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Proton exchange membrane fuel cells (PEMFC) are widely used in transportation systems owing to their desirable characteristics
such as high efcacy and low operating temperature. However, the fuel cell systems exhibit load changes as well as voltage and
power losses so as to reduce dependence on the battery. Te aim of the present study was to explore the composition and basic
working principle of PEMFC. A PEMFC electrochemical reaction model was then established according to the electrochemical
reaction principle of fuel cell to evaluate the efects of Nernst electromotive force, activation overvoltage, Ohmic overvoltage,
concentration overvoltage, and electric double layer. Te efects of activation loss, concentration loss, and Ohmic loss on the fuel
cell were evaluated through simulation analysis. Te efect of various factors on the dynamic output of a 60 kW PEMFC was
explored through dynamic simulations. Te fndings showed that a change in current modulated a change in voltage through the
Ohmic loss equivalent resistance. Te activation loss equivalent resistance and the concentration loss equivalent resistance
decreased the voltage loss owing to the presence of the capacitor. Te output voltage of the fuel cell decreased with an increase in
load current, whereas the output power increased with an increase in load current. Increase in partial pressure of oxygen caused an
increase in output power and output voltage of the cell. Te internal chemical reaction rate and the voltage output of the fuel cell
increases with an increase in the working temperature. Te fndings of this study provide a basis for conducting further studies to
produce efcient fuel cells for application in various systems.

1. Introduction

A fuel cell is an electrochemical reactor that directly converts
chemical energy into electrical energy without burning it
[1–3]. Fuel cells exist in diferent types, and each type has
distinct temperature requirements. Low-temperature fuel
cells typically work at temperatures below 200°C, and ex-
cessive temperatures damage the electrolyte in these types of
fuel cells. Low-temperature fuel cells include alkaline fuel
cell (AFC), phosphoric acid fuel cell (PAFC), and proton
exchange membrane fuel cell (PEMFC). Low-temperature
fuel cells use platinum (Pt) as catalyst. Platinum is very
sensitive to carbon monoxide; therefore, this type of fuel cell
uses pure hydrogen as fuel. High temperature fuel cells can

directly oxidize other hydrocarbon fuels (such as methane).
Fuel cells that directly oxidize hydrocarbon fuels include
molten carbonate fuel cells (MCFC) and solid oxide fuel cells
(600–1000°C). Te operation temperature range of these fuel
cells is 600–700°C.

Te PEM fuel cell is a fuel cell type that works under a
temperature range of 50–80°C. Tis fuel cell consists a
polymer electrolyte membrane placed between two gas
difusion layers and two electrodes. Te layers facilitate
hydrogen and oxygen reactions at the anode and cathode,
respectively. Te PEM fuel cell type is characterized by high
working efciency (40%–50%), fast startup, relatively good
power density, and high reliability. PEM fuel cell is widely
used in various felds. Terefore, the current study sought to
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explore the potential application of PEMFC as a vehicle
energy source.

Te working principle of the hydrogen-oxygen fuel cell is
the reverse process of electrolysis of water. Te electro-
chemical reaction between hydrogen at the anode and air at
the cathode leads to conversion of chemical energy into
electrical energy that can be used in various equipment. A
continuous supply of hydrogen and air must be supplied to
the anode and cathode of the proton exchange membrane
fuel cell, respectively, for generation of electricity. Hydrogen
and air penetrate the fow feld structure of the bipolar plate
and difuse to the anode and cathode, respectively, through
the difusion layer (Figure 1). Hydrogen at the anode releases
an electron to become a proton under the action of the
catalyst. An electric current is generated through fow of
electrons along the external circuit, which drives the load
and is transferred to the cathode. Te electron combines
with oxygen to become oxygen ions in the presence of a
catalyst. Te protons are transferred to the cathode through
the selective passage across the proton exchange membrane.
Te protons combine with cations at the cathode to generate
water molecules [4, 5]. Te water generated at the cathode is
released through the fow channel under the purging action
of the cathode air. Te electrochemical reaction in the fuel
cell is characterized by generation of heat. Terefore, it is
imperative to include cooling channels on the bipolar plate
to regulate the temperature of the fuel cell.

2. PEMFC Electrochemical Model

Te aim of this study was to explore the overall output
performance and factors that afect operation of PEMFC. In
the current study, the efect of the spatial location diference
of variables in the internal structure of PEMFC was not
evaluated. Te lumped parameter modeling method was
adopted in this study to study performance of the PEMFC
system.Te fuel cell stack is referred as a DC power supply if

the fuel cell air, hydrogen, and cooling water output are
stable. Te fuel cell stack voltage is an essential performance
indicator of the fuel cell. Each single cell is assumed to be
consistent when establishing the lumped parameter PEMFC
model. In addition, the external output voltage of the fuel
cell is defned as the sum of the levels of voltage generated by
all the cells.

Terefore, the fuel cell voltage Vst is expressed as shown
in the following formula:

Vst � ncellVfc, (1)

where ncell represents the number of single cells and Vfc

represents the voltage of single cells.
Te current generated by the fuel cell is directly pro-

portional to the level of fuel consumed. Tis implies that n
moles of electrons are provided for each mole of fuel. As a
result, a decrease in the fuel cell voltage is associated with a
decrease in the electrical power produced per unit of fuel.
Te fuel cell output voltage can thus be used to determine the
efciency of the fuel cell. Notably, maintaining a high voltage
under current load is challenging, and the output voltage of
actual fuel cells is lower than the voltage output predicted
under thermodynamic theory. Previous studies report three
primary types of loss of output voltage of fuel cells, namely
activation loss, Ohmic loss, and concentration loss. Te
defnite output voltage of the fuel cell is obtained by the
diference between the thermodynamically predicted voltage
output and the voltage drop due to the three types losses, as
shown below.

Vfc � E − vact − vohm − vconc, (2)

where E denotes the thermodynamically predicted open
circuit voltage, also referred as the Nernst voltage; vact
represents the activation overvoltage; vohm indicates the
Ohmic overvoltage; vconc represents the concentration
overvoltage.

Te reversible voltage E0 of the hydrogen-oxygen fuel
cell under the standard state and the Gibbs free energy ΔG0

released by the chemical reaction of hydrogen oxidation are
governed by the following relationship:

∆G
0

� −nFE
0
, (3)

where the number of electrons transferred by the hydrogen
reaction is 2mol, thus n is 2. ∆G0 is −273.2 kJ in thermo-
dynamics. Gibbs free energy represents the maximum
amount of work performed by a thermodynamic system at a
constant pressure and temperature.

Te reversible voltage is afected by temperature changes,
and the efect by the change in temperature is expressed as
shown in the following formula:

E
T

� E
0

+
∆S

nF
Tst − 298.15( , (4)

where ΔS represents the thermodynamic entropy change of
the chemical reaction of hydrogen oxidation, which is equal
to 164.025 J/mol∙K, and Tst indicates the operating tem-
perature (K) of the fuel cell stack.

Cathode

Water + Heat

Air

Catalyst

Anode

Fuel
Hydro

Proton exchange
membrane

Figure 1: A representation of the working principle of PEMFC.
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Change in reversible voltage with the concentration of
reactants is expressed as shown in the following formula:

E
C

� E
0

−
RTst

2F
ln

1
p
H2
an p

O2
ca 1/2

, (5)

where p
H2
an represents the partial pressure of hydrogen and

p
O2
ca represents the partial pressure of oxygen.
Te reversible voltage at diferent temperatures and

reactant concentrations can be determined by combining
formulas (3)–(5) to obtain the Nernst voltage of the elec-
trochemical reaction of hydrogen and oxygen, as presented
in the following formula:

E � −
∆G

0

2F
+
∆S

2F
Tst − 298.15(  +

RTst

2F
ln p

H2
an  +

1
2
ln p

O2
ca  . (6)

Activation polarization is irreversible and is the main
cause of decrease in voltage. Electrons should break and
form covalent bonds during transfer from the anode to the
cathode. Terefore, the hydrogen oxidation reaction at the
anode occurs very fast, whereas the oxygen reduction re-
action at the cathode is relatively slow, implying that the
cathode plays a signifcant role in the activation overvoltage.
Some energy is lost during transfer of electrons from or to
the electrode, thus the activation overvoltage is represented
as the potential deviation from the original equilibrium
position when the electrode surface is about to initiate the
electrochemical reaction. Te Tafel equation was used to
establish an empirical model for the activation overvoltage as
shown in the following formula:

vact � v0 + va 1 − e
− ξ1i

 , (7)

where i represents the current density, which is the current
generated per unit of the efective active area of the proton
exchange membrane and was obtained using formula (8)
below; the voltage drop at zero current density of v0 was
determined using formula (9),ξ1 represent the empirical
parameter, and va was determined using equation (10).

i �
Ist

A
, (8)

v0 � 0.279 −
∆S

2F
Tst − 298.15(  +

RTst

2F
ln

Pca − Psat

Patm
 

+
1
2
ln

0.1173 Pca − Psat( 

patm
 ,

(9)

va � −1.618 × 10− 5
Tst + 1.618 × 10− 2

 
PO2

0.1173
+ Psat 

2

+ 1.8 × 10− 4
Tst − 0.166 

PO2

0.1173
+ Psat 

+
∆S

2F
Tst + 0.5736 ,

(10)

Psat represents the saturated vapor pressure of water, which
is a function of temperature, and can be obtained as shown
in the following equation:

lg Psat(  � 0.0295 ×(T − 273.15) − 9.18 × 10− 5
(T − 273.15)

3

+1.44 × 10− 7
(T − 273.15)

3
− 2.18

.

(11)

Ohmic overvoltage is the voltage drop caused by the
ionic resistance and electronic resistance inside the fuel cell.
It comprises two parts: the voltage loss caused by resistance
of the proton exchange membrane to hinder passage of
protons and resistance of the electrode or collector plate to
electron transfer. Ohm’s Law is used to express Ohmic
overvoltage as shown below:

vohm � RohmIst � Re + Rp Ist, (12)

where Rohm represents the fuel cell impedance (Ω), Re de-
notes the electron fow impedance (Ω), and Rp represents
the membrane impedance, which can be determined using
formula (13).

Rp �
ρM ∗ tm

A
, (13)

where ρM denotes the membrane resistivity, which is cor-
related with the temperature and humidity of the proton
exchange membrane and is determined using formula (14)
and tm represents the thickness of the electrolyte membrane
(cm).

ρM �
181.6 1 + 0.03∗ Ist/A(  + 0.062∗ Tst/303( 

2 ∗ Ist/A( 
2.5

 

λm − 0.634 − 3∗ Ist/A(  ∗ exp 4.18∗ Tst − 303/Tst(  
,

(14)

where λm denotes the water content of the membrane.
Concentration overvoltage is associated with changes

in the concentration of the reactants consumed during
the reaction. Te rapid consumption rate of reactants
causes a decrease in the partial pressure of reactants and
decrease in the reaction rate at high current density, which
results in voltage loss in the fuel cell. Te concentration
overvoltage is expressed as shown in the following
equation:

vconc � i ξ3
i

imax
 

ξ2
, (15)

where ξ2 denotes the equation coefcient, which is corre-
lated with the properties of the fuel cell and its working
environment, imax represents the maximum current density
that the fuel cell can achieve under the working state, usually
2.2, ξ3 denotes the operating temperature of the fuel cell
stack. Coefcients related to the partial pressure of oxygen
are expressed as shown below:
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ξ3 �

7.16 × 10−4
Tst − 0.622 

P
O2
ca

0.1173 × 105
+

Psat

105
 

+ −1.45 × 10−3
Tst + 1.68 

P
O2
ca

0.1173
+ Psat < 2Patm

8.66 × 10−5
Tst − 0.068 

P
O2
ca

0.1173 × 105
+

Psat

105
 

+ −1.63 × 10−3
Tst + 0.54 

P
O2
ca

0.1173
+ Psat ≥ 2Patm

.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(16)

3. PEMFC Dynamic Characteristics

Te fuel cell exhibits dynamic behavior when it releases
power to the outside [6–9]. Contact between two dissimilar
materials at the electrode and electrolyte interface in a fuel
cell produces a charge layer that resembles a capacitor. Tis
charge layer is referred as a “charge double layer” and can be
used to store charge and energy [10]. Abrupt change in the
current caused by the presence of the electric double-layer
structure results in the activation overvoltage by the blocking
efect of the capacitor. Subsequently, change in the con-
centration overvoltage is gradual and exhibits a hysteresis
efect.

Te activation overvoltage and concentration overvolt-
age in the equivalent circuit of the fuel cell are markedly
afected by the electric double layer. An equivalent circuit
diagram of the fuel cell is presented in Figure 2. Te Ohmic
loss equivalent resistance Rohm rapidly causes a change in the
voltage when the current changes. Te activation loss
equivalent resistance (Ract) and the concentration loss

equivalent resistance (Rconc) reduced the voltage drop of the
resistance due to the presence of a capacitor. Te charge
double-layer efect can be expressed as shown below:

Rai � Racti + Rconci � vact + vconc,

C
dVc

dt
� i −

vc

vact + vconc
,

(17)

where Ra represents the equivalent resistance, C represents
the equivalent capacitance, which is a constant, and vc

denotes the dynamic overvoltage under the action of the
electric double layer.Te single cell output voltage of the fuel
cell can be expressed as presented below:

vfc � E − vohm − vc. (18)

4. Establishment and Simulation of
PEMFC Model

MATLAB is a software widely used in the engineering feld
and is efective for application in nonlinear and linear dy-
namic simulations. Simulink is a toolbox in MATLAB
software. System models built using the Simulink toolbox is
characterized by simplicity, strong operability, and conve-
nient maintenance. Simulink has been widely used in aca-
demic and industrial felds for simulation studies. In the
present study, the PEMFC model was established using
Simulink in MATLAB software as shown in Figure 3. Te
model parameters are presented in Table 1.

Te input section of the model comprises fuel cell load
current, anode hydrogen partial pressure, cathode oxygen
partial pressure, cathode pressure, PEMFC stack tempera-
ture, and water content of the proton exchange membrane.
Te system output constitutes the output voltage and power
of the fuel cell. Te steady-state conditions used for the
simulation are shown in Table 2.

5. Results and Discussion

Te fuel cell polarization curve obtained after simulation is
shown in Figure 4. Te polarization curve exhibited typical
characteristics of the fuel cell performance. Te simulation
results indicated that the polarization curve of the fuel cell
can be divided into three regions, namely activation over-
voltage region, Ohmic overvoltage region, and concentra-
tion overvoltage region. Te three regions result from the
diferent efects exerted by the three losses on the output
voltage of the fuel cell under increase in the current density.
Te efects of the three losses on the Nernst electromotive
force when the three losses act together and individually are
presented in Figure 5. Te activation overvoltage represents
the region of low current density and indicates the energy
limit that the chemical reaction should overcome. Te
results indicate that when the current density is very
small, the activation overvoltage is the main source of
voltage loss when the energy from the fuel cell is released
to the outside (Figure 6). Te fuel cell efciency in this
region is not high due to the lower current density. Te

Rohm

Rconc

Ract
C

Vfc

+

E

-

Figure 2: A PEMFC equivalent circuit.
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Ohmic overvoltage is the main voltage loss when the
current density increases, which is attributed to the re-
sistance loss of the electrolyte and electrodes
(Figure 5(b)). Te change in current density in this ex-
hibits a linear trend according to the Ohm’s law. Te
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Figure 3: PEMFC electrochemical model simulated using Simulink toolbox.

Table 1: PEMFC system model simulation parameters.

Parameter Description Numerical value Unit
Tst Stack temperature 348.15 K
A Single-cell activation area 220 cm2

F Faraday constant 96485 C/mol
Patm Standard atmospheric pressure 101325 Pa
Tatm Atmospheric temperature 298.15 K
tm Proton exchange membrane thickness 125 μm
ξ1 Empirical parameters 10
ξ2 Empirical parameters 2
C Double-layer charge equivalent capacitance 2.5 F
R Universal gas constant 8.314472
ρm,dry Dry flm density 0.002 kg/cm3

Mm,dry Dry flm molar mass 1.1 kg/mol
Afc Efective area of proton exchange membrane 220 cm2

Table 2: Steady state simulation conditions.

Parameter Numerical
value Description

Tst (K) 348.15 Stack temperature
P

O2
ca (Pa) 3 × 104 Cathode oxygen partial pressure

Pca (Pa) 3 × 105 Cathode pressure
p

H2
an (Pa) 2.6 × 105 Anode hydrogen partial pressure

λm 14 Proton exchange membrane water
content
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Figure 4: Fuel cell polarization curve.
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reactants on the catalyst surface rapidly decrease when the
current density increases, and the replenishment speed of
the reactants reduces the output voltage of the fuel cell.
Te concentration overvoltage is the main voltage loss in

this region (Figure 5(c)). Te overall loss of the output
voltage of the fuel cell is presented in Figure 5(d). Te
polarization curve of the fuel cell was obtained under the
combined action of the three losses.

Te efective activation area of the PEMFC electro-
chemical model determined in this study was 220 cm2, and
the number of PEMFC cells was set to 350. Changes in the
output voltage and output power with the load current were
obtained after simulation. Te fndings showed that the
maximum output power of the fuel cell was 60.42 kW when
the load current was 317.19A.

Te dynamic performance of the 60 kW fuel cell was
simulated, and the dynamic changes of the load current, ox-
ygen partial pressure, hydrogen partial pressure, operating
temperature, and membrane water content are presented in
Table 3.Te simulation results are presented in Figures 7 and 8.

Te initial load current was 80A, and the output voltage
signifcantly decreased from the initial 322.2 V to a steady
state of 269.8 V, under the action of activation polarization.
Notably, the load current frst jumped increased to 180A
between 5 s and 10 s, then decreased to 150A. Te output
voltage changes were −20.39V and 7.02V.Te output power
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Figure 5: efect of the three voltage losses on output voltage.
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change values were 23.30 kW and −6.425 kW. Te results
show that the output voltage of the fuel cell decreases with an
increase in the load current, and the output power increased
with an increase in the load current under these working
conditions. Te fndings indicate transitional changes in
output voltage and output power.

Te oxygen partial pressure and hydrogen partial
pressure changed between 15 s and 20 s, whereas other
conditions did not change. Te output voltage increased by
10.95V and the output power increased by 1.642 kW when
the partial pressure of oxygen increases by 10 kPa. Moreover,
the output voltage increased by 0.751V whereas the output
power increased by 0.113 kW when the partial pressure of
hydrogen increases by 40 kPa. Te simulation results indi-
cate that the oxygen partial pressure had a greater impact on
the fuel cell output compared with the efect by the change in
hydrogen partial pressure. Tis is because activation over-
voltage is the main factor that afects the output voltage, and

oxygen reduction, which is the main factor that modulates
the activation overvoltage was relatively low on the cathode
side. Terefore, the partial pressure of oxygen had a sig-
nifcant efect on the voltage drop of the fuel cell compared
with the efect of the partial pressure of hydrogen. Hydrogen
is typically in excess in the fuel cell anode. Nitrogen from air
is the main gas on the cathode side, thus the partial pressure
of oxygen in the cathode is relatively low. Terefore, it is
necessary to compress the air using an air compressor to
improve the output performance of the fuel cell. However,
excessive gas partial pressure adversely afects the airtight-
ness of the stack, and increases the energy consumption of
the air compressor, so the oxygen partial pressure should be
maintained in an appropriate range.

Te operating temperature of the fuel cell increased by
5°C at 25 s, the output voltage increased by 2.07V, and the
output power increased by 0.3109 kW whereas other con-
ditions did not change.Te internal chemical reaction rate of
the fuel cell increased with an increase in the working
temperature. In addition, the output voltage and the output
power increases with an increase in the working tempera-
ture. Notably, a large amount of liquid water in the proton
exchange membrane will be vaporized under too high
temperature, thus reducing the performance of the fuel cell,
and even, in serious cases, eventually damaging the fuel cell.
Te water content of the proton exchange membrane de-
creased from 14 to 12 at 30 s, the output voltage decreased by
3.528V, and the output power decreased by 0.52 kW whereas
other parameters did not change. Te water content of the
proton exchange membrane serves as a medium for protons to
pass through the exchange membrane and take part in the
reaction. A lower water content is associated with a greater
efect on the reaction rate and a signifcant polarization efect.
However, too high water content, above 14, causes “fooding”
of the proton exchange membrane ultimately blocking the
channel and stopping the reaction.

6. Conclusion

Te simulation results in the present study show that the
electrochemical reaction process of the fuel cell is modulated by
various factors such as reaction gas pressure, temperature, and
membrane water content. Terefore, the working parameters of
the fuel cell should be relatively stable and within an appropriate
range to ensure efcient and reliable functioning of the fuel cell.

Data Availability

Te datasets used and analyzed during the current study are
available from the corresponding author upon reasonable
request.

Table 3: Dynamic simulation conditions.

Simulation time (s) 0–5 5–10 10–15 15–20 20–25 25–30 30–35
Load current (A) 80 180 150 150 150 150 150
Partial pressure of oxygen (kPa) 30 30 30 40 40 40 40
Hydrogen partial pressure (kPa) 260 260 260 260 300 300 300
Operating temperature (°C) 75 75 75 75 75 80 80
Membrane water content 14 14 14 14 14 14 12
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Solar energy is the most accessible, eco-friendly, and renewable energy source available to meet the world’s expanding energy
needs. Solar collectors are commonly utilized to convert solar energy directly into heat for purposes ranging from house heating to
timber seasoning and crop drying.Te purpose of this research is to design amodifed solar air heater (SAH) with a bafe plate and
to examine the performance due to the provision of zinc-ferrite nanocoated bafes. Te entire system is mounted over a
transformer for efective cooling and also produces hot air for industrial requirements. A fat plate collector and a centrifugal
blower were used in the experiment. Maximum output air temperatures of 55°C, 62°C, and 72°C were measured for collectors
without bafes, bafed collectors, and inverted bafed collectors, respectively. It was also found that the thermal efciency of fat
plate collectors without bafes was 36%, with bafes, it was 44%, and with inverted bafes it was 54%. Tis study shows that
inverted SAH with zinc-ferrite nanocoated bafe plates works better than SAH without bafe plates or with bafe plates in the
normal position.

1. Introduction

Solar radiation contains a signifcant amount of thermal
energy in both direct and indirect forms, making it one of
the most abundant renewable sources of energy available on
the planet. Te sun releases approximately 3.8×1023 kW of

energy; but due to the 150 million kilometers between the
sun and the Earth, 1.8×1023 kW of energy is lost [1]. Te
Earth’s surface receives around 3.4×106exa Joules of solar
energy per year. Tis thermal energy is not equivalent to the
thermal energy generated by nontraditional energy sources
such as fossil fuels or nuclear energy [2]. Currently, fossil
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fuels account for 80% of global energy consumption. Global
demand for fossil fuels will almost certainly exceed annual
output within the next two decades. Oil or gas shortages have
the potential to spark global fnancial and political crises and
confrontations [3].

In his research study, Karsli [4] compared four distinct
types of solar fat plate air heaters. Tese included a collector
with a fnned collector at 75 degrees, a collector with a fnned
collector at 70 degrees, a collector with tubes, and a base-
collector.Te determination of the efciency of the air heater
is dependent on solar radiation and the surface shape of the
solar collectors, as well as the fact that the overall loss is lower
at a greater decreased temperature parameter. Otham et al.
[5] came up with and tried out four new solar-aided forced
convection air heaters: the V-groove air heater, the multipass
collector with an energy storage arrangement, the dehu-
midifer for herbs, and a photovoltaic collector system. It was
suggested that the likelihood of the construction of a self-
sufcient solar fat plate collector, which will not require any
external electrical energy to operate, would be high. Te
solar air heaters operated at single pass and counterfow
operating conditions, Nowzari–Aldabbagh [6] and found
that a solar collector with a quarter (1/4th)-perforated sheet
did better than one with a half (1/2th) -perforated sheet. Te
average efciency of the multipass solar energy extractors
with 10D and 20D quarter-perforated glass sheets was
51.23% and 54.61%, respectively, while the average efciency
of the collector with half-perforated covers was 48.21% and
51.17%, respectively. It was 50.92% efcient at the same mass
fow rate when the double-pass air heater with a regular
cover had the same amount of air coming through it.
Abuskha–Şevik [7] investigated thermal efciency values
that ranged from 44.8% to 66%, depending on the rate at
which the water was being circulated. Te mean perfor-
mance of SAH in terms of thermal efciency of a v-groove
SAC is about 6% higher than the average thermal efciency
of a fat plate SAC. According to the results of the 0.1 kg/s
test, a 13–15% gain in thermal efciency over the 0.04 kg/s
test may be attained using this strategy when compared to
the previous test. Te practicality of placing an aluminum
can formulated absorbing plate into the multipass channel of
conventional solar energy extractors in order for it to absorb
the sun’s heat is being investigated by Esen [8]. In order to
carry out the experiment, three distinct absorber plates were
produced and put through their paces under a variety of
circumstances. Because Type I users put the cans on the
absorber plate in the wrong place at the wrong time, the
order of the cans on the plate became a jumbled mess. Tese
objects were placed in an orderly fashion by people who
employed Type II technology. It is a form of a plate that
appears to be fat on the surface (without cans). It was
determined that the investigations were carried out for
working fuid fow rates ranging from 0.03 kg/s to 0.05 kg/s,
respectively, and that the results were in favor of the hy-
pothesis is supported. Type I was the most efcient of the
three when moving at a rate of 0.05 kg per second.

According to Yeh and Lin [9], a fat plate solar air
heater’s double-pass channel might use an aluminum ab-
sorption plate to absorb the sun’s heat (SAH). For the

purpose of research, three alternative absorber plates were
created and tested. Type I users messed up the order of the
cans on the absorber plate by putting them out of order.Tey
were placed in a straight line by those who utilized Type II. It
is a type of plate that is fat in appearance (without cans).Te
studies showed that the air induction capacity of SAH ranges
between 0.03 kg/s and 0.05 kg/s, and that the results were
positive. Type I was most efcient while moving at a rate of
0.05 kg/s. Bansal et al. [10] conducted an experiment to
compare SAHs with and without longitudinal fns in order
to better understand SAHs. Tey discovered that SAHs with
fns have greater performance at lower mass fow rates.
Omojaro–Aldabbagh [11] conducted a test using a single
and double-fnned plate SAH with a steel wire mesh to
determine their efectiveness. Tey demonstrated that the
energy efciency of the collector with many passes is su-
perior to that of the collector with a single pass. During the
course of their investigation, Alta et al. [12] constructed
three distinct variants of the SAH: one without expanded
surfaces, one with larger surfaces, and one that combined
enlarged surfaces with a double-glass cover. According to
the results of this investigation, the dual glass fnned plate
SAH is the most efcient of the three designs tested.
According to the study, it was also discovered that the length
of time that air circulates in the SAH has an impact on the
temperature of the air that comes out of the SAH, according
to the study. Lin et al. [13] investigated the thermal efciency
of two distinct types of SAH integrated with corrugated
designed absorber plates and identifed that they were both
efective and efcient. Te researchers noticed that when
they used a cross-corrugated surface instead of a fat plate,
the thermal efciency of the heater increased dramatically
when compared to the former. Karim–Hawlader [14] ana-
lysed the energy conversion characteristics of a SAH inte-
grated with conventional, v-corrugated, and fnned absorber
plates. One of the investigations conducted by the re-
searchers was the fact that an air heater with V corrugation
profles can be converted into a fat plate air heater. Fur-
thermore, it was discovered that second-pass air fow im-
proves heater efciency [15]. Furthermore, the fat plate was
heated with respect to roughness profles, geometrical as-
pects of which were defned in previous research [16].

Roughness geometry and performance factors were
studied in an experiment done by Saini–Verma [17] on
experimental mixed convection roughened duct. A variety of
factors, including Reynolds number, roughness pitch, and
height, were found to have an impact, as well as the efects of
nuzzling number and friction factor, among others [18].
Tey were able to demonstrate that when the absorption
plate’s roughness geometry was in the shape of a dimple, the
Nusselt number and friction factor were both increased as a
result. Te roughness parameter, they said, should be set in
accordance with the intended energy gain for fan operations,
in more detail [19]. In order to evaluate the thermohydraulic
performance of a SAH with a 60-degree v-shaped rib
roughness on the absorption plate on the absorption plate
[20]. Mahmood et al. [21] carried out an experiment on the
absorption plate. After doing their research, they came to the
conclusion that increasing the roughness of the absorption
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plate boosted heat efciency while decreasing heat loss.
Additionally, they discovered that when the mass fow rate
was low, the thermal and efective thermal efciency of the
heater were typically similar. However, as the mass fow rate
increased, the efective thermal efciency decreased as a
result of the friction factor and the additional pump efort
that was required to operate the heater. El-Sebaii et al. [19]
conducted an experiment on the absorption plate of a SAH
using ribs of various roughness’s, including continuous ribs,
transverse continuous, an d cracked continuous rib v-shaped
ribs and determined that all ribs should be used [22].
Luan–Phu [23] attained the maximum efective efciency of
63% at an optimum bafe angle position of 60◦ with a fow
Reynolds number of 24000. Khanlari et al. [24] and Ven-
kateshwar et al. [25] used Cuo nanocoated bafes for solar
air heaters and obtained a maximum efciency of 76.22%
[24, 25]. Venkateshwar et al. [26] integrate the SAH with a
thermoelectric generator and improve its performance by a
reduction in process heat generation of 1 to 6.25%. Siva-
kumar et al. [27] coated a solar absorber sheet with CuO
nanoparticles and black paint to increase heat transmission.
Te nanoembeddedmodifcation reduced the drying time by
6%. Abd-Elhady et al. [28] examined solar cookers utilizing
metallic wires and nanographene. According to their fnd-
ings, nanoadditives raised the oil temperature by 8%.
Shanmugan et al. [29] evaluated the infuence of SiO2/TiO2
nano-coating on a stepped solar box cooker’s thermal
performance. Nanocoating enhanced thermal performance
by 31%. Tis study’s objectives are to build a modifed SAH
with a bafe plate and investigate the performance of the
SAH as a result of providing zinc-ferrite nanocoated bafes.
Te complete system is built on top of a transformer for
efcient cooling, and it also generates hot air to fulfll the
requirements of various industries. After reviewing the
available research in the published works, it was determined
that improving the overall performance of SAHs might be
accomplished by employing strategies that are both
straightforward and efcient. Within the scope of the cur-
rent investigation, a bafed SAH has been conceived, and its
functionality has been enhanced by making use of bafes
and an absorber with zinc nanocoating. In this regard,
experimental analysis has been applied to the task of
specifying a suitable bafe design for SAH. After that, SAHs
with and without nanocoating have been produced, and the
experimental investigation of their performance has been
carried out. Te primary objectives of this research are to (1)
develop solar air heating systems for industrial applications
that are both environmentally friendly and highly efective,
and (2) to investigate the efect that integrating nano-
embedded absorber coating has on the efciency of solar air
heaters. Figure 1 depicts the primary design confgurations
that were taken into consideration for this work.

2. Methodology

2.1. Experimental Setup. Te experimental setup was plan-
ned and constructed in the Coimbatore climatic conditions
of Tamil Nadu, India. Te schematic layout in Figure 1
depicts the experimental setup for the SAH with zinc -ferrite

nanocoated bafe plate.Tis analysis considers a standard fat
plate collector with a surface area of 0.5m2. As zinc-ferrite
nanocoated bafe type absorber panel, an aluminum sheet
(1.4mm thickness) is employed that has been black coated to
absorb more solar radiation [30]. Te spacing between bafes
is maintained at 100mm to make the fow more turbulent. A
glass frame serves as a clear cover for the SAH.Te glass wool
insulation insulates the system from the sides and bottom,
minimizing heat loss. Te entire apparatus is mounted on a
10° inclined stand that corresponds to the test location’s
latitude. A blower with a capacity of 1.0 hp is used to supply
the solar collector with the necessary air. While the zinc-
ferrite nanocoated bafe type absorber plate arrangement is
similar to that of a typical SAH, the airfow inside the SAH is
zigzagged, as illustrated in Figure 2, which is connected to the
blower. Without a bafe plate, with a bafe plate, and with an
inverted bafe plate, the system is investigated in a SAHwith a
mass fow rate range of 0.01 kg/s. Te SAH is put through its
paces and graphs are created.

2.2. Instrumentation. SMIS Instruments, Bangalore, sup-
plies a top-of-the-line pyranometer (type LP PYRA02, Delta
Ohm) that is used to monitor solar radiation during the day.
Te sensitivity and resolution are, respectively, 12V and
25W/m2. A pyranometer is additionally equipped with a
shadow ring to monitor global radiation [31]. At the be-
ginning of an experiment, the airfow rate is measured. Te
EQTM-4001 hot wire anemometer has a temperature range
of about 0–50°C, an air velocity range of approximately
0–25m/s, and a relative humidity range of approximately
20–80 percent [32]. It measures the incoming air speed with
a precision of up to 2 percent. Tere is room for up to 99
readings. Te K-type thermocouple sensor is used to
measure the intake and outlet air temperatures, as well as the
temperatures of the glass and absorber plate [33]. With a
resolution of 0.1°C, a data logger (type Logger 02 or
MEZARIT) shows and retains all temperatures. Te preci-
sion and kind of the instruments are detailed in Table 1.

2.3. Termal Performance of the SAH. Te following pa-
rameters are used to determine the thermal performance of
SAH without bafe, with bafe and inverted bafe are an-
alyzed [34, 35].

(i) Mass fow rate

(ṁ) � ρAC. (1)

(ii) Reynolds number

(Re) �
ρAV

μ
. (2)

(iii) Hydraulic diameter

de( 
4A

P
. (3)

Useful heat gain [32]
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Qu(  � ṁ cp ∆T. (4)

(iv) Energy efciency

η �
Qu

AI
. (5)

(v) Nusselt number =

0.023Re
0.8
d × Prn

. (6)

3. Results and Discussion

Te performance of the fat plate SAH is carried out in three
diferent conditions; they are SAH without a bafe plate,
with zinc-ferrite nanocoated bafe plate, and inverted bafe
plate. Te readings were observed in the climatic conditions
of Coimbatore, Tamil Nadu, India.

Figure 3 depicts the outlet temperature of a SAH in
relation to solar insolation during the daytime, with and
without a bafe, and with and without an inverted bafe.Te
graph showed that the output temperature of the SAH

Blower

Glass Cover

Absorber Plater
InsulationBaffle Arrangement

Outlet

Inlet

Figure 1: Schematic view of the solar air heating system.

Air Inlet

Air outlet

Baffle Plate

Figure 2: Flow of air inside the solar air heater.

Table 1: Accuracy and range of measuring instruments.

S.N Instrument Accuracy Range
1 Pyranometer ±1.89% 0 to 1700W/m2

2 Termocouple 1°C 0 to 175°C
2 Anemometer 2% 0 to 25m/s
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gradually increases with solar radiation and that it gradually
decreases with solar radiation, as seen in the graph. Te
highest outlet temperature for all of the above scenarios is
55°C at 980W/m2 for SAH without bafe plate, 62°C at
992W/m2 for SAH with a bafe plates, and 72°C at 1045W/
m2 for SAH with inverted bafe plate when exposed to
maximum solar radiation.

Figure 4 depicts the benefcial heat gain in W for SAH
with, without, and inverted bafe plate in relation to the time
of day in hours for SAH with, without, and inverted bafe
plate. From 8.00 to 14.00 hours, the useable heat gain in-
creases with the passage of time; after 14.00 hours, the useful
heat gain decreases with the passage of time and is also
related to the amount of solar insolation received. Te
highest usable heat gains for SAH without a bafe plate are
178.8W, for SAH with a zinc-ferrite nanocoated bafe plate
is 220W, and for SAH with an inverted bafe plate is 340W.
Te time it takes for air to circulate within the SAH may
enhance the useful heat gain.

Experiments were performed both with and without
bafe plates, and studies were carried out both with and
without an inverted bafe plate. All of these tests were
carried out in the SAH with a fow condition of air ranges of
approximately 0.01 kg/s and under the climatic conditions of
Coimbatore. Among these tests were experiments with and
without an inverted bafe plate. As a function of the passage
of time during the day, the fuctuations in solar radiation, as
well as the temperatures of the air, the glass, and the absorber
plate for the SAHwith an inverted bafe plate are depicted in
Figure 5. When the solar insolation reaches its maximum
value of 950W/m2, the temperature of the air leaving the
building ranges from 60 to 72°C.

Te thermal efciency of the SAHwith inverted zinc-ferrite
nanocoated bafe plate is depicted in Figure 6 (right). Te
efciency of the SAHwill rise as the amount of usable heat gain
increases. As solar radiation increases, the amount of useful

heat gain will increase as well, increasing the efciency of the
SAH. Te long air circulation time in the inverted bafe plate
results in a large increase in air temperature.

Te heat transfer coefcient varies depending on the
temperature of the air exiting the system, the Reynolds
number, and the Nusslet number. Te bafe confgurations
generate a turbulent fow within the SAH’s internal
chamber. Te heat transmission coefcient is high during
the frst 12–14 hours of operation because of the increased
heat accumulation by the air within the SAH. After that, the
amount would gradually decrease. Figure 7 displays the
evolution of the SAH’s heat transfer coefcient over time.

With respect to the pressure drop, Figure 8 displays the
link between the efective thermal efciency and the efective
useful heat gain. When compared to the mass fow rate of
0.010819 kg/s the pressure drop measures around 1.8 bars.
Te efective thermal efciency has grown signifcantly,
going from 9 hours to 14 hours when compared to their
efective usable heat gain, which is a major increase. When
something like this takes place, the value of the efective
efciency drops until it is equal to the value of the efective
useful heat gain. Any further increase in the airfow rate will
result in a decline in thermal performance as a direct
consequence of the increased fan power required to ofset
the frictional losses brought on by the increased airfow rate.

An energy study was performed on the inverted a bafe
plate SAH with a mass fow rate of 0.010819 kg/s, and the
results are displayed in Figure 9. Te maximum energy gain
is about 74.69Wwith a solar intensity of 1045W/m2 at 1pm;
the corresponding energy efciency is 14%.

3.1. Comparison Analysis. Te comparison between the
present results with earlier published results is shown in
Table 2. Te zinc nanocoated solar air heater enhances the
thermal efciency by 21.78%, 59.4%, and 66.23% compared
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Figure 3: Outlet temperatures with respect to solar radiation of SAH.
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with conventional bafe, sequential array, and staggered array
bafed SAH. Te zinc-ferrite coating improves the absorp-
tivity of the absorber plate and enhances the temperature

diferences between the bafed absorber and fowing fuid,
which improves the energy efciency by 70.3%, 26.03, and
7.3%, respectively.
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Figure 9: Hourly variations of energy gain, energy loss, and energy efciency of the SAH with inverted bafe plate.

Table 2: Performance comparison with other confgurations of SAH.

Confguration Termal efciency
(%)

Termo hydraulic
efciency

Exergy efciency
(%) Author

Finned bafe solar air heater 51.64 50.25% 4.3 Mohammadi and Sabzpooshani
[36]

Bafed solar air heater-sequential
array 26.78 — 10.71 Ghiami and Ghiami [37]

Bafed solar air heater-staggered
array 22.29 — 13.41 Ghiami and Ghiami [37]

Zinc-ferrite nanocoated bafes in
SAH 66.02 64.49% 14.48 Present work
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4. Conclusion

In an experiment, a fat plate SAH was put through its paces
using a bafe plate absorber. After careful thought, it can be
said that the performance of the fat plate SAHwas good.Te
highest temperature of the air coming out of the collector
without bafes was 55°C, while the highest temperature of
the air coming out of the collector with bafes was 62°C and
the highest temperature of the air coming out of the collector
with inverted bafes was 72°C. In this study, it was also found
that the thermal efciency of fat plate collectors without
bafes, with bafes, and with inverted bafes was 36%, 44%,
and 54%, respectively. It was found that the output of the
traditional SAH with an upside-down bafe plate was better
than in the other two cases. It maintains the electric
transformer at 50°C, improves its operating performance,
and also produces hot air for industrial applications. In
subsequent research, a wide variety of nanoparticle kinds
and concentrations may be utilized in order to examine the
thermal behavior of this change.
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Te phenomenon of separation into constituent layers connecting the core and laminate of a composite sandwich complex is
a vital complication that leads to early failure of such material. Te direction of the sandwich construction's exfoliation rigidity is
increased between interlaminar low fber augmentation. Te bioinspired technique of hybrid material layers was used on an
aluminium face sheet with an interlayer composition of PET foam core and glass fabric of a material that appears to have greater
potential as a fimsy substitute formaterials currently used in automotive, aeronautical, andmarine applications.Tis examination
seeks to develop the making of such material along the retardation in fbre supplements. Fibre bridging has been recognized as an
important appliance in the progress of this operating procedure. Consequently, this method points to promoting the event of fbre
bridging by difering aggregates, including the mass and extent of augmented fbres and the quantity of epoxy resin applied. A few
advancements were made to the production methods, and though the outcomes for the resisting ability of specimens were found
to be indecisive, it was found that the layer separation hardness had even improved. Tis was confrmed through the operation of
scanning electron microscopy and also predicted the mechanically peeled material surfaces which identifed the adhesive strength
variations with respect to the face sheet surface modifed with the sand blasting process. Te analysis also revealed the need for
further research into optimizing the attachment between aluminium sheet and pet foam and glass fabric based hybrid sandwich
panels.

1. Introduction

Composites, the meander materials with elevated strength-
to-weight proportion, feathery in nature, and frmness,
have induced a long path of substituting traditional ma-
terials that include metals and wood. To fully comprehend
the role and involvement of composite materials in con-
struction [1], a thorough understanding of the component
materials themselves, as well as the numerous ways in
which they can be analysed, is required. In most of its
common form, a composite indicator [2] is made up of at
least two elements that interact together to provide material

qualities that are distinct from those of the individual
constituents. In applications, many of the composites are
made up of a huge amount of stuf (the “matrix”) and some
form of supplements, which are added to boost the matrix’s
frmness and rigidity. Typically, this augmentation is
performed in the form of fbres. Polymer matrix composites
(PMCs) are a type of polymer matrix composite. Tese are
the most prevalent, and they will be the focus of this article.
Fibre-reinforced polymers (or plastics) are materials that
use a polymer-deployed resin as a matrix and various types
of fbres as reinforcement, such as glass, carbon, and
aramid [3].
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Creation has supplied us with incredible wealth that
addresses the outlines of the issues that today’s society faces.
Multistate architectures motivated by soft-shell turtles are
shown to develop composite laminate collision resistance
[4]. Te goal of this research is to determine the crash re-
actions and crashworthiness of bioinspired interlaying
constructions made of glass fbre augmented plastic (GFRP)
panels and aluminium sheets. Te impacts of core side
dimensions and the infuence of velocity on peak load and
energy absorption, as well as the crash responses, failure
mechanisms, and infuence of core side dimensions and
collision velocity on peak load and energy absorption, were
examined in this paper. Te crashworthiness variations in
themiddle of the GFRP aluminium and the bare GFRP panel
were obtained and noted [5–8]. Te testing revealed two
archetypal load-displacement relationships: single-peak and
double-hump bends. Te slopes representing nonsuccess
models of higher and lower face sheets are more than the
failure stage in the energy-displacement curve [9–13],
showing that the bare aluminium sheet had poorer energy
attainment levels than the GFRP face sheet. In turn, hon-
eycomb infll, on the other hand, was a successful technique
to develop the collision resistance of GFRP structures,
resulting in a gradual increase in energy absorption and
reduced peak load during the infuence [14]. Te crash-
worthiness features were likewise shown to be more sensitive
to core length compared to core height, with specifc energy
absorption (SEA) change being minimal as the core height
increased. Under high impact velocity, peak load, absorbed
energy, and SEA rose notably [15, 16].

Te bioinspired sandwich construction on an aluminium
face sheet with glass fbre reinforcement, epoxy resin matrix,
and pet foam core material is the focus of this research
[17–30]. Te materials’ characteristics were determined
experimentally in accordance with ASTM standards [31–40].

Te present experimental work on the aluminium face
sheet with glass fbre reinforcement, epoxy resin matrix, and
pet foam core material-based sandwich composite panels is
available for limited studies in the literature. It has many
advantages: lightweight, high mechanical strength, chemical,
and heat resistance. Limited disadvantages are at the end of
their life, and recycling and material separations are difcult.

Furthermore, the experimental results were compared to
both the composites and the values used to determine the
application.

2. Experimental Study

2.1. Materials. “Skin” is the outer side of the hybrid
structure. Aluminium (1100) sheets are employed as the skin
material for the improved sandwich composition. Te
thickness of the sheet is 0.3mm. By using snipping, the sheet
is cut into the required dimension of the skin. Two skins are
required to develop one hybrid structure. Te matrix ma-
terial is used to create a bond between the polyethylene
terephthalate (PET) foam and the skin materials. As the
sandwich matrix material, bisphenol-A (Araldite LY556
resin & Aradur HY951hardnear) epoxy resin is used as the
base. It is a very light material, so it is used to reduce the

weight of the composite. Abrasive material is used for glass
beads and SS beads to improve the surface roughness of the
skin material and for uniform binding with the core. Woven
glass fbres are employed as a reinforcement material. It is
placed in between the PET foam and the face sheets. Table 1
shows the materials required for the fabrication of sandwich
panels.

Te aluminium1100 grade face sheet property has more
correction, heat, and chemical resistance. It helps uniform
load transfer to the core material. Energy dissipation in the
face sheet for various energies transmitted in the form of
quasistatic, tensile, compressive, impact, and dynamic
loading has been experimented with by many researchers.
Te bisphenol-A (Araldite LY556 & Aradur HY951) epoxy
resin has low viscosity, long shelf life, good fbre impreg-
nation, and better mechanical, thermal, and chemical
properties. Te core structural thermoplastic PET foam
(thermo-formable closed cell structure) core material is ideal
for a variety of sandwich applications that require increased
performance while reducing weight. Its properties are better
chemical resistance, thermal resistance, sound insulator,
very low water absorption, better resin bonding, and screw
retention capability. Te material has a density range (ISO
845) of 75–85 kg/m3, a thermal conductivity of 0.033W/(m-
K), a compressive strength (ASTM D 1621) of 0.8–1MPa,
and a compressive modulus (ASTM D 1621 B-73) of
65–80MPa.Tere are various grades of glass fbres available.
Te E-glass fabric is the general purpose low-cost material
and also has ASTM standard specifcations for character-
istics such as high mechanical strength, heat resistance, good
water resistance, heat insulation, and better process ability.

2.2. Methods. Te main objective of our project is to
manufacture a composite material using an aluminium face
sheet of 0.3mm thickness, epoxy resin, glass fbre, and
PET foam.

To get a good result, primary work has to be carried out
on aluminium sheets. It contains oily layers. An acetone
solution is used to remove the oily surface of the sheet
completely. Preparing the aluminium face sheet is carried
out before going into the process.

2.2.1. Preparation Steps for Sandwich Composite Panels.
Te following steps are for preprocessing work. Step 1: cut
the aluminium sheet to dimensions of 20∗ 30 cm; Step 2:
remove any moisture and rust from the aluminium sheet;
Step 3: blast the aluminium sheet at the appropriate pressure
(3, 5, 7 bar); Step 4: combine the epoxy resin and hardener in
a 10 : 2 ratio; Step 5: cut the glass fbre into 25× 35 cm pieces.
Step 6: the glass fbre with PETfoammust be free of moisture
and air. Tis is the preprocessing work that has to be per-
formed to avoid failures that have happened in the fnal
product.

2.2.2. Fabrication Process. After performing the pre-
processing (cleaning the face sheet) work, the material is put
into the fabrication process. Before moving to the process,
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we ensure the material is free from dust and moisture, and
also ensure the quality of the material. To get a better result,
we maintain the room temperature at around 30°C. Hand
gloves and a face mask are worn during the process for
safety.

Te schematic representation of the hybrid sandwich
panel preparation process is shown in Figure 1, and its process
steps are as follows: Step 1: the aluminium sheet (0.3mm
thick) is blasted using various methods (sand blast and glass
blast) at various pressures, such as 3 bar, 5 bar, and 7 bar, and
a mixed (10 : 2) ratio of epoxy resin with hardener. Step 2:
glass fbre is cut into the required dimensions and placed on
the aluminium sheet. Spread the epoxy resin evenly over the
glass fabric. Now, we take the pet foam (corematerial) and cut
it into dimensions of 25× 35 cm that should be placed on the
glass fbre. Step 4: the process is repeated until the sandwich
structure of two required composite materials is obtained.
Step 5: the compression moulding process is used to fabricate
the hybrid sandwich panel.Te fabrication of control samples
is the same as the above procedure, except for aluminium face
sheet surface blasting (step 1).

Te Araldite LY556 resin is preheated at 30 to 50°C
before adding the Aradur HY951 hardener to improve the
performance of the matrix preparation process. Tere are
many accelerators available to improve the performance of
matrices. Te premixing of the hardener and accelerator can
allow the use of two-component mixing; it has a longer self-
life for several days of usage. Te processing of the total
matrix mixing system shows the best results at 30 to 40°C.

2.2.3. Design Considerations. It is confrmed that a prepared
sandwich panel construction has the ability to accept the
structural loads along with design life. It maintains its
systemic probity in service conditions in favour of experi-
mental calculation.

Te face sheets are provided with essential rigidity so as
to withstand the tensile, compaction, and shear strains for
applied loads. Te core is present to provide the necessary
frmness to withstand the shear strains caused by the ap-
plication of loads. Te core has the eligible shear modulus to
resist complete buckling of the interlaying composition
under loads. Te frmness of the core and the compliant
solidity of the face sheets should be sufcient to resist the
crinkling of the face sheets under applied loads. Te core
cells are precise enough to avert intercell buckling of the face
sheets under modelling loads. More compressive solidity is
required in the core to prevent suppression caused by ap-
plied loads reacting normally to the face sheets or by sup-
pressing pressure generated by fexure. Te sandwich

construction has essential fexural and shear frmness to
resist additional deviations under given loads. Sandwich
stuf (face sheet, core, and adhesive) must support con-
structional coherence during in-service conditions. Based on
this design consideration, the sandwich panel is fabricated as
shown in Figure 1.

2.3. CharacterizationTechniquesUsed. Te fabricated panels
are characterised using an artifcial environmental weath-
ering test, which is conducted with accelerated weathering
equipment. It has a programmable low-temperature hu-
midity control range of −20°C to 50°C as well as a pro-
grammable high-temperature humidity control range of
−70°C to 150°C. Te peeled sandwich composite surfaces
were analysed using a Hitachi S-4700 scanning electron
microscope (SEM) operated at an accelerating voltage of
10 kV. Te optimization of blast pressure using a sand/glass
blasting machine, abrasive Eco blast, make: sandstorm,
model: SEC-SB-12090, up to 10 bar pressure. Te blast
surface damage is analysed using vision measurement
equipment, make: OPUS, lens magnifcation: 0.75–4.5 X,
high-resolution multicolor CCD camera inbuilt. Te peel
testing is carried out using a universal testing machine
(UTM), make: Instron, model: 3328, up to a 100 kN capacity.

3. Results and Discussion

3.1. A Weathering Trail Is Conducted for Prepared Samples.
Te completely cured sandwich composite materials are
placed in the weathering chamber under the following
conditions shown in Table 2 and Figure 2.

Table 2 shows the test conditions programmed in the
weathering chamber. Tree standard test conditions are
selected to evaluate hybrid sandwich panels. For all the
conditions, the temperature and test timing are constant,
while the humidity value is varied with respect to predicting
the sandwich panel face sheet and core bonding damage with
respect to time and temperature. UV radiation is present in
the outdoor environment. It contains temperature and
humidity diferences with time and temperature. So, it is the
most important damaging component; it changes the
chemical structures of the materials. Te weathering test is
the very important parameter to determine the prepared
composite sandwich panel’s bonding performance.

Table 1: Materials required for the fabrication of sandwich panels.

Material Description Dimension/grade

Face sheet Aluminium sheet 0.3mm thickness &
20× 30 cm

Matrix (resin) Epoxy + hardener 10 : 2 ratio
Core material PET foam 25× 35 cm
Reinforcing material Glass fabric E-glass

Epoxy resin + Hardenar
Fabricated hybrid sandwich panel

Aluminium face sheet binded with glass
fabric & core (PET foam) assembly

Compression
moulding process

Hybrid sandwich
composite panel

Figure 1: Preparation process for the hybrid sandwich panel.
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Te standard test parameters are set in the weathering
chamber. Te obtained test results recommend the prepared
hybrid sandwich panels 1, 2, and 3 where there is not much
material or chemical damage predicted on visual inspection.
But the control samples are all three conditions. Natural peel
occurred at the end corners of the panels due to the lack of
surface roughness. Te material bonding strength was af-
fected. Tese weathered samples are further tested for
various characterizations and a mechanical peel test.

3.2. Scanning Electron Microscopy. Weathering samples,
peeled sandwich composite surfaces with sand blast and
without sand blast specimens, are shown in Figure 3(a). Te
PET foam is bonded with epoxy resin and compressed with
blasted aluminium sheet at an optimised pressure of 5 bar.
Te surfaces are distinctly transparent. Te depth of this
surface damage, however, appears to vary with an alu-
minium exterior. Te flm is thick and essential to some
extent so that it completely wraps around the resin on the
surface, and the nonhomogeneous powder mixture is visible,
as shown in Figure 3(c). Te fully compressed PET foam
surface morphology is clearly visible in Figure 3(d). In
additional areas, the peeled PET foam surface is much
thinner, and the cured adhesive bonding is still distinctly
visible, see Figure 3(b).

3.3. Optimization of Blast Pressure. Te blasted exterior was
pacifed for surface rigidity computation and vision quan-
tifcation analysis so as to examine the efects of blasting on
external rigidity and surface patterning. During blasting, due
to molecular interactions, the exterior layer is subordinated
to abrasiveness and generates crudeness. However, blasting
compression plays a key role in creating the desired frmness.
Figure 4 illustrates the diference in surface frmness for
numerous blasting infuences. It is apparent from the fgure
that mean surface roughness (Ra) increases with an increase

in blast pressure. Te surface indentation observed was to be
increased up to 5 bar of blasting pressure using both glass
and SS sand, as well as increasing the pressure that showed
a decrease in exterior roughness. Te measured surface
roughness values are shown in Table 3. And it was measured
using a surface roughness tester, Mitutoyo, SJ210 model,
Tokyo, Japan.

3.4. Blast Surface Damage Analysis. Surface blasting was
done through a blasting machine setup, make: OPUS, vision
measuring instrument, CIPET, Chennai, India. Te failure
modes of the blasted aluminium surface vary with pressure
diference, blasting specimen handling, or holding position
in the blasting machine, and material damage also occurs
due to abrasive material selection. Proper rectifying of the
FML materials via fabrication was required to achieve fne
structural equities [15]. Figure 5 depicts the failure of the
sandwich composite skin structure’s aluminium sheet
sandblasted face sheets.

3.5. Peel Test Results. Te peel strength increased from the
original value due to the various surface roughness. Due to
abrasive molecular collusion in the blasting nozzle, the peel
strength will drop after a certain pressure limit, the surface
roughness value will decrease, and the adhesive strength will
also decrease. For the 5 bar glass blast and SS sand blasting,
the optimal value was recorded. In both glass and SS sand
abrasives, inadequate adhesion strength suggests pressures
of 6 bar and 7 bar. However, as the alumina/PET foam ad-
hesion was enhanced, there was a greater potential for
unstable crack propagation.

Figure 6(a) shows the force-displacement curve of peel
resistance of an artifcial weathered sample. Peel resistances
are measured between the aluminium face sheet reinforced
with glass fabric and the PET foam core. Tis complex
binding cross section (aluminium sheet/glass fabric/PET
foam) may fail at any time with respect to critical atmo-
spheric weathering conditions. So, the peel resistance test is
the most suitable test method to identify the target samples’
peak force, crack point, crack path, and fracture energy. Te
peel resistance test is conducted with the universal testing
machine (UTM) as shown in Figure 6(b), and sample di-
mensions are shown in Figure 6(c). Te samples are fxed in
T-shape. 180° peel-of was carried out in tensile mode with
a cross-head speed of 2mm/min. Te peel test load vs.
displacement graph is plotted with the average of fve sample
values. Te obtained graph shows that there are not many
variations in the hybrid sandwich panels 1, 2, and 3
weathered samples fracture energy. But the control sample
performance is poor in fracture energy, as shown in Table 4.

Table 2: Weathering test conditions for sandwich panels.

Target samples Temperature (°C) Humidity (%) Time (hrs)
Control sample 60 100, 95 & 85 72
Hybrid sandwich panel 1 60 100 72
Hybrid sandwich panel 2 60 95 72
Hybrid sandwich panel 3 60 85 72

Figure 2: Prepared sandwich composite panels in artifcial
weathering chamber.
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100 μm EHT = 15.00 kV
WD = 11.0 mm

Signal A = SE1
Mag = 250 X Sample ID = 1 Date :19 Dec 2017

Time :16:50:06
100 μm EHT = 15.00 kV

WD = 10.5 mm
Signal A = SE1
Mag = 250 X Sample ID = 2 Date :19 Dec 2017

Time :16:59:30

100 μm EHT = 15.00 kV
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Signal A = SE1
Mag = 250 X Sample ID = 2 Date :19 Dec 2017
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Time :16:30:05
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Figure 3: (a) Aluminium sheet with e-glass epoxy coated surface; (b) aluminium sheet with 5 bar SS sandblasted and resin coated peeled
surface; (c) peel surface with cured resin and coating; and (d) PET form compressed with a fully peeled surface.
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Figure 4: Surface roughness for diferent blasting pressures.
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Table 3: Surface roughness for blasted aluminium skin.

Pressure Glass blast SS sandblast
Plain sheet roughness (µm) control sample 0.0169 0.0175
3 Bar (µm) 0.39 0.6865
5 Bar (µm) 0.9627 1.319
6 Bar (µm) 0.7519 0.8560

(a) (b)

(c) (d)

(e) (f )

Figure 5: Maximum blast damage predicted for glass and SS sand blasting on aluminium surface. (a) Glass blast 5 bar pressure, (b) SS sand
blast 5 bar pressure, (c) glass blast 6 bar pressure, (d) SS sand blast 6 bar pressure, (e) glass blast 7 bar pressure, and (f) SS sand blast 7 bar
pressure.
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Figure 6: Continued.
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4. Conclusions

Te glass and stainless-steel sandblasted performance of the
sandwiched hybrid laminate was expanded using aluminium
as the skin and an epoxy/glass fabric/PETfoam composite as
the core. It could be investigated at various surface
roughness, peel strength, and surface damage levels, as well
as tested in real-time artifcial weather conditions in a test
chamber. Te aluminium skin surface was modifed by
blasting (glass and SS sand) at various blast pressures. Te
peel strength of the tested laminate could be optimised as
a result of the surface roughness. Te adhesive strength of
the laminate was estimated. Te surface roughness is high at
5 bar of blasting without any defects. Te adhesion strength
is also observed to be high at 5 bar pressure blasted lami-
nates.Te various blasting defects are described in detail; the
proper optimization of blast pressure will reduce the surface
damage in aluminium skin material. In future work, the
corona treatment increases the surface energy of aluminium
skin and the adhesion of core materials.Te fabricated target
samples are best suitable for humid atmospheres.
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Laser cladding is a repair and surface-strengthening technology for the protection of metal parts. It is an effective method for
improving the properties of various metal substrates. ,e process involves melting and solidifying alloy powder on the surface of
the substrate. ,e aim of the present study was to explore the effect of iron-based alloy laser cladding coating on Q235 substrate.
,ree types of specimens were obtained from Q235 base material using a 5 kW cross-flow CO2 laser beam. Sample 1 and sample 2
were obtained by the addition of rosin to the iron-based alloy powder. Sample 3 was obtained through the addition of rosin and
vanadium to the iron-based alloy powder. A gas curtain was used to wrap the molten pool of samples 2 and 3.,e surface hardness
of the specimens was determined using a Rockwell hardness tester, and the tensile strength was evaluated using the universal
mechanical testing machine. ,e microstructure of the cladding coating was explored using an Olympus optical microscope and
SEM.,e results showed that the average hardness of sample 2 and sample 3 was 6.42% and 19.84% higher than that of sample 1.
,e average tensile strength of samples 2 and 3 was 7.42% and 10.37% higher than that of sample 1.,e grain of sample 3 was finer
than that of sample 2, and that of sample 2 was finer than that of sample 1 under the same magnification. Rosin minimized
oxidation of the substrate, whereas the gas curtain prevented the entry of air into the molten pool, hence the improved properties
of samples 2 and 3 compared with that of sample 1. Rosin and the gas curtain protected the powder from oxidation loss and
improved the quality of the cladding coating. ,e results of the present study show that rosin reduced the oxidation of iron-based
powder, whereas vanadium improved the hardness and strength of the substrate as well as refined the grain size.

1. Introduction

Laser forming technology can significantly improve the
surface physical, chemical, and mechanical properties of
steel parts. ,is technique is widely used in aviation, au-
tomobile, shipbuilding, biomedicine, and other fields. It is a
green manufacturing technology extensively used globally
[1]. Several factors affect the quality and properties of laser-
formed samples. ,e material used to form the laser layer is
the main factor that affects the quality and property of
samples. Several studies have been conducted on laser-
modified samples using iron-based, nickel-based, and co-
balt-based alloy powder materials. Iron-based alloy powder
is widely used in the laser forming process owing to its low
price and ease of manipulation. However, iron-based alloy
powder can be easily oxidized and burned during the laser

forming process, resulting in defects such as pores and slag
inclusion, which affects the mechanical properties of the
final samples [2]. Currently, scholars use protective gas
under an atmospheric environment to minimize oxidation
of the sample. Air is drawn into the protective gas due to the
jet entrainment effect, therefore, oxidation and burning loss
occur when using this approach. ,e use of powder with
antioxidation burning loss ability on the laser melting pool
significantly improves the properties of the laser-formed
sample. In the present study, the transient reducing pro-
tective atmosphere formed by gasification and combustion
of rosin in the laser molten pool was used to reduce the
oxidation and burning loss of alloy powder by oxygen in the
atmosphere. In addition, it minimizes defects such as pores
and slag inclusion on the sample so as to improve the quality
of the final samples [3].
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,ematerials used for the laser cladding process include
alloy powder, wire, paste, and rod. Most commonly used
materials include iron-based, nickel-based, cobalt-based,
ceramic powder, composite powder, and amorphous alloy
powder with different particle sizes. Self-fusible alloy powder
is an alloy powder with various alloying elements (such as Si
and B.) added to Ni, Fe, CO, and other matrix alloys [4–8].
,is type of powder has a low melting point and is effective
for the cladding process. ,e ceramic powder has a high
melting point and hardness and can be classified as carbide
ceramic powder, oxide ceramic powder, and silicide ceramic
powder. Composite powder mainly refers to alloy powder
formed by combining carbide, oxide, boride, silicide, and
other high melting points hard ceramic materials with metal
materials. ,e amorphous shape and low interface energy of
amorphous alloy powder provide good wettability properties
to the matrix material. Moreover, it melts uniformly during
cladding [9–13]. ,e cladding product has higher yield
strength, large elastic strain limit, high wear resistance, and
excellent corrosion resistance. ,e most widely used ma-
terial during laser cladding remanufacturing is iron-based
alloy powder. Iron-based alloy powder has low cost, reliable
performance, and wear and corrosion resistance, and meets
the needs of laser cladding remanufacturing of key metal
parts in mining machinery, engineering machinery, steel,
and other industries [14–18].

Laser cladding is an effective method for preparing large-
area coatings. It is widely used in improving the surface
properties of metal parts and repairing surface damage of
mechanical products [19–21]. Laser cladding is a new surface
modification and damage repair technology widely used in
the fields of coating, repair, and prototype manufacturing.
Farahmand and Kovacevic used induction heating com-
posite laser cladding technology to reduce the sensitivity of
laser cladding to cracks and pores. ,e findings showed that
the use of induction heating significantly improved the
transfer efficiency of tungsten carbide (TC). Bidron et al.
conducted a study to eliminate thermal cracks in laser
cladding through induction preheating. Preheating by in-
duction heating effectively prevents thermal cracks during
laser cladding when the preheating temperature range is
800∼1100°C [22–24].

Laser cladding technology is used for the formation of
cladding coating with excellent properties such as corrosion
resistance, high temperature resistance, wear resistance as well
as fatigue resistance on low-performance and low-cost steel to
meet various harsh requirements [21, 25–29]. Moreover, it
reduces cost, minimizes overuse of scarce and precious ma-
terials, reduces energy consumption, reduces pollution, and
improves the service life of metal parts. Nickel-based powders
are currently the most widely used type, but the cost of these
powders is about three times higher than that of iron-based
powders [30]. However, the iron-based powder is easily oxi-
dized and burnt during the cladding process. In addition, the
prepared cladding coating exhibits several defects such as slag
inclusion, pores, and cracks [31]. ,is limitation can be cir-
cumvented by using rosin to coat the surface of the iron alloy
powder particles, under the action of the laser beam. Rosin
forms a reducing protective atmosphere to protect the molten

pool from oxidation. Furthermore, it reduces or even elimi-
nates various defects on the cladding coating, therebymarkedly
improving the mechanical properties of the cladding coating
[32]. Vanadium is used to refine steel structures and grains.
,erefore, vanadium is added to the alloy powder, forming
stable compounds with carbon and oxygen under the action of
high-temperature laser. It is mainly dispersed in the cladding
coating in the form of vanadium-carbon (VC) which further
improves the mechanical properties of the metal part [33].

2. Experimental Materials and Procedures

2.1. Preparation of the Material and Morphological Analysis.
,eQ235 steel plate has low cost as well as high compatibility
with the wire cutting treatment subjected to the substrate and
laser clad coating after the test. ,erefore, a Q235 steel plate
was selected as the substrate in the present study. A high
temperature is used in the process of laser rapid prototyping,
leading to bending deformation of the substrate, which af-
fects the formation of the sample. ,e substrate should be
appropriately thick to circumvent the effect of high tem-
peratures. A steel plate with more than 15mm thickness is
suitable for experimental requirements. ,e bending degree
of the whole substrate is not significantly different after the
laser experiment when using an appropriate thickness; thus,
it has little effect on the experimental results. Both sides of
the substrate are crushed with a grinder before the experi-
ment. ,e substrate is first washed with water and detergent
to remove oil and impurities. Subsequently, it is cleaned with
clean water, then with ethanol to further remove impurities.
,e substrate is wiped with acetone after cleaning and then
dried with a blower. Furthermore, the substrate is dried in a
drying oven.,e surface of the steel plate is then sandblasted
using a sand blasting machine. Sandblasting removes the
remaining oil stains and rust, as well as makes the surface of
the substrate rough and reduces reflection of the substrate to
the laser, for use in the subsequent experiment.

Rosin was added in excess to the iron-based powder and
remained in excess after several experiments and attempts.
Slag inclusion occurs when the combustion is not complete,
and the hydrogen element in the rosin dissolves the metal,
resulting in deterioration of the substrate properties. For-
mation of the gas is ineffective if an insufficient amount of
rosin is used; therefore, it does not play the role of protection
from reduction. Several experiments and findings from
previous studies indicate that the rosin film coating on the
surface of iron-based powder particles exhibited a good
effect at the micron level. ,e iron-based powder particles
combined with rosin were observed under a scanning
electron microscope, and the findings indicated that rosin
uniformly covered the powder particles (Figure 1).

Furthermore, a 5 kW cross-flow CO2 laser was used for
the laser rapid prototyping test.,e dried powder was placed
on the powder feeding device. ,e 15mm Q235 steel plate
was placed on the experimental workbench, and the distance
between the laser nozzle and the substrate was adjusted. ,e
lateral synchronous powder feeding method was used to
scan the substrate along the X direction, with the substrate
driven by the NC workbench. ,e laser parameters obtained
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after several experiments are presented in Table 1. ,e
number of scanning layers was 6. ,e final forming size was
approximately 90mm× 30mm × 3mm. ,e surface of the
formed sample did not exhibit any cracks or defects.

,e mass percentage of chemical composition of the
iron-based alloy powder was C≦ 0.2%; B≦ 1.5%; Si≦ 1.5%
Cr� (18∼20)%; Ni� (8.0∼11)%; and Fe formed the
remaining component (Table 1).

,e particle size was −150∼325 mesh. ,e mass per-
centages of chemical compositions of the three powders are
shown in Table 2.

Rosin was dissolved in alcohol, and then powders no. 2
and no. 3 were poured into the solvent. ,e mixture was
stirred evenly, dried, crushed, and passed through an 80-
mesh sieve. FeCNiBSi was added to the powder to form
rosin-coated iron-based alloy powders (FeCNiBSi and
FeCNiBSiV). Rosin-coated FeCNiBSi and FeCNiBSiV
powders were placed in a drying oven and dried at 45–60°C
for more than 8 hours to remove the water in the powder
before conducting the experiment.,e synchronous powder
feeding method was used for drying the powders. ,e
process parameters are presented in Table 3. Model TJ-
5050H laser (Wuhan Unity) with 6 scanning layers was used
for the experiment. ,e forming test specimens corre-
sponding to FeCNiBSi powder, rosin-coated FeCNiBSi
powder, and rosin-coated FeCNiBSiV powder were labeled
as test specimen 1, test specimen 2, and test specimen 3,
respectively. ,e cladding coating was cut through elec-
trode-wire cutting to obtain the nonstandard tensile test
specimen as shown in Figure 2.

,e iron-based alloy powder without rosin reacts vio-
lently with oxygen in the air due to the high temperature of

the laser, and the combustion phenomenon was observed
(Figure 3). However, the combustion phenomenon was
significantly weakened after the addition of rosin. A syn-
chronous powder feeding nozzle device with an outer ring

(a) (b)

Figure 1: SEM image of iron-based alloy powder particles: (a) no rosin added and (b) rosin added.

Table 1: Levels of different elements in the ion-based alloy powder
particles (a) before and (b) after addition of rosin.

Element Weight% Atomic%
A
C 10.53 34.87
Si 1.16 1.65
Cr 17.48 13.37
Fe 62.05 44.18
Ni 8.77 5.94
Total 100.00
B
C 36.63 63.71
O 13.10 17.11
Si 0.42 0.31
Cr 9.51 3.82
Fe 38.37 14.35
Ni 1.97 0.70
Totals 100.00

Table 2: Composition of the three types of powders.

No.
Composition

Iron-based alloy powder (%) Rosins (rosin) V
1 100 — —
2 99.4 0.6% —
3 99.2 0.6% 0.2%

Advances in Materials Science and Engineering 3
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protective gas curtain was used to further reduce the oxi-
dation and burning loss of iron-based alloy powder during
the cladding process. Argon gas was used in the cladding
process. ,e reduction protection zone formed by rosin
firstly reacted with oxygen to protect the molten pool, and
the nozzle released the outer ring protective gas curtain to
cover the reduction protection zone formed by rosin to
further prevent reaction with oxygen and strengthen the
protection of the molten pool.

,e formation of the laser layer cladding without the gas
curtain and after the application of a gas curtain is presented
in Figure 4. ,e results showed that the oxidation phe-
nomenon was more evident without the gas curtain
(Figure 4(a)) than with the presence of the gas curtain
(Figure 4(b)).

2.1.1. Hardness Test. ,e sample surface was cleaned with
acetone to remove foreign matters introduced after grinding the
surface of the cladding coating. ,e TH320 Rockwell hardness
tester was then used to determine the hardness of 10 randomly
selected points on the surface of the sample.,e average value of
microhardness was determined after eliminating minimum and
maximum values. ,e microhardness of the three samples was

determined every 0.2mm along the depth direction from the
coating to the substrate. A 6 s holding time was used with a test
load of 150 kg (1471N) to determine the sample hardness.

2.1.2. Microstructure Analysis. A small part (10mm× 10mm
× 15mm) of each of the three test specimens was obtained by
wire-electrode cutting. ,e test specimens were polished
using coarse- to fine-grade sandpaper to obtain

Table 3: Laser process parameters.

Power Scanning speed Spot size Synchronous powder feeding speed Protective gas Overlap rate (%)
2.2kw 6mm/min 3∗ 5mm 6 g/min Argon 50

6 6

62

2

R2

28
(unit: mm)

Figure 2: Schematic diagram of tensile test specimen.
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Figure 3: Schematic diagram showing the laser cladding process. (a) Formation of the laser cladding coating without the addition of rosin.
(b) Formation of the laser cladding coating after addition of rosin under outer ring protective gas curtain.

(a) (b)

Figure 4: Oxidation of the sample during the cladding process
(a) without a gas curtain and (b) with a gas curtain.
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metallographic specimens. Subsequently, the specimens
were treated with aqua regia, and then observed under an
OLYMPUS GX51F optical microscope. Furthermore, the
microstructures of the test samples were observed using a
TESCAN MIRA3 LMU JSM-6701F scanning electron
microscope. ,e phase components of the samples were
determined by X-ray diffraction (XRD-7000 S Shimadzu,
Japan). ,e X-ray source for the process was Cu-Kα
radiation at 40 kV and 200mA. ,e samples were
scanned at an angular 2 θ angle between 20° and 80° with a
step size of 0.2° and a collection time of 10 s.

2.1.3. Tensile Property Test. An electrohydraulic servo dy-
namic and static universal testing machine PWS-E100
(Jinan) was used to test the tensile properties of the
specimen. ,e specimens were polished using sandpaper
to remove the wire-cut marks on the surface before
conducting the tensile test. Subsequently, the samples
were then mounted on the self-made fixture. Experi-
ments were carried out at room temperature with a
tensile rate of 0.2 mm/min.

3. Analysis of the Experimental Results

3.1. Appearance and Morphology of the Specimen. ,e
morphology of the cladding coating was observed after
the cladding coating was formed. ,e findings showed
that the laser cladding coating without rosin was covered
with an oxide film and had no metallic luster, whereas the
laser cladding coating with rosin had evident metallic
luster (Figure 5). ,e experimental results showed that
the addition of rosin effectively reduced the oxidation
and burning loss of iron-based alloy powder. Notably,
oxidation was further reduced under the protection of a
gas curtain.

Morphology analysis of the laser-forming sample showed
the highest level of oxidation for the sample without rosin
and gas curtain, moderate level of oxidation for the sample
with rosin but without the gas curtain, and the least oxidation
for the sample with rosin and the gas curtain (Figure 5).

3.2. Hardness Analysis. ,e values of the hardness of each
specimen are shown in Figure 6. ,e average Rockwell
hardness values of test specimen 1, test specimen 2, and test
specimen 3 were 26.96 HRC, 28.69 HRC, and 32.31 HRC,
respectively (Figure 6). ,e results showed that the hardness
level of test specimen 2 was 6.41% higher compared than that
of test specimen 1. ,e hardness level of test specimen 3 was
12.62% higher than that of test specimen 2. ,e findings
indicated that the hardness of the cladding coating was
improved by adding rosin and vanadium. ,e hardness of
vanadium-carbon produced by combining vanadium and
carbon at high temperature was high because it was dis-
persed in the cladding coating, hence increasing the hard-
ness of the sample.

3.3. Tensile Property Analysis. Furthermore, the tensile
strength of the three specimens was determined (Table 4).,e
findings showed that the average tensile strength of test
specimen 3 was 2.7% higher than that of test specimen 2, and
10.37% higher than that of test specimen 1. ,e average
tensile strength of test specimen 2 was 7.4% higher than that
of test specimen 1. ,e findings indicate that the addition of
rosin and V to the powder improved the average tensile
strength of the test specimen, with a more significant effect
observed after the addition of rosin. Oxidation and burning
loss of the iron-based powder were markedly reduced after
the addition of rosin, thereby significantly reducing the de-
fects in the cladding coating. ,is explains the significant
effect on improving the tensile strength of the specimen (see
Figure 7).

3.4. Microstructure Analysis. ,e laser rapid prototyping
process comprises sudden heating and rapid cooling. ,e
grains in the formed sample were small and dense because the
crystal nucleus had no time to grow during the forming
process. ,e structure showed a growth trend with an in-
crease in temperature. ,erefore, the hardness, tensile
strength, and fatigue properties of the sample were signifi-
cantly higher than the properties of the casting. ,e findings
showed that the structure of each sample had a specific
characteristic (Figure 8). ,e specimens presented a dendritic
structure.,emicrostructure of sample 2 after the addition of
rosin was finer compared with that of sample 1. Notably,
sample 3 showed the finest microstructure.,e oxidation and
burning loss of various alloy elements in sample 2 and sample
3 were markedly reduced; hence, the effect of alloy grain
refinement was significant. Vanadium was added to sample 3
to improve the nucleation rate, and the microstructure was
finer. ,e dispersion strengthening effect of sample 2 and
sample 3 alloy elements was higher than that of sample 1. ,e
findings indicate that the addition of rosin to the sample
reduced the burning loss of alloy elements and enhanced the
grain refining effect of alloy elements. ,is explains the effect
of dispersion strengthening and the effect of solid solution
strengthening in sample 2 and sample 3. In addition, the
microhardness and increase in tensile strength, and im-
provement of fatigue properties are attributed to the ability of
rosin to reduce the burning loss.

Further microstructure analysis of the test samples was
conducted by observing the samples under the TESCAN
MIRA3 LMU JSM-6701F scanning electron microscope.
,e microstructure of test specimen 1 was coarser, the
microstructure of test specimen 2 exhibited a fine-grained
structure, and the microstructure of test specimen 3
exhibited a high nucleation rate and more evident re-
finement (Figure 9). ,is finding indicates that the tensile
property of test specimen 3 was better than that of test
specimen 2 and test specimen 1. ,e experimental results
showed that the addition of rosin and vanadium refined
microstructure grains and optimized the mechanical
properties of the cladding coating.
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3.5. XRD Analysis. XRD analysis showed that the cladding
coating mainly comprised the α-Fe phase and c-Fe phase.
,e spectra of the three samples and the position of the
diffraction peak were compared. ,e findings showed that
the intensity of the austenite diffraction peak generated by

sample 3 was stronger than that of sample 2, and the in-
tensity of the diffraction peak for sample 2 was stronger than
that of sample 1 (Figure 10). ,is further verifies that the
rosin coating on the surface of the alloy powder played a
chemical protection role during laser cladding. Rosin

(a) (b) (c)

Figure 5: Macromorphology variation of the laser forming samples. (a) Sample without rosin and a gas curtain. (b) Sample with rosin but
without a gas curtain. (c) Sample with rosin and a gas curtain.
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Figure 6: Rockwell hardness of the three test specimens.
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Figure 7: Stress-strain curves of the three specimens: specimen 1 (cross-sectional area: 3.50mm2); specimen 2 (cross-sectional area:
3.82mm2); specimen 3 (cross-sectional area: 4.00mm2).

Table 4: Tensile strength of the three test specimens.

Test specimen no. Tensile strength (MPa) Average (MPa)
Test specimen 1 922 917 909 916
Test specimen 2 998 971 983 984
Test specimen 3 1003 1009 1021 1011
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weakened the oxidative burning loss of iron-based alloy
powder as well as reduced the burning loss of medium el-
ements resulting in a high-intensity peak value.

4. Conclusion

,e findings of the present study show that the rosin film
coated on the surface of powder particles protects the molten
pool during laser cladding. In addition, it prevents oxidation
of liquid metal and minimizes oxidation and burning loss of
the iron-based alloy powder during cladding. Moreover,
rosin coating minimizes defects such as slag inclusion.
Furthermore, the rosin refines the microstructure grains,

and improves the mechanical properties of the cladding
coating. Furthermore, a combination of rosin and gas
curtain minimizes the entry of air into the molten powder,
which further reduces oxidation.

,e addition of rosin to iron-based alloy powder min-
imizes the loss of alloying elements and increases the effect of
alloying elements. ,is increases the dispersion strength-
ening phase as well as causes segregation of the alloy ele-
ment, resulting in increase in the value of Rockwell hardness
and tensile strength.

Vanadium and carbon combine to form vanadium-
carbon, which has a high level of hardness. ,is property
causes dispersion of the cladding coating and significantly
increases the hardness of the sample. Moreover, vanadium
increases the nucleation rate and plays a significant role in
grain refinement.

Data Availability

,e datasets used and analysed during the current study are
available from the corresponding author upon reasonable
request.

Conflicts of Interest

,e authors declare that they have no conflicts of interest.

Acknowledgments

,is work was supported by the Natural Science Foundation
of Hunan Province (2020JJ6091).

20μm

(a)

20μm

(b)

20μm

(c)

Figure 8: Morphology of the three specimens: (a) microstructure diagram of test specimen 1; (b) microstructure diagram of test specimen 2;
(c) microstructure diagram of test specimen 3.
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Figure 9: SEM images showing microstructure of the three samples: (a) SEM image of test specimen 1; (b) SEM image of test specimen 2;
(c) SEM image of test specimen 3.
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,is study proposes a novel W-cut twisted tape to evaluate and enhance the effectiveness of novel grooved tube heat exchanger.
,e experimental investigations are carried out with W-cut inserts, which possess two main control factors, namely, twist tape
ratio (y� 3.5 to 6.5) and width tape ratio (WR� 0.43 to 0.6). ,e investigation results prove that in all cases the energy
transmission and friction factor of W-cut insert along with the first law and second law efficiency are considerably higher than the
conventional tube arrangement. ,e empirical model equations for friction factor, performance enhancement ratio, Nusselt
number, and rational efficiency are developed, and they show good affinity with experimental data. Since the abovementioned
factors have conflicting terms, it is essential to select the proper operating configuration of the heat exchanger in order to increase
the thermal energy transfer rate with reduced consumption of pumping energy.,emulti-objective genetic algorithm (GA) tool is
used to identify the optimum operating conditions. Further, the hybrid multi-criteria decision-making model, FAHP-VIKOR, is
applied to select the perfect model from the set of non-dominated solution. ,e ranking of alternatives is as follows:
A4>A11>A2>A9>A21>A17>A1>A24>A11>A23>A7>A18>A13>A10>A20>A5>A19>A14>A16>A22>A25>
A6>A15>A3>A8. ,e optimized configuration of W-cut insert is compared with the former inserts, and the optimal con-
figuration exhibits supreme performance than other inserts.

1. Introduction

,e global thirst for energy is constantly increasing. ,e
increased demand for the cost of energy and materials has
led to the production of high-performance compact heat

exchanger systems. Heat transfer augmentation techniques
are often used in several thermal system applications such as
air conditioning and refrigeration systems, heat recovery
process, and chemical reactors to increase the overall per-
formance. Augmentation methods such as eddy flow devices
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(especially twisted tapes) are extensively used in industrial
heat exchangers for enhancing convective heat transfer. ,e
presence of typical twisted tape in the tube leads to increased
pumping power, which results in thermal performance
below unity, so that proper design of twisted tape is required
to increase the heat transfer of the equipment with reduced
pressure drop [1]. Many research studies have been carried
out in past decades to bring down the friction loss by
modifying peripheral of twisted tape with different geom-
etry, which includes double V-ribbed twisted tapes [2],
horizontal wing-cut TT [3], perforated V-cut and U-cut TT
[4], tapered twisted tape [5], TT consisting of wire nails [6],
loose-fit perforated twisted tapes [7], twisted tape with al-
ternate axis [8], ribbed twisted tape inserts [9], finned
twisted tape [10], cross hollow TT [11], peripherally cut dual
TT [12], helix TT with V-cut [13], square and V-cut twisted
tape [14], centre-cleared twisted tape [15], dual TT [16],
rectangular-cut TT [17], circular tube with lanced ring insert
[18], and perforated helical TT [19]. ,e double V-cut
perforated TT with width ratio and twist ratio of 0.27 and 2
enhances the heat transfer by 3.5 times while operating at the
flow Reynolds number ranging from 2000 to 25000 [20].
,ese modified geometry twisted tapes are generally
designed to induce enhanced swirl flow near the wall region,
which affects the increase in fluid velocity and reduction in
boundary layer thickness. ,is results in augmented heat
transfer when compared to typical twisted tape [21]. In
general, the performance enhancement ratios of these tapes
are higher than the former typical twisted tapes. For in-
stance, the mean performance ratio of the abovementioned
tapes is about 2–4 times higher than the typical one. All these
aforementioned researches were carried out in plain tube.
Wijayanta et al. [22] utilized short-length twisted tape in
concentrated tube heat exchangers that improve heater
transfer and friction factor by 0.51 and 2.84 times as
compared with the conventional heat exchangers for the
Reynolds number ranging from 4500 to 18500. Wijayanta
et al. [23] compared the thermo-hydraulic performance of
classical and square-cut twisted tapes and resulted that the
maximum performance of the heat exchangers is ranging
from 74.7 to 80.7%. ,en, the researchers modified the
tabulators into V shapes and enhanced the performance by
97% [24]. Further modifications are carried out in the
turbulators by attaching trapezoidal tape winglet that im-
proves the heat transfer and friction factor by 1.91 and 5.2
times, respectively [25]. Yaningsih et al. incorporated per-
forated holes in the twisted tapes and improved the heater
transfer and friction factor performance in the concentric
tube heat exchanger by 32% and 47%, respectively [26].

In the recent past, the combined passive method has
been extensively used to increase the heat transfer rate. ,e
investigations are carried out with geometrically modified
twisted tapes, which are fitted in altered test sections. Most of
the researchers revealed that the overall performance of the
combined insert performs best compared with the individual
ones. Bharadwaj et al. [27] initiated the study on thermal and
flow characteristics of the grooved tube fitted with twisted
tapes. ,e grooved tube with twisted tape showed better
performance than the simple grooved tube. Kumbhar and

Sane [28] made an investigation on heat transfer and
pressure drop of the dimpled tube with regularly spaced
twisted tape insert.,e result showed that full-length twisted
tape gave a better performance with dimpled tube. Hong
et al. [29] made an experimental study on thermal and
friction characteristics of spirally grooved tube fitted with
twin overlapped twisted tapes. ,e function of overlapped
tapes in spiral grooved tube was not effective when com-
pared to the simple grooved tube. Verma et al. [30] utilized
modified helical coil twisted tapes and improved the heat
transfer and friction factor by 3.14 times and 19.9 times as
compared with the conventional system. Promvonge et al.
[31] studied the effect of twisted ratio on performance
characteristics in a helical-ribbed tube with twin TTs. Hong
et al. [32] numerically examined the effect of thermal and
flow performance of the geometrically modified twin TT’s
built-in converging-diverging tube. Asmentioned above, the
combined twisted tape and grooved tube lead to higher heat
transfer rate and friction factor than plain tube. Increased
Nusselt number results in energy saving, whereas a rise in
friction factor upsurges the pumping cost. Hence, the op-
timization of grooved tube heat exchanger is essential for
obtaining high performance with energy saving and
pumping cost reduction [33, 34]. Blade vortex generator
inserts, multiple helical tape inserts, and diverging perfo-
rated cones are special types of inserts that are used as
turbulators to reduce the flow blockage in downstream
conditions and improve the Reynolds number [35].
Wijayanta et al. [36] proposed that delta wing tape turbu-
lators raise the heat transfer performance by 177% and their
design configurations are optimized using the ANN method
[37]. ,e maximum enhancement using T-wing tape tab-
ulator is 1.15 [38]. ,e double-side winglet integrated
twisted tapes raise the Nusselt number by 269% and improve
the performance by 10.1 times as compared with plain tube
[39, 40]. Veerabhadrappa Bidari et al. [41] modified the
turbulators for heat exchangers by punched delta winglet
vortex shapes and improved thermo-hydraulic performance
by 1.22 times as compared with other systems.

,e optimization study to improve the design param-
eters of concentric heat exchangers has been evoked re-
cently. Han et al. [42] did a multi-objective shape
optimization study on corrugated tube double pipe heat
exchangers using RSM methods. ,e maximum perfor-
mance ratio obtained for the r optimum design parameter is
1.12. Swamee et al. [43] analyzed the optimization of heat
exchanger with single degree of difficulty. ,e solution gives
an optimal design for the parameters, which include inner
diameter and outer diameter of the pipe, and utility flow rate.
Iqbal et al. [44] made an optimization study to determine the
optimum shape of longitudinal fins on the outer pipe of the
heat exchanger for maximizing the Nusselt number. ,e
result showed that the optimum fin profile offers a Nusselt
number, which was about 312% higher than the conven-
tional design.

Iqbal et al. [45] designed an optimal configuration of a
finned annulus with parabolic fins to enhance the heat
transfer. As a result, the optimal configuration of parabolic
fins is not compared with triangular and trapezoidal fin in all
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situations and criteria. Despite various researches being
carried out on combined passive techniques, very few re-
searchers focused on the optimization of the insert
configurations used in heat exchangers. ,is shortage
creates research gap for upcoming researchers to narrow
their investigation. ,e main objective of this study was to
perform optimization on design and operating configu-
rations of WCTT fitted in grooved tube heat exchanger
using the genetic algorithm and multi-criteria decision-
making model.

,e genetic algorithm is the searching tool that is
available for solving problems when the functional char-
acters are unknown. Some of the researchers used GA to
optimize the objective parameters of heat exchangers in
order to attain the overall best performance [46, 47]. After a
thorough analysis on the performance of the heat exchanger
with the effect of WCTT geometrical parameters, the new
experimental correlations were developed to predict the
Nusselt number and friction factor of the tube under the
defined range. ,ese correlations were used as the ob-
jective function to find the optimal Pareto front solu-
tions. As the given objectives are conflicting terms, GA-
based multi-objective optimization is used to attain
optimal configurations. Yet, it was difficult to find the
best configuration with MOGA, as all the solutions
obtained were optimal. ,erefore, this study focuses on
achieving the best one using a hybrid MCDMmodel with
four performance criteria. ,e novel FAHP-VIKOR
model is used to evaluate alternative configurations and
select the best one with conflicting criteria. ,e appli-
cation of MCDM in heat transfer area is very meagre
[48, 49]. According to the findings, there is research
being done on the selection of twisted tape configura-
tions based on thermal and exergy performance using
MCDMmodels. In this work, the FAHP-VIKOR model is
used to select the best from the optimum Pareto front
solutions of GA. ,e structure of the present work is
given in Figure 1, and their stages are as follows: (i)
initially the experimentation is done and the empirical
correlations were developed; (ii) followed by multi-ob-
jective GA optimization tool to get set of optimum Pareto
solution; (iii) finally, assessment method, which includes
FAHP-VIKOR model to rank the optimum Pareto front
of GA.

2. Experimental Work

2.1. Twisted Tapes and Grooved Tube. ,e WCTT is made of
aluminium sheets with a width of 0.0235m, a thickness of
0.003m, and a length of tape of 1500mm. Initially, plain
twisted tapes are made by twisting one end of the tape at the
desired twist tape ratio (y� 3.5 to 6.4), while the other end is
clamped. ,en, a W-shaped element is removed from the
peripheral of the plain tape with a given width ratio
(WR� 0.45, 0.6). In this work, the width ratio is defined as
the ratio of the width of theW-cut to the width of the twisted
tape. ,e test section used in this setup is an internally
grooved tube, which is composed of internal grooves in the
plain copper tube with a specified pitch. ,ese values are

fixed based on the boundary layer thickness formulation
while maintaining the flow Reynolds number ranging from
3000 to 15000. ,e cut section of the grooved tube is shown
in Figure 2, and the geometry ofWCTTis depicted in Table 1
and Figure 3.

2.2. Experimental Apparatus and Test Procedure.
Figure 4 represents the schematic diagram of experimental
setup of double pipe heat exchanger. ,e system comprises
of calming section, test section (smooth or grooved tube) for
transformer mineral oil flow, and outer tube for cold-water
flow. ,e calming section and test sections are made of
copper tubes with diameter, length, and thickness of 25mm,
1500mm, and 1.5mm, respectively. ,e outer tube is made
of steel tubes with diameter of 52mm, thickness of 4mm,
and length of 1500mm. ,e outer tube is covered with
insulationmaterials such as foam, asbestos, and glass wool to
avoid heat loss to the environment. Some other components
of heat exchanger include pump, rotameter, control valves,
hot and cold-water tank, fan, and control switches. Besides,
U-tube manometer and K-type thermocouples were posi-
tioned at inlet and outlet of the test section and outer tube to
measure the pressure drop and bulk temperatures of the
flow. ,e temperature of the transformer mineral oil is
maintained constantly at 55°C using a temperature sensor
and relay control unit, while the cold water is maintained at
room temperature. ,e test procedure follows two sections,
namely, transformer mineral oil loop and cold-water loop.
In the transformer mineral oil loop, the electric heater with
4KW is used to heat the water. After reaching the specified
temperature, the transformer mineral oil is allowed to flow
through calming section followed by the test section and it
returns to transformer mineral oil tank. As the transformer
mineral oil dissipates a certain temperature to the cold water,
loss of temperature is noted. To maintain the set temper-
ature, sensor with temperature control relay is used to
maintain the transformer mineral oil tank with fixed tem-
perature. Similarly, the same procedure is followed in cold-
water loop section. In this, the cold water at room tem-
perature is allowed to flow through the outer pipe and it
takes some temperature from the transformer mineral oil. To
maintain cold-water temperature, a cooling section is made
in which the added temperature nullifies and returns to the
cold-water tank with set temperature. ,e K-type thermo-
couples with 0.1°C accuracy are used to measure the surface
temperature of the internal tube. ,ey are set up at equal
distances from the inlet. An 8mm steel tube is used to
protect the thermocouple from direct contact with the water
in the annulus section.,is tube is brazed to both the outside
and inside tubes of the test sections. Experimentation is
conducted to determine the thermal performance of heat
exchanger at flow rates of 2–10 LPM for transformer mineral
oil and constant 10 LPM for cold water.,e temperature and
pressure of the fluid at inlet and outlet and the surface
temperature are measured under steady-state conditions.
,e details of experimentation are specified in Table 1. Each
experiment is repeated three times to ensure its accuracy and
repeatability.
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3. Experimental Calculation

3.1. Data Reduction. ,e formulas used to obtain the overall
performance of the inserts are as follows.

,e average of inlet and outlet temperature is taken as
bulk temperature, which is expressed as follows:

TC �
Tci + Tc0

2
,

Th �
Thi + Tho

2
.

(1)

,e heat transferred to cold water is provided as follows:

QC � mcCp Tco − Tci( . (2)

Heat rejected from the transformermineral oil is given as
follows:

Qh � mhcp Thi − Tho( . (3)

Assume that the working fluid has a mean temperature
of

Qavg �
Qc + Qh

2
. (4)

,e surface temperature of the tube is given as follows:
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Figure 1: Phases of evaluation procedure.

4 Advances in Materials Science and Engineering



RE
TR
AC
TE
DHOT FLUID

Schematic diagram of internally
grooved pipe

Cold water

Hot water0.2

1.2

0.3ϕ2
5 ϕ2

8

(a)

(b)

(c)

Figure 2: Cut section of internally grooved test section: (a) grooved copper pipe, (b) 3D model of grooved pipe, (c) schematic of groove.

Table 1: Experimental details.

Test tube condition (A)
Outer diameter of heat exchanger’s inner tube 50.5mm
Inner diameter of heat exchanger’s inner tube 25mm
Reynolds number 3000–15000
Inlet transformer mineral oil temperature 55°C
Length (L) 1500mm
Groove pitch (P) 1.2mm
Groove thickness (X) 0.2mm
Groove height (e) 0.3mm
Inlet cold-water temperature 31°C

W-cut TT (B)
Pitch tape length (H) 83, 125, and 150mm
Tape width (W) 23.5mm
Depth of the cut 10mm
Configuration used W-cut TT
Twist tape ratio (y) 3.5, 5.3 and 6.5
Tape thickness 3mm
Width ratio (WR) 0.45 and 0.6

Figure 3: Configuration of W-cut TT: (a) y� 6.4, WR� 0.6; (b) y� 6.4, WR� 0.45; (c) y� 5.3, WR� 0.6; (d) y� 5.3, WR� 0.45; (e) y of 5.3,
WR� 0.6; (f ) y of 5.3, WR� 0.45.
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TW �
 Twi

5
. (5)

,e average Nusselt number and average heat transfer
coefficient of inner section can be calculated as follows:

hi �
Qavg

A Th − TW( 
,

Nui �
hidh

k
.

(6)

Equation (7) is used to evaluate the Reynolds number
given as follows:

Re �
Uhdh

]
. (7)

,e friction factor due to fluid flow is evaluated as a
function of pressure drop given as follows:

f �
Δp

L/dh(  ρu
2/2 

. (8)

,e usage of novel W-cut twisted tape and conventional
plain tube is compared based on the calculated value of the
term performance enhancement factor given as follows:

PER �
Nu/Nuo

f/fo( 
1/3 . (9)

,e above equation (9) is used to calculate PER in
Section 5.4.

3.2. Exergy Analysis. Rational efficiency also known as
exergy efficiency or second law efficiency analyses the effi-
ciency of the system by considering the second law of
thermodynamics. ,e rational efficiency of the heat ex-
changer is defined as the ratio of net exergy output of the
system to net exergy input. In this study, second law effi-
ciency is availed to enhance and select the dimensions for the
heat exchanger. In general, the qualitative energy of exergy
balance is given as follows [50]:

Ein − Eout � I. (10)
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Figure 4: Schematic diagram of experimental rig.
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From the equation (10), the net rate of exergy of the heat
exchanger is given as follows:

E
in

� 
N.stream.In

i�1
miE

in
stream,i

+ 

N.Q.In

i�1
miE

in
Q,i + 

N.W.In

i�1
miE

in
W,i,

E
out

� 
N.stream.Out

i�1
miE

out
stream,i

+ 

N.Q.out

i�1
miE

out
Q,i + 

N.W.Out

i�1
miE

out
W,i.

(11)

,e exergy balance for the fluids in heat exchanger [51]
can be stated as follows:

E
in

� E
out
useful + E

out
waste + I. (12)

,e rate of exergy destruction in terms of generation of
entropy is given as follows:

I � To
_Sgen. (13)

For the concentric heat exchanger, the entropy gener-
ation (13) can be written as follows:

Sgen �
•

mhCph ln
Th,out

Th,in

  + mcCpc ln
Tc,out

Tc,in

 

+ mh

ΔPh

ρh

lnTh,out/Th,in

Th,out − Th,in

+ mc

ΔPc

ρc

lnTc,out/Tc,in

Tc,out − Tc,in

.

(14)

,e “exergy output attained” divided by “used exergy”
gives the value of rational exergy efficiency stated in the
following equation [52]:

ε � 1 −
I

Euse d

. (15)

,e overall performance of the system based on the
second law is represented by the following equation [53]:

Euse d � Eobtainedoutput + I. (16)

,e aforementioned system’s goal to increase the ther-
mal exergy of the hot stream is given as follows:

Eobtainedoutput � E
ΔT,out
h − E

ΔT,in
h . (17)

,en, by combining equations (16) and (17), the useful
value of exergy is given as follows:

Euse d + I � E
Δp,in
c + E

ΔP,in
h + E

ΔT,in
c

− E
ΔT,out
c + E

ΔP,out
h + E

ΔP,out
c .

(18)

,e system’s overall rational exergy efficiency is given as
follows:

ηII �
(E

•

)out

(E
•

)in

,

ηII �
mhCph ln Th,out/Th,in 

mcCpc ln Tc,out/Tc,in  + mhΔPh/ρhlnTh,out/Th,in/Th,out − Th,in + mcΔPc/ρclnTc,out/Tc,in/Tc,out − Tc,in

.

(19)

,e above equation is used to calculate rational exergy
efficiency in Section 5.5.

3.3. Uncertainty Analysis. It is possible to calculate the ex-
perimental uncertainty of friction factor, Reynolds number,
and Nusselt number using the following formulas:

ΔRe
Re

�
Δmh

mh

 

2

+
Δdi

di

 

2⎧⎨

⎩
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⎭

0.5

, (20)
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+
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2⎧⎨

⎩
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⎭

0.5

.

(22)

,euncertainties and instrument accuracy of the present
work are given in Table 2.

4. Optimization Method

4.1. Multi-Objective Genetic Algorithm (MOGA).
Multi-objective optimization (MOO) [54] refers to the so-
lution of problems that deal with more than one objective. In
actual engineering problems, most of their objectives are at
least in partial conflict with one another. It is difficult to
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detect the maximum or minimum of multi-objectives si-
multaneously available for single objective optimization.,e
term MOO generally refers to the set of non-inferior so-
lution points, known as Pareto optimal solutions [38]. ,e
best solution for the multi-objective problem can be selected
from the Pareto set rendering to decision-making methods.
MOGA is the multi-objective optimization tool for solving
problems with more than one design objective, and it has
unique supremacy in multi-objective programming. ,e
steps involved in MOGA are as follows:

Step 1: generate random population of chromosomes
with a static initial size
Step 2: assess the fitness of the objective function so-
lutions in the population
Step 3: generate new offspring from parent population
using selection, crossover, and mutation
Step 4: finally, this process terminates only when the
optimal solution is achieved, else it goes to Step 2

Evidently, the offspring population will be comparatively
good than the parent population as it undergoes the survival
of fittest principle. ,e solution becomes closer and closer to
optimal with gradual evaluation. Finally, when GA is con-
vergent, the set of Pareto front optimized solutions is ob-
tained. In this study, hybrid MCDM (FAHP-VIKOR) is
employed to select the finest solution from the set of Pareto
front solutions.

4.2. Multi-Criteria Decision-Making (MCDM).
Multi-criteria decision-making (MCDM) is a tool, which is
used for evaluating the trade-offs between several perfor-
mance criteria to rank, prioritize, or choose the best from the
list of alternatives. ,e MCDM problem selected in this
study is to rank the set of Pareto front solutions (taken as
alternatives) obtained from GA. ,e prioritization of these
alternatives is done using the following criteria: thermal
enhancement ratio (TER), friction enhancement ratio
(FER), performance enhancement ratio (PER), and rational
exergetic efficiency (REE). Figure 5 depicts the various
criteria used in performance evaluation. In this MCDM

model, at the initial stage, the FAHP is used to give
weightage for the criteria, followed by the ranking of al-
ternatives with VIKOR.

4.2.1. FAHP Method. Satty and decision [55] proposed the
AHPmethod. In AHP, the decision problem is classified into
different levels of hierarchy, each level comprising a finite
number of elements [56]. A fuzzy set comprises membership
function associated in the range of zero and one. Kwong and
Bai [46] proposed the concept of fuzzy AHP. FAHP offers
triangular and trapezoidal fuzzy number in accordance with
the decision-maker need. ,e authors of past used FAHP
tool to assign weightage to their criteria [57, 58]. ,e hi-
erarchy of decision-making problem is shown in Figure 6.
,e steps of FAHP method are as follows:

Step 1: complex problem is broken down into simple
hierarchy of interconnected criteria.
Step 2: the triangular fuzzy number (TFN)M= (l,m, u)
is used to fuzzy the pairwise decision matrix A. ,e

Table 2: Accuracy of the instruments.
Accuracy

Instruments

U-tube manometer ±0.0001m
Digital thermocouple ±0.1°C

Rotameter ±0.1 L/min
Temperature indicators ±0.1%

Uncertainty (±%)

Simple variable Pressure head (mm) 2.7
Temperature (°C) 0.08

Uncertainty (±%)

Compound variable

Pressure drop (ΔP) 5.55
Friction factor (f) 4.05

Nusselt number (Nu) 5.38
Reynolds number (Re) 2.01

Heat transfer coefficient (h) 5.38
Heat transfer (Q) 5.24

Performance
Evaluation of

criteria of W-cut
TT’s

Thermal
Enhancement
Ratio (TER)

C1

Friction
Enhancement
Ratio (FER)

C 2

Performance
Enhancement
Ratio (PER)

C 3

Exergy Efficiency
(EE)
C 4

Figure 5: Different criteria for performance evaluation of grooved
tube with W-cut twisted insert.
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membership function of the TFNs used to signify the
assessment is M1, M2, M3, M4, M5, M6, M7, M8, and
M9 (Table 3). ,en, the decision matrix is normalized
and the relative weight of each matrix is identified. ,e
expression for eigenvector can be given as follows:

Aw � λmaxW. (23)

Step 3: consistency index (CI) values are identified:

CI �
λmax( 

(n − 1)
. (24)

Step 4:the consistency ratio (CR) is used to define the
consistency of the inputs and is given as follows:

CR �
(CI)

(RCI)
. (25)

In case the CR value is greater than the acceptable value,
inconsistency in judgment occurs and the entire assessment
must be reassessed and enhanced. ,e selection of RCI
values based on the number of criteria is given in Table 4.

4.3. VIKOR Method. Opricovic proposed the VIKOR
method to solve decision-making problems with conflicting
criteria [59]. In this method, the ranking of the alternatives is
influenced by the initial weight of the problem and its
closeness to the objective. In the study, many researchers
used the VIKOR method to solve multi-objective problems
due to its aptness and feasibility. Some are as follows:
Ilangkumaran et al. [60–62] used VIKOR along with some
hybrid MCDM models to prioritize best treatment for
wastewater management. ,e VIKOR approach was used by
Yazdani and Payam [63] to prioritize material selection for
MEMS applications. From the above facts, it is evident that
the VIKORmodel can be used as an effective tool for ranking
alternatives [64–66].

,e VIKOR method is started with the subsequent form
Lp metric:

LPj � 
n

i�1

wi f∗i − fij 

f∗i − f−
i( 

⎡⎣ ⎤⎦

p
⎧⎨

⎩

⎫⎬

⎭

1/P

1≤P≤∞, j � 1, 2, . . . , J.

(26)

,e compromising ranking method of VIKOR is given
as follows:

Step 1. Matrix Normalization: let Xij be the evaluation
matrix with values of the jth alternatives and ith cri-
teria, and then, the normalized matrix fij is calculated
using

fij �
xij

�������


m
i�1 x

2
ij

 , i � 1, 2m; j � 1, 2, n. (27)

Step2. Evaluate the Worst and Best Values (f∗, f− ): the
best and the worst values are given by the following
relation:

f
∗
i � maxjfij, f

−
i � minjfij. (28)

Step 3. Calculate the Sj and Rj Values: the utility
measure Sj and regret measure Rj are determined using
the relation:

Sj �


n
i�1 wi f

∗
i − fij 

f
∗
i − f

−
i( 

, (29)

Rj � maxi

f
∗
i − fij 

f
∗
i − f

−
i( 

⎡⎣ ⎤⎦. m (30)

Step 4. Compute the VIKOR Index: the VIKOR index
value Qj is calculated using

Qj �
v Sj − S

∗
 

S
−

− S
∗

( 
+

(1 − v) Rj − R
∗

 

R
−

− R
∗

( 
, (31)

where

S∗ � minjSj, S
−

� maxjSj, R∗ � minjRj, R
−

� maxjRj.

(32)

Here, v � 0.5.
Step 5. Rank the Alternatives: the option with the lowest
VIKOR index is chosen as the best value.

5. Result and Discussion

From the study [49], it is observed that the modification in
peripheral geometry of TT in a smooth tube tends to increase
the friction factor, but in terms of the Nusselt number, only a
minor improvement is found. ,e current research looks at
the effect of WCTT in grooved tubes. From experimental
results, it is observed that different geometrical and oper-
ating parameters expose their unique influence on heat
transfer, pressure drop, performance enhancement ratio,
and rational efficiency. ,e effects of these parameters are
conversed as follows.

Optimal
Performance
Formulation

of W-cut
twisted tape
in grooved

tube

C - 1

C - 2

C - 3

C - 4

A

A

A

A

A
.
.
.
.

A2

Figure 6: Decision hierarchy for performance prediction ofW-cut TT.

Advances in Materials Science and Engineering 9



RE
TR
AC
TE
D

5.1. Validation Conventional System. To validate the sys-
tem’s reliability, the plain tube result is compared to the
result obtained from the standard correlations given in
equations (33) to (36). Once the system’s consistency is
established, the plain tube heat exchanger results are
recorded and compared to the standard correlation results
(shown in Figure 7).,e results showed that the thermal and
flow performance of the plain tube agreed well with the
standard correlation in the range of 5% to 8%, respectively.
As a result, the results show that the experimental facility
and measurement techniques are reliable. ,e plain tube
results are used in upcoming calculations.

Convective heat transfer correlations—Dittus–Boelter
correlation is as follows:

Nu � 0.023Re0.8 Pr0.3
forRe> 10, 000. (33)

Gnielinski correlation is as follows:

Nu �
(f/8)(Re − 1000)Pr

1 + 12.7(f/8)
0.5 Pr0.33

− 1 
for3000<Re< 500, 000. (34)

Correlations for the friction factor—correlation of Bla-
sius is as follows:

f � 0.316Re− .025
forRe< 20, 000. (35)

Petukhov correlation is as follows:

f � (0.790 ln Re − 1.64)
− 2

for3000<Re< 500, 000. (36)

5.2.Heat Transfer Investigation ofWCTT Insert. ,e effect of
twist ratio (y) on heat transfer features in the grooved tube
fitted withWCTT is presented in Figure 8. From Figure 8(a),
it is observed that the Nusselt number (Nu) of the tube
increases with an increase in Reynolds number and de-
creases in twist ratio. ,e WCTT having the value of y� 3.5
provides maximum heat transfer compared with the other
twist ratios. ,is eddy flow generated by the TTs provides
better flow mixing between core and wall of the tube, (2)
strong turbulence and vortices near theW-cut region lead to
thermal boundary layer destruction, and (3) in addition, the
groove in tube causes flow separation, and reattachment and

recirculation of water result in effective fluid mixing. ,e
abovementioned flow phenomenon stimulates an increase in
the turbulent intensity and tangential turbulent fluctuation,
which affects the hydrodynamic and thermal boundary layer
and therefore increases the heat transfer of the tube. Over the
range studied, the WCTT in grooved tube with y� 3.5
provides the mean Nusselt number of about 12%, 20%, and
48% higher than those in the grooved tube with twist ratio of
y� 5.3 and y� 6.5, and plain tube, respectively.

Similarly, the Nu ratio decreases with increasing Rey-
nolds number in all cases, indicating that at lower Reynolds
numbers, the flow cannot generate high turbulence on its
own, and thus, introducing TTgenerates secondary swirl on
fluid flow and increases heat transfer. At higher Reynolds
numbers, the grooved tube itself creates a massive secondary
swirl, and hence, the impact of TT becomes less effective. As
expected, the Nu ratio of WCTT in the grooved tube
compared with the simple tube is always greater than unity.
From Figure 8(b), it is obvious that the Nu ratio of the
WCTT in the grooved tube is approximately 2–2.5 times
higher than in the simple grooved tube and approximately
3.0–3.4 times higher than in the simple tube.

Further, the heat transfer is also governed by the WR of
the tape, as shown in Figure 8(a). It is observed that the effect
of WR at a higher range yields a larger value of the Nusselt
number compared with the smaller one. ,is is due to the
effect of augmented eddies and vorticities behind the cut,
which results in the promotion of turbulent intensity and
fluid mixing and additionally increases the heat transfer rate.
Figure 8 shows that the mean Nusselt number obtained
using a W-cut insert in a grooved tube at WR� 0.6 and
y� 3.5, 5.3, and 6.4 is 2.08%, 2.13%, and 2.17% greater than
the grooved inner tube at the same condition, WR� 0.4.

5.3. Friction Factor Characteristics of W-Cut TT Insert.
Figure 9 depicts the magnitude of friction with change in
mass flow rate of working fluid passed inside the grooved
tube fitted with WCTTand plain tube. It is observed that the
friction factor followed the decreasing trend with rise in
Reynolds number and showed supremacy at lower twist
ratio (y� 3.5) compared with that of higher twist ratios

Table 3: Fuzzy numbers’ membership function.

Scale of linguistic importance Fuzzy number (L, M, U)-TFN (1/U, 1/M, 1/L) : reciprocal of TFN
Equally: important M1 (1, 1, 1) (1, 1, 1)
Equally: moderate important M2 (1, 2, 3) (0.33, 0.5, 1)
Weakly: important M3 (2, 3, 4) (0.25, 00.33, 0.5)
Moderate: important M4 (3, 4, 5) (0.2, 0.25, 0.33)
Moderately: strong important M5 (4, 5, 6) (0.16, 0.2, 0.25)
Strongly: important M6 (5, 6, 7) (0.14, 0.16, 0.2)
Very strongly: important M7 (6, 7, 8) (0.12, 0.14, 0.16)
Very strongly: extreme important M8 (7, 8, 9) (0.11, 0.12, 0.14)
Absolutely: important M9 (8, 9, 10) (0.10, 0.11, 0.12)

Table 4: Random consistency index.

No. 1 2 3 4 5 6 7 8 9 10
RCI 0 0 0.52 0.89 1.11 1.25 1.35 1.40 1.45 1.49

10 Advances in Materials Science and Engineering
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(y� 5.3 and 6.5). ,is is due to the effect of secondary flow
generated by theWCTTs. At lower twist ratio, the turbulence
intensity near the wall increases, which augments the fluid
friction. In addition, the lower twist ratio TTs blocks the fluid
passage in large volume and increases the surface contact,
which results in increased static pressure. Also, the eddies
and vortices made by W-cut create extensive friction loss
that is normally negligible in case of plain tubes. From the
graph, it is clear that the friction factor of the grooved tube
with WCTT at y� 3.5 is 1.14 and 1.26 times higher than the
given tube with y� 5.3 and 6.5, consecutively, and 4.5 times
greater as compared with plain tube.

Figures 9(a) and 9(b) illustrate the friction factor ratio
(fo/fP) of WCTT with different twist ratios (y) and width
ratios (WRs). ,e result exposed that the friction factor
nature increases with the rise in the Reynolds number.
Qualitatively, the pressure loss generated by the WCTT is
directly related to the results of the heat transfer discussed in
Section 5.2 because an effective heat transfer is caused by the
strong turbulence in boundary layer, which concurrently
increases the interaction of pressure force with inertia force
and thus enhances the dynamic pressure loss. At smaller
twist ratio (y� 3.5), the friction factor ratio of WCTT is
substantially higher than those associated with larger twist
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ratio (y� 5.3 and 6.5), which are, respectively, in range of
1.10–1.45 times and about 4.95 times as improved with the
conventional system.

,e effect of width ratio (WR) on friction factor follows
the same trend as the Nusselt number, whereas the friction
factor increases with rise in width ratio. For the present
range, the mean friction factor of WCTTs with WR of 0.4 at
y� 3.5, 5.3, and 6.4 is higher than that caused by the use of
W-cut insert atWR of 0.6 for given twist ratio by around 5%,
6%, and 8%, respectively.

5.4. Performance Enhancement Ratio. An equal pumping
power comparison is attained to evaluate the heat transfer
efficiency in terms of PER of the grooved tube fitted with
WCTT. ,e variation of PER with Reynolds number for
WCTTat various twist ratios (y) and width ratios is depicted
in Figure 10. In all cases, the value of PER decreases with an
increase in the Reynolds number. Also, at a given Reynolds
number, the PER of the tube tends to increase with a de-
crease in y and WR. In all of the above cases, the PER shows
how this tape helps save energy, and it also shows how the
heat transfer ratio affects the friction penalty.

From the figure, it is observed that the mean en-
hancement ratio of the grooved tube with WCTTat y� 3.5 is
1.05 times, 1.5 times, and 2.08 times higher than the grooved
tube with y� 5.3 and 6.4 and plain grooved tube, respec-
tively. In addition, the WCTT at WR of 0.45 gives a max-
imum enhancement ratio and is about 0.9–1.4 times higher
than the tape with WR of 0.6. ,is is due to the effect of
added pressure drop at higher WR. Hence, it is concluded
that the superior performance can be obtained by lower twist
ratio and width ratio. However, the above result cannot be
optimum, as the pressure drop reaches extreme at this
condition. To overcome this problem, MOO techniques are
used in this work, to find the optimum results. ,e

parameters such as twist ratio and width ratio of TTs along
with the Reynolds number play a major role in selecting
optimum thermal performance conditions.

5.5. Rational Analysis of Exergy. ,e exergetic efficiency of
WCTTwith various geometries is discussed in this segment.
Figure 11 shows the exergy efficiency of the inserts as a
function of Reynolds number for various twist ratios and
width ratios. When compared to plain grooved tube, the
combined effect of WCTTs with grooved tube demonstrated
superior rational exergy efficiency. W-cut causes stronger
eddies and vortices, which increases decayed boundary layer
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Figure 9: Friction factor of W-cut insert: (a) f vs. Re. (b) fo/fp vs. Re.
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thickness and turbulent intensity near the walls, increasing
exergetic efficiency.,e graph clearly shows that the rational
exergetic efficiency of the WCTT with lower twist ratio
(y� 3.5) outperformed the inserts with higher twist ratio
(y� 5.3 and 6.5), respectively, by 1.04 and 1.10 times. Aside
from that, the width ratio, like the PER discussed in Section
5.4, has an effect on rational exergy efficiency. It is difficult to
choose the best because its performance in terms of width
ratio is contradictory. As a result, the MOO technique is
used in this study to achieve the best results.

5.6. Empirical Correlation. ,e empirical correlation for
Nusselt number, friction factor, performance enhancement
ratio, and rational efficiency of the grooved tube withWCTT
was developed, as a function of tape geometry (y and WR)
and Reynolds number using the least-squares regression
analysis. ,e empirical correlations are as follows:

Nu � 0.493Re0.635
y

− 0.33
(Wr)

0.079
, (37)

f � 12.3Re− 0.401
y

− 0.429 Wr( 
0.21

, (38)

ηI � 2.81Re− 0.071
y

− 0.191
Wr( 

− 0.0384
, (39)

ηII � 1.69Re− 0.095
y

− 0.1041
Wr( 

0.06
. (40)

Figures 12(a) to 12(d) depict the predicted data of
Nusselt number, friction factor, performance enhancement
ratio, and rational efficiency from the above correlations
(equations 37–(40)) in comparison with those obtained from
the experimental data. Apparently, the predicted data are in
good concordance with the experimental data with the
discrepancy of ±4%, ±7%,± 3%, and ±2% for Nu, f, ηI, and
ηII, respectively.

6. Optimization Results

From the above experimental study, it is clear that the effects
of individual geometric variables on thermal and exergetic
efficiency are considered one at a time, but the effects of
compound variables are not taken into consideration. It is
quite difficult to estimate the optimal working parameter of
theWCTTusing experimental results, and further, this study
has two incompatible objectives (Nu and f ). Hence, it is
proposed to carry out multi-objective optimization (MOO)
and multi-criteria decision-making (MCDM) techniques to
determine the best possible design configuration for max-
imum performance in a grooved tube fitted with WCTT.

6.1. Optimization Using Multi-Objective Genetic Algorithm.
,e main objective of this study is to find the optimum
working parameters of the grooved tube with WCTT using
GA, which leads to the maximization of the Nusselt number
and minimization of pressure drop. Owing to conflicting
objectives, the negative Nusselt number (−Nu) is taken as
defining parameter, such that lower the value of −Nu gives
maximum heat transfer.

,e multi-objective problem in the optimization of
WCTTs is as follows.

Minimization f(Re, y, WR) � [−Nu, f].
,e abovementioned functions are subjected to the

parameters in the range of 2000≤Re≤ 14000, 3.5≤ y≤ 6.4,
and 0.45≤WR≤ 0.6. In the given MOO technique, two
geometric variables of WCTTs, namely, twist ratio (y) and
width ratio (WR), and Reynolds number (Re) are chosen as
the design variables. ,e maximum and minimum bounds
of the design variables are shown in Table 5.

In this study, the GA technique is effectively used to
determine the optimal Pareto front for the conflicting ob-
jectives. ,e detailed procedure of GA search method to
generate optical Pareto front solutions is provided [50]. ,e
parameter setting of GA is given in Table 6. ,e optimal
Pareto front searched by the GA is shown in Figure 13, and
their corresponding values are depicted in Table 7. It is clear
that the all points in Pareto front are optimal points and they
do not have any supremacy over each other. It is also ob-
served that variation from one optimal point to another
leads to the improvement of one objective with inimical
change in the other. ,us, in this work, to select the optimal
design configuration for heat exchanger with WCTT, the
multi-objective genetic algorithm is used, in which the η and
ηII are used to evaluate the heat transfer against the friction
factor. ,e corresponding values of η and ηII compared
against the two objective functions in optimal Pareto front
are illustrated in Figures 14 and 15, respectively. Evidently,
the extreme value of η and ηII from the figures gives the
optimum geometric parameters for the defined problem.

,ough the geometric points obtained using Pareto front
of MOGA can be taken as the best, one cannot eliminate the
remaining solutions, as all the values specified by Pareto
front are optimal. Hence, to identify the best operating
configuration from the Pareto front set, this study utilizes
FAHP-VIKOR model as decision-making tool.

6.2. Optimization Using MCDM. ,is study utilizes the
hybrid MCDM model to identify the best operating con-
figuration from the set of Pareto values (taken as alterna-
tives). ,e performance-defining criteria of the given
problem are identified and are given in Table 8. In this phase,
hybrid MCDM model, FAHP-TOPSIS, is used to rank the
alternatives. Here, FAHP is used to assign weightage for the
criteria and VIKOR is used to rank the alternatives.

6.2.1. Calculation of Weightage for Criteria. ,e weightage
of criteria used in the study is calculated using the fuzzy
analytical hierarchical process (FAHP) method. ,e non-
conformity values of the alternatives associated with pre-
defined criteria are depicted in Figure 16. Once the hierarchy
diagram is framed, the FAHP computes the weights of each
criterion by making pairwise comparison with Satty’s nine-
point scale. ,e fuzzy pairwise comparison results of the
criteria are shown in Table 9. ,e geometric mean values are
computed, and the final pairwise comparison matrix is
constructed. ,e weight of each criterion is calculated and
tabulated in Table 10 based on the final matrix. Consistency
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index (CI) and consistency ratio (CR) values are calculated
using equations (28) and (29) to check the consistency of the
criteria in the pairwise comparison matrix. ,e CR value is
0.073, which is less than 0.1, according to the results. As a
result, the weights assigned to the criteria are satisfactory
and can be used to rank the alternatives.

6.2.2. Ranking the Alternatives. In this section, the VIKOR
method is proposed for selecting the optimum design among
the list of alternatives. ,e decision matrix of the stated
problem is shown in Table 11, and the values of the decision
matrix are normalized using equation (31). ,e normalized
decision matrix values are calculated and tabulated in Ta-
ble 12. ,e best and worst values of each criterion are
calculated using equation (32) and are depicted in Table 13,
followed by the construction of utility measure relation,
regret measure relation, and VIKOR index using equations
(33)–(35) shown in Table 14. ,e ranking of the options is
prioritized according to the VIKOR index value, as shown in
Table 14 and Figure 17. ,e alternative A4 among the list of

25 alternatives is the most preferred, as it attains the first
rank with concern to overall objectives. According to
VIKOR index values, the WCTT configuration rankings are
as follows: A4>A11>A2>A9>A21>A17>A1>A24>
A11>A23> A7>A18>A13>A10>A20>A5> A19>
A14>A16>A22>A25>A6>A15>A3>A8. ,e alterna-
tive with twist ratio, y� 3.55, width ratio, WR� 0.489, and
Reynolds number, Re� 13511, exhibits the optimal
formulation.

To validate the optimum configuration, the obtained
result is compared with the other inserts from the past under
similar working condition. Figure 18 depicted the com-
parative result of the optimum configuration of WCTTwith
other inserts. ,e result showed that the optimum config-
uration of WCTT showed supremacy over other inserts in
the range of 0.5–31.5%, respectively. ,e WCTT effectively
breaks the viscose and thermal boundary layers formulated
inside the tubes at turbulent flow conditions. Further, the
W-shaped design offers lower flow resistance. ,is makes
the system higher efficient as compared with other config-
urations of turbulator designs.

Table 5: Range of design variables and the selected values.

Design variables Lower bound Higher bound Selected values
Twist ratio (y) 3.5 6.4 3.5, 5.3, 6.4
Width ratio (WR) 0.45 0.6 0.45, 0.6
Reynolds number 3000 14000 3000, 4500, 6100, 7600, 9200, 10900, 12500, 14000

Table 6: Parameter setting for GA.

Parameter Value setting
Population size 100
Pareto front population fraction 0.7
Cross fraction 0.8
Generation 500
Fractional tolerance 106

Pareto front 
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Figure 13: Optimal Pareto front solution.
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Table 7: Optimal configurations of W-cut twisted tapes (Pareto front solutions from GA).

PDAs
Criteria

RE Y WR −Nu f
A1 13509.24 3.585487 0.447139 −127.404 0.132
A2 13509.22 3.544997 0.594741 −130.796 0.141
A3 13520.53 6.396681 0.431835 −105.015 0.103
A4 13510.76 3.550541 0.488913 −128.730 0.136
A5 13513.59 4.584293 0.43714 −117.294 0.119
A6 13518.59 5.788635 0.434234 −108.572 0.107
A7 13511.20 3.894812 0.437794 −123.776 0.127
A8 13520.53 6.396681 0.431835 −105.015 0.103
A9 13509.22 3.544997 0.594741 −130.796 0.141
A10 1351200 4.218427 0.433286 −120.465 0.123
A11 13510.45 3.507667 0.436446 −128.092 0.133
A12 13509.70 3.530505 0.533291 −129.853 0.138
A13 13511.81 4.137216 0.434913 −121.275 0.124
A14 13515.52 5.104409 0.437658 −113.228 0.113
A15 13518.51 6.192659 0.435724 −106.210 0.104
A16 13518.68 5.480163 0.444343 −110.754 0.110
A17 13510.48 3.781659 0.454154 −125.345 0.130
A18 13511.81 4.012216 0.434913 −122.509 0.126
A19 13514.91 4.846300 0.436005 −115.146 0.116
A20 13512.97 4.524871 0.442025 −117.900 0.120
A21 13510.40 3.761377 0.479983 −126.117 0.132
A22 13516.24 5.263390 0.436984 −112.078 0.112
A23 13510.49 3.972317 0.444530 −123.118 0.127
A24 13509.49 3.835487 0.447139 −124.603 0.129
A25 13518.59 5.538635 0.434234 −110.165 0.109
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Figure 14: Multi-objective optimization of Pareto front (η).
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Figure 15: Multi-objective optimization of Pareto front (ηII).

Table 8: Details of the different criteria.

Criteria Notations Performance implications of different criteria.
,ermal enhancement ratio (TER) (Nuo/Nup) C1-higher-the better
Friction enhancement ratio (FER) (fo/fp) C2-lower-the better
Performance enhancement ratio (PER) (ηI) C3-higher-the better
Rational exergy efficiency (REE) (ηII) C4-higher-the better

A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15 A16 A17 A18 A19 A20 A21 A22 A23 A24 A25
Alternatives
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Figure 16: Inconsistency of criteria values with alternatives.
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Table 9: Pairwise comparison matrix for criteria.

TER FER PER REE
TER (1, 1, 1) (1, 1, 1) (0.25, 00.33, 0.5) (0.25, 00.33, 0.5)
FER (1, 1, 1) (1, 1, 1) (0.25, 00.33, 0.5) (0.25, 00.33, 0.5)
PER (2, 3, 4) (2, 3, 4) (1, 1, 1) (00.33, 0.5, 1)
EE (2, 3, 4) (2, 3, 4) (1, 2, 3) (1, 1, 1)

Table 10: Results obtained with FAHP.

Criteria Weights λmax, CI, RCI CR
TER 0.1198 λmax � 4.201,

CI� 0.0669,
RCI� 0.9

0.073FER 0.1198
PER 0.3476
REE 0.4128

Table 11: Details of alternatives and criteria (decision matrix).

PDAs
Criteria

TER FER PER REE
A1 −1.76 4.514 1.149 0.645
A2 −1.8 4.816 1.146 0.648
A3 −1.45 3.495 1.036 0.632
A4 −1.77 4.618 1.157 0.649
A5 −1.62 4.043 1.104 0.639
A6 −1.5 3.652 1.056 0.633
A7 −1.71 4.337 1.139 0.643
A8 −1.45 3.495 1.036 0.632
A9 −1.8 4.816 1.146 0.648
A10 −1.66 4.182 1.122 0.641
A11 −1.77 4.533 1.153 0.647
A12 −1.79 4.715 1.152 0.648
A13 −1.67 4.22 1.126 0.642
A14 −1.56 3.861 1.081 0.637
A15 −1.46 3.551 1.042 0.633
A16 −1.53 3.757 1.066 0.635
A17 −1.73 4.426 1.144 0.644
A18 −1.69 4.276 1.133 0.642
A19 −1.59 3.945 1.092 0.637
A20 −1.63 4.075 1.106 0.639
A21 −1.74 4.488 1.145 0.645
A22 −1.54 3.81 1.075 0.636
A23 −1.7 4.314 1.134 0.643
A24 −1.72 4.385 1.141 0.643
A25 −1.52 3.722 1.065 0.635

Table 12: Weighted normalized decision matrix.

PDAs
Criteria

TER FER PER REE
A1 0.1041 0.0924 0.0033 0.2086
A2 0.1198 0.1198 0.0245 0.0442
A3 0.0000 0.0000 0.3476 0.4128
A4 0.1102 0.1019 0.0000 0.0000
A5 0.0571 0.0497 0.1482 0.3071
A6 0.0165 0.0143 0.2894 0.3784
A7 0.0872 0.0764 0.0454 0.2621
A8 0.0000 0.0000 0.3476 0.4128
A9 0.1198 0.1198 0.0245 0.0442
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Table 13: Best and worst values of criteria.

TER FER PER EE
Best value (f∗i ) 1.80 4.82 1.16 0.65
Worst value (f∗i ) 1.45 3.50 1.04 0.63

Table 14: Si, Ri, and Qi values and ranking of alternatives using VIKOR.

PDAs
Criteria

Si Ri Qi Rank
A1 0.41 0.21 0.0750 4
A2 0.31 0.12 0.0768 3
A3 0.76 0.41 1.0000 24
A4 0.21 0.11 0.0076 1
A5 0.56 0.31 0.4878 16
A6 0.70 0.38 0.9067 22
A7 0.47 0.26 0.2029 10
A8 0.76 0.41 1.0000 25
A9 0.31 0.12 0.0768 6
A10 0.53 0.30 0.3441 14
A11 0.44 0.24 0.0304 2
A12 0.24 0.12 0.0480 3
A13 0.51 0.29 0.2822 13
A14 0.62 0.33 0.6411 18
A15 0.73 0.39 0.9341 23
A16 0.64 0.33 0.7791 20
A17 0.41 0.20 0.1397 8
A18 0.50 0.28 0.2686 12
A19 0.60 0.33 0.6196 17
A20 0.54 0.29 0.4841 15
A21 0.34 0.11 0.0849 7
A22 0.64 0.34 0.7070 19
A23 0.46 0.24 0.2129 11
A24 0.44 0.23 0.1994 9
A25 0.67 0.37 0.7807 21

Table 12: Continued.

PDAs
Criteria

TER FER PER REE
A10 0.0718 0.0623 0.0949 0.2985
A11 0.1072 0.0942 0.0033 0.2394
A12 0.1154 0.1107 0.0076 0.0108
A13 0.0756 0.0658 0.0831 0.2878
A14 0.0382 0.0332 0.2145 0.3335
A15 0.0056 0.0051 0.3296 0.3907
A16 0.0266 0.0238 0.2594 0.3299
A17 0.0945 0.0845 0.0312 0.1993
A18 0.0813 0.0709 0.0636 0.2798
A19 0.0471 0.0408 0.1823 0.3256
A20 0.0599 0.0526 0.1415 0.2870
A21 0.0981 0.0901 0.0349 0.1147
A22 0.0328 0.0285 0.2330 0.3439
A23 0.0842 0.0743 0.0600 0.2443
A24 0.0911 0.0807 0.0383 0.2262
A25 0.0239 0.0206 0.2630 0.3669
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Figure 17: Ranking of alternatives.

1. Present tape (W-cut TT)
2. Large/small twin TT [26]
3. TT Consisting of Wire-nails [6]
4. Horizontal wing-cut TT [5]
5. Twisted tape inserts [18]
6. Helically TT with alternate axis [23]

7. cross hollow TT [16]
8. Dual TT [16]
9. centre-cleared TT [15]
10. Tapered TT [5]
11. Peripherally cut dual TT [12]
12. perforated helical TT [19]
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Figure 18: Performance comparison of optimal configuration WCTT with former tapes.
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7. Conclusions

To ascertain the best performance configuration of WCTT,
the twist ratio, width ratio, and Reynolds number parameters
are to be considered, which consists of conflicting objectives
with a major focus on meeting enhanced heat transfer.
,erefore, an effective optimization concept is essential to
resolve the problem. ,is work uses optimization tools such
as genetic algorithm and FAHP-VIKOR on experimental
results with varying parameters to identify the best one.
Initially, the effect of grooved tube with WCTT is carried out
to show the deviance of objectives with the variation of
parameters. ,en, the set of optimal solutions for the con-
flicting objectives is identified using multi-objective GA.
Finally, the best optimal solution is obtained using the FAHP-
VIKOR model. ,e results of the current work are as follows.

(i) ,e Nusselt number increases with rise in Rey-
nolds number and width ratio and with decrease in
twist ratio. ,e Nusselt number of the grooved
tube with WCTT showed 44–56% higher heat
transfer rate than plain tube.

(ii) ,e friction factor increases with a decrease in
Reynolds number and twist ratio and with the
increase in width ratio. ,e rise in friction factor is
noticed for the grooved tube fitted WCTT than the
plain tube of about 71–78%.

(iii) ,e performance enhancement ratio of WCTT is
in the range of 1.02–1.30 for the given working
conditions, and it raises with the reduction in
twist tape ratio, width ratio, and Reynolds
number.

(iv) ,e rational exergy efficiency increases with the
increase in width ratio, in addition with the re-
duction in twist tape ratio and flow rate.,emean
exergy efficiency of the grooved tube with WCTT
is about 1.17–1.28 times higher than the plain
tube.

(v) ,e empirical correlation for the Nusselt number,
friction factor, performance enhancement ratio,
and rational efficiency was developed, and they
showed the discrepancy of ±3.5%, ±6%, ±2%, and
±1.5%, respectively.

(vi) As the design parameters such as twist ratio, width
ratio, and Reynolds number strongly influence the
overall system performance and to optimize the
best working configuration, the integrated GA and
FAHP-VIKOR optimization tools are used.

(vii) ,e genetic algorithm is used to optimize the given
data and provides the set of optimal Pareto front
solutions. ,is optimal design leads to trade-off
betweenNu and f, which results in the use of multi-
objective genetic algorithm.

(viii) As all the given solutions of Pareto front were
optimum and in the necessity to prioritize the best,
the FAHP-VIKOR model is evaluated.

(ix) ,e order of criteria that dominate the VIKOR
index is REE> PER> FER>TER.,ese criteria are
determined to optimize the overall performance of
grooved tube heat exchanger employing WCTTs.
,ese performance criteria weights are calculated
using FAHP, and their contribution ratio of order
is 41.26%, 34.76%, 11.98%, and 11.98%,
respectively.

(x) ,e optimal formulation is A4 with twist ratio (y):
3.55, width ratio (WR): 0.488, and Reynolds
number (Re): 13511, which gives outcomes of
thermal enhancement ratio(Nuo/Nup): 1.177;
friction enhancement ratio(fo/fp): 4.62; perfor-
mance enhancement ratio: 1.15; and exergy effi-
ciency: 0.649.

Nomenclature

A: Surface area of heat exchanger (m2)
Cp: Specific heat of hot fluid (J/kg·K)
di: Inner diameter of heat exchanger’s inner tube (m)
Eout: Exergy output (W)
Euseful: Useful exergy output (W)
E: Qualitative exergy of HX (W)
fo/fp: Ratio of friction factor for HX
I′: Exergy lost (W)
L: Heat exchanger tube length (m)
Nu: Nusselt number
ΔP: Drop in pressure due to fluid friction
Q: Energy transfer rate (W)
S: Entropy
WR: Width ratio
do: Outer diameter of heat exchanger’s inner tube

(m)
dh: Hydraulic diameter (m)
Ein: Exergy input (W)
Ewaste: External exergy loss (W)
f: Fluid friction factor of HX
h: Heat transfer coefficient (W/mK)
H: Tape pitch distance (m)
K: ,ermal conductivity (W/mK)
m: Fluid mass flow rate (kg/s)
Nuo/
Nup:

Nusselt number enhancement ratio

Pr: Prandtl number
Re: Reynolds number
To: Ambient temperature (°C)
Y: Twist tape ratio

Greek symbols.

ƞII: Exergy efficiency
]: Dynamic viscosity (kg/ms)
ρ: Density (kg/m3)
μ: Kinematic viscosity (m2/s)
η: Performance enhancement ratio
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Abbreviations

TT: Twisted tape
PER: Performance enhancement ratio
WCTT: W-cut twisted tape

Subscripts

O: Exit or outlet
C: Cold
Stream: Material stream
I: Inlet
H: Hot
Q: Heat stream.

Data Availability

,e data used to support the findings of this study are in-
cluded within the article.

Conflicts of Interest

,e authors declare that there are no conflicts of interest
regarding the publication of this article.

References

[1] C. N. Kumar and P.Murugesan, “Review on twisted tapes heat
transfer enhancement,” International Journal of Scientific
Engineering and Research, vol. 3, no. 4, pp. 726–734, 2012.

[2] S. Tamna, Y. Kaewkohkiat, S. Skullong, and P. Promvonge,
“Heat transfer enhancement in tubular heat exchanger with
double V-ribbed twisted-tapes,” Case Studies in -ermal
Engineering, vol. 7, pp. 14–24, 2016.

[3] P. Murugesan, K. Mayilsamy, and S. Suresh, “Heat transfer in
a tube fitted with vertical and horizontal wing-cut twisted
tapes,” Experimental Heat Transfer, vol. 25, no. 1, pp. 30–47,
2012.

[4] A. Hasanpour, M. Farhadi, and K. Sedighi, “Experimental
heat transfer and pressure drop study on typical, perforated,
V-cut and U-cut twisted tapes in a helically corrugated heat
exchanger,” International Communications in Heat and Mass
Transfer, vol. 71, pp. 126–136, 2016.

[5] N. Piriyarungrod, S. Eiamsa-ard, C. ,ianpong, M. Pimsarn,
and K. Nanan, “Heat transfer enhancement by tapered twisted
tape inserts,” Chemical Engineering and Processing: Process
Intensification, vol. 96, pp. 62–71, 2015.

[6] P. Murugesan, K. Mayilsamy, and S. Suresh, “Heat transfer
and friction factor studies in a circular tube fitted with twisted
tape consisting of wire-nails,” Chinese Journal of Chemical
Engineering, vol. 18, no. 6, pp. 1038–1042, 2010.

[7] S. Gunes and E. Karakaya, “,ermal characteristics in a tube
with loose-fit perforated twisted tapes,” Heat Transfer Engi-
neering, vol. 36, no. 18, pp. 1504–1517, 2015.

[8] M. Jafaryar, M. Sheikholeslami, Z. Li, and R. Moradi,
“Nanofluid turbulent flow in a pipe under the effect of twisted
tape with alternate axis,” Journal of -ermal Analysis and
Calorimetry, vol. 135, no. 1, pp. 305–323, 2018.

[9] A. A. Giniyatullin, S. E. Tarasevich, and
A. B. YakovlevYakovlev, “Heat transfer in a water flow in
tubes with ribbed twisted tape inserts,” High Temperature,
vol. 56, no. 2, pp. 302–305, 2018.

[10] A. V. Shishkin and S. E. Tarasevich, “Heat transfer and
structure of flow at boiling of refrigerant R134a in channels
with inserts in the form of finned twisted tape,” Journal of
Physics: Conference Series, vol. 980, no. 1, Article ID 012012,
2018, March.

[11] Y. He, L. Liu, P. Li, and L. Ma, “Experimental study on heat
transfer enhancement characteristics of tube with cross
hollow twisted tape inserts,” Applied -ermal Engineering,
vol. 131, pp. 743–749, 2018.

[12] W. Changcharoen, P. Somravysin, and S. Eiamsa-ard,
“,ermal and fluid flow characteristics in a tube equipped
with peripherally-cut dual twisted tapes,” Open Engineering,
vol. 5, no. 1, 2014.

[13] A. Saravanan, J. S. Senthilkumaar, and S. Jaisankar, “Per-
formance assessment in V-trough solar water heater fitted
with square and V-cut twisted tape inserts,” Applied -ermal
Engineering, vol. 102, pp. 476–486, 2016.

[14] K. Yongsiri, C. ,ianpong, K. Nanan, and S. Eiamsa-ard,
“,ermal performance enhancement in tubes using helically
twisted tape with alternate axis inserts,” -ermophysics and
Aeromechanics, vol. 23, no. 1, pp. 69–81, 2016.

[15] S. Pal and S. K. Saha, “Laminar flow and heat transfer through
a circular tube having integral transverse corrugations and
fitted with centre-cleared twisted-tape,” Experimental -er-
mal and Fluid Science, vol. 57, pp. 388–395, 2014.

[16] W. Changcharoen, P. Samruaisin, P. Eiamsa-ard, and
S. Eiamsa-ard, “Heat transfer characteristics of decaying swirl
flow through a circular tube with co/counter dual twisted-tape
swirl generators,” -ermophysics and Aeromechanics, vol. 23,
no. 4, pp. 523–536, 2016.

[17] B. Salam, S. Biswas, S. Saha, and M. M. K. Bhuiya, “Heat
transfer enhancement in a tube using rectangular-cut twisted
tape insert,” Procedia Engineering, vol. 56, pp. 96–103, 2013.

[18] S. Chamoli, R. Lu, and P. Yu, “,ermal characteristic of a
turbulent flow through a circular tube fitted with perforated
vortex generator inserts,” Applied -ermal Engineering,
vol. 121, pp. 1117–1134, 2017.

[19] K. Nanan, C. ,ianpong, P. Promvonge, and S. Eiamsa-ard,
“Investigation of heat transfer enhancement by perforated
helical twisted-tapes,” International Communications in Heat
and Mass Transfer, vol. 52, pp. 106–112, 2014.

[20] B. Kumar, A. K. Patil, S. Jain, and M. Kumar, “Effects of
double V cuts in perforated twisted tape insert: an experi-
mental study,” Heat Transfer Engineering, vol. 41, no. 17,
pp. 1473–1484, 2020.

[21] C. Man, X. Lv, J. Hu, P. Sun, and Y. Tang, “Experimental study
on effect of heat transfer enhancement for single-phase forced
convective flow with twisted tape inserts,” International
Journal of Heat andMass Transfer, vol. 106, pp. 877–883, 2017.

[22] A. T. Wijayanta, M. Aziz, and M. Aziz, “Heat transfer aug-
mentation of internal flow using twisted tape insert in tur-
bulent flow,” Heat Transfer Engineering, vol. 41, no. 14,
pp. 1288–1300, 2020.

[23] A. T. Wijayanta, B. Pranowo, M. Mirmanto, B. Kristiawan,
and M. Aziz, “Internal flow in an enhanced tube having
square-cut twisted tape insert,” Energies, vol. 12, no. 2, p. 306,
2019.

[24] I. Yaningsih, A. T. Wijayanta, T. Miyazaki, and S. Koyama,
“V-cut twisted tape insert effect on heat transfer enhancement
of single phase turbulent flow heat exchanger,” in AIP
Conference Proceedingsvol. 1931, no. 1, AIP Publishing LLC,
Article ID 030038, 2018.

[25] I. Yaningsih and A. T. Wijayanta, “Concentric tube heat
exchanger installed by twisted tapes using various wings with

22 Advances in Materials Science and Engineering



RE
TR
AC
TE
D

alternate axes,” in AIP Conference Proceedingsvol. 1788, no. 1,
AIP Publishing LLC, Article ID 030005, 2017.

[26] I. Yaningsih, T. Istanto, and A. T. Wijayanta, “Experimental
study of heat transfer enhancement in a concentric double
pipe heat exchanger with different axial pitch ratio of per-
forated twisted tape inserts,” AIP Conference Proceedings, AIP
Publishing LLC, vol. 1717, no. 1, Article ID 030012, 2016.

[27] P. Bharadwaj, A. D. Khondge, and A. W. Date, “Heat transfer
and pressure drop in a spirally grooved tube with twisted tape
insert,” International Journal of Heat and Mass Transfer,
vol. 52, no. 7-8, pp. 1938–1944, 2009.

[28] D. G. Kumbhar D.G. and N. K. Sane N.K., “Exploring heat
transfer and friction factor performance of a dimpled tube
equipped with regularly spaced twisted tape inserts,” Procedia
Engineering, vol. 127, pp. 1142–1149, 2015.

[29] Y. Hong, J. Du, and S. Wang, “Experimental heat transfer and
flow characteristics in a spiral grooved tube with overlapped
large/small twin twisted tapes,” International Journal of Heat
and Mass Transfer, vol. 106, pp. 1178–1190, 2017.

[30] A. Verma, M. Kumar, and A. K. Patil, “Enhanced heat transfer
and frictional losses in heat exchanger tube with modified
helical coiled inserts,” Heat and Mass Transfer, vol. 54, no. 10,
pp. 3137–3150, 2018.

[31] P. Promvonge, S. Pethkool, M. Pimsarn, and
C. ,ianpong,ianpong, “Heat transfer augmentation in a
helical-ribbed tube with double twisted tape inserts,” Inter-
national Communications in Heat and Mass Transfer, vol. 39,
no. 7, pp. 953–959, 2012.

[32] Y. Hong, X. Deng, and L. Zhang, “3D numerical study on
compound heat transfer enhancement of converging-di-
verging tubes equipped with twin twisted Tapes,” Chinese
Journal of Chemical Engineering, vol. 20, no. 3, pp. 589–601,
2012.

[33] Y. Zhou, J. Yu, and X. Chen, “,ermodynamic optimization
analysis of a tube-in-tube helically coiled heat exchanger for
Joule-,omson refrigerators,” International Journal of -er-
mal Sciences, vol. 58, pp. 151–156, 2012.

[34] V. J. Manoj Praveen, R. Vigneshkumar, N. Karthikeyan,
A. Gurumoorthi, R. Vijayakumar, and P. Madhu, “Heat
transfer enhancement of air-concrete thermal energy storage
system - CFD simulation and experimental validation under
transient condition,” Proceedings of the Institution of Me-
chanical Engineers - Part E: Journal of Process Mechanical
Engineering, vol. 235, no. 5, pp. 1304–1314, 2021.

[35] A. T. Wijayanta, I. Yaningsih, W. E. Juwana, M. Aziz, and
T. Miyazaki, “Effect of wing-pitch ratio of double-sided delta-
wing tape insert on the improvement of convective heat
transfer,” International Journal of -ermal Sciences, vol. 151,
Article ID 106261, 2020.

[36] M. Z. A. Khan, M. Aziz, and A. T. Wijayanta, “Prediction of
heat transfer enhancement of delta-wing tape inserts using
artificial neural network,” Case Studies in -ermal Engi-
neering, vol. 27, Article ID 101322, 2021.

[37] A. T. Wijayanta, I. Yaningsih, M. Aziz, T. Miyazaki, and
S. Koyama, “Double-sided delta-wing tape inserts to enhance
convective heat transfer and fluid flow characteristics of a
double-pipe heat exchanger,” Applied -ermal Engineering,
vol. 145, pp. 27–37, 2018.

[38] A. T. Wijayanta, M. Aziz, K. Kariya, and A. Miyara, “Nu-
merical study of heat transfer enhancement of internal flow
using double-sided delta-winglet tape insert,” Energies, vol. 11,
no. 11, p. 3170, 2018.

[39] I. Yaningsih, A. T. Wijayanta, T. Miyazaki, and S. Koyama,
“Impact of blockage ratio on thermal performance of delta-

winglet vortex generators,” Applied Sciences, vol. 8, no. 2,
p. 181, 2018.

[40] A. T. Wijayanta, T. Istanto, K. Kariya, and A. Miyara, “Heat
transfer enhancement of internal flow by inserting punched
delta winglet vortex generators with various attack angles,”
Experimental -ermal and Fluid Science, vol. 87, pp. 141–148,
2017.

[41] M. Veerabhadrappa Bidari, P. B. Nagaraj, and G. Lalagi,
“Influence of different types of vortex generators (VGs) to
enhance heat transfer performance in heat exchangers: a
review,” International Journal of Ambient Energy, pp. 1–24,
2021.

[42] H. Z. Han, B. X. Li, H. Wu, and W. Shao, “Multi-objective
shape optimization of double pipe heat exchanger with inner
corrugated tube using RSM method,” International Journal of
-ermal Sciences, vol. 90, pp. 173–186, 2015.

[43] P. K. Swamee, N. Aggarwal, and V. Aggarwal, “Optimum
design of double pipe heat exchanger,” International Journal
of Heat and Mass Transfer, vol. 51, no. 9-10, pp. 2260–2266,
2008.

[44] Z. Iqbal, K. S. Syed, andM. Ishaq, “Optimal fin shape in finned
double pipe with fully developed laminar flow,” Applied
-ermal Engineering, vol. 51, no. 1-2, pp. 1202–1223, 2013.

[45] Z. Iqbal, K. S. Syed, and M. Ishaq, “Optimal convective heat
transfer in double pipe with parabolic fins,” International
Journal of Heat and Mass Transfer, vol. 54, no. 25-26,
pp. 5415–5426, 2011.

[46] C. K. Kwong and H. Bai, “A fuzzy AHP approach to the
determination of importance weights of customer require-
ments in quality function deployment,” Journal of intelligent
manufacturing, vol. 13, no. 5, pp. 367–377, 2002.

[47] S. Yijie and S. Gongzhang, “Improved NSGA-II multi-ob-
jective genetic algorithm based on hybridization-encouraged
mechanism,” Chinese Journal of Aeronautics, vol. 21, no. 6,
pp. 540–549, 2008.

[48] T. A. Khan and W. Li, “Optimal design of plate-fin heat
exchanger by combining multi-objective algorithms,” Inter-
national Journal of Heat and Mass Transfer, vol. 108,
pp. 1560–1572, 2017.

[49] J. Zheng, R. Shen, and J. Zou, “Enhancing diversity for NSGA-
II in evolutionary multi-objective optimization,” in Pro-
ceedings of the 2012 Eighth International Conference on
Natural Computation (ICNC), pp. 654–657, IEEE, Sichuan,
China, 2012, May.

[50] S. Chamoli, “Preference selection index approach for opti-
mization of V down perforated baffled roughened rectangular
channel,” Energy, vol. 93, pp. 1418–1425, 2015.

[51] C. S. Dhanalakshmi, M. Mathew, and P. Madhu, “Biomass
material selection for sustainable environment by the appli-
cation of multi-objective optimization on the basis of ratio
analysis (MOORA),” inMaterials, Design, and Manufacturing
for Sustainable Environment, pp. 345–354, Springer,
Singapore, 2021.

[52] M. Mmohammadiun, F. Dashtestani, and M. Alizadeh,
“Exergy prediction model of a double pipe heat exchanger
using metal oxide nanofluids and twisted tape based on the
artificial neural network approach and experimental results,”
Journal of Heat Transfer, vol. 138, no. 1, Article ID 011801,
2016.

[53] W. Liu, P. Liu, J. B. Wang, N. B. Zheng, and Z. C. Liu, “Exergy
destruction minimization: a principle to convective heat
transfer enhancement,” International Journal of Heat and
Mass Transfer, vol. 122, pp. 11–21, 2018.

Advances in Materials Science and Engineering 23



Research Article
A Novel Approach to the Sintering Schedule of Ba (Co0.7Zn0.3)1/
3Nb2/3O3 Dielectric Ceramics for Microwave Applications

Mohamed Mouyane , Brahim Itaalit, Jérôme Bernard, and David Houivet
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�e present research is devoted to the optimization of the sintering schedule of Ba (Co0.7Zn0.3)1/3Nb2/3O3 (BCZN) dielectric
ceramics for microwaves applications. A novel approach to the heat treatment of these ceramics based on the rapid-rate sintering
(RRS) technique followed by a lower temperature annealing cycle has been developed.�e relationships among the heat treatment
process optimization, the structural, microstructural characteristics, and the microwave dielectric properties of the BCZN ce-
ramics were investigated using X-ray di�raction, scanning electron microscopy, energy dispersion analysis, and vector network
analysis. �e RRS-technique shortens substantially the time required for the elaboration of these components in comparison with
conventional sintering techniques and prevents simultaneously the formation of secondary phases as Ba5Nb4O15 and Ba8(Co,
Zn) 1Nb6O24 on the surface of the ceramics. All of the sintered and annealed ceramics exhibit a high quality factor QF close to 110
000GHz at 6GHz.�e high dielectric constant εr of ∼34.5 and a temperature coe�cient of the resonant frequency τf of ∼0 ppm.C-
1 were obtained in all annealed ceramics.

1. Introduction

In particular, Ba (Co0.7Zn0.3) 1/3Nb2/3O3 (BCZN) is one
of the main compounds studied nowadays as a ceramic
resonator in microwave applications and as a cheap alter-
native to Ta-based complex perovskite ceramics such as
BaZn1/3Ta2/3O3 (BZT), which have a great commercial
success [1]. In Ba (Co0.7Zn0.3)1/3Nb2/3O3, barium as the
larger cation occupies the A-sites, while Co, Zn, and Nb are
found on B-sites. Ba (Co0.7Zn0.3)1/3Nb2/3O3 shows a
typical Ba (B′1/3B″2/3)O3 perovskite structure where B′ is a
mixture of Co and Zn atoms and B″ is a Nb atom. �e
structure is characterised by a 1:2 arrangement of Co, Zn
(B′), and Nb (B″) atomic columns [2]. �is 1: 2 cation
ordering, which is obtained only by heat treatments at high
temperatures, has been shown to be the essential property
responsible for the interesting electric properties of this
material [3], such as a high quality factor QF (low dielectric
loss), a high dielectric constant εr� 34.5, and a near zero

temperature coe�cient of the resonant frequency τf [4, 5]. In
particular, the QF-factor value is strongly a�ected by the
degree of cation ordering. Recently, it has been reported that
the disordered BCZN ceramic has a low value of QF (12 000
to 36 000GHz at 6GHz), whereas the ordered BCZN ce-
ramic exhibits a higher QF value up to 123 700GHz [2, 6]. In
dense BCZN ceramic materials, this kind of ordering is
di�cult to accomplish without the use of additional pro-
cedures such as adding impurities [7–9] or the use of a
second thermal treatment as an annealing process [2, 3, 6].
In the case of BCZN, an ordered structure was obtained by
an annealing process at 1300°C for 12 h [6]. In our previous
work [3, 6], we proved that the improvement of the quality
factor QF of such ceramic materials is related to the 1:2
cation ordering in the BCZN crystal that occurs during the
annealing process. By adding an annealing step as a second
thermal treatment following the initial sintering step, we
obtained BCZNmaterials with excellent dielectric properties
(εr� 34.5, QF� 123 700GHz, and τf� 0 ppm/°C). However,
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the total time required to obtain this result was quite long,
16.25 hours for the sintering step plus 30 hours for the
annealing process [6]. As a continuation of our previous
work, the present paper describes a novel approach to the
sintering of BCZN ceramics by using the rapid-rate sintering
(RRS) technique. &e comparisons between the present and
previous works [3, 6] have been explored to highlight the
advantages of the RRS-technique compared to sintering and
postsintered annealing of BCZN ceramics. &is technique
has been largely employed for the synthesis of ceramic
materials in order to improve their densification and to
avoid undesired grain growth [10–14]. However, the use of
the RRS-technique has not yet been reported in the literature
for the synthesis of BCZN ceramics. Kim et al. [14] believe
that the use of the RRS-technique for sintering indium tin
oxide (ITO) could be beneficial to prevent evaporation of
ITO material. In the case of BCZN ceramics, it could be
expected that the RRS concept allows to obtain dense BCZN
materials and to avoid simultaneously the evaporation of
cobalt and zinc atoms during the sintering process, pre-
venting in this way the formation of secondary surface
phases such as Ba5Nb4O15 and Ba8 (Co, Zn) 1Nb6O24 as
they were observed in our previous study [6].

&e aim of the present work was thus to produce dense
BCZN ceramic materials in a shorter time by simultaneously
limiting the formation of undesired surface phases.

2. Experimental Section

&e Ba (Co0.7Zn0.3) 1/3Nb2/3O3 (BCZN) ceramics were
prepared using the aqueous mixing technique-assisted solid-
state method as described previously [3]. Oxides (Co3O4,
Nb2O5, and ZnO) and carbonate precursors (BaCO3) with
high purity (≥99%) are used as the raw material. &e dried
powders were calcined in the air at 1000°C for 2 h in an
electric furnace. &e BCZN powders were formed into cy-
lindrical pellets of about 10mm in diameter and 5mm
height by uniaxial pressing with a pressure of 200MPa. &e
rapid-rate sintering technique was achieved by placing the
pellets in an alumina boat, which was then introduced into a
tubular furnace by using a horizontal alumina push rod
which moved the sample from the cold to the hot zone of the
furnace at a constant speed. An alumina tube with an inside
diameter of 6 cm and a length of 150 cm is used. &e ho-
mogeneous heating zone is 15 cm. &e sintering treatment
was carried out in an atmosphere of air. &e insertion and
extraction speed as well as the sintering temperature were
controlled by an automated system. &e sintering temper-
ature was fixed at 1450°C under air. &e insertion/extraction
times ranged between 5 and 100 minutes (100 minutes is
equivalent to a heating or cooling rate equal to 858°C h−1),
and the holding time ranged between 0 and 60 minutes. &e
illustrative scheme of the RRS equipment is shown in Fig-
ure 1. Five samples were sintered under different thermal
conditions. &ese ceramics are called x1s, x2s, x3s, x4s, and
x5s. &ey were then annealed at 1300°C for 30 h in air which
gave respectively the so-called samples x1a, x2a, x3a, x4a,
and x5a. (&e “s” and “a” letters correspond respectively to
sintered and annealed samples). &e sintering parameters

are presented in Table 1.&e heating and cooling rates of the
annealing process were 200°C h−1. A Siemens D5005 X-ray
diffractometer using CuKα radiation (λ�1.540562 Å) was
used to identify surface and bulk crystalline phases in the
sintered and annealed ceramics. Diffractograms were
recorded in the continuous mode for 2θ angles ranging from
15 to 60°. &e X’pert High Score program was used for phase
matching. A microstructural observation of the ceramics
was performed with a scanning electron microscope (SEM,
Hitachi S3400) combined with an energy dispersive spec-
trometer (EDS, &ermoNoran). &e SEM micrographs were
collected on the polished and unpolished surfaces. In this
context, surfaces of the ceramics were polished successively
using various grades of silicon carbide papers, and 1.0 μm
diamond paste was used for the final polishing. &e polished
pellets were treated thermally at 1100°C for 20 minutes to
reveal grain boundaries. In addition, the experimental
densities of the unpolished sintered pellets were measured
with a Micromiritics AccuPyc 1330 helium pycnometer and
compared to the geometrical densities of the corresponding
samples. &e open porosity was derived from the relation
between the skeleton and the geometrical densities. &e
results of BCZN ceramic densities are gathered in Table 2.
Finally, the dielectric properties were measured at 6GHz
resonance frequency on the unpolished sintered pellet using
an Agilent 8722ES vector network analyzer, and the results
are gathered in Table 3.

3. Results and Discussion

3.1. Structural and Microstructural Observations.
Figures 2(a) and 2(b) show X-ray diffraction patterns
recorded on the surface of the Ba (Co0.7Zn0.3) 1/3Nb2/3O3
(BCZN) ceramics after sintering at 1450°C (samples x1s to
x5s) and after annealing at 1300°C for 30 h (samples x1a to
x5a). All diffraction peaks of the sintered BCZN ceramics
(Figure 2(a)) can be indexed using the structure of BaZn1/
3Nb2/3O3 ceramics (JCPDS card No. 39–1474), a cubic
perovskite structure with space group Pm3m, indicating that
the cosubstitution for Zn atoms does not affect the structure
with just a very slight diminution of the cubic cell volume.
Only some tiny peaks have not been identified. &is result
suggests that the as-prepared specimens are not affected by
the thermal cycle used for the sintering step (RRS tech-
nique). &us, the rapid-rate sintering technique permits to
produce pure BCZN ceramics by avoiding the formation of
secondary phases such as Ba5Nb4O15 and Ba8 (Co, Zn)
1Nb6O24 on the surface of the BCZN specimens as they
were observed in our previous work [3, 6] after sintering at
1450°C with slower heating/cooling rates (200°C h−1) and a
longer dwell time (2 hours). &e XRD pattern of the BCZN
annealed ceramics at 1300°C for 30 h in air are presented in
Figure 2(b). &e annealing process leads for all samples (x1a
to x5a) to a mixture of three phases Ba (Co0.7Zn0.3)1/3Nb2/
3O3 (BaZn1/3Nb1/6O3; JCPDS card No. 39–1474),
Ba5Nb4O15 (JCPDS file 14–0028), and Ba8 (Co, Zn)
1Nb6O24 (JCPDS card 89–0693 which is the File N°. Of
Ba8Ta6NiO24). &e structure of Ba8Ta6NiO24 is used for
indexing the Ba8 (Co, Zn) 1Nb6O24 peaks due to
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isostructurality of these two compositions [15]. �e intense
peak at 2θ= 37.93° shows that the Ba8 (Co, Zn) 1Nb6O24
phase is majority on the BCZN surface ceramics. �is result
is in accordance with the previous works [7].

Figures 3(a) and 3(b) show X-ray di�raction patterns
of the bulk of Ba (Co0.7Zn0.3) 1/3Nb2/3O3 (BCZN)
ceramics after rapid-rate sintering at 1450°C with di�erent
thermal cycles (samples x1s to x5s) and after annealing at
1300°C for 30 h (samples x1a to x5a). As shown in
Figures 3(a) and 3(b), all peaks can be indexed to the cubic
structure of Ba(Co0.7Zn0.3)1/3Nb2/3O3 (BaZn1/3Nb1/
6O3; JCPDS card No. 39-1474) together with the un-
identiªed peak at 2 = 20° (particularly for x4a sample).
Furthermore, for both thermal processes, namely,

sintering (RRS technique) or annealing, it was noted that
the secondary phases Ba5Nb4O15 and Ba8 (Co, Zn)
1Nb6O24 are not detected in the bulk materials.
Ba5Nb4O15 and Ba8 (Co, Zn) 1Nb6O24 secondary phases
are thus only present on the surface of the BCZN annealed
ceramics. As stated in ref [16], the presence of Ba5Nb4O15
and Ba8 (Co, Zn) 1Nb6O24 phases on the BCZN surface
ceramics during the annealing process was mainly due to a
deªciency of some zinc and cobalt, which can be attrib-
uted to volatilization occurring during the long time the
ceramics stayed at high temperature.

Figures 4(a) and 4(b) show the SEM micrographs of the
surfaces of the BCZN ceramics after the RRS technique at
1450°C (samples x1s to x5s) and after the annealing process

Table 1: Sintering and annealing parameters of BCZN ceramics. Larger grain sizes are extracted from bulk samples (Figures 5(a) and 5(b)).

Sample

Sintering parameters at 1450°C

Sample

Heating parameters at 1300°C

Insertion
time (min)

Dwell
time
(min)

Extraction
time (min)

Sintering
process time

(min)

Larger
grain size
(μm)

Heating
rate (°C/h)

Dwell
time (h)

Cooling
rate (°C/h)

Larger
grain size
(μm)

x1s 5 0 5 10 ∼2 x1a 200 30 200 ∼2
x2s 5 10 5 20 ∼4 x2a ∼5
x3s 10 10 10 30 ∼5 x3a ∼6
x4s 100 30 100 230 ∼7 x4a ∼9
x5s 100 60 100 260 ∼10 x5a ∼10

Table 2: Characteristic properties of annealed BCZN ceramics.

Sample Sintering parameters at 1450°C Density (g/cm3) Porosity (%)
Shrinkage Δl/l (%)

Insertion-dwell-extraction times (min) Geometrical Skeleton Total Closed Open
x1a 5-0-5 6.29 6.37 3.23 2 1.23 15.92
x2a 5-10-5 6.23 6.29 4.15 3.23 0.92 16.41
x3a 10-10-10 6.21 6.3 4.46 3.08 1.38 16.55
x4a 100-30-100 6.22 6.33 4.31 2.62 1.69 16.43
x5a 100-60-100 6.22 6.32 4.31 2.77 1.54 16.62

Table 3: Dielectric properties (measured at 6GHz) of sintered and annealed BCZN ceramics.

Sintering parameters at 1450°C Sintered sample QF (GHz) Annealed sample QF (GHz)
Insertion-dwell-extraction times (min) After sintering (1450°C) After annealing (1300°C-30 h)
5-0-5 x1s 31 830 x1a 88653
5-10-5 x2s 40 699 x2a 112 598
10-10-10 x3s 40 888 x3a 109 594
100-30-100 x4s 48 003 x4a 107 964
100-60-100 x5s 52 799 x5a 107 491

6cm Air

Alumina boat

15cm

Heating elements

Pellet

Tube furnace

150cm

Alumina push-rod

Automated control system

insertion time
(min) dwell (min)

TºC
on/off

extraction time
(min)

Figure 1: Schematic illustration of the rapid-rate sintering equipment.
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at 1300°C (samples x1a to x5a). �e RRS-ceramics surfaces
are formed of round shaped grains (Figure 4(a)). �e grains
size increase with the global sintering time (the samples from
x1s to x5s are arranged in ascending order of dwell time at
1450°C as is reported in Table 1). On the other hand, we can
also note that the larger grains of about 7 µm are observed in
x5s-ceramic which corresponds to the insertion/extraction
times of 100/100minutes and a longer holding time of
60min during the sintering process. Furthermore, the x1s-
sample with zero dwell time and insertion/extraction times
of 5/5minutes exhibits the smallest values of the grain size
(∼1 µm).

�e surface microstructures of BCZN ceramics annealed
at 1300°C for 30 h are shown in Figure 4(b). �e annealing
process highlights the development of the secondary phases
on the surface of the BCZN specimens with needle-shaped
grains. �is result is in accordance with that obtained from
XRD analysis (see Figure 2(b)). �e atomic percentages
derived from the EDS spectra (not shown here) clearly
revealed that the round particles consist of Ba (Co0.7Zn0.3)
1/3Nb2/3O3 composition, and the needle-shaped grains
consist of the Ba8(Co, Zn) 1Nb6O24 phase, in good
agreement with the XRD analyses (Figures 2(a) and 2(b)).
�ese results are also in agreement with the literature [3, 7].
Figures 5(a) and 5(b) show the SEM images of the bulk

BCZN ceramics after the RRS process at 1450°C (samples x1s
to x5s) and after annealing process at 1300°C for 30 h
(samples x1a to x5a). �e SEM micrographs of BCZN bulk
ceramics were taken from a depth of about 120 μm. �e
microstructure morphology observed for BCZN bulk sin-
tered ceramics (Figure 5(a)) is similar with a round particle
morphology observed of BCZN surface sintered ceramics
(Figure 4(a)). However, increasing grain sizes were observed
with the increasing sintering time process, with a larger
typical grain size of 3–10 microns that has been observed in
the x5s-sample (Figure 5(a)). �is result is in accordance
with the SEM analysis obtained on the sintered surface of
BCZN specimens (Figure 4(a)). From Figure 5(b), it can be
seen that the annealing process leads to similar morphol-
ogies as those observed for not annealed ceramics. �ese
results are also in agreement with the XRD analyses
(Figure 3(b)). On the basis of these experiments, we con-
clude that the annealing step at 1300°C for 30 h has a little
e�ect on the grain growth (see Table 1). In contrast, sec-
ondary phase formation is developed. Table 2 shows the
structural properties of the ªnal annealed BCZN ceramics.
�e total porosity was calculated by the di�erence between
the geometrical and the theoretical densities of the BCN
phase (ρ (BaCo1/3Nb2/3O3)� 6.5 g/cm3, JCPDS card No.
46–0997). �e closed porosity was calculated from the
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Figure 2: X-ray di�raction pattern taken from the surface of BCZN ceramics: (a) BCZN sintered ceramics recorded for di�erent thermal
cycles and (b) BCZN annealed ceramics at 1300°C for 30 (h) •: Ba (Co0.7Zn0.3) 1/3Nb2/3O3, ∗: Ba8 (Co, Zn) 1Nb6O24, and◆: Ba5Nb4O15.
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skeleton (He pycnometry) and theoretical density, and these
latter porosities (total and closed) are used to calculate the
open porosity. �e linear shrinkage was calculated by using
the ΔL/L0 ratio (where ΔL is the change in length of the
annealed ceramic, and L0 is the initial length of the speci-
men). As shown in Table 2, regardless of the heat thermal
process, all samples have a large relative density (skeletal) of
about 6.3 g/cm3, that is, >96% of the theoretical density
(T. D.) (see Figure 6). �erefore, all specimens exhibit low
total porosity ranging from 3 to 4.5%. �e closed porosity
was in the range 2–3%, and the open porosity was about 1%.
�is lower porosity can be explained by the high density of
the BCZN ceramic that is very near to theoretical density.
Higher values of shrinkage of about 16% are observed for all

the annealed ceramics. �is is in good agreement with the
skeletal density which is ∼6.3 g/cm3.

3.2. Microwave Dielectric Properties. �e microwave di-
electric properties measured at about 6GHz of the Ba
(Co0.7Zn0.3)1/3Nb2/3O3 (BCZN) ceramics were investi-
gated for all specimens after the RRS technique under air at
1450°C for di�erent thermal cycles and after annealing
process at 1300°C for 30 hours in the air. Figure 6 shows the
relative density and quality factor (QF) as a function of
sintering process time for BCZN ceramics. �e results of the
dielectric characteristic measurements of the annealed Ba
(Co0.7Zn0.3) 1/3Nb2/3O3 specimens are summarized
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Figure 3: X-ray di�raction pattern for bulk BCZN ceramics: (a) BCZN sintered ceramics recorded for di�erent thermal cycles and
(b) BCZN annealed ceramics at 1300°C for 30 h.
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Table 3. It is interesting to remark on Table 3 that regardless
of thermal cycle conditions used of the RRS technique, the
sintered BCZN ceramics exhibit low values of QF. �e QF
values measured in the present work increase with the
sintering process time, from 31 830 (x1s-sample) to 52
799GHz (x5s-sample) together with the increase of the grain
size of ceramics (see Figure 4(a)). It should be noted that the
presence of these secondary phases on the specimen surface
(BCZN) seems to have no e�ect on the dielectric properties

[3]. �is is due to good microwave dielectric properties of
the Ba5Nb4O15 and Ba8 (Co, Zn) 1Nb6O24 phases
[15, 17, 18]. Vanderah et al. reported that the Ba5Nb4O15 is
a cation-deªcient perovskite and that the general formula
can be written as follows: AnBn-1O3n [19]. Densiªed
Ba5Nb4O15 ceramics exhibit the good microwave dielectric
properties of εr� 39.2, QF� 27 200GHz, and τf� 72 ppm C−1
[18]. On the other hand, Solomon et al. reported that
Ba8ZnNb6O24 has a quality factor (QF) equal to 10 890GHz
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Figure 4: SEM images of the surface of BCZN ceramics. (a) On the surface after sintering. (b) On the surface after annealing.
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Figure 5: SEM images of BCZN bulk ceramics. (a) BCZN sintered ceramics for di�erent thermal cycles and (b) BCZN annealed ceramics at
1300°C for 30 h.
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at 3.96GHz, a relative dielectric constant εr� 36.26, and a
temperature coe�cient of resonant frequency τf� 49.9 ppm
C−1 [15].�e thermal annealing process greatly improves the
QF values: high QF values close to 110 000GHz were ob-
tained for all annealed ceramics, except for the x1a-sample
which shows a value of 88 653GHz. On the other hand, if we
consider the total treatment time including the RRS tech-
nique and annealing process times, the QF values measured
in annealed pellets increase signiªcantly with total time to
reach a maximum (x2a-sample) followed by stabilization of
the QF values (see Figure 6). Furthermore, as shown in
Table 3, the maximum QF value of 112 598GHz is observed
of the x2a-annealed sample. As a matter of fact, we have
already shown that the improvement of the annealing QFs
are due to the degree of 1: 2 cation ordering within the BCZN
crystal, which is taking place during the annealing process
[6]. �e high dielectric constant εr of ∼34.5 and a tem-
perature coe�cient of the resonant frequency τf of ∼0 ppm
C−1 were obtained in all annealed ceramics. It is important to
note that the sintered and annealed pellets exhibit the same
values of εr and τf. From these results in this study, it can be
concluded that the e�ect of the grain size and porosity may
be small in the improvement of QFs of BCZN ceramics.
Moreover, it is noticeable that the 1: 2 cation ordering into
the BCZN perovskite structure plays a key role in improving
the factor quality.

In order to highlight the advantages of the RRS tech-
nique, a comparison between QF values of the RRS sample
with those obtained by other processes (given in references
[3, 6]) is carried out. �e QF values of BCZN ceramics
obtained by the RRS technique, sintering, and postsintered
annealing are plotted in Figure 7. It is interesting to remark
on Figure 7 that the high QF-value of 112 598GHz is ob-
served of the post-RRS annealed BCZN sample (x2a-
annealed sample) corresponding to 43h05 of total process
time. Moreover, the postsintered annealing process exhibits
the highest QF value (123 700GHz [6]) for which a longer
processing time is required (59h00). �e sintering process
with a total time of 43h15 permit to have a QF of 96 132.�is
comparison shows a compromise to be kept between a high
QF and a shorter processing time.

4. Conclusion

�e in®uence of the heat treatment by using the RRS
technique on the structural and microstructural character-
istics of the Ba (Co0.7Zn0.3) 1/3Nb2/3O3 ceramics was
investigated by combining XRD and SEM analyses. �e
relationship between structural/microstructural character-
istics and microwave dielectric proprieties of BCZN ce-
ramics was explored. Dense dielectric BCZN ceramic
materials can be achieved in a shorter sintering time by using
the RRS technique. �us, the rapid-rate sintering technique
permits to produce pure BCZN ceramic materials on both
the surface and in bulk by avoiding the secondary phase
formation on the BCZN ceramic surface. Ba5Nb4O15 and
Ba8 (Co, Zn) 1Nb6O24 are secondary surface phases, and it
was detected only when the BCZN sample was annealed at
1300°C for 30 hours, which is di�erent in the case of con-
ventional sintering treatment. �e Ba (Co0.7Zn0.3) 1/3Nb2/
3O3 ceramics exhibit the morphologies of round shaped
grains, and the Ba8 (Co, Zn) 1Nb6O24 phase highlights
needle-shaped grains.

�e microwave dielectric properties are not a�ected by
the rapid-rate sintering process (RRS); however, they de-
pend sensitively by the second heat treatment (annealing
process).�e high QF value of 112101GHz was observed for
the BCZN sample sintered at 1450°C under air with rapid-
rate sintering (insertion/extraction times of 5/5 minutes)
and with a short holding time of 10min followed by a longer
annealing process time at 1300°C for 30 h in the air.

Finally, and in comparison to the conventional sintering
processing, large time savings of 16.25 hours were recorded
by using the RRS technique to have cleaner BCZN ceramic
materials with the same highmicrowave dielectric properties
(εr� 34.5, QF� 112 598GHz, and τf� 0 ppm C−1).
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For human society, all activities require energy support. Solar cells are a means of converting solar energy into electrical energy
using the photovoltaic effect of semiconductor materials. )is photoelectric absorber layer has been developed for more than
70 years. Currently, the layered solar panel industry has achieved an energy conversion efficiency of 47%. In addition to efficiency,
the cost of solar cells has been optimized, and the cost of commercial silicon solar cells has been greatly reduced.)ere is an urgent
need for energy transfer research through the solar cell interface. Many researchers are studying and discovering new elements in
this field. On this basis, the transmission ion interface of ultra-thin in-amplified quantum solar cell panels was studied, and very
effective conclusions were drawn on the basis of experimental preparation and analysis.

1. Introduction

Energy is the basis of all activities, the guarantee for the
smooth functioning of the physical world, and the backbone
force that supports the development of human society. For
human society, all activities require the support of energy
[1]. In the period of fuel wood energy, people’s demand and
use of energy were relatively limited, mainly using wood,
grass, and other energy sources to boil water and cook [2].
During the fossil energy period, people used coal, oil, natural
gas, etc., to power the development of society.

To this day, fossil energy continues to provide us with
energy as a major part of the human energy mix. Figure 1
shows the findings on the share of all forms of energy in total
energy consumption at the global scale in 2017, which shows
that fossil energy accounts for 79.7% of the current global
energy supply [3].

Fossil energy has supported the human society through
the first and second industrial revolutions and has made an
indelible contribution to the development of human society.
As society’s demand for energy has gradually increased, the
use of fossil energy has also increased [4]. However, since the
formation of fossil energy requires a long process, the total

amount of fossil energy is basically not increasing, which leads
to the gradual decrease of fossil energy available to human
beings and the imminent crisis of running out of fossil energy.
According to the world energy statistical yearbook, even coal,
the largest remaining resource, will be depleted in 132 years
according to the current usage, while oil and natural gas can
only support human use for another 50 years, as shown in
Figure 2 [5]. Without energy, the development of human
society will come to a halt or even regress back to the slash-
and-burn period. )erefore, for the continuity of human
development, new energy sources that can replace fossil
energy sources need to be developed urgently.

After a long period of unremitting efforts, a series of new
energy have been developed and utilized by people. Com-
pared with fossil energy, these new forms of energy have
significant advantages in terms of environmental friendli-
ness and sustainable utilization. Solar energy is the energy
radiated to the outside world by the sun through thermo-
nuclear fusion, which has the characteristics of large total
energy, long availability, uniform distribution, and no
pollution, and is an extremely ideal energy source.

But this economy is an economy based on fossil energy
sources, and once fossil energy sources face depletion, the
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human economy will face heavy damage.)e three global oil
crises, for example, have had a serious impact on the global
economy. According to the rate and trend of global fossil
energy consumption, the most optimistic estimate of the
American Petroleum Association (APA) is that the fossil
energy reserves will only last for more than 100 years [6]. On
the other hand, the extraction and use of oil and coal have
simultaneously caused irreparable damage to the Earth’s
environment, most typically in the form of atmospheric
pollution and the greenhouse effect. )e scientific and or-
derly exploitation of nuclear energy and natural resources
(e.g., wind, solar, hydro, etc.) can effectively improve these
problems in light of current human science and technology
[7]. At the beginning of 2011, nuclear energy was considered
to be at the beginning of a renaissance, but with the
Fukushima nuclear accident, the brakes were applied
sharply.)e development and utilization of solar energy, the
most abundant of natural energy sources, has now long been
a new field of research worldwide, and initial progress has
been made in the collection, storage, and utilization of solar
energy.

2. Related Work

Photothermal utilization and photovoltaic utilization are the
two main forms of solar energy utilization by humans at
present. Photothermal utilization refers to the use of ma-
terial molecules, converting light energy into heat energy to
be utilized. Photovoltaic utilization refers to the use of solar
cell devices to convert the energy carried by sun photons into
the potential energy of electrons in semiconductor materials
and transport it outward. Compared to the photovoltaic
utilization of solar energy, photothermal utilization is in-
efficient because the conversion process requires the par-
ticipation of a medium [8].

)e beginning of solar cells was the discovery of the
photovoltaic effect by the French physicist Becquerel in
1839, and the discovery of this effect made the emergence of
solar cells possible. In 1905, Albert Einstein proposed the
photoelectric effect to explain the phenomenon of electrons
emitted bymaterials exposed to light, and this theory was the
basis for the work on solar cells. In the 1950s, PN junctions
were prepared by wafers, and a significant photovoltaic effect
was found in these PN junctions. With the photovoltaic
effect of this PN junction, Bell Laboratories prepared solar
cells with 4.5% photovoltaic conversion efficiency, which
was later increased to 6% [9]. In the following decades, the
performance of solar cells has been continuously improved
and the types of solar cells have been enriched [10]. Among
them, silicon-based solar cells have the longest history of
development and have achieved excellent results both in
terms of high-efficiency devices and commercialized mod-
ules [11]. Based on the excellent light absorption ability of
these new photovoltaic materials, only a few hundred
nanometers to a few microns of light absorption layer
material are needed to achieve complete absorption of
sunlight, which makes the preparation of solar cell devices
requires only a very small amount of material, significantly
reducing the material cost of device fabrication, thus making
this type of solar cell power generation [12]. )is reduces the
material cost for device fabrication and, thus the cost of
power generation for this type of solar cell.
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Although the cost of these solar cells has dropped sig-
nificantly, they are still more expensive than the current
thermal power generation and are at a disadvantage in
competition with thermal power generation [13]. For ex-
ample, the maximum capacity of copper indium gallium
selenide solar cells is limited by the presence of rare metals
indium and gallium in the material, while cadmium telluride
solar cells need to consider the possible loss of heavy metal
cadmium to the natural environment during the process of
use [14]. )ey mostly use organic materials to construct the
devices, and the more representative ones are organic small-
molecule solar cells using organic small-molecule materials
as the donor and receptor [15]. )e new solar cells have the
characteristics of little or no pollution to the environment
and low material requirement, and also their photoelectric
conversion efficiency can be accepted [16–18].

According to the time of its appearance in the market,
the development of solar cell technology was divided into
three generations by Martin Green, a well-known expert
[19]. Table 1 specifies information on the categories, current
efficiencies, preparation costs, and advantages and disad-
vantages of several types of solar cells.

Based on the analysis of the three generations of solar
cells, the efficiency of the new chalcogenide solar cells is very
close to that of the traditional monocrystalline silicon and
gallium arsenide solar cells and has a lower manufacturing
cost and process compared to them, thus becoming one of
the most popular categories in the solar cell research field in
recent years [20].

3. Basic Knowledge

)e working principle of solar cell is mainly divided into
three processes: light absorption process, electron-hole pair
excitation process, and photogenerated carrier separation
process. As in Figure 3, firstly, electron-hole pairs are
generated when sunlight irradiates on the PN junction
sample of the semiconductor, and secondly, the electron-
hole pairs generated are transferred.

3.1. Characteristics and Parameters of Solar Cells. )e vol-
tammetric characteristic curve is a function of the current I
(Current, A) and voltage V (Voltage, V) under certain light
intensity and ambient temperature, as shown in Figure 4.
Since themagnitude of the current is affected by the solar cell
area A (solar cell area, cm2), the current density J (current
density, A/cm2) is commonly used instead of the current I to
describe the voltammetric characteristics. )e relationship
between the two is J� I/A; that is, the size of the current I is
proportional to the area of the solar cell.

For the solar cell Ohm’s law, if the load resistance R (load
resistance,Ω) is added, the formula is J=V/AR. Figure4 shows
the correspondence between the size of the load resistance and
the operating current and voltage (R1 >R2 >R3).

)e photovoltaic conversion efficiency (IPCE), energy
conversion efficiency (PCE), maximum output power
(maximum output power, Pmax), fill factors (fill factors, FF),
energy conversion efficiency (power conversion efficiency,
PCE), and other components are the values of these pa-
rameters that measure the good and bad of solar cells.

)e definition of each parameter and the influencing
factors are as follows.

Table 1: Classification of solar cells.

Classification Category Efficiency
(%) Cost Advantages and disadvantages

Silicon crystalline solar cells (first
generation)

Monocrystalline Silicon 27.5 very
high Complex process, good stability

Polysilicon 23.3 Higher Simple process, high development
potential

Amorphous Silicon 21.5 High Simple process, poor stability

)in film solar cells (second
generation)

Cadmium Telluride (CdTe) 22.3 Lower Serious environmental pollution

Gallium Arsenide (GaAs) 27.9 very
high Good stability

Copper Indium Gallium Selenide
(CIGS) 23.3 Higher Shortage of raw materials for

preparation
Inorganic Cell (CZTSSe) 12.5 Low Simple process, poor stability

New concept solar cells (third
generation)

Dye Sensitization (DSSC) 12.3 Lower Severe pollution, poor stability
Quantum dot sensitization

(QDSC) 16.7 Low Low efficiency, good stability

Calcium Titanite (PSCs) 25.1 Low Simple process, poor stability

P-type 
semiconductor

PN 
junctions

N-type 
semiconductors

External electric field

Incident light Incident light

Figure 3: Working principle of solar cell.
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3.1.1. Open-Circuit Voltage Voc. In the voltammetric char-
acteristic curve is expressed as the intercept of the curve on the
voltage axis shown in Figure 4. )e Voc size of solar cells is
largely determined by the energy. In addition, different cell
structures, different absorber layer materials, interface prop-
erties, and the degree of charge compounding in the device.

3.1.2. Short-Circuit Current Density Jsc. In the voltammetric
characteristic curve is expressed as the intercept of the curve
on the current density axis shown in Figure 4. )ere are
various factors affecting the short-circuit current, including
light intensity, cell structure, thickness of different layer
materials, the nature of carrier transport, and the type of
absorber layer material. )e smaller the band gap of the
absorber layer material, the greater the absorption spectrum
can match the solar spectrum so that more photons can be
converted into electricity.

)e short-circuit current Jsc with IPCE and the solar
photon flux, whose integral equation is shown in the fol-
lowing equation:

Jph � Jsc � q 
∞

0
QE(E)bs E, Ts( dE. (1)

It indicates the number of solar radiation photons per
unit time, area energy in the range of E to E + dE, bs(E, Ts),
and the temperature of the sun Ts related.

3.1.3. Photovoltaic Conversion Efficiency (IPCE).
Photovoltaic conversion efficiency (IPCE) is ameasure of the
efficiency of incident light energy to solar cells after the final
conversion into electricity, which is usually used as the EQE.
)e EQE is usually used as the index of IPCE. )e defining
equation is shown in the following equation:

IPCE(%) �
ne

np

�
1240 × JSC

λ × Pin

× 100%, (2)

where λ denotes the wavelength of incident monochromatic
light and Pin denotes the incident light power.

)e photovoltaic conversion efficiency of solar cells
generally depends on the following three factors.

(1) )e absorption efficiency of the material for photons;
(2) )e separation efficiency of the carriers;
(3) Carrier transport efficiency.

In addition, its value is also related to the wavelength or
energy of light.

3.1.4. Maximum Output Power Pmax. )e maximum output
power Pmax, that is, in a certain load resistance R, the output
of the product of operating current and operating voltage
can reach the maximum value, also known as rated power
(rated power density), in the voltammetric characteristic
curve shown in Figure 5 is called the best working point,
respectively, expressed in Vmp, Jmp.

3.1.5. Filling Factor FF. )e defining equation is shown in
the following equation:

FF �
Pmax

Voc × Jsc

�
Vmp × Jmp

Voc × Jsc

. (3)

In Figure 5, the area of the rectangle corresponding to
the optimal operating point Pmax � Vmp × Jmp . )e series
and parallel resistance of the solar cell device has a large
impact on FF. )e smaller the parallel resistance of the
device, the higher the shunt current.

3.1.6. Energy Conversion Efficiency PCE. )e defining
equation and its relationship are shown in the following
equation:

PCE �
Pmax

Pin

�
Vmp, Jmp

Pin

�
FF × Voc × Jsc

Pin

. (4)
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Figure 5: Voltammetric characteristic curve of the solar cell.0 Voltage V Voc
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Figure 4: Solar cell voltammetric characteristic curve.
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)e energy conversion efficiency curve is shown in
Figure 5. Since energy conversion efficiency is closely related
to solar irradiance, a standard solar irradiance condition
needs to be defined. )e standard test condition (STC)
prevailing in the industry is defined as

(1) Atmospheric mass (Air mass) AM1.5.
(2) Solar Irradiance (Solar Irradiance) P� 1000W/m2.
(3) Ambient temperature Ta � 25 ± 1∘C.

)rough statistical records of the energy shown in Ta-
ble 2: in general, the solar cell is also relatively larger,
resulting in a larger open-circuit voltage, while a large band
gap makes it more difficult for electrons, and vice versa.

)e FF is an artificially specified parameter
FF � (Vmax × Jmax/Voc × Jsc), which is the maximum output
power divided by the maximum current and voltage that the
device can provide.

And for obtaining the value of Rs,Rsh in the analog
circuit, we can obtain it by fitting the J − V curve of the
device. From this we can obtain the following relationship:

Jsh �
Vsh

Rsh

. (5)

J � Jsc − Jda rk − Jsh. (6)

Vsh � V + JRs. (7)

)rough the Shockley equation,

Jda rk(V) � J0 exp
qV

kBT
  − 1 . (8)

)e dark state current density Jda rk , where J0 is the
reverse saturation current density that can be obtained by
performing a dark state J − V curve test on the device.

Substituting equations (5), (7), and (8) into (6), we get

J(V) � Jsc − J0 exp
q V + J(V)Rs( 

kBT
  −1  −

V + J(V)Rs

Rsh

.

(9)
)e value of Rs, Rsh for the device is obtained by fitting

the J − V curve of the device with equation (9).

4. Experiments

)e reagents andmaterials used for the preparation of CdSeTe
QDs included oleylamine (OAm, 80%–90%) and anhydrous

methanol (CH3OH), anhydrous ethanol (CH3CH2OH), ace-
tone (CH3COCH3), dichloromethane(CH2CI2)), and tri-
chloromethane (CHCI3). )e transparent electrodes for
QDSCs were conductive glass (FTO, 14Ω/square) purchased
from Pilkington.

Scanning electron microscope (SEM) testing is a test
method that uses the interaction between an electron beam
and a material to analyze the morphology of the material
surface. )e SEM test mainly detects the secondary electron
signal generated by the excitation of the material after the
surface is bombarded by the electron beam. )e SEM test
equipment used in this work is a Shimadzu JSM-6700F
scanning electron microscope.

4.1. Characterization Analysis Based on Cu2SnS3 Quantum
Dot Material. We prepared Cu2SnS3 quantum dots by the
thermal injection method, dissolved them in tetrachloro-
ethylene solution, and then spin-coated them on the
chalcogenide absorbing layer under nitrogen atmosphere
after ultrasonic stirring and homogenization. It was re-
ported that the reactivity of the precursor and the binding
strength of the encapsulant had a great influence on the
crystal structure of Cu2SnS3. By changing the reactivity of
the precursor and/or the binding strength of the encap-
sulant, certain high-temperature and substable phases of the
material can be obtained by wet chemistry at low tem-
peratures, such that sphalerite structures, fibrillated zinc
structures, and mixtures of sphalerite and fibrillated zinc
structures can be obtained under different conditions. In
this experiment, Cu2SnS3 quantum dots with sphalerite and
fibrillar zincite structures were synthesized by wet chem-
istry at low temperature, and their structures are shown
schematically in Figure 6.

In order to further determine the structure of the pre-
pared Cu2SnS3 quantum dots, X-ray diffraction (XRD)
analysis was performed to characterize them. Figure 7 shows
the X-ray diffraction pattern of Cu2SnS3 quantum dots. )e
results show that we can prepare Cu2SnS3 quantum dots
with sphalerite and sillimanite structures, respectively, and
our diffraction patterns are consistent with the simulated
and experimental patterns reported in the relevant literature.

As shown in Figure 8, in order to further determine the
ratio of each element in the prepared Cu2SnS3 quantum dots
and to avoid the formation of impurity phases such as
Cu3SnS4, Cu4SnS4, and Cu2Sn2S7, we performed energy
dispersive spectroscopy (EDS) analysis on the Cu2SnS3
quantum dot films. )e ratios of Cu, Sn, and S are basically

Table 2: Performance parameters statistics of some different types of solar cells.

Battery type Bandgap Eg (eV) Cell area (A/cm2) VOC/V JSC/(mA/m2) FF (%) PCE (%)

Monocrystalline Silicon 1.13 79.1 0.739 42.66 84.91 26.8
Cadmium Telluride (CdTe) 1.45 1.0624 0.8760 30.26 79.5 21.1
Gallium Arsenide (GaAs) 1.43 0.997 1.1271 29.77 86.6 29.0
Copper Indium Gallium Selenide (CIGS) 1.20 1.042 0.732 39.57 80.3 23.34
CZTS — 1.112 0.7085 21.79 65.2 10.1
Dye Sensitization (DSSC) — 1.004 0.745 22.49 68.8 13.47
Organic Cells — 1.025 0.8423 23.27 68.5 13.47
Calcium Titanite (PSCs) ∼1.5 1.0236 1.194 21.65 83.7 21.4
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Figure 6: Schematic structure of sphalerite and sillimanite of Cu2SnS3 quantum dots.
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Figure 7: XRD patterns of sphalerite and fibrillar zincite structures of Cu2SnS3.
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Figure 8: (a) EDS spectra of Cu2SnS3 quantum dots and (b) proportion of each element of Cu2SnS3 quantum dots measured by EDS.
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Figure 9: TEM images of Cu2SnS3 quantum dots at different magnifications: (a) 50,000x; (b) 80,000x; (c) 100,000x; (d) 150,000x.
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Figure 10: (a) Schematic diagram of the device structure of the prepared PSCs. (b) Energy band arrangement of each material in the
prepared PSCs.
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close to Cu : Sn : S� 2 :1: 3, which is consistent with the
stoichiometric ratios of the quantum dots we prepared.

In order to better observe the morphology and size of the
prepared quantum dots, transmission electron microscopy
(TEM) characterization of Cu2SnS3 quantum dots was
carried out. )e TEM images of Cu2SnS3 quantum dots at
different magnifications are shown in Figure 9. Based on the
TEM images, it was found that the Cu2SnS3 quantum dots

prepared by us have good dispersion ability, the size dis-
tribution is in the range of about 2–10 nm, and the mor-
phology is mainly irregular polygons. )e morphology and
size of Cu2SnS3 quantum dots are mainly influenced by the
reaction temperature and reaction time of the solution. )e
specific characteristics of Cu2SnS3 quantum dots are de-
scribed in detail in the following section on the structural
characterization of PSCs. )e specific characteristics of

Table 3: J − V test parameters of InN ultra-thin layer batteries grown at different temperatures.

Samples JSC/(mA/m2) VOC/V FF/% n/%

Reference 13.27 0.55 62.36 4.67
InN-170°C 13.34 0.59 67.99 5.24
InN-200°C 14.44 0.59 69.99 5.48
InN-230°C 13.58 0.56 66.54 4.67
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Figure 11: (a)J − Vcurves of QDSCs based on different InN thickness; (b) quantum efficiency of QDSCs based on different thickness of InN;
(c) Nyquist curves of QDSCs based on different thicknesses of InN; (d) bode curves of QDSCs based on different thicknesses of InN.
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Cu2SnS3 quantum dot films are described in the next section
on structural characterization of PSCs.

4.2. Device Film Characterization Based on Cu2SnS3 Hole
Transport Material. Based on the preliminary research and
characterization of the prepared Cu2SnS3 quantum dots, we
believe that Cu2SnS3 quantum dots can be applied as HTM in
PSCs. So we prepared the structure shown in Figure 10(a), in
which SnO2 is used as the ETM, Cu2SnS3 is used as the HTM,
and the material used for the chalcogenide absorber layer is
(FAPbI3)1−X(MAPbBr3)X. As shown in Figure 10 that the en-
ergy level diagram of each material shown in Figure 10(b)
further demonstrates the degree of bandgap matching for each
transmission layer of the prepared chalcogenide devices. After
reviewing the literature, the conduction band position of ITO is
−4.7 eV, the conduction band (Ec) and valence band (Ev)
positions of SnO2. As shown in Figure 10(b), the correlation
between the band gaps of the layers is more intuitively dem-
onstrated. )e valence band value of Cu2SnS3 layer indicates
that Cu2SnS3 quantum dots can replace Spiro-OMeTAD, ef-
fectively extract the holes generated by the chalcogenide layer.

)e calculated FF is 69.98%. )e FF is calculated as

FF �
Pm

JscVoc

. (10)

Comparing the reference cell with the cell deposited with
InN film at 200°C, it can be seen from the parameters in
Table 3 that Jsc increases from 13.28mA/cm2 to 14.43mA/
cm2 with little change, Voc increases from 0.56V to 0.58V
with little change; while FF increases from 62.37% to 69.98%
with a large change.

To further investigate how the introduction of InN ultra-
thin layers affects the internal performance of the cell system
of QDSCs, as shown in Figure 11 that the transport char-
acteristics of electrons in the photoanodes of QDSCs are
investigated in detail.

5. Conclusion

)e photovoltaic performance of CdSeTe-based QDSCs can
be enhanced to a certain extent by depositing InN ultra-thin
layers using PEALD, and different deposition temperatures
and thicknesses of InN show different influence patterns. )e
conversion efficiency of CdSeTe-based QDSCs was signifi-
cantly improved by the introduction of InN ultra-thin layers
in a certain thickness and deposition temperature range.
Among them, the InN films at 200°C and 10 cycles are more
ideal, and the conversion efficiency of the CdSeTe cells ob-
tained can reach 5.47% and FF up to 69.98%. )e intro-
duction of InN can promote carrier transport, significantly
increase FF, accelerate electron extraction, and reduce the
transmission impedance Rct−Tio2 at the photoanode.
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)e experimental data used to support the findings of this
study are available from the corresponding author upon
request.
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Aluminium 7075 metal matrix composite reinforced with silicon nitride was fabricated using the stir casting technique.
Composite fabricated was machined and subjected to wire electrical discharge machining to study the signi�cant process pa-
rameter. Taguchi design of experiment using L9 orthogonal array was selected with three factors, current, pulse ON time, and wire
feed at three levels. In�uencing process parameters were identi�ed using analysis of variance. Pulse ON time of 130 μs, current of
20 A, and wire feed of 1mm/min were identi�ed as optimized parameters for higher material removal rate. For a good surface
�nish, the optimized parameter was identi�ed as 130 μs pulse ON time, 20A current, and wire feed rate of 2mm/min. Pulse ON
time was identi�ed as an in�uencing parameter followed by the current in achieving better material removal rate with good surface
�nish, whereas wire feed has no in�uence on the output parameters. Results of experimentation showed improved machining
characteristics for higher pulse ON time and current for machining the synthesized composite through the Taguchi design of
the experiment.

1. Introduction

Wire electrical discharge machining (WEDM) is advanced
machining method to machine harder materials with ac-
curacy at faster rate. Materials such as aluminium 7075
composites used in aerospace, defence, and military are in
need of good surface �nish and accuracy. Conventional
machining methods �nd it di�cult to machine harder
materials and complex shapes with accuracy and good
surface �nish to meet the requirements. Adding ceramic
materials in aluminium metal matrix composite makes the
surface hard leading to more wear rate of the tool and poor
surface �nish [1]. Due to high fatigue and tensile strength,
good corrosion resistance, aluminium alloy (AA) 7075 is
predominantly used as matrix material [2]. Increasing the
content of silicon nitride (Si3N4) as reinforcement increases
the hardness of the composite. Decreasing in hardness is
found with increased load and dwell time [3]. Hybrid metal

matrix composite (MMC) reinforced with aluminium oxide
(Al2O3) and silicon carbide (SiC) showed decreased material
removal rate (MRR) and lower surface �nish for increased
reinforcement percentage [4]. Increased cutting speed for
machining ceramic-reinforced MMC increases tool wear
with reduced MRR [5]. In analyzing the input parameters
such as voltage, current, and pulse on and o¢ time using the
response surface methodology (RSM) technique on MRR
and surface roughness (Ra), the current was identi�ed as the
most in�uencing parameter [6]. In turning operations, to
control Ra, depth of cut along with feed and speed is to be
considered [7]. In machining aluminium metal matrix
composite (AMMC) containing 10 percentage �y ash and
SiC, speed of cutting was identi�ed as signi�cant parameter
[8]. �e weight percentage of reinforcement in�uences Ra
along with gap voltage forMRR [9]. Stir-casted AA7075 with
10 percentage of SiC particles showed lower Ra when turned
using carbide and polycrystalline diamond (PCD) inserts
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[10]. AMMC with SiC reinforcement showed surface defects
when optimized using Box–Behnken design [11]. Modelling
of a process parameter, dielectric medium, and electrode
material is the main objective ofWEDM [12]. SiC-reinforced
AA6063 MMC showed decreased MRR for an increased
percentage of reinforcement using the Taguchi L9 orthog-
onal array [13]. MMC-containing ceramic reinforcements
showed lower MRR and surface finish for increased volume
of SiC and Al2O3 reinforcements [14]. Increased current and
pulse on time increases MRR and Ra in machining Al–SiC
MMC [15]. Increasing gap voltage increases current leading
to increased MRR. MRR is found to be directly proportional
to current [16]. (e thickness of the workpiece is to be
considered for a good surface finish when maintaining a
pulse on time at constant with a lower power supply [17].
Current, pulse time, and flow of dielectric liquid are to be
considered to get better MRR and lower Ra [18]. Die steels
and hard metals and MMC use WEDM for machining with
good accuracy [19]. Kerf width and Ra are influencedmajorly
by pulse on time [20]. MRR is decreased when increasing gap
voltage and pulse off time. Increased pulse ON time and
current increase MRR [21]. MRR has direct proportional to
pulse on time and inverse proportional to pulse off time [22].
In machining DC53 die steel, the significant variable was
concluded as current and pulse on time [23]. In optimi-
zation, pulse off time, pulse on time, servo voltage, current,
wire tension, and gap voltage are to be considered as input
parameters [24]. Regression equation in Taguchi design of
experiment (DOE) is used to correlate MRR to get optimized
process parameters [25]. Pulse on and off time are the major
parameters in attaining hardness and better surface finish
[26]. Pulse on time is seen to have direct proportional to wire
wear and MRR whereas surface finish is seen to be inversely
proportional to pulse on time [27]. (eir different studies
focus on the optimization of process parameters in ma-
chining with coated cutting tools, steels, and composite
materials [28–30]. Lots of investigations were seen on op-
timization of process parameters using WEDM using SiC
and Al2O3, with AA7075. In this study, AA7075 reinforced
with Si3N4MMCwasmachined usingWEDM to identify the
optimal process parameter. Si3N4 reinforcement was se-
lected for this study due to its high hardness, wear resistance,
and thermal conductivity.

2. Materials and Methods

2.1. Composite Fabrication. Composite was fabricated using
stir casting process with 90% of aluminium alloy 7075
reinforced with 10% of silicon nitride ceramic reinforcement
of particle size ranging from 20 to 40 μm. (e stir-casting
process was selected for composite fabrication due to its easy
fabrication at low cost. Matrix material AA7075 was melted
to 750°C andmaintained at the same temperature. Preheated
silicon nitride at 600°C for an hour was then added to the
melt and stirred well and cast in the mould to get a defect-
free casting for the analysis. Electronica Wire electrical
discharge machine was selected for machining the prepared
composite. A brass wire of 0.25mm with water as the di-
electric liquid was taken for machining the composite.

Standard test samples of 30mm diameter with 10mm
thickness were prepared for WEDM as shown in Figure 1.

2.2. Design of Experiments

2.2.1. Analysis of Variance. Analysis of variance (ANOVA) is
a logical approach to identify the factors that considerably affect
the experimental outcome. ANOVA includes (i) all experi-
mental values allocated for summing squares, (ii) impartial
difference, (iii) decaying total sum of squares considering all
elements taken for analysis, (iv) calculating impartial variances
of all elements above the DOF, (v) determining the variance
ratio, and (vi) analyzing the error variance to identify the
significant factors affecting the experimental values. ANOVA-
based regression equation generated was considered to cal-
culate the predicted values for MRR and Ra. (e obtained
values are then compared with the experimental values to
identify the error percentage and accuracy of the analysis.

2.2.2. Taguchi Analysis. Taguchi DOE is the process in
which design parameters are investigated to identify the
optimal values to get improved efficiency that is not influ-
enced by noise factors. Taguchi DOE gives the entire study of
parameters with a low number of experiments. Designed
experimental data were identified using an L9 orthogonal

Figure 1: Photograph of composite specimen for WEDM.

Table 1: Parameters and its levels.

S.No Parameters Symbol Units Level

1 Pulse ON
time TON

Microseconds
(μs) 110 120 130

2 Current A I Ampere (A) 10 15 20
3 Wire feed Wf (mm/min) 1 2 3

Table 2: Experimental data for experimentation.

S.No Pulse ON time
(TON) (μs)

Current (I)
(A)

Wire feed (Wf)
(mm/min)

1 110 10 1
2 110 15 2
3 110 20 3
4 120 10 2
5 120 15 3
6 120 20 1
7 130 10 3
8 130 15 1
9 130 20 2
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array to �nd the parameters in�uencing MRR and Ra. �e
superiority characteristics considered for MRR are larger the
better, and similarly, the superiority characteristics considered
for Ra are smaller the better which takes continuous and
nonnegative values ranging between 0 and 1. Parameters and
its levels are listed in Table 1. Table 2 shows the identi�ed
experimental data for conducting the experiment using
MINITAB 19 software. Experimental levels of parameters were
selected based on the studies of Bisaria and Shandilya 2020 [31].

3. Result and Discussion

3.1. Experimental Results. Experimental results for the L9
orthogonal arrayed input parameters are listed in Table 3.
MRR was tabulated by calculating the di¢erence in weight of
the specimen before machining and after machining using
the weighing balance of 0.001-gram accuracy. Ra was found
using a surface roughness tester of make: Mitutoyo Surf test
and model: SJ-201P.

3.2. Taguchi Analysis. Figures 2(a) and 2(b) show the mean
e¢ect plots for MRR and Ra. �e larger the better signal to
noise ratio (S/N ratio) is selected for MRR, and the smaller
the better S/N ratio is selected for Ra. From Figure 2(a),
increased values of pulse ON time and current showed

increased MRR whereas the increase in wire feed has no
in�uence on MRR. Figure 2(b) shows decreased Ra for in-
creased current and pulse ON time.

3.2.1. Analysis of Variance. Table 4 indicates the ANOVA
for MRR. P value closer to zero and F value greater than one
indicate the signi�cant parameter to be concentrated during
machining. From Table 4, it is clearly identi�ed that MRR is
highly in�uenced by pulse ON time (TON) followed by
current (I) and wire feed (Wf).

Table 5 indicates the ANOVA for Ra. Similar to MRR, it
is clearly identi�ed that Ra is highly in�uenced by pulse ON
time (TON) followed by current (I) and wire feed (Wf) from
Table 5.

From Tables 4 and 5, the percentage contribution ratio
con�rms pulse ON time as the most in�uencing parameter
towards MRR and Ra [32].

Table 3: Experimental results of Taguchi-based DOE.

S.No Pulse on time (μs) Current (A) Wire feed
(mm/min)

MRR
(g/min) Ra (μm) PredictedMRR

(g/min) Predicted Ra (μm) MRR error (%) Ra error (%)

1 110 10 1 0.158 2.252 0.157 2.254 0.63 0.09
2 110 15 2 0.162 2.311 0.163 2.304 0.62 0.30
3 110 20 3 0.165 2.326 0.165 2.332 0 0.26
4 120 10 2 0.181 2.920 0.181 2.926 0 0.21
5 120 15 3 0.188 2.931 0.187 2.933 0.53 0.07
6 120 20 1 0.192 2.990 0.193 2.983 0.52 0.23
7 130 10 3 0.211 3.112 0.212 3.105 0.47 0.22
8 130 15 1 0.220 3.128 0.22 3.134 0 0.19
9 130 20 2 0.224 3.202 0.223 3.204 0.45 0.06
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Figure 2: Mean e¢ect plots for MRR and Ra. (a) MRR. (b) Ra.

Table 4: ANOVA table for MRR.

Source DF Adj SS PCR (%) Adj MS F value P value
Ton 2 0.004835 96.5 0.002417 1036.00 0.001
Current 2 0.000165 3.29 0.000082 35.29 0.028
Wire feed 2 0.000006 0.12 0.000003 1.29 0.437
Error 2 0.000005 0.11 0.000002
Total 8 0.005010
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3.2.2. Regression Equation. Table 6 shows the regression
equation generated for the experimental results of MRR and
Ra.�e equation is used to identify the predicted results used
to analyze the error % by comparing it with the actual
obtained experimental values. Error % less than 5 indicates
the accuracy of the analysis.

Figures 3(a) and 3(b) indicate the comparison of ex-
perimental values with predicted values for MRR and Ra.
From the graph, it is understood that the error percentage is
less than 1 which is too minimum to prove the accuracy of
the experiment.

3.2.3. Model Summary. Table 7 shows the model summary
forMRR and Ra. R2 and actual R2 values were noted from the
general linear model of Taguchi design from MINITAB 19
software. R2, actual R2, and predicted R2 values for both
MRR and Ra are much closer indicating the accuracy of the
analysis for the designed input parameters. �e values

obtained are 99.5% indicating that there is no external factor
in�uencing the analysis.

3.2.4. Interaction Plot. Figures 4(a) and 4(b) indicate the
interaction plot of each input parameter for MRR and Ra.
Figure 4(a) shows the interaction plot forMRR fromwhich it
is noted that an increase in TON increases the MRR. For the
increase in wire feed, there is a decreased MRR and similarly
increased current increases MRR. �us, it is noted that TON
and current are the in�uencing parameters for MRR as
con�rmed in Figure 4(a). Figure 4(b) shows the interaction
plot for Ra showing the similar trend as noted in the

Table 5: ANOVA table for Ra.

Source DF Adj SS PCR (%) Adj MS F value P value
Ton 2 1.18770 99.1 0.593851 4406.15 0.000
Current 2 0.00934 0.78 0.004670 34.65 0.028
Wire feed 2 0.00090 0.07 0.000448 3.32 0.231
Error 2 0.00027 0.05 0.000135
Total 8 1.19821

Table 6: Regression equation for MRR and Ra.

MRR� 0.189000–0.027333 Ton_110–0.002000 Ton_120 + 0.029333 Ton_130–0.005667 Current_10 + 0.001000 Current_15 + 0.004667
Current_20 + 0.001000 wire feed_1 + 0.000000 wire feed_2–0.001000 wire feed_3
Ra� 2.79689–0.50056 Ton_110 + 0.15011 Ton_120 + 0.35044 Ton_130–0.03556 Current_10–0.00689 Current_15 + 0.04244
Current_20–0.00689 wire feed_1 + 0.01411 wire feed_2–0.00722 wire feed_3
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Figure 3: Comparison graph for experimental values with predicted values: (a) MRR, (b) Ra.

Table 7: Model summary for MRR and Ra.

Model
summary S R-sq

(%)
R-sq(adj)

(%)
R-sq(pred)

(%)
MRR 0.0015275 99.91 99.63 98.11
Ra 0.0116094 99.98 99.91 99.54
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Figure 5: Contour plot for MRR: (a) TON and current, (b) wire feed and current, and (c) TON and wire feed.
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interaction plot of MRR. Figure 4(b) also con�rms TON and
current are the in�uencing parameters for Ra.

3.2.5. Contour Plot. Figures 5(a)–5(c) indicate the contour
plot for MRR. It is noted that higher MRR is attained for
higher TON and current from Figure 5(a). Figure 5(b) shows
better MRR for increased current and lower wire feed.
Higher TON with lower wire feed showed improved MRR as
seen in Figure 5(c).

Figures 6(a)–6(c) indicate the contour plot for Ra. It is
noted that higher Ra is attained for higher TON and current
noted from Figure 6(a). Figure 6(b) shows better Ra for
increased current at lower wire feed and lower current with
higher wire feed. Higher TON with higher wire feed showed
improved Ra as seen in Figure 6(c). �us, Ra increases with
the increase in pulse on time and discharge energy [33, 34].

�us, from the interaction plots of Figure 4, it is obvi-
ously understood that TON and current are the parameters
mainly in�uencing bothMRR and Ra. Contour plots of MRR
and Ra also con�rm the same which can be noted in Figures 5

and 6. A con�rmatory test was conducted for the optimal
parameter results with an error percentage of less than one
con�rming the accuracy of the study [35].

4. Conclusion

�e conclusions derived from the WEDM analysis on
AA7075 metal matrix composite reinforced with silicon
nitride are as follows:

(1) Taguchi-based ANOVA analysis con�rms Pulse ON
time as the in�uencing parameter in achieving
higher MRR and Ra

(2) Pulse ON time of 130 µs, current of 20 A, and wire
feed of 1mm/min were identi�ed as optimized pa-
rameters for higher material removal rate

(3) For a good surface �nish, the optimized parameter
was identi�ed as 130 µs pulse ON time, 20A current,
and wire feed rate of 2mm/min

(4) Regression equation obtained shows minimal error
indicating the accuracy of the analysis
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Figure 6: Contour plot for Ra: (a) TON and current, (b) wire feed and current, and (c) TON and wire feed.
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(5) Pulse ON time and current have a direct influence on
MRR and Ra

(6) Interaction plot and contour plot also confirm the
ANOVA analysis proving pulse ON time as the
influencing parameter followed by current

Data Availability

(e data used to support the findings of this study are in-
cluded within the article.
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�e purpose of the analysis is to levitate and stabilize a spherical ball of magnetic levitation system at the desired position using
various controllers and determine the one which gives better performance. �e ball which is used to levitate is a ferromagnetic
material such as stainless steel. �is study talks about the proportional derivative controller, proportional integral derivative (PID)
controller, and linear quadratic regulator (LQR) controller in place of a physical system. �e transient response of the magnetic
levitation system can be modi�ed for desirable results due to the implementation of the controller. Simulation and experimental
methods are used to verify the results. Both the techniques have been made to stabilize the ball position in the desired position. PID
and LQR are designed to achieve the ball position to the desired level, and it is observed that the LQR controller gives the best result.

1. Introduction

�e state-feedback control with the inertial delay observer
(IDO) was proposed by Singru et al. [1] for precise control of
a one-inch diameter steel ball in a magnetic levitation device.
�e levitation control di�ers from torque control, as
demonstrated by Xue et al.’s levitation e�ciency study of a
type of the bearing-less switched reluctance motor (BLSRM).

Ginoya et al. compared the output of a cascaded sliding
mode control designed for magnetic levitation systems with
electrical and electromechanical loops to that of a standard
linear quadratic regulator combined with a PI controller [2].
In their paper, Azukizawa et al. [3] succeeded in enhancing
the system’s levitation properties by increasing the magnetic
�eld of the HTS magnet. A magnetic levitation control
system is developed by linearizing the nonlinear system
model around the operating point by Ghodsi et al. [4].

According to the results of Kim et al. [5], under cogging
powers, magnetic levitation can achieve stable lavation and
produce enough power for continuous operation. A pro-
totype levitation platform with the steady-state power
consumption per each HEM was created by designing a
zero-power controller.

�e object which is used to levitate the object is stainless
steel which is a ferromagnetic material. �e utilization of
these materials is due to their ferromagnetism, as well as
their outstanding corrosion, radiation, and heat resistant
qualities [6]. From an application standpoint, the magnetic
properties of ferromagnetic stainless steels SUS 403, TAF,
and SUS 405 can be summarised as follows. �ey are harder
than standard soft magnetic materials but weaker than
semihardmaterials in terms of magnetic properties, and heat
treatment changes the magnetic properties. �e coercive
force and rectangularity are increased by quenching and
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tempering. Full annealing reduces saturation induction and
permeability marginally.

Core separation can be changed. According to Lim et al.
[7], the levitation force ripples and cogging force are re-
duced, and the electromagnetic properties of the levitation
magnet are investigated using the finite element analysis.
Takao et al. [8, 9] used three models and proposed a few
modifications that featured different arrangements to in-
crease the levitation force in the system and identified that
the common rail model’s levitation force was seven times
greater than the maximum levitation force of the common
model. According to Liu et al. [10], AC superconducting
windings that are used to increase levitation forces are well
suited for hydraulic turbo-generator de-load applications.
(e inductive eddy magnetic field interacts with the primary
field, producing levitation force and rotation torque between
the primary and secondary fields, as well as ac loss power
analysis and estimation.

Instead of incorporating both a levitation coil and a
ready-made base, Bai and Lee [11] constructed an electro-
magnetic levitation coil with a pulse-width-modulation
signal to change the magnetic levitation height. Amal et al.
[12] devoted to a lumped circuit method based on a mag-
netic equivalent circuit for modelling and sizing of a tubular
linear permanent-magnet synchronous motor (T-LPMSM).
By implementing the output oversampling scheme to collect
the input-output data, the subspace characteristics are used
to complement the excitation of the observed data; Sun et al.
[13] express the formula that can easily explore the unstable
dynamics of the magnetic levitation model.

Andreev’s. [14] mathematical model calculates the po-
larization of the sphere, and the factors affecting effective
magnetic charges are determined by an axially magnetized
torus. Yuming Gong analyses and concludes that, for better
levitation performance of the field distribution, levitation
force, and guiding force, the iron shimwith 4mm thickness is
the best among 4, 6, and 8mm iron shims due to decrease in
suspension gap, which is experimented in [15]. To investigate
the effect of magnetic field gradient on LFD of MP-added
superconductors to the device, Abdioglu et al. [16] used the
effect of magnetic flux distribution and magnetic power
addition on magnetic levitation force with superconductors.

Pandey et al. [17] discuss the design of a fractional sliding
mode controller for a nonlinear magnetic levitation device
dynamic to regulate the current through an electromagnetic
coil to levitate a ferromagnetic ball. Hernandez et al. [18]
build a controller as a combination of a fact and an LQR gain
matrix to replace the proportional operation of fractional
PID to LQR gain matrix. By using the context of LQR
optimal control, Miller [19] has demonstrated that the
optimally decentralized system has strong controllability
and observability performance, which is the same as the
optimally centralized system which has been considered.
(is performance of the LQR control decentralized system is
enhanced by the linear periodic controller with its graphs
strongly associated with the system. By minimizing the
objective function of the plant system such as electronic
devices and vibration reduction of structures, Teppa Garran
et al. [20] have smoothened the transient response of the

measured output which contains linear quadratic regulator
(LQR) in the quadratic form. Norman [21] mentioned his
development of a state-space approach with LQR for the
modern control theory which is used to analyse the system.
(e developed state-space method is relatively easier for
multioutput systems.

Eswaran et al. [22] have derived the transfer function for
the DC servo motor and controlled the motor’s speed by the
PID controller. Later, they have discussed the vulnerabilities
and threats that can be caused by IoT-connected devices and
proposed a cybersecurity solution for safeguarding privacy.
Nagarajan et al. [23] has designed a PI controller for the AC
servo motor after deriving its transfer function.

Furthermore, they have analysed the step response of the
system obtained to the time-domain specifications. (e
inverted pendulum is a difficult control issue that constantly
moves into an unregulated state, and the result from A.N.K.
Nasir and 1M.A. Ahmad shows that LQR provided a better
response than PID control strategies and is presented in the
time domain [24]. Munder and Yaseen have experimented
on the SIMLAB platform based on three parameters such as
peak overshoot, settling time, and rise time for LQR, PID,
and lead compensation controllers for magnetic levitation
system. (is study backs up our claim that LQR performs
best in terms of peak overshoot, settling time, and rise time,
with 14.6 percent, 0.199, and 0.064 for peak overshoot,
settling time, and rise time, respectively [25].

Novelty of the work is improving the magnetic levitation
system performance by using the LQR controller than the
PID controller, and comparative analysis was carried our by
comparing the settling time, rise time, and peak overshoot of
the magnetic levitation system when operated with PID and
LQR controllers.

2. Physical Model

2.1. Magnetic Levitation System. Magnetic object and
magnetic field interaction is used to suspend or levitate a
magnetic object. (is technique is used in the magnetic
levitation system to suspend a ball in its electromagnetic
field. With electronic feedback control, a magnetic object
can be stabilized and levitated by dynamically adjusting one
or more electromagnets in the magnetic system to stabilize
the magnetically levitated object at the desired position. To
stabilize the levitated magnetic platform, servo control is
maintained to control the field of magnetic force that lev-
itates it.

Figure 1 shows the magnetic levitation system with parts
labelled. (e basic principle of magnetic levitation system
operation is to keep ferromagnetic objects levitated using the
applied voltage on the electromagnet.(e object’s position is
determined through a sensor.

2.2. Modelling of Magnetic Levitation System. (e mathe-
matical representation of the system can be categorized into
3 parts: electrical, mechanical, and sensor models. (e
electrical model can be viewed from the electrical equation
derived using Kirchhoff’s law, where Figure 2 shows the
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equivalent electrical circuit of the magnetic levitation sys-
tem, and the system parameters are shown in Table 1.

v � iR + L
di

dt
. (1)

Considering the inductance resistance as RL,

v � i RL + RS(  + L
di

dt
. (2)

Taking Laplace transform from equation (2),

V(s) � I(s) RL + RS(  + Ls∗ I(s), (3)

V(s) � I(s) Ls + RL + RS(  , (4)

I(s)

V(s)
�

1
Ls + RL + RS( 

. (5)

(e mechanical model of the system is

F � mg − kf
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By Newton’s second law,

F � m
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2
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dt
2 , (7)
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For obtaining steady-state ball position Xss which gives
steady-state current iss,
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(9)

According to vector standard of shifted variables
defined,

x(t)≜x(t) − Xss, (10)

i(t)≜ i(t) − iss. (11)

Rearranging (10) and (11),

x + Xss ≜ x(t),

i + iss ≜ i(t).
(12)

Applying the shifted variables to mechanical (8),
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Linearizing (13) (x � 0,i � 0),

d
2
x

dt
2 �

1
m

z

zx
mg − kf

i + iss

x + Xss

 

2
⎛⎝ ⎞⎠




(x�0,i�0)

x⎡⎢⎢⎢⎢⎣

+
z

zx
mg − kf

i + iss

x + Xss

 

2
⎛⎝ ⎞⎠




(x�0,i�0)

i⎤
⎥⎥⎥⎥⎦,

(14)

d
2
x

dt
2 �

2kfi
2
ss

mx
3
ss

x −
2kfiss

mx
2
ss

i. (15)

R L

m

i
V

+

–

Figure 2: Electrical circuit of theMaglev system: electrical model of
the system.

Table 1: (e parameter value of the Maglev system.

Variables Values
Mass of ball (m) 0.0571 kg
Inductance (L) 0.017521H
Resistance (R) 0 .0243 ohm
A 0.005831
x0 0.0225
Spring constant (K) 0.0001477Nm2/A2

Gravity (g) 9.81m/s2

Heat Sink

IR Detectors

Set Point 33-210

Metal Sphere

Disturbance in

Measured Value Gain Control output Drive Input
GND

R

RC

Coil

Figure 1: Magnetic levitation system.
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Laplace transform of (15) is

X(s)

I(s)
�

2kfiss /mx
2
ss

s
2

− 2kfi
2
ss /mx

3
ss

. (16)

Equating electrical (5) and mechanical equation (16),

X(s)

V(s)
�

2kfiss /mx
2
ss

s
2

− 2kfi
2
ss /mx

3
ss

∗
1

Ls + RL + RS( 
. (17)

Table 1 gives the detailed system parameters, and by
substituting the above values in equation (17), the transfer
function of the system is as follows:

x(s)

v(s)
�

77.44
s
3

+ 70.16s
2

− 849.2s − 0.5947
. (18)

3. Controller Design for the Magnetic
Levitation System

3.1. PID Controller. PID (proportional integral derivative)
controllers are the most accurate and stable controllers,
which controls process variables using the control loop
feedback mechanism. To keep the actual output from a
process as close to the set point or target output as possible
the PID controller uses a closed-loop control feedback
mechanism. PID controller’s main purpose is to force
feedback to match a set point. (e proportional, integral,
and derivative are individually adjusted or turned in a PID
controller.

General PID algorithm form is given as

u(t) � Kp ∗ e(t) + Ki  e(t)dt + Kd

de(t)

dt
. (19)

(e PID controller is designed, and the proportional,
integral, and derivative values were derived using the Ziglar
Nicholas method.

(e mechanism of PID controller gain is proportional
term generates a result that is proportionate to the current
error value. By multiplying the error by a constant Kp, also
known as the proportional gain constant, the proportional
response can be changed. (e integral term’s impact is
proportional to the magnitude of the error as well as the
duration of the error. In a PID controller, the integral is the
total of the instantaneous error over time, which represents
the accumulated offset that should have been corrected
earlier. (e integral gain (Ki) is then multiplied by the
accumulated error and added to the controller output.
Determine the slope of the error over time and multiply this
rate of change by the derivative gain Kd to get the derivative
of the process error. (e derivative gain, Kd, is the mag-
nitude of the derivative term’s contribution to the total
control action.

For the magnetic levitation system,

(i) Kp� 0.000547
(ii) Ki� 5.94e-09
(iii) Kd� 12.6

(is value is fed to the PID controller of the closed-loop
system.

3.2. LQR Controller. (e linear quadratic regulator (LQR)
enables the high-performance design and the closed-loop
stable state of the system using a method that provides
optimally controlled feedback gains. It uses the state-space
method to analyse a system which is a method in modern
control theory. A multioutput system is relatively simple
when working with the state-space method. Full-state
feedback can be used to stabilize the system.

Algebraic Riccati equation is

A
T
P + PA − PBR

− 1
B

T
+ Q � 0, (20)

K � R
− 1

B
T
P. (21)

Table 4 shows the LQR method decreases the amount of
work that the control systems’ engineer has to undertake in
order to optimise the controller. However, the engineer must
still define the cost function parameters and compare the
results to the design objectives. (is usually means that
controller development will be an iterative process in which
the engineer evaluates the “best” controllers generated by
simulation and then tweaks the parameters to produce a
controller that is more in line with the design goals. (e
linear-quadratic regulator (LQR), a feedback controller
whose equations are given below, provides one of the
theory’s fundamental results.

To find LQR gain values, Ricatti equation (20)is

−A
T
P + PA − PBR

− 1
B

T
+ Q � 0, (22)

where the LQR gain values were found using the Ricatti
equation (20):

A
T
P + PA − PBR

− 1
B

T
+ Q � 0, (23)

where

A � A − BR
− 1

B
T
,

Q � Q − BR
− 1

B
T
,

K � R
− 1

B
T

P.

(24)

Substituting the values of A, B, Q, and R in equation (20),
the gain values obtained are 0.0211, 1.6985, and 0.0018 as
derived.

4. Results and Discussion

4.1. PID Controller Output. Experimental output of the
control signal and ball position of a magnetic levitation
system using the PID controller for various input signals are
shown in Figure 3. (e values are

(i) Kp: 32
(ii) Ki: 0.05
(iii) Kd: 0.17
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Figure 3: STEP output and control signal for the PID controller.
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Figure 4: SINE output and control signal for the PID controller.
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Figure 5: SQUARE output and control signal for the PID controller.

Table 2: PID output inference.

PID controller Step Square Sine
Peak overshoot 3.081× 10− 2 3.13× 10− 2 1.943× 10− 2

Settling time 0.5079× 10− 2 0.7765× 10− 2 1.102× 10− 2

Rise time 1.43× 10− 2 1.0067× 10− 2 1.26× 10− 2
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Figure 6: STEP output and control signal for the LQR controller.
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Figure 7: SINE output and control signal for the LQR controller.

0.02

H
ei

gh
t (

m
) 0.015

0.01

0.005

0 10 20
Time (s)

Ball position [m]

30 40 50

Desired ball position
Actual ball position

(a)

200

100

0

V
ol

ta
ge

 (v
)

-100

Control signal

10 20 30 40 500 15 25 35 455
Time (s)

Control signal

(b)

Figure 8: SQUARE output and control signal for the LQR controller.

Table 3: LQR output inference.

LQR Step Square Sine
Peak overshoot 1.56× 10− 2 1.441× 10− 2 3.1× 10− 2

Settling time 0.588× 10− 2 1.075× 10− 2 0.8802× 10− 2

Rise time 1.154× 10− 2 0.8357× 10− 2 0.546× 10− 2
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Step, sinusoidal, and square response of the magnetic
levitation system is shown in Figures 3–5, respectively, by
using the PID controller. When we observe the response of
actual ball position, it is unable to reach desired ball position.
Table 2 shows the PID output inference.

4.2. Inference from the PID Graph

4.3. LQR Controller Output. (e experimental output of the
ball position and control signal of a magnetic levitation
system using an LQR controller are shown in Figure 4.

Figures 6–8 show the step response, sinusoidal, and
square response of the magnetic levitation system by using
the LQR controller. By using the PID controller, when we
observe the response of actual ball position, compared to the
PID controller, it is able to reach desired ball position.
Table 3 shows the LQR output inference.

4.4. Inference from the LQR Graph. Table 4 shows the re-
sponse of the magnetic levitation system for various re-
sponse using PID and LQR controllers. For the PID
controller, peak overshoot for step, square, and sine is
3.081× 10− 2, 3.13× 10− 2, and 1.943× 10− 2, respectively.
Settling time is 0.5079× 10− 2, 0.7765× 10− 2, and
1.102× 10− 2 for step, square, and sine response, respectively.
Rise time for step, square, and sine is 1.43× 10− 2,
1.0067× 10− 2, and 1.26× 10− 2. For the LQR controller, peak
overshoot for step, square, and sine is 1.56× 10− 2,
1.441× 10− 2, and 3.1× 10− 2, respectively. Settling time is
0.588× 10− 2, 1.075× 10− 2, and 0.8802× 10− 2 for step,
square, and sine response, respectively. Rise time for step,
square, and sine is 1.154× 10− 2, 0.8357× 10− 2, and
0.546× 10− 2.

5. Conclusion

From the implementation of the PID and LQR controller, we
have analysed the transient response of the physical mag-
netic levitation system. For step response, peak overshoot is
1.56×10−2 by using the LQR controller. Similarly, by using
the LQR controller, peak overshoot of the square response is
1.441× 10−2, and for sine response, peak overshoot is
3.1× 10−2. For step response, peak overshoot is 3.081× 10−2

by using the PID controller. Similarly, by using the PID
controller, peak overshoot of the square response is
3.13×10−2, and for sine response, peak overshoot is
1.943×10−2. It is observed from the obtained results that the
LQR controller gives us more satisfactory results among the

PID controllers tested. (is is verified using the difference
between the graphs and the obtained peak overshoot, set-
tling point, and oscillation of the output signal response.
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