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1. Introduction

Nanotechnology is widely used in various fields such as
construction, medicine, and compounds, especially in
processes such as nanomanipulation. A general trend in this
process is examining the influencing structures and parameters
at the nanoscale. The submissions made in this process are
performed in phases 1 and 2, each with a different purpose.
Atomic force microscopy is used in various fields, such as
measuring atomic forces and surface mechanical properties at
the molecular level. It is also one of the most important tools
at the nanoscale. Atomic force microscopy captures nanoscale
images without the limitations of electrical sensing. And the
ease of guidance and more scanning environment it offers
researchers is one of the reasons it outperforms other scanning
microscopes. One of the important applications of atomic force
microscopy is the extraction of material properties, friction,
magnetic behavior, and mechanical properties. Other
applications include high-resolution imaging and nanoscale
cutting processes. Even after the success of atomic force
microscopy in materials science, chemistry and physics,
applications in biology were quickly found. Some of the
applications of this tool in medical science, property extraction
and nanomanipulation processes are listed below. In this
research, Young's modulus of breast cancer tissue was
calculated using Tatara's contact model. The experimental
tests carried out to draw the experimental diagram of the target
tissue have been repeated 5 times. A theoretical diagram was
also examined with an atomic force microscope, and created
from the contact model of the tatara and the shape generated
in this process. Finally, by comparing experimental and
theoretical graphs and also by considering Tatara's contact
model, the range of Young's modulus of breast cancer tissue
has been determined.

2. Investigation of nanomanipulation process and
experimental work

The parameters of the atomic force microscope have a
significant impact on the results of the process. For example,
in the first phase of manipulation (including the identification

of influential mechanical parameters such as particle geometry,
pole shape, contact model and critical force to move the
particle), two critical parameters of force and time have been
important. The most important factors affecting these critical
parameters are the length of the pole, the length of the needle,
and other dimensional characteristics of the atomic force
microscope. The effects of these parameters have been
qualitatively investigated in past researches.

3. Modeling using Tatara contact model

An important and fundamental point in using atomic force
microscopy is to know the shape change of particles when
using this microscope. It is possible to investigate this
deformation through the use of contact mechanics equations.
Since the type of micro/nanoparticles is the chosen target for
the simulation of contact mechanics in this study of biological
micro/nanoparticles, the utmost precision should be used in the
selection of contact theories. Tatara's theory is related to
hyperelastic bodies and is selected considering the factors
affecting biological cells. Equation 3 is derived by expanding
Equations 1 and 2.

% @
s -[E]P-E
a a,
i_(1+V1)(3—2V1)+(1+V2)(3—2V2) 2
a,  A4rmER, 47E,R,
2 3 (3)
F:a5%+ s Sp + 15% 5,%
2a, 8a;

In Equations 1 to 3, the parameters F and a represent the
contact force and radius in the Tatara model, respectively. Also,

v, Poisson's ratio of the particle, v, Poisson's ratio of the
needle, E, modulus of elasticity of the particle, E, modulus

of elasticity of the needle, R, radius of the particle, R, radius
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of the needle and O, penetration depth are in Tatara contact
model.

4. Results
In this section, graphs of penetration depth and force versus

time were first extracted to extract the modulus of breast
cancer tissue. After drawing the experimental and theoretical
diagrams, this section calculates the Young's modulus
according to the Tatara contact model.

After preparing breast cancer tissue in the laboratory, the tissue
was placed on a microscope slide and examined with an atomic
force microscope. The graph in Figure 1 shows experimental
results of breast cancer sample testing. The force is in
nanonewtons and the penetrating power of the needle is in
nanometers. The experiment was repeated five times and the
experimental plot was extracted from the average.
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Figure 1. Atomic force microscope imaging results to
determine Young's modulus of breast tissue

5. Verification
To verify the accuracy of the results obtained, a comparison of

the results of this article with those of references 8 and 20 is
presented in this section. References 8 and 20 use Hertzian

Young Modoulus (K
Pa)

0.5
0
This Study
Seriesl 2.25

contact model. This contact model considers the simplest
contact conditions without considering adhesion forces. Due
to the importance of adhesion in tissue studies, Tatara contact
model was used in this study to simulate manipulation by
examining experimental results. As Figure 8 shows, the
Young's modulus magnitude for the Tatara model is equal to
2.25 kPa, which roughly corresponds to the Young's modulus
magnitude for Hertzian contact model in both references, 1.6
and 1.23. The difference in Young's modulus values is also due
to this difference in the contact model equation.

6. Conclusion
The process of nanomanipulation moves particles at the

nanoscale with the aim of improving or altering the properties
of materials, and also studies at the nanoscale to understand
the structure and mechanical and chemical properties of cells
and other tissues. It is so important that it has been introduced
in various industries. It was also important in medicine.
Research conducted in the fields of medicine and cancer show
how important it is to know the structure of cancerous and
healthy tissue for the recovery and diagnosis of this disease.
The elastic modulus is one of the desirable properties for
distinguishing between healthy and cancerous cells. Therefore,
a second stage investigation of manipulation of biological
particles was carried out in this article with the aim of
extracting the elastic modulus. Reviewing previous studies and
examining experimental charts obtained from atomic force
microscopy imaging, we believe that Tatara contact model is
suitable for this study. To ensure experimental test results, an
experimental chart is created by averaging 5 tests. Finally,
simulations and comparisons performed in MATLAB
software calculated a range of 2-2.5 kPa values for the
modulus of elasticity of breast cancer tissue according to
Tatara contact model. In future studies, it is possible to present
studies on the influence of different environments on the
manipulation process of micro/nanoparticles, the influence of
different shapes of atomic force microscope rods, and other
environmental and geometric parameters.

Wang, et. al. Korayem, et.
[20] al.[8]
1.23 1.6

Figure 2 Comparison of validation of force values and critical time obtained from the
current research with references 8 and 20
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Manipulation of Breast Cell Tissue with the Aim of Calculating Young's Modulus, Using Tatara
Contact Theory and Atomic Force Microscopy

Moein Taheri Hamed Faraji Peyman karimi

Abstract Atomic force microscopy is a powerful and precise tool for identifying particle properties and studying
intermolecular forces, surface topography, and particle manipulation in the micro-nano dimension. Nanomanipulation
is one process that makes good use of this tool. Today, with advances in science and technology, manipulation is used to
modify and manufacture the properties of materials, produce more valuable medical components and fewer raw
materials, alter the structure of living cells and much more. We are working at the nanoscale. Therefore, in this study,
we used atomic force microscopy to investigate the mechanical properties of breast cancer tissue during the
nanomanipulation process. By considering the changes induced by the displacement force, force curves and penetration
depths are plotted over time. Given the importance of nanoparticle-particle contact and the tatara contact model and
breast cancer tissue geometry, simulations were performed to extract the Young's modulus. Experimental experiments
and experimental charts were also performed to verify the agreement between the results of the simulation process based
on atomic force microscopy. Finally, using the comparisons made in this study and considering the tatara contact model,
a range of 2-2.5 kPa was calculated for breast cancer tissue volume.

Key Words Cancerous tissue, Contact model, Nanomanipulation, Atomic force microscopy.
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1. Introduction

When a cell's genetics is altered, the cell begins to divide
uncontrollably and extra cells are produced, often forming a
mass of tissue called a tumor. Cancer is one of the main causes
of death in the world. Every year, many people die due to
various types of cancer. Cancer is the third cause of death in
Iran. By increasing the percentage of elderly people in Iran, the
incidence of cancer cases is expected to become double in the
next two decades. Among the effective and conventional
methods in cancer treatment are surgery, chemotherapy and
radio therapy. Some of the mentioned methods are not
necessarily effective in all cases of cancer, and on the other
hand, each of them causes its own side effects, today other
methods are used to deal with cancer. Among them,
hyperthermia, immunological treatment, and photodynamic
treatment can be mentioned. Each of these methods has its
uses, and the medical team decides which method, or
combination of methods, is appropriate for a particular cancer
case.

The word hyperthermia consists of two words, hyper, which
means high, and term, which means heat. The ability to control
the distribution of energy inside living tissues with the
development of electronic tools and modeling systems has
been of great interest in the past decades and has made
significant progress. The idea of using heat to treat cancer has
been considered for a long time, but the efforts of recent years
have led to the implementation of this idea. The main reason
for this delay is to reach the ability to increase the appropriate
temperature in the appropriate place so that it does not cause
damage to the cells and healthy tissue of the body. Usually,
hyperthermia is used together with other cancer treatment
methods such as chemotherapy and radiation therapy.
Hyperthermia appears to make cancer cells more sensitive to
radiation and chemotherapy drugs. One of the main challenges
related to this method is deep heating of tumors without
damaging the tissues around the tumor, which includes
controlling the amount of heating and spatial distribution, and
designing and positioning temperature sensors. Among the

possible heating methods, radio frequency and microwave
heating has received more attention from clinical researchers.

2. Governing equations and patterns in simulation

In this research, a numerical study of the hyperthermia method
using single and double slot microwave antennas in the
treatment of liver tissue cancer has been done. Modeling of the
problem is done symmetrically and two-dimensionally in the
Comsol software, and the electromagnetic equation is coupled
with the biological heat transfer equation. Pennes biological
heat transfer equation is placed in the heat transfer module in
Comsol software. Moreover, in this study, temperature
distribution, cancerous tissue destruction, absorption rate of
microwave in liver tissue and Specific Absorption Rate (SAR)
for three different distances of the apertures from each other
and the distance of the aperture from the tip of the antenna
equal to 5, 7.5 and 10 mm are presented. The microwave
absorbed in the liver tissue is based on the frequency of 2.45
GHz and the power of microwave is 10 watts.

3. Results and discussion

Figure 1 shows the comparison of SAR distribution in single
and double slot coaxial antennas for distances of 5, 7.5 and 10
mm. This diagram is obtained along a line parallel to the axis
of the microwave antenna at a distance of 2.5 mm from it. SAR
distribution along the longitudinal axis of the antennas
gradually increases and reaches its maximum point, which is
the location of the slot. As it can be seen, in the single-slot
antenna, the maximum of the diagram is at the location of the
slot, and in the double-slot antenna, the maximum of the
diagram is at the location of the upper slot. Then SAR
distribution decreases rapidly and reaches its lowest value at
the tip of the antenna. It is clear that the changes of SAR value
in the liver tissue depend on the type of antenna and
penetration depth. Moreover, the results show that SAR value
of the single-slot antenna is higher than that of the double-slot
antenna at almost all points.

*Manuscript received: April 18, 2022. Revised, November 21, 2022, Accepted, February 7, 2023.

1, Assistant professor, Vali-e-Asr University, Rafsanjan.
2 Vali-e-Asr University, Rafsanjan.

3, Corresponding author, Associate professor, Vali-e-Asr University, Rafsanjan. Email: m.shafiey@vru.ac.ir.



https://mechanic-ferdowsi.um.ac.ir/article_43226.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_43474.html
https://mechanic-ferdowsi.um.ac.ir/article_43474.html
mailto:Soleymani791@sru.ac.ir
https://orcid.org/0000-0002-1759-3397

Behrad Haghighi, Hadi Sadeghipour, Mohammad Shafiei Dehaj

18

__single slot
" -~ double slot D=5 mm
._'I ~
E':- G
x®
5; i
Fy
w15
Inertion denthim)
' __single slot 0=7.5mm
SN — double siot
=
= 20
2o
7!
£,
'.f_ &
_ single slot D=10mm
H = double shat
b
g
-
W

et

Insetion depthim)

Figure 1. Specific absorption rate (SAR) in
liver tissue

Figure 2 shows the comparison of the distribution of the
destroyed tissue fraction for single and double slot antennas.
Moreover, there is a good agreement between the temperature
distribution in the tissue and the fraction of destroyed tissue.
Due to the higher temperature distribution in the single-slot
antenna compared to the double-slot antenna, the tissue
destruction in the single-slot antenna is more than the double-
slot antenna. The distribution of the destroyed tissue fraction
and the temperature distribution in the liver tissue depend on
the type of antenna and the depth of penetration. The
distribution of the destroyed tissue in the single-slot antenna
has an oval pattern and in the two-slot antenna has a spherical
pattern.
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Figure 2. Distribution of the destroyed tissue
fraction in the liver tissue for single (bottom) and
double (top) slot antennas

4. Conclusion
The amount of absorbed microwaves, SAR distribution,

temperature distribution and the fraction of destroyed tissue in
the liver using single and double slot antennas were presented
by using Comsol software, and the results showed that the
mentioned items depend on the number of antenna’s slots. A
similar treatment was observed in the fraction of destroyed
tissue for both antennas. The distribution of temperature and
SAR in the liver tissue using the single-slot antenna compared
to the double-slot antenna had the highest values. While the
double-slot antenna has a wider area of the high-temperature
range, the amount of microwaves absorbed is more when using
the double-slot antenna. Therefore, the use of single and
double-slot antennas depends on the shape and size of the
tumor, so if the tumor is oval, using the single-slot antenna is
preferable, but if the tumor is spherical, it is recommended to
use the double-slot antenna. Moreover, the possibility of
choosing the type of antenna according to the dimensions of
the tumor helps to damage a smaller percentage of healthy
tissues.




OV=XY) I Fe P LR PDe SlSe s Flowloms 5 (53,15 p sle

l ’ \ Sl 39 (Flwlxo g 59 2,1 pole
y— http://mechanic-ferdowsi.um.ac.ir R D '
VR . U’*’"‘/{'
KA e
Sl 30 Ol g Olosd 33 4539 99 9 439555 Hemopd W1 3 Khos p i 39y (S o 5 B il leaagéga,;is P
oyl 595 4 S
@LA‘;}: Jlae
Dons ok o M5 slo ool O i sl e

DOI: 10.22067/jacsm.2023.76281.1114

el o plonil ST 5L O Sos3 35 a5, (i g 5] 1 odlid b Lo 5 onls isy (608 oy o it st ol 3 OO
oz Sl JEE dsles U e blin s ST asles 5 o plowl (Sikris0 5 (S5m0 lite ooz a0 SunalS L3800 7 0 alis (5 Lo olo
AR s zis ol #0713 s 5 ST Lol o Dlie s Sl g 2 lod o allle 00 nizean G ol isS
o G o el w5 S0l e I (g i3 S T (SIS a5 ol 45 sl O gl 3,8 iy (53 Sy
ooy Coel 1) (S5 15 OIS 4573550 i by 5 Ll oo 5] eyl Loyl ok smes (slisls 52 SAR G e 4 ) T
Lo jllis ol ok pizean w/’@;@@wu@f, ey o 355 llds o zaS w0 5] slgtil 4 5 b o ialS s w0 SAR I et
S slaspo i sl s S 5T Lt Apls polo iy SAR wisd s los mjsi 5 3l S 340 e 5 5T 847 4 S L s

ool i JSCE (55 (Sl g0 57 (Sl iins 50 5T S

.(SAR) 578 u.k;- CJ.. cQUaJ.w cL:AJEJ:.:Lh cﬁj);b: gdldj)) U’:j Ev\-S C,JL gSv\g‘J.r ‘Slﬁej‘j

Investigating the Effect of Different Positions of the Slot on Performance of Single-Slot and Double-
Slot Coaxial Antenna in The Treatment of Cancer in Liver Tissue by Hyperthermia Method

Behrad Haghighi Hadi Sadeghi Pour Mohammad shafiey Dahej

Abstract A Numerical study of hyperthermia was performed using a microwave slot antenna in the treatment of liver
cancer. The modeling of the problem in Comsol software is done symmetrically and two-dimensionally and the
electromagnetic equation is coupled with the biothermal transfer equation. Temperature distribution, cancer tissue
destruction, microwave absorption in liver tissue and specific absorption rate (SAR) are presented as results. The results
showed that the two-hole antenna has a wider distribution of the amount of microwave absorbed than the single-slot
antenna. The SAR distribution along the longitudinal axis of the antennas gradually increases and reaches its maximum
point where the slot is located, and then the SAR distribution decreases rapidly and reaches its minimum at the end of the
antenna. According to the results, changes in temperature in liver tissue also depend on the type of antenna and
penetration depth, and temperature distribution and SAR distribution have a similar trend. Also, single-slot antenna is
suitable for elliptical tumors and double-slot antenna is suitable for spherical tumors.

Key Words Liver tissue, Slot antenna, Microwave, Hyperthermia, Cancer, Specific Absorption rate (SAR).
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1. Introduction

In order to increase the efficiency in solar energy applications,
researchers have proposed the combination of two solar
collector and thermal photovoltaic systems in series. By using
combined solar collector and thermal photovoltaic systems,
the output temperature of water can be increased, which
increases the thermal efficiency.

Based on the literature review, the feasibility of using
PVT-ST has been investigated in only one published article
for the city of Shanghai, China. Therefore, it is necessary to
analyze the performance of the PVT-ST system in different
cities in one year to evaluate its potential for use in different
climates and cities. For this purpose, a 2D mathematical model
was developed to evaluate the performance of the system in
terms of thermal and electrical power. Tehran, Abadan,
Baghdad, and Basra were selected for this study due to the
suitable weather conditions and suitable solar radiation for
about a year, which is very suitable for solar systems. A
comparative study was conducted between PVT-ST, PVT and
ST systems and the performance of the system in four selected
cities in six months was investigated, respectively. For the first
time, the effects of using the laminar and turbulent regime of
the PVT-ST system were investigated. And then the impact
proposed system on the selected cities are investigated. The
supply of heating as well as the supply of electricity required
by this equipment was investigated with the help of Carrier
software for a building in four different cities of Abadan,
Basra, Baghdad, and Tehran.

2. Proposed solar system

Figure 1 shows the PVT-ST diagram for the simultaneous
supply of electricity and thermal energy required for a
residential unit. As can be seen, PVT-ST consists of two
separate parts of PVT and ST, which are connected by a
pipeline. The PVT system consists of several layers,
including, from top to bottom, glass cover, PV panel, absorber
plate, pipes and insulation. The ST system consists of a glass
cover on top of the absorber plate to increase solar absorption
by the absorber plate, pipes connected to the absorber plate
and insulation. The solar collector is made of copper with
spiral tubes.

Solar irradiance

Solar irradiance

urzngL=no’LngL

Pump

Figure 1. Schematic of PVT-ST

3. Results and discussion

3.1. Investigating the hourly performance of the PVT-ST
system under laminar and turbulent regimes

In order to understand the thermal and electrical behavior of
the PVT-ST system, the electrical and thermal power
produced on a typical July day in Tehran was investigated. For
this purpose, the hourly outlet temperature of the working
fluid and the temperature of the PV surface are discussed first.
The results are plotted in Figure 2 for different mass flow rates
to consider both quiescent and turbulent regimes. Therefore,
three mass flow rates of 0.00394, 0.00788 and 0.01182 kg/s
are considered for the calm regime and three mass flow rates
of 0.02252, 0.02646 and 0.0304 kg/s are considered for the
turbulent regime. Figure 2 shows that the outlet temperature
increases to a maximum around 11:00 AM for all mass flow
rates, when the system receives more solar radiation. In
addition, the mass flow rate in the laminar regime has a higher
outlet temperature than in the turbulent regime. The 11:00 AM
setting as a baseline for comparison, using a mass flow rate of
0.00394 kg/s, provides an outlet temperature of about 333.16
K, which decreases to 319.1 K (a 4.2 percent decrease) with a
mass flow rate of 0.01182 kg/s. The use of turbulent flow
reduces the outlet temperature even more. However, as the
mass flow rate increases from 0.02252 to 0.0304 kg/s, the
outlet temperature at 11:00 AM only decreases by 0.4%. This
shows that the impact of mass flow rate on outlet temperature
decreases with the increase of mass flow rate, especially in the
turbulent regime.
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Figure 2. The variation of outlet temperatures

3.2. PVT-ST in four cities

Finally, in this section, the performance of the proposed
system is evaluated under weather conditions in Tehran,
Abadan, Baghdad and Basra for six months of the year. It
should be noted that all four cities have hot weather with solar
radiation and high ambient temperature. Moreover, based on
the results for the mass flow rate (comparison of calm and
turbulent regime), the mass flow rate of 0.0304 kg/s was
chosen for this section due to its superiority in creating higher
thermal and electrical power. In general, the proposed PVT-
ST system can achieve satisfactory thermal efficiency
compared to other systems with the same total collector area
under the same operating conditions, while having the same
performance in power generation. Moreover, the proposed
PVT-ST system has better efficiency and performance in
terms of thermal energy, with higher outlet water temperature
than conventional PVT modules, along with energy
generation. PVT-ST system can produce a significant amount
of heat as a partial supplement to buildings.

In checking the inlet water temperature, it can be
mentioned that water with a higher temperature absorbs less
thermal energy. In other words, more thermal energy is
directed to the PV cells, which leads to an increase in the
output temperature and a decrease in the thermal efficiency.
The results show that assuming the use of water inside the tank
(we have considered the temperature of the incoming water to
be equal to the ambient temperature), it can be seen that Basra
has the highest thermal efficiency compared to the rest of the
cities. The intensity of radiation in Basra is significantly
higher than the rest of the cities

4. Examination of the residence building

In this part, we examine the amount of electricity consumed in
the hot quarter of the year, i.e., summer. In this study, we
examined the months of July, August and September. August
has the highest electricity consumption due to the intense sun
and heat. Then, assuming eight parallel systems to supply
electricity to a residential house in the hot quarter of the year,

we compare the electricity production capacity. As Figure 3
shows, in the early hours of the day due to more sunlight and
the lack of use of lighting systems, the amount of electricity
produced before 13:00 meets household consumption well, so
that even the excess electricity can be stored. Moreover, in the
early hours of the day, due to the lack of use of lighting
equipment, the amount of electricity produced is more than the
electricity consumed, and as before, the electricity produced
can be stored until 13:00. But after 13:00 in Figure 3, due to
more use of electronic equipment, the amount of consumption
increases, so that the produced electricity is not able to supply
the home's consumption. As mentioned, due to the minimal
amount of consumption in the early hours of the day, it is
possible to store the produced electricity and use that capacity
during the peak hours of consumption.
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Figure 3. Hourly graph of the amount of electricity consumed in
hot and cold quarters for cooling the house and comparing it
with the parallel system in four different climates

5. Conclusion

In this article, for the first time, the potential and feasibility of
using PVT-ST in relatively warm and moderate weather
conditions (that is, in Tehran, Abadan, Baghdad, and Basra).
The analysis of the working fluid regime shows that the
optimal thermal and electrical efficiency can be obtained in a
turbulent regime. Considering the mass flow rate of 0.0304
kg/s (turbulent regime) in July, the thermal efficiency of ST,
PVT-ST and PVT systems are 85.7%, 78% and 72.9%,
respectively. Finally, the investigation of PVT-ST system
performance in different cities shows that this system can
produce the highest thermal power in Basra. However, the
maximum power generation with an average of 77 watts per
square meter belongs to Baghdad. Finally, the energy supply
of a residential house by combined systems was investigated.
By considering eight combined systems, it is possible to
supply most of the electricity consumed by a residential house,
but it should be kept in mind that during the peak hours of
consumption, this amount of electricity production does not
meet the capacity of the house, which can also be used from
the electricity stored in the battery.
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Feasibility of the Performance of Thermal Photovoltaic Systems in Residential Units in the Climate

of Four Cities of Abadan, Baghdad, Basra, and Tehran in Terms of Energy Saving

Ali Jabri Mohammad Reza Ansari Mahdi Marefat
Abstract In this paper, for the first time, to investigate the potential and feasibility of using PVT-ST in relatively hot and
moderate weather conditions, it has been studied in four different cities and compared with two common solar systems, PVT and
ST. Therefore, the performance of the system is evaluated in terms of the first and second laws of thermodynamics based on the
FORTRAN code, and then using the obtained results to analyze the energy consumption of a residential unit in 4 different cities
using Carrier software. In addition, the effects of the mass flow rate of the working fluid, in both laminar and turbulent regimes,
on the module performance are investigated. Considering the mass flow rate of 0.0304 kg/s (turbulent regime) in July, the
thermal efficiency of ST, PVT-ST, and PVT systems are 85.7%, 78%, and 72.9%, respectively. Finally, the investigation of system
performance in different cities shows that this system can produce the highest thermal power in Basra. However, the maximum
power generation with an average of 77 watts per square meter belongs to Baghdad. Finally, the energy supply of a residential
house by combined systems has been investigated. By considering 8 integrated systems, most of the electricity consumption of a
residential house can be supplied, but it should be kept in mind that during the peak hours of consumption if this amount of
electricity production does not meet the capacity of the house, a fraction of the electricity shortage can be supplied from the
stored electricity.
Key Words Solar collector, thermal photovoltaic system, energy saving, energy in building.
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1. Introduction

Study of increasing heat transfer is so important for influence
on efficiency of heat transfer in channel. Several of increasing
heat transfers are divided to three categories inactive, active
and hybrid. Inactive method is based on generator of
turbulence or change of flow behavior in fluid that obstacles
with different geometry. This study investigated heat transfer
of Nanofluid laminar flow in a channel with obstacles along
different geometry such as triangular, rectangular and half-
cylinder and the impact of adding Nano particles on based
flow. The results showed that the average Nusselt humber
increased with an increasing volumetric fraction of nano-
particles. However, the increasing average Nusselt number
depends on the type of obstacles geometry that rectangular
shape is more than others, because area of heat transfer is more
than other obstacles.

2. Geometry and equations

The impact of heat transfer on two dimension channel with
obstacles along different geometry such as triangular,
rectangular and half-cylinder was studies. Figure 1 shows
geometry of channel with obstacles.
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Figure 1. Channel with three obstacles
Some assumptions were considered such as incompressible
fluids and laminar flow. Continuity, momentum and energy
equations are expressed as finite volume for nano-fluid.
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Aluminum oxide is as nano particles. Table 1 shows the
physical properties. Also, effective densityp,s, effective
dynamic viscosity un, thermal capacity (pcp)nr and effective
thermal conductivity k¢ are follow :

Table 1. Physical properties of aluminium dioxide

Aluminum | Based

oxide fluid

Al, 04 H20 sign

3900 | 1000 Density (“8/ )

880 4200 Cp(]/kg e
Coefficient of heat transfer
42.34 0.6 W
( /m . K)

_ K
it = T = gy Y
Pue = (1= @)ps + ¢ps 8)
(pcp)nf =1- (P)(,Dcp)f + (p(pcp)s (9)

@ _ ks + 2k — 2¢(ks — k)
ke ks + 2ke+ (ke — k)

(10)

3. Numerical solution method

Its used constant heat flux condition for boundary condition.
Also, it’s assumed incompressible flow condition.
Temperature of inner flow is 280 K and constant heat flux is
1000 W/m? from below wall.

The above plate, the length of the inlet and outlet of the
channel are are assumed to be insulated. However, it is
assumed that the relative pressure of fluid is zero in outer
section. For numerical study, the governing equations are
solved based on finite element, steady and implicit
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discretization. Moreover, simple algorithm was used to correct
the relationship between velocity and pressure fields. It used
non-uniform Mesh in channel, however in places close to the
wall, it used smaller mesh than others for increasing

computational accuracy.
20

135 —8—— Akbarietal [20]
Present work
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Figure 2. Nusselt number on below wall by ¢=1.5% compared
with [20]

For validation, the results were compared with others.
Volumetric friction is 1.5%. Figure 2 shows Nusselt number
of this study compared with others.

4. Results

This research investigated the impact various obstacles and
adding nano particles as an inactive method for increasing heat
transfer. The vortices around of the obstacles were increased
the fluid momentum transfer and coefficient of heat transfer.
Nusselt number increased with the increase of Reynolds
number. The maximum Nusselt number in rectangular
obstacle is almost 30% more than circular obstacle. Figure 3
shows local Nusselt number in different Reynolds numbers
and different inlet velocities in the volume fraction of 1%
nanoparticles on walls with heat flux.
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Figure 3. Nussult number on below wall with rectangular
obstacle
According to the constant flux on the below wall, it is
obvious that fluid is heated from entering in the left side of the
channel to exiting from the right side. Moreover, in the channel
with rectangular obstacles, due to the larger Nusselt number,
the fluid absorbed more heat, so the outlet temperature in the
channel with rectangular obstacles is higher than the outlet
temperature from the channel with positive and circular
obstacles. With increasing volume fraction of nanoparticles,
the average Nusselt number increased in the channel with
different obstacles, because the number and surface area of the

particles in contact with the wall increased. This increasing
Nusselt number in the based fluid is almost 10% more than the
fluid with a volume fraction of 1%. It seems that in the place
of obstacles, despite the higher volume fraction of solid nano-
particles in the based fluid, the viscosity of the fluid increases
and the possibility of displacement and molecular collision of
the nano-fluid decrease compared with the based fluid.
Therefore, the heat transfer rate decreases and the Nusselt
number is lower for nano-fluids with a higher volume fraction.

900

800 |-
9=0%

700 *=1%
F 0=2%

600 |-
500 H
\,=

400 H

300 g

200

100 -

0 L 1 1 | - 1
0.15 0.2 0.25 0.3
X (m)
Figure 4. Nusselt number on below wall with rectangular

obstacle in Re=400

5. Conclusion

In this study, investigated obstacle effect with different
geometry on the heat transfer in the laminar flow. Moreover,
the effective parameters such as Reynolds number, percentage
of nanoparticles, the type of obstacle on heat transfer, and
pressure drop were investigated. The most important results
obtained are as follows:

1. With increasing Reynolds number, at a fixed value of the
volume fraction of solid nanoparticles in the based fluid for all
different arrangements of the obstacle geometry, due to the
turbulence of the fluid molecules and the heat transfer received
from the channel walls into the fluid, the heat transfer rate, and
as a result, the Nusselt number increase.

2. With increase in the volume fraction of nanoparticles in the
base fluid for a constant Reynolds number, due to the increase
in the heat conduction coefficient of the nano-fluid, the rate of
heat absorption from the channel walls into the fluid mass
increases, and as a result, the average Nusselt number in the
channel increases.

3. In the channel with rectangular obstacles, due to the
increasing in the heat transfer surface compared to other
obstacles, the rate of heat transfer from the channel walls to
the fluid increases and as a result, the Nusselt number
increases.
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Numerical Analysis of the Obstacle Effect with Different Geometry on the Heat Transfer of Nanofluid Flow
in a Rectangular Channel

Kourosh Javeherdeh Habib Karimi

Abstract In this study, investigated heat transfer of Nanofluid laminar flow in a channel with obstacles along different geometry
such as triangular, rectangular and half-cylinder and the effect of adding Nano particles on based flow. The result showed that
the average Nusselt number increased with an increasing volumetric fraction of nano particles. However, the increasing average
Nusselt number is dependent on the type of obstacles geometry that rectangular shape is more than others, because area of heat
transfer is more than other obstacles. The Nusselt number with rectangular geometry is 30% more than the Nusselt number with
half-cylinder geometry. Also, using obstacles with different geometry and the adding of the nanoparticles, the hydraulic-thermal
performance has been increased up to 44%. The local Nusselt number for nanofluid of volume fraction with 1% is 2.38% higher

than volume fraction of nanofluid with 2%. The local Nusselt number of volume fraction of nano particle with 1% is 10% less
than based fluid.

Key Words Numerical Study, Vortex Generator, Nanofluid, Rectangular Channel.
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1. Introduction
Wood and wood-based materials have numerous applications

due to their low cost, high strength and low energy
consumption. In the production of wooden parts and tools, such
operations as drilling, cutting and engraving are the main parts
of the work, which have been performed manually by skilled
craftsmen since ancient times. Nowadays, computer numerical
control (CNC) process is a dominant operation in the machining
industries. CNC machines are widely employed in different
manufacturing processes such as plastic cutting, steel
machining and wood working industries. Computer numerical
control operation is strictly reined via software program and
needs limited human interaction aside from initial setup and
data feeding. Moreover, CNC machines are employed for exact
speed and positioning control. For this reason, CNC machine is
capable to manufacture complex geometries using various
substances.

In order to enhance the quality of CNC machining, several
criteria such as machining forces, accuracy, and surface
roughness can be introduced. One of the main factors that have
been investigated by many researchers is surface quality of the
product. This criterion is remarkable in finishing processes of
products. For this purpose, this current research examines the
impact of machining parameters (feed speed, rotational speed,
and step over) and tool parameters (diameter, number of cutting
edge, and type of cutting edge) on the surface roughness of
beech wood.

2. Experimental procedures

A 3-axis CNC machine with 6 KW spindle power and spindle
speed of 32,000 rpm is used to investigate the impacts of several
parameters on surface quality of wooden product. Figure 1
shows the wood CNC machine employed in this study.

Figure 1. Numerical control milling machine in the present study

The material used in this research is Beech wood with a
thickness of 18 mm. It should be mentioned that the cut depth
was fixed and considered to be 3 mm. Tideway brand
machining tools with diameters of 3 mm, 4 mm, and 6 mm for
milling operation of wood workpiece were used. To measure
surface roughness of specimen, Time 3110 portable roughness
meter was employed.
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3. Results and discussion

Figure 2 shows changes in surface roughness versus variations
in tool diameter for three different types of tools (single spiral,
double spiral, and straight double). This diagram shows that the
surface roughness value increases with the enhancing of the tool
diameter. This parameter has the maximum value for straight
two-point tools and the minimum value for spiral two-point
tools.
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Figure 2. Surface roughness changes in relation
to different conditions

4. Conclusion

This study deals with the effects of machining and tool
parameters on surface roughness of beech wood. A summary of
the results is as follows:

1. A tool with a double-edged spiral creates a better surface
quality than a single-edged spiral tool and leads to the
improvement of machining conditions;

2. By increasing the feed speed from 20 to 60 (mm/min),
especially in tools with a larger diameter, the machining
conditions tend towards instability and the surface roughness
increases.




(VE=$0) I Fr ¥ FlD il s Flowla 5 53,515 p sl

Z

” \ SWlo 0 Flwilro g 58 5,55 poke
W0 < b http://mechanic-ferdowsi.um.ac.ir A e
RV ATt

" 297 DY gaze s (S ) 3 (S emiilo Jf I Slaskio 9 CNC 34 oliwd (S ol )l 1 owy g

( QO

" ey sl ) sising das
DOI: 10.22067/jacsm.2023.81172.1167

e b Sla s Gl 4Bl 5 0eS 0 pd s i Sk s slabl Ol o o s b s slad e 00l OO
Ol eslizd gyl Gl A [y (ke S (sl pile Lo pant 0l 5 (s sy b Coliy Ol bad pamee (il 57 o2 5
Lol 5 0350 ebocois s s oo 13 il Comi |y s Gt s 457 il ialol 1 G a3 smms ol b o] 351 T 3 6 e Lol
) il (sl ol I Sl o 55 s it ety bt Sames (S 5 edlien (3 Olej o 4 e
o 2t A e S5 S (e £ o Sl ) L sla sl s (B oS Jilid St (S
S gl SO s pdtece i b sla il 4 G e le a0 pd ) b sla) i) 45 50 OLE sy ol ] 485 15
03D 07D il o IS 28l5 b L ool pimmas it nelis 2 s (o i 4 b Slaslil 5 il (55 sllon pebone
= s e T B il (G St S o Lo ¥ F 8 Ll S L3 s e sl (568 b (55 (el 1) L5D)

Do by Al e s Sl D pots ol e mhae (65 cadeBD a3 YO e 4 1000 il s St N385 ad

e e (S L e (o (lf«diﬁa.,\s\.bj (ssr Slegeas CNC (o 55,5 (Suls™ (sldojlg

Investigating the Effects of CNC Milling Machine Parameters and Machining Tool Specifications on

Surface Roughness of Wooden Products
Saeed Yaghoubi Farshad Rabiei
Abstract Today, wooden products are widely spread in the industry of furniture, art boards, wooden dishes,
etc. The traditional and manual manufacturing methods of producing these artefacts cannot compete with
mechanized production methods, especially computer numerical control (CNC) machines. Therefore, using
of these devices is always increasing. Nevertheless, one of the parameters that affect the production speed is
the surface roughness, and the workshops have to spend a lot of time on polishing the products. For this
reason, in the present research, the effect of machine parameters (feed speed, rotational speed and
transverse step) and tool characteristics (diameter, number of cutting edge and type of cutting edge) on
surface roughness of beech wood has been investigated. The outcomes demonstrated that cutting tools with
two spiral cutting edges have a more favorable surface roughness than cutting tools with a straight cutting
edge and one spiral cutting edge, and tools with a straight edge are not suitable for beech wood. It was also
observed that by reducing the transverse step from 0.7D to 0.3D, a lower surface roughness is created. By
reducing the tool diameter from 6 to 4 and 3 (mm), reducing the feed speed from 60 to 20 (mm/min) and
increasing the rotational speed from 15000 to 25000 (rpm), the surface roughness of final product was
improved, significantly.

Key Words CNC Milling, Wooden Products, Cutting Edges Number, Step Over, Feed Speed, Rotational Speed.
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Introduction

Since the introduction of the concept of boundary layer and its
separation by Prandtl, researchers have been trying to control
the boundary layer and prevent its separation. Since the flow
separation starts from the boundary layer, the purpose of flow
control is to control the boundary layer. Flow control is an
important issue to improve the performance of flying devices.
In this philosophy, flow separation is prevented by
transferring energy to the boundary layer and keeping it close
to the wall. A moving surface tries to do this in two ways:
Minimizing the relative motion between the surface and the
free stream, it prevents the initial growth of the boundary layer
and injects energy into the existing boundary layer. Magnus
studied the force produced by the rotation of a body moving
in a fluid and used its effect to build a ship with a vertically
rotating cylinder that replaced the sail, and since then this
effect has been named the Magnus effect.

This research used the research geometry of Sahu et al. The
speed of the moving surface is determined based on its ratio
with the free flow speed and is expressed as the speed ratio. In
other studies, the speed ratio for the moving surface is low.
The purpose of this study is to investigate the effect of moving
surfaces in high-speed ratios. We would like to investigate the
effect of this increase in speed, so we increase the speed at a
certain rate. Therefore, in this research, the impact of a circular
cylinder on the leading edge of the NACA 0012 airfoil at the
speed ratio of 5, 10, 15, and 20 on the lift and drag coefficients
is investigated. This investigation is two-dimensional and K-
® SST turbulence model is employed. Moreover, according to
Sahu et al., the free flow speed is 1 meter per second, the flow
pressure is 101,325 Pa, the flow temperature is 298 K, and the
length of the airfoil’s chord is 1 meter.

2. Numerical setup

The desired airfoil is NACA 0012 with a chord length of 1
meter, and a circular cylinder with a diameter of 0.1 chord
length and a distance of 0.001 chord length is placed on the
leading edge of the airfoil. The mesh is structured and
boundary layer network in such a way that y* becomes less
than one or at most one. Also, the size of the computing space
in the front, top and bottom directions is considered to be 10
times the length of the chord, and at the end 20 times the chord

length of the airfoil. At the rotating edge and near the surface
of the airfoil, the mesh is finer due to its sensitivity and greater
impact on the results. ANSYS FLUENT software was used for
numerical simulation. A pressure-based solver was chosen
because the Mach number was less than 0.3 and the density
was constant. For the rotating part, we used mesh motion and
applied the desired speeds.

3. Results

What can be seen at first glance from Figure 1 is the great
impact of the moving surface placed on the airfoil's leading
edge. The drag force coefficient has decreased with the
increase of the speed ratio. With the increase of the speed ratio,
not only the drag coefficient decreases, but also the propulsive
force is created. From the speed ratio of 10 and above, the drag
coefficient is negative, which indicates the creation of
propulsive force. Another advantage of the moving surface, as
expected, is the prevention of flow separation. By increasing
the speed ratio to 20 and increasing the energy injected into
the boundary layer, the flow separation has been completely
prevented.

The reason for creating the propulsive force (negative drag
in Figure 1-b) can be found in the contribution of the pressure
drag to the total drag and drawing of the pressure coefficient
on the surface. This research is done for an angle of attack of
24 degrees. As it is clear from Table 1, in the case of an airfoil
without a moving surface, the pressure drag has a more
dominant contribution than the frictional drag, so it is possible
to ignore the frictional drag. But by using the moving surface
at the leading edge of the airfoil, at a speed ratio of 5, the
pressure drag significantly reduced and became less than the
frictional drag. The frictional drag, however, is increased,
which is the result of the increase in the speed of the boundary
layer flow due to the injection of energy into the boundary
layer by the moving surface. As Table 1 shows, not only is
there no pressure drag, but its amount is negative, which
indicates the creation of propulsive force. Although the
frictional drag increases with the increase in the speed ratio,
the pressure drag becomes more negative, which causes the
total drag to become negative. So the propulsive force created
is due to negative pressure drag.
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Table 1. Total, pressure, and frictional drag coefficients

Drag type Total Pressure Frictional
gtyp drag drag drag
Withoutrotating | g 7735 | 7724 0.0012
cylinder
Speed ratio of 5 0.0447 -0.0116 0.0331
Speed ratio of 10 -0.0023 -0.0734 0.0711
Speed ratio of 15 -0.0812 -0.1939 0.1127
Speed ratio of 20 -0.185 -0.342 0.157

e Without rotating cylinder
35}

Speed Ratios5

3} ——€—— Speed Ratio=10
—fF—— Speed Ratio=15
25F

Speed Ratio=20

CL
)

25

AOA (degree)
(a)

AOA (degree)
(b)

Figure 1. Lift and drag coefficients on an airfoil without a
moving surface and with a moving surface at different speed
ratios a) Lift coefficient b) drag coefficient

4. Conclusion

The use of a moving surface prevents flow separation and
airfoil stalling. It increases lift and reduces drag. The higher
the speed ratio, the better its aerodynamic effect. As the speed
ratio increases, the energy injected into the boundary layer
increases, and the flow separation is delayed. As a result, the
back pressure caused by the separation of the flow is greatly
reduced. Among the examined modes, the speed ratio of 20 at
the angle of attack of 24 degrees with a drag coefficient of
3.564 and a drag coefficient of -0.185 has the most favorable

aerodynamic performance.

The most crucial achievement of this research is the
negative drag coefficient. The negative drag coefficient is a
sign of creating a propulsive force. The source of the
propulsive force created is negative pressure drag. In the high-
speed ratio, the above results are obtained, and since lower
speed ratios were investigated in other articles, such results
have not been reported so far, and this is the main difference
between the current research and previous research.

In general, it can be stated that the use of a moving surface
in the form of a rotating cylinder placed at the leading edge of
the NACA 0012 airfoil at high speeds has significantly
improved the aerodynamic performance of the airfoil, and the
moving surface itself can be used as an airplane propulsion
engine.
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Investigating the Effect of Moving Surface on NACA 0012 Airfoil in High Speed Ratio
Hasan Abolghasemi Golafshani Mohammad Javad Amiri Ehsan Rouhi

Abstract The design and development of high-performance airfoils is essential for the development of the aviation
industry. At larger angles of attack, higher lift and shorter flight bands are achieved. But at high angle of attack, the
phenomenon of flow separation occurs so that after the stall angle, the flow is completely separated from the upper
surface of the wing, resulting in a sharp drop in lift and drag increase. In this study, an attempt has been made to prevent
the separation of flow by using the moving surface in the ratio of high velocities on NACA 0012 airfoil and to improve
the aerodynamic performance of NACA 0012 airfoil by increasing the lift force and reducing the drag force. The velocity
ratio means the ratio of the moving surface velocity to the free flow velocity. This research was performed by numerically
in two dimensions using Ansys Fluent and k-«-SST turbulence model with SIMPLE algorithm. The use of a moving surface
in the form of a rotating cylinder at the leading edge of the NACA 0012 airfoil at a high speed ratio, in addition to
preventing current separation and increasing the lift, has negatively affected the drag, which indicates its propulsive
force contribution. Of all the simulated states, the velocity ratio of 20 at attack angle of 24 with a lift coefficient of 3.564
and a drag coefficient of -0.185 had the most favorable aerodynamic performance.

Key Words Flow Separation, Moving Surface, NACA 0012, Flow control, Lift, Drag.
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1. Introduction

One of the most important problems in industry is the control
of heat transfer. Based on the available studies nanoparticles
can help to improve and increase the heat transfer of the base
fluid. A channel with a backward-facing step can be a sample
to study the flow separation phenomenon. The flow separation
and reattachment phenomenon that is occurred due to the
sudden expansion of the cross-section of a channel is one of
the important applied cases.

The idea of adding nanoparticles to a fluid to increase heat
transfer was first introduced in 1873. Most of researchers have
expressed that adding nanoparticles with higher thermal
conductivity to the base fluid leads to the enhancement of the
thermal performance of the obtained nanofluids.

The flow of an electrically conducting fluid under a
magnetic field which is called Hartmann flow was widely
investigated after experimental research of Hartmann on
mercury flow in a tube under a magnetic field. A limited
number of researches have been carried out on the laminar
nanofluid flow in a channel with one-sided sudden expansion.
Nevertheless, the impact of the magnetic field on the nanofluid
flow in this geometry has not been investigated for flows with
low velocities (low Reynolds numbers). In this study, the
impact of a uniform magnetic field perpendicular to the flow
direction on the hydrodynamics and heat transfer of Cu-water
nanofluid flow in a microchannel with one-sided sudden
expansion at a low Reynolds number is investigated
numerically.

2. Modeling and numerical methods

Figure 1 shows that the geometry of the problem is a
backward-facing step microchannel which has a length of 0.25
m, an outlet height of 0.001 m, and a step height of 600 pum.
The length of the wall upstream of the step and expansion ratio
are 0.1 m and 2.5, respectively. The angle of the magnetic
field is 90°. A heat flux of 500 W/m? is applied on the wall that
is downstream of the step.

The governing equations include mass, momentum, and
energy conservation equations in incompressible cases. The
effect of the magnetic field is added as a source term to the
right side of the momentum equation. These equations are
solved using the finite difference method. Temporal,
convection and diffusion terms are discretized using 3"- order
Runge-Kutta, second-order upwind, and second-order central
approximation, respectively. The projection method is used to
solve the flow equations. The homogenous model is employed
to apply the effect of nanoparticles. In this model, nanofluid is
considered a homogenous fluid and only its properties are
modified based on the concentration of nanoparticles.

3. Results
In this section, the impact of the magnetic field on the
hydrodynamics and heat transfer of Cu-water nanofluid at a
low Reynolds number (Re=1) is investigated.
Figure 2 indicates the velocity distribution for various
Hartmann numbers at a volume fraction of 0.02. It is observed
that under the magnetic field, the average velocity of nanofluid
is reduced and the velocity gradient on the channel wall is
increased.

Figure 3 presents the average friction coefficient versus
volume fraction for different Hartmann numbers. At zero

/s

Qutlet

Fig. 1. Geometry of the problem
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Figure 2. Velocity distribution at volume fraction of 0.02
(x=0.01m)

Hartmann number, the increase of volume fraction has a slight
impact on the friction coefficient. According to Figure 2, by
increasing of wvolume fraction wvelocity gradient and
consequently shear stress on the wall increase. On the other
hand, by increasing volume fraction at a constant Reynolds
number, due to the increase of nanofluid kinematic viscosity,
velocity and consequently dynamic pressure increase. The
increase in shear stress is almost negated by the increase in
dynamic pressure and therefore no change occurs in the
friction coefficient. Under the magnetic field, the friction
coefficient reduces by increasing the volume fraction. In this
case, the increase in fluid dynamic pressure is higher than the
increase in wall shear stress.

Figure 4 indicates the impact of the magnetic field and
volume fraction on the average Nusselt number. At a Reynolds
number of 1, by increasing of volume fraction temperature
gradient on the wall decreases, and the thermal conductivity
coefficient increases. Nevertheless, the reduction of the wall
temperature gradient is dominant and as a result, the Nusselt
number decreases. It is noteworthy that at high Reynolds
numbers, the Nusselt number increases with an increase in
volume fraction. According to Figure 4, the applied magnetic
field has no remarkable effect on the Nusselt number. At
Reynolds number of 1, the effect of convective heat transfer is
slight and the conduction mechanism is dominant. Therefore,
the magnetic field has no important impact on temperature
distribution. This finding is in contrast with the results of
previous studies for higher Reynolds numbers which show the
increase of Nusselt number with Hartmann number.

4. Conclusion
In this study, the impact of a magnetic field on the
hydrodynamics and heat transfer of laminar flow of Cu-water
nanofluid in a channel with one-sided sudden expansion at a
low Reynolds number was investigated. The governing
equations include mass, momentum, and energy conservation
equations. The homogenous model was used to apply the
effect of nanoparticles.

By increasing the magnetic field intensity, the nanofluid
velocity decreases and the velocity gradient on the wall
increases. Under a magnetic field, the friction coefficient

decreases with volume fraction and increases with magnetic
field strength.

At low Reynolds numbers, contrary to high Reynolds
numbers, by increasing the volume fraction the Nusselt
number decreases. Moreover, contrary to high Reynolds
numbers, in this case, the magnetic field has no effect on the
Nusselt number. At low Reynolds numbers, applying a
magnetic field improves the overall performance of the
system.
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Simulation of Nanofluid Flow at Low Reynolds Number in a Microchannel with One-Sided Sudden
Expansion under the Effect of a Magnetic Field

Foroozan Moradi Pedram Pournaderi

Abstract In this study, the magnetic field effect on the hydrodynamics and heat transfer of the laminar flow of a nanofluid
in a microchannel with one-sided sudden expansion at a low Reynolds number is investigated. The governing equations
including mass, momentum, and energy conservation equations are discretized and solved on a staggered grid using the
finite difference method by developing a Fortran code. The simulation results show that at a low Reynolds number, no
vortex is formed after the step. In the presence of a magnetic field, the friction coefficient decreases with volume fraction.
At a volume fraction of 0.04, this reduction in comparison with water at Hartmann numbers of 20 and 40 is 25 and 18
percent, respectively. By applying the magnetic field, the friction factor increases. For nanofluid with a volume fraction
of 0.04, the enhancement of average friction factor in comparison with water at Hartmann numbers of 20 and 40 is 176
and 337 percent, respectively. At a low Reynolds number, the magnetic field effect on the Nusselt number is negligible.
The Nusselt number decreases with volume fraction. At a volume fraction of 0.04, a reduction of about 12 percent is
observed in the Nusselt number in comparison with water. Examining the performance evaluation criteria shows that
applying a magnetic field improves the system's performance. At a Hartmann number of 20 and volume fraction of 0.04,
an enhancement of about 11 percent in performance coefficient is observed in comparison with the case that the magnetic
field is absent.

Key Words Nanofluid, Microchannel, Sudden expansion, Magnetic field, Low Reynolds number.
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1. Introduction

Diastolic heart failure is a multiscale phenomenon that
gradually impacts upon different scales of the heart and
increases the thickness of the ventricular walls and is
associated with concentric hypertrophy. In this study,
myocardium growth caused by diastolic heart failure disease
was modeled using the finite growth kinematics approach in
an idealized biventricular  geometry.  Myocardium
microstructure is defined by a mathematical method. The
presented approach for implementing finite growth kinematic
equations in COMSOL Multiphysics software is new and
unlike previous approaches. It does not require coding or the
use of secondary software. The approach was compared and
validated with previous studies.

2. Method

First, the local coordinate system of the myocardium was
defined. The local coordinate system includes the longitudinal,
circumferential and radial directions of the heart, which were
determined using two interfaces of the curvilinear coordinate
system in COMSOL Multiphysics. Each interface was used for
one of the ventricles of the biventricular geometry. After
defining the local coordinate system, the distance between the
two layers of epicardium and endocardium was calculated
using two wall distance interfaces and a variable was defined
which was normalized and its value was equal to 0 in
epicardium and 1 in endocardium. By using the determined
variable, the angle of the fibers was changed linearly from the
epicardium to the endocardium from -60 degrees to 60
degrees. Figure 1 shows the orientation of fibers vector. The
orientation of the sheets vector of the myocardium
microstructure was considered perpendicular to the surfaces of
the epicardium and endocardium and in the radial direction of
the heart.

By using the finite growth kinematics approach to model
the growth of diastolic heart failure, the deformation gradient
tensor according to Equation 1 is multiplicatively decomposed
into two components:

F=F,F, @

Figure 1. Orientation of the fibers
(the :olor bar indicates the angle of the fiber: in degrees.)

Where F, is the elastic deformation tensor and F, is the growth
deformation tensor. The growth deformation tensor describes
the deformation of the tissue from the reference configuration
to the intermediate configuration and the elastic deformation
tensor describes the deformation of the tissue from the
intermediate configuration to the deformed configuration.
Therefore, the calculations are based on the elastic
deformation tensor. In this study, the property of myocardium
is considered to be transversely isotropic, in which the tissue
exhibits different stiffness in the direction of the fibers. In
order to model the growth of diastolic heart failure, the growth
deformation tensor should be defined manually by the user in
the governing equations section of the solid mechanics
interface in COMSOL Multiphysics software as:

F=I+(9,-1) S®S @

where the vi riable 9, is the growth multiplier and § is the sheet
vector, and I represents the identity tensor.

3. Validation

For wvalidation, isotropic growth and compressible Neo-
Hookean passive mechanics are used. Two types of
simulations are performed. In the first type, the new approach
presented in this study is used to define the growth equations
in COMSOL Multiphysics, and in the second type, the
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previous approach is utilized. The validation result is depicted
in Figure 2. As can be seen, the results of both approaches are
similar and the equations of finite growth kinematics are
correctly implemented in the COMSOL Multiphysics
software.

[
1 1.01 1.02 1.03 1.04 1.05

(b)
Figure 2. Validation of the implementation of growth equations
in COMSOL Multiphysics using the approach of this study (a)
and the previous approach (b) (the color bar shows the growth
multiplier)

4. Results

As Figure 3 shows the growth of a cardiomyocyte that is
located at mid-apicobasal distance of the left ventricular
endocardium free wall, and the changes in the thickness of the
left ventricular free wall in normalized time are shown.
According to this figure, at the beginning of the simulation, the
cardiomyocyte did not grow because the Kirchhoff stress was
lower than the homeostatic stress. As the Kirchhoff stress
increases from the homeostatic stress, the growth multiplier
increases and sarcomeres are added in parallel and the
cardiomyocyte thickness increases. According to the way the
thickness of the wall changes, initially the thickness decreases
because the pressure is being applied to the endocardium, then,
despite that the applied pressure to the endocardium is still
increasing, the thickness of the wall increases instead of
decreasing. This indicates the beginning of growth in
myocardium wall. Until the time of 0.09, due to the low wall
stress, the amount of increase in thickness takes place at a low
speed, and after that time and with the increase of the wall
stress, the growth and as a result the wall thickness increases
at a faster rate. At the end of the simulation, the thickness of
the left ventricular free wall increased by 35%.
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Figure 3. Growth multiplier of a cardiomyocyte that is
located at mid-apicobasal distance of the left ventricular
endocardium free wall (a) and changes in the thickness of
the left ventricular free wall (b)

5. Conclusion

Since the multiplicative decomposition of the deformation
gradient tensor for growth modeling is computationally
complicated and it is difficult to implement it in finite element
software and requires coding or the use of secondary software.
In this study, an approach to implement finite growth
kinematic equations for diastolic heart failure by utilizing an
idealized biventricular geometry and defining tissue
microstructure using a mathematical method was presented in
COMSOL Multiphysics software, which does not require
coding and can be easily implemented in this software. The
results of concentric hypertrophic growth with Kirchhoff
stress as the growth stimulus were able to simulate the increase
in the thickness of the left ventricular free wall along with a
relatively constant size of the ventricles in diastolic heart
failure. These results showed that the presented approach can
correctly simulate the growth of the myocardium and can be
utilized in the future to simulate various heart diseases.
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Modeling and Simulation of Growth in Diastolic Heart Failure
Pezhman Namashiri  Akbar Allahverdizaden ~ Behnam Dadashzadeh

Abstract Heart failure is one of the cardiovascular diseases that causes changes in the structure of the heart and reduces
the output of the heart. This disease can be divided into two categories: diastolic and systolic heart failure. In diastolic
heart failure, the thickness of the ventricular walls increased and is associated with concentric hypertrophy. In this study,
concentric hypertrophy is considered to be caused by pressure overload, as a result of which, the number of sarcomeres
increases in parallel, and as a result, causes a relative increase in the transverse area of the cardiomyocytes. Continuum
equations of concentric hypertrophy by using an idealized biventricular geometry have been implemented in COMSOL
Multiphysics software, the approach presented for implementing the equations is completely new and has fundamental
advantages over the implementation of the previous approach, and does not require coding and can be easily implemented
in a finite element software. The results of the simulation showed that the thickness of the ventricular walls increases and
the volume of the ventricular chambers decreases. The mentioned results are consistent with the clinical observations of
the disease and shows that computational modeling can be used as a powerful tool to increase specialist’s knowledge of
diseases that have a high mortality rate.

Key Words Growth, Heart Diseases, Computational Modeling, Finite Element Method.
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