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Abstract

This study investigates the impact of adding cocoa powder on the quality and antioxidant potential of milk. We
analyzed the chemical composition and antioxidant activity of two types of ultra-high temperature (UHT) milk
(chocolate and plain) and evaluated their stability under different storage conditions (30 °C for 120 days and 55
°C for 30 days). Our findings reveal that cocoa powder is rich in polyphenolic compounds, significantly enhancing
the antioxidant capacity of milk when added. During storage, the physicochemical properties, polyphenol content,
and fat levels of both milk types remained stable. However, the heat and duration of storage led to a decrease in
sugar, protein, and ash content. Additionally, the antioxidant potential remained stable in chocolate milk, while it
notably declined in plain milk under both storage conditions. The combination of UHT treatment and the presence
of antioxidant compounds improves the stability of chocolate milk, even at higher temperatures and extended
storage times.
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Abstract

Long terminal repeat-retrotransposons (LTR-RTs) constitute a major portion of many plant genomes, influencing
genome structure, function, and evolution. While many studies have examined these elements in individual species,
their dynamics at the family level remain unclear. Here, we investigate the abundance, evolutionary dynamics, and
impact of LTR-RTs on associated genes in 12 species of the economically important Poaceae family. Our results
reveal significant variation in full-length LTR-RT numbers and content across species, strongly correlating with
genome size. Most full-length LTR-RTs were amplified after speciation, highlighting the ongoing rapid evolution
of these genomes. Species-specific proliferations of LTR-RTs contributed to genome size variation. The ratio
between autonomous and non-autonomous elements was calculated to determine the activity rate in the plants. The
Ale and Angela lineages were most abundant in this family. The Ale and Angela lineages belong to the Copia
superfamily, only Ale lineages found in all plant species. The majority of intact LTR-RTs were integrated into the
genomes around 4 million years ago, with over 50% inserted within the last 0.5 million years. This pattern indicates
that recent LTR-RTs amplifications have played a crucial role in genome evolution. Additionally, differences in
LTR composition suggest roles in epigenetic regulation, environmental adaptation, and potential as molecular
markers. These findings provide novel insights into the organization, evolution, and function of LTR-RTs in
Poaceae genomes.
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Abstract

The expansion of marine aquaculture has raised significant environmental concerns, affecting wild fish (WF)
populations and facilitating pathogen transmission between farmed and WF. This study investigates the presence
and genetic identification of gill monogenean parasites (MP) in gilthead seabream (Sparus aurata) from various
sites in Tunisia. Unlike previous studies that focused solely on either morphological or molecular identification,
this research integrates both approaches for a more comprehensive assessment. Morphological analysis identified
two distinct species belonging to different subclasses: Lamellodiscus echeneis within Monopisthocotylea and
Sparicotyle chrysophrii within Polyopisthocotylea. Infection prevalence was assessed in both wild and farmed
seabream (FS) populations. Lamellodiscus echeneis was detected in 92.3% of wild seabream (WS) and 91.1% of
FS, while Sparicotyle chrysophrii showed a prevalence of 45% in WS and 45.61% in FS. Molecular
characterization (MC) was conducted using the nuclear ribosomal internal transcribed spacer (ITS) markers and a
partial mitochondrial cytochrome oxidase subunit I (COI) sequence for Lamellodiscus echeneis, along with large
subunit 28S ribosomal RNA gene fragments (28S) and COI sequences for Sparicotyle chrysophrii. Phylogenetic
analyses clustered Lamellodiscus echeneis samples from different locations into a single, well-supported clade.
Similarly, Sparicotyle chrysophrii sequences exhibited high genetic conservation, forming a distinct clade. These
findings confirm the widespread presence of these monogenean species in the studied regions. This study enhances
epidemiological knowledge of Lamellodiscus echeneis and Sparicotyle chrysophrii in Sparus aurata, providing
accurate MC based on nuclear and mitochondrial markers. The results contribute to future research on MP in
Tunisia and other economically significant aquaculture species.

Keywords: Sparus aurata, Infection prevalence, Molecular characterization, Lamellodiscus echeneis, Sparicotyle
chrysophrii
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Abstract

Graph theory is studied in numerous scientific fields, including mathematics, chemistry, biological systems
information theory and social networks. In particular, recent advancements in mathematical chemistry have
demonstrated that the structural analysis of molecular compounds can be effectively modelled through various
graph-theoretical parameters. Among these, topological indices are expressed as molecular descriptors covering
the structural properties of chemical compounds. These indices are widely used in quantitative structure-property
relationship (QSPR) and quantitative structure-activity relationship (QSAR) analyses, which are of fundamental
importance in chemical graph theory. Topological indexes are also mathematical tools used to calculate the
vulnerability of a graph. There are topological indices defined in different ways depending on the properties of a
graph. For example, degree-based topological indices, distance-based topological indices, or temperature-based
topological indices have been defined. Recently, a new class of metrics called inverse topological indices has been
defined, which has led to a significant increase in research efforts aimed at exploring their theoretical basis and

practical applications. Let G = (V(G), E(G)) be a graph. For a graph G on vertices V(G) =V = {vl,vz,..., vn}
and edges E(G)=E, let Mycielski graph u(G) be the graph on vertices and edges
Vorv'ulu) = {vl,vz,...,vn,vl’,v'z,...,v;,u} and Eu {vl.v’j \ ATE E} U {vl’.u | vl'. eV',i=1n}, respectively. In
this study, the values of the reverse sum-connectivity index RSCI(G), the reverse Sombor index RSO(G) and

the reverse Nirmala index RN (G) have been computed for the Mycielski graphs of star and complete graphs.

Keywords: Graph theory, Topological indices, Inverse topological indices, Mycielski graphs
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Abstract

In this study, we focus on the fractional double-chain model of DNA and analyze its behaviour using the modified
Sardar sub-equation method (mSSEM). The supposed method is an analytical method to establish connections
between the mathematical variables and the physical quantities associated with DNA. The double-chain model of
DNA plays an important role in the protection and transmission of genetic data. The model is constructed of two
long, elastic and homogeneous strands that indicate two polynucleotide chains of DNA molecules connected by
an elastic membrane representing the hydrogen bonds between the base pairs of two chains. We utilize the
truncated M-fractional derivative definition, allowing for a more detailed analysis of the double-chain model of
DNA’s behaviour. The hyperbolic, trigonometric and exponential function solutions are found by using the
MSSEM. In addition, we also give the physical representation of some presented solutions under the appropriate
parameter values with 3D, 2D plots, and classify optical solitons (bright, dark, singular, bright-dark, bright-
singular, periodic function, mixed trigonometric, combo, combo bright-singular). This study offers a valuable
analytical tool for researchers and scientists working in nonlinear dynamics such as molecular biology, biophysics,
and bioinformatics

Keywords: The double-chain model of DNA, The truncated M-fractional derivative, Modified Sardar sub-
equation method, Optical soliton
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Abstract

Cardiovascular diseases (CVD) encompass a wide range of problems mostly caused by atherosclerosis, which
develops when the artery walls are blocked with plaque. However, there are some indirect connections between
CVD and cancer such as inflammation. Inflammation also can trigger a fever response, which is characterized by
an elevated body temperature. The increasing prevalence of both CVD and cancer is a major concern. Clinical
treatment for CVD often involves injecting drugs into the body to target affected areas involves the dispersion of
solute process through the circulatory system. Hence, this study aims to investigate the unsteady solute dispersion
in steady blood flow through a stenosed artery in Casson fluid with the effect of temperature. The equations of
momentum and constitutive are solved to determine the velocity. The steady dispersion function is obtained by
applying the generalized dispersion model (GDM) to the equation of convective-diffusion, which is subsequently
solved analytically. Velocity, as well as functions of steady dispersion function are discussed graphically. The
results are validated against the previous paper without considering the effects of temperature and stenosis height.
The results suggest a strong agreement between the two papers. Additionally, an inclined in temperature and slip
velocity leads to an inclined in fluid velocity. When mean absorption increases, function of steady dispersion and
function of dispersion decrease. The reversed behavior is shown for plug core region. In conclusion, the study may
be applicable to improve cardiovascular treatment when the drug is injected into the bloodstream.

Keywords: Blood flow, Casson fluid, Generalized dispersion model, Solute dispersion, Temperature

1. INTRODUCTION

Blood flows throughout the body via the circulatory system, which comprises the heart, arteries, veins, and
capillaries, ensuring proper circulation. Various factors influence cardiovascular performance, including blood
volume, hormonal activity, and neurological control by the parasympathetic and sympathetic nervous systems.
Disruptions to the circulatory system, such as atherosclerosis, can lead to cardiovascular diseases (CVD), which
are influenced by modern lifestyles and diets, raising concerns about their prevalence. Inflammation serves as a
shared risk factor for both CVD and cancer [1]. Chronic inflammation plays a key role in their pathogenesis,
contributing to the development and progression of atherosclerosis in CVD and fostering cell proliferation,
angiogenesis, and metastasis in cancer [1]. Factors like lifestyle and diet can contribute to inflammation, which
can also trigger a fever response characterized by elevated body temperature.

Fever is a defense mechanism against infections and inflammation. It boosts the immune system, ramping up the
production and activity of immune cells to combat pathogens, including cancer cells. Understanding the way body
temperature changes affect blood flow is crucial. This knowledge could ensure safe transfer of radiant heat during
deep heat muscle treatment [2]. Prolonged exposure to extreme temperatures, like extreme heat or cold, may harm
cells and tissues. Though the direct link between temperature extremes and cancer is not clear, chronic tissue
damage or inflammation from such extremes could theoretically contribute to cancer development over time.
Therefore, it is important to study the way body temperature influences blood flow since deep heat muscle therapy
may transport radiant heat into the bloodstream [2].

The increasing prevalence of both CVD and cancer is a major concern. Clinical treatment for CVD often involves
injecting drugs into the body to target affected areas through the circulatory system. Understanding solute
dispersion is essential for effective treatment of diseases like CVD and cancer. Despite advances, effective cancer
treatments remain challenging. While promising drugs show potential, many patients still face mortality, often
after extensive therapy. Treatments vary from localized surgeries and radiation to systemic chemotherapy and
targeted therapy, all involving drug delivery via injection or encapsulation. Research into solute dispersion is
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crucial for optimizing cancer therapy and minimizing contamination. The benefits of improving the understanding
of solute dispersion are manifold. Enhanced precision in drug delivery can increase the efficacy of treatments
while minimizing side effects, thereby enhancing patient outcomes and quality of life. Better dispersion models
can also aid in developing more efficient drug formulations and delivery methods, potentially lowering the cost
and duration of treatments. Furthermore, optimizing drug delivery can minimize damage to healthy tissues,
reducing the risk of complications and the need for additional interventions. Overall, advancing solute dispersion
research is a critical step towards more effective, safer, and patient-friendly treatment modalities for both CVD
and cancer.

Moreover, the use of Casson fluid in the treatment of human blood is feasible. This model aptly mimics blood flow
in narrow arteries owing to its non-Newtonian properties and the presence of yield stress. Casson fluids necessitate
a minimum stress to initiate flow, referred to as yield stress, and demonstrate shear-thinning behavior, where
viscosity decreases with increasing shear rate. Over the years, researchers have extensively explored the dynamics
of Casson fluid flow. Jaafar et al. [3] investigated solute dispersion in blood circulation through circular pipes and
channels between parallel flat plates, considering the impact of chemical reactions and utilizing blood as a non-
Newtonian fluid model, specifically the Casson model. Bukhari et al. [4] studied heat transport in rectangular
channels with symmetrical local constrictions on the walls under the effect of applied magnetic fields and thermal
radiation, employing the Casson fluid model and employing a finite difference technique. Sitamahalakshmi et al.
[5] analyzed mass and heat movement in blood flow, considering the effect of time-dependent magnetism. They
utilized the Casson fluid model and solved it using the Runge-Kutta Fehlberg technique. Jamil et al. [6]
investigated the influences of heat radiation and body acceleration on magnetic blood flow through inclined
arteries, employing the Casson fluid model and solving the problem using Caputo-Fabrizio's fractional derivative.

The most concerning illness today is cancer, posing a significant threat to society. Researchers are collaborating
to develop therapies for cancer treatment, employing mathematical modeling and experimental approaches. By
converting absorbed energy into radiation, these therapies target malignant cells while preserving healthy tissues.
Tiwari et al. [7] examined the changes in blood viscosity resulting from temperature-based therapeutic
interventions. It was thought that the blood had two types of fluids: a Newtonian fluid with a consistent thickness
that ringed and filled the central area, and an Herschel-Bulkley (H-B) fluid with a viscosity that changed with
temperature, which filled the center of the blood vessel. Gandhi et al. [8] examined the circulation of blood by
maximizing heat transfer using the Casson fluid model, which takes into account the temperature-dependent
viscosity, in a narrowed artery. The problem was addressed using the Crank-Nicolson method. The study
conducted by Reddy et al. [9] analyzed the temperature variations in drug dispersion within blood flow, taking
into account the hemodynamics of a nano fluid passing through a narrowed artery.

The generalized dispersion model (GDM) is utilized to describe the dispersion mechanism in microvascular blood
flow. Taylor [10] and Aris [11] were pioneers in proposing the phenomenon of solvent dispersion. Taylor [10]
described solute dispersion in a straight tube with consistent laminar flow, considering the combined effects of
cross-sectional velocity variations and molecular diffusion. Concurrently, the moment approach was employed to
quantify effective dispersion coefficients under pulsatile flow conditions. Gill and Sankarasubramanian [12] later
proposed a GDM for studying dispersion of solute, and further investigated the distribution of solute affected by a
wall reaction using exchange, convection, and scattering factors [13]. Jaafar et al. [14] examined the unstable
dispersion of solutes in a restricted artery with a cosine-curved stenosis, using H-B fluid, focusing on the effects
of chemical reactions and stenosis height. The dispersion function was determined by solving the equation of
convective-diffusion through integration using GDM. Abidin et al. [15] explored the influences of reactive
chemical species in a stenosed artery using Taylor-Aris’s theory. Munir et al. [16] analyzed the impact of stenosis
height and radius of catheter on blood flow velocity and dispersion of solute function using GDM.

The literature review highlights a lack of attention to solute dispersion in blood flow through an artery, particularly
regarding temperature's influence using the Casson fluid model. Given the physiological importance for drug
transportation in the human vascular system, this gap is notable. Thus, this study aims to develop a mathematical
model for solute dispersion in arterial blood flow, considering temperature effects. The Casson fluid model is
employed, and the GDM is utilized to address the problem. Visual representations of findings and comments are
provided in the subsequent sections.

2. METHODOLOGY

2.1. Mathematical Formulation
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Contemplate the passage of blood, represented as a viscous incompressible fluid, through an artery. It is presumed
that the flow remains laminar, continuous, axisymmetric, and fully developed, exhibiting unidirectional movement
along the longitudinal direction. The properties of blood are modelled in accordance with the Casson fluid model.

The blood flow is quantified via the polar cylindrical coordinate system (F,zﬁ,?) , with the radial and longitudinal
coordinates represented by T and Z respectively, and the azimuthal angle marked by ¢ . Figure 1 depicts the
geometry of a stenosed artery for the Casson fluid model. In this model, the variables are defined as follows: L
represents the length of the conduit, R represents the radius of the artery, T, represents the radius of the plug

region in a stenosed artery, & represents the height of the stenosis and T represents the velocity of the fluid flow.

7 Casson fluid
A I

.
> -_—

/
/
A
/s
Outer flow region _
L Plug flow R;"‘IE' H H__t“b { m z
>l \J
—>

Outer flow region

Figure 1. The geometry of a stenosed artery for the Casson fluid model

2.2. Governing Equation

The momentum equation with temperature for steady flow by Tiwari et al. [7] is defined as:
+—=0, Q)

where the variables of 'EO T, 7, @, p, p and 7 are the equilibrium temperature, the temperature, the

absorption ratio, the acceleration of gravity, the fluid density, the fluid pressure and the shear stress. The boundary
condition for equation of momentum in Eq. (1) is given as

7 =finiteatT =0. (2)

According to Tiwari et al. [7], the following is the energy equation that affect the flow

_ (0T 10T ) =
Kl —+="—1[+Q=0, 3
[arz rarj Q @)

where K is the thermal conductivity and Q is the constant heat absorption. According to Tiwari et al. [7], the
boundary condition of temperature in Eg. (3) is given as follows:

0atT =R(2) (4)

and

T =T, atT =R(2). ®)

According to Tiwari et al. [7], the constitutive of Casson fluid is given as
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(6)

where

AT )=ﬁea[TW_T"], )

where a(<< 1) , Ty, U, T, u arethe viscosity parameter index, temperature of vessel wall, the velocity gradient,
yield stress, and viscosity. Verma et al. [17] provide the slip boundary condition for the constitutive equation as
follows:

u=0, att =R(Z), (8)
where

R(z)=R, (1—§exp(—gn, )

0

where ﬁ(f) is the radius of the stenosed segment, & is the height of stenosis at the middle point and k is the

parametric constant and radius, £ =R, / [0 . Consider the geometry of stenosis in Eq. (9) as below

RF(f) =1-ae™, (10)

0

where a=5 /R, and b=k?g2/R? . Dimensionless for Eq. (10) as follows:
R(z)=1-a¢ ™, (1)
where a, =& and b, =bR?. The mean velocity is expressed as follows:
3 2 ’p____ F?(T)____
um:ﬁz—(z—) _([u(rp)rdr+ J a(r)rdr |. (12)
The general equation of unsteady convective-diffusion in cylindrical coordinate systems as follows:
_ _ _ -
R T ) 13
ot oz ror\ or) oz

where C is the solute concentration as a function of ¥ (radial coordinate for circular pipe), T is the time, T, is
the velocity in Z directionand D, is the molecular diffusivity. Simplify Eq. (13), it yields

~ ~ 2
x gL =5m{€2+ 0 Jc‘. (14)

where
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p 10 (r 0 j (15)

ror\ or
As stated by Gill and Sankarasubramanian [13], the initial condition for the convective diffusion coefficient is
provided by

(16)

where C, is the concentration referenced and Z is the solute's length. The boundary condition following Gill and
Sankarasubramanian [13] is

C(F.o0,T) =0, (17)

for symmetry at the central of an artery ¥ =0, the boundary condition is

—(0,7,t)=0 (18)

—~(R(z),z,t)=0. 19
© (R(2).7.7) )
2.3. Non-dimensional variables

r R, P z o _ ©R 0 R(z
r:L, T 0 = Pﬂuoiz_i, uzi, 7, = o u, =—=, R(z) = ( )’

Ry HUg Ry Ry Uo HUg Uo R

QR? Bz, , Dt , T-T. Ry (T, -T.

rp:r—O,}/:_?O_ ,Zs:—?svt: _mztig_-[ ic'Gr gpyO( )‘ (20)

R, K(T,-T.) a‘u, a T -T, Uy 2

C . D77
C=£,z = _22 :

C, a‘u,

where u, is the fluid characteristic velocity. t, z,, C, G, 6, y, r,, R(2), u,, 7,, u, zZ, z, R, p, 7,

and r are time, solute lenth, solute concentration, Grashof number, temperature in outer flow region, mean
absorption coefficients, the artery's radius in the plug flow region, stenosed radius, slip velocity, yield stress,
velocity, radial direction for the convective diffusion equation, radial direction, the artery's radius in the outer
region, pressure gradient, shear stress and radial coordinate.

2.4. Method of Solution

By using non-dimensional variables of Eq. (20) into Eq. (1), the momentum equation with temperature with respect
to r is given as follows:

1d dp
- GOo-——=0. 21
rdr(”)+ Todz (21)

Dimensionless of energy equation in Eq. (3) is given as follows:

d?6 1d6
—+——+y=0 22
dr? rdr 4 22)
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and dimensionless for equation of constitutive of Casson fluid in Eq. (6) is shown as follows:

du
—a=f+fy—2\/‘[_\/g. (23)
Substituting Eg. (20) into boundary conditions in Egs. (4) and (5), it shown as follows

de
—~ —0Qatr=R 24
o ~atr=R(z) (24)

and
f=1latr=R(z). (25)

Ordinary differential equation (ODE) in Eq. (22) is solved using linear differential equation. Apply Egs. (24) and
(25) into Eq. (22), it is given as follows:

z (26)

%(rf):r[—Gr {%+1—7/—R3}+@}. (27)

Integrating Eq. (27) with respect to r, it yields

3 2
_ Gy 16, 1GRE rdp )
16 2 8 2 dz

where A is constant. By substituting Eq. (20) into Eq. (2), the dimensionless boundary condition of the equation
of momentum is expressed as

r=finiteatr =0. (29)
Substituting Eq. (29) into Eq. (28), it forms

3 2
Gyr’ rG, . rG,yR; LT dp

=——1T— ——. 30
16 2 8 2dz (30)
The shear stress is expressed as follows:
3 2
_rdp G’ 16 rGyR; 31
2dz 16 2 8
Substituting r=r, and 7 =7, into Eq. (31). The yield stress is expressed as follows:
r Gyrl rG, rGyR’
Ty:_pd_p_ ryp_pr+pry z. (32)
2dz 16 2 8

Substituting Eqg. (31) and Eq. (32) into Eq. (23), it forms
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_d_u:{r dp_Gyr’ 16, rGJW}F@_ Gty %G, prJRf}

dr |2dz 16 2 8 2dz 16 2 8

(33)

2\/r dp Gyr’ rG, . rG,yR? \/r_p@_Gr;/r; G . r.G,yR; |

2dz 16 2 8 2dz 16 2 8

Simplify Eq. (33), it becomes
3 2 r
_d_u: L d_p_Gr_{_% +r_ _% + P %_Gr+ﬂ +
dr 2\ dz 4 2 8 2\ dz 4
3 2 r r3 2
-2 L %_Gr_FG"y +r_ _% _P %_Gr_}_% +_p _m i
2\ dz 4 2 8 2\ dz 4 2 8

Applying binomial equation in Eq. (35) and integrate Eq. (35) with respectto r, it forms

3
u(r)_Arz Bré A, Brrp3 2r\/_«/ A+Br Br\/_/ A+Br

——+—+ L+
4

BZFS\/ 4, A+BI’ ArR rp3Z ARZ BR?

44N 8

2,/ (A+Br R\/ﬁ BQ/r A+Br})

B2, (A+ Br? JR? /AR,
- 5 +u,.
44A

(34)

(35)

where A=dp/dz—G, +G,y/4 and B =-G,yR’/8.Byevaluating r = r, into Eq. (35), the dimensionless velocity
of the fluid in the plug flow region is given by

4 8 2
Ber\/A_r44/A2 A+ Br Ar R, r; , A‘Tz B§4 2 /rp(A+ B?:‘;)RZJARZ (36)
B,/ (A+Br R%/AR BZQ/ A+Br Q/AR

7A 44A2 Ue-

The dimensionless mean velocity in Eq. (12) is expressed as

TRj-Z urdrd@ 37)
0 0

The solution of Eq. (37) has been obtained using the integral method (method of integration) as follows:
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um 52 2
R; 120A 48 4 8

2 BQ/r A+Br} )R BZQ/ A+Br )R/ AR, AR?(4r, +3R) |:3Arp2 5Br,
—+
2

2 3
_grpmm_s,/rp(msﬁ)& ARZ+B o JAr, \Jr, (A+Br?) AR,

44 A2

3 B A+B RS./AR
_BhR AR, BR +E rp(A+ Brpz)RZ AR, + rp( ! rp) : i
2 4 8 3 TA

B2 A+Br?)R°,/AR
_ rp( :4/:2) ; Ty +%(24 /rp(A+Brp2)RZ ARZ—YB(erRZ+Rf)+84US) (38)
2

ry
W(SSSAS (127 ~12r,R, ~6R?) ~120AB[r, (A~ Br? ) (413 JAr, ~11R}/AR, )
+14B2 r, (A+Br?) (4r° [Ar, ~15R® ARZ)—55A2[64rp\/ATp,/rp(A+ Br?)
+21B(-3r) +4r;R, + Rf)—56(24/rp(A+ Br? )R, /AR, +3u, )m

By applying Eq. (20) into Eq. (13), it is obtain the following simplification as follows:

oc acz(ﬂz 1 52] 39)

ot or Pe? 0z7*
where

Roly
D

Pe =

(40)
where Pe denoted as peclet number for the flow in an artery is provided by Dash et al. [18]. The solution to Eqg.
(39) is presumed to be an expansion series derivatives involving 8iCm/6zi, as proposed by Gill and
Sankarasubramanian [13], and is expressed as follows:

6C (z,.1)

C(rzt)=C, (2, 1)+ 3 £ (r,t) o At (41)
( ,21: 0z,

where C_ stands for the concentration of mean of the solute across the geometry's cross-sectional area, and
f, (r,t) signifies the function of dispersion associated with 6‘Cm /azli . Applying Egs. (16)-(19) into Eq. (20) yields
the initial and boundary conditions for the equation of convective-diffusion in non-dimensional form as:

1if 2] < %,
C(r,2,0)= 2 (42)

0if | >,

2
C(r,0,t)=0, (43)

ac

0,2,t)=0, 44
ar( 2t)= (44)

and
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g(R(z),z,t):O. (45)

or

The GDM involves a series expansion based on derivatives approach proposed by Gill and Sankarasubramanian
[13], expressed as:

oC 2 o'c
T(z,t)= ) K (t)—"(z,1) 46
where K, (t) is the transport coefficient given by
5 of R(z)
K (t)=22+2 Lt)-2 | f, 1t dr, 1=1,2,3,.... 47
(=525 002 [ L (rou(nen @)
The effective longitudinal diffusivity, &; is expressed as
5 = oifi=j, (48)
T Lifi = .

By substituting the initial condition from Eq. (42) into Eq. (46), it results in f,(r,0)=1. Multiplying Eq. (46) by
r and integrating it from 0 to R(z) with respect to r, it leads to

R(z)

w(z,t)=2 | C(r,z,,t)rdr. (49)
0

The function of dispersion, f,(r,t) is crucial for determining the mean concentration, C, (z,t). The dispersion
function is given by

fl(rit) = fls (r) + f1t(rit)- (50)

Here, f (r) represents the steady state of the dispersion function, while f,(r,t) characterizes the unsteady state

of the dispersion function, describing the time-dependent nature of solute dispersion. The function of dispersion
within the region of plug flow is defined as:

10 oy, |
rar( gr_j_(u(fp)—um)=0|fogr§rp o

and the function of dispersion in the outer region is provided as

10( of P
Fg[rﬁj—(u(r)—um)_o ifr, <r<R(z). (52)

Eqg. (51) and Eq. (52) are solved using the boundary conditions of f,; and f, which are given as follows:

df,
ot 0)=0 (53)
and
dflS B
i [R(z)]_ (54)
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The function of steady dispersion in the region of plug flow, f,; and outer flow region, f,

f
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3. RESULTS

This study examined the impact of temperature in Casson blood flow on the dispersion of solutes in blood as it
flows through a stenosed artery, using GDM for analysis. By including temperature measurements into the
research, a more comprehensive comprehension of the advancements in treatment for medical conditions may be
achieved. The velocity, u, function of steady dispersion, f,, function of unsteady dispersion, f,, and function of
dispersion, f, which is the combination of steady and unsteady dispersion functions have been analyzed. A visual
comparison between present result with Dash et al. [18] has been shown. The fluid's impact on the solute dispersion
mechanism has been further examined in the plug core region, r, and slip velocity, u

3.1. Velocity in Blood Flow

This section presents graphical computations of the impact of temperature, 6 and slip velocity, u,. Upon solving

the equation of momentum and determining the yield stress, the velocity data is acquired and interpreted by
manipulating various components within the flow analytical expression.

Figure 2 depicts the validation between the velocity of the Casson fluid and its temperature, and this outcome has
been verified by Dash et al. [18]. The outcome of the Casson fluid, disregarding the influence of temperature,
demonstrates a favorable outcome in terms of the velocity of the Casson fluid as shown in the previous research.
The velocity observed in this investigation is consistent with the velocity reported in Dash et al. [18] in relation to
temperature. In this research, when the mean absorption coefficient and height of stenosis have not been

determined (=0, a=0), the Grashof number, G, and radius of stenosis, R(z) are denoted as G, =1 and

R(z)=1, respectively.

1.0 e
- —~
05 e
b ‘\
w LY
g 0.0 } Temperature
= F
e #
-0.5 -
| ===-- Dash et al. [18]
—1.0 bz
0.0 0.2 0.4 0.6 0.3 1.0
Velocity, u

Figure 2. Validation of existing velocity with Dash et al. [18]
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Figure 3 depicts the fluctuations in velocity, u differencing in blood flow with different mean absorption, » for
dp/dz=-4, a=0.02, G, =1, z=05 b=0, u =0, and r,=0.01 for different mean absorption levels,
y=0, 0.2, 0.4, 0.6, and 0.8. The mean absorption affects blood flow velocity, where a higher mean absorption

reduces temperature and increases velocity. An elevation in mean absorption within arterial blood flow indicates
increased energy absorption by the blood. This rise can stem from heightened metabolic activity or absorption
from surrounding tissues. With greater energy absorption, less remains for maintaining blood temperature, causing
it to decrease.

1.0
F=00

05
:;_ —_— =02

= 00
= — y=04

-0.5
— =06

-1.0
0.0 02 0.4 0.6 0.8 10 y=08

Velocity, u

Figure 3. Fluctuation of velocity, u across different mean absorption, y values in blood flow with dp/dz =—4,
a=002, G =1 z=05 b=0, u;=0, and r, =0.01

Figure 4 depicts the variations of velocity, u for different values of slip velocity, u in the blood flow with
z=05 b=0, a=002, G =1 dp/dz=-4, y=1 and r,=0.01 with varying slip velocity,
u, =0, 0.1, 0.2, 0.3, and 0.4. Slip velocity impacts blood flow velocity, with higher slip velocity correlating to

increased blood flow speed. The Casson model highlights the significance of slip velocity in simulating blood flow
in stenotic arteries. Additionally, slip velocity application may potentially mitigate vessel wall damage. Elevated
blood viscosity is a recognized cardiovascular disorder risk factor, and the current model proposes slip velocity
application to diminish viscosity, especially in narrow passages [17]. Furthermore, Verma et al. [17] observed that
velocity rises alongside slip velocity augmentation in both stenotic and uniform arteries.

1.0
US = D.D
0.5
L —_— e =01
- =
% 0.0
s — =02
-0.5
— U =03

i
00 02 04 06 08 1.0 12 14 (0 y-04
Velocity, u
Figure 4. Variation of velocity, u for varied values of slip velocity, u, in the blood flow with z=0.5, b=0,
a=002, G =1 dp/dz=-4, y=1, and r, =0.01
3.2. Steady Dispersion Function
The validation between the steady dispersion function of the Casson fluid and its temperature, and this result has
been verified by Dash et al. [18] in Figure 5. The outcome of the Casson fluid, disregarding the influence of

temperature, demonstrates a favorable outcome in terms of the function of steady dispersion of the Casson fluid
as shown in the previous research. The steady dispersion function observed in this investigation is consistent with
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the steady dispersion function reported in Dash et al. [18] in relation to temperature. In this research, when the
mean absorption coefficient and height of stenosis have not been determined (7 =0, a= O) , the Grashof number,

G, and radius of stenosis, R(z) are denoted as G, =1 and R(z)=1, respectively.

1.0 -
05 o -
w -""
= 00 { Present study
& S
-05 S —
e~ | ----- Dash et al. [18]
)

-1.0
-0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02
Dispersion Function, ffs

Figure 5. Validation of present steady dispersion with Dash et al. [18]

Figure 6 depicts the fluctuations of steady dispersion function, f, for different values of mean absorption, » in
blood flow with z=0.5, b=0, dp/dz=-4, G, =1, a=0.02, and r, = 0.01 with different mean absorption of

y=0, 0.2, 0.4, 0.6, and 0.8. In this case, the mean absorption affects the body temperature and hinders the

dispersion function, resulting in a reduction in the dispersion function. As the temperature lowers towards the
center of the artery, there is a simultaneous rise in the steady dispersion at the outside area near the wall.

1.0
_.-'/ p =00
0.5
- — =02
2 00
= — y=04
-05
‘\ —— =06
-1.0

-0.03 -0.02 =001 000 001 002 y=08
Dispersion Function, £

Figure 6. Fluctuation of steady dispersion function, f,, across different mean absorption, y values in blood flow
with z=05, b=0, dp/dz=—-4, G, =1, a=0.02, and r, =0.01

Figure 7 depicts the fluctuations of function of steady dispersion, f,; for different values of plug core region, T,
in the blood flow with z=0.5, b=0, dp/dz=-4, G, =1 a=0.02, and y =1 with different values of plug core
region of r, =0.01, 0.02, 0.03, 0.04, and 0.05. The data suggests that as the plug core area expands, the steady

dispersion function inclined in the middle of the artery, while the opposite effect is observed at the inner wall. Due
to its exhibit of yield stress, the Casson fluid classified as a non-Newtonian fluid is particularly suitable for
applications involving narrow artery passages, owing to its unique properties. Stenosis or atherosclerosis,
stemming from the excessive buildup of cholesterol and fat along with abnormal tissue growth, may lead to uneven
and improper expansion of artery walls.
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Figure 7. Fluctuations of steady dispersion function, f,; for different values of plug core region, r, in the blood
flow with z=0.5, b=0, dp/dz=-4, G, =1, a=0.02, and y =1

4. CONCLUSION

This work employs an innovative approach to examine the impact of temperature on the spread of solutes inside a
stenosed artery in the Casson blood flow. This approach is based on the physiological accuracy of the circulatory
system and seeks to enhance our understanding of the process of mixing and the distribution of drugs to tissues
via arterial blood vessels. An extensive analysis has been conducted on the impact of temperature on velocity, as
well as the steady dispersion function. It has been shown that these traits have a major impact on this amount. The
steady dispersion function has been determined by the use of GDM, resulting in an analytical solution. The current
research focuses on the following crucial determinations:

i. Velocity increase as increasing mean absorption affects the body temperature. Under the prevalence of mean
absorption, the duration for the diffusion process to finalize is notably reduced.

ii. Steady dispersion function decrease as increasing mean absorption affects the body temperature.

iii. Velocity increases with increasing slip velocity. The dominance of slip velocity inclined the peak of blood
velocity.

iv. Steady dispersion function increase as increasing plug core region. The issue takes into account the plug core
area, where the solute dispersion exhibits varying behavior based on the value of this region.

Therefore, in future research, this study may be extended to include two separate models. It is important to
recognize that the velocity and flow rate in the two-fluid blood flow model display greater magnitudes in
comparison to those of the single-fluid blood flow model.

Acknowledgments

This research was supported by Universiti Teknologi Malaysia, UTMFR, PY/2024/01517/Q.J130000.3854.
23H98.

References

[1] M. Sun, S. Zhu, Y. Wang, Y. Zhao, K. Yan, X. Li, et al., “Effect of inflammation on association between
cancer and coronary artery disease,” BMC Cardiovascular Disorders, vol. 24, art. no. 72, Jan. 2024. doi:
10.1186/s12872-023-03613-0.

[2] R. Ponalagusamy and R. Tamil Selvi, “Influence of magnetic field and heat transfer on two-phase fluid
model for oscillatory blood flow in an arterial stenosis,” Meccanica, vol. 50, no. 4, pp. 927-943, Aug. 2014,
doi: 10.1007/s11012-014-9990-1

[3] A.Jaafar, N. Mohd, N. Z. Ismail, and A. Qushairi, “Mathematical Analysis of Unsteady Solute Dispersion
with Chemical Reaction Through a Stenosed Artery,” Journal of Advanced Research in Fluid Mechanics
and Thermal Sciences, vol. 86, no. 2, pp. 56—73, Aug. 2021. doi: 10.37934/arfmts.86.2.5673

[4]  Z. Bukhari, A. Ali, Z. Abbas, and H. Farooq, “The pulsatile flow of thermally developed non-Newtonian
Casson fluid in a channel with constricted walls,” AIP Advances, vol. 11, no. 2, art. no. 025324, Feb. 2021.
doi: 10.1063/5.0036738

[5] V. Sitamahalakshmi, R. Reddy, and Bidemi Olumide Falodun, “Heat and Mass Transfer Effects on MHD

747



[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Casson Fluid Flow of Blood in Stretching Permeable Vessel,” Journal of Applied Nonlinear Dynamics, vol.
12, no. 1, pp. 87-97, Jan. 2023. doi: 10.5890/jand.2023.03.006

D. F. Jamil, S. Uddin, M. Kazi, R. Roslan, M. R. Gorji, and M. K. M. Akhir, “MHD blood flow effects of
Casson fluid with Caputo-Fabrizio fractional derivatives through an inclined blood vessels with thermal
radiation,” Heliyon, vol. 9, no. 12, Nov. 2023. doi: 10.1016/j.heliyon.2023.e21780

A. Tiwari, P. D. Shah, and S. S. Chauhan, “Unsteady solute dispersion in two-fluid flowing through narrow
tubes: A temperature-dependent viscosity approach,” International Journal of Thermal Sciences, vol. 161,
art. no. 106651, Mar. 2021. doi: 10.1016/j.ijthermalsci.2020.106651

R. Gandhi, B. K. Sharma, Nidhish Kumar Mishra, and Q. M. Al-Mdallal, “Computer Simulations of EMHD
Casson Nanofluid Flow of Blood through an Irregular Stenotic Permeable Artery: Application of Koo-
Kleinstreuer-Li Correlations,” Nanomaterials, vol. 13, no. 4, pp. 652-652, Feb. 2023. doi: 10.3390/hano13
040652.

J. V. R. Reddy, H. Ha, and S. Sundar, “Mathematical investigation of drug dispersion in the blood flow
through Stenotic-Aneurysm tapered blood vessel,” International Journal of Modelling and Simulation, pp.
1-28, Jul. 2023. doi: 10.1080/02286203.2023.2238958.

G. Taylor, “Dispersion of soluble matter in solvent flowing slowly through a tube,” Proceedings of the
Royal Society of London. Series A. Mathematical and Physical Sciences, vol. 219, no. 1137, pp. 186-203,
Aug. 1953. doi: 10.1098/rspa.1953.0139

R. Aris, “On the dispersion of a solute in a fluid flowing through a tube,” Proceedings of the Royal Society
of London. Series A. Mathematical and Physical Sciences, vol. 235, no. 1200, pp. 67—77, Apr. 1956. doi:
10.1098/rspa.1956.0065

W. N. Gill and R. Sankarasubramanian, “Exact analysis of unsteady convective diffusion,” Proceedings of
the Royal Society of London A Mathematical and Physical Sciences, vol. 316, no. 1526, pp. 341-350, May
1970. doi: 10.1098/rspa.1970.0083

R. Sankarasubramanian and W. N. Gill, “Unsteady convective diffusion with interphase mass transfer,”
Proceedings of the Royal Society of London A Mathematical and Physical Sciences, vol. 333, no. 1592, pp.
115-132, Apr. 1973. doi: 10.1098/rspa.1973.0051

N. A. Jaafar, Y. M. Yatim, and D. S. Sankar, “Effect of chemical reaction in solute dispersion in Herschel-
Bulkley fluid flow with applications to blood flow,” Advances and Applications in Fluid Mechanics, vol.
20, no. 2, pp. 279-310, May 2017. doi: https://doi.org/10.17654/fm020020279

A. Mohd, N. A. Jaafar, and Z. Ismail, “Herschel-Bulkley model of blood flow through a stenosed artery
with the effect of chemical reaction on solute dispersion,” Malaysian Journal of Fundamental and Applied
Sciences, vol. 17, no. 4, pp. 457-474, Aug. 2021. doi: 10.11113/mjfas.v17n4.2144

I. D. Munir, N. A. Jaafar, and S. Shafie, “Analysis of unsteady solute dispersion in a blood flow of Herschel-
Bulkley through a catheterized stenosed artery,” Malaysian Journal of Fundamental and Applied Sciences,
vol. 18, no. 4, pp. 430-447, Oct. 2022. doi: 10.11113/mjfas.v18n4.2443

N. K. Verma, S. Mishra, S. U. Siddiqui, and R. S. Gupta, “Effect of slip velocity on blood flow through a
catheterized artery,” Applied Mathematics, vol. 02, no. 06, pp. 764—770, Jan. 2011, doi: 10.4236/am.2011.2
6102

R. K. Dash, G. Jayaraman, and K. N. Mehta, “Shear augmented dispersion of a solute in a Casson fluid
flowing in a conduit,” Annals of biomedical engineering, vol. 28, no. 4, pp. 373-385, Apr. 2000. doi:
10.1114/1.287

P. Nagarani, G. Sarojamma, and G. Jayaraman, “Effect of boundary absorption in dispersion in Casson
fluid flow in a tube,” Annals of Biomedical Engineering, vol. 32, no. 5, pp. 706-719, May 2004. doi:
10.1023/b:abme.0000030236.75826.8a

748



2nd International Conference on Engineering, Natural
/ Sciences, and Technological Developments (ICENSTED 2025)

June 20-23, 2025

Prediction of Fine Particulate Matter (PM:s) in the Urban Area of
Terengganu City, Malaysia Using Artificial Neural Network (ANN)

Samsuri Abdullah!, Amalina Abu Mansor!, Aimi Nursyahirah Ahmad!

! Atmospheric Research and Technology Group (ARTG), Faculty of Ocean Engineering Technology, University
Malaysia Terengganu, Terengganu, Malaysia
Corresponding author: Samsuri Abdullah (e-mail: samsuri@umt.edu.my)

Abstract

Fine particulate matter (PM>s) has been identified as the dominant pollutant in the air pollutant index (API) for
Terengganu, Malaysia. This type of pollution poses significant health risks, as it can accumulate to harmful levels.
In air pollution studies, predicting PM» 5 concentration is crucial, as atmospheric pollution is not solely a matter of
controlling emission sources but also depends on gaseous pollutants and meteorological factors. This research
aims to determine the optimal artificial neural network (ANN) model for accurately predicting PMs 5 levels. Hourly
data were collected throughout 2022, including PM, 5 levels, meteorological variables (wind speed, temperature,
and relative humidity), and air pollutants such as coarse particulate matter (PMo), nitrogen dioxide (NO,), sulfur
dioxide (S0O,), carbon monoxide (CO), and ozone (O3). Using an 80:20 data division and a trial-and-error method,
the best ANN model was identified with an 8:15:1 architecture. The ANN prediction model for PM» s demonstrated
RMSE (pg/m®) values of 0.016 and 0.019, with R? values of 0.964 and 0.956 during training and validation,
respectively. These results indicate that the nonlinear model effectively captures the complex behavior of PM, 5 in
the atmosphere without requiring prior assumptions.

Keywords: Particulate matter, Artificial intelligence, Machine learning, Meteorology, Malaysia
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Abstract

In this study, the logistic regression (LR) machine learning (ML) algorithm was employed for the early prediction
of cardiovascular diseases (CVD), leveraging its simplicity, interpretability, and effectiveness in binary
classification tasks. Given the class imbalance commonly observed in medical datasets—where the number of
patients without CVD often significantly exceeds those diagnosed with the condition—the synthetic minority over-
sampling technique (SMOTE) was applied as a data preprocessing step. SMOTE enhances the minority class
representation by generating synthetic examples, thereby improving the model's ability to learn from
underrepresented cases and reducing bias toward the majority class. After applying SMOTE and training the LR
model, the classification results showed promising performance. The model achieved an overall accuracy of
82.21%, indicating a strong capability to correctly classify both CVD and non-CVD cases. Additionally, evaluation
metrics specific to the minority class revealed even more compelling results: the precision reached 83.73%,
signifying that the model's positive predictions were highly reliable; the recall was 84.24%, reflecting a strong
sensitivity in detecting actual CVD cases; and the area under the receiver operating characteristic curve (AUC-
ROC) was 81.97%, suggesting a robust discriminative power between the two classes. These findings confirm the
effectiveness of combining SMOTE with LR for improving predictive performance in imbalanced clinical datasets,
particularly for early CVD detection tasks. The obtained results have been given with the graphics.

Keywords: Logistic regression, Machine learning, Synthetic minority over-sampling technique, Cardiovascular
diseases, Combined dataset

1. INTRODUCTION

Cardiovascular diseases (CVDs) remain the foremost cause of death globally, responsible for an estimated 17.9
million fatalities each year—constituting nearly one-third of all deaths worldwide [1]. This group of disorders
includes conditions affecting the heart and vascular system, such as coronary artery disease, CVD, and rheumatic
heart disease. The incidence and burden of CVDs are anticipated to rise steadily, fueled by demographic shifts,
increasingly sedentary lifestyles, and the widespread prevalence of major risk factors including hypertension,
diabetes, and obesity [2]. Proactively identifying individuals at elevated risk is essential for timely intervention
and the effective implementation of prevention strategies aimed at reducing the overall disease burden.

The digital transformation in healthcare, particularly the proliferation of electronic health records (EHRs) and
other large-scale medical databases, has provided a fertile ground for the application of machine learning (ML)
algorithms in clinical settings. These methods offer valuable capabilities in handling complex, multidimensional
health data, making it possible to automate disease risk assessment, uncover latent patterns, and support diagnostic
decisions [3, 4]. Among the arsenal of ML techniques, logistic regression (LR) stands out due to its interpretability,
computational efficiency, and widespread acceptance in clinical research. It is especially suited for binary
classification problems, such as predicting the likelihood of disease occurrence, and generates easily interpretable
probability-based predictions [5].

Nevertheless, a persistent challenge in the development of ML models for medical diagnosis is the issue of class
imbalance. In most clinical datasets, healthy cases vastly outnumber disease-positive instances. This imbalance
can skew the model's learning process, resulting in poor sensitivity and underrepresentation of critical minority
class patterns—in this case, patients with CVD [6]. Consequently, predictive performance suffers, particularly
when it comes to correctly identifying true cases of disease.

The synthetic minority over-sampling technique (SMOTE) is an effective data-level approach that artificially

generates new minority class samples by interpolating between existing observations and their nearest neighbors
in feature space [7]. This technique enhances dataset balance without duplicating records, which helps ML models
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better generalize and recognize important minority class features. Its effectiveness has been validated in a variety
of medical classification tasks, where it significantly improves the detection of rare but clinically relevant
conditions [8].

This research explores the application of SMOTE in combination with LR to improve early prediction of CVDs.
By oversampling the minority class prior to training, we aim to enhance the model's capacity to accurately classify
at-risk patients. The model is evaluated using multiple performance indicators including accuracy, precision,
recall, and the area under the receiver operating characteristic curve (AUC-ROC). Results are also visualized
graphically to support interpretation. Our findings suggest that integrating SMOTE with conventional ML
techniques can offer a robust solution to the imbalance problem in medical datasets, ultimately contributing to
more accurate and reliable clinical decision-making tools.

2. MATERIAL AND METHOD

The dataset sourced from “Heart-Disease-Prediction/dataset.csv” served as the foundation for model development.
Initially, the data was partitioned into training and testing subsets to facilitate supervised learning. Both subsets
underwent preprocessing to ensure consistency and suitability for ML input. LR was employed as the primary
classification algorithm to predict the presence of CVD based on the training data. The model's effectiveness was
then evaluated by measuring its classification accuracy on the previously unseen test data.

2.1. Data Pre-processing

Preprocessing is a critical step in the successful application of ML algorithms, as it transforms raw, unstructured
data into a clean and organized format suitable for analysis. This stage addresses common issues found in real-
world datasets, such as missing entries, class imbalances, varying feature scales, and the presence of non-
informative or redundant variables. By systematically resolving these problems, data preprocessing improves the
overall quality and consistency of the input data. As a result, it enhances the accuracy, efficiency, and
generalization capability of the ML models trained on it.

2.1.1. SMOTE

SMOTE is a popular resampling method designed to address the issue of imbalanced datasets, where one class—
often the one of greater interest—is significantly underrepresented. Instead of simply replicating existing minority
class instances, SMOTE creates new, synthetic samples by interpolating between a given minority instance and its
nearest neighbors. This process results in more diverse and informative training data, helping to reduce bias toward
the majority class and improve the model’s ability to detect minority cases. In ML tasks such as disease prediction,
where missing rare positive cases can have serious consequences, SMOTE plays a crucial role in enhancing model
sensitivity and overall predictive performance. By producing a more balanced dataset, it enables classifiers to learn
more effectively and make more accurate predictions on unseen data.

2.2. Data Processing for Training the Model

The datasets were preprocessed and normalized to improve their uniformity and dependability. Following these
steps, the data was randomly split, allocating 75% for training purposes and the remaining 25% for evaluation
through testing.

2.3. LR Method

LR is a widely used statistical and ML technique primarily designed for classification tasks, especially those
involving binary outcomes. Its main purpose is to estimate the probability that a particular observation belongs to
one of two possible classes—such as yes/no, success/failure, or presence/absence of a condition. Unlike linear
regression, which predicts continuous values, LR models categorical responses by applying the logistic (sigmoid)
function to a linear combination of input features, converting any real-valued number into a probability between
0 and 1.

Formally, LR models the log-odds (logit) of the outcome variable as a linear function of the predictor variables. If
p denotes the probability that the target variable equals one (the event of interest), and x = (xl I ) represents

the vector of input features, the relationship is expressed as:
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Here, f, is the intercept term, while S, coefficients indicate the influence of each corresponding predictor. By
applying the inverse logistic function, these log-odds are transformed into predicted probabilities:

1
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p= 2

This output probability is then typically classified into one of the two categories using a threshold value, often set
at0.5.

One key advantage of LR is its interpretability. The coefficients provide insight into how each feature affects the
log-odds of the outcome, facilitating understanding of feature importance and directionality while controlling for
other variables. This clarity makes LR especially valuable in fields like healthcare, economics, and social sciences,
where transparent decision-making is essential.

Beyond binary classification, LR can be extended to multiclass problems. Techniques such as multinomial LR
generalize the model to predict the probabilities of multiple classes simultaneously. Alternatively, the one-vs-rest
(OvR) approach trains separate binary classifiers for each class, expanding its usability across a wide array of
classification tasks.

Despite its strengths, LR assumes a linear relationship between predictors and the log-odds of the outcome, which
may not always hold in real-world datasets with complex, nonlinear patterns. It can also be affected by
multicollinearity among input variables. To address these limitations, practitioners often employ feature
engineering and regularization methods like L1 (Lasso) or L2 (Ridge) penalties to enhance model stability and
generalization.

In many ML pipelines, LR serves as a reliable baseline model due to its straightforward implementation and fast
training speed. Its probabilistic outputs are especially useful for risk assessment and decision-support systems.
More complex algorithms such as decision trees, support vector machines, or neural networks are frequently
compared against LR to gauge performance improvements.

Applications of LR are broad and diverse, ranging from predicting disease risk and patient diagnosis in healthcare,
forecasting customer churn in business analytics, evaluating creditworthiness in finance, to modeling voter
preferences in political studies. Its ability to provide interpretable probability estimates alongside robust
classification makes it a staple tool where both prediction accuracy and explanation are critical.

As data complexity grows, LR remains relevant by adapting to new challenges. Enhancements like incorporating
interaction terms, polynomial features, and integrating with ensemble methods or deep learning architectures
ensure its continued role in modern data science. Despite being one of the earliest classification algorithms, LR
endures as a foundational and trusted technique within the analytical community.

3. RESULTS

This study investigates the use of LR ML algorithms on a heart disease dataset aimed at developing a robust
predictive model for the early identification of cardiovascular conditions. The models were evaluated using
important performance metrics such as accuracy, precision, and recall, all calculated from their confusion matrices.
Additionally, the area under the curve (AUC) scores were measured to further assess the models’ classification
performance.

One can see the confusion matrix of the dataset before applying SMOTE and after the application of SMOTE in
Figure 1.

752



Confusion Matrix - Without SMOTE Confusion Matrix - After SMOTE

Class 0 Class 0

Tue Labels
Tue Labels

Class 1 - Class 1 -

1 I
Class 0 Class 1 Class 0
Predicted Labels Predicted Labels

Figure 1. The confusion matrix without SMOTE (left) and with SMOTE (right)

Class 1

The performance metrics have been given with the Figure 2. One can say from the Figure 2. The Smote is not
effective to improve the accuracy and other performance metrics in the process of the LR application. One can see
the accuracy of the method has been reached 82.25% after application of the Smote as it is 82.00% before the
Smote. The precision of the LR method is 84.44% after the Smote while it is 84.00% before Smote. Insight of
these findings, one can say the performance metrics yield higher results due to SMOTE balances the dataset.

Performance Comparison Before and After SMOTE (Logistic Regression)

10 1

naz na2
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0.6 1

Score Values
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Figure 2. The performance metrics before (blue) and after (red) SMOTE

Without SMOTE

- After SMOTE

oez2

The ROC curve has been given with the Figure 3. The AUC value is 82.00 % as seen in Figure 3. The obtained

AUC value is significant for the early diagnosis of CVD.
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ROC Curve Comparison (Before vs After SMOTE)
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Figure 3. Roc curve comparison before SMOTE and after SMOTE

4. CONCLUSION

The findings of this study highlight that applying SMOTE in conjunction with LR effectively addresses class
imbalance issues and substantially improves the model’s performance in early CVD prediction. The enhanced
precision, recall, and AUC-ROC values indicate the model’s robustness in accurately detecting positive cases
while reducing misclassification bias. This approach demonstrates the value of combining data balancing
techniques with straightforward yet powerful ML models to facilitate more reliable and timely identification of
cardiovascular conditions, which is crucial for improving patient management and treatment outcomes.
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Abstract

Climate change substantially impacts land surface temperature (LST), which in turn affects urban thermal patterns,
agricultural productivity, and environmental stability. The urban heat island (UHI) effect is one of the most
significant consequences of these changes, which is the result of accelerated urbanization and land-use
transformations. The intensification of temperature variations due to anthropogenic activities poses significant
challenges to sustainable development, particularly in regions experiencing accelerated urban growth. This study
evaluates the impact of climate change on LST in the Thanjavur district, Tamil Nadu, using Landsat satellite
imagery from 2000, 2010, and 2020. The analysis incorporates multi-seasonal climate data, including temperature,
rainfall, and humidity, combined with land cover features such as vegetation indices and built-up areas. The study
quantifies the extent of LST differences and their implications for UHI mitigation by analyzing long-term
temperature trends in urban-rural areas. The findings indicate a strong positive correlation between urbanization
and LST with an R? value ranging from 0.7 to 0.8, highlighting the direct influence of built-up expansion on
regional temperature trends. Urban areas exhibit higher LST values compared to rural regions, demonstrating the
intensification of the UHI effect over the past two decades. These results emphasize the need for adaptive urban
planning strategies, including the integration of green infrastructure, increased vegetation cover, and reflective
surface materials, to mitigate urban heat stress. Furthermore, the study provides valuable insights into long-term
climate change trends and their implications for regional thermal environments. This research serves as a scientific
foundation for policymakers and urban planners to formulate evidence-based strategies that enhance
environmental sustainability, reduce heat-related risks, and promote climate-resilient urban development.

Keywords: Climate change, Land surface temperature, Land use land cover, Sustainable development goals,
Urban heat island
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Abstract

Creating sustainable and efficient adsorbents for dye-contaminated wastewater is crucial to combat increasing
environmental pollution. This study emphasizes the chemical modification of k-carrageenan to improve its
adsorption capabilities for dye removal. The adsorbent was synthesized using acrylic acid as the monomer,
ammonium persulfate (APS) as the initiator, and a combination of N,N’-Methylenebisacrylamide (MBA) and
glutaraldehyde as crosslinking agents. The effect of different concentrations of MBA, glutaraldehyde, and APS on
adsorption efficiency was systematically studied. Optimal dye removal was achieved with 0.2 g of MBA for
methylene blue (89.23%) and 0.1 g of MBA for Congo red (82.13%). Glutaraldehyde concentrations of 8.5% and
12.5% produced maximum removal efficiencies of 89.81% for methylene blue and 92.89% for Congo red,
respectively. Additionally, a 0.3% concentration of APS achieved the highest removal rates, with 91.27% for
methylene blue and 93.02% for Congo red. The characterization performed using Fourier transform infrared
(FTIR), scanning electron microscopy (SEM), and energy dispersive X-ray (EDX) techniques confirmed the
creation of a porous polymeric network with enhanced surface functionalities, leading to improved adsorption
performance. The results indicate that modified k-carrageenan is a promising and eco-friendly adsorbent for
effectively removing dyes from aqueous environments, providing a sustainable solution for wastewater treatment.

Keywords: k-carrageenan modification, Dye adsorption, Crosslinking agents, Wastewater treatment, Polymer
characterization

756


mailto:wfarahiyah@uitm.edu.my

2nd International Conference on Engineering, Natural
/ Sciences, and Technological Developments (ICENSTED 2025)

June 20-23, 2025

3D Printed Custom-Made Peristaltic Pump for Smart Toilet Urine
Collector

Mikail Temirel!

"Mechanical Engineering Department, Abdullah Gul University, Kayseri, Tiirkiye
Corresponding author: Mikail Temirel (e-mail: mikail.temirel@agu.edu.tr)

Abstract

Smart toilets are technologically enhanced sanitation systems equipped with sensors and automated mechanisms
to improve hygiene, comfort, and even enable health monitoring. In clinical settings, integrating diagnostic
capabilities into such systems offers significant advantages, particularly for urine analysis, a routine but essential
diagnostic procedure. Traditional urine collection methods often involve direct patient handling, leading to
discomfort, risk of contamination, spillage, and increased exposure of medical personnel to biohazards. These
methods are also time-consuming and inefficient, especially in overcrowded or understaffed hospitals. This study
presents an innovative, smart toilet-compatible urine collection system that automates the sampling process using
an Arduino-controlled peristaltic pump and a light sensor. The pump, designed in SolidWorks and fabricated using
3D printing, conveys fluid through a flexible clear tube (2 mm inner diameter, 5 mm outer diameter) into a sealed
collection container. A key feature of the system is the light sensor, which detects occupancy and activates the
pump only when necessary. This ensures hygienic, contactless operation, improves energy efficiency, and reduces
mechanical wear, while significantly lowering the risk of contamination. Another key feature is the flow rate
control, which can be adjusted by integrating a potentiometer into the system. This allows precise regulation of
fluid transfer, ensuring that only the required amount of urine is collected. In the final phase of development,
computational fluid dynamics (CFD) and mechanical stress analysis were conducted to evaluate internal flow
behavior, pressure distribution, and structural reliability under operating conditions. The proposed system offers a
low-cost, scalable, and patient-friendly solution suitable for modern healthcare facilities. It addresses critical
limitations of manual sampling by minimizing human contact, streamlining workflow, and enhancing safety. This
interdisciplinary approach merges mechanical and biomedical engineering principles to contribute to smarter,
safer, and more efficient diagnostic infrastructure.

Keywords: Urine collection, Peristaltic pump, Computational fluid dynamics (CFD), 3D printer, Smart toilet
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Abstract

Industrial effluent discharged from chemical manufacturing industry contains various pollutants, including organic
and inorganic compounds and heavy metals. Conventional treatment, such as ponding systems and biological
treatment, struggles with recalcitrant organics, heavy metals, and emerging contaminants. To overcome the
limitations, electro-oxidation (EO), which is advanced wastewater treatment technology, was explored to
effectively degrade organic pollutants and remove contaminants from wastewater and industrial effluents. This
study investigates the efficiency of EO in treating industrial effluent from the chemical manufacturing industry,
focusing on key operational parameters: applied voltage and operating time. The overall finding determined that
EO at an applied voltage of 20V with 60 minutes operating time successfully reduced the turbidity up to 19 NTU
(49% removal) and colour up to 46 PtCo (90% removal), as well as generating 32% sludge. In this EO system,
anodic reactions generate highly reactive hydroxyl radicals that break down organic contaminants. The outcome
of this study highlights electro-oxidation as a viable alternative for industrial effluent treatment, offering
sustainability advantages with minimal chemical additives and sludge generation.

Keywords: Electro-oxidation, Industrial wastewater, Chemical treatment, Advance wastewater treatment
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Abstract

Multiplicative differential equations (MDEs) have emerged as a powerful alternative to classical differential
equations, particularly in modelling phenomena characterized by proportional changes. Despite their potential
applications in various scientific and engineering domains, solving MDEs analytically remains a challenge. This
paper explores the potential of the Convolution Theorem within the framework of multiplicative calculus for
solving MDEs. By extending the properties of the classical Laplace Transform to the multiplicative setting, we
derive closed-form solutions for a class of MDEs. We rigorously define the multiplicative convolution operator
and establish its fundamental properties, demonstrating how it simplifies the solution process for MDEs. The
proposed method is further validated through illustrative examples.

Keywords: calculus, differential equations, convolution, laplace transform, multiplicative differential equations

1. INTRODUCTION

Calculus serves as a fundamental mathematical framework for modelling continuous change in various scientific
and engineering fields. Traditional calculus, built on the principles of additive differentiation and integration,
provides powerful tools for analyzing dynamic systems where changes occur in an incremental, additive manner.
However, many natural and engineered systems exhibit proportional rather than additive variations, such as
exponential growth in populations, compound interest in fi-nance, and energy dissipation in physics. In such cases,
the conventional framework of additive calculus may not fully capture the underlying dynamics, leading to the
emergence of multiplicative calculus. Unlike traditional calculus, which focuses on differences and sums,
multiplicative calculus operates on ratios and products, making it more suitable for systems governed by relative
growth or decay [1-3].

Multiplicative differential equations (MDEs) extend the principles of multiplicative calculus to describe dynamic
systems where changes occur in a proportional rather than additive manner [4]. Unlike traditional differential
equations, which model variations using absolute differences, MDEs express the rate of change in terms of relative
growth or decay. This makes them particularly well-suited for processes such as exponential growth in biological
populations, financial models involving compound interest, and energy dissipation in physics. The key distinction
of MDEs lies in their reliance on multiplicative derivatives, which capture how a quantity evolves relative to its
own magnitude over time. Despite their theoretical advantages, solving MDEs remains a significant challenge due
to their nonlinear nature, requiring the development of new analytical and computational techniques [5, 6]. Many
physical, electrical, and mechanical systems—such as signal transmission in communications, proportional control
systems in automation, and decay processes in thermal engineering—are naturally governed by multiplicative or
exponential behavior. Conventional additive calculus may fail to describe these systems accurately, which
motivates the use of MDEs.

Although multiplicative differential equations have been recognized for their potential in modelling proportional
dynamics, research on their analytical and numerical solutions remains relatively limited compared to traditional
differential equations [7]. Early studies primarily focused on establishing the theoretical foundations of
multiplicative calculus, defining multiplicative derivatives and integrals, and exploring their fundamental
properties. Some solution methods have been proposed, including direct integration in cases where separability is
possible, as well as numerical approaches such as discretization techniques adapted to the multiplicative
framework. However, many real-world applications require more sophisticated solution techniques, especially
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when dealing with complex, non-separable MDEs. Transform-based approaches, including adaptations of the
Laplace Transform, have shown promise in simplifying MDEs by converting them into algebraic equations, yet
their full potential remains underexplored. The need for more efficient and generalized methods motivates further
investigation into integral transform techniques, particularly those incorporating convolution operations to
facilitate the solution process.

One of the most powerful techniques in classical differential equation theory is the use of integral transforms,
particularly the Laplace Transform, which simplifies differential equations by converting them into algebraic
forms [8]. A crucial property of the Laplace Transform is the Convolution Theorem, which enables the solution
of complex systems by decomposing them into simpler components. Convolution plays a fundamental role in
various fields, including signal processing, control theory, and mathematical physics, by allowing the
representation of system responses as the convolution of inputs with transfer functions. While convolution is well-
established in additive calculus, its adaptation to multiplicative calculus remains an open research area. By defining
a multiplicative convolution operator, it is possible to extend transform-based methods to the multiplicative setting,
offering a new approach for solving MDEs systematically. This extension could enable the decomposition of
multiplicative systems, leading to more efficient analytical and computational solutions.

In this study, we explore a novel analytical approach for solving MDEs by leveraging the Convolution Theorem
within the multiplicative Laplace transform framework. After rigorously defining the multiplicative convolution
operator and establishing the existence and transformation rules for multiplicative derivatives, we present a series
of examples to demonstrate the efficacy of this method. The main contributions of the paper are the formalization
of convolution operations in multiplicative calculus, the derivation of analytical solutions for MDEs using
transform techniques, and the application of these methods to solve initial value problems. By extending classical
convolution-based strategies to the multiplicative setting, this work offers a foundational tool for solving MDEs
with improved analytical tractability and lays the groundwork for future research in multiplicative integral
transforms.

2. SOLUTION METHOD

Let define the Laplace transformation for multiplicative differential equations.

Definition : Let f(¢) in [0,0] is positively defined and In f'(¢) is defined on [0,0], then the multiplicative

laplace transformation of f(¢) is

J'ln( £(0)e ™ dt

o _g \dt .
L, (f(t))sz(S)z,[o (f(t)e ) =e° — L) n
From the multiplicative integral definition, it is known that

_[; In £ (0)dt

[ray = @

Teorem (Existence of Laplace Transformation): Let f'(¢) is positively defined on [0,00] and ¢ > ¢, and a is the

double exponential order function and In f (t) be a piecewise continuous function then for s>a, L, (f (t))

exists.

Proof : Let show j: e In f(¢)dt convergent for s > a. For this purpose, let write _[: e In f(¢)dt as
j: e In f(t)dt = jo ¢ In f(t)dt + j’w In £ (t)dt 3)

e Y .
Then, since e and In f(¢) are piecewise continuous functions for any s in [0,7,], IOO e'In f(t)dt is

convergent. On the other hand, a is double exponential order for ¢ >#, we can say
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|f ()| < ke 4)
After, for all 1> 1,
e In f(B)| =™ [In f(O) < (N K +e)e™ )
and
[“en p(yar < jo e In Kd +[ °° e - gy

—(s—a)t,
*© —St e

=InK| e"dt+
fo s—a

—sty —(s—a)t,
:an[e He ]<oo (6)
N S—a

satisfied for s > a j eInf (t)dt convergent. We can deduce that J.:C eInf (t)dt exists in the light of these

0
l

<00

integrals convergency.

Teorem (Laplace Transformation of Multiplicative Derivative): Let f (t) is continuous function on [0, A] and a
is double exponential order and the multiplicative function f () (is shown as /() be a piecewise continuous

function on [0, 4], then for 5> a

L{r o= ﬁmf ™)

The Laplace transformation for the second derivative of f~ (t) is defined as

L{f )= (s)" (8)

1 F
S0y £ (0

Teorem: Let " (z), £ (t),.... /" (¢) be continuous functions and /" (¢) be a piecewise continuous function

and for ¢ > ¢,

(< ‘Keem ©)

)< ‘Ke"m

o [V (1) < ‘Ke"m

then

1
O O f(0)

L{f "0} = F(s)s" (10)

Laplace transformation for n.th order multiplicative derivative is defined. To clarify the proposed analytical
process, the following algorithm outlines the step-by-step procedure for solving Multiplicative Differential
Equations using the multiplicative Laplace transform and convolution theorem.

Algorithm: Solve MDE using multiplicative transform

3. MULTIPLICATIVE DIFFERENTIAL EQUATIONS AND CONVOLUTION
SOLUTIONS
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Multiplicative differential equations that are constant exponential and initial value differential equations can be
solved by Laplace and from Laplace by convolution theorem. The Laplace transformation is applied on both sides
of this multiplicative differential equation such as

) () =L =0,y (0) = (11)
Laplace transformation is applied on both side as
L0 {0 2 oy = 2 11 (12)

Then from the Laplace property, Eq. (1)

{ Y(s)' } {Y(s)s}l{y(s)}azzl (13)

0y (0)) [ »(0)

can be written as below. Then if this is hold

Y(S)aosz +a;s+a,

=1 14
{Byb ) by} 1

is obtained. Then

2
Y(S)aus tasta, _ boaox-wz1 bla\,

1

Y(S) = (bOaOAHu‘ b]a“ )aosz +a;s+a,

aps+a; ay

Y(S) = (bO )a¢,.vz+a,s-+a2 (bl )a‘,xz+u,x-¢-a2 (15)

Then the inverse Laplace of ¥ (s) is

() =L, {Y(s)} (16)

The polynomial solution of the multiplicative differential equations is obtained. We will give one example about
the polynomial solution of the multiplicative differential equations.

Example 1: The initial value multiplicative differential equation is
sk «\ 2 -8 _ _ 3 * _ 6
y() =Ly =€ y (0= a7
After the Laplace transformation to both side of the equation
ok *) 2 -8
LAy "y, ) L {v) =L, {1}

then it is

vy | [rey)” 5
: Y =1
{y(ow <0>H (0) } ey

If this is hold and the initial values are considered, then
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Y(S)s'z —25-8 B

e3s =1

then

3s

Y(S) — es2 —25-8

The inverse Laplace is applied and
3 I
Lm—l {Y(S)} — Lm-l {6322,?8}: Lm-l {634 x+2}

254:%72[

is obtained. The solution is

y)=e

obtained as below. In this paper we will solve few examples with the convolution property that is applied to the
multiplicative differential equations.

Teorem (Convolution Property): Let L, (F,, (s))= f(¢) and L, (G(s)) = g(¢) then the convolution is
- s ! 1—x dx
L (F, &)™) = (f@y) (18)

Proof: Let apply Laplace transformation to j Ot f(x)* w-n® , then we obtain

L[ |- fdeere]

L{In(e%g“i\“““Y)(h]} L{J‘;g(tfx)lnf(x)dx}

e =e

From the classical convolution theorem, we can deduce
t A
L { IO FyEe } _ L @iziew)

Then we can say

L{g(x) x
(eL{lnf(x)}) {g()} :<Lm {f(x)})L{g( )} :Fm(s)G(“)
Example 2: The problem is given as

yy=e p(0) =1,y (0) =1

After the Laplace transformation to both sides

Then it is
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L
_ 1\

Y(S) — e(s.+2)2+1 — Fm (S)G(s)

We know that

1

F,(s)=¢"¥"",G(s) =

1
s +1

Then
L7F@s) = f@)=e""" L, {G(s)} = g(t) = sint
The convolution property is applied and

(ig(tfx)lnf(x)dx

5 (F0°) = [ (fo=)" =l

is obtained. Then, the solution is

1

y(t)=e®

—2t
. e .
(Slﬂl*CUS[)‘FT(Slnl‘FCOS[)

is obtained.

Example 3: The third example is given with the initial values as

Yyt =L p0) =1y (0) =1
After all the steps for the Laplace transformation is applied then

1
s+
= (eJ = £, (9%
Convolution property is applied, and we get

O[g(zfx)ln S (x)dx

L (R 07) = [ (raye)* =

and the solution is

SIS

Ll
v

y(@)=e
4. CONCLUSION

This paper presents a systematic approach to solving MDEs by extending the classical Laplace transform and
convolution theorem into the multiplicative calculus framework. By rigorously defining the multiplicative Laplace
transform and its associated convolution property, we derive analytical solutions for a class of MDEs, including
initial value problems. Several illustrative examples are provided to validate the proposed method, demonstrating
its practicality and effectiveness in obtaining closed-form solutions. The results highlight the potential of
transform-based techniques in the multiplicative domain and underscore the advantages of this approach for
modelling systems characterized by proportional change. Future work may include the development of numerical
algorithms based on the presented framework and the extension of these methods to fractional or variable-order
multiplicative differential equations.
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Abstract

It is known that by providing a non-dendritic and fine-grained structure in the casting of aluminum alloys, fluidity
increases, better feeding and a more porous structure are formed, mechanical properties are improved, fatigue
resistance and sealing resistance values increase. In addition, it has been determined that less macro and
microporosity occurs in castings with fine-grained structure due to better feeding compared to castings with coarse-
grained dendritic structure. For this reason, many methods have been studied to obtain a fine-grained structure in
the casting of aluminum alloys and research on this subject continues today. Some of these methods are the addition
of grain-refining (Ti and B based) master alloy to the alloy, casting under mechanical vibration, electromagnetic
stirring during solidification and the casting method on a cooling plate. The casting method on a cooling plate is
much more advantageous in terms of installation and application costs compared to other methods. For this reason,
in this study, the possible factors affecting the grain size in the casting of Al-Si based Etial 177 alloy, which has a
wide solidification range and high fluidity, on an inclined plate were investigated experimentally. In the application
of the casting process on cooling plate, there are many parameters that affect the system. In the study, castings will
be made under varying casting conditions to determine the effects of these parameters on the system and their
effects on the grain size properties of the cast material were investigated. As a result, the deterioration of the
dendrite arms formed during the solidification of the material on the cooling plate in the casting of Etial 177
aluminum alloy and its effects on the material properties were investigated. Thus, the optimum casting conditions
for the production of materials with good ductility and high strength properties were determined.

Keywords: Etiall 77 aluminum casting, Cooling plate, Grain size, Taguchi experimental design

1. INTRODUCTION

Aluminum casting alloys have superior properties such as high strength, high corrosion resistance, high thermal
conductivity, high elongation values, high tensile values, ductility and lightness. Due to these properties, they are
widely used in many industrial areas, especially in the automotive sector, and their use is increasing day by day.
With the interest in aluminum alloys, quality expectations are also increasing, and their costs are expected to
decrease. In line with the demands for lighter parts and higher performance in automotive production, the
microstructure and mechanical properties of aluminum alloys need to be improved [1]. Grain refinement
applications in aluminum provide significant reduction in grain structure and increase the castability of the alloy.
With the addition of titanium (Ti) and boron (B) elements in small amounts such as 0.1% into the liquid metal, a
rapid and significant grain refinement effect is observed in the structure. The alloy becomes stronger thanks to the
transformation of the grain structure into a small and coaxial form. Grain refinement process reduces the amount
and size of pores, thus increasing the feedability of the alloy [2, 3]. In a study examining the effect of grain
refinement on feedability; it was shown that the feeding efficiency in sand castings made with Etial160 aluminum
casting alloy increased with the reduction of grain size and macro porosity formation decreased accordingly. While
the critical fraction of solid determining the dendrite blockage limit in a well-refined casting was 50%, this ratio
was measured as 35% in a casting without grain refinement [4, 5]. In the grain refinement study conducted by Lu,
Wang and Kung [6] on the A356 alloy, a hypoeutectic Al-Si alloy, with three different grain refinement master
alloys, namely Al-5%T1i, Al-5%Ti-1%B and Al-4%B, it was found that boron was more effective than titanium as
a grain refiner. Sigworth and Guzowski [7] reported that Al-B master alloys containing AIB2 particles exhibited
much more excellent grain refinement effects. Another result obtained from the grain refinement studies conducted
by Pasciak and Sigworth [8] on the A319 alloy was that even if the amount of boron as a grain refiner was
increased, it was not possible to achieve effective grain refinement without the addition of titanium.
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In the mechanical mixing method in the casting of aluminum alloys, mixing of the liquid is usually provided by
mounting a drill, wheel or multiple wheels on the rotating shaft in the center. Mixing is applied during solidification
to form a non-dendritic structure [9, 10]. In the study conducted by Skumaran et al. [11] on the effect of isothermal
mechanical mixing and grain refiner + mechanical mixing on the grain size in Al-5,2Si alloy, it was determined
that grain refiner + mechanical mixing reduced the grain size more. In their studies, they applied holding times of
1, 5, 10, 20, 30 and 45 minutes at mixer speeds of 400, 600 and 1000 rpm. Grain size decreased with mechanical
mixing with and without grain refiner up to 30 minutes. However, after 30 minutes, mechanical mixing without
grain refiner decreased the grain size while after 45 minutes, it increased it. Grain refiner + mechanical mixing
provided grain refinement up to 30 minutes, while after 30 minutes, an increase in grain size occurred.
Electromagnetic stirring method was developed to eliminate the problems in mechanical stirring. In this technique,
rods with non-dendritic microstructures could be produced by electromagnetic stirring in the continuous casting
unit. It was stated that grain sizes between 30pum-100pum were obtained in the products produced with this method
[9, 10]. The main problem in the magnetic stirring method is the high production cost. Another big problem is that
the microstructure of the produced billets is not homogeneous and completely spherical in all regions (rosette-
shaped) [12]. Many parameters are effective in the production of materials with the magnetic stirring method.
Among these, the stirring power is effective on the formation of the spherical grain structure of the material. Zoqui
et al. [13] explained in their studies where they applied magnetics stirring at 4 different powers in the A356 alloy
that high magnetic power affects the production of materials with better properties.

In the cooling plate casting method; the molten alloy is poured over an inclined surface cooled with water. In this
process, the molten metal at the appropriate temperature is poured into the mold by flowing along the cooling plate
made of carbon steel. Solid nuclei are formed due to the rapid heat transfer in the contact between the melt and the
inclined plate. These nuclei are separated from the surface as a result of the applied shear stress and metal flow.
As a result, solidification begins on the surface of the cooled plate, the nucleated grains grow and form a structure
with destroyed dendrites as they separate from the plate surface with the movement of the liquid and fill the mold.
In this method, the temperature of the liquid alloy to be poured over the cooled surface must be low enough to
ensure that solidification begins while flowing from the surface [14]. This method was first developed by Haga
[15]. The inclined cooling plate casting method can be established with very little equipment and low operating
cost [16—18]. In this method, various parameters such as casting temperature, length of cooling plate, inclination
of cooling plate, material of cooling plate and material of casting mold are effective on the final microstructure
[18]. The length of cooling plate is another parameter affecting the morphology and size of a-Al phase. When the
distance of cooling plate increases, heat transfer time and shear stress increase. Therefore, the number of broken
and separated solid a-Al phase increases and the microstructure contains fine spherical a-Al grains [18]. In order
to obtain the desired non-dendritic microstructure in ingots produced by the inclined cooling plate casting method,
optimum casting temperature and cooling distance are needed. In the study conducted by Birol using A357 Al
alloy, it is observed that when the cooling distance is 200 mm, the dendrite structure is more deteriorated with the
decrease in casting temperature compared to 300-400 mm distance. If the casting temperature of the liquid is high,
the cooling distance should also be high. While there is a rosette structure in the cast ingot made from 640 °C at
400 mm distance, near-spherical grains were formed at 620 °C casting temperature [19].

In this study, it is aimed to experimentally investigate the possible factors affecting the grain size in the casting of
Etial 177 alloy on a cooling plate. For this purpose, castings were made under different conditions by changing
the inclined plate angle, casting length on the plate, casting temperature and cooling water flow rate and the effects
of this on the microstructure properties of the casting material were investigated. Thus, it was aimed to produce
materials that have good ductility and high strength properties together.

2. MATERIAL AND METHOD

2.1. Experimental Design

The grain size change and its effects on casting properties were investigated in the casting of Etiall77 alloy.
Casting experiment parameters on cooling plate were determined as inclined plate angle, casting length on plate,
casting temperature and cooling water flow rate. Taguchi experimental design method was used to examine these
parameters. In the experimental design, “casting length on plate” and “inclined plate angle” were determined as 4
levels and other factors as 2 levels. In the study conducted, if the effects of these four factors on the system were
to be examined separately, 64 different castings would be required. Various statistical methods are used in the
design of experiments to be carried out in order to determine the effects of all these factors at different levels.
Taguchi method not only ensures that the solution is obtained with the least number of experiments, but also
supports the development of high-quality processes and products in many aspects. With this method, the number
of experiments was reduced from 64 to 16 by changing the experimental parameters simultancously. The 4 factors
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and their levels, the effects of which will be examined on grain size in the experimental studies, are shown in Table
1. In order to determine the effect of different parameters on microstructure values, the experimental conditions
required according to the Taguchi method were set as specified in Table 2 and castings were made according to
this plan.

Table 1. Factors and levels

Factors Levels
1 2 3 4
Casting Length in Plate A 200 mm 350 mm 500mm | 600 mm
Cooling Plate Angle B 30° 45° 60° 75°
Casting Temperature C 620 °C 650 °C - -
Cooling Water Flow Rate D Yes None - -
Table 2. Experimental conditions according to Taguchi method
Casting Temperature | Cooling Water | Casting Length Cooling Plate
(°C) Flow Rate in Plate (mm) Angle

1 620 Yes 200 30
2 620 Yes 200 45
3 620 None 200 60
4 620 None 200 75
5 620 Yes 350 60
6 620 Yes 350 75
7 620 None 350 30
8 620 None 350 45
9 650 Yes 500 60
10 650 Yes 500 75
11 650 None 500 30
12 650 None 500 45
13 650 Yes 600 30
14 650 Yes 600 45
15 650 None 600 60
16 650 None 600 75

2.2. Casting Experiments and Examination of Samples
Before casting on the inclined plate, the surface of the plate was painted with boron nitride to prevent the molten
aluminum from sticking to the surface and to facilitate its flow and was dried. Similarly, the graphite mold was

painted and dried to prevent the casting sample from sticking to the mold. Figure 1 shows images of the inclined
cooling plate and graphite mold used in castings.

a b

su girigi

su gilkag

Figure 1. a) Cooling plate and b) graphite mold
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In the study, the melting process of Etial 177 aluminum alloys was carried out in an electric resistance furnace in
a SiC based crucible with a melting capacity of 8 kg aluminum. The chemical analysis of the alloy used in the
experiments is given in Table 3.

Table 3. Chemical composition of Etial 177 alloy (% wt.)

Alloy Al Fe Si Ti Zn Cu
Element, % 87.14 0.84 8.14 0.115 0.005 3.31

Castings of test samples were made in 16 different cases considering the experimental conditions in Table 2 and
each experiment was repeated 3 times in order to eliminate possible errors in castings. Before casting, the liquid
metal was subjected to a cleaning process at 700°C. After the degassing, the slag layer collected on the crucible
surface was cleaned from the liquid metal surface. After the liquid metal temperature, which was ready for casting,
reached a temperature suitable for the experimental parameters, it was cast into the molds. The casting sample was
removed from the mold after solidification. An example casting sample image is given in Figure 2.

Figure 2. Casting sample image

Microstructure examinations of the sample removed from the mold were performed. After the cut samples were
metallographically prepared, microscopic examinations and grain size measurements were performed using the
Clemex Vision Lite image analysis program on images taken with a Nikon Eclipse L150A light microscope and a
Clemex digital camera connected to it. Grain sizes were measured using the image analysis program on the
photographs taken and the average grain size of each sample was determined.

3. RESULTS

The observation values measured from the pieces cast in the Taguchi experimental design experimental setup,
their means (average grain size values) (yo) are given in Table 4.

Table 4. Measurement results of casting samples for grain size values

Measurement Values Average
Y1 Y2 Y3
1 292 237 239 256
2 260 282 241 261
3 222 298 242 254
4 271 266 262 266
5 229 187 200 205
6 224 222 203 216
7 202 236 232 223
8 198 249 236 228
9 154 137 176 156
10 168 180 188 179
11 210 170 196 192
12 210 198 196 201
13 135 163 157 152
14 147 165 168 160
15 219 186 164 190
16 178 212 192 194
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Table 4 shows that the grain size change of the castings varies between 135 and 298 um on average depending on
the experimental parameters. In the study, it is seen that the largest grain size value is in the casting sample number
4 with an average of 269 um, while the smallest grain size value is in the casting sample number 13 with an average
of 152 pm. Confidence levels for 90%, 95% and 99% were examined to determine the importance of the factors
on the grain size values of the casting samples. It was determined that the most effective factor on grain size values
is the casting temperature, followed by the length factor. Figure 3 shows the graphical representation of the factors
for grain size values. The table shows that the most effective factors are the length and casting temperature factors
(the factor with the highest maximum and minimum values). In the figure, it is seen that the optimum conditions
for the job to be taken for the smallest grain size value (the factor levels under the graph since the grain size value
is desired to be small); using water, the length is 600 mm, the angle is 60° and the casting temperature is 650 °C.

260
240
220

200 '/v.

180

Graim size (um)

160

Yes None 200 mm350 mm500 mm600 mm  30° 45° 60° 75°  620°C 650°C
=== Cooling Water Flow Rate Casting Length in Plate e=@==Cooling Plate Angle e=@==Casting Temperature

Factors and levels
Figure 3. Graphical representation of factors for grain size

In Figure 3, when the optimum factor level is taken into consideration, it is seen that the lowest grain size value
will be obtained from castings made at 600 mm distance at 650 °C casting temperature. When Table 4 is examined,
it is seen that the grain size value supporting this is in the experiments cast at 600 mm distance at 650 °C. In the
table, it is seen that the lowest grain size value is 152 um on average in the casting sample number 13 cast at 600
mm distance from 650 °C. Sample images from the microstructure images taken from the castings are given in
Figure 4.

Figure 4. Sample microstructure images

Examples of coarse-grained and fine-grained microstructure images are given in Figure 4. The grain structure is
clearly different in the microstructure images. The decrease in dendrite arm spacing and thickness is also noticeable
with the decrease in grain size. In addition, it was observed that there was a fine-grained casting structure compared
to the sand mold due to the use of graphite molds and casting on a cooling plate in all casting experiments.
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4. CONCLUSION

In this study, the results obtained are given below as items.

It was observed that the inclined cooling plate casting method was effective in improving the properties of Etial
177 aluminum alloy casting.

In this study, where the effects of angle, casting length, casting temperature and cooling water on the inclined
cooling plate were examined, it was observed that casting temperature and length had an important effect on
the system. In addition, it is thought that the angle and water flow rate are effective but not very important.
As a result of the examinations in the experiments conducted in accordance with the Taguchi experimental
design method, the optimum results were obtained in the experiment with a casting temperature of 650 °C and
a length of 600 mm. The worst result was obtained in the experiment with a casting temperature of 620 °C and
a length of 200 mm.

When the effect of casting on the cooling plate on the grain size was examined, it was observed that the grain
size values varied between 135 and 298 um in the experiments conducted and the best conditions were
determined as 152 um in experiment number 13.
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Abstract

Aluminum alloys are widely used in the industry with their mechanical and physical properties such as strength,
durability and hardness. However, with the development of technology, there is an expectation that casting
qualities will be continuously improved. In this context, the addition of alloying elements and developments to be
made in casting processes are the first practical solution search that comes to mind. It is expected that the properties
of castings will be improved with alloy addition. In some casting parts, castings are made in thin-walled molds. In
this case, in order for the alloy to fill the mold well, it is desired that the alloy has good fluidity properties. In this
study, Etial 160 alloy was cast and castings were made in permanent molds with 0.03%, 0.05% and 0.1% V
addition, test samples were obtained and tests were applied. In the experiments, the effects of vanadium addition
on the fluidity properties affecting Etial 160 alloy were investigated. Casting molds; spiral fluidity and 4-channel
fluidity molds with different section thicknesses were preferred. In the examined results, it was determined that
the liquid metal advance distances increased with V addition and that it had a positive effect on fluidity.

Keywords: Etial160 aluminum casting, Fluidity, Spiral fluidity mold, 4-channel fluidity molds, Vanadium

1. INTRODUCTION

Aluminum has excellent properties such as high strength, low density, easy machinability and high corrosion
resistance [1]. Factors affecting the casting quality of aluminum casting alloys include alloy composition, casting
temperature, microstructure, porosity, ultrasonic treatment, additives and casting processes. Alloy composition,
especially the content of additives, plays a critical role in determining the mechanical properties and microstructure
of the casting alloy [2]. Development studies continue day by day due to the widespread use and increasing quality
expectations in aluminum alloys. In this context, different techniques are being investigated in casting methods,
but most of the studies are focused on the addition of alloying elements [3—6]. Casting is a manufacturing method
in which liquid metals are poured into the mold cavity and complex shaped parts can be easily produced from any
type of material that can be melted [7]. However, various production problems related to mold filling can be
encountered in thin-walled aluminum castings. Depending on the thickness or geometry complexity of the mold
to be cast, rapid cooling of thin parts reduces the fluidity of the molten metal and may cause the molten metal to
solidify without completely filling the mold cavity [8]. Due to their strength and lightness, aluminum alloys are
important in sectors such as aerospace, defense and automotive where thin-walled casting is required [9-11]. In
aluminum alloys, the fluidity of the alloy is an important factor in thin-walled castings and fluidity is a critical
property affected by various factors. Alloying elements affect fluidity by playing an important role in changing
the solidification range, dendrite consistency temperature and phase composition [12]. Casting conditions such as
the solidification mode of the alloy, metal composition and casting temperature are critical factors affecting the
fluidity of aluminum alloys [13]. The fluidity of aluminum alloys can be improved by adding rare earth elements
[14].

Vanadium (V), known to have an effect on fluidity properties, is an alloying element that stands out with its
hardness-increasing effects in the microstructure of aluminum alloys. Studies have shown that the addition of V
reduces the grain size in the microstructure of the alloy and thus increases the strength. With the increase of V
addition in aluminum alloys, remarkable improvements are observed in the toughness and strength properties of
the alloy [15]. The effects of V addition in aluminum alloys are examined in a wide range from microstructural
modification to macro mechanical performance improvements. It has been reported that the cooling rate in the
Al10V master alloy has significant effects on the morphology and typology of V-containing phases. This finding
shows that V plays a critical role in the microstructure of the alloy and interacts with processing parameters such
as cooling rate [16]. The addition of V to the A380 alloy, the precipitation of the Si>V phase and the associated
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modification of the eutectic and intermetallic phases tend to reduce the prevalence of coarse detrimental structures
(such as long B-AlsFeSi needles) that would otherwise act as stress concentrators. Consequently, homogenization
and refinement of the microstructure are likely to improve the mechanical properties by increasing the fluidity,
strength, ductility and fracture resistance of the alloy [17]. V is known for its high creep strength, excellent
strength-to-weight ratio and resistance to corrosion, making it an attractive additive for improving the properties
of Al alloys [18]. In addition, V is a refractory metal with a high melting point and good structural strength, which
further contributes to its potential positive effects on Al alloys [19].

It is understood that the addition of V to aluminum casting alloys can be evaluated as a useful strategy in designs
requiring improved fluidity, high strength, long life and improved fatigue strength. In this study, the effect of
adding different amounts of V alloy element on the fluidity properties in the casting of Etial160 aluminum alloys
was investigated. In this context, castings were made in 4-channel fluidity molds and spiral fluidity molds with
different section thicknesses and liquid metal advance distances were evaluated under varying conditions.

2. MATERIAL AND METHOD

In the experiments, castings were made with Etial 160 alloy and different proportions of V added. V addition was
carried out using AlSV master alloy containing 5% V. Etial 160 alloy was casted without addition and with
different proportions of V added (0.03%, 0.05% and 0.1%) in 4 different ways. Melting processes were carried out
in SiC crucible in electric resistance furnace. Etial160 ingot was first melted in the furnace and in the reference
casting, castings were made by taking the liquid metal temperature at 700 °C in the furnace after melting. In other
castings requiring V addition, master alloy was added in the furnace according to the ratio to be added at 720 °C
and the liquid metal temperature at 0.03%, 0.05% and 0.1% in the crucible. After the alloy element melted, castings
were made in molds heated to 250 °C and 700 °C. To determine the fluidity properties, a 4-channel fluidity mold
(Figure 1) and a spiral fluidity mold (Figure 2) with different section thicknesses were used.
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Figure 2. Spiral fluidity mold
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As seen in Figure 1, the section thicknesses of the 4-channel fluidity mold are 2 mm, 4 mm, 6 mm, 8 mm. The
section channel width is 20 mm and the channel length is 300 mm. The spiral fluidity mold has standard channel
dimensions. After the casting experiments, the samples were removed from the mold and the liquid metal
advancement distance for each channel and in the spiral mold was measured with image analysis techniques.

3. RESULTS

Chemical analysis control was carried out with optical emission spectrometry to control the V addition to the
samples obtained from the casting tests. The tests were analysed in a commercial company with an AMETE model
Spectro Max X device. The chemical composition results of the samples for the control of the conformity of the
V levels added to the alloy without Etial 160 addition and to the alloy in the casting tests are presented in Table 1.

Table 1. Chemical composition results of casting tests (% wt.)

Alloys Fe Si Cu Mn Mg Zn Ni Ti \% Al
Etial160 0.204 | 8.68 | 3.16 | 0.121 | 0.107 | 0.0079 | 0.0075 |0.0152| 0.0122 | Rem.
Etial160 + 0.03% V | 0.202 | 8.48 | 3.12 | 0.104 | 0.129 | 0.0086 | 0.0073 [0,0125| 0.0276 | Rem.
Etial160 + 0.05% V | 0.200 | 7.83 | 3.07 | 0.097 | 0.104 | 0.0082 | 0.0241 [0,0116| 0.0624 | Rem.
Etiall60 +0.1% V | 0.222 | 8.73 | 3.37 | 0.111 | 0.128 | 0.0089 | 0.0101 |0,0142| 0.0882 | Rem.

Rem.: Remain

Table 1 shows that the Etial 160 alloy without addition is within the standard composition range. In the chemical
analysis results made to the samples, V results were determined to increase according to the added amounts in the
control of V addition. In the obtained results, the V amounts added to the Etial 160 alloy were measured as 0.0276%
in the experiment with 0.03% V addition, 0.0624% in the experiment with 0.05% addition, and 0.0882% in the
experiment with 0.1% addition. These differences in the values may occur due to the calibration of the V element
in the device used for chemical analysis. In general, it was determined that there were increasing V values in
accordance with the purpose of the study.

After casting, the solidified fluidity samples were removed from the molds and the liquid metal advancement
distances were measured. The values for the liquid metal advancement distance measurements for the spiral and

4-channel fluidity mold samples are given in Table 2.

Table 2. Liquid metal advancement distance measurement values

4 Channel Spiral
Alloy
2 mm 8 mm 4 mm 6 mm (mm)
Etial160 2 229 50 74 372
Etial160 + 0.03% V 3 300 61 69 386
Etial160 + 0.05% V 14 300 72 101 392
Ftiall60 + 0.1% V 22 300 95 147 395

When the casting sample results regarding the fluidity properties given in Table 2 are examined, it is seen that
liquid metal advancement distances that vary depending on the V addition occur in both spiral fluidity and 4-
channel fluidity molds. When the effect of different section thicknesses is examined, it is determined that liquid
metal advancement distances increase with the increase in section thicknesses and V addition. The liquid metal
advancement distance of the Etial 160 aluminum alloy without addition is less compared to the V addition. In this
case, it has been determined that the fluidity of the Etial 160 aluminum alloy without addition increases with the
V addition.

According to our casting test results, in the channel with a 2 mm section thickness in the Etial 160 alloy without
addition, it is 2 mm, and it was measured as 3 mm in the casting test with 0.03% V addition, 14 mm in the test
with 0.05% V addition, and 22 mm in the test with 0.1% V addition. The liquid metal advance distances of another
4 mm section thickness channel were measured as 50 mm, 61 mm, 72 mm, 95 mm, respectively. The relevant
values in the 6 mm section thickness channel were measured as 74 mm, 69 mm, 101 mm, 147 mm, respectively.
The results varied between 229 mm and 300 mm in the 8 mm section channel. In the spiral fluidity die, advance
dimensions increased from 372 mm to 386 mm with the addition of 0.03% V. It increased to 392 mm with the
addition of 0.05% V, and it increased to 395 mm with the addition of 0.1% V.
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In the studies conducted to investigate the effect of V addition to Etial160 alloy on fluidity, pictures of 4-channel
fluidity mold casting samples with spiral fluidity and varying section thicknesses are given in Figure 3.

Etial160+0.03%V Etial160

Etial160+0,05%V

Etial160+0,1%V

Figure 3. Fluidity casting samples under changing casting conditions

As can be seen from the pictures given in Figure 3, it is understood that the fluidity properties of Etial160 alloy
change with the addition of V. In addition, it was determined that the section thickness is an important factor in
the fluidity properties in the 4-channel fluidity mold. It was observed that the fluidity distances increase as the
section thickness increases. In addition, it was determined that it is possible to make castings at the desired values
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with the addition of V for section thicknesses of 6-8 mm. Figure 4 shows the graphs of liquid metal progress
measurements obtained from samples poured with a spiral flow mold and Figure 5 shows the graphs of liquid
metal progress measurements obtained from samples poured with a four-channel flow mold.
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Figure 4. Spiral fluidity mold liquid metal advancement distance
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Figure 5. 4-Channel Fluidity Mold Liquid Metal Advancement Distance

The fluidity data obtained from the studies are in similar agreement with the studies in the literature. It reveals the
effect of different Al alloys on fluidity due to temperature, liquid metal cleanliness and many other reasons. In the
study conducted by Timelli and Bonollo, it was observed that fluidity increased in castings at temperatures
increased at different intervals. It was observed that fluidity was highest in castings made at the highest
temperatures [20]. In the study conducted by Durmus et al. [21], the fluidity index approach is used to make
comparisons in fluidity molds with varying section thicknesses. In this approach, the sum of the numbers obtained
by dividing each section length by the relevant section thickness gives the fluidity index value of the casting test
performed [21].

4. CONCLUSION
The results obtained within the scope of the study are presented below as items.

e When the fluidity casting sample results of V addition were examined, it was seen that varying liquid metal
advancement distances occurred in both spiral and 4-channel fluidity molds.
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The effect of different rates of V addition to Etial 160 alloy in castings made in 4-channel fluidity molds was
examined and it was determined that it had increasingly changing values. It was determined that in general,
advance distances increased with the addition of V and that fluidity would not be negative in thicknesses of 8
mm and above.

It was observed that the change in section thickness in the 4-channel fluidity mold affected the fluidity values
and that liquid metal advance distances increased with the increase in section thickness.

In the casting test performed on Etial 160 alloy without additives in the spiral fluidity mold, the spiral length
was 372 mm, and the advance distances were measured as 386 mm in the casting with 0.03% V addition, 392
mm in the casting with 0.05% V addition and 395 mm in the casting with 0.1% V addition.

As aresult of the studies conducted regarding the fluidity test, an increase in the liquid metal advance distances
and a positive development in the fluidity properties were determined with the V addition.
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Abstract

In this thesis study, the mechanical and tribological properties of aluminium (Al) matrix hybrid composites
reinforced with boron (B) and carbon nanotubes (CNT), produced via the powder metallurgy method, were
investigated. Al, B, and CNT powders with 99.9% purity were mixed in predetermined ratios, homogenized by
ball milling for 24 hours, cold pressed under 50 MPa pressure, and sintered at 500 °C in an argon atmosphere. For
microstructural analysis, optical microscopy, scanning electron microscope-energy dispersive X-ray spectroscopy
(SEM-EDX), and X-ray diffraction (XRD) techniques were employed, while the samples were subjected to HV30
hardness tests and pin-on-disk wear tests. The results demonstrated significant improvements in both hardness and
wear resistance with the addition of B and CNT to the Al matrix. The highest hardness value of 99 HV30 was
obtained from the Al-1B-1CNT sample containing 5% B and 5% CNT. This sample also exhibited up to nine times
lower mass loss during cold wear testing. The load-bearing network formed by CNTs and the hard boride phases
generated by boron provided a synergistic effect, enhancing mechanical strength and surface stability.
Furthermore, a substantial reduction in the coefficient of friction was observed; while unreinforced Al showed a
coefficient of 0.536, this value dropped to 0.21 in the Al-1B-1CNT sample. These improvements indicate the
potential applicability of the developed composites in fields such as automotive, acrospace, and defense industries.
The study confirms that the combined use of nano- and micro-scale reinforcements such as CNT and boron
presents an effective approach to enhancing the performance of Al matrix composites.

Keywords: Powder metallurgy, Aluminium, Boron, Carbon nanotubes, Tribology
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Abstract

Since the industrial revolution, industrialization, migration to large cities, population growth, and unsustainable
consumption have led to air pollution, which poses serious and irreversible threats to all living organisms. It is
reported that approximately 7 million deaths each year result from the combined effects of outdoor and indoor air
pollution (WHO reports). Additionally, diseases such as heart disease, stroke, chronic obstructive pulmonary
disease, lung cancer, and pneumonia are linked to exposure to air pollution. One of the most dangerous components
of air pollution, NO», is a sharp-smelling toxic gas that directly harms human health. This gas, which endangers
human health and cannot be detected by the senses, requires sensors known as electronic noses for effective
detection. There is an urgent need to develop a new class of high-performance gas sensor materials for the cost-
effective detection of NO, gas. Research on sensors capable of detecting NO, gas molecules at room temperature
(RT) is ongoing intensively. The sensitivity of NO; gas detection in ferrites made with the Mg;.xCuxFe>Oy4 structure
using the co-precipitation method has been studied. The structural properties of the Mg-Cu ferrites were analyzed
through X-ray diffraction, while their surface and morphological characteristics were assessed via Scanning
Electron Microscopy. The response of Mg-Cu ferrites to NO, gas was tested at different gas concentrations.

Keywords: Mg-Cu ferrites, Co-precipitation, Gas sensing, NO»
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Abstract

Photovoltaic (PV) panels are essential for sustainable energy generation, but their performance is often
compromised by anomalies such as hotspots, microcracks, and surface contamination. This study introduces an
automated fault detection framework that uses the YOLOv8m deep learning model to localize anomalies in real
time in infrared (IR) thermographic images of PV panels. The dataset, which originally comprised 2,000 manually
labeled IR images, was expanded to 3,600 images using augmentation techniques, including rotation, flipping,
scaling, and color jitter. After training the model, the proposed system achieved a mean average precision
(mAP@0.5) of 0.7628, a precision of 0.7862, and a recall of 0.6788 on the test set. These results demonstrate the
system’s strong generalization capability. Visual inspection of the qualitative results confirmed the reliable
detection of prominent and subtle hotspots under diverse environmental and imaging conditions. The model also
performed consistently across varying panel orientations and color mapping schemes, validating its robustness.
The proposed framework significantly reduces reliance on manual inspection and facilitates early intervention
through fast, accurate anomaly detection. This research highlights the potential of advanced computer vision
systems in supporting scalable, autonomous PV monitoring and contributes to the broader effort toward efficient,
intelligent renewable energy infrastructure management.

Keywords: PV panel monitoring, YOLOvV8 object detection, Hotspot detection, Renewable energy systems

1. INTRODUCTION

The growing demand for clean and sustainable energy has propelled the widespread adoption of photovoltaic (PV)
technology across residential, commercial, and utility-scale applications. However, despite their environmental
and operational advantages, PV panels are vulnerable to various physical and electrical anomalies, including
hotspots, microcracks, and surface contamination [1, 2]. These defects reduce energy yield and can accelerate
material degradation, posing safety risks and increasing maintenance costs [3].

Hotspot formation, often triggered by partial shading, defective cells, or soldering faults, is a particularly critical
issue that significantly compromises the long-term performance and safety of PV modules [4]. It leads to localized
heating that can damage the affected cells irreversibly and initiate thermal runaway [5]. Traditional inspection
techniques, such as manual visual inspection and electrical testing, are limited by their resolution, subjectivity, and
inefficiency, especially in large-scale solar farms [6].

Infrared (IR) thermography has emerged as a non-invasive and efficient method for surface temperature analysis,
making it well-suited for detecting thermal anomalies in PV modules [7]. However, manual interpretation of
thermal images remains labor-intensive and error-prone [8]. To address these limitations, recent advances in deep
learning (DL) and computer vision have introduced powerful tools for automating the defect detection process.

To address the increasing demand for accurate, scalable, and real-time fault detection in PV systems, this study
introduces an automated anomaly detection framework based on the YOLOv8m object detection architecture.
Leveraging a curated dataset of thermographic PV panel images, the proposed approach incorporates advanced
data augmentation strategies to enhance model generalization despite limited original data. The complete workflow
encompasses dataset preparation, augmentation, model training, and a comprehensive evaluation based on
quantitative metrics (e.g., precision, recall, mAP@0.5) and qualitative detection performance. This approach
enables precise and efficient identification of hotspot regions and other anomalies under diverse thermal and
environmental conditions. The findings demonstrate that the proposed YOLOv8m-based system is well-suited for
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integration into unmanned aerial vehicles (UAV)-based monitoring platforms or edge devices, offering a practical
and intelligent solution for next-generation solar energy diagnostics.

2. BACKGROUND AND RELATED WORK
2.1. Hotspot and PV Defect Mechanisms

PV modules are susceptible to various types of faults that can lead to localized heating, referred to as hotspots.
These hotspots typically result from partial shading, soiling, defective cells, or faulty solder joints, which cause
one or more cells to dissipate power instead of generating it [1, 2]. The reverse bias condition in shaded cells
increases current flow through bypass diodes, leading to excessive heating and potential damage to the encapsulant
or even module fires in extreme cases [5]. Several recent studies [9, 10] have suggested that long-term hotspot
formation significantly affects module lifespan and contributes to accelerated degradation mechanisms such as
delamination and ethylene-vinyl acetate (EVA) browning.

2.2. Thermographic Analysis Techniques

Infrared thermography (IRT) has emerged as a reliable non-destructive method for detecting thermal anomalies in
PV panels. It allows the visualization of temperature distributions on the panel surface, facilitating the detection
of visible and hidden defects [11]. Airborne thermography using drones has become increasingly popular for
inspecting large-scale solar farms, providing fast and cost-effective thermal diagnostics [12]. However, traditional
IRT inspection relies heavily on manual interpretation, which may be subjective and prone to operator error [13].
Several recent studies [14, 15] have demonstrated the potential of automated image processing algorithms to
improve the consistency and reliability of thermal inspection results.

2.3. Deep Learning and YOLO Applications in PV Monitoring

With the advent of DL, object detection architectures such as You Only Look Once (YOLO) have been
increasingly applied to defect identification in solar energy systems. YOLO models, especially in their recent
versions (YOLOVS, v7, and v8), offer real-time performance and high detection accuracy, making them ideal for
monitoring PV modules under field conditions [16—18]. In one such study, a YOLOv5-based system successfully
detected high-precision hotspots and cracks in drone-captured thermographic images [16]. The latest YOLOvV8
model introduces anchor-free detection and improved backbone networks, enabling better generalization across
diverse datasets [18]. These advancements open the door to fully automated, Al-powered PV inspection systems
that can scale to utility-sized installations.

3. METHODOLOGY

This section outlines the systematic approach adopted for detecting anomalies in PV panels using the YOLOv8
object detection model. The proposed methodology consists of consecutive phases, from data acquisition to model
evaluation and deployment. An overview of the complete workflow is presented in Fig. 1, which summarizes the
developed system’s data processing, training, and prediction steps.

Model Evaluation &
_— Testing
Precision,Recall,mAP

Dataset Collecting &
Labelling

Model Training

Data Augmentation ————— > (YOLO v8)

Reporting & Results Visualization Hotspot Detection
Documentation & Analysis Prediction Phase

Figure 1. General workflow of the proposed method
3.1. Dataset Preparation: Collection, Annotation, and Augmentation

The foundation of this study is a publicly available dataset comprising 2,000 IR images of PV panels, each
manually labeled for common thermal anomalies, including hotspots, cracks, and contamination. The dataset was
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sourced from Roboflow Universe and curated by the American University of Sharjah as part of a thermal inspection
initiative for PV panels [19]. Each image in the dataset was annotated using bounding boxes that indicate the
presence and location of defects. The annotation process followed standard object detection labeling formats
(YOLO format), assigning each bounding box a class label corresponding to one of the predefined anomaly types.

To address the limitation of data scarcity and improve the model’s generalization capability, extensive data
augmentation was performed via the Roboflow platform. Augmentation techniques included rotation, flipping,
scaling, brightness/contrast adjustment, and color jittering. Through these operations, the dataset was expanded to
3,600 images, effectively increasing intra-class variance and enabling the model to learn more robust features. All
augmented images and their annotations were automatically exported in YOLOvS8-compatible format.
Preprocessing steps also included resizing all images to 640x640 pixels, normalizing pixel values, and applying
image padding to preserve aspect ratios where necessary.

3.2. Model Architecture

YOLOVS, developed by Ultralytics, is a real-time object detection model that combines speed and accuracy
through a streamlined architecture. Unlike earlier versions, YOLOvV8 adopts an anchor-free detection head,
reducing complexity while improving detection robustness, especially for small and irregularly shaped defects. It
utilizes a CSPDarknet backbone and a PAFPN neck, enabling efficient multi-scale feature extraction.

In this study, the YOLOv8m (medium) variant was selected for its favorable balance between detection accuracy
and inference efficiency, making it well-suited for real-time photovoltaic inspection tasks, including potential
deployment on capable edge devices.

3.3. Training Configuration and Parameters

The model was trained using Google Colab Pro+ with NVIDIA Tesla T4 GPU acceleration. The implementation
was carried out in Python, utilizing the official Ultralytics YOLOVS repository. The dataset was split into training
(70%), validation (10%), and test (20%) subsets to ensure fair and consistent evaluation. Key training parameters

are summarized in Tab. 1.

Table 1. Key training parameters used in the model development

Parameter Value
Batch size 8
Image size 640x640
Number of epochs 100
Optimizer SGD with momentum
Learning rate 0.01

The loss function employed in the training process was a composite formulation consisting of complete
Intersection over Union (IoU) loss for bounding box localization, objectness loss to assess the presence of an object
within a predicted region, and classification loss to evaluate label accuracy. To further enhance model reliability,
early stopping with a patience value of 20 epochs and model checkpointing strategies were incorporated, ensuring
the retention of optimal weights and minimizing the risk of overfitting.

3.4. Model Evaluation and Testing

Following the training phase, the performance of the YOLOv8m model was evaluated using a reserved test set
composed of unseen IR images. To assess the model’s ability to accurately detect and localize anomalies on PV
panels, standard object detection metrics were employed, including precision, which measures the proportion of
correctly predicted anomalies among all positive predictions; recall, which quantifies the proportion of correctly
identified anomalies among all actual anomalies; and mean average precision at 0.5 IoU (mAP@0.5), which
reflects the average precision across all classes at a fixed intersection-over-union threshold of 0.5. Evaluation was
performed using the built-in validation tools provided by the Ultralytics YOLOvV8 framework.

In addition to quantitative assessment, qualitative evaluation was conducted by visually inspecting the model’s
predictions on selected test images. This ensured numerical robustness and spatial accuracy in detecting subtle
defects such as microcracks and small-area hotspots. The model exhibited high consistency and generalization
capability across different anomaly types, supporting its practical applicability in PV monitoring. The training
performance metrics are presented and discussed in detail in Section 4, along with corresponding visualizations.
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4. RESULTS AND DISCUSSION

4.1. Training Performance

The training process of the YOLOv8m model was monitored over 100 epochs, and the primary training metrics
are summarized in Fig. 2. As shown in Fig. 2(a), the box loss values declined steadily from approximately 2.6 to
1.6 for the training set and from 3.5 to 1.7 for the validation set. This consistent drop indicates that the model
effectively reduced localization errors throughout training. Moreover, the close alignment between the training
and validation curves suggests that no significant overfitting occurred. Fig. 2(b) illustrates the evolution of key
evaluation metrics across epochs. The precision improved from 0.2 to over 0.80, while recall increased from 0.3
to approximately 0.68. The mAP@0.5 started below 0.2 and stabilized around 0.78 in the final epochs. These
trends show that the model gradually improved its ability to detect and correctly locate anomalies in PV panels.

0x Loss vs Epocn
35
T T T T !

YOLO Metrics vs Epoch

Box loss
Metric value

100 0 20 40 60 80

Epoch Epoch

Figure 2. Training performance of the YOLOv8m model. (a) Box loss for training and validation sets, (b)
Progression of mAP@Q0.5, precision, and recall over epochs

A more detailed breakdown of the individual loss components and evaluation metrics is provided in Fig. 3. This
figure presents separate curves for box loss, classification loss, and distribution focal loss across training and
validation sets. For instance, the training classification loss decreased from around 2.3 to 0.6, and the validation
classification loss dropped sharply from nearly 12 to 0.6, stabilizing early in the training process. This early
convergence suggests that the model quickly learned to discriminate between different anomaly classes, such as
hotspots, cracks, and contamination. In addition, mAP@0.5-0.95, which imposes a stricter loU-based evaluation,
progressed steadily from 0.05 to 0.35. This indicates that the model performs well under standard evaluation
conditions and maintains reasonable generalization performance under more demanding localization thresholds.
These results reflect the stability, learning efficiency, and robustness of the YOLOv8m model architecture
throughout training.

metrics/recall(B)

train/box_loss

train/cls_loss

train/dfl_loss

metrics/precision(B)

2.6 0.8 0.7
—e— results
2.25 4 1.7 1
2441 © smooth 0.7 0.6 1
1.6 -
0.6 J
2.2 4 0.5
151 0.5 A 0.4 1
2.0 A
147 0.4 1 0.3
1.8 4
1.3 1 0.3 0.2
1.6+ r T T r T T r T r . T r T r
0 50 100 0 50 100 0 50 100 0 50 100 0 50 100
val/box_loss val/cls_loss val/dfl_loss metrics/mAP50(B) metrics/mAP50-95(B)
3.5 12 A 1 0.8
2.6
10 A 2.4+ 0.3
3.0 0.6
84 2.21
0.2
2.0
554 6 0.4
1.8 -
* 16 0.2 011
2.0 A 5] h :
1.4
0 50 100 0 50 100 0 50 100 0 50 100 0 50 100

Figure 3. Detailed training and validation metrics of the YOLOv8m model over 100 epochs, including loss
components and key performance indicators
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4.2. Correlation Analysis

To further investigate the interrelationships between various training and evaluation parameters, a correlation
matrix was generated, as illustrated in Fig. 4. The matrix visualizes pairwise correlation coefficients among loss
components (box, classification, and distribution focal loss), performance metrics (precision, recall, mAP@0.5,
mAP@0.5-0.95), and learning rate components across epochs. The color scale in the matrix represents the strength
and direction of the linear correlation: deep red indicates strong positive correlation (close to +1), dark blue denotes
strong negative correlation (close to -1), and lighter shades represent weaker or neutral relationships (around 0).
This allows for intuitive visual assessment of how changes in one parameter may relate to another during training.
As shown in the figure, training classification loss and training DFL loss are strongly correlated with mAP and
precision, indicating that improvements in these loss terms are directly associated with enhanced detection
accuracy. Conversely, validation loss components exhibit weaker or negative correlations with final evaluation
metrics, which may be attributed to overfitting sensitivity in early epochs. Interestingly, learning rate stages (e.g.,
LR PG1 and PG2) show noticeable inverse correlations with mAP and precision, reinforcing the role of scheduled
learning rate decay in performance stabilization. This matrix-based insight provides quantitative support for the
learning behavior previously observed in Figs. 2 and 3.
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Figure 4. Correlation matrix of the main performance metrics and loss values obtained during model training
4.3. Test Set Evaluation

The final performance of the trained model was evaluated on a separate test set containing unseen IR images. The
results are summarized in Tab. 2. The model achieved an mAP@0.5 score of 0.7628, a precision of 0.7862, and a
recall of 0.6788, confirming the trends observed during training. Additionally, the mAP@0.5—0.95 score was
measured as 0.3528, indicating the model’s capability to generalize across varying levels of IoU thresholds.

Table 2. Performance metrics of the YOLOv8 model on the test set

Metric Value
mAP50 0.7628
mAP50-95 0.3528
Precision 0.7862
Recall 0.6788
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4.4. Qualitative Results

To complement the quantitative evaluation, several qualitative examples are presented in Fig. 5 to illustrate the
YOLOv8m model’s capability to detect hotspots in real-world IR images of PV panels. The examples cover a
range of practical scenarios that the system may encounter in the field.

In Fig. 5(a), the model accurately identifies multiple hotspot regions on vertically aligned PV modules. The
bounding boxes align closely with thermally anomalous areas, and the associated confidence scores, which range
from 0.33 to 0.84, reflect the model’s ability to differentiate between more and less prominent defect zones.

In Fig. 5(b), the model demonstrates reliable detection performance on PV panels captured from an oblique angle.
Despite the perspective distortion, it successfully localizes several hotspot regions with confidence scores above
0.70, including predictions at 0.78 and 0.79. The presence of lower-confidence detections, such as those near 0.47,
further illustrates the model’s ability to detect both pronounced and subtle thermal anomalies under challenging
visual conditions.

Figure 5. Qualitative detection results of the YOLOv8m model on PV panel IR images, (a) multiple hotspot
detections on vertically aligned modules, (b) detection under oblique viewing angles with moderate thermal
variation, (c) inference with alternative colormap settings, and (d) consistent hotspot detection across varying
intensity levels
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In Fig. 5(c), detections are shown using an alternative colormap representation. Despite the shift in thermal
visualization, the model maintains consistent detection performance, correctly identifying multiple hotspot
regions. The confidence scores range from 0.43 to 0.57, indicating slightly lower certainty than previous examples.
However, the bounding boxes still align well with thermally distinct cells, suggesting that the model remains robust
even when superficial visual encoding is altered. This highlights the model’s resilience to color palette variations,
particularly relevant for applications where preprocessing or sensor defaults may vary.

Finally, Fig. 5(d) highlights consistent detection performance across panels exhibiting varying hotspot intensity
levels. Despite relatively subtle thermal contrasts in some regions, the model successfully localizes multiple
anomalies with confidence scores ranging from 0.43 to 0.57. While these values are slightly lower than those
observed in sharper thermal profiles, the bounding boxes remain spatially accurate. This suggests that the model
can detect thermal defects even when the temperature gradient between defective and healthy cells is less
pronounced, reinforcing its utility in early-stage fault detection.

The detection bounding boxes align well with visually observable temperature anomalies, demonstrating the
model’s ability to capture subtle and pronounced defect regions. The diverse examples presented in Fig. 5, covering
different panel orientations, thermal conditions, and colormap variations, confirm the robustness of the model
across a wide range of imaging scenarios. These findings validate the practical applicability of the proposed
detection framework in real-world PV inspection workflows, particularly when deployed on edge devices or UAV-
mounted systems for large-scale monitoring.

5. CONCLUSION

In this study, a YOLOv8m-based DL model was developed for hotspot detection in PV panels using IRT imagery.
The proposed system was trained and evaluated using a labeled dataset that was expanded from 2,000 to 3,600
images through extensive augmentation techniques.

Quantitative results demonstrated the effectiveness of the model in accurately identifying thermal anomalies. The
trained model achieved a mAP@0.5 of 0.7628, a precision of 0.7862, and a recall of 0.6788 on the test set. The
mAP@0.5-0.95 score reached 0.3528, confirming the model’s generalization capacity under stricter Intersection
over Union (IoU) thresholds. Throughout training, loss components such as box loss and classification loss
consistently declined, and correlation analysis supported the strong relationship between loss minimization and
detection accuracy.

Qualitative results revealed that the model could detect distinct and subtle thermal anomalies with confidence
scores generally ranging between 0.33 and 0.84. Even under challenging conditions such as low-intensity hotspots
or non-frontal panel orientations, the detection bounding boxes remained well-aligned with visually discernible
thermal patterns. This consistency across diverse imaging conditions suggests that the model maintains robust
generalization capability, enabling reliable anomaly detection even in environmental noise or variable temperature
gradients.

Overall, the YOLOv8m-based approach offers a lightweight yet effective solution that can be integrated into edge
computing platforms or UAV-based inspection systems. The system can be enhanced in future work by including
real-time monitoring capabilities, more advanced augmentation strategies, or additional sensor modalities such as
visible or hyperspectral imaging. These improvements could increase detection precision and broaden the system’s
applicability across the renewable energy sector.
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Abstract

Catalytic reduction of toxic pollutants such as nitroaromatics and organic dyes found in water/wastewater by
heterogeneous nano-structured metallic catalysts is a promising method for wastewater treatment. The need for
effective and reusable catalyst systems is recently increasing due to the soaring water pollution. Aromatic nitro
compounds and organic dyes are considered as the most dangerous environmental pollutants due to their high
toxicity, non-biodegradability, and high stability in nature. Moreover, these pollutants generally have a
carcinogenic and mutagenic structure, which can cause serious health problems for humans. Accordingly,
transforming these pollutants into non-toxic compounds and eliminating them from the environment has emerged
as a critical necessity for ensuring the health and sustainability of all life forms. Therefore, this research seeks to
design a highly efficient, rapid, reusable, and easily recoverable heterogeneous nanocatalyst, supported on sodium
alginate microspheres, to facilitate the removal of diverse harmful nitroaromatic compounds from aqueous
solutions via catalytic reduction. The structural characteristics of both the support microspheres and Pd
nanoparticles were analyzed using a range of techniques. The catalytic performance of the synthesized Pd
nanocatalyst was evaluated for the reduction of several toxic nitroaromatic compounds (such as 2-nitroaniline, 4-
nitrophenol, 4-nitroaniline, and 4-nitro-o-phenylenediamine) into valuable aniline derivatives, as well as organic
dyes (including methyl orange, methylene blue, and rhodamine B) in aqueous solutions. Additionally, the
reusability and recoverability of the synthesized Pd nanocatalyst were assessed, revealing that the catalyst
maintained its catalytic activity with negligible performance loss, even after undergoing seven consecutive reaction
cycles.

Keywords: Catalytic reduction, Industrial pollutants, Nitroaromatic compounds, Pd nanoparticles, Sodium
alginate
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Abstract

In this work, it was aimed to prepare a novel photosensitizer to be used in photodynamic therapy (PDT)
applications. For this purpose firstly, novel compounds 2-methoxy-5-(((4-morpholinophenyl)imino)methyl)
phenol (3), 4-(2-methoxy-5-(((4-morpholinophenyl)imino)methyl)phenoxy)phthalonitrile (5) and peripherally
tetra 4-(2-methoxy-5-(((4-morpholinophenyl)imino)methyl)phenoxy) substituted zinc(I) phthalocyanine (6)
were prepared. Then structural characterization of the novel compounds was performed via Fourier-transform
infrared spectroscopy (FT-IR), proton nuclear magnetic resonance (\H-NMR), ultra violet-visible spectroscopy
(UV-Vis) and mass spectral data. After that, the aggregation properties of the compound (6) were investigated to
determine which solvent is appropriate for photophysical and photochemical measurements. Finally,
fluorescence quantum yield, singlet oxygen quantum yield and photodegradation quantum yield experiments
were performed to determine photodynamic therapy (PDT) performance of compound (6). All these results
showed that zinc(II) phthalocyanine (6) has the potential to be used in PDT applications with its high singlet
oxygen and moderate fluorescence and photodegradation quantum yields.

Keywords: Zinc(II) phthalocyanine, Photophysic, Photochemistry, Photodynamic therapy
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Abstract

In this work, novel peripherally tetra 4-((6-fluoro-2-methylquinolin-4-yl)oxy) susbstituted cobalt(Il)
phthalocyanine (4) (CoPc) and copper(Il) phthalocyanine (5) (CuPc) were synthesized. The novel complexes
were characterizated by Fourier-transform infrared spectroscopy (FT-IR), the matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass and ultra violet-visible spectroscopy (UV-Vis) spectral data.
Electrochemical and in-situ spectroelectrochemical measurements were performed to determine whether the
novel metallo-phthalocyanines have the potential to be used in electrochemical applications. The CoPc showed
both metal-based and ring-based reduction and oxidation peaks, whereas CuPc showed only phthalocyanine-
based reduction and oxidation. The sharp color transitions of CoPc made it a promising for using as an
electrochromic material.

Keywords: Phthalocyanine, Electrochemistry, Spectroelectrochemistry
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Abstract

In this study, boric acid crystals were produced by evaporation and crystallization methods from the solution
obtained as a result of the reaction using borax decahydrate and hydrochloric acid (HCI). The solution obtained
after the reaction was subjected to partial evaporation in an evaporator operating at 90 °C temperature, 150 rpm
stirring speed and 0.3 atm vacuum pressure. The supersaturated solution obtained as a result of evaporation was
crystallized at 25 °C in a jacketed cooled reactor. During the crystallization process, parameters such as stirring
speed (still, 300, 400, 500 and 600 rpm), crystallization time (30, 60, 120, and 240 minutes) and initial solution
concentration (2.25 M-6 M) were varied and their effects on crystal formation were investigated. Throughout the
experiments, the pH, conductivity and volume values of the solution were continuously monitored; the crystals
obtained were separated into two groups as raw and washed and the product quality was evaluated. According to
the data obtained, it was observed that increasing the stirring speed decreased the amount of solution trapped
between the crystal layers and thus increased the crystal purity. When the stirring speed was increased from
stagnant to 600 rpm, there was an improvement of about 3% in the amount of impurities. It was also found that as
the crystallization time increased, the amount of impurities decreased in both raw crystals and crystals with washed
surfaces. When the crystallization time was increased from 30 minutes to 240 minutes, the purity of the crude
crystals increased from 95% to 98.8%. It was observed that the amount of impurities increased with increasing
initial concentration in both crude crystals and washed crystals. In addition, increasing the concentration also
allowed more boric acid to crystallize and increased the amount of solution trapped between the crystal layers.

Keywords: Boric acid, Tincal, Crystallization, Evaporation, Product purity, Borax

1. INTRODUCTION

Boron compounds are among the raw materials of strategic importance due to their versatile chemical properties
and wide range of applications. These compounds are used in many sectors such as glass, ceramics, detergents,
pesticides, metallurgy, nuclear technology, cosmetics and pharmaceutical industries. Boric acid (H3BO3) is one of
the most widely used and economically valuable of these compounds. According to the boron report published in
2013 by Eti mining enterprises, world boron reserves are 1.3 billion B203 tons. While 73% of this total reserve is
located in Turkey, Russia (8%) and America (6%) follow Turkey [1]. It is especially preferred in many industrial
processes thanks to its buffering properties, antiseptic effect and thermal stability [2, 3].

In our country, boron chemicals such as boric acid, boron oxide, borax deca/penta hydrate, anhydrous borax, zinc
borate, disodium tetra borate are produced in Eti Madene enterprises. H3BOs is the starting material of many boron
chemicals. One of the most important raw materials used in boric acid production is borax decahydrate, i.e. tincal
(Na;B40O7-10H,0) mineral. Turkey has about 70% of the world's boron reserves and a large part of these reserves
are located in the Eskisehir-Kirka region [4]. Therefore, Turkey has a strategic advantage in the production of
boron compounds. In order to obtain boric acid from tincal mineral, dissolution with mineral acids such as HCI or
H2SOs is usually applied, then this solution is saturated by evaporation and pure boric acid crystals are obtained
by crystallization.

The purity and physical properties of boric acid crystals are directly dependent on the crystallization conditions
applied during the production process. Parameters such as stirring speed, initial concentration of the solution,
temperature, cooling time and waiting time during crystallization are effective on crystal size, shape and purity.
For example, Elbeyli [S] showed that crystal size changes at different temperatures and stirring speeds in the
production of boric acid from tincal and a purer product is obtained under optimum conditions. Sertkaya and Bayat
[6] stated that the degree of supersaturation determines the crystal growth rate and morphology.
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It is also stated in the literature that the amount of solution trapped on the crystal surface directly affects the product
purity. It has been observed that by increasing the stirring speed, the amount of solution trapped between the
crystals decreases, which increases the purity of especially washed crystals. It is also reported that the longer the
crystallization time, the more time is available for the crystals to grow, which promotes the formation of more
uniformly structured and pure crystals [7, 8].

The aim of this study is to produce boric acid crystals from boron solution obtained using tincal and hydrochloric
acid by evaporation and crystallization steps. In the experimental study, different crystallization conditions
(stirring speed, initial solution concentration and crystallization time) were evaluated and both raw and washed
crystals were analyzed. Key parameters such as pH, volume and conductivity were monitored throughout the
process to better understand the behavior of the crystallization process. In this context, the study presents
experimental data on tincal-based boric acid production process and aims to contribute to process optimization.

2. MATERIALS AND METHODS

2.1. Chemicals and Materials Used

Borax decahydrate (Na;B4O7-10H,0) used for boric acid production in this study was obtained from Eti Maden
and hydrochloric acid (HCl, 37%) was obtained from Merck. A digitally controlled heater-mixer device was used
for mixing and heating, a vacuum laboratory type evaporator was used for evaporation and a jacketed glass reactor
was used for crystallization.

2.2. Crystallization Experiments

Boric acid crystals were obtained from a solution prepared using tincal and HCI. In the first step, a solution with
high boron content was prepared by reacting tincal and HCI in certain proportions. This solution was subjected to
partial evaporation in an evaporator operating under 90 °C temperature, 150 rpm stirring speed and approximately
0.3 atm vacuum. The supersaturated solution obtained after evaporation was subjected to crystallization. The
crystallization process was carried out in a jacketed glass reactor at 25 °C. The crystallization flow chart for this
study is shown in Figure 1.

Tincal Ore Water

ol Borax m

=

H4BO,+NaCl+H,0 i )

93°C %
Reactor L ":-V ’:lh Bath temperature: 90°C

L

Stirring speed: 150 rpm
250C - @B vacuum:0.3atm

Water

Raw crystal

Washed crystal

Filtrate

Figure 1. Crystallization flow diagram
The parameters and levels used in the experimental studies are given in Table 1.

Table 1. Experimental parameters and levels

Parameter Levels

Parameters 1 2 3 4
A Mixing speed (rpm) 300 400 500 600
B Crystallization time (dk) 30 60 120 240
C NaCl + H3BOs concentration (M) | 2.25+4.5 25+5 2.75+5.5 3+6
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2.3. Data Analysis

The volume, pH and conductivity values of the filtrate obtained at the end of the filtration process were measured
and recorded, and the H3BOj; and Cl~ concentrations in the filtrate were analyzed. A sample of raw and washed
crystals was placed on a watch glass and kept in an oven at 45 °C until dry. Approximately 1 gram of the dried
samples were dissolved in 100 mL of ultrapure water and the amounts of H;BOs and Cl in the solutions were
determined.

Determination of H3BOs: A certain amount of sample taken from the solutions was diluted with ultrapure water
and mannitol was added until the pH was stabilized. To determine the amount of boric acid in the sample, the
solution was titrated with 0.1 M NaOH until pH 7.60 and the amount of NaOH consumed was recorded. One
equivalent gram of sodium hydroxide (NaOH) corresponds to one mole of H3BOs. The amount of boric acid was
calculated using Equations (1) and (2) [9].

My, po, (g) = VNaOH X MNaO]—[ x61.83 (1
m
CH3B03 (g/L) = % (2)

sample

In where, my 5, : Mass of boric acid (g), Vy,oy: Volume of NaOH (L), My,q, : Molarity of NaOH solution
(mol/L), 61.83: Molar mass of boric acid (g/mol), CH3BO3 : Boric acid concentration (g/L), and V.

sample

: sample

volume (L).

Determination of CI™: To 1 mL of sample taken from the solutions, 1 mL of K>CrO4 was added and diluted with
some distilled water. Then, to determine the amount of chloride in the solution, the sample was titrated with 0.1
M AgNOs; until the color turned red and the consumption was recorded. The amount of NaCl was calculated using
Equation (3).

V.. mL)xM x58.44
Ca (g/L)=— ( v ) (r;gg())

sample

3

In where, V.o : Volume of AgNO; spent (mL), M, : AgNO; concentration (mol/L), 58.44: Molar mass of

NaCl (g/mol), and V, : Sample volume (mL).

ample

3. RESULTS

The crystalline solution obtained after the reaction was filtered using a vacuum filtration setup. The solid phase
after filtration without any purification or treatment was termed as “crude crystal”. In order to prevent the loss of
boric acid, the recrystallization method was not preferred; instead, the surface of the crude crystals was washed
with some ultrapure water to remove impurities and thus “washed crystal” was obtained.

The volume, pH value and conductivity of the filtrate obtained at the end of the filtration process were measured
and recorded. HsBOs and Cl- ions in the filtrate were also analyzed. The filtrate properties obtained for different
stirring speeds, crystallization times and initial concentrations are presented in table 2, table 3 and table 4
respectively.

3.1. Effect of Stirring Speed

In this step, the supersaturated solution was crystallized at 25 °C for 1 hour at different stirring speeds. Successful
crystallization was observed at all stirring speeds. During crystallization, some amount of solution was retained in
the crystal structure or on the surface of the crystals, which led to the formation of impurities in the crystals.
However, it was concluded that by increasing the stirring speed, such unwanted deposits can be reduced, and
crystal purity can be increased. The data are presented in Table 2.
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Table 2. Effect of stirring speed on crystallization (Cond.: Conductivity)

Raw Crystal Washed crystal
. Crystallization % % %

Experiment Stir};ring Speed Cond. pH NaCl | H;BOs Cond. pH % NaCl H:BO;
No (rpm) (ps/cm) (wiw) | (wiw) (ps/cm) (w/w) (Wiw)

1 Durgun 667 6.25 3.2 95.5 20.8 5.32 1.58 97.9

2 300 601 6.16 2.4 97 17.7 5.30 1.1 98.7

3 400 498 6.10 1.4 98 16.9 5.26 0.8 99.1

4 500 472 6.08 1.9 98 13.5 5.54 0.79 99.2

5 600 495 5.94 1.39 98 14.5 5.22 0.8 99.2

3.2. Effect of Crystallization Time
Table 3 shows that the amount of impurities decreased in both raw and washed crystals as the crystallization time
increased. Increasing the crystallization time led to an increase in the crystal size and the formation of a more

granular solid, reducing the amount of solution remaining between the crystal layers.

Table 3. Effect of crystallization time on crystal content (Cond.: Conductivity)

Raw Crystal Washed crystal
. Crystallization % % %

Experiment y Time Cond. pH NaCl | H:BOs Cond. pH % NaCl H;BO:
No (min.) (s/cm) wiw) | (wiw) | (Bsem) VW) | (wiw)

1 30 578 6.14 4.9 95 18 5.5 1.09 98.8

2 60 498 6.10 1.6 98 16.9 5.26 0.78 99.1

3 120 563 6.31 1.3 98.4 15.2 5.3 0.62 99.3

4 240 538 5.99 1.1 98.8 9.8 5.35 0.2 99.7

3.3. Effect of Initial Concentration

When Table 4 is examined, it is observed that the amount of impurities increases with increasing initial
concentration in both raw and washed crystals. As the concentration increases, the amount of boric acid crystallized
increases and this leads to an increase in the amount of solutions trapped between the crystal layers and more
impurities. The data obtained support this relationship.

Table 4. Effect of initial concentration on crystal content (Cond.: Conductivity)

Raw Crystal Washed crystal
. Initial Cond. % % %

Experiment NaCl + HBO; Cond. pH NaCl | H;BOs Cond. pH % NaCl H:BO;
No (M) (pus/cm) (wiw) | (wiw) (ps/cm) (w/w) (Wiw)

1 225+4.5 486 6.05 1.5 98.1 15 52 0.7 99.3

2 2.5+5 495 6.10 1.6 98 16.9 5.26 0.75 99.1

3 2.775+5.5 526 5.95 2.5 97.2 13.2 5.32 0.75 98.9

4 3+6 530 6.05 2.2 97.5 14 5.45 0.75 98.4

X-ray diffraction (XRD) analyses of crude boric acid (98.1%), washed boric acid (99.1%), boric acid obtained
from Eti Maden and borax decahydrate crystals crystallized in 2.5 M NaCl and 5 M H3BO; medium in Table 4
were performed by Eastern Anatolia High Technology Center (DAYTAM) and the XRD patterns obtained are
presented in Figure 2. When Figure 2 is examined, it is understood that borax is transformed into boric acid and
the crude and washed crystals are compatible with the boric acid obtained from Eti Maden.
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Figure 2. XRD images of commercial borax decahydrate, commercial boric acid, raw crystal and washed crystal

4. CONCLUSION

In this study on boric acid production from tincal, mixing speed, initial boric acid - HCIl concentration and
crystallization time were determined as parameters. According to these parameters, as the crystallization time
increased, the crystal size increased and the impurity ratio decreased. When the crystallization time was extended
from 30 minutes to 240 minutes, the purity of the crude crystals increased from 95% to 98.8%. When the stirring
speed was increased to 600 rpm, there was a 3% improvement in the impurity rate. As the concentration increased,
the amount of boric acid crystallized increased, leading to an increase in the amount of solution trapped between
the crystal layers and more impurities. The impurities were reduced by washing the surfaces of the crude crystals
and purer crystals were obtained.
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Abstract

In this study explores the separation of synthetic boric acid (H;BOs) and sodium chloride (NaCl) solutions,
prepared at saturation concentrations, using the bipolar membrane electrodialysis (BMED) method. The system's
performance was analyzed under varying current intensities (4.2 A, 5.2 A, 6.2 A) to evaluate the transport behavior
of boric acid conversion of the salt. The electrodialysis cell consisted of a three-compartment membrane stack
arranged in repeating units (BM//AEM//CEM//BM), with standardized stirring and flow conditions. The feed
solution concentrations were prepared as a saturated solution for boric acid (58 g/L) and a saturated solution for
NaCl (146.25 g/L). The system's stirring speed was set to 500 rpm, and the flow rate was adjusted to 10 L/h. When
the data obtained are considered in terms of process time, it is determined that the process time decreases by
approximately 50% between the lowest current (4.2 A) value selected as a parameter and the highest current (6.2
A) value. When boric acid transport was analyzed, it was determined that the transport to the base tank was higher
than the transport to the acid tank. However, a significant amount of boric acid was found to remain in the feed
tank. Thus, it was determined that although the boric acid in the feed tank was partially transported to the acid-
base tank, the boric acid in the feed tank was concentrated due to the volume reduction in the feed tank.

Keywords: Tincal, Boric Acid, Bipolar Membrane, BMED, Electrodialysis

1. INTRODUCTION

Turkey possesses a dominant position in the global boron market, holding approximately 73% of the world's
known boron reserves. The extraction, processing, and commercialization of this strategic mineral in our contry
are primarily managed by the General Directorate of Eti Maden Operations (Eti Maden), with the objective of
maximizing the nation’s resource potential [1]. Significant boron deposits, characterized by a diversity of mineral
forms including colemanite, tincal, and ulexite, are concentrated within the Kirka (Eskisehir), Bigadic (Balikesir),
Kestelek (Bursa), and Emet (Kutahya) regions [2]. Turkey’s abundant boron reserves give it a significant
advantage and influence in the international boron trade. In 2023, Eti Maden accounted for 48% of global boron
production, while the US was second with 21%. The remaining 31% was produced in other countries. Eti Maden’s
2023 refined boron production was approximately 2 million tons [3] Among refined boron products with the most
production share are boric acid, borax pentahydrate and ground colemanite [4-6].

Boric acid, a key boron product of Turkey, is widely used as an input in various industries and plays a critical role
in industrial production processes [7]. Boric acid (H3BO3) is a versatile compound in chemical engineering, widely
used industrially, mainly in glass and ceramics (borosilicate glass and enamel frits) production as a key input [8].
Boric acid enhances the durability of glass and ceramics, controls neutrons in nuclear reactors, protects fluids with
its biocidal properties, and acts as a flame retardant in polymers. Additionally, boric acid is widely utilized as an
intermediate product in various chemical syntheses and as a pH regulator [9, 10]. The most common method for
producing boric acid involves dissolving boron minerals in strong acids, followed by obtaining boric acid through
crystallization of the resulting solution. The primary methods for producing boric acid include the dissolution of
boron minerals with strong acids, such as sulfuric or hydrochloric acid, followed by crystallization to obtain the
boric acid. Another significant method involves the acidification of borax (Na,B4O7-10H,O) with acids, which
often yields a higher purity product due to the refined starting material. Evaporation methods are also employed
to extract boric acid from low-concentration boron sources like geothermal waters or saline lakes by concentrating
the solution until crystallization occurs. Lastly, Electrodialysis methods for boric acid production have been
explored but are less common on an industrial scale [11, 12].
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Alongside these methods, electrolysis has also been used as another boric acid production method. In this method,
the aim was to obtain boric acid by extracting tincal with HCI. However, due to the high reactivity of HCI, the
presence of minerals such as Ca+ and Mg+ was observed in the solution. This situation caused impurities to occur
in the final product. Furthermore, the low efficiency of electrolysis makes this method disadvantageous [10, 13].
To minimize the disadvantages of all the boric acid production methods mentioned above, electrodialysis (ED),
which is one of the electro-membrane processes frequently used in recent years, has also started to be used for
boric acid production [14].

In a study conducted by Nagasawa et al. [15], boric acid production was targeted using the conventional ED
process. The study concluded that a boron removal rate of 35-40% was achieved with this method. Furthermore,
in the same study, they carried out boric acid production using bipolar membrane electrodialysis (BMED), a
modification of the ED process, and compared the two methods. As a result, it was concluded that boron removal
was more than 90% with the BMED process. Considering the low energy costs and high product concentrations
of ED processes, this study suggests that ED processes are suitable for boric acid production. However, studies
have noted product losses due to boric acid transport during the BMED process. Therefore, this study, which aims
to produce boric acid using the BMED process, plans to concentrate boric acid in a dilute medium instead of
focusing on its transport. Nagasawa et al. [15], conducted a study that targeted boric acid production using the
conventional ED process. In this study, the recovery of H;BO3 from a synthetically prepared solution containing
NaCl and HsBOs under acidic conditions was aimed. The changes in pH and conductivity of the feed solution
during the batch flow experiments were monitored throughout the experiments. In the experiments carried out at
the current values selected as parameters for this study H3;BOs transport was defined as the process performance
criterion. The process performance criterion was evaluated based on the initial H3BO3 concentrations in the feed
tank and the flow rates of the solutions.

2. MATERIAL AND METHOD

2.1 Reagent and Membranes

In this study, feed, base, acid, and electrolyte solutions were prepared using NaCl, NaOH, HCI, and H3;BO;
chemicals obtained from Merck to investigate the bipolar membrane electrodialysis (BMED) process.

The electrodialysis system manufactured by PCCell GmbH, Heusweiler, Germany was used for the BMED
process. PCCell BED 1-4 model BMED system was used in the system where hardware and software programmes
are available together. Anion exchange membrane (PC Acid 60) and bipolar membranes and spacers (ED 640004)
were supplied from PCCell for use in the BMED cell. The BMED cell, which consists of an anode and cathode
end, was provided with an electric field with the help of a DC power supply. In addition to the anode and cathode,
experiments were performed in a two-compartment cell with 6 repeats.

2.1. Definition of Experimental Setup and BMED Experiments

The bipolar membrane electrodialysis (BMED) system consists of three main compartments responsible for ion
transport: the feed, acid, base and electrolyte compartments.

BM

- | + + — |+ I
He |- | + + o+ oy
+
=t — [+
_ + o=
— “+ c- = |+
-— - - —=nT
= = A — - - |+
= | + _+ H- - | + -
[o15] . + . . H*
= o1 B
Electrolybe — El ohyte

Figure 1. BMED system
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In this system, each compartment was filled with 1 litter of simulated solution prepared for specific purposes. The
feed compartment contained a NaCl - H;BOs solution, while the acid compartment was filled with HCI, and the
electrolyte compartment housed a NaOH solution base. The experiments were conducted by applying an electric
field to transport the solution ions in the tanks to their respective compartments. The ion transfer processes in this
study are illustrated in Figure 1.

In this study, the effective parameter was determined as current and current application was performed at 4.2 A -
5.2 A and 6.2 A values. In the experiments, initial feed tank concentration was NaCl (146.25 g/L) and Boric Acid
(58 g/L), initial acid tank concentration was 0.1 M HCI, initial electrolyte concentration was 1.5 M NaOH, feed
tank stirring speed was 500 rpm, system flow rate was 10 L/h and temperature was 25 °C.

2.2. Data Analysis

Experiments included acid and base measurements every half hour using wet analysis techniques. Boric acid
(H3BOs), being a weak acid (Ka = 5x107'9), cannot be directly titrated with strong bases. To determine its
concentration, poly-alcohols such as glycerol, mannitol, and sorbitol are used. Poly-alcohols react with H3BO3 to
form a moderately acidic complex. In this study, mannitol was chosen as the poly-alcohol, and during the formation
of the complex, protons (H*) are released. These protons are neutralized by titration with 0.1 M NaOH solution,
allowing the determination of the H3;BO3 amount. The diluted sample is titrated with NaOH until the final pH
reaches 7, 60 [10]. Accordingly, the amount of boric acid was calculated using Equation.

mHzBoz (g) = VNaOH x MNaoH x61.83 (1)

In where, my 5, : Mass of boric acid (g), Vy,qy : Volume of NaOH (L), My, : Molarity of NaOH solution
(mol/L), and 61.83: Molar mass of boric acid (g/mol).

3. RESULTS

As a result of the study, the purification of H3BO;3 was carried out by electrodialysis of H;BOs and NaCl in a three-
compartment bipolar membrane cell. In the study, in addition to the same flow rate and stirring rate applied, NaCl
and H3BOs saturation solutions were prepared, and the BMED system was operated by applying 3 different
potentials. Under the operating conditions, it was observed that the formation rate increased significantly with the
increase in potential, and it was determined that high desalination of boric acid was achieved with this method
without any additional processing.

3.1. Conductivity and pH Change Value
In the graph shown in Figure 2, the system, equipped with a computer-assisted conductivity meter, automatically

monitored and recorded the conductivity values in the feed tank every 2 seconds throughout the experimental
duration.
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Figure 2. Conductivity curves for different current

Figure 2 illustrates the conductivity measurements in the feed tank of the BMED system, which are dependent on
the electrical charges (Na*, Cl") present. The electrical conductivity of the feed solution varies based on the number
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of ions in the medium and their mobility [11]. Additionally, conductivity can be considered an indicator of the ion
concentration in the medium. In this context, when Figure 2 is examined, it is observed that the conductivity in the
feed tank decreases over time. Since the BMED system is a process based on ion transport, the reduction in
conductivity in the feed tank indicates that ions are being transferred to adjacent compartments. When Figure 2 is
evaluated from another perspective, the conductivity of the feed solution decreases almost linearly. This is
associated with the linear relationship between salt transport across the membrane and the amount of electricity
[16]. Consequently, it can be stated that towards the end of the experiment, the amount of electricity decreases due
to the reduction in the salt content.

Also, in the graph shown in Figure 3 pH recorded every 2 second by BMED system software programme in the
feed tank

—42A
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—6.2A

0 50 100 150 200 250 300 350
Time (min)

Figure 3. pH Curves for different current

The transfer of ions (Na* and CI") present in the feed compartment to adjacent compartments through ion exchange
membranes causes sudden pH drops [16]. Over time, as the feed solution re-establishes equilibrium, pH
fluctuations become more stable. Towards the end of the process, however, pH increases are observed. This can
be explained by the concentration differences between compartments, which become more pronounced near the
end of the process. As the ion concentration in the feed solution decreases over time, a concentration gradient
develops between adjacent compartments. This gradient leads to ion migration from the neighbouring
compartments into the feed solution. As a result, an increase in pH values is observed towards the end of the
experiment [17]. Lastly, when Figures 2 and 3 are examined, it is observed that process durations differ for each
current value. In the BMED system, the process duration generally varies depending on the initial salt (feed)
concentration, flow rate, and current density [11]. In this study, since the initial salt concentration and flow rate
are constant, the effective parameter for the process duration is the current value. As the current increases, ion
mobility in the system also increases. With the increased ion mobility, the feed solution is depleted more rapidly.
Faster ion depletion shortens the process duration. In this context, as can be seen from the obtained graphs, the
shortest process duration corresponds to the highest current value. The increasing current intensifies the electric
field strength, accelerating the transport mechanisms in the BMED process, which in turn leads to faster ion
consumption [17]. In this case, the process durations are reduced due to faster ion transfers.

3.2. Boric Acid (HsBOs) Change Value

The graph shown in Figure 4 illustrates the behavior of the boric acid amount within the feed inside the bipolar
membrane electrodialysis system in response to current change. Boric acid (H3BOs3) is a weak acid and remains
mostly in molecular form in the feed tank, while anions (C1") and cations (Na") hydrate and move towards the
respective electrodes under an electric field. Hydrated Na* and CI- ions are transported from the base and acid
compartments through diffusion, migration, and advection. During electrodialysis, the migration of hydrated ions
also causes water transfer across compartments via electro-osmosis [10]. Although partially ionized H3BOj3 is not
directly affected by the applied electric field, the concentration gradient between adjacent compartments allows
H3;BO; to diffuse into the acid, base, and electrolyte compartments. At this stage, since diffusion is much slower
than migration, and feed volume gradually decreases due to electro-osmosis, H3;BO3; becomes both purified and
concentrated in the feed compartment. Thus, once desalination is complete, H3BOs can be purified and crystallized.
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Figure 6. Boric acid amount in acid tank

The highest transport of boric acid to the base compartment is shaped by water drag, diffusion effects, and the
hydration properties of ions during the electrodialysis process [18]. Due to its smaller hydrated size and stronger
water drag effect, sodium ions (Na*) contribute to transport more effectively than chloride ions (C17). As Na* ions
move, they carry water molecules along, which in turn direct hydrated boric acid molecules to the base
compartment. Furthermore, as the initial boric acid concentration increases, the concentration gradient grows,
diffusion effects strengthen, and the transfer of boric acid accelerates. During this process, the electric field does
not directly direct boric acid but indirectly supports its transport by affecting water movement through ion
migration. Additionally, the proximity of the base compartment increases the amount of boric acid transported,
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while the distance to the acid compartment results in comparatively less boric acid transport. The combination of
all these factors ensures that boric acid accumulates most in the base compartment.

4. CONCLUSION

In this study, the production of boric acid, which is one of the boron compounds of strategic importance in the
world and in our country, was aimed by using BMED system. In this direction, the effect of flow on boric acid
transport in the BMED system was investigated. In this study, it was observed that the amount of boric acid in the
acid and base compartments increased with increasing current. It is a result obtained in all experiments that boric
acid transport to the base tank in the BMED system is higher due to the hydration property of Na* ion. Finally, a
significant decrease in process times was observed with increasing flow rates.
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Abstract

In the coating phase of the glass surface, the preparation processes before the application are as important as the
application method. Preparations before the application can be considered as solution preparation and surface
preparation. The surface preparation process varies depending on the application surface and the solution to be
applied. These variations may be in the form of using different chemicals or changing solution concentrations. In
the study, the characterization of the surface preparation process before the coating was studied in order for the
glass surface to exhibit hydrophobic behavior. Different surface cleaning solutions were used to reach the surface
contact angle required for hydrophobic properties. In the studies conducted, different modifications were made
using NaOH, KOH, distilled water, hot distilled water and pure water raw materials in the surface cleaning process.
In the comparison of the obtained results, surface free energy and surface contact angle measurement data of the
surface with the determined liquid were used. According to the obtained data, it was observed that cleaning with
pure water increased the surface free energy by 10% compared to alkaline cleaning (NaOH-KOH solution). This
situation between the surfaces was also reflected in the surface contact angles after coating, and it was determined
that the glass cleaned with pure water exhibited 3.75% more hydrophobic behavior.

Keywords: Cleaning, Glass surface, Hydrophobic
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Abstract

The rapid development of wireless communication technology and the need for miniaturization has made the
optimization of microstrip antennas an important research area. In this paper, a comprehensive review on the
optimization of microstrip antenna parameters using genetic algorithm (GA) is presented. Microstrip antennas,
despite their low profile and light weight, have disadvantages such as narrow bandwidth and low gain. GA has
emerged as an effective method to overcome these drawbacks. The review focuses on the basic principles of GA,
its applications in microstrip antenna design and its comparison with other optimization techniques. The results
show that GA is an effective tool for bandwidth, gain improvement, miniaturization and multiband antenna
design.

Keywords: Microstrip antennas, Genetic algorithm, Optimization, Bandwidth, Gain

1. INTRODUCTION

Today, the rapid development of wireless communication technology has increased the need for compact, low
cost and high performance antennas. Microstrip patch antennas (MPAs) are preferred in many wireless
communication applications due to their advantages of low profile, light weight and easy fabrication [1, 2].
However, MPAs also have disadvantages such as narrow bandwidth, low gain and low efficiency [3].

patch,_\
A&

ground

Figure 1. Microstrip patch antenna structure

Microstrip antennas basically consist of a conductive patch placed on a dielectric substrate and a ground plane at
the bottom. Antenna performance is largely determined by the patch dimensions, feed location and electrical
properties of the substrate [4]. Traditional design approaches are often based on trial-and-error methods and can
be inefficient in meeting multiple design objectives [5].

Genetic Algorithm (GA) is a heuristic optimization technique inspired by evolutionary processes in nature [6].
GA has an increasing importance in microstrip antenna design due to its ability to find global optimum solutions

in large search spaces [7]. In this study, we review recent research on the optimization of microstrip antenna
parameters with genetic algorithm.

2. MATERIAL AND METHOD
2.1. Genetic Algorithm

The GA is a powerful optimization technique based on the principles of natural selection and was first developed
by Holland in 1975 [8]. GA is highly effective in finding global optimum solutions in complex and
multidimensional search spaces [9].
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Figure 2. General structure of genetic algorithm

The basic components of GA are: chromosome encoding, initial population generation, fitness evaluation,
selection, crossover, mutation and elitism [10]. In microstrip antenna optimization, GA starts by encoding
antenna parameters (dimensions, feed location, substrate properties) and searches for the optimal antenna
configuration in an iterative process [11].

Optimization of microstrip antennas with GA usually involves the following steps:

e Coding of antenna parameters

e Generation of a random initial population

e Evaluation of each individual's antenna performance

e Selection of individuals according to eligibility values

e Creation of a new generation using crossover and mutation operators
e Repeating steps 3-5 until the desired termination criterion is met [12].

It is seen that Genetic Algorithms are used for various purposes in microstrip antenna design. Table 1
summarizes the purposes of using GA in microstrip antennas, related studies and the results obtained by
reviewing the studies in the literature. As can be seen from the table, GA is an effective optimization tool
especially in areas such as bandwidth improvement, gain enhancement, miniaturization and multiband design.

Table 1. Intended use of GA in microstrip antenna design

Intended Use Related Studies Optimization Target Results Obtained
Bandwidth S11 <-10 dB frequency range 1030 MHz bandwidth, 24%
S [6] and [13] .
Optimization boost increase
. Increased directivity and Gain increase from 7.6 dBi to
Earnings Boost [5]and [14] efficiency 11.4 dBi, 71% improvement

Miniaturization

Multi-Band Design

[3] and [6]
[9], [10], and [15]

Physical size reduction
Operation on multiple

Up to 82% size reduction
Possibility to work between 2-6

frequencies bands
. Optimization of feed position | S11 improvement, -10 dB to -28
Impedance Matching [4] and [16] and structure 4B
Patch Shape Geometric structure Increased directivity, self-
N [3] and [12] . . ,
Optimization improvement blocking geometries
Fractal Antenna Fractal parameters Operation in six frequency bands,
. [7] and [15] L . .
Design optimization high gain
mm-Wave Antenna Optimization at high Operation in the 28-31 GHz band,
- [17] : D
Design frequencies 10.9 dBi gain
3. RESULTS

3.1. Optimization of Microstrip Antennas

GA is an effective method for optimizing various parameters of microstrip antennas. The patch sizes (L and W)
determine the resonant frequency and impedance matching [13]. Manoj et al. used GA to achieve 100%
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improvement in the reflection coefficient of an antenna operating at 5 GHz [16]. Similarly, Zhang et al.
optimized the patch geometry using GA and achieved antenna operation at 2.50 GHz and 2.85 GHz [9]. GA also
gives effective results in feed position optimization. Barman et al. compared GA, PSO and Nelder-Mead
algorithms in feed location optimization and showed that GA provides better bandwidth [4]. In the field of
miniaturization, Kumar et al. succeeded in reducing the dimensions of an elliptical microstrip antenna by 82%
using GA [6]. In multiband antenna design, Zhang et al. developed a dual-band antenna with GA [9] and Azzouz
et al. developed a fractal antenna operating in six frequency bands [15]. In gain improvement, Aulia et al.
achieved an increase of 71% with GA [14]. In Table 2, the changes in microstrip antenna performance before
and after GA optimization are presented comparatively.

Table 2. Intended use of GA in microstrip antenna design

Frequency S11 (dB) Gain (dBi) Size
Reference Antenna Structure (GHz) Before GA | GA Post | Before | The Post |Reduction (%)
[5] Metamaterial loaded 6 -15 -25 7.6 11.4 -
[6] Elliptical microstrip | 2.48,5.2,7.2 -19 -41 - 5.8 82
[9] Modified patch 2.50, 2.85 -10 -25.4 - - -
[10] Parasitic element 8.2,13.9,15.1 -15 -25 - 7.8 -
[13] Broadband microstrip 5.2 -14 -28 - 2.5 -
[14] Standard microstrip 3.2 -10 -17.1 4.5 7.1 -
[15] Sierpinski fractal 2.06-9.80 -17 -27 - 27.2 -
[17] mm-Wave microstrip 28.0,31.1 -18 -22 6.8 10.9 -

As shown in Table 2, GA optimization resulted in significant improvements in the performance of microstrip
antennas. In particular, improvements in the reflection coefficient (S11) values from -10 dB to -41 dB and gain
increases of up to 71% were obtained. In addition, Kumar et al. [6] demonstrated the potential of miniaturization
by achieving an 82% reduction in the physical dimensions of the antenna. Similarly, Boudjerda et al. achieved
up to 60% reduction in microstrip antenna dimensions using GA [18].

3.2. Comparison of GA with Other Optimization Techniques

Various techniques other than GA have also been used for microstrip antenna optimization. particle swarm
optimization (PSO) is an optimization technique inspired by the social behavior of flocks of birds and fish [19].
The advantages of PSO over GA are faster convergence and less parameter tuning. Barman et al. [4] compared
GA and PSO for feed position optimization in microstrip antennas and showed that both algorithms are effective.
The comparison of GA and other optimization techniques in the literature is summarized in Table 3. As seen in
this table, each optimization technique has its own advantages. In general, GA stands out with its capacity to find
the global optimum, while PSO shows faster convergence.

Table 3. Intended use of GA in microstrip antenna design

Reference | Compared Algorithms | Application Area | Performance Measure Result Comparison
.. . . NM: fastest convergence,
[4]  |GA, PSO, Nelder-Mead | ©ccdposition | Number ofiterations, | = pgy e jium, GA: best
optimization bandwidth . .
solution quality
— - LYYR -
[6] GA. Classical Methods Elhptlcal. Frequency matching, GA: §2 A) size reduction,
antenna design size better multi-band performance
Enhanced GA, standard Dual-band . . Improved GA: 89%
[9] Number of simulations . . .
GA antenna simulation reduction
Gain GA: 71% gain improvement,
[14] GA, Trial and Error L Gain optimization traditional: limited
optimization .
1mprovement
[19] GA, PSO, Classical Gain Literature review PSO: faster, GA: more
Methods optimization comprehensive search
[20] GA, El'ephanF Herd MPA design S11, bandwidth FSO: better regult, QA: less
Optimization computation time
GA, PSO, Evolutionary | Various antenna | Optimization speed, i convergence, GA:
[21] . . more reliable for global
Algorithms designs performance .
optimum
[22] GA, Traditional design Ultra-wideband Frequency band GA: .3.'21_1 7.97 GHz band,
antenna traditional: narrower band
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In recent years, hybrid approaches that combine the advantages of different optimization techniques have
become popular [22]. Zhang et al. [9] proposed an improved GA approach for dual-band microstrip antenna
design and showed that this approach is more efficient.

4. CONCLUSION

In this review paper, recent research on optimization of microstrip antenna parameters with genetic algorithm is
reviewed. GA has proven to be an effective tool for optimizing the dimensions, feed locations and patch shapes
of microstrip antennas.

The main advantages of GA in microstrip antenna design are:

Ability to optimize multiple design parameters simultaneously,

Ability to find global optimum solutions,

Providing flexibility in the design of multiband, broadband and miniature antennas,
Improving performance parameters such as gain and bandwidth.

Future research could focus on developing faster and efficient GA variants and hybridizing GA with other
optimization techniques.
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Abstract

Early detection of mechanical failures in unmanned aerial vehicle (UAV) systems is critically important for
ensuring flight safety and operational continuity. Structural degradations such as propeller damage and screw
loosening at the mounting points directly compromise the stability and performance of UAV systems. This study
presents a novel acoustic-based fault classification framework that utilizes microphone-recorded signals instead
of conventional vibration sensor data. The recorded acoustic signals are first decomposed into three distinct
intrinsic mode functions using empirical mode decomposition. For each intrinsic mode function component, 13
mel-frequency cepstral coefficients are extracted, resulting in a total of 39 features per segment. These features
effectively capture the nonlinear and time-varying frequency characteristics associated with mechanical faults.
The resulting 39-dimensional feature vectors are then fed into a multi-layer neural network model for
classification. The proposed approach successfully distinguishes between normal operation, propeller blade
damage, and mounting screw loosening faults. Evaluation results demonstrate that the system achieves a
classification accuracy of 98.7%, highlighting its effectiveness in real-world UAV systems fault scenarios. This
work provides a cost-effective and sensor-independent alternative to traditional vibration-based diagnostic
methods. By leveraging adaptive acoustic feature extraction through empirical mode decomposition and mel-
frequency cepstral coefficient analysis, the study offers a robust framework for UAV systems fault detection that
is suitable for practical deployment in field conditions.

Keywords: UAVs, Propeller fault detection, Emprical mode decomposition, Mel-frequency features, Neural
networks
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Abstract

Wireless sensor networks (WSNSs) are becoming more and more common nowadays. One of the main constraints
in wireless sensor network usage is the limited availability of energy. The batteries used in sensor nodes are usually
not enough for long and efficient data transmission. Also, since these nodes are often placed in hard-to-reach areas,
replacing the batteries is almost impossible. To solve this problem, firstly energy efficient media access control
(MAC) protocols are introduced. Despite the fact that a lot of MAC protocols are developed, batteries of the sensor
nodes are run out. In this time energy harvesting from the environment and wireless energy transfer are seen as
promising solutions in WSNSs. In this study, developed MAC protocols, different energy harvesting methods, and
their applications are discussed.

Keywords: WSNs, MAC protocols, Sensor nodes, Energy harvesting

1. INTRODUCTION

Wireless sensor networks (WSNs) detect environmental data and typically transmit it to sink via multi-hop
communication as shown in Figure 1. WSNs are composed of a large number of sensor nodes working together.
The architecture of a sensor node generally includes sensors for detecting environmental data, a processing unit,
an radio-frequency (RF) module for communication, and a battery. Sensor networks today have found a wide range
of applications. They are used for monitoring and detecting environmental events, as well as in military, industrial,
and healthcare systems. WSNs have made all these systems more efficient and effective. As an example, in
industrial applications, WSNs allow easy monitoring of the production process and enable the prediction of
potential faults. In the healthcare sector, WSNs contribute to the early detection of diseases and allow for timely
intervention [1]
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Figure 1. A typical WSN scenario [1]

One of the biggest challenges in the use of WSNs is the limited capacity of the batteries used. Therefore, the
lifetime of the sensor nodes is constrained. Depending on the application, sensor nodes may need to operate for
months or even years. However, since they are often deployed in harsh environmental conditions, battery
replacement becomes impossible. For this reason, energy-efficient protocols and various energy harvesting

809



methods have been developed to extend the lifetime of WSNs. Moreover, even when WSNs are not in active use,
they may lose energy due to leakage currents. Additionally, the batteries can degrade under harsh environmental
conditions, potentially causing environmental harm. Environmental energy harvesting techniques can minimize or
even eliminate battery usage, thereby reducing environmental damage. The increasing energy demand over time
has brought wireless power transfer (WPT) into focus. Initially proposed by Nikola Tesla in the early 20th century,
this concept today offers effective solutions for wireless energy transfer in WSN applications [2]. Furthermore,
with the widespread use of mobile devices, companies have started to establish standards for WPT [3]. In the
second section traditional media access control (MAC) protocols are mentioned. At third section, next-generation
MAC protocols are reviewed.

2. TRADITIONAL MAC PROTOCOLS

MAC protocols have been developed to make communication in WSNs more efficient with the advancement of
wireless communication. MAC protocols prevent collisions, enable channel sharing, and optimize energy
consumption, ensuring that WSNs operate more efficiently and for longer periods.

Advocates of Linux open-source Hawaii Association (ALOHA) is accepted the first protocol used for wireless
data communication, which was developed in 1968 at the University of Hawaii [4]. In the ALOHA protocol, users
transmit data randomly as illustrated in Figure 2. However, this can lead to collisions and so data loss.

Userl 4 - >
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Userd g |
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Figure 2. ALOHA protocol [5]

To address to this problem of the ALOHA protocol, the Slotted ALOHA protocol was developed. This protocol
uses a structure divided into time slots as shown in Figure 3. Users can send data at the beginning of these time
slots. In this way, collisions are reduced and channel efficiency is increased [6].

Collision area

Userl D — o

User2 == == -

User3 S  I— >

Userd | e, 4 —/— >
Slot 1 Slot 2 Slot 3 Slot 4 Slot 5 Slot 6

Figure 3. Slotted ALOHA protocol [5]

When two or more transmitters attempt to send data over the same channel simultaneously, collisions occur. This
leads to packet loss, and all colliding packets are assumed to be failed. However, if the transmission is carried out
at a high power level, the receiver may still successfully receive the packet despite the collision. This phenomenon
is referred to in the literature as the capture effect. Thus, the efficiency of MAC protocols can be improved. Thanks
to the capture effect, while the theoretical efficiency of the ALOHA protocol is around 18%, it has been shown to
reach up to 42% when some nodes transmit at higher power levels [5]. The capture effect has been studied using
IRIS sensor nodes. Experimentally, it was observed that as the number of nodes increases, the capture effect
decreases, and throughput increases as packet size decreases [7].
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Underwater sensor networks are used in oceans and lakes for monitoring pollution. Although terrestrial sensor
networks have seen significant advancements, the development of underwater sensor networks remains limited
due to the characteristics of the underwater acoustic channel, such as high propagation delays and limited
bandwidth. Sleep modes are particularly important for energy efficiency. Sensor deployment strategies have been
studied to optimize coverage. In terms of cost and energy efficiency, the ALOHA protocol has been utilized. The
performance of the Slotted ALOHA protocol has also been investigated, showing that it reduces collisions
effectively. Additionally, wireless underwater sensor networks help reduce the maintenance and failure costs
typically associated with wired networks [8].

Carrier sense multiple access (CSMA) protocols operate by listening to the channel before transmitting data. If the
channel is sensed to be idle, transmission is initiated. This mechanism helps prevent collisions and increases the
overall channel efficiency [9-11].

e Nonpersistent CSMA: If the channel is busy, the station waits for a random period before sensing the channel
again. This reduces the chance of collisions but increases the delay.

e 1-Persistent CSMA: The station continuously senses the channel and begins transmission immediately once
the channel becomes idle. While this reduces delay, it can lead to a higher probability of collisions.

o p-Persistent CSMA: Commonly used in time-slotted systems, this variation allows the station to transmit with
a certain probability (p) when the channel is idle. If the transmission does not occur, the station waits for the
next time slot to try again.

e Busy Tone Multiple Access (BTMA): The hidden terminal problem occurs when two terminals are unable to
detect each other and begin transmitting data simultaneously, leading to collisions. The BTMA protocol
addresses hidden terminal problem by dividing the channel into two separate sub-channels: a message channel
and a busy tone channel. The message channel is used for data transmission, while the busy tone channel
indicates whether the channel is currently in use.

e Split-channel Reservation Multiple Access (SRMA): This protocol adapts to changing traffic conditions in the
network, thereby improving efficiency. SRMA overcomes these disadvantages by dynamically adapting to
traffic demands [11].

Compared to ALOHA and slotted ALOHA protocols, CSMA protocols offer higher channel capacity and
significantly reduce the probability of collisions [9]. Simulation studies have shown that BTMA provides higher
efficiency compared to the CSMA protocol and offers an effective solution to the hidden terminal problem [10].

To enhance both energy efficiency and data transmission performance in sensor networks, a CSMA/time-division
multiple access (TDMA) hybrid protocol based on the IEEE 802.15.4 standard has been proposed. This approach
divides the contention access period between CSMA and TDMA in a coordinated manner. Simulation studies have
shown that the CSMA/TDMA hybrid protocol provides significantly better energy efficiency compared to the
standard IEEE 802.15.4 protocol [12].

A comparison has been made between the CSMA/collision avoidance (CA) and ALOHA protocols. In the ALOHA
protocol, the removal of acknowledgement (ACK) messages resulted in both energy savings and an increase in
packet reception rate. Similarly, the CSMA/CA protocol was evaluated without ACK messages. The elimination
of ACKSs reduced network congestion and improved the efficiency of the CSMA/CA protocol by 20% [13].

The sensor MAC (S-MAC) protocol enables periodic sleep cycles and automatically synchronizes neighbouring
nodes. It uses in-channel signalling during transitions to sleep mode. Experimental results have shown that S-MAC
provides greater energy savings compared to IEEE 802.11 [14].

In WSNs, the primary objectives are reliable data transmission and low power consumption. Network link quality
can be affected by environmental conditions, such as sudden rainstorms. Therefore, MAC protocols must be
flexible and adaptive under such circumstances. The Berkeley MAC (B-MAC) protocol offers several advantages,
including low power consumption, effective collision avoidance, small code and random access memory (RAM)
footprint, scalability, and resilience to changing network conditions. To prevent collisions, clear channel
assessment (CCA) is used, while Low Power Listening (LPL) is employed to minimize energy consumption.
Experimental results have shown that B-MAC is flexible, scalable, and predictable. It has also been demonstrated
that simple optimizations can increase the network lifetime by up to 50% [15].

The directional MAC (DMAC) protocol achieves energy efficiency by utilizing a tree-based data gathering
structure. It is a low-latency MAC protocol. To reduce collisions, a “more-to-send (MTS)” packet is proposed,
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which indicates that there is additional data to be transmitted. Simulation studies have shown that the DMAC
protocol provides energy savings and operates with low latency [16].

Timeout MAC (T-MAC) and deadline sensitive MAC (DSMAC) do not require time synchronization and support
all communication patterns. They are CSMA-based and perform well in adapting to network changes. Wireless
sensor MAC (WiseMAC) also does not require time synchronization, supports all communication patterns, and
uses non-persistent CSMA (np-CSMA). It demonstrates good adaptability to network dynamics. The tree-search
resource auction multiple access (TRAMA) requires time synchronization and supports all communication
patterns. It operates with a combination of TDMA and CSMA, and shows good adaptability to changes. Sift is a
CSMA/CA-based protocol that does not require time synchronization and supports all communication patterns. It
performs well in dynamic environments [17].

3. ENERGY HARVESTING AND WIRELESS POWER TRANSMISSION

WSNs are used for data monitoring in a wide range of applications such as battlefields, oceans, indoor
environments, industrial settings, and healthcare systems. However, since sensor nodes are often deployed in hard-
to-reach areas, maintenance and battery replacement become nearly impossible. Therefore, energy harvesting has
emerged as a significant area of research. This research field focuses on identifying ambient energy sources and
converting them into usable electrical energy. Environmental energy sources include solar power, RF, thermal,
and vibration energy. With the widespread use of telecommunication devices, RF energy is becoming a primary
source of harvested energy. Key topics addressed in this area include power supply techniques, minimization of
the energy budget, energy efficiency, and the efficiency of rectenna components [18]. Next-generation sensor
nodes have a power generator unit as demonstrated in Figure 4.
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Figure 4. Next-generation sensor node [19]

The effects of the indoor environment on energy consumption in WSNs have been investigated and in order to
improve the overall system performance, radio planning has been optimized [20]. Various rectenna systems have
been designed to meet the energy requirements of WSNs [21]. Rectennas are used to convert RF energy into DC
power. In the design of the rectifying circuit, the use of Schottky diodes and impedance matching techniques have
been studied. Additionally, boost converter circuits have been investigated to increase the output voltage. The
optimization of the radiation pattern of the transmitting antenna has also been explored. In the design of
transmitting antennas, switched array antenna techniques have been employed [22, 23].

RF energy harvesting holds great potential as a long-term, maintenance-free power source for WSNs. A device
design has been proposed for harvesting energy from RF signals. The system includes a ferrite rod antenna that
captures RF signals and a rectifier that converts the signal to DC power. Using a voltage multiplier circuit and
capacitors for energy storage, it provides a power supply that can replace batteries. This enables the deployment
of wireless sensor nodes in hard-to-reach areas [24]. Another RF energy harvesting system has also been developed
using TV broadcast signals. Although the energy harvested from TV signals is about 100 times less than that
harvested from solar energy, it offers the advantage of energy collection during the night and in adverse weather
conditions. This enables continuous energy harvesting and eliminates the dependence on batteries [25].

One of the most common ambient energy sources is solar energy. Although it is an uncontrollable, it is considered
a predictable energy source. The exponential weighted moving average (EWMA) algorithm has been used in
studies to predict the amount of solar energy. However, it has been observed that EWMA struggles to adapt to
sudden changes in weather conditions and produces inaccurate predictions. To reduce prediction errors, a new
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approach called G-EMWA, which also considers daily weather conditions, has been proposed. It has been observed
that G-EMWA adapts better to abrupt changes and provides more accurate predictions compared to EWMA [26].
A solar-powered platform has been developed to ensure that sensor nodes operate for the longest possible duration.
The lifetime of both this platform and the sensors during periods without sunlight has been calculated. It has been
practically demonstrated that the sensors can remain active throughout the night. The solar panel output power
was selected based on sensor voltage requirements. A supercapacitor was used for energy storage. The system
used IRIS sensor nodes, and experiments were conducted to determine how many packets a sensor could transmit
at different communication power levels. The sensor lifetime on this solar-powered platform was practically tested
[27].

Wind energy predictor (WEP) is a wind energy forecasting approach designed for energy-harvesting wireless
sensor networks. When the performance of WEP is compared with EWMA and Pro-Energy, it is observed that
WEP provides more accurate predictions under rapidly changing conditions. It also demonstrates a significantly
lower error rate. Specifically, WEP’s error rate is 43.6%, while pro-energy’s is 75.5%, and EWMA’s error rate
reaches 125% [28].

Wireless power transfer (WPT) has become an effective solution to meet the energy demands of WSNSs. Pioneered
by Nikola Tesla, this method has evolved with technological advancements, making long-distance wireless energy
transmission feasible today. With the widespread adoption of wireless devices, WPT has gained significant
importance as a research topic. Furthermore, ongoing studies are exploring the possibility of transmitting energy
from space to Earth [29]. Simultaneous wireless information and power transfer (SWIPT) systems enhance energy
efficiency in wireless communication networks by enabling the simultaneous reception of data and power.
Techniques such as multiple input, multiple output (MIMO) and relaying help improve the energy efficiency of
SWIPT systems. However, energy efficiency decreases over long distances due to path loss [30]. To increase
wireless power transfer efficiency, a multi-stage rectifier circuit design has been proposed [31].

Progress has been made in various applications by enabling wireless battery charging through techniques such as
inductive coupling, electromagnetic radiation, and magnetic resonance. Among these, magnetic resonance has
proven to be more efficient, resistant to environmental interference, and does not require line-of-sight [32].
Wireless charging is now widely used in mobile devices and electric vehicles. With its increasing adoption, efforts
toward standardization have emerged. In 2008, the wireless power consortium (WPC) introduced the Qi standard,
which is adopted by brands like Apple, LG, and Sony. The Qi standard operates in the 105-205 kHz frequency
range and supports magnetic inductive coupling at up to 200 volts. It provides three charging alignment methods:
guided positioning, free positioning with a movable primary coil, and free positioning with a coil array [3]. WPT
is an effective solution for meeting the energy needs of sensor nodes. RF energy transmission eliminates the need
for batteries and cables. Experiments have been conducted in structural health monitoring applications successful
results were achieved at 1-2 meter distances. A system combining RF power transfer with ambient energy
harvesting has been proposed to improve such designs [33]. In networks utilizing wireless energy transfer, a
wireless charging vehicle (WCV) has been used to charge sensor nodes. A structure based on the Hamiltonian
cycle was employed to optimize the route, ensuring efficient sensor node charging. In a network with 100 sensor
nodes, an efficiency of 73.55% was achieved [34].

4. NEXT-GENERATION MAC PROTOCOLS

Various MAC protocols have been developed to ensure the efficient and effective operation of WSNs. While some
MAC protocols focus on increasing network capacity or improving network efficiency, energy-related issues
remain a major obstacle for WSNs. To address these challenges, there are also MAC protocols designed to
minimize energy consumption or that support energy harvesting.

The RF-MAC protocol charges sensor nodes using RF waves. It is designed to improve the energy efficiency and
overall performance of WSNs. The effects of the RF energy transmitters’ position, frequency, and quantity on
charging time have been investigated. The goal is to minimize energy transfer time and interference. Compared to
CSMA protocols, RF-MAC has demonstrated a network efficiency improvement of over 300% [35].

The REACH-MAC protocol was developed to overcome some of the drawbacks of RF-based energy transfer
protocols. InRF-MAC, data transmission is prioritized, which may lead to sensor nodes failing to harvest sufficient
energy, rendering them inoperable. In contrast, REACH-MAC performs simultaneous energy harvesting and data
transmission. It uses idle channel time to recharge sensor batteries. Although network efficiency is about 8% lower
than RF-MAC, this trade-off is considered negligible due to the 150% improvement in energy harvesting
performance, as demonstrated in simulations [36].
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The RF-HSN protocol is an RF energy harvesting protocol designed for WSNSs. It utilizes multiple frequency bands
to meet energy demands: Type | sensors harvest energy from the DTV band (614 MHz), while Type Il sensors use
the 1ISM band (915 MHz). Compared to the CSMA protocol, RF-HSN achieves 66% higher network efficiency
and more than 59% improvement in duty cycle [37].

The emergency adaptive (EA)-MAC protocol, developed for RF energy-harvesting WSNs, optimizes energy
collection and distribution. It dynamically adjusts the duty cycle and contention periods based on the energy levels
of the sensor nodes [38].

A zoning-based MAC protocol divides sensor nodes into concentric circular regions. Instead of directly
transmitting data to the sink, nodes forward data to their nearest neighbors, acting as relays. This relay mechanism
balances energy consumption across the network. Nodes located farther from the sink conserve energy by
transmitting shorter distances, while closer nodes consume more power due to higher data forwarding loads.
However, these nearby nodes benefit more from RF charging bursts, leading to an overall balance in energy
consumption and extended network lifetime [39].

The concept of energy neutral operation (ENO) refers to a network condition where the energy consumed is
continuously replenished by environmental energy sources, eliminating the need for batteries or battery
replacement. The energy harvested receiver-initiated MAC (ERI-MAC) protocol achieves ENO through a
receiver-initiated communication model. It uses packet aggregation and queuing techniques to enhance energy
efficiency [40].

5. CONCLUSIONS

Due to energy constraints, the most critical challenge to overcome in WSNs is the energy problem. Since energy
consumption directly affects both the network lifetime and performance, it is essential to develop MAC protocols
that optimize energy usage. In this context, collision-avoiding, duty-cycled, and sleep-mode-enabled MAC
protocols are of great importance. However, battery depletion is inevitable at some point. To eliminate this
dependency, environmental energy harvesting methods have been developed. By utilizing ambient energy sources
such as solar, RF, and vibration, WSNs can extend network lifetime without relying on batteries. Additionally,
maintenance costs can be significantly reduced, especially in hard-to-reach areas.

In this study, both MAC protocols and energy harvesting methods have been reviewed in the form of a literature
survey, examining their advantages and disadvantages from past to present.
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