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ABSTRACT

This study investigates the impact of incorporating aluminum oxide (Al,O3) and titanium dioxide (TiOy) into an aluminum matrix.
The primary objectives of this research were to create composite materials with a high strength-to-weight ratio and to assess their
mechanical properties. The experiment involved the homogenous dispersion of 99.9% pure aluminum powder with Al;O3 and TiO;
reinforcements. Three samples were produced by the stir casting method, utilizing finely ground aluminum powder mixed with an
equal proportion of Al,O3 and TiO; (2.5% Al,03 + 2.5% TiO2, 5% Al;O3 + 5% TiO,, 7.5% Al,03 + 7.5% TiO2). The morphological
distribution of reinforcements was determined through structural analysis utilizing a scanning electron microscope (SEM). Tests were
undertaken to examine the mechanical qualities of hardness, tensile strength and impact strength. The addition of reinforcement to the
aluminum matrix leads to a reduction in hardness. The highest tensile strength observed in the sample reinforced with a combination
of 5% Al,O3 and 5% TiO,. Conversely, the incorporation of reinforcements was observed to enhance the impact strength. The current
hybrid aluminum metal matrix composite is considered valuable for diverse engineering applications that require a high strength-to-

weight ratio.

Keywords: Metal matrix composite, Aluminum, Stir casting, Microstructure, Mechanical properties.
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1 Introduction

Metal matrix composites (MMCs) are advanced materials
made of a metal matrix reinforced with organic, ceramic and
metallic components. MMCs are materials with better
mechanical properties than their components. Currently, MMCs
are available for use in Engineering applications in a range of
forms. Most sectors, including electronics, defense, automotive
and aviation, employ MMCs extensively. The discovery of
MMCs has opened up a new line of inquiry into material science
and engineering. Combining two or more insoluble elements that
collectively possess better properties than any of the parts alone
yields a composite material. When compared to traditional
materials like steel, composite materials are lighter and more
robust [1]. Two phases of composite materials are the matrix and
the reinforcing phase. The constituents of composite materials
are called reinforcements, and they typically consist of a matrix,
a continuous phase and one or more discontinuous phases. The
matrix keeps the reinforcement in place to achieve the desired
shape, even if it enhances the matrix's overall properties [2].
Aluminum matrix composites (AMCs), are highly suited
materials for many applications due to their robust physical and
mechanical properties. Utilizing reinforcements improves the
stiffness and particular durability, wear, creep, and fatigue
properties of the metallic matrix compared to conventional
Engineering materials [3]. Aluminum and its alloys have drawn
the most interest as the base metal for metal matrix composites.
Aluminum MMCs are frequently used in automobiles,
aerospace, and several other industries. When operating at the
designated temperature, the reinforcements must be both stable
and non-reactive. Silicon carbide and aluminum oxide are the
most often used reinforcing materials [4].

Al6061-Al,03 composites containing 5 wt.% tiny Al,Os3
particles were prepared by V. Balaraj et al. [5], and scanning

electron microscopy (SEM) verified that the Al,O3 particles were
evenly distributed throughout the matrix. Comparing the
synthetic composites to the unreinforced AI6061 alloy, the
former showed improved hardness, tensile strength, and impact
strength. SEM investigation revealed little porosity in the matrix,
although localized strain caused tiny voids to appear on the
composites' fracture surfaces. Sajjadi et al. [6] employed a three-
step mixing technique to fabricate materials containing 5 wt.%
micron-sized and 3 wt.% nano-sized Al,Os reinforcement. This
was done to enhance the wetting and dispersion properties inside
an aluminum alloy matrix. As the wt.% of Al,Os rose, the
hardness, porosity, and compressive strength also increased.
Krishna et al. [7] have attempted to prepare and compare the
mechanical properties of Al6061-SiC and Al6061-SiC/Graphite
hybrid composites using the stir casting method. The composites
have undergone microstructural investigations to describe them,
with reinforcement varying between 5 and 15 wt.%. Although
actual densities were lower than predicted theoretically, uniform
particle dispersion with some clumping and higher tensile
strength was found. Saravanan et al. [8] have explored the
reinforcement of AISil0Mg alloy with rice husk ash (RHA) to
develop cost-effective metal matrix composites. It has been
demonstrated that adding RHA to the composite at different
weight percentages (3%, 6%, 9%, and 12%) improves its
mechanical characteristics. SEM analysis has verified that the
RHA particles are distributed evenly. Increased RHA content has
been shown to improve tensile strength, compressive strength,
and hardness, indicating its potential as a reinforcing agent. A
study conducted by Ahmadifard et al. [9] focused on the
manufacturing and analysis of a hybrid surface nanocomposite
consisting of A5083, Al,Oz; and TiO,. This composite was
produced using friction stir processing (FSP). The findings
indicated that a combination of 25% Al;O3 and 75% TiO- yielded
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materials with the highest tensile strength of 350 MPa and a
microhardness rating of 158 HV. Utilizing in-situ Al-based
MMCs generated from the Al-10 wt.% TiO, and Al-10 wt.%
TiO,-1.5 wt.% C systems. Peng Yu et al. [10] carried out another
series of tests utilizing hot isostatic pressing (HIP) at 1000 °C
and 100 MPa. Carbon’s (C) inclusion aided in the intermetallic
plates’ elimination. The Al-10 wt.% TiO,-1.5 wt.% C composite
showed considerably better strength and strain-at-break
compared to its Al-10 wt.% TiO, counterpart, according to
three-point bending tests. The stir casting technique was
effectively employed to fabricate a MMC reinforced with
aluminum and a hybrid of Al,Oz and carbon. The results stated
that there was no chemical interaction between the reinforcing
components, carbon, Al,Os, and the aluminum matrix. The
composite  density decreased as the reinforcement
concentration increased, reaching a minimum density of 2.04
gm/cm? in the AIAIOCO5 specimen. The addition of carbon to
the aluminum matrix resulted in a decrease in density, making it
suitable for lightweight applications. According to Bandil et al.
[11], the SEM microstructure investigation showed that SiC and
Si alloying element particles are evenly distributed throughout
the Al matrix. The reinforcing particles and matrix material did
not interact, according to EDX analysis, while fabrication-related
ambient oxygen trapping led to the appearance of weak oxide
peaks. The density decreased as the amount of SiC in the Al
matrix composites increased. The composites’ hardness
increased with the addition of SiC particles, reaching its
maximum hardness at 15% reinforcement [12]. MMCs were
characterized by Lokesh et al. using an Al6063 matrix to which
different quantities of Cu and TiO; particles were added. With an
increase in the weight percentage of Cu reinforcement, there was
a little elevation in the hardness of the composites. However,
when the weight percentage of reinforcement increased, the
ductility of the composites decreased [13].

Muna and Jabbar [14] studied the Al-12 wt.% Si matrix
composites reinforced with a hybrid addition of 2, 4 and 6 wt.%
nanoparticles of Al,O3 and TiO; that exhibit dry sliding wear
behavior. With varied loads and sliding periods, dry sliding wear
experiments were performed and the worn surface micrographs
were examined using SEM to examine wear traces and debris
morphology. According to the findings, when compared to other
nanocomposites, the nanocomposite containing 6 wt.% (Al.Os +
TiO2) nanoparticles had the maximum hardness. Furthermore,
the nanocomposites demonstrated a lower wear rate, indicating
improved wear resistance compared to the base alloy under
similar conditions. Naseem et al. [15] studied wear behavior,
Vickers hardness, and wear data optimization for hybrid MMCs
made of pure aluminum and Al-Al,O3-TiO,. In the Al-Al;Os-
TiO; hybrid composite, Vickers hardness rose as reinforcement
proportion increased. The findings of the Analysis of Variance
(ANOVA) showed that the wear rate of the hybrid composites
was affected differently by both load and reinforcement.
Adhesive wear predominated at lower reinforcement
percentages, but abrasive wear was more common at higher
reinforcement percentages, according to SEM inspection of the
worn surfaces. El Mahallawi et al. [16] employed rheo-casting
and included Al,Os/TiO, nanoparticles into the Al-Si slurry to
produce hypereutectic aluminum-silicon samples (A390). The
inclusion of nanoparticles and mechanical stirring resulted in an
increase in the microhardness, hardness, and wear resistance of
the A390 alloys. The addition of nanoparticles resulted in a
reduction in the average size of the Si particles and an increase
in hardness. The study demonstrated that the incorporation of

Al>,O3/TiO, nanoparticles into hypereutectic aluminum alloys
yielded favorable effects. Hamid et al. [17] studied cast in situ
AI(Ti)-Al,03-TiO, composites, which are formed by dispersing
TiO; particles in molten aluminum. Different sliding speeds
under constant load and normal loads were used for wear
experiments. Under identical sliding circumstances, cast in situ
composites had considerably lower cumulative volume reduction
and wear rates than cast commercial aluminum or cast
unreinforced Al-Ti base alloys. Porosity reduced wear resistance,
sometimes overshadowing reinforcing particles. Zhang et al. [18]
conducted another experiment employing a mix of Al and TiO;
powders in multiple pass friction stir processing (FSP) to
manufacture in situ Al composites. The experiment was guided
by thermodynamic analysis. The in-situ nanocomposites
exhibited a reasonable equilibrium between strength and
ductility during tensile testing and demonstrated a significant
inclination towards work hardening. By using SEM, Shuvho et
al. [19] exposed plowing, micro-wear, micro-cracks, fractures,
voids, and particle pull-out on the surface of the Al>Os, SiC, and
TiO2, MMC. According to the topographical and textural analysis
results, the Al6063 matrix has an evenly distributed dispersion of
Al,Os3, SiC, and TiO, This study demonstrates that the
mechanical characteristics of the alloy, such as its hardness,
tensile strength, and yield strength, are greater than those of pure
AIl6063 metals and increase with increasing SiC. Also, various
functional groups were identified, such as O-H, C-H, CN, and -
OH. El-Mahallawi et al. [20] conducted a study to explore a
novel method of enhancing the characteristics of cast aluminum
alloys. The analysis included introducing nanoparticles of ZrO,,
TiO2, and Al.Os into the A356 aluminum cast alloy. Analysis of
the microstructure and fracture surface showed nanoparticles’
existence, leading to grain morphology alterations and improved
mechanical characteristics, including strength, elongation, and
hardness. The incorporation of nanoparticles did not provide a
substantial enhancement in the wear resistance of the hypo-
eutectic A356 alloy and increasing percentages of nanoparticles
resulted in a decline in performance.

Li et al. [21] effectively used FSP to create surface
composites of copper matrix supplemented with Al,O3/TiO;
particles. The thickness of the composite layer after undergoing
three passes of processing was about 2200 um. The addition of
Al,O3/TiO; particles enhanced the hardness and thermal stability
of the composites and the fracture analysis demonstrated a
combination of fracture patterns, with the particles being
effectively enveloped by the substrate. Ni-based alloy composite
coatings were produced using the plasma spray process, using
nanostructured  Al,03-40%TiO,  ceramic  particles as
reinforcement. The findings indicate that the composite coatings
mostly include y-Ni, a-Al,Os, y-AlO3, and rutile-TiO2. These
coatings demonstrate reduced friction coefficients and wear
losses compared to Ni-based alloy coatings at various loads and
speeds. Due to the escalating contact stress over the elastic
threshold, it undergoes a transition to abrasive wear, micro-brittle
fracture wear, and multi-plastic deformation wear. Higher
velocities lead to a 13.8% drop in the average friction coefficient
and a 36.5% reduction in wear loss compared to the coating made
of Ni-based alloy [22]. Nayak et al. [23] highlighted the
significance of using nanofillers (Al.Os; and TiOy) in glass fiber-
reinforced polymer composites to observe the effect on the
variation of interlaminar shear strength (ILSS). The research
used SEM to examine the fracture surfaces and assess the
influence of crosshead speed (CS) on the testing process.

2



M. I. Hossain, M. Ahmed, T. Hassan /JEA Vol. 06(01) 2025, pp 1-10

Introducing several nanofillers resulted in higher values of ILSS
and shear strain when compared to the control composites.

Jamwal et al. [24] examined the influence of SiC-graphite
reinforcement on the properties of pure copper, which was
fabricated using the stir-casting technique. The microstructure
analysis showed a uniform distribution of SiC-graphite
throughout the material. Graphite decreased hardness
and density, which makes it well-suited for lightweight
applications. The incorporation of SiC-graphite improves the
wear resistance, exhibiting the most advantageous corrosion
resistance. Paulraj et al. [25] reinforced aluminum with varying
percentages of nano TiO, micro SiC, and B.C respectively using
a stir casting process. During manufacturing, the reinforcements
were swirling at 600 rpm and heated to 750°C. Tensile strength
increased from 0.5% to 1% upon the addition of TiO,,
however, elongation and impact strength decreased as the
volume (%) of nano TiO; increased. Wear, abrasion, and friction
resistance were all enhanced by combining 1% TiO,, 10% SiC,
and 10% B4C. Toughness was increased and mass loss was
decreased because of the high density. Kanthavel et al. [26]
conducted a study on the three kinds of Aluminum hybrid
composites that were created using powder metallurgy. The wear
and friction characteristics of the three examined combinations,
namely Al + 5% Al,Os, Al + 5% Al,O3 + 5% MoS; and Al + 5%
Al,O; + 10% MoS;, were shown to be dependent on the
proportion of MoS,. The hybrid composite consisting of Al + 5%
AlLO3 + 5% MoS; exhibits the lowest level of wear. The
investigation indicates that including an additional 10% MoS;
into the composite does not contribute to enhancing its
tribological characteristics. Luo et al. [27] studied the alteration
of KH560, an epoxy-functional silane, after hydrothermally
synthesizing spherical Al,O3/TiO, nanocomposites. The average
diameter of the modified nanoparticles was 75 nm, and they
exhibited good dispersion stability in lubricating oil. Through
four-ball and thrust-ring testing, it was shown that the addition of
modified AlLOs/TiO, nanocomposites at an optimal
concentration of 0.1 wt% dramatically reduced friction
coefficients and increased anti-wear performance. The
nanocomposites converted sliding friction into rolling friction by
forming a shielding covering on the rubbing surfaces during
friction. Ylma et al. [28] produced Al,O3-TiO; plasma sprayed
coatings of different compositions on an AISI 304L stainless
steel substrate. Investigations were conducted to determine how
the addition of TiO, affected the coatings. It was evident from
the traditional evaluation of the experimental results that a
higher TiO, concentration reduced microhardness values and
enhanced fracture toughness. The microhardness of the alumina
coating was dramatically reduced by the addition of TiO,, which
increased toughness. Aluminum, magnesium, and graphite have
lower densities than copper, as shown by Oddone et al. [29].
They obtain four times greater heat conductivity than copper
because of their low density. An Aluminum-3003 alloy metal
matrix, reinforced with single-walled carbon nanotubes (CNTS)
and titanium carbide (TiC), was produced using the stir casting
technique. It has been observed that when the number of
reinforcements increases, particles are more even. The density of
composites decreases as a result of the volatile nature of the
reinforcing particles. Reinforcement determines composite
hardness and composites wear less as load lowers and reinforcing
rises [30].

It seems that not enough research has been done on the
microstructure analysis of hybrid AMMCs. There hasn’t been
enough thorough research done on the mechanical

characterization of hybrid AMMCs and the effects of various
reinforcing arrangements, manufacturing techniques on the
mechanical characteristics of hybrid AMMCs. This study has
been conducted to close the information gap about the
mechanical properties of a stir-casted hybrid AMMC reinforced
with Al,O; and TiO,. This research aims to examine the
structural and mechanical characteristics of a hybrid composite
material. A hybrid composite, consisting of Al,O3 and TiO, has
been fabricated via stir casting. This involves analyzing many
aspects of the final composite material, such as its
microstructure, hardness, impact strength, and tensile strength.
To further enhance this investigation, modern manufacturing
techniques like as infiltration, plasma sintering, hot pressing, and
powder metallurgy may be used.

2 Materials and Method
2.1 Stir Casting Method

The first stage in producing an Al-Al,O3-TiO, matrix by the
stir casting method entails obtaining high-purity sample powders
of Al, Al,Os, and TiO, from an accredited vendor. The
reinforcements utilized consist of Al,O3 powder with a purity of
96% and TiO2 powder with a purity of 99%. The stir casting
system used a silicon carbide stirrer, a graphite crucible, an
electrical furnace, a temperature controller, and a cylindrical die
composed of high chrome high carbon steel. To fabricate the
samples, the powders are measured based on the specified wt.%
chosen. Three samples with varied weight proportions have been
created throughout the production process. The weights of the
powders vary depending on the individual tests being performed.
Al,O3 and TiO; are used as the reinforcing material, with
aluminum serving as the matrix material in this case. The final
specimen is prepared using a total of 600 g of powder. A quantity
of 200 g has been used for each combination. In this case, 190
g of Al is combined with 5 g each of TiO, and Al.Os, resulting
in a composition of 95% Al, 2.5% TiO,, and 2.5% Al,Os. The
remaining two combinations have been acquired in the same
way. To reduce the moisture content, the crucible has spent 30
min in the electrical furnace at 510 °C. Then, to remove moisture
and stop oxidation, reinforcement materials such as Al,Os; and
TiO2 have been put in the crucible and held within the furnace
for 45 min at 540 °C. In this procedure, the Aluminum powder is
not warmed to avoid the oxidation of aluminum.

To achieve the needed criteria, the Al matrix has been
broken up into smaller pieces and weighed appropriately using
an automated weighing scale. The Al matrix was then been added
to the crucible before being put inside the furnace. The
temperature of the furnace has been raised progressively to 920
°C and then held there for 30 min. The Al matrix has then melted
and gradually changed into a molten state after a 30-min period.
Then, the warmed reinforcements were placed in the furnace and
stirred for 30 min before being heated to 940 °C for 8 min. The
fusion of the matrix and reinforcing components has been
successfully achieved in the furnace via the process of melting.
After the particles were completely liquefied, a manual stirring
method was used using a hand stirrer. A vortex was generated in
the molten aluminum by rotating the stirrer for a duration of 10
min. Once the metal has been melted, it is next poured into molds
to get the desired form of the specimen. The final samples have
been produced after the molds solidified. Once the composites
have fully hardened, further techniques such as thread cutting,
taper turning, grinding and slot cutting must be performed. The
tensile specimens were fabricated using thread-cutting and taper

3



M. I. Hossain, M. Ahmed, T. Hassan /JEA Vol. 06(01) 2025, pp 1-10

turning techniques. Slots were added to the impact specimens.
Final specimens were produced after completing all the tasks
outlined in Table 1.

Table 1 Nomenclature of Al-Al,O3-TiO; hybrid composite

samples.
Sample Al (wt.%) AlO3 TiO2
(wt.%) (wt.%)
Sample (i) 95% 2.5% 2.5%
Sample (ii) 90% 5% 5%
Sample (iii) 85% 7.5% 7.5%
2500 =
= 50.00 -

R10.0 N .‘ 2500 =

R5.00
G

. ..\

5.00 —=

110.00

—= =500

Fig. 1 Specimen for tensile test (All dimensions are in mm).

10.00

Fig. 2 Specimen for impact test (All dimensions are in mm).

B /
(@
=
(b) (c)

Fig. 3 Final specimens for a) Hardness test, b) Impact test, and
c) Tensile test.

R Jﬂb ///

(a)

Fig. 4 Final specimens after testing for a) Hardness test, b)
Impact test, and c) Tensile test.

2.2 Characterization

The specimens were prepared using a SEM at
magnifications of 500x, 1100x, 1500x, and 2000x for
morphological analysis. Preparation of samples for various tests,
including SEM and energy dispersive spectroscopy (EDS),
involves the process of polishing. The samples were polished
properly using emery paper of grades starting from 280, 360,
500, and 1000 for 20 min and after that, polishing of the samples
was done with alumina gel for 20min.

To comprehend the mechanical properties of metallic
materials, including their tensile strength, yield strength, and
ultimate tensile strength, it is necessary to conduct tensile testing.
The experimental data was collected and used to generate a
stress-strain curve to analyze the tensile behavior of the
specimens. A universal testing machine (UTM) was utilized to
quantify the tensile strength. The dimensions of the tensile test
specimen, as specified by the ASTM (American Society for
Testing and Materials), are illustrated in Fig. 1. Three samples
were prepared for tensile testing, and each sample was tested
sequentially under identical conditions. The UTM employed was
a manual device, where the applied load was controlled via a
hand-operated lever or valve. The load values were displayed on
a gauge, while displacement data were manually recorded from
another gauge. During the test, the loading process was manually
controlled by adjusting a mechanical lever to apply force to the
specimens. While recording the data, there was a slight decrease
in force immediately after reaching the maximum force
(approximately 100 N for Sample (i)), just before the specimen
fractured. From the recorded data, the maximum force (F) was
used to calculate UTS, and the breaking force was used to
calculate tensile strength. The cross-sectional area (A) was
calculated using the initial diameter (D) of the samples.
Calculations for UTS, tensile stress, and cross-sectional area
were performed using the following formulas:

F
O'=Z (1)
_T 2
A—4D

The Brinell hardness tester was employed to ascertain
the hardness of the composites with varying ratios. The Brinell
hardness test involves applying a constant force of 10 kN for a
duration of 10 s by placing a tungsten carbide ball with a
diameter of 10 mm on the flat surface of a workpiece. The
indentation diameter is determined by measuring the horizontal
and vertical axis radii of the hole formed, and then calculating
their average using a digital slide caliper. Charpy V-notch test
was employed to quantify the energy absorbed by the samples
before fracture. The purpose of loading the specimens into the
machine was to fracture them ultimately. The impact value was
promptly derived from the measurement of impact strength
utilizing a digital impact tester apparatus. The dimensions of the
Charpy test specimen for measuring impact strength are also
depicted in Fig. 2.

3 Results and Discussions
3.1 Microstructure Analysis

3.1.1 Distribution of Reinforcements
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The microstructure analysis was employed to investigate the
morphological behavior of the composite material that was
produced. Fig. 5 displays the SEM images of the sample (ii)
consisting of 90% Al, 5% Al;O3, and 5% TiO,. The images were
captured at magnifications of 500x, 1100x, and 2000x,
respectively. Due to its non-conductive nature, Al,Os tends to
form clusters in certain areas and appear white. The regions in
the image showing such clustering and whiteness are Al,03. On
the other hand, TiO,has some recognizable visual traits, such as
rounded shapes and bright contrast. In the SEM image, we
identified and marked certain areas based on these characteristics
as potential TiO,.

The distribution of reinforcements throughout the Al matrix
is found to be uniform. This guarantees that the highest possible
amount of reinforcement particles in the aluminum matrix is
dispersed homogeneously due to the insoluble nature of the

Fig. 5 SEM micrograph of sample (ii) at a) 500x magnification,
b) 1100x magnification, and ¢) 2000x magnification.

In the stir casting process, it is clearly observed that
reinforcement particles get collected during the stirring process.
Itis a difficult task to properly mix and distribute Al,O3 and TiO;
inside the aluminum matrix. It is possible to achieve a
homogeneous  microstructure  with  reduced reinforcing
concentrations. Particle agglomeration occurs during the stirring
process as a result of the substantial density variations between
the matrix and reinforcement phases, which make it more
difficult to achieve equal distribution at higher concentrations.
Also, there is a high chance of getting a non-uniform distribution
of reinforcements because of an improper stirring process.

3.1.2 Grain Size Distribution

We examined the grain size distribution of sample (ii) using
Image J and Origin Pro software. Fig. 6 depicts SEM
micrographs of the sample at 1500x and 2000x magnifications,
respectively, showcasing a uniform distribution of grains within
the Al matrix.

Fig. 6 SEM micrograph of sample (ii) at a) 1500x
magnification, b) 2000x magnification.

Significantly, the sample exhibits a notable abundance of
granular particles of different sizes, as depicted in Fig. 6. The
distribution curve depicted in Fig. 7 represents a normal
distribution curve with an average grain diameter of 1.18 microns
and a standard deviation of 0.41909. Approximately 30% of the
grains in the sample (ii) have diameters ranging from 1 to 1.25
microns, whereas the remaining 70% have sizes that vary.




M. I. Hossain, M. Ahmed, T. Hassan /JEA Vol. 06(01) 2025, pp 1-10

o 718308,
304 Sgme | 041909|

0.5 1.0 15 20 25
Grain size(pm)

Fig. 7 Normal distribution curve of sample (ii)

The analysis reveals a significant presence of diverse grain
sizes, highlighting the homogeneous nature of the sample. These
findings underscore the complexity of the material structure and
emphasize the importance of accurately characterizing grain size
distribution for understanding its properties and potential
applications. The use of advanced imaging and analytical tools
such as Image J and Origin Pro facilitates precise examination,
enabling insights into the microstructural features critical for
material performance evaluation and optimization.

3.1.3 Energy Dispersive Spectroscopy

The EDS of the sample (ii) (Al 90% + Al,O3 5% + TiO; 5%)
is displayed below in Fig. 8. Al has the highest peak in this
sample out of all of them. The elements with the lowest peak in
the specimen are C, Sn, Cu, Mg, and Au, all of which are present
in extremely small amounts. Among all of them, Sn has the
lowest peak. It is discovered that Sn is integrated amongst O, C,
Sn, Cu, Mg, and Au and has no weight percentage in the
composite. In addition to having the effect of reducing ambient
gases during the stirrer, applying vacuum to the molten matrix
and reinforcement mixture also tends to dissolve, entrap, and
adsorb gases out of the melt during mixing. Sample (ii) has very
little oxygen in it after manufacture because the composite is
well-insulated from the environment during the process.

We observed peaks for Al and O, confirming the presence
of Al,O3 in the sample. However, the EDS analysis did not show
a Ti peak, which could be due to several reasons, such as the
agglomeration of TiO; particles, surface preparation issues, or
peak overlap. Nonetheless, in the next sections, we will observe
a decreasing trend in hardness and an increasing trend in impact
strength with the addition of TiO; reinforcement in the matrix,
attributed to the soft and low-density nature of Ti.
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Fig. 8 EDS spectrum of sample (ii).

3.2 Hardness Number

Fig. 9 displays the hardness of various composite
specimens. From [31], the hardness of Al 6351 is 109 BHN.
Significantly, when the amount of reinforcement increases, the
hardness of the composite decreases. Sample (iii) demonstrates
the lowest recorded hardness value of 74.84 BHN, mostly
attributed to its elevated titanium concentration. In contrast,
sample (i) demonstrates the maximum recorded hardness value
of 96.33 BHN due to its relatively lower titanium content. Fig. 9
serves to visually represent the comparative Brinell Hardness
Numbers of the sample composites, offering insights into the
discernible differences in hardness relative to varying titanium
concentrations.

The differences in hardness values across the samples
highlight the direct influence of titanium concentration on the
hardness of the composite. The greater concentration of
reinforcement, which is probably the result of reinforcement
particle agglomeration and a decrease in matrix wettability, is
responsible for the composite's decreased hardness. The
agglomeration of reinforcement particles reduces their exposed
surface area, affecting the wettability of the aluminum matrix.
These particle clusters disrupt uniform dispersion, resulting in
poor bonding and decreased wettability in certain regions.
Furthermore, when the reinforcing content increases, the density
of the composite drops. During mechanical testing, the presence
of titanium particles produces voids that provide ideal conditions
for the nucleation and development of cracks. The soft and low-
density nature of titanium is the main cause of the decrease in the
overall hardness of the composite material. The reduced hardness
seen in composites reinforced with titanium oxide can be
explained by this phenomenon. The results showed a similar
pattern to what Ahamad et al. described [31].

Al 6351 Sample (i) Sample (ii) Sample (iii)
TEST SAMPLES

= =
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)

[0}
o
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N
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Fig. 9 Brinell Hardness Number of composite samples.
3.3 Tensile Behaviors

Tensile strength, Ultimate Tensile Strength (UTS) and Yield
strength are evaluated from the load-displacement curve as well
as the stress-strain curve.

3.3.1 Sample (i) Tensile Properties

For sample (i) (95% Al + 2.5% AI203 + 2.5% TiO2) from
Fig. 10, it is observed that the peak load is 2.7 kN whereas, the
displacement at peak load is 0.45 mm. The maximum strength of
the specimen is represented by the peak load of the sample (i)
which we can see in Fig. 11. At peak load stress-strain curve
gives the value of UTS which is 34.38 MPa. Fig. 8 displays that

6
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the initially applied load varies up to the peak point thereafter
peak point decreases with increasing applied load. At the
breaking point, the load diminishes to 2.6 kN with a displacement
of 0.50 mm. The tensile strength at the breaking load is measured
at 33.10 MPa, as depicted by the stress-strain curve.
Additionally, the yield strength is determined from the stress-
strain curve, yielding a value of 22 MPa. Fig. 10 for the load-
displacement curve and Fig. 11 for the stress-strain curve is
illustrated below.
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Fig. 10 Load Vs displacement curve for sample (i).
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Fig. 11 Stress Vs Strain curve for sample (i).
3.3.2 Sample (ii) Tensile Properties

In Fig. 12, sample (ii) consisting of 90% Al, 5% Al203, and
5% Ti02, has a displacement of 0.60 mm at peak load and a peak
load of 5 kN. Fig. 13 displays the stress-strain relationship for
sample (ii), illustrating the tensile properties of the specimen.
The stress-strain curve reaches its maximum load at a value of
63.66 MPa, which is known as the UTS. At the breaking point,
the force reduces to 4.8 kN while causing a displacement of 0.65
mm. The stress-strain curve indicates that the tensile strength at
the point of fracture is 61.12 MPa, whereas the yield strength is
also 40 MPa.
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Fig. 12 Load Vs displacement curve for sample (ii).
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Fig. 13 Stress vs Strain curve for sample (ii).
3.3.3 Sample (iii) Tensile Properties

The peak load for sample (iii) (85% Al + 5% AI203 + 2.5%
TiO2) in Fig. 14 is observed to be 3.5 kN, whereas the
displacement at peak load is 0.50 mm. Fig. 15 shows the stress-
strain curve for sample (iii). The stress-strain curve at peak load
yields the UTS value of 44.56 MPa. The load decreases to 3.4
kN with a 0.55 mm displacement at the breaking point. The
stress-strain curve shows that the tensile strength at the breaking
load is 33.10 MPa and yield strength 24 MPa.
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Fig. 14 Load Vs displacement curve for sample (iii).
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Fig. 15 Stress Vs Strain curve for sample (iii).
3.3.4 Comparative Analysis of Tensile Behaviors

Based on the analysis, it has been determined that the tensile
properties of the three samples exhibit variances due
to differences in reinforcement. The tensile strength, UTS, and
yield strength for sample (i) are 33.10 MPa, 34.38 MPa, and 22
MPa, respectively. In sample (ii), the tensile characteristics
showed a substantial increase. The tensile strength, UTS, and
yield strength were measured at 61.12 MPa, 63.66 MPa, and 40
MPa, respectively. It has been observed that the tensile
characteristics of the composite increase as the reinforcing
percentage increased. However, in the case of sample (iii), we
observed a tensile strength of 43.29 MPa, an UTS of 44.56 MPa,
and a yield strength of 24 MPa. These values are lower than those
of sample (ii) but higher than those of sample (i). Based on the
SEM images of the sample (ii), we observed a consistent
dispersion of reinforcing material throughout the matrix. This
uniform distribution contributes to the sample's superior tensile
capabilities compared to the other two samples. Below Table 2
shows the maximum tensile load data of the composite samples.

Table 2 Maximum tensile load data of the composite samples.

Sample no. Diameter, Initial Maximum
D(mm) Length, tensile load,
L(mm) F(kN)
i 10 50 2.7
ii 10 50 5
iii 10 50 35

From the observations, it is found that on an increasing
percentage of reinforcement in the Al matrix up to 10%, tensile
properties increase significantly. Because up to 10%
reinforcement, there is a uniform distribution of reinforcement
throughout the Al matrix. But when the weight percentage of
reinforcement in the Al matrix is above 10%, tensile properties
decrease.

A well-dispersed composite allows for improved load
transmission because of the more consistent bonding between the
matrix and the reinforcing particles (Al:O; and TiOy).
Nevertheless, weak interactions between the matrix and the
dispersed particles may result from a heterogeneous distribution.
When tensile stress is applied, poor bonding at these interfaces
makes it simpler for the material to crack, which lowers the

material's overall strength. Also, Particle clustering results in
cavities or additional defects in the material. The material is
weakened by these voids because they decrease the effective
cross-sectional area that bears the tensile force. Because of
internal stress concentrations, clusters themselves may serve as
sites where cracks begin. The equal distribution of
reinforcement, on the other hand, facilitates effective load
transmission from the matrix material to the reinforcement,
increasing the composite's tensile strength. So, because of the
non-uniformity and the influence of reinforcing particle
segregation in tensile test specimen, it has been shown that an
increase in Al,Oz and TiO, particles above 10% lowers tensile
strength. Fig. 16 illustrates the comparative tensile behavior of
the samples.
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Tensile Strength (MPa)

Sample (i) Sample (ii) Sample (iii)
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Sample (i) Sample (ii) Sample (iii)
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40
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Yield Strength (MPa)

Sample (i) Sample (ii) Sample (iii)

Test samples
Fig. 16 a) Tensile strength, b) UTS, and c) Yield strength of
composite samples.
3.4 Impact strength

The Charpy impact test was done where the V-notch
specimens of the composites were used. The test was done by a
digital impact tester with a simple pendulum hammer. Ahamad
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et al. found that the impact strength of Al 6351 is 29 J [31]. Fig.
17 illustrates the impact strength of the samples. The impact
strength of sample (i) is measured to be 32.7 J, while the impact
strength of sample (ii) is somewhat higher at 41.8 J. However, in
the sample (iii), we observed a substantial and notable increase
in impact strength, measuring 54.5 J. It is observed that the
hybrid composite specimen’s impact strength is contingent upon
the percentage of reinforcement present.

60

50 A

40 1
30 A
20
10 +
0 -

Al 6351 Sample (i) Sample (ii) Sample (iii)
Test Samples

Impact Strength (J)

Fig. 17 Impact Strength of composite samples.

Research has shown that the addition of reinforcement to the
aluminum matrix leads to an increase in the impact strength of
the composite. As the amount of reinforcement rises, the surface
of the composite becomes softer, and its ability to withstand
impact increases, allowing it to tolerate higher forces before
breaking. Therefore, sample (iii) containing 15% reinforcement
has the highest impact energy. The findings displayed a pattern
that was comparable to that reported by Ahamad et al. [31].

4 Conclusion

The fabrication of stir-casted hybrid AMMCs augmented
with Al,O3 and TiO, was the main emphasis of this research. Stir
casting has been used to combine the fine aluminum powder with
different combinations of Al,O3 and TiO2(2.5% Al,03+2.5%
TiO2, 5%Al,03+5% TiO,, 7.5% Al,03+7.5% TiO2). And also
explored mechanical characteristics such as tensile strength,
hardness, impact strength and microstructure analysis using
SEM. The concluded remarks of the present experimental study
are as follows:

The stir casting technique was successfully employed to
make these composites, resulting in enhanced mechanical
properties such as increased tensile strength and impact strength.
The impact of varying the concentration of reinforcement on
these parameters has been investigated by altering the content of
A|203 and TiOQ.

The SEM micrographs reveal a consistent dispersion of
reinforcement throughout the aluminum matrix, as well as the
grain size distribution of the composite. Approximately 30% of
the grains have a size between 1-1.25 microns. The average
diameter of the grain is 1.18 microns. It has shown the uniform
distribution of the reinforcement in the Al matrix.

The Brinell Hardness Numbers for sample (i), sample (ii),
and sample (iii) are 96.33 BHN, 91.79 BHN, and 74.84 BHN
respectively. The hardness test showed that sample (iii), which
had a higher reinforcement of 7.5% Al,O3+7.5% TiO», had a
lower hardness compared to the other specimens. The
incorporation of TiO, powder into the Al matrix results in a
reduction in the hardness of the composite material, which is
advantageous for applications requiring lightweight materials.

Sample (i), (ii), and (iii) had tensile strengths of 33.10 MPa,
61.12 MPa, and 43.29 MP4a, in that order. Sample (ii) reinforced
with 5% Al,O3 and 5% TiO, have the maximum value of tensile
strength. Al matrix gives decreasing tensile strength when the
weight percentage of reinforcements in the Al matrix is greater
than 10%.

Impact strength increases with an increase in reinforcement
content in the composite and the maximum impact strength is
54.5 J for the sample with reinforcement of 7.5% Al,03+7.5%
TiO,. While for sample (i) and sample (ii) impact strengths are
32.7 Jand 41.8 J respectively.

This study can be further improved by taking some
precautions and steps. So, the following recommendation can be
mentioned after conducting the experimental investigation for
future researchers:

AMMC with the same composition and experimental
procedure might exhibit brittle behavior in one experiment and
ductile behavior in another because of temperature,
microstructure variations, testing conditions and material aging.
So have to be cautious during the whole fabrication process.

In order to improve mechanical properties and give better
uniformity among different particles, this study can be expanded
by utilizing modern manufacturing techniques such as
infiltration, plasma sintering, hot pressing and powder
metallurgy.
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ABSTRACT

This research investigates numerous approaches for improving the productivity of a particular knitting floor. There are numerous
reasons to pursue an immediate reduction in inefficiencies on knitting floors. Several perceptions were implemented to unveil the
disputes for initiating an optimum solution for the floor during knitting. Therefore, ten selected machines have been employed with an
Adiabatic Cooling System for scrutinizing a comprehensive production efficiency analysis. Hence an equilibrium of both temperature
and humidity was achieved on the floor, restraining minimal dust by spraying micro droplets of water. Neither of the mechanisms
subsidized the production efficiency between 12% and 17%, which was lower than the esteemed level taken at the maximum time.
Consequently, the plant began to receive 2% to 5% more production than usual once the mentioned methods were implemented
gradually. Thus, it reduced the yarn breakage preserving humidity and temperature in a synchronized state. Meanwhile, a foremost
response has been achieved by reducing the flying dust. Furthermore, the environment of the knitting floor, routine machine

maintenance, and the strain on the machine operator all have vital contributions.
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1 Introduction

Knitting is a widely used method in textile production due
to its speed and versatility. However, factors such as machine
settings, yarn quality, operator skill, and environmental
conditions significantly impact production efficiency. Studies
have shown that stitch length, yarn tension, and machine
maintenance play a crucial role in minimizing defects and
maximizing productivity [1]. Regular maintenance reduces
downtime and prevents defects caused by accumulated lint or
mechanical wear. Additionally, advanced monitoring systems
allow real-time tracking of machine performance, contributing to
stable production levels [2].

Previous research has highlighted the importance of
optimized machine settings and skilled labor in achieving higher
efficiency. A study on knitting technology suggested that an
effective workflow and well-maintained machinery could reduce
yarn breakage and fabric faults, leading to an efficiency increase
of up to 15% [3]. Furthermore, implementing technological
advancements such as automated quality control mechanisms
has been shown to enhance production rates in knitting
operations. Environmental conditions in textile manufacturing
have a significant impact on yarn quality and knitting
performance. Studies indicate that humidity control is essential
for reducing yarn breakage, as higher humidity levels improve
yarn elasticity and strength, thereby minimizing production
losses. A well-balanced temperature and humidity level also
prevent excessive fiber fly accumulation, which can lead to
defects and machine inefficiencies [4]. Research on
environmental control strategies suggests that maintaining
optimal humidity levels (55% + 5% RH) and temperature (25°C
+ 1.1°C) can improve machine efficiency and reduce defects in
knitted fabrics. Textile production environments equipped with
climate control mechanisms, such as humidifiers and ventilation

systems, have demonstrated improved production outcomes by
mitigating the negative effects of excessive dryness or heat [5].

One of the innovative solutions for maintaining stable
environmental conditions in industrial knitting floors is the use
of adiabatic cooling systems. These systems operate by
evaporating water droplets into the air, absorbing heat, and
lowering the surrounding temperature without the need for
traditional refrigeration. Adiabatic cooling has been successfully
implemented in textile mills to maintain optimal humidity levels,
reduce yarn breakage, and improve air quality by minimizing
fiber dust in the workspace [6]. Studies on cooling system
applications in textile production reveal that adiabatic cooling
can enhance production efficiency by 3-6% due to improved
working conditions for both machines and operators [7].
Furthermore, the introduction of these systems has been shown
to reduce maintenance requirements and extend machine
lifespan by preventing overheating and excessive mechanical
stress. Overall, the integration of cooling systems, combined
with effective environmental controls and optimized machine
operations, has the potential to significantly enhance knitting
production efficiency [8].

This study addresses a critical gap by examining the impact
of adiabatic cooling on knitting floor efficiency, an aspect largely
overlooked in previous research. While prior studies focus on
isolated factors like machine settings or maintenance, this
research takes a holistic approach by integrating environmental
control, dust reduction, machine servicing, and yarn handling.
Unlike theoretical analyses, it is based on real-world data, and
this makes the findings highly relevant for industrial
applications. The study specifically aims to identify efficiency
gaps in knitting production, assess regular knitting floor
operations, and develop practical strategies to enhance
productivity. Furthermore, the present work also provides a
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comprehensive and cost-effective solution for optimizing
knitting production by tackling both environmental and
mechanical challenges.

2. Materials and Methods
2.1. Materials

Yarn used for Single jersey-

Composition: [100% Cotton] 100%

Count: 30'S

Color: White, Indigo, Honey dew

Yarn used for Double jersey (Rib)-
Composition: [95% Cotton 5% Elastin] 100%
Count: 28+40D, 32+40D

Color: White, Green, Black

2.2. Machines and Methods:
There are two types of machines are used in this analysis i.e.,
Circular knitting machine and Hygrometer

Target production in knitting
mDG X S.L X No. of Feeder X RPM x Time X Efficiency @)

10 X 2.54 x 36 X 840 x Count x 2.2046

where, D= Cylinder Dia (inch), G= Cylinder Gauge, S.L=
Stich Length

Production Quantity

Efficiency (%) = x 100% 2

Production

Relative Humidity (%) (
3
= Dry bulb temperature — Wet bulb temperature )
Here, the Relative Humidity Sling Psychrometry Table was used
as a reference.

The target Production/kg in 100% efficiency (8 hours)

_ mDGXS.LxNo. of FeederxRPMxTimexEfficiency (4)
10X2.54x36X840xCountx2.2046

To collect and calculate the data, five successive actions
have been conducted. Actual production was collected as data for
two weeks before the suitable measures were taken. Upon the
finalization of the essential procedures, actual manufacture was
collected as data for two weeks.

The production of these smart textiles involves several
disciplines outside of the typical textile domain, each with its
vocabulary, specialized concepts, and methodologies [9]. After
compiling the production data for two weeks, the following
actions were carried out to enhance productivity. Second phase
data have been recorded after ensuring such steps -

i. Ensuring standard humidity on the floor

Based on the data collected, it was discovered that when the
temperature rises, outside relative humidity reduces
significantly, ensuring favorable conditions for the use of
adiabatic cooling [10]. Humidity level has a great impact on yarn
strength and elasticity. The increased humidity strengthens the
yarn, reducing breakage while maintaining great efficiency. So,
to do this, an Adiabatic cooling system is adopted in which water
is used to cool the air without the need for traditional
refrigeration mechanisms. The cooling system combines the
benefits of both dry and adiabatic cooling into a single [11]. The
cooling system combines the benefits of both dry and adiabatic
cooling into a single unit. Water is sprayed or dripped into the air
stream or onto surfaces where it evaporates rapidly. This
evaporation process absorbs heat from the surrounding air,
lowering its temperature. Recommended conditions for

prevention of the breakage are Temperature= 25°C + 1.1°C and
RH%=55% + 5% RH. Increased humidity makes the yarn
stronger, resulting in fewer breakages and more efficiency [12]-
[13].

ii. Reductions of flying dust

Dust is defined as dust present in the air during the knitting
or processing of yarn, which can contain a mixture of several
components including ground-up plant matter, fiber, bacteria,
fungi, soil, and pesticides [14]. This fiber fly causes substantial
indoor pollution [15]. Data on knitting waste was collected to
assess the effect of various yarn properties on knitting fly
formation [16]. Sometimes flying dust and tufts get stuck in the
machine. Dust accumulation in knitting machinery can increase
wear and tear, leading to more frequent breakdowns and
maintenance needs. This can result in downtime and decreased
productivity as machines require cleaning and repairs. By
implementing the Adiabatic system on the floor, the water vapor
introduced into the air by the adiabatic system can bind with dust
particles, causing them to become heavier and settle out of the
air more quickly. This can help to reduce the amount of dust
circulating in the environment of the knitting floor which will
reduce machine breakage.

iii. Balancing machine tension

In practice, knitting tension is significantly influenced by the
pattern type and stitch length [17]. As we know during knitting
production, yarn is pushed over the previously placed yarn which
increases the abrasion among them and leads to yarn breakage.
And yarn breakage reduces the production efficiency. So correct
tension for knitting operation is maintained to reduce yarn
breakage.

iv. Servicing of the knitting machine

Investing in machine servicing not only increases knitting
production but also improves operational reliability, quality, and
safety. Knitting tension is significantly influenced by the pattern
type and stitch length [17]. So, during our research, we ensured
that after each program changed, the machine was checked and
cleaned properly. Also, no dust or oil leakage is happening.

v. Prevention of yarn entanglement

The amount of yarn breaks is proportional to the quantity of
single and plied yarns used. Twist multipliers have an inverse
effect on the number of yarn breaks [ 18]. When the machine pulls
the yarn for knitting, the yarn gets tangled when released from
the cone. Constantly dealing with yarn entanglement slows down
production processes, reduces overall efficiency, irregularities or
defects in the knitted fabric, and can jam knitting machines,
leading to downtime as operators work to resolve the issue. To
prevent this, scotch tape is used at the head of the cone to prevent
yarn entanglement.

vi. Prevention of fabric faults

One of the most significant issues in knit fabric production
is reducing fabric flaws [19]. By preventing faults such as yarn
breaks, drop stitch holes, snagging, vertical stripes, color fly,
dirty cloth, oil stains, soil stripes, spirality, broken ends or holes
bunching up, needle break, star marks, etc. Can minimize
downtime associated with stopping the machines to fix issues.

3. Result and Discussion

3.1 Estimation of Production Efficiency for Jersey
Machine

The investigation regarding knitting production had been
performed at Liberty knitwear Ltd. (Unit-2), Gazipur,
Bangladesh. Initially, the data respecting to the knitting
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production of jersey machine were registered prior to the
implementation of proposed methods from S/J fabric production.
The jersey machine's production data is shown in Table 1 before
any measures are taken. On the contrary, following the
implementation of the essential steps, the knitting machine data
is displayed in Table 2.

Table 1 Production Data of Single Jersey Fabric (Conventional
method)

3.2. Estimation of Production Efficiency for Double
Jersey Machine (Rib)

Before executing any of the aforementioned procedures
wherein rib fabric was made, the production data of the Double
Jersey machine is displayed in Table 3. However, once the
required actions have been taken, the knitting machine data is
displayed in Table 4.

Table 3 Production Data of Rib Fabric (Conventional method)

Parameters M/c24 M/c26 M/c27 M/c29 M/c33
T Parameters M/c07 M/c09 M/cll M/c64 M/c74
arget Per
Week. K 930 905 1032 930 1067 Target Per Da
eex, 28 g Y 318 425 470 312 312
Week -1, Kg 805 765 875 785 918 Kg
Week -2, Kg 808 748 887 798 892 Week -1, Kg 254 367 388 254 258
Aver age Week -2, Kg 275 355 405 278 264
Production, 806 756 808 791 905 X
Kg Prodvgi?)%le K 264 361 396 266 261
Efficiency (%) 86.7%  83.6% 859%  85.1%  84.8% u » 88
1 0, 0, 0, 0, 0, 0,
Remarks S/] S/] S/] S/] S/] Efficiency (%) 83.2% 84.9% 84.5% 853% 83.7%
Remarks Rib Rib Rib Rib Rib

Table 2 Production Data of Single Jersey Fabric (Proposed
method)

Parameters M/c24 M/c26 M/c27 M/c29 M/c33
Target Per
Week, Kg 930 905 1032 930 1067
Week-1, Kg 825 778 896 805 931
Week-2, Kg 818 796 906 818 923
Average
Production, 822 787 901 812 927
Kg
Eﬂ;ﬁ;e)"cy 88.3% 86.9%  87.3% 872%  86.8%
(]
Remarks S/ S/ S/ S/ S/J

After reviewing the two data sets from Tables 1 and 2, Fig.
1 can be illustrated. The graph displays a greater level of
production efficiency than the existing situation when the
necessary actions have been put into place. Before putting those
necessary steps into place, production efficiency is found to be
between 14 and 17 percent lower.

100%
95%
90%
85%
2 (ARIRIN
75%

M/c24 Mic 26 Mic 27 Mic 29 M/c33

Production efficiency

m Target = Before m After

Fig. 1 Efficiency analysis of Single Jersey fabric

However, following implementation, the production
efficiency grew by a respectable proportion, ranging from 3 to
6%. For example, after one week at that specific knitting floor,
the production of one jersey fabric climbed to an average of 16
kg, 31 kg, 93 kg, 21 kg, and 22 kg for machines 24, 26, 27, 29,
and 33. Consequently, it can be said that the manufacturing of
Single Jersey fabric has risen with greater production efficiency
once all the required steps have been performed.

Table 4 Production Data of Rib Fabric (Proposed method)

Parameters M/c07 M/c09 M/cl1ll M/c64 M/c74
Targetlgger Day, 318 45 470 312 312

Week -1, Kg 268 365 398 264 278
Week -2, Kg 279 382 415 288 254

Average
Production, Kg 273 373 406 276 266
Efficiency (%) 86.1% 87.8% 86.5% 88.5% 85.3%
Remarks Rib Rib Rib Rib Rib

Upon reviewing the data from Tables 3 and 4, Fig. 2 can be
presented. The graph displays a greater level of production
efficiency than the existing situation when the necessary actions
have been put into place. Production efficiency was determined
to be between 12 and 17 percent lower before the implementation
of the aforementioned processes.

100%

% ‘ll ‘ll ‘ll ‘ll ‘ll

M/c 07 M/c09 M/c11 M/ce4 M/c74

©
=3
ES

@
=3
ES

Production efficiency
] g
E ES

o

mTarget mBefore mAfter

Fig. 2 Efficiency analysis of Rib fabric

However, following implementation, the manufacturing
efficiency grew by a respectable amount, between 2 and 5
percent. The production of Double Jersey Rib fabric increased by
an average of 9 kg, 12 kg, 10 kg, 10 kg, and 5 kg for machines
07, 09, 11, 64, and 74 after one week at that specific knitting
floor. Consequently, it is possible to conclude that, following the
necessary steps, rib fabric production has increased with
improved production efficiency.

13



D. Das et al./JEA Vol. 06(01) 2025, pp 11-15

3.3. Estimation of Relative Humidity and Temperature
for the knitting floor

Table 5 shows the data of weekly Relative Humidity RH%
and Temperature of the knitting floor before implementing any
of the above-mentioned. On the other hand, Table 6 shows the
data of weekly Relative Humidity RH% and Temperature of the
knitting floor after implementing the mentioned steps.

Table 5 RH% and Temperature of knitting Floor (Conventional
Method)

Wet bulb Yarn
—dry breakage
o, [o]
Parameters RH% Temp. °C bulb (8+6=48)
temp. hours
70% + 25°C+ o .
Target/Week, 59, L1°C (3-5)°C  72- 120 times
Week-1 59% 28°C 6°C 175 times
Week-2 55% 30°C 7°C 168 times
Average 57% 29°C 6.5°C 171.5 times

Table 6 RH% and Temperature of Knitting Floor (Proposed
Method)

Yarn
Wet bulb —
0,
Parameters RH% (1) Temp. °C Dry bulb breakage
(0] (8*6=48)
temp.
hours
Target Per 70% = 25°C+ o .
Week, 59, 1 1°C (3-5)°C  72- 120 times
Week-1 69% 24°C 4°C 103
Week-2 75% 22°C 3°C 98
Average 72% 23°C 3.5°C 100.5

Based on the study of Tables 5 and 6, Fig. 3 can be
illustrated. Following the required actions, the graph displays a
lower temperature and a greater relative humidity than in the
current situation. As we can see, there was a noticeable decrease
in yarn breakage. After doing the required actions, it can be
concluded that the knitting floor's temperature decreased and its
relative humidity (RH%) rose.

80%

Week 01

70%

60%

50

R

40%

RH%

30

B

20%

10

&

0%

Week 02 Average

ETarget W Before M After
Fig. 3 Relative Humidity (RH%) analysis of the knitting floor
4. Conclusion and Recommendations

The study highlights the significant impact of environmental
controls, machine maintenance, and optimized operational
procedures on improving knitting floor productivity. The
implementation of an adiabatic cooling system -effectively
stabilized humidity levels, reduced yarn breakage, and
minimized airborne fiber dust, leading to a measurable increase
in production efficiency. Additionally, ensuring proper machine

servicing, tension balancing, and fabric fault prevention
contributed to improved operational reliability. To scale up these
interventions in larger textile facilities, fully automated climate
control systems should be explored to regulate temperature and
humidity in real time. This would enhance the consistency of
environmental conditions and further reduce production losses
due to fluctuating humidity and fiber breakage. The adoption of
Internet of Things (IoT)-based solutions for machine
performance tracking, humidity regulation, and production
efficiency analysis can also provide real-time insights. Smart
sensors can alert operators to deviations in environmental
conditions, enabling timely interventions. Furthermore, future
research should investigate the feasibility of scaling up adiabatic
cooling systems for larger knitting operations, including energy
consumption analysis and cost-benefit assessments. Hybrid
cooling systems combining adiabatic and mechanical cooling
could be explored for enhanced efficiency.

Additionally, integrating machine learning algorithms to
predict and mitigate potential production disruptions by
analyzing historical data on machine performance,
environmental factors, and defect rates could optimize the
manufacturing process. Further studies should also assess the
long-term sustainability of these interventions, particularly in
terms of water usage for adiabatic cooling, energy efficiency, and
overall environmental impact. Life-cycle assessments of
different environmental control strategies can guide the
development of more eco-friendly solutions. By implementing
these advanced technological solutions, large-scale textile
industries can further enhance production efficiency, reduce
material waste, and create a more sustainable manufacturing
environment.
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ABSTRACT

The conversion of mango seed kernel into biofuel was performed through thermal pyrolysis and chemical transesterification
process in this present study. The research also involved a comparative analysis of product yield and physico-chemical properties of
the resulting biofuel. The pyrolysis experiment was performed in a 22 cm length and 15 cm diameter fixed bed external heating reactor
at a temperature ranging from 150 — 350°C using a full-size sample. The major components of the experimental setup included a
furnace, fixed-bed external heating reactor, water-cooled condenser, K-type thermocouples, and collectors for liquid and char. Instead
of electricity, low-grade waste biomass was used for heating. This process achieved a maximum biofuel yield of 30.18 wt.%. For the
chemical process, initially vegetable oil was extracted through a solvent extraction method, mixing the samples in a 1:2 ratio with
hexane and stirring the mixture at a temperature between 25 — 50°C for a duration of 3 — 12 hours, resulting in a 17.3 wt.% yield of
vegetable oil. After that, the obtained vegetable oil was transesterified using potassium hydroxide as a catalyst at 60°C for 1 — 1.5 hours.
A maximum of 75 — 80 wt.% of extracted vegetable oil was converted into biofuel. The produced biofuels were evaluated for their
suitability as alternative fuels by analyzing their physico-chemical properties including viscosity, density, pour point, flash point, and

gross calorific value.

Keywords: Bio-fuel; Mango Seed Kernel; Pyrolysis, Transesterification; Product Yields; Fuel Properties.
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1 Introduction

The world has been facing increasing energy demand and
emphasizing the urgency for sustainable and environmentally
friendly solutions. Fossil fuels including natural gas, oil, and coal
account for 80 — 85% of total global primary energy production
but as these resources are finite, several studies have predicted
that they will eventually be depleted over time [1], [2]. However,
using these resources is scary because of their high rate of
consumption and release of greenhouse gases that contribute to
environmental issues [3] including global warming, climate
change acid rain, and health issues from the discharge of toxic
compounds [4], [5].

In addition, the rise in population, urbanization, and
economic development has led to increased waste generation.
According to World Bank, if the current rate of waste generation
continues it is expected to increase by approximately 70% by
2050 [6] —[8]. From the research studies, carbon dioxide (CO,)
emissions are directly linked to the consumption of fossil fuel
and are responsible for worldwide climate changes [9]. To
address these challenges, researchers assert that carbon-neutral
biomass presents a promising resource for energy production,
especially in the form of biofuel [10]. Such substances hold
special significance because they are renewable, widely
accessible, biodegradable, non-toxic, and environmentally
sustainable [11]. They not only help to reduce dependence on
fossil fuels but also support the objectives of the Kyoto Protocol
which aim to mitigate greenhouse gas emissions [12]. This
biofuel is increasingly being acknowledged worldwide as a green
fuel because of its low sulfur content, biodegradable properties,
and high flash point [13].

The tropical and subtropical climate of the South Asian
region is ideal for the prolific growth of fruits like mangoes.
Bangladesh is currently in the seventh position globally in terms
of mango production [14]. In 2012, global mango production was
estimated at approximately 46.7 million MTs and this figure is
further increasing [15]. According to authorities from the
Department of Agricultural Extension (DAE), the yearly mango
production in Bangladesh is expected to reach around 2.55
million MTs in 2023 [16]. In fruit processing industries around
40 — 50% of mangoes are processed into juice and other by-
products, while the seeds and peels are typically discarded as
waste [17]. Depending on the variety, mango seeds account for
30 —40% of the fruit’s weight [18]. Mango seeds are comprised
of two main parts: seed shell and seed kernel. The shell is the
outer layer of the seed; it covers the kernel. The shell makes up
about 5 — 15% of mango while the kernel accounts for 10 —20%
[19] —[21]. The chemical composition of the mango seed
includes lignin, hemicelluloses, and cellulose are primary
constituents in the shell while starch and fat are in the kernel [22].

Previously, researchers have produced biofuel from various
non-edible biomass sources such as jatropha, microalgae, neem,
karanja, rubber seed, mahua, silk cotton tree, castor, pongamia
pinnata, and others. These biofuels have shown to be viable
alternatives to conventional fuels [23] —[29]. Sultana and Ashraf
[29], Saka et al. [30], Julio et al. [31], and Narayansamy et al.
[32] have investigated various extraction and chemical
processing techniques for biofuel production from mango seeds.
They also analyzed different catalyst's impact on product yield
and the properties of resulting biofuel. Additionally, Ganeshan et
al. [33], Lam et al. [34], Lazzari et al. [35], and Andrade et al.
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[36] conducted experiments on the pyrolysis of mango seed shell
or kernel in a fixed-bed reactor and examined the product yield
of biofuel, gas, and char.

Previous experiments entailed milling the samples into the
form of powder and utilizing electricity during heating, which
was energy-inefficient and incurred additional labor costs. As a
result, the main objective of the current research is to produce
biodiesel from mango seed kernels through the pyrolysis and
transesterification process, including the construction of a
pyrolysis reactor that can produce biofuel from mango seed
kernels without using electricity. This study also aims to compare
the product yields and physico-chemical characteristics of the
biofuel obtained from both processes.

2 Materials and Methodology
2.1 Materials

In this study, mango seed kernel was utilized as feed
material, which was collected from Khulna City, Bangladesh.
Initially, the seeds were properly rinsed with water and detergent
to wash away any remnants of mud, sand, or additional surface
impurities. Upon washing, the seeds were sun-dried to remove
any additional moisture. Once fully dried, each of the seeds was
meticulously split using a knife to retrieve the kernel, which
originally measured around 4 — 6 cm. Fig. 1 depicts the sample
that was prepared for both pyrolysis and transesterification.
Although the full-sized kernel was employed in pyrolysis, for
transesterification the kernels were pulverized into smaller
fragments as this increased the surface area and facilitated the
extraction of the oil.

2.2 Experimental Set-Up and Procedure
2.2.1 Pyrolysis Experiment

The pyrolysis of mango seed kernels was carried out using
a fixed-bed external heating reactor designed to produce biofuel.
The major components of the experimental setup were a fixed-
bed external heating chamber, reactor inside the heating
chamber, water-cooled condenser for condensing the pyrolytic
vapor, K-type thermocouples with display, liquid collecting pot,
N, gas cylinder with flow control valve and pressure regulator,
char collecting bag and fan. Fig. 2 illustrates a diagram of the
experimental setup offering a visual representation of the
configuration. The setup included a furnace constructed from
galvanized steel, which measured 61 cm in length and 36 cm in
diameter. Inside this chamber, an aluminum reactor of 22 cm in
length and 15 cm in diameter was positioned. The size of the
reactor was finalized after analyzing the size taken by different
researchers for their experiments [4], [26], [37], [38]. In each
pyrolysis run 0.5 kg of pre-treated mango seed kernel was placed
into the reactor chamber via the top opening. Before initiating the
pyrolysis experiment, the reactor was purged with N, gas for 2 —
3 minutes to create an inert atmosphere. The experiments were
conducted by changing the temperature between 150 — 350°C
with an interval of 50°C, with the inside temperature of the
reactor closely monitored using K-type thermocouples.
Although higher temperatures and rapid heating using electricity
can produce higher biofuel yields, a relatively low temperature
(150-350°C) and slow heating were used in this study due to the
use of low-grade waste biomass for heating. Additionally,
maintaining a high temperature using waste biomass is quite
impossible.

(b)

Fig. 1 Prepared feedstocks of mango seed kernel for (a)
pyrolysis (b) transesterification
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Fig. 2 Schematic diagram of pyrolysis system

Lazzari et al. [35] investigated the rise in liquid yield during
the pyrolysis of mango seed kernels at temperatures ranging from
200°C to 450°C and Dyjakon et al. [39] examined the physico-
chemical properties of mango, lychee, and avocado seeds at
temperatures between 200 — 300°C, observing that higher
temperatures led to increased production and higher heating
values.

During the combustion of low-grade waste biomass, which
served as the heating source, the produced smoke was vented
through two chimneys, each measuring 76 cm in length and 7 cm
in diameter. The volatile gases coming from the reactor were
then cooled by passing through a water-cooled copper condenser,
where the condensable gases were converted into liquid and
collected in a pot. Non-condensable gases were flared into the
open air separately. The heating process continued until all gases
were completely released from the biomass indicating the
completion of the pyrolysis reaction and the total duration was
recorded as the reaction time for the process. Initially, as the
temperature increased, the production of liquid also increased
until it reached its maximum level, after which it began to
decrease. The maximum liquid production occurred at an
optimum temperature of 250°C, as the raw material undergoes
significant breakdown at this temperature. However, beyond
250°C, liquid production decreased while gas production
increased. The decline in liquid production and rise in gas
production are likely due to secondary decomposition processes
and the transformation of some oil vapors into permanent gases.
After the pyrolysis reaction was complete heating was ceased
and the set-up was allowed to cool. The reactor was then opened
to extract char residue and weigh it after putting it into a sample
bag. Similarly, the weight of the obtained liquid was also
measured. The weight of pyrolytic gas was determined by
subtracting the combined weight of char and liquid from the
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initial weight of the feedstock. The system was then prepared for
subsequent runs ensuring a systematic and efficient approach to
the experimental process.

2.2.2 Transesterification Experiment

The production of biofuel from mango seed kernels involves
two main steps: firstly, extracting vegetable oil from the kernels
and secondly, converting that vegetable oil into biofuel.
Vegetable oil was extracted from mango seed kernel using
hexane through a solvent extraction method. Each test involved
mixing 100gm of the sample with hexane at ratios of 1:2.5 or 1:2
(w/v), followed by agitation. Agitation was conducted at
temperatures ranging from 25 to 50°C for 3 — 12 hours to
optimize the chemical reaction throughout the solvent and
sample for maximizing oil extraction. Before agitation, the
material was submerged in hexane for approximately 48 hours.
After that, the vegetable oil was separated using evaporation and
filtration techniques. A flow chart illustrating the biofuel
production process through transesterification is provided in Fig.

3.
Catalyst Alcohol

Vegetable
; Transesterification ]

[ ‘ﬂl

Biofuel

\4

N

Solvent
Extraction

\ 4

Phase
Separation

L Glycerol

By product ]

Fig. 3 Transesterification process to produce biofuel

For producing biofuel from the extracted vegetable oil
transesterification process was utilized. This reaction was
conducted at 60°C for 1 hour where the vegetable oil was
forcefully agitated with a methanol-KOH solution. To drive the
reaction toward biofuel production, a methanol-to-oil molar ratio
of 6:1 was used by adding an excess of methanol. Zhang et al.
[40] determined the required amount of KOH in kilogram for the
transesterification using the formula, KOH = 0.013 x Volume of
vegetable oil (liters). Therefore, KOH was incorporated at a level
of 1.5% of the oil's weight. At a constant temperature, the
reaction was continued for 1 — 1.5 hours and then it was left for
24 hours to settle. This settling resulted in biofuel floating on top,
while glycerin accumulating at the bottom. Both biofuel and
glycerin were carefully separated. Filtration was also carried out
to remove free fatty acids, enhancing the quality of the biofuel.

2.3 Product Analysis Procedure

Characterization is essential to assess the efficiency and
acceptability of the produced biofuel for different purposes.
Standard ASTM test procedures were used to examine various
types of physico-chemical characteristics, such as viscosity, pour
point, density, gross calorific value (GCV), and, flash point. The

oil's density indicates how aromatic it is, while its kinematic
viscosity shows its flow characteristics. Density and viscosity
measurements were performed using the ERASPEC Fuel
Analyzer-ES10. The flash point, which is the minimum
temperature at which the fuel momentarily ignites without
sustaining a flame, was determined using the Pensky-Martens
AIM 509 (Closed) apparatus. The pour point, indicating the
temperature at which the biofuel ceases to flow, was assessed
using the AEX 503 device. Finally, the calorific value,
representing the energy or heat released upon combustion, was
measured with the GDY-1C Oxygen Bomb Calorimeter.

3 Results and Discussion
3.1 Proximate Analysis

Mango seed kernel's proximate analysis identifies their
compositional attributes, including moisture content, volatile
matter, ash content, and fixed carbon content. These tests were
conducted following ASTM standards. The result of this analysis
for mango seed kernel is presented in Table 1.

Table 1 Proximate analysis of mango seed kernel

Parameters Mango Seed Kernel
Volatile Matter (%) 67.53

Ash Content (%) 3.9
Moisture Content (%) 11.13

Fixed Carbon (%) 17.44

3.2 Product Yields

The biofuel obtained through the pyrolysis and
transesterification of mango seed kernel is illustrated in Fig. 4.
Pyrolysis experiments were conducted at temperatures ranging
from 150°C to 350°C at 50°C increments, resulting in the
production of three distinct types of products: liquid, solid, and
gas. The maximum yield of pyrolytic liquid and solid were 30.16
wt.% and 65.23 wt.% at a temperature of 250°C and 150°C,
respectively. The yields of pyrolytic liquid varied significantly
with temperature and were affected by various factors which
include the feedstock layout, temperature of operation, reactor
size as well as type, heat transfer efficiency from the reactor
surface to the biomass, feed size of particles, and vapor time of
residence [37].

(@ (b)

Fig. 4 Biofuel derived from mango seed kernel (a) pyrolysis (b)
transesterification
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In contrast, 13.8% of the vegetable oil was recovered using
the solvent extraction method from the mango seed kernel.
Subsequently, through the transesterification process 75 — 80%
of this vegetable oil was converted into biofuel. It is
recommended that using Soxhlet instead of Hexene and reducing
the feed size can potentially improve the vegetable oil recovery.

3.3 Properties of Produced Bio-fuel

The biofuel derived from the pyrolysis of mango seed kernel
was dark red-brown and had a strong acrid odor. Notably, if the
water content exceeds 30 — 40 wt.% phase separation can occur
[41]. The pyrolytic liquid was homogeneous and in the liquid
storage bottles, there was no phase separation. In contrast, the
biofuel produced via transesterification exhibited a yellowish
color. Several physico-chemical characteristics of the obtained
biofuel through pyrolysis and transesterification including
density, kinematic viscosity, flash point, pour point, and calorific
value were measured and compared. The results are summarized
in Table 2.

The density of the liquid obtained through pyrolysis (875.4
kg/m®) exceeds that of diesel but closely resembles biodiesel
fuels, such as those derived from jatropha (880 kg/tn’), neem
(878 kg/rn?), and waste cooking oil (910 kg/rn®). In contrast,
liquid obtained through transesterification (778.8 kg/rm®) is lower
than diesel, jatropha, neem, and waste cooking oil. Generally,
fuels with higher density result in lower fuel consumption, while
those with lower density require more to produce the same heat
output. The kinematic viscosity of biofuel produced through
pyrolysis and transesterification is 2.86 and 1.74 cSt,
respectively, at 40°C, which is similar to diesel (2 — 4.5 ¢St at
40°C) but lower than those of jatropha (4.8 cSt), neem (5.81 cSt),
and waste cooking oil (4.9 cSt).

Lower viscosity is beneficial for easier handling and
transportation. The viscosity of biofuel can vary widely
depending on the feedstock, process conditions, and the efficacy
of low-boiling component collection [42]. The flash point of
biofuel from pyrolysis and transesterification is 112°C and 70°C,
respectively, which are higher than diesel (50 — 95°C). In
contrast, jatropha (135°C) [43], neem (175°C) [7], and waste
cooking oil (150°C) [44], the flash points of biofuel from
pyrolysis (112°C) and transesterification (70°C) exhibit
significantly lower. This is because biomass-derived liquids are
less refined and contain a variety of components with a wide
distillation range. The pour point of biofuel through pyrolysis
and transesterification is —11°C and -9°C, respectively.
Although these pour points are lower than diesel, the practical
experience of the present study suggested that this was not

problematic. However, despite these promising properties, the
gross calorific value of the biofuel from pyrolysis is 18.8 MJ/kg,
and from transesterification is 22 MJ/kg which is considerably
lower than that of diesel (42—46 MJ/kg), jatropha (39.5 MJ/kg),
neem (26.65 MJ/kg), and waste cooking oil biodiesel (35.5
MJ/kg) due to the presence of moisture and oxygenated
chemicals.

Even though, the liquid oils obtained from pyrolysis and
chemical conversion have certain challenges that may affect
combustion, engine efficiency, and emissions [37], appropriate
treatment is necessary to make them suitable for use in engines.

4 Conclusions

This study focused on producing biofuel from the mango
seed kernels exploring its viability as an alternative fuel.
Pyrolysis was carried out in a fixed-bed external heating reactor
at a temperature ranging from 150 — 350°C for full-sized
samples. For the chemical process initially, vegetable oil was
extracted through a solvent extraction method, mixing the
samples with hexane in a 1:2 ratio and the mixture was agitated
between 25 — 50°C for a duration of 3 — 12 hours. The obtained
vegetable oil was subsequently turned into biofuel via the
transesterification process, utilizing potassium hydroxide as the
catalyst at 60°C for 1 — 1.5 hours. The results of this experiment
likely provide insights into product yields, chemical
composition, and potential applications of the biofuel produced.

e The maximum yield of biofuel from full-sized mango seed
kernel through pyrolysis was 30.18 wt.% at a temperature
of 250°C.

e The chemical conversion process extracted 17.3 wt.%
vegetable oil from mango seed kernel, with a maximum of
75 — 80 wt.% of this oil was converted into biofuel.

¢ Analysis of the physico-chemical properties revealed that
both the biofuels were dense with moderate viscosity and
had favorable pour and flash point.

o The calorific value of biofuel produced through pyrolysis
and transesterification process was 18.08 MJ/kg and 22
MJ/kg, respectively.

o The biofuel derived from mango seed kernel can be
utilized either as a low-grade biofuel or as a blend with
conventional liquid fuel.

As a waste product from mango processing industries and
an alternative energy source, future studies can focus on how
companies can implement this process economically. This

Table 2 Comparison of properties of biofuel derived through pyrolysis and transesterification with conventional diesel, and other

biofuel sources

Mango seed kernel oil Jatropha Neem Waste Cooking

Propertics Pyrolysis Trans-esterification Diesel Biodiesel [43] Biodiesel [7] Oil [44]

: 3
];(f?élty (kg/m?), 875.4 778.8 820 to 860 880 878 910
Kinematic
Viscosity (cSt) 2.86 1.74 2045 4.8 5.81 4.9
Flash Point (°C) 112 70 50 t0 95 135 175 150
Pour Point -11 -9 —40 to —1 2 8 2
Calorific Value 18.08 22 42 to0 46 39.5 26.65 35.5
(MJ/kg)
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approach would not only reduce environmental pollution and
dependency on fossil fuels but also create job opportunities.
Additionally, future research will explore how to optimize
product yields using heterogeneous catalysts, upgrade the
biofuel, test different biomass sources for biofuel production, and
conduct emission and engine performance testing.
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ABSTRACT

Downwash in the wing causes a reduction of lift and generates an additional drag, known as the lift-induced drag or the vortex
drag for the finite wing. This induced drag ultimately deteriorates the aerodynamic performance of the aircraft. The technical
potentiality of multi-winglets is examined in this work to reduce the induced drag without enlarging the wing’s span. Aerodynamic
characteristics of the NACA 0012 airfoil section-built wing model with gradual increase of winglets have been studied using a subsonic
wind tunnel of 1 m x 1 m x 1 m rectangular test section. An untwisted wing model tapered towered tip was constructed using the
NACA 0012 airfoil sections for the wind tunnel experiments. Airfoil-shaped wooden plates of the same airfoil profile were used to
make the winglets. Experiments were carried out on the wing with the winglets at 0°, 5°, 10° and 15° incidence angles. The results
show that the wing with a gradual increase from one winglet to three winglets can reduce the induced drag and improve the acrodynamic
performance. The lift coefficient increases up to 21.2%, and the drag coefficient decreases up to 27.2% when multiple winglets are
attached with wing mode compared to single winglet. Enhancing lift performance, reducing vortex drag, and improving overall

aerodynamic efficiency in multi-winglet configuration can improve fuel efficiency, leading to better aircraft performance.

Keywords: NACA 0012 Wing, Winglets, Lift-induced Drag, Aerodynamic Characteristics, Wind Tunnel Experiment.
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1 Introduction

The most significant lift providing component of an aircraft
is the wing. The wing has a streamlined- cross-sectional shape
called an airfoil. When the wing moves through the air, the airfoil
creates the lift due to the pressure distribution around the airfoil.
The average pressure is higher at the airfoil's lower surfaces than
that of the upper surface. This pressure difference is the reason
for an aerodynamic force whose parallel and perpendicular
components for the airfoil chord are defined as lift and drag [1].
When an aircraft moves forward with a velocity, a secondary
circulatory motion of air is created around the wingtip because
of the pressure difference between the upper and lower surfaces
of the wing. This circulatory motion called the wingtip vortices,
tends to leak the air from the lower to the upper wing surface,
creating a downward velocity component called the downwash
[2]. In a typical aircraft design, the wings are attached at their
free ends to the fuselage. The outer tips are typically at a higher
position than the root tips which make an upward angle with the
horizontal plane known as the dihedral. Dihedral is vital for
aircraft stability that helps to keep the airplane from rolling
accidentally during flight [3]. Wings also carry the fuel for the
power plant of the airplane. The mass of the fuel significantly
affects instantaneous weight and the airplane’s center of gravity.

The designers have created a variety of wings with different
aerodynamic properties, mainly based on the subjective purpose
and type of the aircraft. For the dispersion of pulverized fluid, the
wingtip vortex had been found as an essential factor, and hence
the application of agricultural airplanes was introduced.
Comparison of several wingtip devices and analysis of the effects
on pulverization had been reflected in the work of Coimbra and
Catalano [4]. Wingtip devices are usually intended to enhance
the aerodynamic efficiency of fixed-wing aircraft. Several types
of wingtip devices have been proposed for managing the wake

created by the tip vortices in different manners [5]. The wingtip
devices can also improve the aircraft’s stability characteristics.
The wingtip devices are also valued for their aesthetic appeal of
the aircraft from a marketing standpoint.

In general aviation, wingtip devices were significant
concerns for gliders, which have been researched in primitive
ways even though the wings possess a large aspect ratio. Smith
et al. [6] mentioned the development work of winglets for
sailplanes experimenting on scale models using wind tunnels. It
was demonstrated that adding a single winglet onto the biplanes
increased the lift-curve slope and the maximum lift coefficient
and calculated a 13% improvement in the vehicle's endurance.
Kroo et al. [7] dealt with winglets in a wider concept of non-
planar wings. In that study, different types of wings, like box
wings, nag wings, etc., were reviewed along with non-planar
wakes wings exploited in general. A key constraint in design
interest for many aircraft is the potentiality for lowering the
vortex drag without increasing the span. Yates and Donald [8]
concluded that for small transporter airplanes, single winglets are
advantageous; they provide 10% lower induced drag compared
to the plain wing of elliptical shape. Ismail et al. [9] conducted
an experimental study to measure the effect of the angle of attack
on the NACA 4415 wing and found that the wing is more
efficient at a lower speed than a higher speed. Al-Atabi [10]
investigated devices akin to the wing tip airfoils, named “wing
tip sails”, on the wingtip fuel tank of a trainer aircraft for fuel use.
After the wind tunnel testing of such sails up to four, the
reduction of fuel consumption between 3.5% and 5% was
demonstrated and confirmed by the flight test experiments. An
experimental and numerical investigation by Eftekhari and Al-
Obaidi [11] on the finite wing at low Reynold’s number
established that the drag force acting on the airfoil increases with
the increase of incidence angle due to the change of laminar to
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turbulent flow. Ceron-Muiloz and Catalano [12] experimented
on the adaptive multi-winglets through variation of winglet cant
angle and showed a decrease in wake turbulence from the
winglets in the wing. They concluded that the symmetrically
designed winglets were the best for general aviation aircraft and
less effective on the tapered wings.

Aerodynamic characteristics for the wing model of the
NACA 4315 section without and with winglets of rectangular,
triangular, and circular type had been investigated
experimentally in a subsonic wind tunnel by Inam et al. [13].
They suggested that the triangular winglet at 5° inclination has
the best performance providing a 30.9% reduction in drag
compared to other configurations for the maximum Reynolds
number considered. The effect of the cant angle of blended type
winglet are numerically studied on the aerodynamic
characteristics and compared the performance with the plane
wing without winglet of the same wing model [14], [15]. It has
been concluded that 90° cant-angled winglets exhibit the best
performance in terms of lift coefficient, drag coefficient, lift-to-
drag ratio, and stall angle of attack compared to other cant-angled
winglet models and the plain wing without winglet. Yusoff et al.
[16] investigated the evolution of induced drag in Unmanned
Aerial Vehicles (UAVs) for a fixed Reynolds number utilizing
up to seven winglets arranging them in different cant angle on
NACA 23015 profile. The study demonstrated better
aerodynamic characteristics at low angle of attack through the
reduction of induced drag. Reddy et al. [17] numerically studied
a multi-objective optimization of aecrodynamic shape for wing-
tail-body aircraft configuration consisting of 33 parameters using
modelFRONTIER for four simultaneous objectives. The study
concluded that Pareto-optimized multi-element winglet
demonstrated better performance at high-speed flight regime of
subsonic and transonic speeds. Padmanathan et al. [18]
conducted a parametric optimization study on novel winglet
designs such as, multi-tip, bird-type, twisted etc. for transonic
aircraft. The numerical study compared the optimized winglet
design with the baseline model (NASA common research model)
and reported 18.29% improvement in acrodynamic efficiency by
Taguchi method and that of 20.77% by T-GRA coupled with the
PCA method. Bio-inspired wing tip devices are numerically
investigated by Sethunathan et al. [19] aiming to reduce the
wing-tip vortices at low and medium-range Reynolds numbers.
The study incorporates three- and four-tipped multiple winglets
by making different combinations through varying the cant angle
of each tip and reported 22-23% increase in aerodynamic
efficiency and better stability compared to straight wing. Bala et
al. [20] computationally examined the flow field over a transonic
wing which incorporates four different winglet model based on
the cant angle and analyzed the pressure variation along with
coefficients relevant of wing model.

Moreover, a wing with multiple winglets has the potential to
give some other benefits. Having two or multiple winglets in the
wing reduces the climb thrust. A winglet-equipped aircraft can
typically take a 3% increase in the lift coefficient over the non-
winglet equivalent aircraft. This can extend engine life and
reduce maintenance costs [21]. If no or single winglets form a
wing, it increases cruise thrust. Cruise fuel flow is reduced by up
to 6%, saving fuel costs and increasing range. It also improves
cruise performance. Winglets can allow aircraft to reach higher
levels sooner [22]. Ulrich et al. [23] employed WINGGRID
devices experimentally for the reduction of induced drag. The
study concluded that multiple winglets can reduce induced drag
by approximately 20% using multiple winglets. As wings with

multiple winglets improve fuel efficiency, the noise effects can
be significantly reduced due to vortex effects [24]. Consequently,
it also reduces carbon emissions. It surely can be advantageous
and helpful in air traffic control as it reduces cyclone-type
effect/turbulence [25]. However, the appearance has been better
than the typical winglet design. Winglets bring a modern look
and feel to aircraft and improve customers' perceptions of the
airline.

Appraising the literature mentioned above, it is
demonstrated that aircraft of any type with winglets attached to
the wing have aerodynamically better performance than those
without winglets. Previous studies examined multiple winglets
of different types at different orientation on the diverge
arrangements with fixed or moveable wings which are mostly
conducted through numerical approach. However, there are lack
of experimental investigations. Moreover, no studied are found
that take the NACA 0012 profile for both the wing and winglet
in experimental research. In this experimental work, NACA
0012 wing model has been investigated that is attached in a near
perpendicular plane with a streamlined, airfoil-shaped plate at
the outer tip as winglet and then gradually increased the number
of winglets up to three. The winglets were placed side by side at
the tip, and additional winglets were slightly canted outward
from the fuselage. Aerodynamic characteristics for the wing
model with a gradual increase of winglets have been compared
and presented. Reynolds number dependence on the
aerodynamic performance is examined for varying the angle of
attack in this work.

2 Wing Model Description and Construction

This study uses a symmetric NACA 0012 airfoil section to
make the finite wing. The equation of thickness distribution for
a symmetrical 4-digit NACA airfoil is given by

2
0.2969J§ -01260(%) - 03516(3) )

+0.2843(x/c)? — 0.1015(x/c)*

V. =5t

The leading edge of the airfoil approximates a cylinder
whose radius can be expressed as

7, = 1.1019¢t? ©)

where c is the chord length of the airfoil, x is the position
along the chord from the leading edge to the trailing edge, and t
is the maximum thickness as a fraction of the chord [3]. The
thickness y; does not tend to zero from the above equation at the
trailing edge of the airfoil (x/c) = 1). For computational
analysis where zero-thickness may be required, a method can be
established with modification of any coefficient to make the sum
zero. The last coefficient in Eq. (1) can be revised to -0.1036,
which slightly changes the overall airfoil shape. The coordinates
(xy, Y of the upper airfoil surface, and (x;,y;) of the lower
airfoil surfaces were computed using the equation [2]:

Xy =X =X; Yu=+Ye 5 Vi1 =Vt 3)

A NACA 0012 airfoil is selected, designed, and constructed
for the present study. The last two digits (00 in the present case)
indicate that it is symmetrical; there is no camber at all and 12
indicates that the airfoil is 12% as thick as it is long, which means
it has a maximum thickness of 12% to the chord length.

The structured surface profile of the NACA 0012 wing
model was developed using SOLIDWORKS software, as shown
in Fig. 1.
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Fig. 1 Wing model of an airplane with one winglet (left), two winglets (middle) and three winglets (right) developed in
SOLIDWORKS

To maintain the perfect aspect ratio of chord length to the
span of wing, the designed model was printed. It also provides a
way to visualize the wing model before the actual construction
of it. The wing model was constructed with no geometric and
aerodynamic twists to keep things simple so that their effect may
be neglected, as shown in Fig. 2. The material used to construct
the wing is “Sirish Wood”, whose scientific name is “Albizia
saman”.

The whole section was made in the woodshop and machine
shop of KUET, Khulna. Some wood pieces of required cross
sections were taken in the woodshop. Each airfoil section was
made very carefully with a soft hand to maintain good accuracy.
The wingspan was limited to 30 cm without any sweep. The
maximum chord length was 20 cm at the root side, while the
minimum was 6 cm at the wing's tip side, making a taper ratio of
0.3. The determination of the average chord length of the wing
model was necessary to have the Reynolds number of the same
order. Because the exploration of wingtip vortices formation had
been a major concern, the Reynolds number based on the average
chord length is relevant at low flight speeds. In this sense, the
Reynolds number was estimated to be about 10° in this work.
The aspect ratio of the wing signifying the span length relative to
the chord length is one of the critical design parameters for the
finite wing. The relative weight of the model could be reduced
by making it as large as possible.

Fig. 2 Constructed wooden aircraft wing model with three
winglets for the experiment in the wind tunnel

The airfoil was drilled with the help of a 1.5 mm diameter
drill bit from the wing tip after 1 cm apart from the leading edge
to the trailing edge. At the mid-section, a reference point was
marked as the center of the winglet. Then the pressure taping
points were drilled at a distance of 2 cm on both sides from the
marked reference center. The pressure tapping points on the
measuring surfaces were numbered sequentially to track the
serial. Then the venial pipes were attached to each of the pressure
tapping points. The winglets were not fixed to the wing at the
very beginning. At first, one winglet was attached to the wing. It
was necessary because an actual size and shape should be
checked for one winglet rather than three. The concept was to
find the error of construction, if any. The tips of the winglets were
made as sharp as possible because there was no curve or round
tip was necessary for the present study.

After constructing the wing, the winglets were constructed
using the same material and process. The winglets are basically
a wing having airfoil shape cross-section that extend from the tip
of the wing. However, instead of laying on the same plane of
wing, the winglets are non-coplanar structure attached at a
certain angle with the plane of the wing at the tip. At first, a single
winglet is attached with the main wing body. Subsequently the
second and third winglets are attached to the first winglet as
presented in Fig. 2. Now the wing with the winglets is ready for
testing and to measure the pressures in the wind tunnel. After
recording the data, two winglets are attached to the existing one
and repeat the procedure to compare the aerodynamic
characteristics with the previous one. Afterwards another winglet
is attached to the existing two, and so on. The winglets are
attached to the wing at the tip.

3 Experimental Setup and Procedure

The experimental tests of the study were conducted in the
Aerodynamics and Aerial Robotics Laboratory of the
Mechanical Engineering Department at Khulna University of
Engineering & Technology, Khulna. The laboratory has locally
designed and constructed wind tunnel which consists of a
subsonic wind tunnel of 1 m x 1 m rectangular test section [26].
The wind tunnel's operational speed limit of airflow can be up to
42 m/s. The turntable of the wind tunnel where the wing models
were fitted could set an angle of attack up to 45°. To address the
concern of violating the Reynolds number analogy requirements,
the aerodynamic characteristics of a large wing model are
inspected. A large wind tunnel facility is necessary; therefore, the
wing model must be appropriately scaled down to match the
usual wind tunnel size. Moreover, there are some limitations in
wind tunnel experiments that should be considered; it would be
difficult to support the wing model at a desirable height. The size
of the wing models was selected so that they could be fitted in
the test section of the wind tunnel for the full range of angles of
attack.

At the time of constructing the actual model of the section
of the wing, an observation was first made about its length
compared to the vacant space of the test section. The design
created in the software is almost similar when constructing the
model in real. The tapping points for pressure tubes were
measured. The points were not drilled from the edge of the
winglet; a 2 cm gap was maintained. The reason is that the peak
value of the lift and drag coefficient will be found at a distance
from the trailing edge.

Since the lifting force is necessary to sustain the load of the
wing model, placing the constructed model in the test section of
the wind tunnel at the beginning of the experiment is crucial. The
respective wing models were mounted on the turntable of the
wind tunnel test section with the help of a frame. The pressure
measuring sensors were the primary instruments for acquiring
the test data. The pressure measuring sensors were inserted at
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different pre-drilled points from leading to trailing edges, as
shown in Fig. 3. Before conducting experiments, precautions
were taken, e.g., checking and fixing the specimen model twice
before switching ON the wind tunnel and closing the wind
tunnel's opening section.

Fig. 3 The wing model placed in the test section of the wind
tunnel [26] and pressure tubes are inserted to measure the static
pressures

The Bernoulli’s principle explains how the energy is
conserved between two points of a fluid flow if there is no forced
change. This principle was used to determine air velocity in the
throat section of the wind tunnel. The airfoil design is
symmetrical, so the pressure distribution was desired to be
symmetrical on the upper and lower surfaces at zero wing
incidences. Using pressure tubes, the pressures on the upper and
lower surfaces were measured to ascertain the zero incidences of
the wing. The pressures were actively responsive to the change
in the angle of attack. To replicate this theoretical change into a
practical one for every angle of attack of the airfoil, the pressures
were measured. For 0°, 5°, 10°, 15° angles of attack, the
respective pressures were determined in the condition of room
temperature. There was a limitation of attaching the number of
pressure tubes simultaneously, so five pressure taping points
were initially attached to the pressure measuring sensor to the
upper surface. After that, with the help of Lab View software, the
values of the surface pressures of the airfoil were determined.

The constructed wing of the NACA 0012 section with only
one winglet was mounted inside the wind tunnel's test section
frame. The testing section began at the first step after setting the
angle of attack 0° measurement. The experiment was carried out
for different velocities; the pressures were measured
simultaneously. Then, the angle of attack was changed to 5°. To
examine the changes and compare the differences, the lift and
drag forces were measured along with pressure from the relative
scales for different velocities. Next, the angles of attack were
changed to measure the necessary data in the same way stated
before.

A regulator was attached to the wind tunnel by which the
velocity of the wind tunnel was controlled. The performed value
was taken into 300 volts of the wind tunnel in relation to the room
temperature. Barometer recordings showed the ambient pressure,
whereas humidity and temperature were determined by a
hygrometer and thermometer, respectively, to evaluate air
density in the laboratory environment. The tests were carried out
with a free-stream velocity of 29.24 m/sec, 34.29 m/sec, and
39.15 m/sec for the respective Reynolds number. For the angle
mentioned above of attacks with the help of a pressure sensor,
the wing's upper and lower surface pressures were measured.
Multiple winglets, i.e., two and then three winglets, were used,
and those were triangular. The triangular winglets were attached
to the wing at the wingtip. To tackle the issues of experimental

uncertainty and repeatability of test data, considerable attention
and precautions are taken during the wind tunnel testing so that
confidence can be placed on the results. All the testing were
conducted in controlled environment so that the airflow,
temperature, and pressure variations are limited in the test section
[27].

After measuring the necessary data needed, the calculation
process was started. The pressure coefficients on the upper and
lower surfaces were calculated from the measured pressure, and
the lift coefficient and drag coefficient were calculated using the
mathematical relationship of the coefficient of pressure:

C _P=Pw P~ P
P - 4
e %pmez @

where p is the local static pressure, p, is freestream
pressure, V,, is the free stream velocity, and p,, is the free stream
density corresponding to the freestream pressure.

From the equation, the value of the C,, is found, and lift and
drag coefficients are calculated by integrating the pressure
coefficient over the wing. That is, the coefficient of lift

c
1
CL=- f (Cpi- Cpo) dx (5)
0

and coefficient of drag
[
1 dyy dy,
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where c is the chord length, C,,; is the pressure coefficient
at the lower surface and C,,, is the pressure coefficient at the
upper surface [3].

4 Results and Discussion

All the necessary measurements of wind tunnel deploying
the constructed aircraft wings with a gradual increase of winglets
were conducted. The lift and drag coefficients have been
calculated from the experimental pressure coefficient data using
Egs. (4) to (6). Different plots of performance parameters have
been drawn to examine the measured data and the calculated
results. The coefficients of lift and drag depend on airstream
velocity, platform area, profile shape of the airfoil, angle of
attack, and angle of winglet (considering the initial position
perpendicular with wing). The first two factors determine the
dynamic pressure of the airstream. The last three factors
mentioned above influence how much drag will be developed in
relation to the angle of attack. Therefore, all these factors greatly
instigate the coefficient of lift and drag coefficients.

To assess the conditions and conclude the results, systematic
analyses are made with the idea of comparing the pressure
coefficients against the percentage of chord length for the gradual
increase of winglets. It means at first one winglet was considered,
next two winglets and three winglets were considered. Three
Reynolds numbers were taken randomly, which were calculated
based on the free stream velocity at the wind test section. The
percentage of chord length was taken up to 100; the interval
between them was 10 and started from 0. In the experimental
setup, the angles of attack were fixed at 0°, 5°,10°, 15°. The
characteristics of pressure coefficients of the aircraft wing model
under test at 0° angle of attack for different Reynolds number are
shown in Fig. 4.
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Fig. 4 Distribution of pressure coefficients against the
percentage of chord length for different number of winglets and
different Reynolds numbers at 0° angle of attack

The plots showed that for the subsequent downstream
positions along the chord of the wing, the pressure coefficient
reached a certain maximum point (absolute value) for all the
three winglet configurations. Just downstream of the leading
edge nearly at x/c = 20, the peak point was observed for the
upper surfaces of winglets and then gradually it began to go
downward. For the lower surfaces, the peak points are achieved
nearly at 50 percent of the chord length. Similar characteristics
were monitored for other Reynolds number shown in Fig. 4. The
graphs demonstrated that the C,, at the leading and trailing edges
are the same for both the upper and lower surfaces because these
points are essentially the same location at 0° angle of attack
where the wing model perfectly placed horizontal. It can also be
noticed that the two stagnations points at the leading and trailing
edges showed the highest C, at these positions for all the
Reynolds numbers.

The comparison of pressure coefficients at the percentage of
chord length positions for the periodic increment of winglets has
been illustrated in Fig. 5 for different Reynolds number at 5°
angles of attack.
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Fig. 5 Variation of pressure coefficients over wing surfaces
versus the percentage of chord length for the gradual increase of
winglets at 5° angle of attack for various Reynolds numbers

Though the line curves for upper and lower pressure
coefficients contrast in their moving in different directions, the
major indication is that for a 5° angle of attack, the curve for three
winglets is the least one on both occasions. In contrast, the higher
values for one winglet gives the elevated C,, curves for both
upper and lower surfaces. Comparing to the C,, curves at the 0°
angle of attack, the value pressure coefficients increased
significantly because of higher angle of attack for all three cases
of Reynolds number. The pressure coefficient at the upper and
lower surfaces near the leading edge are now different value at
5° angle of attack because it is tilted up from the initial horizontal
positions at 0°. However, the values at the trailing edge remain
the same since trailing edge is very sharp compared to the
rounded leading edge of NACA 0012 airfoil.

To identify the variation of the C}, curves at higher angle of
attack, the experiment was carried out with a 10° angle of attack
as presented in Fig. 6 for the three Reynolds numbers
investigated. The curves have shown look alike characteristics
compared to the curves at 5° angle of attack.
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Fig. 6 Comparison of pressure coefficients vs percentage of
chord length for the gradual increase of winglets (Re =
3.92x10° and 10° angle of attack)

However, the C, values at the upper surfaces increased
much compared to the respective values at 5° incidence positions
for all Re cases. The values at the lower surfaces not changed
greatly indicating the similar pressure distribution between the
two angle of attack positions. The curves for the lower surface of
the wing are nearly intersected at every point for single and
double winglets.

However, for the three winglets, there is a clear distinction
with the other two curves for both the upper and lower sides of
the winglets.

Again, the pressure coefficients in Fig. 7 suggested that for
the 15° angle of attack and the different Reynolds numbers, the
coefficients give an elevated curve for one winglet. In contrast,
the bottom one has been a standstill for the case of three. The
middle curve is the wing containing three winglets for both the
upper and lower positions. Observing the C,, curves in Fig. 4 to
Fig. 7 for all the angle of attack ranging 0-15° demonstrated that
increasing the Reynolds number decreases the pressure
coefficients specially at the upper surface.
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Fig. 7 Pressure distribution comparison on the upper and
lower surfaces in different chord positions of wing model for
the single and multi-winglets configuration at 15° angle of
attack for various Reynolds number

Keeping in mind that the lift generated in a wing is the net
difference between the upper and lower surface pressure; the
above trend suggest that higher flight velocities generate less lift
coefficient.

The characteristics of pressure coefficients of the wing
model at 5°, 10°, and 15° angles of attack are shown in Fig. 5,
Fig. 6, and Fig. 7, respectively. The curves showed very similar
characteristics for both upper and lower surfaces. However, the
pressure coefficient of the upper surfaces begins from a certain
maximum point for all three winglets and then gradually goes
downward. Therefore, with the increase of the angle of attack,
the peak point of the pressure coefficient on the upper surface is
shifting towards the leading edge. On the other hand, the peak
points are achieved nearly at 100 percent of chord length for the
lower surfaces. Gradual increase of pressure coefficient for the
lower surface had been increasing with the percentage of chord
length. After consulting the characteristics of pressure coefficient
plots of Fig. 5, Fig. 6, and Fig. 7, suggests that for 0°,
5°,10°, 15° angle of attack and all the considered Reynolds

27



M. Z. Igbal, A. Al-Faruk, and M. A. Islam /JEA Vol. 06(01) 2025, pp 22-30

numbers, the coefficient of lift may be calculated to have a higher
value when the wing consists of three winglets rather than one or
two. The above results could conclude that using three winglets
in a wing is more effective because the pressure difference is
more than the other two for all three Reynolds numbers.

After analyzing the pressure distributions through the
pressure coefficient plots, the average pressure coefficients are
calculated for different angles of attack at Re value of 5.25x 10°,
and plotting them in a graph as displayed in Fig. 8.

After analyzing the curves, it can be said that a stable and
similar nature was shown for a range angle of attack starting from
0° up to 15°. The average pressure coefficient is decreasing in
upper surface and that of the lower surface is increasing making
the difference between the two surfaces diverging for all the
winglet configurations. This suggest that lift increases at higher
angle of attack positions. However, some deviation could be seen
for the three different numbers of winglet arrangements. For
three winglets arrangement, the curves are lowest for both the
upper and lower surfaces of the wing. A decisive statement could
be drawn from this those changes in the curves that the increment
ofthe angle of attack increases the net change of average pressure
coefficients, consequently increasing the lift coefficient.

Another approach was taken to compare the effects of
Reynold’s number on average pressure coefficients. The average
pressure coefficient for the upper and lower surfaces at 5° angle
of attack are plotted against the Reynolds numbers in Fig. 9. The
figure illustrates a contrasting pattern for the upper and lower
curves for all three different configurations of winglets.
However, the curve for three winglets is the bottom one for the
lower surface, while for the upper surface, the higher curve is for
three winglets. Hence, with the increase of Reynold’s number,
the average pressure coefficient for the upper surface is
decreases, whereas the gradual increment could be seen for the
lower one with the increment of Reynold’s number. The plots
clearly demonstrating that increasing the Re decreases the net
difference between of average C,, reduces the lift at higher
values of Re.

The main objective was to calculate the lift and drag
coefficients from the pressure coefficients. The lift coefficient
can be said as “the ratio between the lift force and the product of
dynamic pressure and area”. It is one of the measures of the
effectiveness of airfoil to produce lift.
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Fig. 9 Average pressure coefficients vs Reynolds number for
the gradual increase of winglets

The values of lift coefficients varying with different angles
of attack have been obtained from experimental data. The
importance of the angle of attack in determining wing
performance cannot be overemphasized. The lift characteristic is
also dependent upon or affected by thickness distribution and
location of maximum thickness, camber, and other factors such
as increasing the thickness, which results in lower static pressure
and more lift.

The lift coefficient variation with angle of attack at
5.25x 105 Reynolds number was represented in Fig. 10.
Observing the curves for one, two, and three winglets indicate a
better lift coefficient when three winglets were attached with the
main wing body for different angles of attack. The maximum lift
coefficient of 1.97 was obtained near 10° angle of attack for three
winglets arrangement. After that, all three curves are declining
indication stalling of the wing that occurred because of the flow
separation on the upper surface of wing. In Fig. 11, the drag
coefficient for the incremental angle of attack for the
arrangements at 5.25x 10° Reynolds number is presented. The
curves clearly showing that increasing the angle of attack
increasing the drag coefficients for all the cases because of higher
pressure drag on the wing models. The pressure drag on the wing
increases with the increase of angle of attack due to its shift from
the streamlined position at 0° incidence with respect to
freestream direction.
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Fig. 10 Variation of lift coefficient with angle of attack for the
multi-winglet configurations at Re = 5.25x 10°
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Fig. 11 Variation of drag coefficient with angle of attack for
the multi-winglet configurations at Re = 5.25% 10°

The Cp values for one winglet are higher than the other two
conditions. Moreover, the drag coefficients are lower for three
winglets arrangement. It is a diligent way of reflecting on the
advantages of three winglets. However, skin friction drag may
occur, but induced drag is the primary factor contributing more
to drag formation in winglets. This is why adding more winglets
after using three, could have obtained lower values.

Lift-to-drag ratio is another significant tool to evaluate the
performance of a wing with single or multi-winglets.
Computational research work showed that multi-winglets could
yield significant reductions of induced drag in the lower two-
digit percentage range compared to planar wing concepts having
the same wing area and span [28]. The lift-to-drag ratio for
different angles of attack is presented in Fig. 12 at Re =
5.25x 10°. From the figure, it is seen that the ratio of lift to drag
is higher at the beginning of the angle of attack for two winglets,
but as the angle of attack, the value of lift to drag ratio rises for
three winglets. However, a peak value has been obtained around
5° angle of attack. This behavior is because when the angle of
attack is increased until the lift-to-drag ratio reaches its
maximum value, both C; and Cj increase, but C;, increases more
than Cp. The maximum lift-to-drag ratios for one-, two-, and
three-winglets configurations are found to 48, 67, 89,
respectively, at 5° angle of attack for all cases. As the lift-to-drag
ratio is considered as the aerodynamics efficiency of an aircraft,
this value of 5° AoA can be taken as the cruise angle of attack in
the multi-winglet configuration. This finding of the study is
consistent with the findings of literature [2].

100
Re =5.25%103
Q
L 80
&) 1 winglet
S 60 —2— 2 winglets
‘é‘ 3 winglets
& 40
=~
9
Q
20
=
—

0 5 10 15
Angle of attack, a

Fig. 12 Variation of lift-to-drag ratio with the angle of attack
for the multi-winglet configurations at Re = 5.25x 10°

5 Conclusions

It has long been theoretically stamped that winglet can be a
phenomenal addition in the wing to reduce the induced drag.
However, the actual performance of technical adaptations of
multi-winglet configurations often fell short of the expectations
raised by the theoretical predictions. The experimental data from
this work confirmed the improvements in aerodynamic
coefficients by using multi-winglets. The pressure distribution on
the surfaces of the wing varies to the angle of attack and
Reynolds number considerably. The maximum lift producing
point (minimum pressure point) on the upper surface moves
towards the leading edge from the percentage of chord position
of 20% at 0° with the increase of angle of attack. It is depicted
from the drag and lift coefficient graphs that the use of multiple
winglets increases the lift coefficient and reduces the drag
coefficient. The experimental results also showed that the wing
with a gradual increase of winglets can reduce the induced drag
and improve the value considerably compared with the wing
without winglets. For all cases, a wing with one winglet showed
less advantages than the two or three-winglet configurations. In
particular, the pressure coefficients for lower and upper surfaces
indicated that a wing with three winglets provides a better lift
coefficient and reduces drag coefficient. Accordingly, three
winglets provide more benefits as the results suggested. From all
the points of view, multiple winglets are advantageous over
single or no winglets in the wing. It is expected that shape of the
winglet and appropriate selection of the geometrical parameters
of the winglet may further improve the aerodynamic
performance of the wing which can be investigated both
numerically and experimentally in the future.

Nomenclature

c Chord length (m)
Cp Coefficient of drag (-)
C, Coefficient of lift (-)
Coefficient of pressure (-)
p Actual pressure of the body (N/m?)
Poo Free stream pressure (N/m?)
S Wing surface area (m?)
t Maximum thickness (m)
Vo Free stream velocity (m/sec)
a Angle of attack (degree)
Ueo Free stream viscosity (kg/m.sec)
Poo Free stream density (kg/m3)
AoA  Angle of attack (degree)
Re Reynolds number (-)
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