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1. Introdution

Atomic force microscopy tools are used to manipulate
nanoparticles, measure the mechanical properties of
objects, and image nanoscale surfaces. Due to the
increased surface area-to-volume ratio in the nanoworld,
various friction models have been presented in the process
of nanomanipulation to describe the real motion
conditions in the nanoworld to the macro world. Critical
forces and times for various nanoparticle manipulations
must be calculated so as not to damage the nanoparticles
under study, especially bioparticles. An excessive increase
in the critical force causes severe damage to the target
nanoparticles. Calculating the critical time accurately is
important as the particles stick to the basal plane and are
not manipulated before the critical time is reached, and the
manipulation of the particles occurs after the critical time.
If the critical time calculation is incorrect, the particles
will not reach or pass the target point. According to the
research done in the past, one can say that different friction
models, including HK friction model, have been used to
simulate the manipulation of different nanoparticles to
achieve critical force and time. The innovation of the
research compared to other studies lies in the investigation
of the impact of the input parameters of HK friction model
on the reduction of the critical force and the increase of
the critical time in moving gold nanoparticles.

2. HK friction model

In general, different friction models such as Coulomb and
HK are defined for different situations. In this study, the
HK friction model was preferred because it closely
resembles Coulomb model. Moreover, this model is even
more accurate than Coulomb model at the nanoscale.
According to Figure 1, Hurtado and Kim present a
micromechanical displacement model of frictional sliding
between two protrusions and state that if the contact radius
is smaller than a critical value, the frictional stress remains
constant. Beyond this critical value, the frictional stress
decreases with increasing contact radius until a quadratic

transition occurs.
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Figure 1. The relation between dimensionless friction stress and
dimensionless contact radius in HK friction model

3. Experiment design by Taguchi method

Experiments are designed to achieve the optimal number
of experiments with the aim of saving money and time.
Among the design of experiments, Taguchi method and
the response surface method can be mentioned. Parameter
level design determines the best performance of the
product or process in quetion. In this method, the loss
function can effectively improve the effectiveness of the
process and achieve a high quality process from the point
of view of parameter design. In this study, Taguchi
method experiment design and input parameter
optimization of HK model manipulating gold
nanoparticles were performed using Minitab software
version 21.1 to optimize the number of tests.

4. Results

Analysis can be performed using two analysis methods,
variance and signal-to-noise ratio analysis, to identify
optimal values for effective parameters and levels. Data
analysis for this study was done using the signal-to-noise
method. In this section, the impacts of the input

“Manuscript received: January 25, 2023. Revised, February 8, 2023, Accepted, April 5, 2023.
I, Corresponding author, Associate Professor, Department of Mechanical Engineering, Faculty of Engineering, Arak

University, Arak, Iran. Email: m-taheri@araku.ac.ir

2 M.Sc. Student, Department of Mechanical Engineering, Faculty of Engineering, Arak University, Arak, Iran..



https://mechanic-ferdowsi.um.ac.ir/article_43699.html?lang=en
https://mechanic-ferdowsi.um.ac.ir/article_42682.html?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://mechanic-ferdowsi.um.ac.ir/article_43699.html?lang=en
mailto:m-taheri@araku.ac.ir
https://orcid.org/0000-0001-6583-3925

Moein Taheri, Hamed Faraji

parameters, ffl ' T, B and M of HK model on the output

force and critical time characteristics are thoroughly
investigated using Taguchi signal-to-noise diagrams.

In Taguchi method, the signal-to-noise ratio is used in
order to determine the levels of tests assuming the highest
or lowest performance for the test variables. The loss
function for the critical force is chosen as the less the
better and is calculated as the logarithmic transformation
of the loss function according to Equation 1;

1 n
n;j = —10log (Ez yf) )

i=1

One of the parameters that affects the critical force

reduction in HK model of nanoparticle manipulation is
parameter B. According to Figure 2, Level 3, followed by
Level 2, had the greatest impact on critical force
reduction. It can also be seen that the critical force
decreases significantly as the value of parameter B
increases. Depending on the reduction slope and the
required level, it can be ssen that the value of this
parameter at Level 3 is the most effective factor in
reducing the critical force.
One of the effective parameters on increasing the critical
time in HK model for manipulation nanoparticles is
parameter B. According to Figure 2-B, Level 3 and then
Level 2 have the greatest impact on increasing the critical
time. Increasing the value of parameter B causes a
significant increase in the critical time. According to the
slope of the graph and the available levels, it is concluded
that the value of this parameter at level 3 is the most
effective factor on the critical time.

5. Conclusion

The manipulation of gold nanoparticles based on atomic
force microscopy using HK friction model based on real
contact surfaces was investigated. To move, gold particles
with a radius (Rp) of 50 nm were propelled at a constant
velocity onto a silicon oxide substrate. The main purpose
of this work was to study the impacts of the input
parameters of HK friction model on the critical force
reduction and critical time increase when manipulating
gold nanoparticles. To achieve optimal levels for each
input parameter of HK friction model, Taguchi test design
method was used and the signal-to-noise method was used

to analyze the results. The following results were observed
for critical force: The first effective parameter on
reducing the critical force is parameter B. Level 3 with a
value of -1.869 and then level 2 with a value of 2.337 had
the greatest impact on reducing the critical force.

The impact of input parameters on increasing critical time
results in: Parameter B is the most effective input
parameter for increasing the critical time in HKA friction
model. Level 3 with a number of -1.869, followed by
Level 2 with a number of -2.337, had the greatest impact
on increasing critical time. The second valid parameter for
increasing the critical time is the level 3 M parameter,
which has a numerical value of -0.341.
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Investigating the Effect of HK Friction Model Input Parameters on the Force and Critical Time in
Gold Nanoparticle Manipulation

Moein Taheri Hamed Faraji

Abstract In the macro scale, surface forces such as friction and adhesion are of little importance and can be ignored.
But in the micro/nano world, these forces are of great importance. For this purpose, in order to simulate the manipulation
of nanoparticles based on the atomic force microscope, various friction models can be used, including the HK friction
model. Accurate calculation of force and critical time, respectively, in order not to damage the particle and to reach the
target point in the manipulation process is important and necessary. In this research, data were collected using the
Taguchi test design method in three levels. The amount of force and critical time were calculated for each test. Then, with
the help of analysis using the signal-to-noise ratio method, to investigate the effect of the input parameters of the HK
friction model including, 7, , 7, ,B and M The reduction of the critical force and the increase of the critical time in

mamipulation the gold nanopatrticle with a radius of 50 nm on the silicon oxide substrate have been discussed. Based on
the obtained results, parameter B as the first parameter and M as the second parameter with the lowest signal-to-noise
ratio on reducing the critical force and with the highest signal-to-noise ratio at the critical time at level 3 with values of
-1.869 and -0.3419.

Key Words Gold nanoparticles, HK Friction model, Nanomanipulation, Critical force and time, Atomic Force
Microscopy.
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1. Introduction

Membrane is generally a selective barrier between two
phases and is used to separate one phase from another
phase. Today, membranes are used in the industry to
separate mixtures, bcause membrane processes have lower
costs and higher efficiency than other separation methods.
According to Figure 1, the feed flow (water vapor or wet
fluid) enters one side of the membrane through the
channels that are embedded in the wet side of the
membrane, and the water in the feed flow penetrates
throughout the membrane. Slow water permeability across
the membrane can be due to pressure, concentration, and
temperature gradients.

Wet inlet E>
Dry outlet <:

Figure 1. Water and heat transfer in a membrane
humidifier

Permeate

Nafion is a brand name of a polymer made of
tetrafluorosulfonic acid, which is formed by the
accumulation of sulfonyl chloride and hot sodium
hydroxide and has the ability to transfer water and gas.
Commercial Nafions, as the most common membranes
used in membrane humidifiers, have different thicknesses
and specifications. Nafion 111 is less thick than Nafion
115, 117, and 211. Membrane thickness, permeability and
porosity coefficient of the membrane are the most
important characteristics of Nafion, which affect its
performance when used in membrane humidifiers.

2. Numerical modeling

Figure 2 shows the scope of modeling a flat membrane
humidifier with an arrangement of simple and parallel
channels with opposite flow. Due to the higher

concentration of water on the wet side, water is transferred
through the pores of the membrane to the dry side (Figure
2).

Wet outlet

Dry inlet

Wet inlet

Dry outlet

Figure 2. Three-dimensional view of membrane humidifier

3. Results

To validate the numerical modeling done, the results of
this study and Yu et al's experimental study were
compared by selecting the heat flux value as a validation
criterion. It can be seen from Figure 3 that there is a great
agreement between the studies. The maximum error of the
results is less than 4.2% at the highest speed on the side of
wet channels.

*Manuscript received: March 8, 2023. Revised, March 19, 2023, Accepted, June 3, 2023.
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Figure 3. Comparison of dry side outlet heat flux between

Figure 4 shows the impact of the thickness of different
membranes on the relative humidity of the outlet of the dry
side. Nafion 111 has the highest relative humidity due to

the experimental results and the present study

its lower thickness.
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Figure 4. The impact of membrane thickness on the relative

humidity of the dry side outlet

4. Conclusion
The most important conclusions of this research are
summarized as follows.

1)

2)

3)

Along the length of the channels on the dry side of the
humidifier, the amount of water transferred through
the membrane on the dry outlet side decreases due to
the reduction of water transfer, although the amount
of heat transferred by the membrane increases near the
exit of dry channels;

Among the four types of Nafion (Nafion 115, 117,
211, and 111), Nafion 111 has the highest relative
humidity, outlet temperature, and dew point
temperature on the dry side outlet due to its lower
thickness and the best performance among other
Nafions;

The permeability of Nafion 115 for water with
coefficients of 10" and 107! is almost the same. By
increasing the permeability up to 10> due to the

4)

increase in mass and heat transfer, it causes an
increase in relative humidity, heat transfer, and dew
point temperature;

The porosity coefficient of Nafion 115 in porosity
coefficients of 0.4, 0.5, 0.6 and 0.7 does not change
much on the performance of the membrane
humidifier. If the porosity coefficient increases from
0.4 to 0.7, the relative humidity on the outlet side of
dry channels increases by 1.5%.
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Investigating The Effect of Polymer Membrane Characteristics on The Performance of The
Membrane Humidifier

Seyyed Morteza Mousavi Zahed Ebrahim Afshari

Abstract In the membrane humidifier, the characteristics of the membrane as the heart of the humidifier and the
selection of Nafion as the most common membrane for use in the process of separating two wet and dry streams have a
great impact on its performance. In this study, a numerical and three-dimensional investigation of a flat membrane
humidifier including the dry flow channels, membrane, wet flow channels and plates on the two sides of the membrane
has been investigated by Ansys Fluent software and the effect of membrane characteristics including: thickness,
permeability and porosity coefficient on the mass (water) and heat transfer through the membrane and as a result the
performance of the humidifier has been investigated. The results show that the use of Nafion 111 due to its lower thickness
compared to Nafion 115, 117 and 211, leads to improved heat and mass transfer and therefore improves the performance
of the membrane humidifier. Considering the dew point which shows the simultaneous effect of mass and heat transfer,
increasing the permeability coefficient of the membrane from 107° to 10! square meters, the dew point temperature at
the outlet of the dry side increases by about 3.5K. In the common limits of the porosity coefficient of common commercial
membranes, the change of the porosity coefficient does not have much effect on the performance of the membrane
humidifier.

Key Words Membrane Humidifier, Permeability, Porosity Coefficient, Thickness, Dew Point Temperature, Numerical

Modeling.
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1. Introduction

Most spacecraft such as rockets, satellites, and space
probes have small propulsion systems for situation control,
orbital transfer, and position correction. Among these
propulsion systems, there are monopropellant thrusters,
which are a branch of liquid chemical thrusters, and due to
the amount of thrust force and special impact, are mostly
used in space missions. The main components of these
thrusters include a pressure tank, a monopropellant tank,
an injector, a thrust chamber, and a nozzle. The general
performance of these thrusters is this way: the liquid
propellant after leaving the tank is injected onto the
catalyst bed by an injector. The monopropellant is
decomposed by an exothermic reaction into hot gaseous
products by passing through the catalyst bed, and finally,
the resulting hot gases generate the thrust force by passing
through a convergent-divergent nozzle.

In this study, the decomposition chamber of a
hydrazine monopropellant thruster was numerically
simulated at the scale of the granules forming the catalyst
bed. Then, the impact of the diameter of the catalyst
granules on the performance of the decomposition
chamber is investigated. For this purpose, simulations
were carried out for catalyst granules with different
diameters and with specific porosity coefficient and inlet
pressure of the chamber. Then, the impacts of the diameter
of the catalyst granules on the performance parameters of
the catalyst bed such as the mass flow rate, mass fraction
of hydrazine, and the temperature of the outer wall of the
bed, changes in the pressure, and pressure drop of the bed
were studied. Reviewing the papers and researches
conducted in the field of studying the behavior of the
hydrazine thruster decomposition chamber showed that in
all the studies, the porous medium has been modeled. The
innovation of this research is in the numerical simulation
of the decomposition chamber of a monopropellant
hydrazine propellant, at the scale of the granules forming
the catalyst bed. At the pore-scale simulation, no

simplified model is included and therefore it has high
accuracy.

2. Governing equations

It is assumed that chemical reactions are carried out in the
vicinity of the catalyst. Therefore, gas phase reactions are
ignored. Now, due to the very low permeability of the
catalyst granules, the mass and heat transfer in the catalyst
granules are considered to be completely diffusive.
Therefore, the mass and energy transfer equations inside
the catalyst are written as follows.
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3. Modelling

The catalyst bed in this research for the decomposition of
hydrazine monopropellant consists of alumina granules
coated with active metal iridium. The schematic of the
studied catalyst bed can be seen in Figure 1.

Figure 1. Schematic of the catalyst bed

Simulations were done for catalyst granules with
diameters of 0.88, 1 and 1.15 mm and with a porosity
coefficient of 0.4. The inlet pressure to the decomposition
chamber was also considered to be 15 bar.
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4. Results and discussion

Figure 2 shows the quantitative comparison of hydrazine
mass fraction profiles. At the porosity coefficient of 0.4,
with the increase in the diameter of the catalyst granules,
due to the increase in the contact surface, the mass fraction
of hydrazine at the end of the bed decreased slightly. The
decomposition of hydrazine is controlled according to the
transfer rate of hydrazine to the catalyst granules, because
it decomposes quickly upon reaching the surface of the
catalyst. The mass fraction of hydrazine also decreases
exponentially along the length of the catalyst bed.

With the increase in the diameter of the catalyst
granules, due to the increase in the contact surface and as
a result of the increase in the resistance of the porous
medium, the pressure drop also increased. Increasing the
pressure drop through the catalyst bed will have adverse
effects on the performance of a monopropellant hydrazine
thruster. Due to the pressure drop, the catalyst granules that
are located at the end of the catalyst bed are mechanically
broken, which will reduce the working life of the thruster.
Table 1 shows the pressure drop changes. By reducing the
diameter of the catalyst granules, due to the reduction of
the resistance of the porous medium, the amount of
pressure drop also decreases.
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Figure 2. Mass fraction of hydrazine at the porosity
coefficient of 0.4 with different granule sizes at the chamber
inlet pressure of 15 bar

Table 1. Pressure drop at the end of the catalytic bed at the
porosity coefficient of 0.4 and different granule sizes with
chamber inlet pressure of 15 bar

Diameter of catalyst granules Pressure at the end of the
(mm) bed (bar)
0.88 9.28
1 8.23
115 6.46

Table 2 shows the mass flow rate changes. With the
increase in the diameter of the catalyst granules, due to the
increase in the resistance of the porous medium and as a
result, the more pressure drop, the mass flow rate
decreased. Decreasing the mass flow rate increases the
resident time, which ultimately leads to an increase in the
decomposition of hydrazine and an increase in the
temperature.

In the process of catalytic decomposition of hydrazine
in a monopropellant thruster, at the beginning of the
decomposition chamber, the heat resulting from the
decomposition of hydrazine is more than that of ammonia

decomposition, and therefore the reaction will be
exothermic. As long as the endothermic decomposition of
ammonia controls the reaction, the temperature of the bed
will increase. After that, the temperature will decrease in
the area dominated by ammonia decomposition.

To design the thruster structure, it is very important to
determine the thickness and material of the wall. For this
purpose, it is necessary to determine the outer wall
temperature along the thruster. Figure 3 shows the
temperature changes of the outer wall up to about 5%. The
maximum temperature of the outer wall is in the case of
using granules with a larger diameter. The reason for this
issue is the increase in the contact surface of granules with
a larger diameter and more decomposition of hydrazine
and the increase in the bed temperature.

Table 2. Mass flow rate at the porosity coefficient of 0.4 and
different granule sizes with chamber inlet pressure of 15 bar

Diameter of catalyst granules (mm) Mass flow rate (kg/s)
0.88 0.0023
1 0.0021
1.15 0.0017
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Figure 3. The temperature changes of the outer wall at the
porosity coefficient of 0.4 and different granule sizes with
chamber inlet pressure of 15 bar

5. Conclusion

In this study, the decomposition of hydrazine on a catalyst
bed consisting of alumina granules coated with active
metal iridium in a monopropellant thruster was analyzed
through pore-scale simulation. Simulations were carried
out for catalyst granules with three different sizes and a
specific porosity coefficient and a specific chamber inlet
pressure. The results showed that assuming constant
porosity coefficient and bed inlet pressure, increasing the
size of catalyst granules in a thruster leads to an increase
in hydrazine decomposition equal to 8%. Moreover, by
increasing the size of the catalyst granules, due to the
decrease in permeability, the pressure at the end of the bed
increases, which causes the mass flow rate to decrease up
to 25%. Also, the decrease in mass flow rate increases the
resident time, which ultimately leads to an increase in the
decomposition of hydrazine and an increase in the
temperature up to 5%. Finally, with the increase in the size
of the catalyst granules in the specific porosity coefficient,
the temperature of the outer wall increases.
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Investigation of the Effect of Catalyst Granule Diameter on the Performance of Decomposition
Chamber of a Hydrazine Catalytic Thruster

MohammadReza Salimi Hadiseh Karimaei Mostafa Gholampour Yazdi

Abstract Monopropellant hydrazine thrusters are widely used in situation control, orbital transmission, and position
correction systems of satellites. In these thrusters, hydrazine is decomposed into the hot gaseous products by passing
through a catalyst bed during a highly exothermic reaction. In this paper, the decomposition chamber of a
monopropellant hydrazine thruster is numerically simulated in the granule scale of the catalyst bed. The effect of the
catalyst granule size is investigated on the performance of the decomposition chamber with catalyst bed with a length of
2.48 cm. Simulations have been performed for catalyst granules with diameters of 0.88, 1, and 1.15 mm at the porosity
equal to 0.4 and the chamber inlet pressure equal to 15 bar. The results show that the size of the catalyst granules
affects the chamber performance so that with its increase, the hydrazine decomposition and the bed temperature
increase respectively 8% and 5% and the mass flow decreases about 25%, which in turn reduces the bed loading about
5%. Finally, further increase in the temperature of the decomposition chamber causes an increase in the outer wall
temperature.

Key Words Monopropellant thruster, Catalyst bed, Decomposition Chamber, Catalyst granule diameter, Hydrazine.
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1. Introduction
In the field of aerospace technologies, the study of

unsteady flow around bodies and surfaces undergoing
rotation or oscillation (such as antennas, rotors, and bodies
with tails) is of particular importance. Numerical modeling
of turbulent flow is complicated and experimental and
laboratory methods are often used. When the flow hits a
body, the flow layer separates from the sharp edges of the
surfaces and creates vortex regions. These regions create a
pressure distribution around the body, which generates
forces perpendicular to the surfaces and results in a
moment around the center. Based on the resulting moment
and the moment of inertia of the body, the possibility of
movement around the cylinder axis exists. As a result, the
body’s movement is also affected by the flow, ultimately
leading to oscillatory, rotational, or a combination of both
types of movements. The study of the dynamic behavior of
composite bodies such as a cylinder with the fin of motion
behavior of a composite body (cylinders with fin) is very
important for designing and maintaining the stability of
rockets and missiles.

2. Laboratory equipment

The desired laboratory models are cylinders with lengths
of 16 and 24 centimeters and a diameter of 10 centimeters
made of Plexiglass. Figure 1 shows a schematic of the
desired model with its geometric parameters and Figure 2
shows a schematic of the aforementioned model with an
electronic angle measuring device.

3. Results

Multiple experiments were performed on cylinders with
lengths of 16 and 24 centimeters at different length ratios,
Reynolds numbers, and initial angles of attack. In all
experiments, a model with four different motion
behaviors, including unsteady oscillation, steady

oscillation, unsteady rotation, and steady rotation was
used.

plate2

Figure 1. Schematic of the model under study along with its
geometric parameters.

Figure 2. The model and equipment used in the wind tunnel

Figure 3 shows the variations in the angular motion of the
cylinder over time for a 16-centimeter-long cylinder at
different Reynolds numbers. As can be seen, at low
Reynolds numbers, due to the low velocity of the flow, a
small force is applied to the cylinder, causing the model to
oscillate in one or more modes and become damped.
However, as the Reynolds number increases, the incoming
flow velocity and the force applied to the cylinder also
increase, and the motion behavior of the model changes
from unsteady oscillation to steady oscillation. As long as
the flow remains steady, the model oscillates uniformly. In
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other words, it can be said that at a certain angle of attack
and with a certain cylinder, at a steady oscillation motion,
increasing the velocity or changing the angle of attack or
cylinder, the motion behavior of the model changes from
unsteady to steady oscillation, and it will no longer be
damped. Figure 4 shows the results for a 24-centimeter-
long cylinder at length ratios of 3 and 4. As can be seen, as
the Reynolds number increases, the Strouhal number also
increases and reaches a constant value at high Reynolds
numbers. The average Strouhal number for a length ratio
of 3 is 0.577, and for a length ratio of 4, the average
Strouhal number is 0.530.

450
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Figure 3. Variation of body angle over time for a 16-
centimeter cylinder with an aspect ratio of 1 and a zero-
degree angle of attack at different Reynolds numbers
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Figure 4. Variation of the Strouhal number with Reynolds
number for a 24-centimeter cylinder

4. Conclusion

The laboratory experiment results indicated that at a
constant longitudinal ratio and Reynolds number, the
occurrence of steady-state rotational motion regime is
close to zero at initial angles of attack near zero, and with
an increase in the initial angle of attack, the motion of the
model will be in the form of steady oscillation. The results
demonstrated that rotational, oscillatory, and combined
motion behaviors occur, which depend on the geometric
specifications of the model such as longitudinal ratio,
angle of attack, and free stream velocity. For a constant

longitudinal ratio and Reynolds number, the occurrence of
steady rotation behavior is close to zero initial angles of
attack, and as the initial angle of attack increases, the
motion behavior of the model becomes steady oscillation.
For a low aspect ratio and low velocity, the motion pattern
becomes oscillatory around an angle of 60 degrees and is
transformed into a rotational motion pattern with an
increase in longitudinal ratio and free stream velocity. The
highest amplitude of oscillation or rotation is usually
associated with a zero initial angle of attack. Generally, the
occurrence of a rotational motion pattern happens with an
increase in longitudinal ratio and free stream velocity at
low initial angles of attack. The angular velocity of the
models and the Strouhal number in the rotational motion
pattern were calculated. The results showed that the
Strouhal number has a constant value with an increase in
the Reynolds number.
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Experimental Study of Measurement of Free Oscillations of a Cylinder with Fin in Wind Tunnel
under Different Reynolds

Hayatollah Adavi Hassan Isvand Arash Shams Taleghani

Abstract The purpose of this study is to investigate the behavior of a cylinder with three fins in the presence of free air
flow. This study aims to investigate the unsteady aerodynamic flow with respect to its practical significance in aviation.
Considering the degree of freedom of movement within the geometry and the complexity of the vortex masses that cause
instability, it is essential to accurately predict the different dynamic behaviors. We have investigated the dynamic
behavior of the model with different length ratios, free flow speeds, and angles of attack. According to the results of the
study, rotational and oscillating behaviors, as well as a combination of both, are observed, and they are dependent
upon the geometrical characteristics of the model, such as the ratio of the length of the plates to the radius of the
cylinder, as well as the angle of attack When the aspect ratio and free flow speed are low, the motion pattern is damped
around 60 degrees and the motion regime is oscillatory in nature, which changes to rotational motion as the aspect
ratio and flow speed increase. The maximum oscillation or rotation is related to the initial angle of attack of zero
degrees. It has been observed that rotational motion regimes occur with an increase in the longitudinal ratio and free
flow speed at low initial angles of attack. The angular velocity of the models and the Strouhal number in the rotational
motion regime have been calculated and the results show that with the increase of the Reynolds number, the Strouhal
number has a constant value.

Key Words Unsteady flow, Oscillatory and rotational movements, Reynolds number, Strouhal number.
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1. Introduction

The incremental forming of sheet metal using CNC
machines has grown significantly in the last decade, and
with the clarification of different aspects of this process, it
has attracted more attention from various industries of
medical, automotive, and aerospace fields. The
considerable flexibility of the process in the production of
complex geometries and higher formability of sheets
through the process have made it more interesting among
researchers. On the concept of incremental forming,
different types of the process were developed. Meanwhile,
the most common and flexible form of the process is
Single Point Incremental Forming (SPIF). The
deformation mechanisms in this process are different
compared to the similar processes such as deep drawing
and spinning. Revealing deformation mechanisms through
the forming process and exploring the reasons behind the
increased formability attracted many efforts to this field.
The aim of this study was to investigate the formability of
aluminum alloy 5052 sheet in SPIF process using the
maximum possible forming depth which is called fracture
height. To do so, a series of experiments were conducted
to evaluate the fracture height of two different geometries.
Moreover, in line with the laboratories efforts, numerical
simulations of the process were performed in ABAQUS
finite element environment. To predict the fracture
initiation, the well-known Bao-Wierzbicki damage
criterion was developed and the code was introduced to
using VUMAT subroutine.

2. Experiments

In order to determine the elastic and plastic properties of
aluminum sheet as well as to calibrate the damage
criterion, uniaxial tensile tests were used in three directions
of rolling, 45 degrees with rolling and perpendicular to
rolling direction. The Swift hardening law were fitted
through the acquired data points to calibrate the hardening
model constants.

Simple geometries usually were selected to study the
process. Two geometries of truncated cone and truncated
pyramid with variable wall angle were opted. As Figure 1
shows, the wall angle at the beginning of the process is 30

degrees, and if the geometry is formed to the final height,
this angle reaches 85 degrees.
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Figure 1. Designed geometries (a) Generatix of the
geometries, (b) Truncated Cone, (c) Truncated Pyramid

The tests were performed using a three-axis CNC machine
and as shown in Figure 2, 100 mm in 100mm aluminum
blanks were placed between two clamping plates and
restricted to draw in. Considering 0.5mm vertical step size,
Inventor software was used to export the tool path to form
the geometries which directly introduced to the CNC
machine. A hemispherical tool with 5mm radius formed
the blanks.

e

Figure 2. SPIF experiments

3. Numerical analysis

ABAQUS Explicit solver was used for the numerical
analysis of the process. In order to simplify and reduce the
analysis time of the process, only three components of the
sheet, the forming tool, and the back plate were modeled.
Moreover, C3D8R element was used in the meshing the
sheet as the only deformable body. Based on the sensitivity
analysis of the mesh size, the size 0.5 was chosen for the
elements in the forming area. The blank edges were
constrained to prevent any movement and also the forming
tool followed exactly the utilized tool path in the
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experiments. Due to the large deformation in this process,
ALE technique was used in sheet meshing. In order to
reduce the computational cost, by keeping the ratio of
kinetic energy to internal energy below 10%, the
simulations were performed with time scaling of 40. The
Hill’48 plasticity model incorporated into the B-W
damage model and, the developed model was introduced
to ABAQUS using VUMAT sub-routine. The modified
swift hardening rule and the plasticity model are presented
in Equation 1 and Equation 2, respectively.

ke, +£,)"
o= —\n _ (1)
ak (e, + ‘9p) +(1-0)yrs
Ueu = [F(Un _0-22)2 + G(O-zz - 033)2 +
(2)

H(c,-0o,) +2Lo, +2Mo. +2No. 1"

The element deletion technique is used in the numerical
simulations. Accordingly, the damage value (D) is
calculated through the process and, as D reaches one, the
element will eliminate from the FE model. The
formulation of the D and the fracture strain based on the
B-W damage model are presented below:

“dg
D = ’ 3
) !Ef(n) ©
g, - (4)
3n

4. Results and discussion

The maximum possible forming height is considered to
evaluate the formability of sheets and, as presented in
Figure 1, this parameter is directly related to the maximum
forming wall angle. Laboratory tests showed that AA5052
aluminum sheet is not capable of forming up to the final
height of 25 mm and will fracture sooner. Figure 3 shows
the height of fracture corresponding to each geometry to
make possible the comparison with the results of
numerical simulations.

25

A Exp.
FE-Anisotropy Included
| E=SFE-Anisotropy Excluded

7

= n
o oS
1

Fracture height (mm)

o
1

222727

T
Truncated Cone Truncated Pyramid

Geometry type

Figure 3. Comparison of fracture height in experimental
tests with numerical simulation in two situations with and
without consideration of sheet anisotropy

The results showed that the average forming height of
truncated pyramid and truncated cone were 19.9 mm and
16.9 mm, respectively. On the other hand, using the
numerical model, the fracture height was obtained in two

cases: (a) by applying sheet anisotropy in the B-W damage
model; (b) without applying anisotropy in the B-W
damage model. In this way, in case (a), the fracture heights
of two geometries, truncated pyramid and truncated cone,
were predicted with 8% and 10% accuracy, respectively.
In case (b) and assuming that the sheet is isotropic, the
simulation of the process was carried out until failure.
Considering this assumption, the yield model used for the
sheet will be Von Mises. In this case, the prediction
accuracy reduced to 15% and 14% for two geometries,
truncated pyramid and truncated cone. According to these
results it can be said that in the investigated geometries,
considering the sheet anisotropy has improved the
prediction accuracy by 4.5%.

Due to the increasing wall angle of the designed
geometries, with the increase of the forming depth and
advancement of the tool, the level of plastic strains in the
sheet increases (Figure 4) and the sheet shows more
deformation against the forming forces. Due to the direct
relationship between damage size and plastic strains, the
damage accumulated in the sheet elements gradually
increases. This happens to all elements of the sheet but
with different intensity. For example, according to Figure
4, three different elements at three different heights of the
forming geometry were selected to show these changes.
Figure 4 shows the changes in the plastic strain of the
elements with the increase of the forming depth. As can be
seen, the level of plastic strains increases step by step with
the progress of the process.

Outer Element C
Inner Element C

Element B

Equivalent Plastic Strain

Element A

-0.2 L L
0 10 20 30

Punch stroke (mm)

Figure 4. Variation of plastic strain in three different
locations during the process until the damage initiation
instance

5. Conclusion

The results showed that the B-W damage model has a good
ability to predict failure in the SPIF process, so that the
fracture height of the studied geometries predicted 9%
lower than the experimental results. Moreover, without
applying the anisotropy of the sheets and considering the
Von-Mises yield criterion for the plasticity behavior of the
sheet, the accuracy of predicting the results dropped by
5%. The analysis of stress and strain distribution in
deformed geometries showed that sheet failure starts from
the outer surface and then propagates to the inner layers.
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Investigation of Fracture Mechanism in Single Point Incremental Forming of AA5052 Aluminum
Alloy Using the Bao-Wierzbicki Damage Model

Ali Zahedi Dizajyekan

Abstract Incremental sheet metal forming is one of the promising sheet forming processes, in which local nature of the
applied forming forces and independency of the process on the die, induces higher formability in the sheet and increases
flexibility of the process in producing intricate geometries. In current study, from damage mechanics window, one of the
prominent features of the process, i.e. forming limits of AA5052 sheets has been investigated. For this purpose, firstly,
Bao-Wierzbicki damage model is coded and implemented into Abaqus finite element program via VUMAT subroutine.
The constants of the damage model, hardening model and Hill48 yield model have been obtained utilizing the uniaxial
tensile experiments in three directions of 0° 45° and 90° with respect to rolling direction. To examine the formability,
truncated cone and pyramid geometries with variable increasing wall angles have been considered and the experimental
tests and simulation of the process were conducted. Using the stress and strain distribution, fracture phenomena and
onset of fracture were described. The results show that the sheet metal fractures before it reaches the designed final
height, so that for the geometries of truncated pyramid and truncated cone, the fracture height is obtained 19.9 mm and
16.9 mm, respectively. Considering the sheet anisotropy properties in the process simulation, the fracture height of
specimens was predicted with an average accuracy of 9%, and the results reveal that with excluding the anisotropy
properties of the sheets, the prediction accuracy decreases. Also, an acceptable agreement was obtained in predicting
the fracture location.

Key Words Incremental sheet forming, Damage model, Finite element, Stress analysis.
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1. Introduction

3D printing is one of the most important technologies in
the world, which has received a lot of attention in the last
few years. Due to its unique features, this technology has
been able to find its place well within different industries
and jobs. 3D printing is done by rapid prototyping of a
computer designed model in which objects are produced
directly by adding materials layer by layer. Compared with
traditional manufacturing, rapid prototyping can make
complex shapes easily. This technology helps in early
detection and reduction of design errors, at the same time,
it does not require any tools, molds and devices, and only
requires a little human intervention.

Multi-material printing in 3D printing has attracted
attention for a wide range of applications. In multi-material
printing technology, it is possible to combine different
polymer materials in the form of a composite material
according to the need, and achieve the desired properties
from them.

Two filaments were used in this study to investigate the
mechanical properties of composite structures. The
samples were made by a 3D printer in such a way that
several samples were made from each of the filaments, and
finally, a number of samples were created in composite
form (layer on layer). Then, all of the samples were
analyzed and evaluated in the tensile test and their
mechanical properties were calculated.

2. The materials

The filaments used in this study included ABS
(acrylonitrile butadiene and styrene) filament and TPU
(polyurethane filament) filament. A 3D printer was used to
print these materials.

3. The proposed solution

By using hard (ABS) and soft (TPU) polymers, four
polymer structure samples including two single material
samples and two composite material samples were made

by 3D printer through additive layering method. Then, the
mechanical properties of this sample were compared and
evaluated by means of tensile test. Finally, simulation was
done for these samples by the software.

3.1. The standard. The manufacturing of all polymer parts
for tensile testing was done using ASTM D638-14
standard, which can be seen in Table 1.

3.2. Tensile test conditions. Tensile test of all samples was
done at room temperature. The tensile test speed is 5
mm/min in all samples. For constructing tensile test
models, the fourth row (IV) standard of Table 1 that can be
used in hard and soft materials, was used.

3.3. Simulation conditions. The software simulation of
tensile test samples was done in ABAQUS software
version 2018. In this simulation, the minimum and
maximum stress values in polymer samples are
investigated. These samples are stuck from one side and
subjected to the maximum tensile force obtained from the
tensile test from the other side.

3.4. The results obtained from the tensile test. The highest
force (759 N) is tolerated by the ABS sample and the
lowest strain to failure (6%) is achieved by this sample.
The force of 744 (N) is tolerated by the TPU sample. It
should be noted that the highest strain to failure (800%)
was obtained for this sample.

In ABS & TPU & ABS sandwich sample, less force is

tolerated than the ABS sample (613 N vs. 759 N).
Moreover, the strain to failure of this sample is equal to the
ABS sample (6%).
In the TPU & ABS & TPU sandwich sample, the force of
321 N is tolerated, which is less than other samples.
Moreover, the strain to failure of this sample is 22%, which
is almost 4 times of ABS and sandwich ABS & TPU &
ABS samples.

“Manuscript received: April 16, 2023. Revised, May 28, 2023, Accepted, July 25, 2023.
1. Corresponding author. MSc, Faculty of Mechanical Engineering, Shahid Rajaei University, Tehran, Iran,

Email: a.savabpour65@gmail.com

2, Associate Professor, Faculty of Mechanical Engineering, Shahid Rajaee University, Tehran, Iran.
3, Professor, Faculty of Mechanical Engineering, Shahid Rajaei University, Tehran, Iran.




Abbas Savabpour, Javad Kadkhodapour, Ali Pourkamali Anaraki 78

3.5. Results obtained from tensile test simulation. In
order to determine the stress in different parts of each of
the samples, the Mises stress values obtained from the
simulation in different polymer structures are given.

The simulated sample of ABS material shows that the
maximum stress is in the middle part of the structure and
its value is almost close to the real sample of tensile test.
The simulated sample of TPU material shows that the
maximum stress is in the middle part of the structure and
its value is almost close to the real sample of tensile test.
It is clear from the simulated sample of ABS & TPU &
ABS sandwich structure that the highest amount of stress
belongs to the 2 outer layers, which is ABS material with
a larger modulus of elasticity, the middle single layer of
TPU material with a small elasticity modulus is under the
lowest stress.

It can be seen from the simulated sample of TPU &
ABS & TPU sandwich structure that the highest stress
value belongs to the middle single layer, which is higher
than ABS material with elasticity modulus. The two outer
layers of TPU material with a small modulus of elasticity
are subjected to minimal stress.

4. Conclusion

In this article, in order to improve the mechanical
properties of polymer materials, several examples of
single-material structures composed of ABS and TPU
filaments have been created by a 3D printer. Then, these
samples are subjected to real static tensile load in the
laboratory environment by the tensile testing machine.
Through the output data of this tensile test, the mechanical
properties of these samples have been calculated and
finally compared. According to the obtained results, we
were able to increase the strain to failure in the composite
samples (TPU & ABS & TPU) by almost 4 times
compared to the ABS sample and the ABS & TPU & ABS
sample.

Table 1. Standard dimensions according to the type of material

7 (0.28) or under Over7to 14 (0.28 4 (0.16) or under
Dimensions (see drawings) t0 0.55), incl Tolerances
Type I Type 11 Type 111 Type IV? Type V&P
W'Wsigzlt‘igrflgfé‘rrow 13 (0.50) 6 (0.25) 19 (0.75) 6 (0.25) 3.18 (0.125) +0.5 (£0.02)BC
L-Length of narrow section | 57 (225) | 57(2.25) 57 (2.25) 33(130) | 9.53(0.375) £0.5 (£0.02)°
WO-Width overall, min® | 19(0.75) | 19 (0.75) 29 (1.13) 19 (0.75) +6.4 (+0.25)
WO-Width overall, min© 9.53(0375) | +3.18 (+0.125)
LO'Len%;}i‘n‘;f overall, 165(6.5) | 183(7.2) 246 (9.7) 115 (4.5) 635(25) | nomax (nomax)
G-Gage lenght' 50(2.00) | 50(2.00) 50 (2.00) 7.62(0300) | +0.25 (£0.010)C
G-Gage lenght' 25 (1.00) +0.13 (£0.005)
D-Distance between grips 115 (4.5) 135(5.3) 115 (4.5) 65 (2.5) 25.4(1.0) +5 (£0.2)
R-Radius of fillet 76 (3.00) | 76(3.00) 76 (3.00) 14 (0.56) 127 (0.5) +1 (+0.04)C
RO-Outer radius (Type IV) 25 (1.00) +1 (x0.04)
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Investigating the Mechanical Properties of Polymer Composite Materials Made
by 3D Printing Method

Abbas Savabpour Javad Kadkhodapour Ali Pourkamali Anaraki

Abstract A composite structure is a non-uniform solid that consists of two or more different materials with different
kinds that are mechanically bonded together. These structures have completely different chemical and physical
properties and they merge together to make a substance that is not similar to any of these materials. In previous studies,
the construction and investigation of sandwich structures of polymer materials were done with two materials with
similar physical properties (two hard materials), but in this research, two polymers with completely different physical
properties were combined and a new sandwich structure was made. This study aims to investigate and try to increase
the mechanical performance of single-layer and multi-layer composite (sandwich) structures printed from hard (ABS)
and soft (TPU) polymer materials and comparing these samples by preparing different composite structures from these
polymers. The method of making polymer materials used in this research is the use of 3D printing technology
(incremental layering). The results have been obtained in the form of laboratory tensile test and simulation in the
Abaqus software environment. These results indicate that with the change of layers and materials, the amount of strain
to failure of the composite samples has increased up to about 4 times. It should be noted that the construction of the
tensile test samples in this project was done according to the standard of the American Association of Materials and
Testing.

Key Words Mechanical Properties, Composite Materials, 3D Printing, ABS, TPU.
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G-Gage lenght' 25 (1.00) +0.13 (+0.005)
D-Distance between grips 115 (4.5) 135 (5.3) 115 (4.5) 65 (2.5) 25.4(1.0) 15 (20.2)
R-Radius of fillet 76 (3.00) 76 (3.00) 76 (3.00) 14 (0.56) 12.7 (0.5) +1 (£0.04)¢
RO-Outer radius (Type 1V) 25 (1.00) +1 (+0.04)
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1. Introduction

Plasma actuators have been among the newest methods for
active flow control in the last two decades. A typical single
plasma actuator consists of two electrodes, a dielectric
layer between these two electrodes, and a high-voltage
source. Over time, a new configuration of plasma actuator,
plasma synthetic jet actuator, was introduced. A particular
type of synthetic jet actuator has an annular configuration
in which the electrode diameter is an important parameter.
If the design of the actuator is improved, its application
range will be more comprehensive and more effective in
the flow control. In annular synthetic jet actuators, a jet
perpendicular to the surface is formed, which can be used
to control the instability of axial flows and the transition of
laminar to turbulent flows.

A phenomenological model widely used in the
simulation of plasma actuators is Suzen-Huang model.
This model considers the impact of plasma on the flow by
including a volumetric body force in the governing
equations. This model does not predict the non-linear
relationship between the applied voltage and the amount
of thrust the plasma induces. Moreover, the impact of such
parameters as thickness and dielectric constant, exposed
electrode thickness, and alternating current frequency are
not included in this model. This investigation tried to
consider the impact of the above parameters for a single
plasma actuator by calculating the numerical value of the
thrust and exerting it in the expression of its volumetric
body force. Moreover, the goal of this research is to
generalize this merging model to simulate the annular
plasma synthetic jet actuators in different geometric,
working, and environmental conditions. One of the factors
that can affect the performance of an annular plasma
synthetic jet actuator is its geometry. The impact of
changes in the radius of the embedded electrode on the
operation of the annular plasma synthetic jet actuator in the
generalized model was investigated in this research.

2. Governing equations
The volumetric body force imposed by the plasma actuator

was calculated by Suzen-Huang model. This model
assumes that the electric field is caused by two
components: one is the external electric field due to the
voltage imposed on the electrodes and the other is the
electric field induced by the accumulation of charged
particles near the surface. The following equations can
determine the electric potential near the actuator and
charge density:

V.(2:79) = 0 @
V.(Vp0) = 55 @
d

Where ¢ is the electric potential due to imposed
alternating voltage on the electrode, p. is the electric
charge density, ¢. is the relative electrical permeability
coefficient, and A4 is the Debye length. The volumetric
body force induced by the plasma actuator can be
calculated as

fg = pE = p(—V) €)

A semi-empirical model based on a one-dimensional
electrohydrodynamic effect was proposed to estimate the
plasma-induced thrust. It was assumed that the thrust of the
plasma actuator is proportional to the energy consumed in
an actuator, which is considered as two parallel capacitors
in an alternating current circuit. Various components such
as dielectric thickness, dielectric constant, exposed
electrode thickness, voltage range, and alternating current
frequency were included in this model. The purpose is to
insert the numerical value of the thrust into the two-
dimensional Navier-Stokes equation solver as the volume
body force term. Moreover, working parameters such as
pressure, temperature, and alternating current waveform
were given in the model. The following expression was
used to calculate thrust:

Thrust = k;o,w*Co(V — V)2 (Nm™1) (4)
where w is the angular frequency of the applied
voltage, V is the amplitude of the applied voltage, a, is the

voltage shape parameter, C, is the equivalent capacitance
of the plasma actuator, V|, is the onset voltage of plasma
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formation, a, is the frequency parameter and, k; is the
fitting parameter.

As a novelty in this work, the thrust model and Suzen-
Huang model were combined to obtain a more accurate
estimate of the plasma-induced thrust and the spatial
distribution of the volumetric body force. By merging
these models, we have Equation 5:
max _ Thrust Xty .

e Blphpvapp ( )

It should be noted that Equations 1 to 5 complete the
model description for plasma actuators. However, to use
this model, the value of B must be calculated. For this
purpose, the original Suzen-Huang model was used. By
using trial and error, the value of pg*®* was obtained in
such a way that valid experimental or numerical results for
single plasma actuators or plasma synthetic jet actuators
could be well estimated. As a result, the value of  could
be calculated. Now, this value of B obtained from valid
data available for plasma actuators was used to calculate
the value of pg*®* for another one, in different geometric
and flow conditions and with different materials. In this
way, the effects of the mentioned factors were considered
in Suzen-Huang model, and this model could have a better
estimation of the performance of the plasma actuator.
Moreover, the impact of changing the diameter of the
annular plasma synthetic jet actuator was included in this
merging model.

3. Results

To calculate B in a single plasma actuator, the value of
pT@* in Suzen-Huang model is calculated by trial and error
in order to obtain the best agreement between the
numerical results and the results of experimental work for
the induced velocity at a specific applied voltage, which
can be seen in Figure 1.
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Figure 1. The comparison of numerical results with the
experimental velocity profiles at a distance downstream of the
electrode

To validate the merged model, the value of the 3 parameter
was used to calculate p2* and then calculate the thrust
value. Then these trust values were compared with the
values of an experimental work. Based on the results of
thrust value calculated from the numerical simulation at
different voltages, the error was about 10%.

For the annular plasma synthetic jet actuator, the
simulation was performed in five different diameters of the

embedded electrode (2, 2.5, 3, 4, and 5 mm). A comparison
was made between the axial velocity profiles of the present
work and another numerical work.

For different cases, the value of pT*#* was calculated. The
results showed that the value of p®* is a function of the
diameter of the actuator. Through curve fitting, a
correlation was estimated for the variation of
pI@ concerning diameter. This correlation was obtained
as follows:

3.83 b(mm) ©)

max —

Pe = 139.6—32.7D + 3.7D2

Figure 2 shows the changes of the dimensionless value
Pe /Py ) —smm With the diameter of the annular actuator.

1 1 1 1 1 1 1 1
15 2 25 3 35 4 45 5 55
D {mm)

max

Figure 2. p?® /pg5X 5, in different diameters of actuator

The merged model, confirmed for the single plasma
actuator, was also evaluated for the annular plasma
synthetic jet actuator. For this purpose, another case
example of the annular actuator was considered. The value
obtained for p@ in the new case was assumed to be 5 mm
in diameter. In order to be able to obtain the value of this
component in the main problem with the new diameter,
with the help of the Equation 6 and by creating a fit
between the values of p™ax in the diameters of 5 mm and
the new diameter, this is achieved.

4. Conclusion

A new model was defined in this study through connecting
Suzen-Huang phenomenological plasma model and a trust
model to estimate the volumetric force distribution
component of plasma actuators. Applying this model on a
single plasma actuator shows the accuracy and correctness
of this model. It was also shown that in annular plasma
synthetic jet actuator, the maximum charge density is a
function of the diameter of the actuator. Therefore, by
generalizing the current model for this type of actuators,
the dependence of the maximum charge density and
volumetric body force on the diameter of the actuator was
considered in the model. Validation of the present model
for the annular plasma synthetic jet actuator for the
maximum value of the axial velocity at different distances
with the available experimental values shows a maximum
error of 19%.
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Introduction of a Modified Phenomenological Model for Single and Annular Plasma Synthetic Jet
Actuators

Mohammad Sheibani Seyyed Majid Malek-Jafarian Mohammadmahdi Abdollahzadehsangroudi

Abstract In this study, a modified phenomenological model has been proposed by merging the Suzen-Huang model
and the Yoon-Han thrust model for two types of single plasma actuators and plasma synthetic jet actuators, in different
geometries and different working and environmental conditions. The model introduced in the present work is based on
the thrust induced by plasma. With this generalization and modification, this model overcomes the drawbacks of the
standard Suzen-Huang model, i.e., lack of correct estimation of the nonlinear relationship between the applied voltage
and the amount of thrust induced by the plasma and not considering the influence of parameters such as the thickness of
dielectric and dielectric constant, the thickness of the exposed electrode, and the alternating current frequency).
Applying this model on a single plasma actuator shows the accuracy and correctness of this model. Also, by
generalizing the present model for the annular plasma synthetic jet actuators, the dependence of the maximum charge
density and body force on the diameter of the actuator was included in the model. Validation of the present model for
the annular plasma synthetic jet actuator shows that the model is able to adapt itself well to changing the diameter of
the actuator, working conditions, geometry and materials of the actuator and make a good estimate of the results.

Key Words Annular Plasma Synthetic Jet Actuator, Dielectric Barrier Discharge, Thrust, Numerical Simulation
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1. Introduction

Inspired by the works of other researchers, including the
analysis of nanobeams, nanotubes, nanowires, nanosheets,
and nanoshells, the large deflection of chromium
nanobeams investigated in this study. These systems have
many applications in electromechanical and biological
industries due to their unique mechanical properties. With
the increase in the need for these structures, we cannot
ignore the previous activities. Many of these studies are
limited to simulating the experimental data of chromium
nanobeams and predicting their behavior using finite
element methods. In the meantime, activities were also
carried out to provide models for the introduction of large
deflection nanobeams and curved nanobeams. Moreover,

the researchers investigated porous, functionally graded,
multilayer, piezoelectric, and piezomagnetic structures in
environments such as viscoelastic to expand their
knowledge about this structure. The purpose of this study
was to show the ability of the design of the experiment
method to simulate the deflection of cantilever chromium
nanobeams. For this purpose, the impact of length and
force was investigated using the design of 100 experiments
through applying factorial method on the nanobeam. In the
end, using the regression method, the behavior of the
nanobeam was predicted.

Table 1. Results of the deflection

Test no, | Deflection (hm) | Testno, | Deflection (nm) | Testno, | Deflection (nm) | Test no, | Deflection (nm)
1 -320.463 26 -7.191 51 -112.903 76 -99.593
2 -78.412 27 -208.242 52 -60.023 77 -5.198
3 -166.996 28 -16.146 53 -136.83 78 -51.007
4 -32.952 29 -280.776 54 -103.699 79 -72.995
5 -294.101 30 -4.292 55 -144.407 80 -18.876
6 -227.324 31 -20.65 56 -106.635 81 -52.878
7 -183.413 32 -189.816 57 -121.448 82 -27.947
8 -167.38 33 -29.647 58 -29.722 83 -8.422
9 -162.278 34 -238.474 59 -61.99 84 -270.324

10 -47.069 35 -58.141 60 -212.576 85 -42.257
11 -184.88 36 -131.348 61 -81.078 86 -53.245
12 -67.169 37 -36.831 62 -42.001 87 -28.025
13 -10.816 38 -23.892 63 -155.78 88 -188.934
14 -90.11 39 -247.726 64 -36.194 89 -44.526
15 -10.673 40 -148.399 65 -18.378 90 -198.764
16 -240.943 41 -8.581 66 -4.995 91 -37.915
17 -158.807 42 -18.521 67 -47.087 92 -53.732
18 -24.879 43 -318.909 68 -17.589 93 -22.104
19 -116.469 44 -101.585 69 -45.691 94 -25.982
20 -260.448 45 -70.927 70 -7.604 95 -284.122
21 -214.914 46 -21.531 71 -4.923 96 -177.187
22 -242.2 47 -59.485 72 -89.645 97 -11.872
23 -65.971 48 -207.924 73 -12.489 98 -203.872
24 -32.528 49 -130.046 74 -91.2 99 -81.158
25 -230.204 50 -365.785 75 -36.198 100 -26.115
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Figure 1. The impacts of the input parameters on the deflection
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Figure 2. The first-order regression model versus experimental data
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Figure 3. The second-order regression model versus experimental
data

2. Results
Table 1 shows the results of the experiments designed on
the deflection of nanobeams.

Figure 1 shows the impact of two parameters of force
and length on the deflection of nanobeams considering 4
force levels (8, 9.5, 11, and 12.5 nano-Newtons).

In the next step, the deflection of nanobeams by
applying four forces was investigated using regression
analysis in three cases of first-order equations, second-
order equations, and third-order equations based on the
input parameters. Figure 2 shows the experimental results
and the results of regression analysis for force and length
parameters in the case of first-degree equations.

Next, the quadratic equation was used to predict the
deflection of the nanobeam. It shows the quadratic
regression model for the nanobeam beam based on the
input parameters, in which R2 equal to 99.61% was
obtained (Figure 3).

In the end, in order to reach the regression model with

higher accuracy, the third-order equation was used to
predict the deflection of nanobeam. The third-order
regression model for the nanobeam beam was obtained
based on the input parameters, and the R2 value was equal
to 99.95% (Figure 4).
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Figure 4. The third-order regression model versus experimental
data

According to Table 2, the adequacy rate (R2) and the
error of the regression model in all three modes of the
equations are ready for all four force levels. Using the
equations, it becomes clear that the error in the second and
third-order equations are reduced by 81% and 90%
compared to the first-order equations.

Table 2. Comparison of the various regression models

Model order Efficiency (%) Error (nm)
First 89.15 24.42
Second 99.61 4.64
Third 99.95 241

In the following, unlike the previous part, all the
experimental data are not used for training in the
regression model, and only two series of data related to the
forces of 8 and 11 nanonewtons are used in determining
the deflection formulas of the nanobeam using the
regression model. Then the obtained formulas are used to
predict the deflection of the nanobeam at a force of 9.5
nanonewtons (as interpolation) and 12.5 nanonewtons (as
extrapolation). Table 3 shows the efficiency of the model
(R2) and the error of the regression model for three cases,
the first, second, and third-degree equation, and the use of
two force levels.

Table 3. Comparison of the various regression models

Model order Efficiency (%) Error (hm)
First 89.53 24.55
Second 99.59 4.88
Third 99.94 2.84

3. Conclusion

The results of the design of the experiments were obtained
by using method and regression analysis in two modes of
4 forces and 2 forces and they were compared. The results
are as follows: the first-order regression model is not
suitable for analyzing and predicting the behavior of
chromium nanobeams. The length of the beam has a
greater impact on the results than the force. The results of
the third-order regression are more appropriate and
accurate than the second-order and both of them compared
to the first-order in both cases of 4 forces levels and 2
forces levels, and have less error.
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Modeling of Large Deflection of the Chromium Nanobeams Using Design of Experiments Method

Vahid Modanloo Yasser Taghipour Lahijani Ahmad Mashayekhi Behnam Akhoundi

Abstract This paper investigates the deflection of chromium nanobeams using the design of experiments method.
Using the full factorial method, a number of 100 experiments were designed in which the length and the force on the
nanobeam were considered input variables at 25 and 4 levels, respectively and the deflection of the nanobeam was
considered output. First, all 4 force levels (8, 9.5, 11, and 12.5 nN) were used for the analysis, and closed-form
equations were obtained to estimate the deflection of the nanobeam. The results showed that the effect of the length is
more than the force, by increasing the length so that the deflection changes with third degree. The third-order
regression model predicts the deflection with high accuracy, and its error value is lower than the first and second-order
regression models. Afterward, two levels of force (8 and 11 nN) were used for analysis, and new equations were
obtained to estimate the deflection of the nanobeam. The new equations were used for interpolation and extrapolation
of the nanobeam's deflection in forces of 9.5 and 12.5 nN, respectively. The results demonstrated that the regression
model using two force levels accurately predicts the deflections of nanobeams as well. The results of this research
demonstrated that it is possible to estimate the nanobeam's deflection without the need to perform more experiments
and spend cost, perform complex calculations, and solve differential equations; the nanobeam's deflection can be
accurately estimated with algebraic formulas.

Key Words Nanobeam, Large Deflection, Regression Model, Design of Experiment.
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	واژه‌هاي كليدي  رانشگرهاي تک‎پیشرانه‏ای، بستر کاتاليستي، محفظه تجزيه، قطر دانه‎هاي کاتاليست، هیدرازین.
	Investigation of the Effect of Catalyst Granule Diameter on the Performance of Decomposition Chamber of a Hydrazine Catalytic Thruster
	Abstract Monopropellant hydrazine thrusters are widely used in situation control, orbital transmission, and position correction systems of satellites. In these thrusters, hydrazine is decomposed into the hot gaseous products by passing through a catal...
	Key Words Monopropellant thruster, Catalyst bed, Decomposition Chamber, Catalyst granule diameter, Hydrazine.
	اکثر فضاپيماها مانند راکتها و ماهوارهها و کاوشگرهاي فضايي داراي سامانه‏های پيشرانش کوچکي به منظور مانور مداري و کنترل وضعيت ميباشند. در واقع اين سامانه‏های پيشرانش، جزو زيرسامانه کنترل واکنش (RCS) (Reaction control system) فضاپيما ميباشند. از جمله...
	پرواکسيد هيدروژن اولين تک‎پیشرانه مورد استفاده در رانشگرهاي تک‎پیشرانه‏ای بود که توسط آلمانها توسعه داده شد[1]. اين تک‎پیشرانه بعدها به علت ضربه ويژه پايين (165-185 ثانيه) و مشکلات مرتبط با ذخيرهسـازي آن، توسط هيـدرازين (با ضربه ويژه 220 ثانيه) جاي...
	ماکلد و بلال [6] با استفاده از يک مدل ساده شده، به مطالعه يک رانشگر دو بخشي هيدرازيني پرداختند. در معادلات آن‌ها از اثرات انتقال حرارت و جرم بين جريان گاز و دانه‎هاي کاتاليست صرف نظر شده و انرژي واکنشهاي شيميايي مستقيماً صرف افزايش دماي گاز ميشد. ب...
	نمازی و همکاران [11] ضریب پخش جرمی احتراق کاتالیستی متان را در محیط متخلخل متشکل از الیاف با استفاده از تحلیل مقیاس حفره محاسبه کردند. آن‌ها با تبیین وابستگی شدید کمیت حساس ضریب پخش جرمی به هندسه و آرایش گرانول‎ها در محیط متخلخل، اهمیت تحلیل در مقیاس...
	در مقاله حاضر، محفظه تجزيه يک رانشگر تک‎پیشرانه‏ای هيدرازيني، در مقيـاس دانههاي تشکيل دهنده بستر کاتاليستي، به‌صورت عددي شبيهسازي شده است. سپس اثر پارامتر قطر دانه‎هاي کاتاليست، روي عملکرد محفظه تجزيه مورد بررسي قرار ميگيرد. به اين منظور، شبيهساز...
	مسئله حاضر از دو بخش تشکيل شده است، بخش اول مربوط به تبخير و گازيسازي تک‎پیشرانه بوده که در ناحيه القايي محفظه تجزيه به وقوع ميپيوندد. در اين ناحيه معادله ساده شده انرژي مطابق با تحقيق شنکار و همکارانش [5] مورد استفاده قرار گرفته و طول ناحيه به همرا...
	(1)                               2,N-2.,H-4.→2N,H-3.+,N-2.+,H-2.
	(2)                                    2N,H-3.→,N-2.+3,H-2.
	نرخ واکنش‌هاي شيميايي کاتاليستي تجزيه هيدرازين و آمونياک به‌صورت زير محاسبه ميشوند [5]:
	(3)                         ,r-N2H4.=,A-N2H4.,exp-,−,,T-A-N2H4.-,T-s....,Y-s-N2H4.
	(4)                              ,r-NH3.=,A-NH3.,exp-,−,,T-A-NH3.-,T-s....,Y-s-NH3.
	در معادلات فوق ,T-S. معرف دماي سطح کاتاليست و,Y-s. معرف کسر جرمي گونههاي شيميايي در سطح کاتاليست با زمان ميباشند. ثوابت ,A-N2H4.،,T-A-N2H4.، ,A-NH3.، و,T-A-NH3.  نيز در جدول (1) مشخص شدهاند.
	انرژي فعالسازي و دماي فعال‌سازي تجزيه هيدرازين بسيار کمتر از تجزيه آمونياک است، بنابراين تجزيه هيدرازين فعالتر است. از اين رو، سينتيک تجزيه هيدرازين، فرايند احتراق کاتاليستي در داخل رانشگر را تا قبل از شروع واکنش گرماگیر تجزیه آمونیاک کنترل مي‌کند....
	فرم بقايي معادلات ناوير استوکس [5] در ادامه ارائه ميشوند:
	(5)                                                    ,∂ρ-∂t.+,∂,ρ,u-i..-∂,x-i..=0
	(6)                        ,∂,ρ,u-i..-∂t.+,∂,ρ,u-i.,u-j..-∂,x-j..=−,∂p-∂,x-i..+,∂,τ-ij.-∂,x-i..+,F-i.
	(7)                     ,∂,ρ,Y-k..-∂t.+,∂,ρ,u-i.,Y-k..-∂,x-i..=,∂-∂,x-i..,ρD,∂,Y-k.-∂,x-i...+,,ω.-k.
	,∂,ρh.-∂t.+,∂,ρ,u-i.h.-∂,x-i.. =,∂-∂,x-i..,,μ-Pr.,∂h-∂,x-i..+,μ-Pr.,,1-Le.−1.,k=1-N-,h-k.,∂,Y-k.-∂,x-i....+,∂p-∂t.+,S-rad.
	(8)
	که در آن‌ها، Pr عدد پرانتل و Le عدد لويس ميباشند. لازم به ذکر است که در معادلات فوق نظیر تحقيق شنکار و همکارانش [5] فرض شده که ضريب پخش تمامي گونههاي شيميايي برابر بوده و براين اساس تنها از يک ضريب پخش جرميD  استفاده شده است. زماني که عدد لويس براب...
	سينتيک حاکم بر مسئله با استفاده از قانون آرنيوس به‌صورت زير تعريف ميشود:
	(9)                                           ,k-r.=A,T-α.,exp-,−,,E-a.-,R-u.T...
	که در آن، α معرف نماي دما، ,E-a.  انرژي فعالسازي و ,R-u. ثابت جهاني گازها ميباشند. توجه شود که براي اطمينان از بقاي جرم، معادلات انتقال گونههاي شيميايي براي N-1 گونه شيميايي تحليل ميشود و کسر جرمي گونهN  از بقاي جرم، به‌صورت زير محاسبه ميشود:
	(10)                            ,k=1-N-,Y-k.=1.
	فرض بر اين است که واکنشهاي شيميايي تماماً در مجاورت کاتاليست انجام ميشوند. بنابراين، از واکنشهاي فاز گاز صرف نظر ميشود. حال با توجه به نفوذپذيري (Permeability) بسيار پايين دانه‎هاي کاتاليست، انتقال جرم و حرارت در دانه‎هاي کاتاليست کاملاً از جنس پ...
	(11)                               ,∂,ρ,Y-k..-∂t.−,∂-∂,x-i..,ρD,∂,Y-k.-∂,x-i...=,,ω.-k.
	,∂,ρh.-∂t.=,∂-∂,x-i..,,μ-Pr.,∂h-∂,x-i..+μ,,1-Sc.−,1-Pr..,k=1-N-,h-k.,∂,Y-k.-∂,x-i....
	(12)
	بستر کاتاليستي در اين پژوهش براي تجزيه تک‎پیشرانه هيدرازين متشکل از گرانولهاي آلومينا که با فلز فعال ايريديوم پوشش داده شدهاند، مي‎باشد. طرح‌واره بستر کاتاليستي بررسي شده در شکل (1) مشاهده ميشود.
	شبيهسازيها براي دانه‎هاي کاتاليست با قطرهاي 88/0، 1، 15/1 ميليمتر و در ضريب تخلخل 4/0 انجام گرفته است. فشار ورودي به محفظـه تجزيه نيز 15 بار، در نظر گرفته شده است. پس از توليد هندسه فوق، با استفاده از نرمافزار فلوئنت، واکنش تجزيه هيدرازين در مقيـ...
	شبيهسازيها با در نظر گرفتن تبخير قطرات تک‎پیشرانه هيدرازين، در ناحيه القايي، توسط مدل شنکار انجام ميشود. لازم به ذکر است که بستر کاتاليستي در اين شبيهسازي شامل يک بخش ميباشد و از اين نظر با تحقيق هوانگ و همکارانش که روي بستر دوبخشي صورت پذيرفته...
	در هندسه مورد نظر بستر کاتاليستي، ضريب تخلخل در طول بستر کاتاليستي، ثابت در نظر گرفته شده و قطر دانه‎ها تغيير کرده است. ضريب تخلخل بستر 4/0 و قطر دانه‎ها 88/0، 1، 15/1 ميليمتر درنظر گرفته شده است. دليل انتخاب اين ابعاد دانه‎ها، محدوديت ايجاد شده با ...
	(13)                                                      ε=,,π,R-2.L.−v-,π,R-2.L..
	که در فرمول فوق ε ضريب تخلخل بستر و R شعاع محفظه تجزيه وL  طول بستر کاتاليستي و v مجموع حجم تمامي دانه‎هاي بستر (چنبرهها) ميباشد. هندسه و مش مسئله حاضر با استفاده از نرمافزار GAMBIT 2.4.6 ايجاد شده است. براي ضريب تخلخل 4/0 تعداد مشهاي بستر، حدود ...
	در شکل (2) هندسه بستر کاتاليستي در ضريب تخلخل 4/0 و با قطر دانه‎هاي 88/0، 1 و 15/1 ميليمتر نمايش داده ميشود. شکل (3) نمايي از شبکه محاسباتي ايجاد شده پيرامون دانه‎هاي کاتاليست را نمايش ميدهد. با توجه به اين‌که در مجاورت سطح دانه‎هاي کاتاليـست،  وا...
	حال به منظور صحه‎گذاري (Validation)، نتايج بهدست آمده از روش عددي کار حاضر با نتايج حل عددي هوانگ و همکارانش [7] مقايسه شده است. براي بررسي صحت شبيهسازيها، نتايج تحقيق ايشان با فرض اين‌که قطر دانه‎ها هم در بالادست و هم در پايين دست بستر، 1 ميليمت...
	هندسه و ابعاد محفظه تجزيه تحليل شده توسط آن‌ها در شکل (4) نمايش داده شده است. شرايط کاري اين رانشگر نيز در جدول (3) ارائه شده است.
	در شکل (5) پروفيل دما در طول محفظه احتراق تحقيق حاضر با نتايج هوانگ و همکارانش [7] مقايسه شده است. همان‌طور که مشاهده ميشود، تطابق نسبتاً خوبي بين نتايج وجود دارد.
	پروفيل کسر جرمي گونههاي هيدرازين نيز در شکل (6) با نتايج عددي هوانگ و همکارانش [7] مقايسه شده است. در اين نمودارها نيز مطابقت خوبي بين نتايج ديده مي‎شود.
	اختلافات کم مشاهده شده بين نتايج حاضر با دادههاي هوانگ و همکارانش [15] ميتواند به چند دليل باشد. اين‌که بستر کاتاليستي در نظر گرفته شده در تحقيقات هوانگ، به عنوان يک محيط متخلخل يک‏بعدي در نظر گرفته شده است و آن محيط متخلخل در مقياس خلل و فرج، شبيه...
	در اين بخش اثر پارامتر قطر دانه‎هاي تشکيلدهنده بستر کاتاليستي بر پارامترهاي مختلف عملکردي بستر کاتاليستي نظير  دبي جرمي، کسر جرمي هيدرازين، بارگذاري بستر، دماي بستر و دماي ديواره بيروني بستر، تغييرات فشار و افت فشار بستر بررسي شده است. در اين خصوص، ض...
	در شکل (7) مقايسه کمّي پروفيلهاي کسر جرمي هيدرازين، در ضريب تخلخل 4/0 و  قطر دانه‎هاي 88/0، 1، 15/1 ميليمتر، در فشار ورودي محفظه 15 بار نشان داده شده است. همان‌طور که در اين شکل مشاهده ميشود، در ضريب تخلخل 4/0 با افزايش قطر دانه‎هاي کاتاليست، به دل...
	شکل (9) مقايسه کمّي پروفيلهاي تغييرات فشار داخل محفظه، در ضريب تخلخل 4/0 و قطـر دانه‎هاي 88/0، 1، 15/1ميليمتر، در فشار ورودي 15 بار را نشان ميدهد. نتايج نشان مي‎دهد با افزايش قطر دانه‎هاي کاتاليست، به دليل افزايش سطح تماس و در نتيجه افزايش مقاومت م...
	افزايش افت فشار از ميان بستر کاتاليستي اثرات نامطلوبي در عملکرد يک رانشگر تک‎پیشرانه‏ای هيدرازيني خواهد داشت. به دليل افت فشار، دانه‎هاي کاتاليستي که در انتهاي بستر کاتاليستي واقع شدهاند از لحاظ مکانيکي دچار شکسته شدن ميشوند که اين موضوع باعث کاهش ...
	در جدول (4) تغييرات افت فشار در ضريب تخلخل 4/0 و  قطر دانه‎هاي 88/0، 1، 15/1ميليمتر، در فشار ورودي 15 بار ارائه شده است. با فرض ثابت بودن ضريب تخلخل و نيز فشار ورودي، با کاستن از قطر دانه‎هاي کاتاليست، به دليل کاهش مقاومت محيط متخلخل، ميزان افت فشار...
	جدول (5) تغييرات دبي جرمي، در ضريب تخلخل 4/0 و قطر دانه‎هاي 88/0، 1، 15/1ميليمتر، در فشار ورودي 15 بار را نشان ميدهد. همان‌طور که مشخص است با افزايش قطر دانه‎هاي کاتاليست، به دليل افزايش مقاومت محيط متخلخل و در نتيجه افت فشار بيشتر، دبي جرمي کاهش يا...
	يکي از پارامترهاي مهم براي طراحي محفظه تجزيه، بارگذاري بستر (G) ميباشد. با افزايش بارگذاري بستر طول ناحيه القايي افزايش يافته و در ورودي ناحيه پسا القايي، دماي مخلوط گازي نيز افزايش مييابد. همچنين با افزايش اين پارامتر، ميزان بيشينه دما نيز کمي از و...
	(14)              G=,,m-•.-A.
	که در اين رابطه A برابر مساحت مقطع عرضي محفظه تجزيه، ميباشد. با توجه به رابطه فوق، طبيعي است که منحني بارگذاري بستر، رفتاري مشابه با دبي جرمي داشته باشد. جدول (6) تغييرات بارگذاري بسـتر، در ضـريب تخـلخل 4/0 و قـطر دانه‎هاي 88/0، 1، 15/1ميليمتر، در ...
	در فرايند تجزيه کاتاليستي هيدرازين در يک رانشگر تک‎پیشرانه‏ای، در ابتداي محفظه تجزيه، گرماي حاصل از تجزيه هيدرازين بيشتر از تجزيه آمونياک است و بنابراين واکنش، گرمازا خواهد بود. لذا تا زماني که تجزيه گرماگير آمونياک واکنش را کنترل کند، دماي بستر افزاي...
	از آنجايي که در رانشگرهاي تک‎پیشرانه‏ای هيدرازيني به طور معمول هيچ گونه خنککاري انجام نميشود، لذا ميبايست رانشگر به‌صورتي طراحي شود که ميزان گرماي انتقاليافته به قسمت‌هايي که هيدرازين در آن به‌صورت راکد ميباشد، کاهش يابد.[16] بنابراين جهت طراحي ...
	در اين مقاله، تجزيه تک‎پیشرانه هيدرازين روي بستر کاتاليستي متشکل از گرانولهاي آلومينا که با فلز فعال ايريديوم پوشش داده شدهاند در يک رانشگر تک‎پیشرانه‏ای، از طريق شبيهسازي در مقياس حفرهها، تحليل گرديد. از اين طريق، امکان مطالعه پارامترهاي مربوط به...
	واژه نامه
	تقدیر و تشکر
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	مطالعه تجربی اندازه‌گیری نوسانات آزاد یک سیلندر همراه با بالک در تونل باد تحت رینولدزهای مختلف0F*
	چکیده  در این تحقیق به بررسی رفتار یک استوانه با سه بالک تحت جریان آزاد هوا پرداخته شده است. هدف از این تحقیق مطالعه جریان ناپایای آیرودینامیکی با توجه به اهمیت کاربردی در مسایل هوانوردی است. به دلیل وجود درجه آزادی حرکتی در هندسه موجود و پیچیدگی توده...
	واژه‌‌های کلیدی  جریان ناپایا، حرکت نوسانی و دورانی، عدد رینولدز، عدد اشتروهال.
	در حوزه فناوری‌های هوافضایی مطالعه جریان ناپایا حول اجسام و صفحات در حال چرخش یا نوسان (آنتن‌ها، فرفره‌ها، اجسام دارای دم) از اهمیت خاصی برخوردار است. به‌منظور تأمین الزامات عملکردی این‌گونه وسایل لازم است رفتار آن‌ها تحت درجات آزادی مختلف با مشخصات ه...
	تجهیزات مورد نیاز برای انجام این تحقیق عبارتند از مدل آزمایشگاهی، تونل باد مادون صوت و دستگاه زاویه‌سنج الکترونیکی. کلیه آزمایش‌ها، در تونل باد انجام شده است. این تونل باد، مادون صوت و از نوع مدار بسته با مقطع آزمون باز می‌باشد که قابلیت وزش باد تا حد...
	مدل‌های آزمایشگاهی مورد نظر، استوانه‌هایی به طول 16 و 24 سانتی‌متر و قطر 10 سانتی‌متر و از جنس پلکسی گلاس می‌باشند. دلیل استفاده از جنس پلکسی گلاس، وزن سبک و داشتن سطحی صاف و صیقلی بودن آن است. بر روی بدنه استوانه و در راستای طولی شیارهایی با ضخامت 2...
	plate1، plate2، plate3 بالک‌های متصل به استوانه می‌باشد که عرض آن با L مشخص شده وR  شعاع استوانه در نظر گرفته شده است. D طول مشخصه جسم می‌باشد. برای محاسبه عدد اشتروهال، فرکانس کاهیده و عدد رینولدز، طول مشخصه جسم به‌عنوان طول مرجع در نظر گرفته شده اس...
	(1)                               D,=P-1.+,P-2.cos,φ-2.
	در جایی که
	,P-1.=L+R
	,P-2.=L+R
	با جای‌گذاری روابط فوق، طول مشخصه از رابطه (2) به‌دست می‌آید.
	(2)                    D=(L+R)(1+cos,φ-2.)
	دستگاه زاویه‌سنج الکترونیکی، باید قابلیت نگه داشتن مدل (استوانه به همراه صفحات) با درجه آزادی چرخش را در جریان تونل باد داشته باشد و همچنین باید بتواند رفتار مدل را (نوسان یا دوران) طی یک پروسه معین جهت بررسی و ثبت نتایج به رایانه منتقل نماید. از این...
	پس از آن‌که صفحات بر روی استوانه نصب شد، مدل مذکور به همراه دستگاه زاویه‌سنج الکترونیکی در مقطع آزمون تونل قرار داده شد. دستگاه زاویه‌سنج الکترونیکی شامل ترمز‌گیر مخصوصی بوده که می‌توان توسط آن مدل را در زوایای حمله اولیه مد ‌نظر قرار داده و در جریان...
	بدین منظور با اجرای برنامه مذکور در نرم‌افزار لب ویو، ابتدا سیگنالی جهت آزاد شدن ترمزگیر به میکروکنترلر فرستاده می‌شود و سپس مدل در جریان شروع به حرکت کرده و تغییرات حرکتی آن با توجه به گام زمانی که در برنامه قرار داده شده، ثبت می‌شود. این گام زمانی ...
	در این تحقیق آزمایش‌های متعددی بر روی استوانه‌ها با طول 16 و 24 سانتی‌متر در نسبت‌های طولی، اعداد رینولدز متفاوت و زوایای حمله‌ اولیه مختلف انجام شده است. در تمامی آزمایش‌ها مدل دارای 4 رفتار حرکتی شامل نوسانی ناپایا، نوسانی پایا، دورانی ناپایا و  دور...
	در شکل (14) الگوی رفتار دینامیکی استوانه به طول 16 سانتی‌متر با نسبت طولی 1 نشان داده شده است. در این نسبت طولی در سرعت‌های 0 تا 20 متر برثانیه و زوایای حمله 0 تا 40 درجه رفتار حرکتی مدل از نوع نوسانی بوده و حول 60 درجه میرا می‌شود. در زوایای حمله 40...
	شکل (18) الگوی رفتار دینامیکی استوانه به طول 24 سانتی‌متر با نسبت طولی 1 را نشان می‌دهد. تفاوتی که این شکل نسبت به شکل (14) دارد طول بالک‌های استفاده شده در مدل است. با این‌که نسبت طولی در هر دو شکل (1) می‌باشد اما طول استوانه و همچنین طول بالک‌ها در...
	شکل (22)، تغییرات سرعت زاویه‌ای جسم نسبت به زمان را برای استوانه به طول 16 سانتی‌متر و نسبت طولی 4 و در زاویه حمله اولیه صفر درجه برای اعداد رینولدز مختلف نشان می‌دهد. در این حالت، تغییرات سرعت زاویه‌ای برای رژیم حرکتی دورانی پایا به‌صورت نوسانی حول ...
	فرکانس کاهیده κ از پارامترهای مهم ناپایایی جریان می‌باشد که به‌صورت رابطه κ=,ωD-2V. تعریف شده است. در این رابطه،ω  بیانگر سرعت زاویه‌ای، D طول مشخص مدل و V سرعت جریان آزاد جسم است. در جدول‌های (1) تا (4) اعداد رینولدز و اشتروهال و سرعت زاویه‌ای متوسط...
	شکل (23)، تغییرات عدد اشتروهال نسبت به عدد رینولدز را برای استوانه‌ای به طول 16 سانتی‌متر در دو نسبت‌ طولی 3 و 4 نشان می‌دهد. مشابه با نتایج بلوینز که نشان داد برای استوانه چرخان تغییرات عدد اشتروهال نسبت به عدد رینولدز، دارای مقدار ثابت 2/0 است، برا...
	در یک آزمایش منابع خطاهای مختلفی وجود دارد که تقریب، تخمین و میزان این خطا جهت اطمینان به نتایج حاصل از آزمایش، بخشی از آزمایش به حساب می‌آید. هدف نهایی از آنالیز عدم قطعیت، پیدا کردن تقریبی حداکثر پارامترهای خطای تصادفی (Precision Error) و خطای بایاس...
	در نتیجه درصد خطای برش به‌صورت روابط (3) و (4) محاسبه می‌شود:
	که در آن L طول و W عرض صفحه می‌باشد. چرخ‌دنده 45 دندانه مورد استفاده در آزمایش که فاصله مابین دندانه‌های آن 8 درجه می‌باشد نیز دارای یک دقت معینی بر حسب تکنولوژی طراحی و ساخت آن می‌باشد. قطعه دیگر موتور شفت انکودر بوده که تأثیر زیادی بر روی نتایج دار...
	زمان و میزان داده‌برداری دستگاه نیز از جمله مسائل مهم در بررسی دقت و خطای آزمایش می‌باشد. در هر ثانیه تعداد 250 عدد نمونه‌برداری صورت می‌گیرد، لذا به ازای هر 004/0 ثانیه یک نمونه توسط دستگاه گرفته می‌شود. دقت زمان نمونه‌برداری و عدم قطعیت زمان به‌صور...
	بیشترین خطای ممکن در زاویه حمله 8 درجه است. هر چه زاویه حمله بالک افزایش یابد، دقت آن افزایش یافته و خطای وارده کاهش می‌یابد. دقت و درصد خطای این زاویه به‌صورت ذیل می‌باشد:
	ϕ=(8.00±0.35)deg
	%,E-ϕ.=,0.35-8.00.×100=%4.3
	خطاهای فوق در بدترین حالت در نظر گرفته شده است، لذا در شرایط دیگر نیز مقدار خطا باید محاسبه شود تا میانگین خطای وارده بر تمام آزمایش‌ها محاسبه شود. بدترین حالت موجود در صفحات مورد آزمایش از نظر حداکثر خطا مربوط به کوچک‌ترین صفحه با ابعاد 16×5 سانتی‌م...
	L=,16±0.1.cm
	W=,5.0±0.1.cm
	%,E-L.=,0.1-16.0.×100=%0.625
	%,E-W.=,0.1-5.0.×100=%2
	همان‌طور که دیده می‌شود حداکثر خطای موجود در اندازه‌گیری و برش صفحات در بدترین شرایط 2 درصد است.
	در این تحقیق، رفتار دینامیکی یک مدل استوانه با سه بالک متصل به آن به‌صورت تجربی مورد مطالعه قرار گرفته است. نتایج آزمایشگاهی نشان می‌دهد که در نسبت طولی ثابت و عدد رینولدز ثابت، وقوع رژیم حرکت دورانی پایا در زوایای حمله اولیه نزدیک به صفر بوده و با اف...

	(4)
	%EL=∆LL×100
	(3)
	%EW=∆WW×100
	 V∞
	ϕ=(1.00±0.35)deg
	t=(0.004±0.001)sec
	LR
	نسبت طولی(cm) 
	 L
	طول صفحه (cm) 
	W
	عرض صفحه (cm) 
	ω
	 خطا
	E
	سرعت زاویه‌ای جسم (Rad/sec) 
	κ
	t 
	زمان ((sec 
	فرکانس کاهیده 
	 St
	عدد اشتروهال 
	 Re
	عدد رینولدز 
	 T
	دوره تناوب 
	سرعت جریان آزاد (m/sec) 
	مراجع
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	تحلیل مکانیزم شکست در فرایند شکل‌دهی تدریجی تک‌نقطه‌ای ورق آلومینیومی AA5052 با معیار آسیب بائو-ویرزبیکی0F*
	چكيده  شکل‌دهی تدریجی ورق فلزی یکی از روش‌های مورد توجه شکل‌دهی ورق است که اعمال موضعی نیروهای شکل‌دهی و عدم حضور قالب مادگی در آن، باعث افزایش حد شکل‌پذیری ورق و افزایش انعطاف‌پذیری این فرایند در تولید هندسه‌های پیچیده می‌شود. در پژوهش حاضر، از دیدگا...
	شکل‌دهی ورق‌های فلزی با استفاده از ماشین‌های کنترل عددی، در دهه اخیر رشد قابل ملاحظه‌ای داشته است و با روشن شدن زوایای مختلف این فرایند بیشتر مورد توجه صنایع مختلف در حوزه‌های ساخت تجهیزات پزشکی، خودرو و هوافضا قرار گرفته است. انعطاف‌پذیری بالای فراین...
	مکانیزم‌های تغییر شکل در این فرایند متفاوت با فرایندهای مشابه مانند کشش عمیق و یا چرخکاری است؛ این تفاوت‌ها از یک سو و بهبود شکل‌پذیری ورق فلزی از سویی دیگر توجه محققان زیادی را در سال‌های اخیر به این فرایند جلب کرده است. ایمنز و همکاران [1] در سال 2...
	محققان از مدل‌های مختلف رفتاری ماده در نواحی تسلیم و شکست استفاده کرده‌اند تا وضعیت شکل‌دهی و افزایش شکل‌پذیری در این فرایند را پیش‌بینی و تحلیل نمایند. ناپایداری و بروز شکست در این فرایند با استفاده از کمیت‌های تنش هیدرواستاتیک، پارامتر لود و کرنش ش...
	مرور پژوهش‌های انجام شده در این زمینه نشان می‌دهد تحقیقات محدودی بر روی اثر ناهمسانگردی ورق فلزی بر روی شکل‌پذیری ورق در فرایند شکل‌دهی تدریجی انجام شده است. از این جهت، در این مطالعه سعی شده است دانش بیشتری در این خصوص حاصل شود. برای این منظور فرم ا...
	این پژوهش بر روی ورق آلومینیومی AA5052 با ضخامت mm1 انجام شده است. به منظور تعیین خواص الاستیک و پلاستیک ورق آلومینیومی و همچنین کالیبره کردن معیار آسیب از آزمون‌های کشش تک‌محوری در سه راستای نورد، 45 درجه با نورد و عمود بر نورد استفاده شده است.
	آزمایش‌های کشش تک‌محوری طبق استاندارد ASTM E08-04 و با طول گیج 50mm انجام شدند. هر آزمون کشش سه مرتبه تکرار گردید و با توجه به نزدیک بودن داده‌های هر سه آزمایش، میانگینی از آن‌ها جهت استخراج خواص مکانیک مورد نظر استفاده شد. همچنین جهت اندازه‌گیری ناه...
	فرایند شکل‌دهی تدریجی محدودیت چندانی از نظر قابلیت تولید هندسه‌های پیچیده ندارد؛ اما در پژوهش‌های انجام شده در این فرایند معمولاً هندسه‌های ساده انتخاب می‌شود. در مطالعه حاضر نیز دو هندسه مخروط ناقص و هرم ناقص با زاویه دیواره متغیر انتخاب شده است. هما...
	مجموعه پایه، صفحه پشتی و صفحه کلمپ مناسب جهت شکل‌دهی تدریجی ورق‌ها طراحی و ساخته شد و با استفاده از ابزار شکل‌دهی سر کروی به شعاع mm5 آزمون‌های شکل‌دهی تدریجی با استفاده از ماشین‌ابزار CNC سه محوره انجام گرفت. اتصال صفحه کلمپ به صفحه پشتیبان از طریق ...
	به منظور تحلیل عددی فرایند از نرم‌افزار آباکوس استفاده شد. به منظور ساده‌سازی و کاهش زمان تحلیل فرایند، تنها سه جزو ورق، ابزار سر نیم کروی و صفحه پشتی مدل گردید و تنها ورق فلزی به‌صورت تغییر شکل‌پذیر تعریف شد. به این صورت از المان C3D8R در مش‌ریزی ورق...
	در شبیه‌سازی‌های عددی برای بیان حد تسلیم ورق، از معیار تسلیم هیل 48 طبق فرمولاسیون رابطه (1) استفاده شد.
	,σ-eq.=[F,,,σ-11.−,σ-22..-2.+G,,,σ-22.−,σ-33..-2.+
	H,,,σ-33.−,σ-11..-2.+2L,σ-23-2.+2M,σ-31-2.+2N,σ-12-2.,]-1/2.
	(1)
	در این رابطه ,σ-ij. مؤلفه‌های تانسور تنش، ,σ-eq. تنش مؤثر و ضرایب F و G و H و L وM  و N مربوط به خواص ناهمسانگردی ورق می باشند؛ به‌طوری که اگر F= G= H= 1 و L=M=N=,,3-2.. باشد ورق در سه راستای اشاره شده، خواص مکانیکی یکسانی از خود نشان داده است و می‌ت...
	G=,F-,r-90.. , H=,F-,r-0.. , F=,,r-0.-,r-0.+1.
	L=M=,3-2. , N=,(,r-0.+,r-90.)(2,𝑟-45.+1)-2,𝑟-90.(,r-0.+1).
	(2)
	جهت بیان ویژگی ناهمسانگردی ورق از رابطه                r=,(,r-0.+2,r-45.+,𝑟-90.)-4. که به عنوان ناهمسانگردی صفحه‌ای ورق شناخته می‌شود استفاده شده است. ضرایب ناهمسانگردی و نسبت تنش در راستای کشش به تنش در راستای نورد ,(σ-θ./,𝜎-0.)، به دست آمده از آز...
	با توجه به این‌که در آزمایش‌های شکل‌دهی تدریجی ورق، کرنش‌های پلاستیک اعمال شده بر روی ورق، معمولاً به بیش از کرنش گلویی در آزمایش تک‌محوری می‌رسد، به منظور مدل‌سازی دقیق رفتار ماده، مدل سخت‌شوندگی در نظر گرفته شده، باید رفتار پلاستیک ماده بعد از کرنش ...
	(3)                        σ=,,k (,ε-0.+,,ε.-p.,)-n.-qk(,ε-0.+,,ε.-p.,)-n.+(1−q),,σ.-UTS...
	در این رابطه n توان کرنش سختی ورق، ,ε-0. پیش کرنش، ,,ε.-p. کرنش پلاستیک، k ضریب استحکام، ,,σ.-UTS. تنش استحکام نهایی و q عدد ثابت جهت کالیبره کردن مدل سخت‌شوندگی با نتایج تجربی است.
	به منظور پیش‌بینی وقوع آسیب از معیار شناخته شده آسیب بائو-ویرزبیکی (B-W) استفاده شده است. محاسبه پارامتر متغیر آسیب در این معیار، از رابطه کلی (4) تبعیت می‌کند:
	(4)   ,D-c.=,0-,,ε.-f.-,d,,ε.-p.-,,ε.-f.(η)..
	در این رابطه η تنش سه‌محوری می‌باشد (η=,,σ-m.-,σ-eq..) و Dc  اندیکاتور آسیب است و در زیربرنامه می‌توان مقدار بحرانی آن را تعریف کرد؛ به این صورت که اگر آسیب تجمعی در المانی به مقدار بحرانی برسد، آن المان از مدل حذف گردد و موقعیت بروز آسیب و شروع شکست...
	(5)    ,,ε.-f.=,c-3η.
	در این رابطه  ثابت ماده است و می‌توان با استفاده از داده‌های آزمون کشش تک‌محوری اندازه آن را به‌دست آورد. از طرفی برای به‌کار‌گیری این مدل آسیب برای ورق‌های ناهمسانگرد، باساک [12] با بررسی تغییر شکل المان‌ها از وضعیت اولیه تا وضعیت نهایی منجر به شکست...
	در این رابطه t0 ضخامت اولیه ورق، tf ضخامت ورق بعد از شکست و n توان کرنش سختی آن است. همان‌طور که دیده می‌شود، در مدل کلاسیک B-W اثر پارامتر لود بر روی کرنش شکست در نظر گرفته نشده است.
	پیش‌بینی عمق پارگی به‌دست آمده از شبیه‌سازی المان محدود با مدل آسیب، زمینه خوبی را برای تحلیل تغییر شکل و شکست در فرایند شکل‌دهی تدریجی مهیا می‌کند. نتایج حاصل از آزمایش‌های تجربی در کنار تحلیل المان محدود فرایند در سه قسمت ارائه می‌گردد.
	یکی از معیارهای ارزیابی شکل‌پذیری ورق‌ها در فرایند شکل‌دهی تدریجی حداکثر ارتفاع قابل شکل‌دهی است؛ همان‌طور که در شکل (2) ارائه شد، این پارامتر در ارتباط مستقیم با بیشترین زاویه دیواره قابل شکل‌دهی می‌باشد. آزمون‌های آزمایشگاهی نشان دادند که ورق آلومین...
	طبق نتایج به‌دست آمده، میانگین ارتفاع شکل‌دهی هندسه‌های هرم ناقص و مخروط ناقص به ترتیب برابر mm9/19 و mm9/16 گردید. از طرفی با استفاده از مدل عددی ارتفاع مجاز شکل‌دهی در دو حالت به‌دست آمد: الف) با اعمال ناهمسانگردی ورق در مدل آسیب B-W، ب) بدون اعمال...
	با توجه به زاویه دیواره در حال افزایش هندسه‌های طراحی شده، با افزایش عمق شکل‌دهی و پیشروی ابزار، سطح کرنش‌های پلاستیک در ورق افزایش می‌یابد (شکل 7) و ورق تغییر شکل بیشتری را از خود در برابر نیروهای شکل‌دهی نشان می‌دهد. با توجه به رابطه مستقیم اندازه آ...
	با توجه به ارتباط مابین تنش و کرنش شکست بررسی توزیع تنش در هندسه‌های تغییر شکل یافته حائز اهمیت است. شکل (9) توزیع تنش سه‌محوری مخروط ناقص را در سطح بیرونی ورق نشان می‌دهد. لازم به ذکر است که تنش سه‌محوری در نقاط تماس ابزار با ورق قابل بررسی است و در ...
	علاوه بر بررسی وضعیت تنش و کرنش، موقعیت شروع آسیب نیز دارای اهمیت می‌باشد. از این رو در شکل‌های (11) و (12)، موقعیت شکست در فرایند SPIF دو هندسه مورد مطالعه نشان داده شده است. با توجه به ارتفاع شکست پیش‌بینی شده که در شکل (5) ارائه شد، اختلاف ارتفاع پ...
	نتایج المان محدود نشان می‌دهد، توزیع کرنش‌ها بر روی دیواره هندسه‌ها، غیرمتقارن می‌باشد و کرنش در راستای ابزار، افزایشی است. با پیشرفت فرایند شکل‌دهی، کرنش‌ها افزایش می‌یابد، ولی با نزدیک شدن به کف قطعه (قسمتی که تغییر شکل پیدا نمی‌کند) اندازه کرنش‌ها...
	همچنین شایان ذکر است که با توجه به ضخامت ورق و افزایش شعاع خم در لایه بیرونی، ناپایداری ورق از لایه بیرونی ورق شروع می‌شود و به سمت لایه داخلی حرکت می‌کند و در نهایت منجر به حذف المان و شروع ترک می‌شود. در واقع علاوه بر کرنش‌های صفحه‌ای، کرنش ضخامتی ...
	در پژوهش حاضر شکل‌پذیری ورق آلومینیومی آلیاژی AA5052 در فرایند SPIF مورد بررسی قرار گرفت. به این منظور ارتفاع شکست ورق در طی این فرایند شکل‌دهی به عنوان معیاری از شکل‌پذیری ورق در نظر گرفته شد. به منظور بررسی بیشتر فرایند، از تحلیل عددی فرایند شکل‌دهی...
	1. با استفاده از آزمون‌های کشش تک‌محوری، ناهمسانگردی ورق 635/0 به‌دست آمد و نتایج نشان داد که معیار هیل 48 پیش‌بینی خوبی از رفتار ناهمسانگردی ورق می‌تواند ارائه نماید.
	2. ارتفاع شکست آزمون‌های SPIF در هندسه‌های هرم و مخروط ناقص با زاویه دیواره متغیر به ترتیب ارتفاع mm9/19 و mm9/16 به‌دست آمد. حد ارتفاع متفاوت شکل‌دهی این دو هندسه، مربوط به هندسه متفاوت و در نتیجه بروز متفاوت تنش و کرنش است.
	3. نتایج نشان می‌دهد که مدل آسیب B-W توانایی خوبی در پیش‌بینی شکست در فرایند SPIF دارد به‌طوری که ارتفاع شکست هندسه‌های مورد مطالعه با اختلاف میانگین 9% پایین‌تر از نتایج تجربی پیش‌بینی شده است.
	4. بدون اعمال ناهمسانگردی ورق‌ها و با در نظر گرفتن معیار تسلیم ون-میسز برای رفتار پلاستیسیته ورق، دقت پیش‌بینی نتایج 5% افت داشته است.
	5. تحلیل توزیع تنش و کرنش در هندسه‌های تغییر شکل یافته نشان دهنده این است که شکست ورق از سطح بیرونی شروع می‌شود و سپس به سطوح درونی گسترش می‌یابد.
	6. نتایج عددی به‌دست آمده از مسیر کرنش المان‌های تغییر شکل یافته، دلالت بر بارگذاری غیرخطی در این فرایند دارد. همچنین مقایسه با نتایج چاپ شده، نشان دهنده بالاتر بودن کرنش‌های حدی در این فرایند نسبت به فرایندهای شکل‌دهی سنتی است.
	7. محل شروع شکست در ارتفاعی بالاتر از کف هندسه تغییر شکل یافته و در محل تجمع آسیب رخ می‌دهد. نتایج نشان می‌دهد پیش‌بینی مدل عددی از این محل منطبق بر نتایج آزمایش‌های تجربی است.
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