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Abstract

Nowadays, the issue of environmental pollution is one of the major challenges in densely
populated cities. In the meantime, due to the prominent role of the automobile as one
of the largest producers of pollution, it is very important to examine the equipment
effective in producing its pollutants. Considering the effect of spark plug and wire
quality on the production of engine exhaust pollutants, research has been conducted on
the effect of the lifespan of this equipment on the production of engine exhaust
pollutants. In this study, the main goal is to examine the effect of using spark plugs and
wires with different functions on the emissions of automobile engines. Thus, spark plugs
are considered in four groups including zero to 10, 10 to 20, 20 to 30 and 30 to 40
thousand kilometers and wires are considered in two ranges of zero to 20 and 20 to 40
thousand kilometers. At each stage, after installation on the vehicle, toxic pollutants
emitted from the engine, including HC, CO, and NOX, have been examined. According
to the studies conducted, the production of all three pollutant gases has a direct impact
on the operation of the spark plug and wire. However, the depreciation of the vehicle's
spark plug has the greatest impact on the pollutant gas HC, and the maximum increase
in emissions in the study groups was reported to be 51.8%, 13.8%, and 32% for HC,
CO, and NOx gases, respectively.
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1- Introduction

The issue of increasing environmental pollution in

different countries is known as one of their most
important problems. Excessive production of
vehicles, poor quality of parts and non-standard fuel
are among the factors that can be considered very
important in the production of polluting gases. On
the other hand, the high volume of fossil fuel
consumption by passenger cars is considered one of
the main causes of air pollution (Salehi and Faghani,
2020). Therefore, considering that the operation of
the vehicle is directly related to the production of
pollutants, the need for research on equipment

elated to the production of pollutants in the vehicle
has increased. In this regard, many researchers have
conducted research on the control of vehicle
emissions and related equipment (Aliakbari et al,
2024; Bidva and Hasanzadeh, 2018; Niajalili et al,
2021). The increasing number of vehicles and their
traffic has made the problem of pollution more
important. Therefore, given the increasing
expansion of urban areas and the increasing use of
cars, the most important problem facing today's
cities is the increase in pollution caused by urban
transportation. Despite the statistics that are
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obtained from comparing the amount of pollutants
in Tehran with global standards, the main
environmental problem of this city, which is one of
the largest and most populous cities in Iran, can be
considered  the issue of air pollution
(Ghanbarihamedani, 2016). Behrouz Mashhadi and
Ardalan Maleki (2022) have considered the issue of
pollution to be one of the most important issues in
the world of automobiles and have declared it
essential to provide a suitable solution to reduce fuel
consumption, reduce greenhouse gas production,
improve air quality, and stop the production of toxic
gases.

In this study, the first stage describes the
performance of the spark plug and wire of the
vehicle. In the next stage, in eight stages and four
repetitions, spark plugs and wires with different
functions were installed on the vehicle ignition
system and their effect on engine exhaust pollutants
was evaluated.

2- Research Methods

To determine the effect of using spark plugs with
different functions on vehicle emissions, a Pride
vehicle with the specifications in Table 1 was used.
At this stage, four groups of spark plugs were
considered in the operating ranges of zero to 10, 10
to 20, 20 to 30, and 30 to 40 thousand kilometers,
and two groups of wires were considered with the
operating ranges of zero to 20 and 20 to 40 thousand
kilometers. The spark plugs used in this study were
all from the NGK brand with the technical code
BKR6E, and the wires used were from the 1.P.N.C
brand. Figure 1 and Figure 2 show a view of the
spark plugs (one example from each group) and the
wires installed on the study vehicle, respectively.
Gear wear is a common defect in mechanical power
transmission systems, typically developing over
time. To expedite wear formation for analysis,
controlled resistant load tests were conducted on
gear teeth. The crank and spring mechanism enabled
precise load application, simulating real-world
operational stress conditions. The selected gears had
a module of 4, with a 20-tooth pinion of 80 mm
diameter and a 50-tooth gear of 200 mm diameter.

Bearings of type 6306 were selected according to
DIN625-1 standards to withstand maximum
operational speed and load.

Table 1: Technical specifications and equipment status of the
study vehicle

Technical specifications

Vehicle name Pride 131

Year of manufacture 2011

Engine code M13
ECU type S2000
Compression ratio 9.7:1

Engine capacity (cc) 1323

Emission standard Euro 4
Fuel type Gasoline
Fuel delivery system Injector
Injection system MPFI

Equipment health status

Fuel System Status Healthy and without defects

Sensor Status Healthy and without errors
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Figure 1 : View of the spark plugs used for the test with the
following performance (thousands of kilometers): A) Zero to 10 B)
10 to 20 C) 20 to 30 D) 30 to 40

Therefore, in eight stages, these spark plugs and
wires were installed on the study vehicle and

analyzed by the NEW SPX test device, model
ULTIMATE 500.
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Figure 2: View of the wires used for the test, which have the
following performance (thousands of kilometers): A) Zero to 20 B)
20 to 40

It should be noted that the aforementioned emission
measuring device has a calibration sheet with a
probability of conformity of over 99 percent and
was in perfect health at the time of the emission
measurement of the study vehicle. To ensure the
accuracy of the information, each step was
performed in four repetitions and the average of the
parameters was taken into account.

3- Results

In the first case, a set of wires with a service life of
0 to 20 thousand kilometers was used for four
groups of spark plugs in the service life ranges of O
to 10, 10 to 20, 20 to 30, and 30 to 40 thousand
kilometers, and emission measurements were
performed for them. In the second case, wires with
a service life of 20 to 40 thousand kilometers were
used for spark plugs with the aforementioned
classification. Figure 3 to Figure 5 show the
comparison graphs of the values of the HC, CO, and
NOX parameters for the two aforementioned cases.
According to the studies conducted, the operation of
spark plugs and wires in most cases has caused an
increase in pollutant gases. As is clear from Figure
3 to Figure 5, increasing the service life of car spark
plugs has a direct effect on the increase in HC, CO
and NOx pollutants. This increase, which is greater
in the HC pollutant gas than in the other two cases,
except in one case for CO gas, where this parameter
did not change with an increase in ten thousand
kilometers of spark plug operation, in all categories
with an increase in kilometers of spark plug
operation, the amount of pollutant gases has
increased.

Case 1 ® Case2 ®
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Figure 3: HC parameter values for four candle operating groups
and two wire operating modes
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Figure 4: CO parameter values for four candle operating groups
and two wire operating modes
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Figure 5: NOx parameter values for four spark plug operating
groups and two wire operating modes

4- Conclusion

The increase in environmental pollutants is a major
challenge in densely populated cities. On the other
hand, cars are estimated to be one of the largest
producers of toxic pollutants in Iran. Therefore,
research and study on equipment that affects the
production of pollutants are very important. In this
study, research has been conducted on the effect of
the operation of two of the most important parts of
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the ignition system, including spark plugs and
wires, on environmental pollutants HC, CO and
NOx. Thus, spark plugs are classified into four
operating groups, including zero to 10, 10 to 20, 20
to 30 and 30 to 40 thousand kilometers, and are
considered in two cases with wires with an
operation of zero to 20 and 20 to 40 thousand
kilometers. In the next stage, in each case, they were
carefully evaluated by the emission measuring
device, which is of the NEW SPX type. In order to
increase the accuracy of the extracted parameters,
four repetitions were performed in each case of the
experiment. In general, the following results were
obtained:

e The percentage increase in pollutants of the
study groups in the highest case was
reported to be 51.8, 13.8 and 32 percent,
respectively, for HC, CO and NOx
pollutants.

e The wear of the parts under investigation
has the greatest effect on the production of
HC gas.

e Carbon monoxide gas has shown the least
changes in relation to the increase in the life
of the spark plug and wire, so that its
changes in the low operating range of the
parts are evaluated to be close to zero.

e In the higher wear range, the percentage
increase in NOx gas moves with a steeper
slope than the other two gases.

Therefore, in general, it can be said that timely
replacement of spark plugs and wires in a car can
have a significant impact on reducing the pollutants
under study, and by more careful monitoring of

vehicles in this category, a cleaner environment can
be achieved.
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Abstract

Due to the existence of various gas sources in various regions of the country, the
extracted natural gas has different heat value, which has a significant impact on the
performance of the power plant. In the current research, the effect of natural gas
extracted in various regions of Iran, including Khangiran, Kangan, Pars, Bidboland,
Ahvaz and Sarakhs on Ramin Ahvaz steam power plant was investigated. Power plant
cycle modeling has been done using EES software and the effect of parameters such as
ambient temperature and relative humidity on net power, exergy destruction rate,
energy and exergy efficiency has been investigated. The amount of additional air to
provide the flame temperature of 2000 °C was calculated between 12 and 17.5% for
various regions. Investigating the increase in temperature from 5 to 40 °C showed that
the net power output of the power plant decreases to 14 MW and of the exergy
destruction rate in the condenser increases to 16 MW. At 25 °C, the maximum exergy
destruction rate is related to Bidbland region with 500 MW and the lowest rate is
related to Sarakhs region with 370 MW. For low relative humidity, the reduction of
energy and exergy efficiency is 4.7% and 4%, respectively, and for saturated humidity,
it is 9% and 8.3%, respectively, which it indicates the increasing effect of ambient
humidity with increasing temperature.
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1- Introduction

Although new energy sources such as renewable
energies are growing due to technological
advancements, fossil fuels account for 62% of the

equipment, exergy analysis is used to examine the
quality of the energy transfer process and find points

power generation in power plants [1]. This value
shows that optimization and performance
improvement are very important. Although energy
analysis of power plant subsystems provides
important information about the operation of

in the system that have irreversible losses. By
knowing these points, a corrective solution can be
provided to reduce losses and increase the
efficiency of the power plant. These corrections
include adjusting the operating pressure of the
equipment or replacing it with another equipment.
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Haji Dolu and Vosouq [2] analyzed the energy and
exergy of a supercritical power plant (Ramin,
Ahvaz) by considering two assumptions of constant
pressure and constant temperature for the
condenser. They showed that assuming constant
pressure, exergy loss in the condenser decreases
with increasing temperature, but if the temperature
is assumed to be constant, this process is reversed.
They also reported a decrease in boiler and
condenser efficiency with increasing ambient
temperature. Ahmadi and Toghraei [3] studied the
energy and exergy analysis of the Montazeri power
plant in Isfahan and wrote the governing equations
including mass, momentum and energy continuity
using EES software. They showed that the
condenser has the highest thermal energy loss. The
condenser wastes more than 70% of the input fuel
energy. Of course, this is inevitable given the need
to liquefy the steam exiting the turbines. The exergy
quality analysis also shows that 85% of exergy loss
occurs in the power plant boiler. This high amount
of loss is due to entropy and irregularities in the
chemical reaction process resulting from
combustion in the boiler combustion chamber.
Sidor et al. [4] also showed, by analyzing the energy
and exergy of an industrial boiler, that the exergy
destruction in it is 65%. They increased the
efficiency of the power plant through variable speed
in the boiler fan and heat recovery from the exhaust
smoke from the chimney. Athir et al. [5] studied the
energy and exergy parameters including equipment
irreversibility, exergy losses, and input energy
losses in the temperature range of 5 to 30 Celsius.
In this temperature range, the exergy efficiency
decreases from 35.6% to 32%. Al-Jandi et al. [6], by
studying the Al-Hussein power plant in Egypt,
showed that the condenser with 134 MW has the
largest share in the amount of losses. This amount
of loss for the boiler is 13 MW. The maximum
amount of exergy destruction occurs in the boiler.
This amount is 77%, which can be reduced by
preheating the input air .

The innovation of the present work can be stated as
follows:

In the aforementioned research, the focus was on
one type of fuel (coal, natural gas, etc.), but in the

present study, the effect of different types of natural
gas extracted in Iran on the performance of the
power plant is investigated, considering their
calorific value and different compositions.

In the present work, the effect of temperature and
humidity on the performance of the power plant is
simultaneously investigated, and the effect of these
parameters on energy and exergy efficiencies is
investigated.

In the present work, the combustion process in the
boiler is fully simulated, and the amount of excess
air to produce an adiabatic flame temperature of
2000 Celsius is calculated for different types of
natural gas.

2- Research Methods

The Ramin Ahvaz power plant is a supercritical
steam power plant with 4 operating units (Fig. 1).
Each unit consists of a single-pass boiler, high-
pressure, medium-pressure and low-pressure
turbines, three high-pressure heaters and four low-
pressure heaters, and a feed tank. The nominal
power generation capacity for each unit is 315 MW
[2]. The volumetric flow rate of fuel (or natural gas)
and the amount of air required for combustion are
69,000 and 690,000 cubic meters per second,
respectively. For modeling the cycle system, the
steady-state cycle is considered and the combustion
process in the boiler is considered complete. In the
present work, a limit of 2000 Celsius is considered
for the adiabatic flame temperature. The
superheated steam temperature and pressure are 540
Celsius and 24 MPa, respectively. The feed water
flow rate to the boiler is 1017 ton/hr and the cooling
water flow rate in the condenser is 10000 kg/s. The
efficiency of the turbines (high, medium and low
pressure) is assumed to be 80% and that of the
pumps is assumed to be 75%. The temperature
range is considered to be 5-40 Celsius and the
relative humidity is considered to be variable
between zero and 100%. The standard pressure is
one atmosphere and the relative humidity is
considered to be 30% in the initial design state.
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3- Discussion and Results

Figure 2 shows the effect of ambient temperature on
net power output. The output power reduction in the
temperature range of 5-40°C is from 310.7 MW to
296.7 MW (a 14 MW reduction). Figure 3 also
shows the effects of ambient temperature on the
condenser exergy destruction rate. An increase in
ambient temperature increases the temperature of
the water entering the condenser (outlet of the
cooling tower), which increases the exergy
destruction rate.

Figure 1: Schematic of the cycle of the Ramin Power Plant in
Ahvaz [2]
Figure 4 and 5 show the energy and exergy
efficiency values in terms of ambient temperature at
different relative humidity values. It is observed that
with increasing ambient temperature, the graphs
diverge from each other. Also, at constant ambient
temperature values, the energy and exergy
efficiency values decrease with increasing ambient
relative humidity. It is observed that at a
temperature of 5 ° C, the changes in the energy
efficiency value are between 37.86 and 37.64
percent (difference of 0.6 percent) and the exergy
efficiency is between 34.61 and 34.42 (difference of
0.55 %). For a temperature of 40 ° C, the changes in
the energy efficiency value are between 36.16 and
34.27 percent (difference of 5.2 percent) and the
exergy efficiency is between 33.23 and 31.54
(difference of 5.1 %). It can be concluded that with
increasing temperature, the effect of relative
humidity on energy and exergy efficiency
parameters also increases. Also, at a constant
relative humidity, the energy and exergy efficiency

values decrease with increasing ambient
temperature, so that at a relative humidity of 0%, the
energy and exergy efficiency values decrease by
4.7% and 4%, respectively. However, at a relative
humidity of 100%, the energy and exergy efficiency
decreases by 9% and 8.3%, respectively, which
indicates the great effect of humidity in reducing
efficiency.

Net power (MW}
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Figure 2: Effect of ambient temperature changes on the net power
generation of the power plant

Destroyed exergy condensor(MW)

Figure 3: Effect of ambient temperature changes on the condenser
exergy destruction rate
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Figure 4: Effect of ambient temperature changes and relative
humidity changes on energy efficiency for gas extracted from
Ahvaz
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Figure 5: Effect of ambient temperature changes and relative
humidity changes on exergy efficiency for gas extracted from
Ahvaz

4- Conclusion

As a general conclusion, it can be stated that with
increasing temperature, the performance of the
power plant in terms of energy and exergy
efficiency decreases. The destructive effect of high
ambient temperature on the low-pressure turbine is
greater due to its connection to the condenser
assembly. At low temperatures, the destructive
effect of humidity is low, but with increasing
temperature, this effect increases significantly.
Given the need to produce an adiabatic flame
temperature of 2000 Celsius, additional air is
required in the combustion chamber, which
increases the exergy destruction in the boiler.
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Abstract Keywords
Health monitoring of rotating machinery, particularly gearboxes, is crucial for Design
ensuring operational efficiency and preventing unexpected failures. Gearboxes are

. . . ) . ) Dynamic Analysis
among the most critical components in rotating machinery, with gears playing an

essential role in transmitting torque and maintaining appropriate speeds. Due to the Gearbox
importance of fault diagnosis and predicting the remaining useful life (RUL) of Remaining Useful Life
gearboxes, numerous studies have recently been conducted in this area. One widely Vibration Analysis

used method for predicting the RUL of equipment is accelerated life testing. To achieve
this, a test bench was designed using CATIA software to estimate the RUL of spur
gears, which are key components of gearboxes. Subsequently, dynamic and vibrational
analyses were conducted using ADAMS software. These analyses included investigating
the impact of vibration interference caused by the operation of the crank and spring

mechanism—a load applicator on the gear teeth. Simulation results were compared
with experimental data, confirming the model's accuracy. Additionally, vibrations Revised:
from the crank and spring mechanism did not affect data related to gear faults. evised:  01.25.2025
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1- Introduction

Fault detection and identification in mechanical the system's dynamic response through vibration
systems during operation is one of the key and acoustic analysis [2].

challenges in maintenance and repair (MR) [1]. The
predictive MR approach enables failure prediction
and the implementation of appropriate solutions by
monitoring the operational conditions of equipment.
One effective method in this field is Condition-
Based Monitoring (CBM), which detects changes in

Gearboxes, widely used in military and industrial
applications, experience variations in load and
speed, leading to various defects in their gears.
These defects include gear scratches, chipping,
overall wear, and cracks caused by bending fatigue,
which are categorized into widespread and localized
defects [3]. Studies show that 60% of gearbox issues

® @ ©2025 the authors. Published by National University of Skills, Tehran, Iran. This

- @ article is an open-access article distributed under the terms and conditions of the _ . _

= BY NG Creative Commons Attribution-Noncommercial 4.0 International (CC BY-NC License) E-1SSN: 2981-2232
(https://creativecommons.org/licenses/by-nc/4.0/)



https://stmechanics.bmtc.ac.ir/?lang=en
https://doi.org/10.22034/stme.2025.487070.1087
https://portal.issn.org/resource/ISSN/2981-2232
mailto:abonajmi@ut.ac.ir

Journal of Science and Technology in Mechanical Engineering

Vol. 3, No. 2, 2025 34

originate from gear tooth defects, while 24% result
from inadequate ~ maintenance  practices,
emphasizing the significance of gearbox condition
monitoring [4].

A critical factor in gear performance is the involute
profile of the teeth. Any deviation from this profile
reduces accuracy and increases the likelihood of
failure. Gear wear is classified into abrasive and
adhesive types, typically caused by insufficient
lubrication or excessive stress [5]. Proper
monitoring of these changes can lower maintenance
costs and improve system efficiency.

Modeling and simulating defects are effective tools
for predicting failures and optimizing gear design.
Software such as MATLAB for numerical analysis,
ABAQUS and ANSYS for finite element methods,
and ADAMS for multi-body dynamic analysis
provide precise gear performance evaluations [6,7].
Among these, ADAMS is extensively used for
modeling and analyzing multi-body mechanical
systems, supporting design optimization [8].

Validating dynamic models is essential, as
theoretical results without reliable experimental
data cannot be applied to real-world scenarios.
Combining modeling data with experimental tests
enhances defect detection accuracy and reduces
computational complexity in classification systems.
Selecting relevant features to describe machine
conditions improves defect identification and
prediction accuracy [9].

Given the challenges in analyzing real-world
systems, integrating dynamic and simulated
methods for system condition assessment and
applying findings to similar cases is necessary. In
this study, a data acquisition system was designed
and evaluated for a sample gearbox with simple
gears. Initially, a 3D model of the system was
developed in CATIA, followed by dynamic gear
analysis using ADAMS software. The developed
3D model simulated the gears' dynamic response,
and the results were compared with an experimental
model to validate the analysis [10,11].

Ultimately, by monitoring gearbox conditions and
analyzing tooth profile variations, maintenance

costs can be reduced, the operational lifespan of
equipment can be extended, and mechanical system
performance can be optimized. Simulation and data
validation are powerful tools for defect prediction,
design improvement, and enhancing industrial
equipment efficiency [12,13].

2- Research Methods

Fault detection and the estimation of remaining
useful life in mechanical systems, particularly
gearboxes, present significant challenges in
maintenance and repair. This study focuses on
evaluating gear wear and its impact on gearbox
performance using accelerated tests. A test system,
comprising a gearbox, main chassis, electric motor,
and a resistant load application mechanism (crank
and spring system), was designed and built to
analyze gear wear under controlled conditions and
predict its failure timeline.

Gear wear is a common defect in mechanical power
transmission systems, typically developing over
time. To expedite wear formation for analysis,
controlled resistant load tests were conducted on
gear teeth. The crank and spring mechanism enabled
precise load application, simulating real-world
operational stress conditions. The selected gears had
a module of 4, with a 20-tooth pinion of 80 mm
diameter and a 50-tooth gear of 200 mm diameter.
Bearings of type 6306 were selected according to
DIN625-1 standards to withstand maximum
operational speed and load.

Flexible couplings were used to connect the input
and output shafts, ensuring smooth torque
transmission ~ while  accommodating  minor
misalignments. This design prevents excessive axial
or bending stresses, thereby reducing the risk of
sudden mechanical failures.

To determine the required resistance load, the
gearbox output torque was calculated using power
and angular velocity relationships. The calculated
torque of 57 Nm guided the design of the crank and
spring mechanism. The crank arm length was set at
35 mm, and the spring was designed with a wire
diameter of 7 mm, an outer diameter of 65 mm, a
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height of 175 mm, and 14 active coils. The
theoretical maximum force exerted by the spring at
75 mm compression was calculated to be 1100 N.

Dynamic simulations using ADAMS View
analyzed the effects of gear displacement and
vibrations on structural integrity. This software
allows for defining essential gear parameters, such
as module, tooth count, width, and thickness,
ensuring precise system modeling. The gears used
were made of St37 steel, with physical properties
detailed in Table 1.

Table 1: parameters of the gears used

Parameter Symbol Pinion Gear
Number of teeth Z 20 50
Module M 4 4
Pl_tch circle p 80 mm 200
Diameter mm

. 20
Gear thickness T 20 mm

mm

To validate the experimental results, boundary
conditions were set, including fixing the gear
centers while allowing only rotational motion
around the Z-axis (DOF=1). The gearbox input
speed was set at 1496 rpm, corresponding to the
electric motor’s maximum speed. Static and
dynamic friction coefficients were assigned values
of 0.15 and 0.11, respectively.

A flexible multi-body dynamic model was created
in MSC ADAMS to assess defect-induced
variations in gear dynamics. The model
incorporated driving and driven shafts, pinions,
gears, and bearings. Data from finite element
analysis in CATIA were integrated to refine mass
centers, moment distributions, and stiffness
functions. Torsional and translational springs were
included to simulate contact conditions and
frictional effects. Rotational motion was applied to
the gearbox input, while output torque constraints
were established.

By analyzing gear wear progression and dynamic
responses, this study enhances predictive

maintenance strategies. The combined experimental
and simulation-based approach facilitates early fault
detection, extends equipment lifespan, and
optimizes mechanical system performance. The
findings underscore the effectiveness of integrating
accelerated testing with dynamic modeling for
industrial gearbox reliability assessment.

3- Discussion and Results

To assess the impact of the crank and spring
mechanism on gearbox performance, parameters
such as speed, power, and vibration were simulated
and analyzed. In this study, the mechanism was
initially simulated in two states: before and after the
application of spring force. The results indicated
that connecting the mechanism did not significantly
affect the amplitude of the gear meshing frequency.

For validation, system data was recorded before and
after the mechanism was connected and
subsequently analyzed. Fourier Transform and the
SPL method were applied to transfer data into the
frequency domain, revealing that the mechanism
had no effect on the meshing frequency.
Additionally, system data was collected over 60
hours, and using the FFT method, the impact of
wear on the meshing frequency and sidebands was
examined.

The findings demonstrated that, based on the
collected data and the Weibull distribution, the
remaining useful life of the gearbox could be
estimated, providing a valuable framework for
predicting the lifespan of similar mechanical
systems.

4- Conclusion

A system was designed, evaluated, and built to
estimate the remaining useful life of a gearbox. As
wear was the primary defect studied, it was essential
to analyze the impact of vibration generated by the
resistant load mechanism on gear failure data.
Before constructing the experimental system,
simulations of the applied load mechanism were
performed to gather vibration data.
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The study examined the effect of the resistant load
mechanism on system dynamics, considering forces
generated by the crank and spring. Simulation
results indicated that the vibrations caused by the
mechanism did not significantly influence the
overall system vibration. After constructing the
system, a comparison between simulation and
experimental data validated the findings.

Frequency analysis using the SPL method initially
showed a frequency reduction due to manufacturing
defects, followed by an increase to 66.87 dB as wear
progressed. By applying the Weibull distribution
and statistical methods, the gearbox’s remaining
useful life was estimated accurately.
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2 Weibull distribution

1 Fast fourier transform
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Abstract

In this study, hybrid nanofluids have been used to enhance the performance of a
photovoltaic-thermal (PVT) panel. Hybrid nanofluids consist of a combination of
nanoparticles and a base fluid, offering superior thermal and conductive properties
compared to conventional base fluids. In this research, different nanoparticles, such as
titanium oxide and aluminum oxide, were dispersed in water as the base fluid at varying
weight fractions of 0%, 3%, and 6%, and their effects on heat transfer and panel
efficiency were investigated. The simulation results indicate that adding titanium oxide
and aluminum oxide nanoparticles at a weight fraction of 3% each resulted in thermal
and electrical efficiencies of 32.92% and 14.68%, respectively. When the weight
fraction was adjusted to 6% for aluminum oxide and 0% for titanium oxide, the
thermal and electrical efficiencies were 32.95% and 14.68%, respectively, showing
negligible variation compared to the base fluid without nanoparticles. Additionally,
increasing the volume fraction of one of the nanoparticles did not lead to significant
changes in the results, only slightly improving system efficiency. This study can assist
designers and engineers in developing and optimizing photovoltaic-thermal panel
systems, contributing to the efficient utilization of solar energy resources.
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1- Introduction

Solar energy is considered the largest available
energy source. The limitations of fossil fuels and
environmental concerns have led researchers to
explore solar energy as a suitable alternative. The
clean and unlimited nature of solar energy has
attracted the attention of many countries for energy
supply. Using solar collectors, sunlight can be
absorbed and converted into the required form of
energy. However, a crucial challenge in this
technology is improving the efficiency and thermal
performance of devices to generate more energy.
Nanotechnology can help enhance efficiency to

some extent. Nanofluids are advanced liquids
containing a small amount of nanoparticles
(typically less than 100 nanometers) that are
uniformly and stably suspended in the liquid. The
dispersion of a small quantity of solid nanoparticles
in conventional fluids, such as water, significantly
alters their heat transfer characteristics. Nanofluids
have been utilized to enhance the thermal
performance of various engineering systems and
have been employed as working fluids for heat
transfer in solar collectors. [1] A study conducted
by Kazem et al. [2] examined the efficiency of a
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PVT cooling system, where nanofluids composed of
water and ethylene glycol in a 75:25 volumetric
ratio, along with SWCNTs at different weight
fractions of 0.1%, 0.5%, 1%, and 2%, were utilized.
The researchers performed multiple experiments to
evaluate the thermophysical properties of a
nanofluid formed by adding 0.5% SWCNTSs to the
PVT system. The results from thermal imaging and
{ potential tests revealed that the nanoemulsion
exhibited a high thermal conductivity increase of
103% and significant stability for over 109 days. As
a result of this addition, the generated power
increased by 11.7%, and the electrical efficiency
improved by 25.2% compared to a standalone PV
system. A photovoltaic-thermal system was tested
by Alghandi [3] using a trapezoidal flow channel
that integrated copper, polycrystalline silicon, and a
mixture of titanium oxide and silver nanoparticles
in water. Various parameters, including volume
fraction, Reynolds number, and aspect ratio, were
analyzed. The results indicated that increasing the
Reynolds number from 100 to 1000 reduced the cell
temperature by 50% and enhanced efficiency.
Additionally, it was suggested that a higher inlet
height could improve system performance by
allowing more fluid into the system. These findings
promise an improvement in the efficiency of
photovoltaic-thermal systems. Another significant
study was conducted by Eglave et al. [4], focusing
on the design and simulation of a microchannel heat
sink integrated with a heat-generating device. This
research involved a parametric evaluation
considering heat flux, mass flow rate, inlet
temperature, and nanofluid concentration. It was
determined that the heat sink effectively reduced the
device's temperature. When a 0.3% volume fraction
and a mass flow rate of 8 kg/s were used, the
maximum heat transfer rate reached 13,693 W/m2K
at an inlet temperature of 35°C. In this study, the
efficiency of a photovoltaic-thermal panel was
quantitatively and numerically investigated using a
hybrid nanofluid of titanium oxide/aluminum oxide
with water as the base fluid, while analyzing the
effects of various process parameters on the thermal
and electrical performance of the PVT panel. The
primary objective is to enhance electrical and
thermal efficiency. The use of hybrid nanofluids can

facilitate this improvement. High temperatures in
photovoltaic cells reduce efficiency; however,
hybrid nanofluids, with superior heat transfer
properties, lower cell temperatures and enhance
overall performance.

2- Research Methods

2-1 Geometric Modeling

The arrangement of the modeled tubes in the
software is shown in Figure 1. It illustrates the
collector tubes for the case where the number of
tubes is eight

Figure 1: Schematic of the 8-Tube Geometry

2-2 Nanofluid equations and properties

In this study, the properties of aluminum oxidized
and titanium oxidized nanoparticles are utilized.
The properties of the nanofluid, including density,
specific heat, thermal conductivity, viscosity, and
volume fraction of nanoparticles, are calculated
using equations provided in reference.

Pny = a- ¢)pb + pnp¢ 1)

(CP)nf

_ (1 - ¢)(CPp)b + (CPp)np¢ (2
pnf

ky —(kp—ky)p+ 2k, +kp

tnr = (1 — ®) "y 4

(1 - )( L) cm
ancm=& (5)
pnpcm
In the given study, the volume fraction of

nanoparticles is represented by ¢. The subscripts b,
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np, and nf correspond to the base fluid,
nanoparticles, and nanofluid, respectively.

2-3 Boundary conditions

This problem has been solved for the number of
different pipes as well as the different temperature
of the inlet fluid. In the modeled photovoltaic
thermal system, we have heat transfer resulting from
convection, radiation and heat transfer from the cell
surface to the the deep sky. The intial fluid inlet
temperature of the pannel is assumed the same as
the ambient temperature. Also, the no-slip boundary
condition is established for the modeling of the
walls. A no-slip wall is a wall where the fluid
velocity is zero compared to the wall velocity.
thermal and Velocity boundary conditions are
tabulated in Table 1 and Table 2, respectively.

Table 1: thermal boundary conditions

Boundary layer Equ Geometric location
ations
Insulation —n.q=0 pipe edges
-n.q = pAHu.n
Constant T ine inlet
temperature AH =f CpdT PP
Tin
Convection heat -n.q = q, All over except fluid inlet
flux qo = hs(T, —T,) and outlet and glass surface
_n(? i T) 1
u~ ‘d
- RS 2 dSQS
R.=—2
Thin layer STK Panel frame
d
K=——, d
5 dsi
kj
= stj

Surface to —n.q = q,
ambient radiation qo = £,0(Taxy—Ts)
Radiative heat —n.q = q,
transfer qo = &G

PVT top surface to the sky

PVT top surface

Table 2: velocity boundary conditions

Geometric location
All pipe walls

Boundary layer Equations
wall u=0
Q

Constant flow rate _ _f wnds=05 (L) pipe inlet
A0 min

Avearge pressure p=0 pipe outlet

3- Discussion and Results

3-1 Basic 8-tube geometry
3-1-1 Two-dimensional temperature contour on the
surface of the glass panel
This section presents the two-dimensional
temperature contour. Based on the temperature
contour presented for the photovoltaic thermal cell
in Figure 2, it is noticeable that the surface
temperature of the cell at the water inlet is cooler
compared to the surface temperature at the water
outlet. Subsequently, as the cell collects sun
radiation through its absorbent surface, the
temperature of the cell surface gradually increases.
Eventually, the heat received through radiation is
transferred to the tubes beneath the cell surface,
leading to an increase in the temperature of the fluid
flowing between the tubes. Consequently, due to
this heat transfer, the temperature of the cell surface
gradually decreases in comparison to the
temperature of the heated fluid. It is important to
note that the ambient temperature is considered to
be 20°C.

Ta(1)=20 degC Tin(1)=293.15 K PV Cell, Glass Surface: Temperature (degC)
mm T T T T

1000
900 -
800
700
600
500
400
300
200
100

oF

L L 1 L
0 500 1000 1500 mm

Figure 2: two-dimensional temperature contour on the glass
surface of the 8-tube panel at the inlet water temperature of 20°C

3-1-2 Two-dimensional temperature contour in the
middle of the tubes

In the Figure 3, it is evident that the side parts of the
panel surface where the operating fluid enters have
a lower temperature compared to other parts. This
can be attributed to the fact that the inlet water
temperature is kept as low as possible.
Subsequently, as the cell surface receives radiation
from the sun, the temperature of the cell surface
gradually increases. This heat is then transferred to
the tubes beneath the surface of the panel, causing
the fluid flowing through the collector tubes to heat
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up. This process continues in a cyclical manner. As
observed, the temperature of the inlet water starts at
20°C. After receiving heat and circulating through
the pipes, its temperature increases to above 40°C.
This increase in temperature is due to the absorption
of heat from the panel surface.

Ta(1)=20 degC Tin(1)=293.15 K Surface: Temperature (degC)
mm

1000
900
800
700
600
500
400
300
200+
100

-100t 5 i . 1Vv20
0 500 1000 1500 mm

Figure 3: two-dimensional temperature contour in the middle of
the tubes (8-tube panel) at the inlet water temperature of 20°C.

3-1-3 Two-dimensional velocity contour in the
middle of the tubes

In the Figure 4, it is evident that the velocity in the
side parts of the panel surface, where the working
fluid enters, is lower compared to other parts. As the
fluid circulates and its temperature increases, the
velocity gradually increases. As observed, the
velocity is lower in the main inlet part on the left
side. The velocity is higher in the middle pipes due
to the smaller diameter of the pipe. During heating,
it is possible that the velocity slightly increases
through the heating path in the middle tube due to
the growing of the velocity boundary layer.

Ta(1)=20 degC Tin(1)=293.15 K PV Cell Surface: Velocity magnitude (mm/s)
mm T T T T

1000 J mm/s
A 49
200+
800 .
700+ E 20
600 1 {3
500 — 30
2001 »
20
300
15
200 — 10
100} N B
ol | Wy
. . . \ vo
0 500 1000 1500 mm

Ta(1)=20 degC Tin(1)=293.15 K PV Cell Surface: Velocity magnitude (mm/s)
mm T T T T

mm/s

L L L
1300 1400 1500 mm

Ta(1)=20 degC Tin(1)=293.15 K PV Cell Surface: Velocity magnitude (mm/s)
mm T T T T

L L L L
0 100 200 300 mm

Figure 4: Two-dimensional velocity contour in the middle of the
tubes (8-tube panel) at the inlet water temperature of 20°C.

4- Conclusion

In this study, the thermal performance of a
photovoltaic-thermal (PVT) panel was investigated
using a combination of titanium oxide and
aluminum oxide nanoparticles with different weight
percentages of 0%, 3%, and 6% in water as the base
fluid. The results indicate that the addition of the
hybrid nanofluid achieves the highest efficiency
compared to the single nanofluid and even with an
increase in the volumetric percentage of the selected
nanofluid. Numerical results show that at ambient
temperatures of 20°C and 30°C, the thermal and
electrical efficiencies are (32.641 and 32.437) and
(14.674 and 14.119), respectively. As the ambient
temperature increases, leading to a higher absorber
surface temperature, the system's thermal efficiency
decreases. This trend also affects the inlet pressure
of the fluid, as at ambient temperatures of 20°C and
30°C, the inlet pressure values are (26.83 and
22.33), respectively. Furthermore, analyzing the
effect of nanoparticle volume fraction in the system
under ideal conditions reveals that at an ambient
temperature of 20°C, with a 3% weight fraction of
titanium oxide and aluminum oxide nanoparticles,
the thermal and electrical efficiencies reach (32.926
and 14.688), and the inlet fluid pressure is 29.8009.
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Ta(l)=20 degC Tin(1)=293.15 K PV Cell Surface: Velocity magnitude (mm/s)
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Abstract

This research was conducted with the aim of empirically analyzing the impact of fuel
pressure and filter clogging on the injection rate of injectors. To this end, a laboratory
injector testing device was designed and constructed. This device is capable of
performing leakage tests and examining the shape and quantity of injector spray. The
experiments were conducted at six pressures: 20, 30, 60, 80, 90, and 100 pounds per
square inch. The results showed that, in general, the average spray rate of the
injectors increases with an increase in pressure; for instance, raising the pressure
from 20 to 30 pounds per square inch over a period of 30 seconds resulted in a 12%
increase in fuel spray volume. Additionally, it was found that as the system voltage
increases, the fuel spray volume also increases. For example, within a period of 10
seconds, the system at a voltage of 10 volts sprays 7 millimeters more fuel compared
to the 6-volt setting. Finally, it was established that, depending on the percentage of
filter clogging, the system pressure will be between 4.5 to 6.5 bar.
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1- Introduction

This research was conducted with the aim of

empirically analyzing the effect of fuel pressure
and filter clogging on the injection rate of
injectors. For this purpose, an injector testing
device was designed and constructed in a
laboratory setting. This device is capable of
conducting leakage tests, examining the shape and
guantity of injector spray. The experiments were
performed at six pressures: 20, 30, 60, 80, 90, and
100 pounds per square inch. The results indicated
that, in general, the average spray of the injectors
increases with an increase in pressure. For
example, over 30 seconds, the spray amount
increases by 12 percent when the pressure rises
from 20 to 30 pounds per square inch. It was also

found that the higher the system voltage, the
greater the spray amount. For instance, when the
system voltage is 10 volts, compared to a situation
where the system voltage is 6 volts, 7 millimeters
more fuel is sprayed over a period of 10 seconds.
Finally, it was determined that, depending on the
percentage of filter clogging, the system pressure
would range between 4.5 to 6.5 bars.

2- Research Methods

To investigate the effect of fuel pressure and fuel
filter clogging on the spray rate in injectors, an
injector cleaning device was designed and
manufactured.  The  components of the
manufactured device are shown in Figure 1 in the
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following order: 1- fuel rail, 2- injectors, 3- glass
fuel measuring cylinders, 4- Digital timer, 5- Five-
pin relay, 6- pressure gauge, 7- fuel hose entering
the fuel rail, 8- fuel drain valves of the glass
cylinders, 9- Arduino board, 10- Adjustable
voltage AC to DC adapter.

Figure 1: Overall view of the injector cleaning device components

This device operates with a 220-volt power supply
and has a working pressure of zero to 16 bar. A
Civil pressure gauge was used for pressure
measurement. This gauge is used for industrial
applications and has high accuracy. The power
supply for the fuel pump and injectors is 12 volts.
This device can be used to investigate and observe
injector leakage; test the injection angle and
itemization method of the injectors; test the
uniformity of fuel spray from the injectors;
perform chemical cleaning and completely remove
internal deposits from blocked injectors; and
observe and compare the fuel spray volume of
injectors relative to each other. To switch the
injectors on and off and prevent them from being

constantly open, the circuit shown in Figure 2 was
designed and built. In this circuit, the test time is
determined with the help of a digital timer (10, 20,
30, and 40 seconds), and the on and off time of the
injectors is specified by programming on the
Arduino board. Pins 85 and 86 in the 5-pin relay
are related to the magnetic relay, and the Arduino
board can switch the injectors' power on and off by
switching the current of this relay on and off.

Arduino uno

! Pin13

DC-DC
LM 25596

12V

| 5-Pin Relay

Figure 2: Injector power on/off mechanism
3- Discussion and Results

Investigation of the Effect of Increasing Pressure
on Spray Quantity

Experiments were conducted at six pressures: 20,
30, 60, 80, 90, and 100 psi. Generally, the average
injector spray quantity increases with increasing
pressure. For example, in 30 seconds, increasing
the pressure from 20 to 30 psi increases the spray
quantity by 12%. Similarly, in 40 seconds,
increasing the pressure from 90 to 100 psi
increases the spray quantity by 6.5% (Figure 3).
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Figure 3: Effect of Pressure on Injector Spray Quantity

Effect of System Voltage on Injector Spray Rate

Spray tests were performed on the system at four
different voltages and five time intervals. The
average spray rates were calculated, and the results
are reported in Figure 4. According to this figure,
the higher the system voltage, the greater the spray
guantity. For example, when the system voltage is
10 volts, 7 mm more fuel is injected in 10 seconds
compared to when the system voltage is 6 volts.

70 =
u Voltage=6 V y = 3/40040/340%x

g 60 u VoItagele V R? = 0/985
= 50 Voltage=11.5 V
= m Voltage=19.7 V
£ 10 oltage
£ 30
s 20
Py
& 10 J ! ! I J
0

Time (Second)
Figure 4: Effect of System Voltage on Injector Spray Rate
Investigation of Fuel Filter Clogging

Depending on the percentage of fuel filter
clogging, the fuel pump pressure will be between
4.5 and 6.5 bar

4- Conclusion

To empirically analyze the impact of fuel pressure
and filter clogging on the injection rate of
automotive injectors, a laboratory model of an
injector testing device was designed and
constructed. Experiments were conducted at six
pressures: 20, 30, 60, 80, 90, and 100 PSI. The
results showed that, generally, the average
injection rate of the injectors increases with
increasing pressure. For example, in 30 seconds,
increasing the pressure from 20 to 30 PSI increases
the injection volume by 12%. Or, in 40 seconds,
increasing the pressure from 90 to 100 PSI
increases the injection volume by 6.5%. It was also
found that the higher the system voltage, the
greater the injection volume. For instance, when
the system voltage is 10 volts, 7 mm more fuel is
injected in 10 seconds compared to when the
system voltage is 6 volts. Finally, it was
determined that, depending on the percentage of
filter clogging, the system pressure would be
between 4.5 and 6.5 bar.
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Abstract

The noise generated by marine propellers is one of the significant challenges in marine
science and acoustics, affecting the performance of submarines and potentially leading
to their detection and identification. One of the factors influencing the level of radiated
noise is the geometric parameter of rake angle, which this article numerically analyzes
regarding its impact on the hydrodynamic and hydroacoustic performance of the
DTMB propeller. To this end, in addition to the baseline geometry with a rake angle of
zero, four geometries with rake angles of -10°, -5°, +5°, and +10° were designed. To
validate the simulation, the results were compared with experimental data, and a grid
independence analysis was performed. The simulation was conducted using the
commercial Computational Fluid Dynamics software Siemens-Star CCM+, employing
the k- SST turbulence model and the Ffowes Williams-Hawkings (FWH) equations
as primary tools for analyzing the acoustic behavior resulting from propeller
movements. The results indicate that the rake angle simultaneously increases the thrust
coefficient and torque coefficient of the propeller while decreasing its open-water
efficiency, except at a rake angle of -10°, where its open-water efficiency was
comparable to that of the baseline geometry without rake. Among the cases studied, the
lowest sound pressure level (SPL) across most frequency ranges corresponded to a rake
angle of -5°. Therefore, from a hydrodynamic performance perspective, a rake angle of
-10° exhibited similar performance to the baseline geometry, while in terms of SPL, a
rake angle of -5° was identified as the optimal condition examined.
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1- Introduction

This abstract summarizes a study on marine
propeller design, exploring how different skew
angles impact performance. The research aims to
balance efficiency and noise reduction, which are

examining their
characteristics

skew angles of -10°, -5°, 0°, +5° and +10°,
hydrodynamic and acoustic

crucial for marine applications
2- .Research Methods

The study used computational fluid dynamics
(CFD) with the k-o SST turbulence model and
experimental validation. It analyzed propellers with

3- Findings

The results indicate that a -10° skew angle maintains
efficiency at 66.41%, matching the baseline (0°),
due to balanced thrust and torque increases. Other
angles, like +10° at 62.25%, show reduced
efficiency. For noise, -5° skew reduces sound
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pressure levels by 2-3 dB compared to the baseline,
while +10° increases noise due to flow disturbances.

4- Conclusion

This study highlights that skew angle adjustments
can significantly influence propeller performance,
offering a trade-off between efficiency and noise. It
suggests tailoring designs to operational needs, with
recommendations for further research to optimize
real-world applications.

5- Detailed Analysis and Observations

This section provides a comprehensive examination
of the study on marine propeller performance,
focusing on the impact of skew angle on efficiency
and noise levels. The analysis is based on the
provided document, which appears to be a technical
report or research paper, and aims to fulfill the
request for a detailed abstract spanning the content
of a 3-page article, with results explicitly mentioned
at the end.

6- Background and Purpose

The study centers on optimizing marine propeller
design, a critical aspect of naval architecture and
marine engineering. The primary objective is to
enhance hydrodynamic efficiency while reducing
acoustic noise, which is vital for both fuel efficiency
and environmental considerations, such as
minimizing underwater noise pollution affecting
marine life. The focus on skew angle, referred to as
"kji" in the document, underscores its role as a
geometric  parameter influencing  propeller
performance. This aligns with broader industry
trends toward quieter and more efficient propulsion
systems, particularly in commercial shipping and
naval vessels.

7- Methodology

The research methodology is robust, employing
advanced computational tools and experimental
validation. Computational fluid dynamics (CFD)
simulations were conducted using the k-o SST
turbulence model, known for its accuracy in

capturing near-wall flow behaviors and turbulence
effects. The study analyzed propellers with five
distinct skew angles: -10°, -5°, 0° (baseline), +5°,
and +10°. These configurations were chosen to
cover a range of negative and positive skews,
allowing for a comprehensive assessment of their
impact. The simulation setup included detailed
geometric modeling, with specific attention to mesh
generation for grid independence and convergence
criteria. Boundary conditions were defined to mimic
real-world operating conditions, such as inflow
velocity and pressure outlets. Experimental
validation was also mentioned, likely involving
physical testing in a cavitation tunnel or similar
facility, to correlate numerical results with
empirical data. This dual approach enhances the
reliability of the findings, addressing potential
limitations of purely numerical methods.

8- Key Findings and Results

The results section is pivotal, providing quantitative
insights into how skew angle affects performance
metrics. The document highlights the following:

= Efficiency Analysis: Efficiency, measured as
open-water efficiency (1)), was found to be most
preserved at -10° skew, maintaining 66.41%,
identical to the 0° baseline. This is attributed to
a significant increase in thrust coefficient (KT)
that offsets the torque coefficient (KQ) increase,
as noted in Table 4 of the document. For other
angles, efficiency decreases: +5° at 63.25%, -5°
at 64.47%, and +10° at 62.25%. These
reductions are linked to increased drag and less
optimal flow alignment, leading to higher
energy losses.

= Noise Analysis: Acoustic performance,
measured by sound pressure levels (SPL),
shows a clear gradient based on skew angle. The
-5° skew angle is identified as the quietest,
reducing noise by approximately 2-3 dB
compared to the baseline across frequency
ranges below 200 Hz and above, as seen in
Figure 9. This is due to more uniform pressure
distribution  and  reduced  turbulence.
Conversely, the +10° skew angle generates the
highest noise, with significant pressure
fluctuations and flow disturbances, indicating



83 Numerical Analysis of the Effect of ...

Mohammad Hossein Ghaedsharaf et al.

greater acoustic energy release. The 0° and -10°
configurations produce intermediate noise
levels, with -10° being noisier than -5° but less
than +10°.

These findings suggest a trade-off: -10° skew
prioritizes efficiency, while -5° prioritizes noise
reduction. This trade-off is crucial for design
decisions, depending on whether the application
requires fuel efficiency (e.g., commercial shipping)
or acoustic stealth (e.g., naval submarines).

9- Discussion and Implications

The discussion section likely elaborates on these
results, emphasizing the practical implications. For
instance, the -10° skew's ability to maintain
efficiency at baseline levels could be advantageous
for long-haul vessels where fuel costs are a major
concern. Conversely, the -5° skew's noise reduction
could be critical for environmentally sensitive areas

or military operations requiring low acoustic
signatures. The document also mentions
visualizations, such as pressure contours and
velocity fields (Figures 6, 7, 8, 9), which likely
illustrate these effects, providing visual evidence for
the numerical data. The study concludes by
suggesting further research to refine these
parameters for real-world applications. This could
involve testing under varying operational
conditions, such as different speeds, depths, or sea
states, to ensure robustness. It also hints at potential
extensions, such as integrating these findings into
broader propulsion system designs or exploring
other geometric parameters like blade number or
pitch.

10- Comparative Analysis
To organize the findings, the following table

summarizes the efficiency and noise levels for each
skew angle, based on the provided data:

Table 1: Comparative analysis of hydrodynamic parameters at various skew angles

Skew Angle Efficiency (%0) Noise Level (Relative to Baseline)
-10° 66.41 Intermediate (noisier than -5°, less than +10°)
-5° 64.47 Lowest (-2 to -3 dB)
0° (Baseline) 66.41 Baseline
+5° 63.25 Higher than -5°, less than +10°
+10° 62.25 Highest (significant increase)

This table highlights the trade-offs, with -10°
excelling in efficiency and -5° in noise reduction,
providing a clear basis for design choices.

11- Conclusion and Recommendations

In conclusion, the study demonstrates that skew
angle is a critical design parameter for marine
propellers, influencing both  hydrodynamic
efficiency and acoustic performance. The results,
presented at the end of this abstract, show that -10°
skew maintains efficiency at 66.41% while -5°
reduces noise by 2-3 dB, offering designers
flexibility to prioritize based on operational needs.
The recommendation for further research
underscores the ongoing need to refine these

findings for practical implementation, ensuring that
marine propulsion systems meet both efficiency and
environmental standards.
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This study examines the effect of size on the elastic properties of single-layer and
double-layer armchair-type graphene nanoplates. To maintain the discrete nature of
the nanoplates, they were modeled using equivalent spatial frame structures, with the
finite element method employed to predict their elastic properties. The results were
then validated by comparison with previous studies. Based on the findings, the
mechanical properties of the double-layer nanoplates exhibited a slight difference in
size dependence compared to the single-layer sheets. It was also observed that, for both
single-layer and double-layer nanoplates, the elastic properties at smaller sizes were
direction-dependent. However, as the size increased, the properties transitioned
toward orthotropy, and with further enlargement, the dependence diminished,
eventually approaching isotropy. Specifically, the results showed that for small
nanoplates (30 A), the Young’s moduli in two directions differed by about 6%. At a
larger size (100 A), this difference decreased to around 2%, and at 300 A, it dropped
to approximately 0.7%. Additionally, Poisson’s ratios in the two orthogonal directions
for single-layer square nanoplates at smaller sizes (10 A) exhibited a notable difference
of 19%. As the size increased to (100 A), this difference reduced to about 8%, and at
300 A, it significantly decreased to about 1.5%. These findings suggest that the
convergence to isotropy occurs more rapidly for the Young’s modulus compared to
Poisson’s ratio.
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1- Introduction

Carbon-based nanomaterials have become highly
popular for use in nanomechanical devices and
nanocomposites due to their remarkable
mechanical, electrical, and thermal properties [1].
Nanotechnology is defined as the ability to
fabricate, control, enhance, and utilize materials at
the nanoscale. The most distinctive characteristic of
this field is the dependence of nanomaterial
properties on size, physical shape, and the nature of
interatomic bonds. This capability has become even
more significant with advancements in atomic-level
fabrication and geometry manipulation, which

continue to evolve. Due to their exceptional
chemical, mechanical, thermal, and electrical
properties, these materials have promising
applications in microelectromechanical systems
(MEMS), nanoelectromechanical systems (NEMS),
optics, and polymer composite reinforcement [2].

Computational methods in nanomechanics are
pursued  through  atomic-scale  approaches,
molecular mechanics, finite element method
(FEM), and continuum modeling, each with its own
advantages and limitations.
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Theoretical methods have been extensively
developed to estimate the elastic properties of
nanostructures, including Young’s modulus, shear
modulus, and Poisson’s ratio. The present study
investigates the effect of size on the elastic
properties of single-layer and double-layer armchair
graphene nanoplates. To preserve the discrete
nature of the nanosheets, they were modeled using
equivalent space-frame structures. Subsequently, an
effective and efficient atomistic finite element
method (AFEM) was developed to determine the
elastic properties and mechanical behavior of
single-layer and double-layer graphene sheets. To
validate the methodology, the numerical results for
elastic properties were compared with previous
studies. This study focuses on the size-dependent
elastic properties of both single-layer and double-
layer sheets, an aspect that has been less explored in
prior research, particularly for double-layer
structures.

2- Theory and Simulation

In this study, the structure of armchair carbon
nanosheets was examined. As schematically shown
in Fig. 1, the nanosheet was modeled as a spatial
structure based on the molecular structural
mechanics approach. Fig. 1 also illustrates part of
the hexagonal lattice, where beam elements were
used in the finite element model to represent single
carbon-carbon covalent bonds. Similar to
conventional finite element models, nodes were
employed to connect beam elements, forming the
graphene structure. In this approach, the nodes
represent carbon atoms and are defined based on
their atomic coordinates. A modified interatomic
potential was wused to describe the atomic
interactions in graphene. This potential is well-
suited for modeling the behavior of carbon-carbon
covalent bonds and has been widely applied by
researchers in studying the fracture behavior of
carbon nanotubes in both purely atomistic and
atomistic-based continuum simulations.

Bond length= Lcc

Carbon atom = node or pin
Covalent bond = beam

dcc = Bond diameter

o/

Three-dimensional space frame  Equivalent beam element
structure = Carbon nanosheet

Figure 1: Schematic of the Molecular Structural Mechanics Approach

In any structure, including carbon nanotubes and
graphene, which are entirely composed of carbon-
carbon covalent bonds, the molecular potential
energies arising from bond interactions are
significantly greater than non-bonded (long-range)
interactions such as van der Waals forces [3].
Therefore, the total molecular potential energy
during the deformation of a single-walled (layered)
carbon nanostructure is equivalent to the energy
contributions from various types of bond

deformations—namely, the sum of the energies
associated with bond stretching/compression, bond
angle variations, and bond twisting. Similarly, in the
deformation of a spatial frame structure, the total
strain energy is the sum of the strain energies
resulting from beam elongation, beam bending, and
beam torsion. In the molecular structural mechanics
approach, the deformation of a carbon nanosheet is
analogous to the deformation of a spatial frame
structure. Thus, the total molecular potential energy
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is equal to the total strain energy, which is expressed
by Eq. (1).

Uiotal = Ur + Ug + Uy = Uy + Up + Ur (1)

Here, Uota represents the total molecular energy of
a deformed bond in a single-layer carbon nanosheet
or the total strain energy of a deformed beam
structure. The terms U,., Uy, and U correspond to
the energy contributions from bond stretching, bond
angle variations, and bond twisting, respectively.
Similarly, Uy, Ug, and Uy denote the strain energy
components resulting from beam elongation, beam
bending, and beam torsion, respectively.

A code was developed to generate geometric data in
MATLAB. The data were then imported into
ANSYS for finite element analysis. To construct the
model, atomic positions representing carbon atoms
were first defined, followed by the creation of
connecting lines representing covalent bonds. The
process began by defining a unit cell, which was
then repeated along the x — and y —directions to
form a complete 2D nanosheet. Covalent bonds
were modeled using the three-dimensional elastic
BEAMA4 element, where each node possesses three
translational degrees of freedom (x, y, z) and three
rotational degrees of freedom about the same axes.
In addition to beam elements, interlayer springs
were included in the model to account for van der
Waals interactions between graphene layers. These
interactions were considered only for atom pairs
within a cutoff radius o (where o is the Lennard-
Jones parameter) [4]. Finally, after defining the
interlayer springs, their stiffness was assigned based
on the equivalent elastic energy of the chemical
bonds.

3- Results and discussion

Fig. 2a shows the wvariations of the Young’s
modulus of the graphene sheet in the x and y

directions. It is observed that at small sizes, these
properties are significantly influenced by the
loading direction, leading to noticeable differences.
However, as the size increases, this direction-
dependence weakens, and ultimately, the two curves
converge to a certain value. In other words, as the
size of the graphene sheet increases, its elastic
property tends towards an isotropic behavior. Based
on the graphs, it can be said that at the nanometric
dimensions, the armchair graphene sheet is
anisotropic, with its flexibility in the x direction
being greater than in the y direction, though this
difference is not significant. Physically, it can be
explained that at small sizes, the statistical
distribution of the elements in each direction differs
noticeably relative to the total elements, but as the
size increases, the total number of elements
increases, and the difference in the number of
elements in the two directions relative to the total
decreases. Thus, the directional properties gradually
disappear.

For double-layer graphene sheets, the variations in
their elastic properties with respect to size are
plotted in Fig. 2b. As observed, the trend in the
changes of properties is similar to that of the single-
layer sheets, with only slight differences between
these values and those corresponding to the single-
layer sheets. This minor difference arises from the
weak van der Waals interactions between the two
layers, which are less operative compared to the
strong covalent bonds and do not contribute
significantly to the results. In fact, it can be said that
when the in-plane behavior is considered, the
presence of two sheets side by side does not differ
much from a single sheet, provided that the load is
also proportionally adjusted. In other words, each
sheet carries an equivalent load to that of a single
sheet from the previous case. Therefore,
explanations regarding the physical interpretation of
these plots are omitted, and the same explanations
for the single-layer sheet can be applied.



Journal of Science and Technology in Mechanical Engineering Vol. 3, No. 2, 2025 102
1/11 1/1
@~--Ex --l--Ey [
1/09 x ®--F
1/095 TR Ry \ "
\
\ 1/08 >
\ \
1/08 -...J\ .................................................................................... \‘
\. 1/07 i

‘q 065 o vvoee et 19, S
E/ \\- goe T
w08 e ——

1/05 e DR R t/05 Wowwsmmrroy I

® .I 1/04 oo s Q. rr. T LT
@ Q@
1/035 4. e @
T 1/03 &
1/02 T T T T T T 1/02 T T T T T
30 75 120 a=]é$ﬁ&] 210 255 300 0 50 100 QE’B 1A] 200 250 300

Figure 2: Young's modulus of the nanosheet as a function of its size; a) single layer and b) double layer

4- Conclusion

In this study, square single-layer and double-layer
graphene sheets with different sizes ranging from 30
to 300 A were studied to determine their elastic
properties. The following conclusions were drawn:

1- It was observed that for very small sheet sizes,
the values of properties in the x and y directions
were strongly influenced by the loading
direction, showing significant differences.
However, as the size increased, this direction
dependence declined, and eventually, both
curves converged to a specific value. In fact, as
the size increased, the behavior gradually
tended towards orthotropy and eventually
isotropy.

2- According to numerical results, for small
nanosheet sizes (30 A), the Young’s moduli in
the two directions differ by about 6%. For larger
sizes (100 A), this difference decreases to about
2%, and as the nanosheet size increases to 300
A, the difference reduces further to
approximately 0.7%.

3- Based on the results, Poisson’s ratios in the two
orthogonal directions for single-layer square
nanosheets at small sizes (10 A) show a

significant difference of about 19%. As the size
increases to 100 A, the difference reduces to
about 8%, and finally, as the nanosheet size
reaches 300 A, the difference becomes much
smaller, around 1.5%. The numerical
comparison confirms that the convergence
towards isotropy occurs faster for the Young’s
modulus than for Poisson's ratio.
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Abstract

Polymer components manufactured using additive manufacturing (AM) methods have
many applications in various industries. Different parameters affect the quality of
parts’ printing, and subsequently their mechanical and surface properties. In this
paper, the effect of 3D printing factors including layer height, printing speed, and
temperature on the fatigue life of PLA specimens printed by the Fused Deposition
Modeling is investigated. Layer heights of 0.2, 0.25, and 0.3 mm, printing speeds of
1000, 1400, and 1800 mm/min, and printing temperatures of 205, 215, and 225°C, all
with an infill density of 100%, are considered. For this purpose, 15 different
configurations were created in Minitab using the Box-Behnken method for laboratory
evaluation. The fatigue life of specimens was obtained using a SANTAM rotational
fatigue machine at a constant speed of 5 Hz. Then, using linear and nonlinear second-
order regression models and fitting the experimental data, the fatigue life estimation
function was extracted using the scikit-learn package in Python. Studies show that the
results obtained from nonlinear regression are reliable and do not suffer from
overfitting. The results also show that as the printing speed and layer height increase,
the fatigue life of specimens decreases due to the reduction in the mechanical and
surface quality of the samples. In addition, although the printing temperature does not
have a large effect on the fatigue life; its changes are nonlinear, and using nonlinear
regression estimation, the optimal temperature of 213 degrees in the printing
temperature range of 205 to 225 degrees Celsius has been obtained.
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1- Introduction

Recent  technological advancements  have
significantly transformed conventional

manufacturing methods. Through the development fundamental

A critical challenge in additively manufactured
components lies in their mechanical behavior. The
characteristic  of all

additive

of innovative fabrication techniques, designers can
now produce complex geometries that closely
resemble final part specifications. The invention of
multi-axis CNC machines and subsequent 3D
printers has revolutionized industry, enabling the
production of virtually any three-dimensional
component using various raw materials [1].

manufacturing (AM) techniques is their layer-by-
layer fabrication approach [2]. This inherent feature
results in anisotropic mechanical properties of
manufactured parts. Numerous factors influence
this phenomenon, most of which are determined by
the manufacturing process parameters [3]. While
3D printing has primarily been utilized for
prototyping applications, its adoption in full-scale
production remains limited. The development of
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diverse AM technologies has expanded their
applications across medical, aerospace, automotive,
and engineering sectors due to advantages such as
design feasibility and integrated manufacturing
capabilities [4]. The medical industry has begun
exploring 3D printing for tissue engineering, organ
development, and cellular structure fabrication [5].
The operational principle of 3D printers relies on
additive manufacturing methodology. Initially, a
virtual 3D model is created using computer-aided
design (CAD) software. Subsequently, secondary
software slices this model into multiple layers,
generating G-code instructions [2]. In fused
deposition modeling (FDM), the most common
feedstock consists of thermoplastic filaments fed
through a heated nozzle. This technique can achieve
layer thicknesses up to 50 um [2]. Compared to
other AM methods, FDM has attracted significant
research attention due to its cost-effectiveness and
other advantages [6].

Research by Ezeh et al. [7] demonstrated that PLA
specimens exhibit superior fatigue life compared to
ABS counterparts. Furthermore, horizontally
printed samples showed greater fatigue strength
than vertically oriented ones. Dadashi and Azadi [8]
found that reducing nozzle diameter improves
fatigue performance. Safai et al. [9] highlighted the
challenges in optimizing printing parameters for
fatigue resistance due to complex interactions
between process variables and material properties.
Salim et al. [10] reported that PLA outperforms
ABS in tensile strength, strain, and elastic modulus
characteristics.

This study investigates the bending fatigue behavior
of 3D-printed specimens fabricated via FDM.
Multiple parameters influence the surface and
internal quality of printed samples, consequently
affecting their fatigue life. Key variables include
layer height, melt temperature, thermoplastic
polymer type, printing orientation, infill percentage,
and printing speed. Notably, this research focuses
specifically on 3D printing parameters affecting
fatigue life, excluding applied bending load and

fatigue test machine rotational speed. It is important
to emphasize that for polymeric materials, excessive
rotational speeds during fatigue testing must be
avoided due to their temperature-sensitive
mechanical properties, as elevated speeds may
induce thermal degradation during testing.

2- Materials and Methods

This study investigates the influence of FDM
printing parameters on the fatigue life of 3D-printed
specimens, focusing on layer height (0.2-0.3 mm),
printing speed (1000-1800 mm/min), and melt
temperature  (205-225°C). A Box-Behnken
experimental design was implemented in Minitab
software, generating 15 test conditions (including 3
replicates) to evaluate 13 wunique parameter
combinations (Table 1 and Table 2). All specimens
were printed using white PLA filament (1.75 mm
diameter, Esun brand), selected for its superior
deformation resistance (1.25-1.5%) and specific
strength (1.1-1.3%) compared to ABS [11].

Table 1: Investigated Printing Parameters

Values Variable

02 025 03 Layer Height (mm)
1000 1400 1800  Frinting Speed (mm/min)

205 215 225 Melt Temperature (°C)
PLA Filament Material

3- Discussion and Results

3.1 Fatigue life analysis

Rotational fatigue testing (5 Hz, 0.5 kg load) was
conducted on triplicate samples for each parameter
combination (Table 2).
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Table 2: Experimental Design and Effect of various factors on fatigue life
_ o o Cycles to Failure (Each
Sample Layeérrn:(;lght Prmtl(rlgé;l'emp. Prl(rr:;\?msiat)eed Sample) l\ﬁeiz?en
1 2 3

1 0.3 215 1000 35157 35781 36189 35709
2 0.2 225 1400 40479 40789 41012 40760
3 0.25 215 1400 36459 36795 37123 36792
4 0.25 215 1400 36459 36795 37123 36792
5 0.25 225 1000 38994 39564 39029 39195
6 0.25 215 1400 36459 36795 37123 36792
7 0.25 205 1000 39481 40465 39966 39971
8 0.2 215 1000 47062 47670 47149 47294
9 0.3 215 1800 26938 27842 27861 27547
10 0.3 225 1400 30895 31451 30021 30789
11 0.3 205 1400 47121 46159 47237 31126
12 0.25 205 1800 31049 30946 31482 31159
13 0.2 215 1800 35068 34875 35121 35021
14 0.2 205 1400 41542 42006 41894 41814
15 0.25 225 1800 30082 30746 30176 30335

3.2 Regression Modeling

Two predictive models were developed using SNponiin = 111533.33H% + 358.5 HT

Python's scikit-learn: + 5138 HV — 304070 H

— 9.49T2 — 0.00308 TV 2)

A) Linear Regression:

Sny, = +85605.21 — 99295 H — 37.38T

— 1191V

B) Nonlinear Regression:

D)

+ 3957.65T — 0.00424V?

— 12.22V - 317328.08

3.3 Validation Results
To evaluate the accuracy of the linear and nonlinear
regression results, two additional test samples were
examined. The outcomes of these two samples are
presented in Table 3. Table 4 compares the
experimental data with the predictions from both
linear and nonlinear regression models, along with
their respective percentage errors.
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Table 3: Test samples for regression validation
Printing Cycles to Failure (Each
Sample No.  Layer Height (mm)  Printing Temp. (°C) Speed Sample) Mean Life
(mm/min) 1 5 3
1 0.3 215 1400 31136 30224 31891 31084
2 0.25 205 1400 36767 36644 36521 36644

At first glance, it appears that the prediction error of
the nonlinear regression function is greater than that
of the linear regression. This observation stems
from the fact that the characteristics of the two test
samples happened to align more favorably with the
linear regression model. Therefore, relying solely
on these two test results would be insufficient to
conclude that linear regression outperforms
nonlinear regression in this study. However, this
study  provides two  key  pieces  of
evidence demonstrating the superior accuracy of the
second-order nonlinear regression (Eq. 2) over
linear regression (Eqg. 1):

A) Python's Model Evaluation Scores:

The Python-generated scores assessing the models'
ability to predict failure cycles were 0.97155 for
linear  regression and 0.9962  for  nonlinear
regression, indicating that the nonlinear regression
achieves a better fit.

B) Least Squares Sum Comparison:

The sum of squared residuals (LS) was calculated
for all samples (training and test). The results
showed linear regression LS is 11,160,347; while
the nonlinear regression LS equals to 2,726,721.
The significantly lower LS value for nonlinear
regression confirms its higher predictive precision.

Table 4: Accuracy assessment of linear and nonlinear regression models against experimental tests

Sample 1 Sample 2
. Linear Nonlinear . Linear Nonlinear
Experimental . . Experimental . .
(cycles) Regression Regression (cycles) Regression Regression
(cycles) (cycles) (cycles) (cycles)
31,084 31,108 32,106 36,644 36,447 36,217
Error (%) 0.078 3.28 Error (%) 0.54 1.16
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Samples  V (Printing speed) (mm / min) T (Temperature) (°C)  H (Layer height) (mm)  Cycles to failure
1 1000.0 215.0 0.30 35709
2 1400.0 225.0 0.20 40760
3 1400.0 215.0 0.25 36459
4 1400.0 215.0 0.25 36795
5 1000.0 225.0 0.25 39196
6 1400.0 215.0 0.25 37123
7 1000.0 205.0 0.25 39971
8 1000.0 215.0 0.20 47294
9 1800.0 215.0 0.30 27547
10 1400.0 225.0 0.30 30789
11 1400.0 205.0 0.30 31126
12 1800.0 205.0 0.25 31159
13 1800.0 215.0 0.20 35021
14 1400.0 205.0 0.20 41814
15 1800.0 225.0 0.25 30335
b i Hgam S5 gy pandas s oad JSiS o ;05 10 Joux
Samples vV T H HXH HXT TXT HxV VXV VT Cycles to failure
1 1000.0 215.0 0.30 0.0900 6450 46225.0 300.0 1000000.0 215000.0 35709
2 1400.0 225.0 0.20 0.0400 45.00 50625.0 280.0 1960000.0 315000.0 40760
3 1400.0 215.0 0.25 0.0625 53.75 46225.0 350.0 1960000.0 301000.0 36459
4 1400.0 2150 0.25 0.0625 53.75 46225.0 350.0 1960000.0 301000.0 36795
5 1000.0 225.0 0.25 0.0625 56.25 50625.0 250.0 1000000.0 225000.0 39196
6 1400.0 2150 0.25 0.0625 53.75 46225.0 350.0 1960000.0 301000.0 37123
7 1000.0 205.0 0.25 0.0625 51.25 42025.0 250.0 1000000.0 205000.0 39971
8 1000.0 215.0 0.20 0.0400 43.00 46225.0 200.0 1000000.0 215000.0 47294
9 1800.0 215.0 0.30 0.0900 6450 46225.0 540.0 3240000.0 387000.0 27547
10 1400.0 225.0 0.30 0.0900 6750 50625.0 420.0 1960000.0 315000.0 30789
11 1400.0 205.0 0.30 0.0900 6150 42025.0 420.0 1960000.0 287000.0 31126
12 1800.0 205.0 0.25 0.0625 51.25 42025.0 450.0 3240000.0 369000.0 31159
13 1800.0 215.0 0.20 0.0400 43.00 46225.0 360.0 3240000.0 387000.0 35021
14 1400.0 205.0 0.20 0.0400 41.00 42025.0 280.0 1960000.0 287000.0 41814
15 1800.0 225.0 0.25 0.0625 56.25 50625.0 450.0 3240000.0 405000.0 30335
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Abstract

In this paper, the effect of conventional nanofluids including Al203, CNC and TiO2
and hybrid nanofluids including AI203/CNC and AI203/TiO2 on the cooling rate of an
automobile radiator was investigated. Hydrodynamic-Thermal simulation was
performed using ANSYS Fluent software. The flow rate of the nanofluid solution was
in the range of 10 to 100 g/s and the volume concentration of the nanofluid was between
0.1 and 0.9%. The flow temperature of the hot fluid was 45 °C and the temperature of
the radiator cooling air was 30 °C. The results showed that hybrid nanofluids, despite
increasing the heat transfer coefficient (CHTC), also increased the pressure drop of the
system. At 0.9%, The thermal performance efficiency (TPE) parameter analysis
showed that hybrid nanofluids including AI203/CNC and Al203/TiO2 (values 1.5 and
1.42) had better performance than conventional nanofluids including Al203, CNC and
TiO2 (values 1.30, 1.32 and 1.09). It was also observed that TiO2 nanofluid had a low
effect on increasing the thermal performance of the radiator.
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1- Introduction

Engine cooling is the biggest technical challenge in
the manufacturing, electrical, and automotive
industries. Water pump failure and radiator wear,

optimal  fuel

consumption  while
overcooling. Many industrial cooling systems,

automotive parts, air conditioning,

preventing

power

along with inefficient coolant, are the main causes
of overheating in automobile engines. Overheating
can cause damage to various parts of the vehicle,
including warping of the cylinder head, distortion of
the radiator hose, and even vehicle failure [1].
Engine operating temperatures must be controlled
to prevent mechanical problems in materials caused
by high operating temperatures, which allows for

generation, and chemical processes use common
coolants such as water, motor oils, mineral oil, and
ethylene glycol as the base fluid [2]. Increasing the
heat transfer rate of the base fluid is one of the
primary issues for current science and technology
[3]. Improving cooling performance includes three
methods: passive cooling, active cooling, and a
combination of the two [4]. Active methods mostly

) @O
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require the use of external forces to improve the
cooling capabilities, such as installing a cooling fan
to remove excess heat or using antifreeze (water and
antifreeze) [5]. However, this solution has
limitations in order to maintain the same system
size, area or input power. Adding nanoparticles to
the base fluid has great potential to increase the
effectiveness of the cooling technique [6] [7]. Fluids
in this category, known as nanofluids, are in which
a colloidal suspension of solid nanoparticles (100
nm in size) is added to the base fluid. Therefore,
researchers have focused on comparing the heat
transfer characteristics of solid particles with base
fluids to enhance the thermal performance of
automotive cooling systems. Various studies have
shown that the use of nanofluids in automotive
cooling systems can help minimize the size and
weight of the radiator, while increasing system
efficiency and reducing fuel consumption [8]. In
most works, a mixture of water and ethylene glycol
(in various proportions) is used in automotive
cooling systems [9].

It is observed that most studies conducted on
automobile radiators focus on the effect of
conventional nanofluids and in the laboratory, and
the use of hybrid nanofluids for radiators, especially
their numerical simulation, is very limited. In the
present work, a radiator is simulated in real
dimensions and then the effect of different simple
and hybrid nanofluids on the performance of the
radiator cooling system is investigated. The
innovation of the present work is the simultaneous
use of conventional and hybrid nanofluids and the
comparison between them.

2- Research Methods

In the present work, the effect of various hybrid
nanofluids on the cooling performance of an
automobile radiator is numerically investigated.
First, the work of Singh et al. [10] is used to verify
the numerical results. Figure 1 shows the geometry
of a finned radiator. The number of tubes is 39 and
the number of fins is 10. The temperature of the hot
water entering the tubes is 45 degrees Celsius and
the air temperature is 30 Celsius and the velocity is

3 m/s. The flow rate of the hot water entering the
radiator is variable and ranges from 10 g/s to 100
g/s. In the present work, the hot water base fluid is
used as the inlet fluid to the automobile radiator and
the air base fluid is used as the cooling fluid of the
automobile radiator. In the present work, in order to
increase the heat transfer, nanofluids (simple and
hybrid) are added to the water fluid to investigate its
effect on the cooling performance of the radiator.

3- Results

Figure 8 shows the values of pressure drop increase
for different nanofluid solutions. It is observed that
the pressure drop with respect to the fluid flow rate
is approximately a quadratic function and its values
increase with increasing fluid flow rate. It is also
observed that the AI203/CNC nanofluid solution
produces the highest pressure drop and the TiO2
nanofluid produces the lowest pressure drop in the
radiator tube assembly.

Hppp=0.01 m

Hradzo.]. m

Lune=0.018 m
—
——>
Dube=0.025 m

Wuwbe=0.0018 m  Hype=0.009 m

Figure 1: Schematic of the geometry of an automobile radiator

This is a contradictory behavior with the values of
heat transfer increase, because in the heat transfer
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section it was shown that the best performance was
related to AI203/CNC and the worst performance
was related to TiO2. For this reason, the thermal
performance coefficient (TPE) parameter, which
indicates the power of heat transfer coefficient
increase with respect to the increase in pressure
drop, is investigated. The number one for this
parameter indicates the equality of the heat transfer
increase and the increase in pressure drop, and
therefore, in order to justify the type and amount of
nanofluid, this value should be greater than one.
Figures 9 and 10 show the thermal performance
coefficient (TPE) at volume fractions of 0.1 and 0.9
percent. It is observed that the value of the thermal
performance coefficient is higher at low flow rates
and decreases with increasing base fluid flow rate.
The reason for this is that at high flow rates, the
contribution of fluid convection heat transfer
becomes superior to the performance of nanofluid
properties and practically the effect of nanofluid in
improving the heat transfer rate is reduced. It is
observed that the hybrid nanofluids AI203/CNC
and AI203/TiO2 had better performance than
simple nanofluids, so that at a volume fraction of 0.1
percent and a flow rate of 10 g/s, the TPE parameter
for these two hybrid nanofluids is 1.16 and 1.12,
respectively. While for simple nanofluids Al203
and CNC, this value is approximately 1.07. For
TiO2 nanofluid, the TPE value even reached below
1, which indicates the inappropriateness of using
this nanofluid in automotive radiator cooling
applications at low volume fractions. The TPE
parameter at 0.9% volume fraction and 10 g/s flow
rate for AI203/CNC and AI203/TiO2 hybrid
nanofluids is 1.5 and 1.42, respectively, while for
simple AI203, CNC and TiO2 nanofluids it is 1.30,
1.32 and 1.09, respectively.

10 -
I withouth nanofluid
v CNC 0.9%
s = TiO2 0.9% >
A Al203 0.9% .
;::T [ ] AI203/CNC 09%
=2 sbL » AI203/TiO2  0.9% e
= v A
5 e P
Z 4 s
3 v A ]
X PO
. ; ¥ a ]
. . A | ]
2F * @ f ¥ a m
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| m = ¥ ®
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Mass flow rate (g/s)

Figure 2: Pressure drop increase value for different nanofluids

These values are the highest TPE values. For TiO2
nanofluid, at mass flow rates higher than 10 g/s, the
TPE value approaches one even at a volume fraction
of 0.9%, indicating the low effectiveness of this
nanoparticle.
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4- Conclusion

In the present work, a performance comparison was
made on simple and hybrid nanofluids in increasing
the cooling rate of an automobile radiator. Simple
nanofluids include AlI203, CNC, and TiO2, and
hybrid nanofluids include AI203/CNC and
Al203/TiO2. The flow rate of hot water entering the
radiator is in the range of 10 to 100 g/s, its
temperature is 45 Celsius, and the temperature of
the radiator cooling air is 30 Celsius. The
hydrodynamic-thermal simulation of the radiator
was performed using ANSYS Fluent software. The
results showed that hybrid nanofluids, despite
increasing the heat transfer coefficient (CHTC)
compared to simple nanofluids, also increase the
pressure drop rate of the system. By examining the
thermal performance coefficient (TPE) parameter, it
was observed that hybrid nanofluids including
AlI203/CNC and AI203/TiO2 had better
performance than simple nanofluids including
Al203, CNC and TiO2, so that the highest thermal
performance coefficient (TPE) for hybrid
nanofluids AI203/CNC and AI203/TiO2 was 1.5
and 1.42, respectively, while for simple nanofluids
Al203, CNC and TiO2 it was 1.30, 1.32 and 1.09,
respectively. The results showed that TiO2
nanofluid has a low effect on increasing the thermal
performance of the radiator.
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Abstract

In enclosures containing phase change materials (PCMs), walls subjected to a constant
heat flux experience localized temperature rise. The objective of this study is to
minimize the complete melting time while ensuring uniform temperature distribution
on the heated wall, while maintaining the thermal capacity of the enclosure. In this
study, an aluminum porous network occupies half of the enclosure containing coconut
oil as the PCM. The effects of porous network placement, enclosure inclination angle
relative to the horizontal, aspect ratio of the enclosure, and pore density of the porous
structure on the complete melting time of the PCM, the maximum temperature
deviation of the wall from the mean temperature, and the uniformity of the temperature
distribution on the heated wall are numerically analyzed using ANSYS Fluent.

The results indicate that increasing the pore density from 5 to 20 pores per inch
enhances temperature uniformity but increases the complete melting time by up to
12.6%. When the metallic network is positioned in the lower half of the enclosure, the
shortest melting time of 2340 seconds is achieved. Increasing the aspect ratio from 2 to
1 and then to 0.5 improves temperature uniformity but has minimal impact on the
complete melting time. The enclosure inclination angle has a significant influence on
the complete melting time but a negligible effect on temperature uniformity.
Specifically, at an inclination of -30 degrees, the melting time is 39% shorter than at
+30 degrees. Finally, the optimal combination of these parameters is determined using
the Taguchi method.
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1- Introduction

Phase change materials (PCMSs) are widely used for
thermal energy storage due to their ability to store
and release large amounts of latent heat [1]. Despite
their advantages, the main limitation of pure PCMs
is their low thermal conductivity, which slows heat
transfer and delays the phase transition process.

Research has shown that embedding PCM within
metallic structures such as aluminum foams can
significantly improve thermal performance. Atal et

al. [2] demonstrated that using paraffin saturated in
aluminum foam inside a shell-and-tube TES unit
reduced the melting and freezing cycle times, with
lower foam porosity leading to faster phase
transitions.

The geometry of the PCM container also plays a
crucial role. Poran and Ahmad [3] numerically
examined seven different configurations and
concluded that a circular heat source substantially
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increases the melting rate. Meanwhile, Hu et al. [4]
studied 3D-printed thermal conductivity enhancers,
including fins and porous structures, across 15
cooling system designs. Their results showed that
porous structures outperformed traditional fins,
achieving up to 3.5 times better cooling
performance at 20 W. In a follow-up study, Hu et al.
[5] further demonstrated that porous media-filled
coolers provided up to 78.8% improvement at a 1.0
fill ratio under 10 W and 70°C conditions, with
higher  thermal input further  enhancing
performance.

The efficiency of TES units is highly dependent on
both PCM conductivity and container design.
Ghalambaz et al. [6] numerically modeled petal-
shaped tubes enhanced with copper (Cu) and
graphene oxide (GO) nanoparticles and found
optimized designs that significantly improved heat
transfer. A subsequent study by the same group [7]
showed that adding copper porous networks into
PCM systems reduced charging time, where the
height and porosity of the metal network were the
most influential factors, while nanoparticle
concentration had a lesser effect.

Experimental investigations have also emphasized
the advantages of PCM walls in TES units. Kurnia
et al. [8] showed that using PCM as a wall material
improved both insulation and energy storage
capacity, compared to traditional TES units.
Additionally, Kotb and Wang [9] analyzed the
effect of nonlinear porosity distributions in copper
foam, revealing that a positive porosity gradient
reduced melting times by up to 22.67% and
increased the energy storage rate by 38.32%.

2- The Problem Study

This study examines a phase change thermal storage
unit containing coconut oil, partially embedded with
an aluminum porous structure. While maintaining
constant total thermal capacity, the research aims to
reduce melting time and improve temperature
uniformity along the heated wall. A numerical index
is proposed to evaluate thermal uniformity. Key
parameters—container tilt angle, pore density (PPI),
aspect ratio, and porous material placement—are

analyzed. Using the Taguchi method, an optimal
configuration is identified to  maximize
performance.

3- Research Methods

A numerical model is developed to study the
melting behavior of a phase change material (PCM)
embedded in a porous aluminum matrix under
natural convection. The model assumes local
thermal equilibrium, constant thermophysical
properties, and neglects volume expansion. The
enthalpy-porosity method is used to simulate the
phase change, and the Darcy-Brinkman—
Forchheimer model accounts for fluid flow in the
porous medium. Permeability and inertia effects are
estimated using empirical relations based on pore
density and porosity. Effective thermal properties
are calculated through volume averaging. This
model provides a reliable framework for analyzing
and optimizing heat transfer in PCM-metal foam
systems.

4- Results

A two-dimensional square cavity (5 cm x 5 cm) was
considered, with a uniform heat flux of 3000 W/m?
applied on the left wall, representing a constant-flux
thermal boundary similar to conditions encountered
in thermal management systems for electronics. The
baseline case employed a metal foam region with a
porosity of 0.9 and a pore density of PPl = 10,
located adjacent to the heated wall. The results
indicated that the complete melting of the PCM
occurred after 2780 seconds, with a maximum
deviation of 1.31°C between the wall's peak and
average temperatures during the process. Initially,
heat transfer was dominated by conduction, but as
melting progressed, natural convection intensified,
accelerating the melting rate. Toward the end,
conduction again became dominant as the
remaining solid PCM resided at the bottom of the
cavity.

To assess the impact of foam placement, four
configurations—foam located on the left (hot wall),
top, right, and bottom—were evaluated.
Temperature uniformity, quantified via a
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Temperature Uniformity Index (TUI), was found to
be most stable and closest to unity when the foam
was placed adjacent to the hot wall, indicating a
more even temperature distribution. However, this
configuration did not significantly reduce the total
melting time. In contrast, foam placed at the bottom
minimized the melting duration due to a reduced
PCM volume in that region, but resulted in higher
peak wall temperatures and greater thermal
gradients. These findings reveal a design trade-off
between achieving uniform temperature distribution
and minimizing the total melting time.

Further analysis explored the effect of varying the
pore density (PPI) of the foam. Increasing PPI
improved the TUIl due to enhanced thermal
conduction through the foam structure. However,
higher PPl values also suppressed natural
convection within the PCM, resulting in longer
melting  durations. Maximum  temperature
differences between the wall’s peak and average
temperatures decreased with increasing PPI, owing
to the enhanced heat spreading ability of denser
foam structures.

The influence of cavity geometry was investigated
by altering the aspect ratio (AR) while maintaining
constant cavity volume and total thermal input. An
increase in AR led to a reduction in TUI and an
increase in peak temperature differences, due to
variations in boundary layer thickness along the
extended vertical heated wall and associated
changes in thermal resistance. Nonetheless, the total
melting time remained relatively constant,
highlighting the importance of wall geometry in
temperature regulation rather than melting
efficiency.

Finally, the effect of tilting the cavity with respect
to the horizontal axis was studied for inclination
angles of +30°, 0° and -30°. While the TUI
remained largely unaffected by inclination due to
minimal changes in thermal resistance or heat flux
distribution, the total melting time was significantly
influenced. A downward tilt of —30° enhanced
natural convection, reducing the full melting time
by approximately 40% compared to the +30° case.

This was attributed to earlier and stronger activation
of buoyancy-driven flow within the cavity.

5- Conclusion

In this study, the influence of metal foam
characteristics on the melting rate of a phase change
material (PCM) and the temperature uniformity of
the heated wall was numerically investigated. The
key findings are summarized as follows:

1 -Foam Position: Among the various locations of
the porous medium within the cavity, placing the
metal foam at the bottom results in the shortest
melting time but yields the poorest temperature
uniformity index (TUI). Conversely, positioning the
foam at the top leads to the widest variation in both
TUI and melting time.

2 -Pore Density (PPI): Increasing the foam’s pore
density (PPI) improves the temperature uniformity
index, but also increases the total time required for
complete PCM melting. Furthermore, a higher PPI
reduces the maximum difference between the
instantaneous peak and average wall temperatures.

3 -Aspect Ratio (AR): As the cavity’s aspect ratio
increases, TUI decreases, indicating reduced
temperature uniformity. However, the melting time
remains relatively unaffected. Additionally, higher
aspect ratios lead to larger peak-to-average
temperature differences on the heated wall.

4 -Inclination Angle: Varying the inclination angle
of the cavity has minimal impact on temperature
uniformity but significantly affects the total PCM
melting time.

Optimal Configuration: Based on a Taguchi method
optimization, the best configuration for minimizing
both the total melting time and TUI occurs when the
porous medium is placed adjacent to the heated
(left) wall, the PPI is 5, the aspect ratio is 1, and the
inclination angle is —30°. In this optimal case, the
total melting time is 2440 seconds, and the
maximum temperature difference between the
wall’s instantaneous peak and average is 1.56 °C.
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Figure 1: (@) Contour of liquid phase volume fraction (%) and
streamlines, (b) Temperature distribution (°C) for the optimized
case and the baseline case at the time corresponding to the
minimum TUI for each case (1660 seconds for the optimized case
and 1980 se
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Abstract

In dry cooling towers of power plants, the presence of a peak cooler is essential to
increase the efficiency of cooling systems and improve thermal performance in high-
temperature conditions. Also reversing the flow, protect the surrounding heat
exchangers from freezing in winter. The appropriate position of this structure and its
effect on performance has the particular importance. In this paper, the effect of the
peak cooler structure on airflow and the efficiency of the dry cooling tower has been
studied. For this purpose, buoyancy-driven flow considering heat transfer from the
tower radiators for two cases, with and without a peak cooler, was simulated using
ANSYS Fluent 22 software. In this paper, the turbulence and buoyancy effects is
considered using k-¢ model, as well as with using radiator boundary condition, the
effect of pressure drop and heat transfer of the radiator is considered. The results show
that the peak cooler structure has a significant negative impact on the flow rate inside
the tower and consequently reduces heat transfer from the delta-shaped heat
exchangers around the tower (excluding heat transfer from the heat exchangers inside
the peak cooler). Also, due to vortex flows around the peak cooler, the flow rate over
the delta-shaped heat exchangers decreases approximately 8%. With despite of the
decrease in flow rate and heat transfer from the delta-shaped radiators due to the
structure of peak cooler, the total flow rate of the tower and its heat transfer increases
because of the using the fan inside the peak cooler and increasing 10% in the radiator
surface area. The negative effects can be reduced by moving them towards the center
of the tower.
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1- Introduction

The Heller cooling tower was first used and
operated by the Enixio company in Hungary in 1950
and was introduced as the best dry cooling tower
with acceptable costs. This cooling tower has a coil
(condenser) through which water flows, and at the
same time, air passes over it by natural suction,
causing it to cool down.

Numerous studies have been conducted regarding
the efficiency of Heller cooling towers. In 2011,
Reuter and his colleague developed a 2D
(axisymmetric) computational fluid dynamics

model using the commercial code ANSY'S Fluent to
simulate flow patterns, loss coefficients, and
effective flow diameter of circular natural draft
cooling tower inlets. They proposed simple
relationships for determining the cooling tower inlet
loss coefficient and the ratio of the effective flow
diameter of the inlet to full-scale cooling towers,
excluding the effect of rain zones and structural
supports around the cooling tower inlet [1].

In 2022, Malek Mohammadi and his colleagues
investigated the replacement of wet cooling towers
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at the Isfahan thermal power plant with Heller
natural draft dry cooling towers. They simulated the
thermodynamic cycle of the power plant and
evaluated the effect of condenser temperature on the
power plant's efficiency and output power. Their
results showed that this replacement leads to an
increase in condenser temperature by removing the
last row of low-pressure turbine blades. However,
by replacing the cooling tower without removing
the last row of turbine blades, the power plant's
output power and efficiency decrease by
approximately 12.4 MW and 1.68%, respectively

[2].

By reviewing the previously published studies, it
can be seen that the majority of them focus on the
effect of wind on the efficiency of Heller cooling
towers, and no research is found regarding the effect
of internal equipment on the efficiency of the
cooling tower. Therefore, in this article, the effect
of the peak cooler structure on airflow and cooling
tower efficiency is investigated

2- Numerical Modeling

The  governing equations  for  steady,
incompressible, buoyant, and turbulent airflow
include equations for modeling the conservation of
mass, momentum, energy, and turbulence [3]. In
this paper, the concept of a porous medium is used
to simulate the radiators around the tower, which
utilizes the Forgo model. The following equation is
used for the pressure drop of the flow passing
through the radiators [4]:

AP =%kv Y @

where the pressure drop coefficient is based on
experimental data [5]:

k, =13.03/,°* +0.436 2

For discretizing the governing equations in the
present numerical study, a second-order upwind
scheme is used. The final discretized algebraic
equations are solved using the Simple algorithm [6]
in the commercial CFD code Fluent.

3- Geometry and Boundary Conditions

As shown in Figure 1, the tower includes 12 peak
coolers in 6 sectors, each sector including 60
degrees and a pair of peak coolers with a 24-degree
angle. On the other hand, the two peak coolers in
two different sectors have a 36-degree angle with
each other. In each 60-degree sector of the tower,
there are 16 triangular deltas, and in total around the
tower circumference, there are about 96 deltas with
a height of 15 meters.

At the top of the tower, the Pressure outlet boundary
condition is used, and in the delta sections, the
Radiator boundary condition is used. In the Radiator
boundary condition, the inlet pressure drop can be
entered as a coefficient of the fluid's kinetic energy,
which based on the values available in articles, this
pressure drop coefficient is used from equations 8
to 10 and heat transfer from it is used from equations
9to 11.

Figure 1: Geometric model of the tower and a tower sector with
two peak coolers
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4- Mesh Independency

To investigate the effect of meshing on the solution
results, the variable of air flow rate exiting the tower
(under free convection) was examined for several
regular and irregular meshes. As shown in the table
below, the calculation of the tower air flow rate in
the computational domain for different meshes is
less than 10%, and for meshes 2 and 3, the changes
are below 1% and are acceptable. Therefore,
simulations continued with mesh number 2.

Table 1: pid control coefficients for pitch and yaw at three input

angles
Mesh Number Number Number Inet
mass flow
number of cells of planes of nodes

(kgls)

1 1781841 4028367 663617 2605

2 3615478 7621433 844463 2401

3 5268700 12152883 2186882 2396

4 8354215 16853472 3186521 2394

5- Results

Figure 2 and Figure 3 show the velocity distribution
of the air flow entering the peak cooler, the velocity
distribution from the transverse plane above the
peak cooler.Conclusion

The results show that the flow around the peak
cooler causes the formation of vortices and a
separation zone behind the peak cooler body, which
reduces the tower mass flow rate.

Figure 4 shows the temperature contours in the two
cases with and without the peak cooler structure. As
shown, in the case where the peak cooler structure
exists, the temperature of the air entering the peak
cooler does not pass over the radiators, and the air
temperature in that area is lower.

Figure 2: Inlet flow velocity distribution into the peak cooler
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Figure 3: Flow velocity distribution in the cross-sectional plane
passing over the peak cooler
The results show that the flow around the peak
cooler causes the formation of vortices and a
separation zone behind the peak cooler body, which
reduces the tower mass flow rate.

Figure 4 shows the temperature contours in the two
cases with and without the peak cooler structure. As
shown, in the case where the peak cooler structure
exists, the temperature of the air entering the peak
cooler does not pass over the radiators, and the air
temperature in that area is lower.
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a) Temperature distribution with the presence of the peak
cooler structure
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b) Temperature distribution without the presence of the peak
cooler structure
Figure 4: Temperature distribution into the tower

6- Conclusion

In this study, the symmetric sector under study,
between 844 thousand nodes and 4 million nodes,

or in other words, the entire tower geometry
between 12 and 48 million nodes, has been meshed
with a hybrid tetrahedral and hexahedral mesh. The
peak cooler structure causes the formation of a
vortex flow behind the peak cooler and a pressure
drop behind it, reducing the tower air flow rate. The
results also show that the peak cooler structure, in
the fan-off state, reduces the tower air flow rate
from 2256 to about 2090 kg/s.
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Abstract

This study presents the design and molecular dynamics (MD) simulation of novel
polycationic nano-linkers for connecting polyanions. Two types of multi-branched
linkers were designed, featuring a palmitic acid core and spermidine branches: one
with eight spermidine branches and the other with six. The stability of these linkers was
assessed over 20 nanoseconds at three different temperatures, confirming their
structural integrity. To evaluate their binding capability, two polyanions—DNA
origami and heparin—were selected as model systems. Following complex formation
between the linkers and these polyanions, MD simulations were performed. The results
demonstrated high stability in the complexes, with strong intermolecular interactions,
particularly in electrostatic and van der Waals energies. The designed polycationic
nano-linkers exhibited robust binding to both DNA origami and heparin, forming
stable complexes without significant structural deviations. Root-mean-square deviation
(RMSD) analysis confirmed structural stability across varying temperatures (300 K,
310 K, and 320 K), indicating their potential for biomedical applications under
physiological conditions. Energy decomposition analysis revealed that the octa-
branched linker (Linker 1) exhibited stronger interactions due to its higher number of
cationic branches, while the hexa-branched linker (Linker 2) also demonstrated
effective binding. These findings suggest that the proposed polycationic nano-linkers
are promising candidates for connecting polyanions in applications such as targeted
drug delivery, gene therapy, tissue engineering, disease diagnostics, and
nanotechnology. The study highlights the importance of computational modeling in
optimizing nanoscale molecular interactions for biomedical advancements.
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1- Introduction

Biological systems are rich in polyanions, including
nucleic acids, glycosaminoglycans, and
microtubules, which play critical roles in cellular
processes. Selective binding of polyanions is
essential for regulating molecular interactions, yet
their similar charge densities pose challenges.
While methods like using dendrimers or self-
assembled structures exist, they often face
limitations in structural control and tunability. This
study introduces novel polycationic nanolinkers,

designed with a palmitic acid core and multiple
spermidine arms, as a potential solution for bridging
different polyanions. Specifically, we aimed to
design and computationally evaluate two such
linkers (with 8 and 6 arms) for their ability to
connect DNA origami and heparin using molecular
dynamics (MD) simulations. These linkers offer
potential advantages in controlled architecture and
biocompatibility, with prospective applications in
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drug  delivery, tissue and

nanomedicine.

engineering,

2- Research Methods

2-1 Modeling

e Linker Design: Two linkers were designed
using Avogadro software: Linker 1 (palmitic
acid core, 8 spermidine arms) and Linker 2
(palmitic acid core, 6 spermidine arms).

Structures were optimized using the UFF force
field with Steepest Descent and Conjugate
Gradient algorithms (Figurel, Figure2).

~3nm

(b)

Figurel: Design of Linker 1 with eight spermidine branches in
Avogadro software. a) Front view, b) Side view

~3nm

~3nm

v

~3nm

(b)
Figure2: Design of Linker 2 with six spermidine branches in
Avogadro software. a) Front view, b) Side view
DNA Origami: A simple double-stranded
DNA structure was designed using caDNAnNo
and converted to PDB format (Figure3).

(a) (b)
@ “ﬂ El 5 o ¥ 5« x n.
|4 »

~2nm ~6nm

Figure3: Design of double-stranded DNA origami to custom size
in caDNAno software. a) Side view, b) Front view
Heparin: A heparin fragment structure (PDB
1D: 1HPN; C54H75N5087SM; ~4.5 nm) was
obtained from the PDB (Figure4).
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generated via CGenFF. Systems were solvated in
TIP3P water, neutralized with ions, and energy
minimized. Following NVT/NPT equilibration (500
ps total) at 310 K and 1 bar, production MD runs

v 4 -~ T o were conducted for 20 ns at 300 K, 310 K, and 320
) A Snm ’ K. A 1.2 nm cutoff was used for vdW interactions,
Figure4: Structure of heparin in PyMOL software PME for EIECtrOStatiCS’ and LINCS for bond

. constraints, with a 2 fs timestep.
e Complex Formation: Two complexes were

assembled for simulation;: Complex 1 (DNA-
Linkerl-Heparin) and Complex 2 (DNA-

Linker2-Heparin) (Figure5) e Structural Stability: Visual inspection and
RMSD analysis over 20 ns simulations at 300
K, 310 K, and 320 K confirmed the structural
stability of both individual linkers and the
DNA-linker-heparin complexes. The RMSD
values plateaued after initial fluctuations,
indicating  stable  conformations  were
maintained across the tested temperatures. The
linker arms consistently interacted closely with
both DNA and heparin in the complexes
(Figure6 , Figure7)

3- Results and Discussion

(b)

Figure5: Structures of six complex samples, including DNA,
linkers, and heparin, before simulation in PyMOL software. a)
Structure of Complex 1, b) Structure of Complex 2

2-2 Molecular Dynamics Simulation

Simulations were performed using GROMACS
2018.1 with the CHARMMS36 force field.
Parameters for the linkers and heparin were
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Figure6: Final structures of the complexes and Linkers after 20 ns of simulation at three different temperatures, as visualized using PyMOL
software. a) Structure of Linker 1, b) Structure of Linker 2, ¢) Structure of Complex 1, d) Structure of Complex 2
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Figure7: RMSD plots of the complex and linkers samples over 20 ns and their comparison at three different temperatures. a) Structure of
linker 1, b) Structure of linker 2, c) Structure of Complex 1, d) Structure of Complex 2.

e Intermolecular Interaction Energies: values for both electrostatic and van der
Calculations of interaction energies between Waals contributions, indicating strong
the linkers and the polyanions within the attractive forces and stable binding. Complex

complexes showed consistently negative 1 (8-arm linker) exhibited slightly more
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negative interaction energies than Complex 2
(6-arm linker), attributable to the higher
number of cationic arms, confirming stronger
binding. However, both linkers demonstrated
effective  bridging  capabilities,  with
electrostatic interactions being the dominant
driving force (Figure8).

Electrostatic Energy {KJimol)

[

-50

Electrostatic Energy (KJimol)

-150
o

10
Time (ns)

(b) Elec. energy between Heparin and Linkers 1 and 2
Figure8: Comparison of electrostatic energy diagrams over a 20
ns simulation for complexes 1, 2

e Comparison with Previous Studies: The
strong, stable binding observed suggests these
rationally designed linkers are competitive
with  other polycationic  systems like
dendrimers or self-assembled structures used
for polyanion binding. The key potential
advantages are the defined, tunable
architecture and use of biocompatible building
blocks (palmitic acid, spermidine)

4- Conclusion and Future Perspectives

This computational study successfully
demonstrated the design and stability of novel
palmitic  acid-spermidine based polycationic
nanolinkers capable of stably bridging DNA
origami and heparin. MD simulations confirmed

structural integrity and strong intermolecular
interactions across relevant temperatures. The 8-
arm linker showed slightly stronger binding than the
6-arm linker.

These findings highlight the potential of these
nanolinkers as tools for connecting polyanions in
various biomedical applications. Future work
should involve experimental synthesis and
biophysical characterization to validate these
results. Potential applications include targeted drug
delivery, gene therapy, tissue engineering, and
biosensing.
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