Komolafe CA, Oluwaleye 10, Awogbemi O, Osueke CO. "Experimental investigation and thermal analysis of
solar air heater having rectangular rib roughness on the absorber plate". Case Studies in Thermal Engineering, 14,
100442, 2019.

[8] Sudhakar P, Cheralathan M. "Thermal performance enhancement of solar air collector using a novel V-groove
absorber plate with pin-fins for drying agricultural products: an experimental study". Journal of Thermal Analysis
and Calorimetry, 140, 2397-2408, 2020.

[9]Norouzian R. The Palgrave Handbook of Applied Linguistics Research Methodology. 1nd ed. Palgrave
Macmillan, London, Springer, 2018.

[10] Vafaei LE, Sah M. "Predicting efficiency of flat-plate solar collector using a fuzzy inference system". Procedia
computer science, 120, 221-228, 2017.

[11] Cakmak G, Yildiz C. "The prediction of seedy grape drying rate using a neural network method". Computers
and Electronics in Agriculture, 75(1), 132-138, 2011.

[12] Caner M, Gedik E, Kegebas A. "Investigation on thermal performance calculation of two type solar air collectors
using artificial neural network". Expert Systems with Applications, 38(3), 1668-1674, 2011.

[13] Ghritlahre HK, Prasad RK. Investigation of thermal performance of unidirectional flow porous bed solar air
heater using MLP, GRNN, and RBF models of ANN technique"”. Thermal Science and Engineering Progress, 6,
226-235, 2018.

[14] Holman JP. Experimental methods for engineers. Eight Edit, McGraw-Hill, New York, 2012.

[15] Acir A, Ata 1. "A study of heat transfer enhancement in a new solar air heater having circular type turbulators".
Journal of the Energy Institute, 89, 606-616, 2016.

[16] Devecioglu AG, Oruc V. "Experimental investigation of thermal performance of a new solar air collector with
porous surface". Energy Procedia. 113, 251-258, 2017.

[17] Acir A, Ata |, Canli ME. "Investigation of effect of the circular ring turbulators on heat transfer augmentation
and fluid flow characteristic of solar air heater". Experimental Thermal and Fluid Science, 77, 45-54, 2016.
https://doi.org/10.1016/j.expthermflusci.2016.04.012.

[18] Acir A, Canli ME, Ata I, Cakiroglu R. "Parametric optimization of energy and exergy analyses of a novel solar
air heater with grey relational analysis”. Applied Thermal Engineering, 122, 330-338, 2017.

[19] Sreehari E, Pradeep Ghantasala GS. "Climate changes prediction using simple linear regression". Journal of
Computational and Theoretical Nanoscience, 16, 655658, 2019.

22



Firat Univ Jour. of Exp. and Comp. Eng., 1(1), 14-23, 2022
E.K. Akpinar, M. Dag

[20] Mahaboob B, Praveen JP, Appa Rao BV, Harnath Y, Narayana C, Prakash GB. "A study on multiple linear
regression using matrix calculus”. Advances in Mathematics: Scientific Journal, 9, 48634872, 2020.

23



Firat Univ Jour. of Exp. and Comp. Eng., 1(1), 24-30, 2022
Firat University Journal of Experimental and

oNIy . . .
A ‘e Computational Engineering
- H © S . ) "W Firat University
“ |ml|l = Firat Universitesi Deneysel ve Hesaplamali \-’ pomaloteper
~ .. o o . and Computation

- ror5 " Miuhendislik Dergisi Engicering

Obtaining and modeling the relaxation modulus of self-healing asphalt mixtures

Kendini iyilestiren asfalt karistmlarinin rélaksasyon modiillerinin elde edilmesi ve
modellenmesi
Bahadir YILMAZ'"=", Ahmet Miinir OZDEMIR 2*
L2Civil Engineering, Engineering and Natural Sciences, Bursa Technical University, Bursa, Turkey.
pahadir.yilmaz@btu.edu.tr, 2ahmet.ozdemir@btu.edu.tr
Received: 20.10.2021 —— doi: 10.5505/fujece.2022.43531
Accepted: 10.01.2022 Revision: 28.12.2021 Research Article
Abstract

In this study, pure and self-healing asphalt mixture samples were obtained by adding capsules containing waste vegetable oil to mixtures
at 0.25, 0.50, 0.75 and 1.00% ratios. Afterwards, creep test with a constant stress was carried out on the samples, and the resistance of
asphalt mixtures against permanent deformation was investigated. Relaxation modulus values were obtained by using the creep
compliance values that measured at the end of the experiment with mathematical transformations. Then, the relaxation modulus results
were fitted to the Generalized Maxwell Model, which is a common model used to represent the viscoelastic properties of asphalt
mixtures, and Prony series parameters were obtained. The results showed that the addition of capsule reduced the permanent
deformation strength of the asphalt mixture. In addition, the curve fitting processes were successfully performed and the desired
parameters were obtained with high accuracy.

Keywords: Asphalt, Microcapsule, Waste vegetable oil, Relaxation modulus, Generalized Maxwell Model

Ozet

Bu ¢alismada atik bitkisel yag igeren kapsiiller 0.25, 0.50, 0.75 ve 1.00% oranlarinda asphalt karigimlara ilave edilerek, saf ve
kapsiillii olmak tizere numuneler elde edilmistir. Daha sonra elde edilen numuneler {izerinde sabit bir gerilme degerinde siinme
deneyi gerceklestirilerek, kapsiil ilavesinin asfalt karigimlarin kalict deformasyona karsi dayanimlari incelenmistir. Deney
sonucu dlgiilen siinme uyumu degerlerinden, matematiksel doniisiimlerden faydalanilarak gevseme modiilii degerleri elde
edilmistir. Daha sonra gevseme modiilii sonuglari, asfalt karigimlarin viskoelastik 6zelliklerini temsil etmek i¢in kullanilan
yaygin bir model olan Genellestirilmis Maxwell Modeli’ne egri uydurma yontemi ile uydurularak Prony serisi parametreleri elde
edilmistir. Sonuglar, kapsiil ilavesinin asfalt karigiminin kalici deformasyon dayanimini diistirdiigiinii gostermistir. Ayrica egri
uydurma islemleri basariyla gerceklestirilerek yiiksek dogrulukta istenilen parametreler elde edilmistir.

Anahtar kelimeler: Asfalt, Mikrokapsiil, Atik bitkisel yag, Gevseme modiilii, Genellestirilmis Maxwell Modeli
1. Introduction

In asphalt mixtures, bitumen undertakes the task of binding the materials in the mixture, and aggregates undertake the task
of forming the skeleton structure [1]. After the mixture is laid and compacted, the top course of the pavement becomes the
wearing course. For this reason, loads and environmental effects can cause significant damage to this course during its
service life [2]. Pavement engineers and researchers have done a wide variety of studies to improve the properties of the
wearing course [3-8]. The most common application is to modify the bitumen. In this way, resistance against
environmental effects and axle loads is strengthened and a bitumen with desired properties is obtained [9-13].

There has been a lot of talk lately about self-healing materials. As a wide variety of building materials are included in the
self-healing concept, asphalt mixtures have also been included in this method and many studies have been carried out [14—
16]. In their study, Garcia-Hernandez and his team aimed to improve the reflection cracks by adding microcapsules to the
asphalt mixture [17]. Gomez-Meijide and his team added metal particles to the mixture in order to improve the asphalt
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mixture by induction heating method and obtained successful results [18]. Yamag et al. added capsules containing waste
vegetable oil to the mastic asphalt mixture and concluded that the encapsulated samples showed 80% higher recovery than
the pure samples [15]. Yal¢in achieved improvement by adding waste metals to the asphalt mixture and then subjecting it
to microwave heating. It was determined that the self-healing ability increased, but the mechanical properties of the asphalt
mixture were negatively affected [19].

In this study, capsules containing waste vegetable oil were added to the asphalt mixture and the creep test was carried out.
Then, relaxation modulus values were obtained from the creep compliance values by using mathematical transformation
methods. In this way, relaxation property, which is an important concept in determining viscoelastic properties, could also
be examined. Then, relaxation modulus values were fitted to the Generalized Maxwell Model, which is a common

viscoelastic model known to successfully reflect the properties of viscoelastic materials, and various evaluations were
made.

2. Materials and Method

Within the scope of the study, it is aimed to create cracks in the mixture, and to repair the cracks by releasing the waste
oils in the capsules added to the mixture by breaking the capsules. For this reason, B 50/70 bitumen, which is a pavement
grade bitumen with a high consistency, was obtained from TUPRAS Batman refinery in order to determine the
improvement more clearly. In the study, limestone (limestone) type crushed stone material obtained from Elazig Karayazi
Region was used as aggregate. In the mixture design, the Superpave design method was adhered to. The gradation was
given in Table 1 and Figure 1.

Table 1. Aggregate gradation

Sieve size (mm) Percent Control values Restricted Area
passing Min. Max. Min. Max.
(%)
19 (3/4) 100 100
12.5(1/27) 95 90 100
9.5 (3/8”) 88 90
4.75 (No. 4) 65
2.36 (No. 8) 35 28 58 39.1 39.1
1.18 (No. 16) 23 25.6 316
0.6 (No. 30 14 19.1 23.1
0.3 (No. 50) 10 15.5 15.5
0.15 (No. 100) 8
0.075 (No. 200) 5 2 10
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Figure 1. Aggregate gradation

By following the steps and materials in the previous studies in capsule production, capsules containing waste vegetable oil
were obtained [15]. The produced capsules were added to the asphalt mixture at the rates of 0.25%, 0.50%, 0.75% and
1.00%, and encapsulated mixtures were obtained. The optimum bitumen content was determined as 4.67%.

2.1. Creep test

Creep test was carried out to investigate the permanent deformation behavior of pure and encapsulated asphalt mixtures
under cyclic loads. Permanent deformation under cyclic loads often results in rutting problem. In the dynamic creep test,
a constant load is applied to the surface of the cylindrical sample repeatedly for a certain period of time. With the help of
LVDTs adjusted vertically on the metal plate placed on the surface of the sample, plastic and elastic deformations that
occur at each load repetition can be detected. The experimental setup inside the air-conditioning cabinet is shown in Figure
2. As a result of the experiment, deformation values are obtained depending on the number of load repetitions. In this
experiment, the period is approximately 1 second, so the number of load repetitions can also be considered as the total
time. In the study, the experiment was carried out by applying a constant load of 450 kPa at 40°C.

Figure 2. Dynamic creep test

When the time-dependent strain values obtained as a result of the creep test performed under a constant stress (c0), &(t) are
divided by the applied constant stress, time-dependent creep compliance values (J(t)) will be obtained (Equation 1) [20].
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J[OEE 1)
]
where J(t) is the creep compliance at any time t (1/MPa), &(t) is the strain at any time t, and oo iS the constant stress (MPa).

Then, the creep compliance values obtained were converted to relaxation modulus as in the study of Kim et al. In the
aforementioned study, the process was carried out according to the solution proposed by Christiansen [21].

3. Results

3.1. Creep compliance results of asphalt mixtures

The creep compliance curves of pure and capsule added asphalt mixtures are given in Figure 3.
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o
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A
80,015
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TE:. 0'01 ® 0.25%
8 0.50%
%0,005 ® 0.75%
] ® 1.00%
© 0
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Load Cycle
Figure 3. Creep compliance curves of pure and capsule added mixtures

When Figure 3 is examined, a rapid increase was observed in the creep compliance curves in all samples at the beginning,
then this curve grows slowly and becomes almost linear. While the mixture with 1.0% capsule added had the highest creep
compliance value, the lowest creep compliance value was obtained in the pure mixture. The reason for this is that as the
loading time (number of load repetitions) increases, it releases the oil in the capsule and softens the mixture. Therefore,
with the decrease of the creep stiffness, in other words, the creep strength, the creep compliance value increases. Final
Creep compliance values increased by 2.81, 7.48, 15.61 and 20.77% for capsule contents (0.25, 0.50, 0.75, 1.00%)
compared to pure mixture, respectively.

3.2. Relaxation modulus results of asphalt mixtures

As mentioned in the method part of the asphalt mixture samples, the relaxation modulus values obtained from the creep
compliance results are given in Figure 4.
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Figure 4. Relaxation modulus curves obtained by the interconversion method

The weakening process of the relaxation modulus, which is an important parameter in defining the viscoelastic behavior,
is examined in three stages. In the first stage, the relaxation modulus falls rapidly in a short time and the maximum decrease
occurs in this stage. In the second stage, the return of this drop takes place, the rate of fall now slows down and the range
it drops is 30% of the initial stiffness modulus. In the third stage, the relaxation modulus values of the mixture became
stable. The amount of decrease at this stage is small. According to Figure 4, it is seen that relaxation modulus values
decrease rapidly in all samples. The reason for this is the gradual dissipation of the internal stress in the asphalt mixture.
In a subtitle, relaxation modulus values will be fitted to the generalized Maxwell model and these features will be
interpreted in more detail. In addition, it is seen that the relaxation modulus values of asphalt mixtures decrease with the
increase of the capsule ratio. The final relaxation modulus values were increased by 3.15, 7.34, 14.36 and 19.56% for the
capsule contents (0.25, 0.50, 0.75, 1.00%) compared to the pure mixture.

3.3. Analysis of relaxation behavior of based on Generalized Maxwell Model

Generalized Maxwell Model was chosen to examine the viscoelastic behavior of asphalt mixture samples in relaxation
state. It is known that this model strongly agrees with the relaxation modulus values of viscoelastic materials and
successfully represents this behavior. The Generalized Maxwell model equation is given in Equation 2 and the schematic
representation of the model is given in Figure 5.

E(t) = E, + X1, E;e~t/Pi (2)

where E(t) is the relaxation modulus, E., is the equilibrium relaxation modulus, t is the time, p; is the relaxation n time.

Figure 5. Generalized Maxwell Model [22]
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Prony series fitting parameters of the relaxation modulus of the asphalt mixture was given in Table 2.

Table 2. Prony series results of relaxation modulus

0% 0.25% 0.50% 0.75% 1.00%

Eoo 3.99E+01 2.61E+01 2.96E+01 2.52E+01 3.31E+01
El 2.36E+01 5.62E+01 3.19E+02 7.62E+01 2.85E+01
E2 9.30E+01 4.48E+02 5.96E+01 3.27E+01 3.11E+01
E3 3.09E+01 3.16E+01 2.01E+02 3.13E+01 6.18E+01
E4 6.39E+01 7.12E+01 2.67E+01 2.82E+02 3.19E+01
E5 2.03E+02 3.35E+01 3.95E+01 1.02E+02 3.11E+01
E6 3.84E+01 2.68E+01 6.40E+01 1.65E+01 1.98E+02
E7 6.94E+02 4.18E+01 2.84E+01 1.06E+02 8.21E+01
R? 0.999 0.999 0.999 0.999 0.999

When Table 2 is examined, it is seen that the R? values in each capsule content are above 0.99 and the fitting process is
performed with high accuracy. Because of the Generalized Maxwell Model has too many parameters, it is difficult to
obtain a regular variation. For this reason, some fluctuations occurred in the values. However, it has been observed that
this model successfully describes the viscoelastic properties of asphalt mixtures, with the successful fitting of the model
with high accuracy. In addition, it can be thought that these fluctuations occur because the relaxation modulus values are
realized by a mathematical transformation rather than an experimental one.

4. Discussion

In this study, pure and self-healing samples were obtained by adding capsules containing waste vegetable oil to asphalt
mixtures at 0.25, 0.50, 0.75 and 1.00% ratios. Afterwards, a constant stress value creep test was carried out on the samples
obtained, and the resistance of the capsule addition of asphalt mixtures against permanent deformation was investigated.
The results obtained are summarized below:

- With the addition of capsule, the permanent deformation strength of the mixture decreased. As the capsule ratio increases,
the decrease is greater compared to the pure mixture.

- According to the creep compliance data, it can be said that the rejuvenator in the capsules breaks with the loading and
softens the mixture.

-According to the relaxation modulus results, it is seen that the values decrease with the dissipation of the internal stress in
the mixture. The mixture containing 1.00% capsule has the lowest final relaxation modulus.

-Relaxation modulus results were evaluated with the Generalized Maxwell Model. The results showed that relaxation
modulus values can be modeled and explained with this model with very high accuracy and low error.
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Abstract

In this paper, computational modeling of wave generation and evaluation of results are given. The analysis of Computational Fluid
Dynamics is performed in the ANSY'S Fluent module. The model of numerical analysis is made time-dependent. The Numerical Wave
Tank is an engineering research equipment for studying sea waves that requires the least amount of people and materials. The Numerical
Wave Tank may be used to simulate the motion of the ocean and sea waves with a modeled moving wall as a wave-maker. To generate
regular gravity waves, a Numerical Wave Tank based on Reynolds Averaged Navier Stokes equations and the Volume of Fluid
technique is modeled using Dynamic Mesh Technique. Wave heights, water depths, wavelength and wave periods are chosen variable
parameters. Water volume fraction, velocities, turbulence kinetic energy and dynamic pressure are evaluated results. A brief explanation
of how to generate waves influence is made.

Keywords: Computational fluid dynamics, Volume of fluid method, Numerical wave tank, Dynamic mesh technique, User
defined function

Ozet

Bu makalede, dalga iiretiminin hesaplamali modellemesi ve sonuglarin degerlendirilmesi verilmektedir. Hesaplamali Akigkanlar
Dinamiginin analizi ANSYS Fluent modiiliinde gerceklestirilir. Sayisal analiz modeli zamana bagli yapilmistir. Sayisal Dalga Tanka,
deniz dalgasi konusunda en az insan giicii ve malzeme kaynagi gerektiren mithendislik arastirma araci olarak diistiniilebilir. Sayisal
Dalga Tanki, dalga yapict olarak hareketli duvar modelleme ile okyanus ve deniz dalgalarinin hareketini simiile etmek igin
kullanilabilir. Reynolds-Ortalamali Navier-Stokes denklemlerine ve Akigkan Hacmi yontemine dayali Sayisal Dalga Tanki, diizenli
yer¢ekimi dalgalart olusturmak igin Dinamik Ag Teknigi kullanilarak modellenmistir. Dalga yiikseklikleri, su derinlikleri, dalga boyu
ve dalga periyotlart degisken parametreler olarak segilmistir. Su hacim orani, hizlar, tiirbiilans kinetik enerjisi ve dinamik basing
sonuglar1 degerlendirilmistir.

Anahtar kelimeler: Hesaplamali akiskanlar dinamigi, Akiskan hacmi yontemi, Sayisal dalga tanki, Dinamik ag teknigi, Kullanict
taniml1 fonksiyon

1. Introduction

Renewable energy systems are sustainable by means of energy production. It can be said that they have huge potential. It
is an undeniable fact that waves are potential energy source. Many studies and designs have been done on energy
generating systems in the ocean and sea. These studies are about energy generation, designing breakwaters or floating
behavior of ships. There are many studies on Numerical Wave Tanks (NWT). Waves on the sea surface are periodical
water movements. Waves have mixed random properties. Large amounts of energy can be transformed into electrical
power via wave motions [1]. Fluid behavior due to wave breakers in a non-hydrostatic system and the effect of the fluid
on wave breakers can be investigated numerically. Changes in the wave profile can be observed due to wave breaks [2].
In the work done by Finnegan and Goggins, ocean waves are modeled on a NWT to study fluid / solid interactions. The
wave energy conversion system has been studied for a floating body. When comparing analytical studies with numerical
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simulations, water particle movements are evaluated depending on the time. The model has been achieved with better
results for high-amplitude and low-frequency waves [3]. Bhinder et al. discover the forces of fluid impact on the production
of power in wave energy converting systems with using Computational Fluid Dynamics (CFD) simulations. System
efficiency as a function of time is investigated in relation to the forces acting in the fluid environment. Waves having the
desired property can be created using simulations. [4]. In the examination of fluid-solid interactions, Hu et al. 2016 use
CFD for modeling waves to see how forces behave with structures that have variable shapes [5]. Liaghat discusses the
analyses of the force interaction by means of fluid-solid and makes simulations on the fluid-based force effect of the solid
structure of materials in his master's thesis. The convergence of waves with a solid body is the result of the momentum
water effect on solid movements that are transferred to the surface of the final solids. In order to observe the interaction
numerically, it is first necessary to create waves. The NWT simulations are made with different assumptions in CFD
programs. Waves with certain qualities can be created using simulations [6]. In a study by Liu et al., a numerical simulation
with Reynolds-Averaged-Navier-Stokes (RANS) equation is done for two-dimensional NWT modeling utilizing the
Volume of Fluid (VOF) approach[7]. In the study by Wang and Liu, time-dependent wave generation is performed and
the time-dependent change of the surface height parameter is obtained [8]. In the study performed by Zhu et al., RANS
equations are used in the NWT model. It is also defined that momentum sources can be added to the CFD program using
User Defined Functions (UDF) to create different regions. NWT is divided into regions where the waves have optimal
modes such as wave generator wave formation and wave damping [9]. In a study by Oijeh et al., A kinematic study of
extreme wave models is performed using RANS equations and VOF simulations. The highest (extreme) waves observed
on the sea surface are examined [10]. Liang et al. said that extreme waves to be generated in the NWT are modeled. It is
found that the variable properties of the generated non-uniform waves are appropriate. The horizontal velocities were
obtained from the numerical and experimental results [11]. In this study, a two-dimensional (2D) NWT model is created.
UDF is used to simulate waves in the 2D environment. How to generate waves, how the results are obtained from the
simulation environment are explained briefly.

2. Materials and Method

The Fluent Module is used to generate waves in this investigation. The gravitational waves that occur on a regular basis
are modeled. The waves have a sinusoidal shape, and their behavior does not alter at each time step. When an object is
tossed into a tank of water, it causes irregularity and surface waves. The alignment of the water to its initial state as a result
of gravity's acceleration causes the movements on the water's surface. Gusts can even be blamed for causing free surface
waves. The wavelength equation is shown in Equation 1:

2
L= g7 tanh(thj 1)

27

Where the depth of water is h, the length of the wave is L, the acceleration of gravity is g, the period of the wave is T. The
time it takes for a wave to form is known as its period. The amount of time it takes for a length of a wave to form. Depending
on the linear or nonlinear parameters, wave generation varies according to boundary conditions and physical realities [12].
Free surface dynamic, surface and bottom conditions can be called boundary conditions of gravitational waves.

2.1. Governing Equations

The solver in Fluent uses the finite volume methodology as its foundation. The governing equations are discretized and
solved repeatedly across each sub-region using this technique, which separates the region of interest into sub-regions. As
a result, the value of each variable's approximation at places in the domain is attained. In the Fluent module, the Pressure
Implicit with Splitting of Operator (PISO) Solver is employed. The pressure-velocity connection diagram is part of the
SIMPLE algorithm family, which relies on a high degree of approximation of the relationship between pressure and
velocity. The limitation of the SIMPLE and SIMPLEC algorithms is that they do not provide the momentum balance of
the new velocity and approximate flow values after the pressure verification equation is solved. As a result, the solution
should be repeated until equilibrium is achieved. The PISO algorithm uses two extra corrections to increase the
effectiveness of this calculation. Adjoining correction and asymmetry correction are two of them. The Navier-Stokes
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equations are applied directly to the system by the SIMPLE and SIMPLEC algorithms, with the parameters added after
the user selects them [13]. The equations of continuity of mass and Navier Stokes are [14]:
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for the 2D NWT, the x and y are coordinate system positions, the fluid density of the fluid is p, the pressure is p, the velocity
in the horizontal direction is u, the velocity in the vertical direction is v, time is t, the viscosity is . The dynamic pressure
values are calculated from the solver by using formulation V is velocity magnitude, Equation 5 shows the Dynamic pressure
[13]:

Pd — pm ;poVZ
()

2.2. Numerical wave tank

Fluent was used to simulate 2D NWT. If it is not intended to obtain side effects, the difference between 2D and 3D analysis
results can be considered the same. Because the average variables on lines in 2D are the same with the average variables
on areas in 3D. When 3D modelling is made, Data are reviewed and plotted on a plane parallel to the wave motion.

In this study, when waves are generated in the NWT, a piston wavemaker is used. The tank's left wall acts as a wave
generator. The UDF is used to move the wall on a regular basis. During the investigation, transient analysis is employed.
PISO algorithm is used as solver with k-epsilon (k-¢) Turbulence Model, Realizable Wall Functions, Pressure Based VOF
model. Dynamic Mesh settings is used. The NWT is shown in Figure 1.

Pressure Qutlet

Stationary Wall

‘g Sea bottom

é = // Stationary Wall

Piston Type Wave-Maker

Figure 1. Numerical wave tank

The NWT simulation is done with a tank that is 200 meters long. The differences between the examples in this study are
the initial depth of water and wave height. The fluent module employs the VOF approach. This approach is frequently
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utilized in the Fluent module's time-dependent solutions. Multiple immiscible fluids are modeled using the VOF approach.
The volume fraction parameter is used in the VOF method formulation to model a mixture of two or more phases. There
are two phases in the simulation, which are air and water. In Table 1, the qualities of phases are listed.

Table 1. Material properties used in fluent

Name of Material Density Viscosity
Air 1.225 kg/m? 1.7894x10° kg/ms
Water-liquid 998.2 kg/m? 0.001003 kg/ms

The volume fraction in the computed cells is defined as a variable for each phase contributed to the model. At each control
volume, the volume fractions are combined. For all variables and characteristics, fields by phase and average volume
values are shared. For each phase, the volume fraction values of each zone are determined in separate regions. The features

and variables in the cells are represented as one of the phases or a mixture in the cells. %4 can be used to represent a volume

fraction. There are three scenarios in which %« [13]:

oif %o = 0 ,thencell g (g=1,2,3...) is empty for numbering fluids.

«if % :1, then cell g (g=1,2,3...) is full for numbering fluids.
¢ O<eg, <1

*i , then cell g (g=1,2,3...) have phases of more than one in the cell.

%q using regional values, each control volume in the relevant area is given the required variables and attributes.

1|0 - n ° °
—{a—(pqaq)+V(pqaq Vqﬂ = Saq +zp:1 Mrq— Mgr
pq t (6)

where, the mass transfer (instantaneous) from q phase to r phase is Mar

mrq

, the mass transfer (instantaneous) from r phase to
. I S, _ S, . : : :

q phase is , for initial conditions ~“« is zero, also with UDF, ~“ is added in Equation 6. The equation of momentum

is:

g(p6)+ v(p\7\7): VP + V.MV\? e ﬂ +pg+F -

where, the static pressure is P, F is added force, the gravitational force is 29 , 1 is viscosity. When simulating wave
production, a piston type wave generator is employed. The properties of the waves are determined by the left wall motion
function. The displacement of piston is calculated with h (water depth), S (piston displacement), H (wave height), k£ = 2z
/ L (wave number). The piston displacement equation is [15]:

[H ) _ 2(cosh(2kh)-1)

S ) SiNN(2kh)2kh

8

Because the equation is time dependent, any wave elevation must be represented in terms of the piston's motion. When the
maximum wave height value is taken as the A value for wave amplitude, the S displacement of the piston can be represented

as maximum 0. Piston displacement owing to wave period equation [16]:
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The derivative of Equation 9 is the wall velocity depend on time. Equation 10 is used while the preparation of UDF.
Equation 10 is [17]:

V(t):(s—‘)](l— fijwcos(mt)+i S sin(w)
2 )€ o7 € 10)

2.3. Fluent setup selection

The aim of this paper briefly explains the NWT analysis, so the user interface options of the CFD program Fluid Flow
(Fluent) module are defined in Table 2 and Table 3. Before running the calculation, the selection of “Adapt > Region” is
done. In this selection air and water volumes are defined by using the “Mark™ button after initialization of the solution.
Then “Patch...” button is used for defining the water phase (phase-2 must be chosen under the “Phase” heading) Volume
Fraction Value. If the defined volume which is chosen under the heading “Register to Patch” is assumed full with air the
value under heading “Value” is 0. When defining water volume this value of volume fraction becomes 1. After this
procedure patch button is used to close the window. All the options are settled as shown in Table 2 and Table 3 before
running the calculation.

Table 2. Solution setup in fluent flow (fluent) setup section

Solution Setup
General Solver Type > Pressure-Based
Velocity Formulation > Absolute
Time > Transient
2D Space > Planar
Gravity  Z(m/s) =-9.81

Models Multiphase — Volume of Fluid

Viscous — Realizable k-e, Scalable Wall Fn
Materials Fluid water-liquid

air

Phases Phase 1 (air), Phase 2 (water-liquid)
Cell Conditions  Zone (surface_body), mixture, fluid
Boundary Left, right and bottom lines = wall, top line = pressure-outlet
Conditions

Dynamic Mesh ~ Layering Dynamic Mesh Zones > Left wall — Rigid Body

Table 3. Solution in fluent flow (fluent) setup section

Solution
Solution Method PISO Gradient = Least Square Cell Based
Pressure = PRESTO!
Volume Fraction = Geo-Reconstruct
Other options = Second Order Upwind
Solution Initialization Hybrid (Adapt phases then) Patch... (Regions)
Calculation Activities Automatic  CFD-Post Compatible
Export
Run Calculation Time Step Size (s) <= 0.005
Max Iterations/Time Step => 45
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2.4. User defined function

The UDF is written in the C programming language and introduced in the Fluent module of the program. The dynamic
variables in the system are defined in the program to obtain the wave.

The first UDF code must be defined in the Fluent Setup section. The buttons used for this operation is “Define > User-
Defined > Functions > Complied...” and then Source Files “Add...” button is used to add the file of ¢ code, Header Files
“Add...” button is used to add libraries “udf.h” and “dynamesh tools.h” which are in the folder of Fluent > libudf > src.
The header libraries are written in beginning of C code with first line “ #include "udf.h" ” and second line “ #include
"dynamesh_tools.h" ”’.

The third line of the code is header as "DEFINE_CG_MOTION(wave,dt,vel,omega,time,dtime)". The variables used in
code must be defined in brackets near of header. The function code is ““ 4{ Thread *t; Sface t f; 6t = DT THREAD(dt);
7float T,S; 8begin f loop(f,t) 9{vel[0] = ...}end f loop(ft) } «. T is period of wave and S is displacement of wall in the
code. “vel[0] =...” is the velocity in the x direction of wave maker which can be seen in Equation 9. When code is written,
the assumption of is made in programming.

In Fluent Setup Section, the dynamic mesh structure used during wave generation is chosen as "Layering". “Dynamic
Mesh > Create/Edit...” button is used to select left wall as “Dynamic Mesh Zone”. The function which is compiled is
chosen under the header option of “Motion/UDF Profile” is chosen motion as “Rigid Body”. The object is separated into
small squares in this mesh structure. Each square is separated by 0.1 m on one side. These sections can be separated from
one another within the mesh framework. On moving mesh structures, the program is used to solve the effects of gravity
on water particles.

3. Results
When analyses are performed, the geometry of the NWT is not changed. The heights of the generated wave, wave period,
height and depth of water in various different situations are compared with each other by varying results. Wave

characteristics and positioning of the conditions are shown in Table 4.

While the instances are being determined and simulated, the NWT is 200 meters long. The results are reviewed once
comparisons are made between the cases. In some circumstances, the wave velocity varies.

Table 4. Cases and parameters

Wave Height Water Depth Wave Length Wave Period
H(m) h(m) L(m) T(s)

Case 1 1 16 53.6 6

Case 2 2 16 53.6 6

Case 3 2 28 56 6

Case 4 2 16 25 4

Case 5 2 511 53.6 8

3.1. Validation

Numerical studies' dependability is determined by comparing them to experimental, analytical, or other results published
in the literature. In the aforementioned work, an NWT simulation with a water depth of 16 m at the start and a tank length
of 200 m was employed for validation. A-line 20 meters from the NWT's left edge is used for sampling. The value of the
water depth variable on a line can be obtained from the Fluent Results Section. An expression is defined in the Results
section. For example if “Line 1 is the name of the line from which the water height results are obtained and “Phase 2 is
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the volume fraction of water, the expression for water depth variable becomes “lengthInt(Phase 2.Volume Fraction)@Line
17. The chart of expression versus time gives the transient water depth values on a line.

1 Y T T T T T T T T

—— Agalitical
Numercal

Wirter Heigdt fn)

Num erical ~———— Analitical

16.5

]
=)

Water Height (m)

0 10 20 30 40 50
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(b)
Figure 2. Validations (a) this study (b) study of gomes et al. [18].

A water surface level change vs. time chart is given. The created wave has a period of 6 seconds and a height of 1 meter.
In Figure 2b, the study by Gomes et al. [18] is used for validation, in this work, Figure 2a depicts an analytical and
numerical (time-dependent) water-time chart of water height. This analytical value is calculated from the basic sinusoidal
wave equation. Wave height versus time charts can be seen in Figure 2.

3.2. Wave generation results

The movement of gas and liquid phases depends on time can be seen in Figure 3. The red component represents water
with a volume fraction of 1, the blue part represents air with a volume fraction of 0, and there is an isosurface line
connecting the two parts. The isosurface volume fraction is approved at 0.5. The color difference between portions
indicates that the mesh structure contains a mixture of water and air. The variability of the volume fraction from 0 to 1 can
be seen using contours. The tank's right wall is considered to be fixed. There's no such thing as a damping function or a
porous structure. Because the right wall of the pool lacks a dampening function, the length of the pool is significantly more
than the depth of the water, preventing errors near the left wall. This decreases the likelihood of measurement errors near
the left wall. Figure 3 shows waves with identical amplitudes are formed at areas near of left wall of the NWT.
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Figure 3. Water volume fractions in case 2 as represent all Cases (a) t=0s(b)t=25s(c)t=50s

Figure 4 shows the velocities in the x-direction for the second case. At the start, all of the velocities are 0. In the transient
solution, the velocities indicate differences by time up to the end of the tank. The negative velocities are caused by the left
wall's negative x-direction movement, which is influenced by UDF. Wave theory works best with negative velocities.
Negative velocities in the x-direction related to dynamic water surface boundary conditions are caused by the elliptical
motion of water particles. As it approaches wave trough, the negative x velocity increases, while the positive x velocity
increases.
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(b)

Figure 4. u velocity in second case of numerical wave tank (@) t=0s(b)t=25s

(b)

Figure 5. v velocity in second case of numerical wave tank (@) t=0s (b)t=25s
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Figure 5 shows the velocities in y-direction for the second case representing all of the cases in the numerical study. The
variable values of u velocities cause differences in pressure and momentum forces based on Navier-Stokes Equations. At
the crests and troughs of waves, pressure fluctuations are greatest.

Figure 6 shows the dynamic pressure values in the NWT. Dynamic pressure values are directly related to velocities. For
Case 1 the wave height is 1 m, while for Case 2 it is 2 m. As a result, the dynamic pressure value reaches values close to 4
times of Case 1 in Case 2.

(b)

Figure 6. Dynamic pressures of time = 30 s (a) first case (b) second case

The comparison of Case 1 and Case 2 for observing the differences in results due to wave elevation also has implications
for other cases. Figure 7 shows turbulent kinetic energy values. For Case 2, these values are several times higher than Case
1. This result also indicates that the amount of energy to be produced is excessive. Because, in principle, electric energy is
the transformed state of the kinetic energy of the waves. Kinetic energy has higher values due to higher wave height. As
the water particle movement decreases towards the depth of the water, the highest kinetic energy values are approached in
the wave forming regions. Kinetic energy formation is also observed in the gas phase due to the liquid phase movement.
Since the contours contain the mass ratio of the kinetic energy, the colors above and below the droplet are the same, but
the kinetic energy of the liquid phase is considerably higher than that of the gas phase.
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(b)

Figure 7. The turbulent kinetic energy of time = 30 s (a) first case (b) second case

The absolute pressure value of Case 4 is shown in Figure 8. Determining the pressure output shows the correctness of the
simulated case where the area is colored equal to the open-air pressure.

Figure 8. Absolute pressure att =50 s in case 4

All results and figures are evidence of the movement in the NWT. The results can be used in calculations of the effect of
the waves on solids or energy converters.

4. Conclusion

In the study, NWT simulations are carried out and the determining characteristics are modeled with time-dependent waves.
The numerical study's findings are compared to the analytical findings. The NWT simulations were generated with the
methods used to give appropriate results for gravity waves. Since the water depth wavelength ratio affects the results, this
should be taken into account during the simulation work. The volume fraction, velocity profiles and pressure values can
be clearly observed in the 2D NWT. The processes during generating waves are explained briefly.
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NWT studies form the basis for further studies to determine the effect of the fluid on the solid surface in the future. Wave
energy conversion systems with stationary, floating or moving systems to be defined in the fluid, behavior analysis of
floating objects, the effect of fluid movement in the water can be examined. As a result, it is expected that this work will
generate new work and can be utilized as a source for studies on the subject.
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