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Abstract This paper considers a three-dimensional
micropump based on a piezoelectric actuator. The
COMSOL software version 6.5 was used to simulate the
performance of a micropump. First, a reference
micropump was defined, which worked at a frequency of
60 Hz and a voltage of 1500 V capable of pumping a
maximum flow rate of 0.038 ml/s. The influence of
frequency, voltage, axial position of input and output of
micropump, dimensions of piezoelectric actuator and
membrane, and shape of actuator on the fluid output flow
rate and pumped fluid volume were investigated. For
example, the output flow rate of the micropump at 100 and
20 Hz frequency was 0.065 and 0.011 ml/s, respectively.
By increasing the voltage from 1500 to 1875 V, the
micropump output flow rate rose to 0.047 ml/s.
Keywords: Microfluidic, Micropump, Piezoelectric
actuator, Frequency, Voltage, Output flow

1. Introduction

In recent years, it has become possible to manufacture
industrial equipment with high precision, such as
micropumps. The need for a system that transports fluids
on a small scale has prompted researchers to design a
device that pumps fluid with an appropriate pressure and
flow rate. Micropumps are a type of low-volume pump
system that can pump, mix, or control small volumes of
fluids [1]. Micropumps are generally fabricated by
substrates, such as silicon, glass, or polymer, including
polymethyl methacrylate or polydimethylsiloxane.
Micropumps can be classified into two general categories
mechanical and non-mechanical [2]. Mechanical
micropumps have movable mechanical parts, such as
diaphragm and control valves. In contrast, non-mechanical
micropumps have no movable mechanical parts and
instead move fluid through hydrodynamic, electro-
osmotic, and capillarity effects [3]. The piezoelectric
actuator with active valves was first used by Spencer et al.
[4]. They reached a flow rate of 19 ml/V at a pressure of 1
mmHg/V.

In the present study, a micropump with a piezoelectric
actuator was simulated and the effect of frequency,
voltage, axial location of the input and output of the
micropump, and the dimensions of the piezoelectric
actuator and membrane were investigated. In addition, it is
suggested to use an actuator with a rectangular cross-
section instead of a cylindrical actuator. The geometry of
the model, as shown in Figure 1, consists of an annular
piezoelectric actuator on the top of the fluid field attached
to a flexible membrane. Due to physical symmetry, only
half of the geometry is considered. The fluid expands due
to the application of external and actuator voltage. The
membrane is stabilized by the movement of the actuator
and exerts a force on the fluid below it that pulls the fluid
from the left channel (inlet) and pushes it out the right
channel (outlet). Figure 1 also shows the dimensions of the
chamber inlet, chamber outlet, micropump chamber,
membrane, and piezoelectric actuator.

Piezoelectric
" actuator
_~Membrane

Figure 1. Scheme of the present problem: (a) general view of
the designed micropump and its different parts, (b)
dimensions of the inlet and outlet, (c) dimensions of the
membrane, and (d) dimensions of the chamber

2- Governing equations

In a real micropump, a piezoelectric actuator with separate
layers and electrical connections is used. Here, the thin
metal layers are omitted and the actuator is modeled as an
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integrated block of piezoelectric. As a result, a potential
difference of 1500 V is applied to the whole piezoelectric,
which corresponds to the electric field strength of 0.2
V/um. The voltage required in a real device depends on the
thickness of each layer in the driver. Equation 1 is used to
calculate the voltage:

E=nTV 1)
Where T, n, E, and V are the thickness of the piezoelectric
layer, number of layers in the actuator, strength of the
electric field, and applied voltage, respectively.

3- Results

Effect of frequency

Figure 2 shows the fluid output flow rate for different
frequencies for a constant voltage of 1500 V and a
membrane thickness of 1 mm. Piezoelectric dimensions
are the same for all cases. At five different frequencies, the
volume flow rate is calculated to determine the effect of
frequency change in the piezoelectric actuator. As shown
in Figure 2, the output flow rate of the micropump
increases over time by enhancing the frequency.
Moreover, the volume of fluid exiting from the micropump
augments with the frequency.
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Figure. 2. Effect of frequency on the micropump output flow
rate

Effect of voltage

To investigate the effect of voltage, the strength of the
electric field was changed. The number of layers in
simulations was 75 and was assumed to be constant. The
thickness of the piezoelectric layer was 1 mm. According
to the relationship between voltage and field strength
(Equation 1), different voltages are obtained by changing
the electric field strength. Figure 3 shows that as voltage is
enhanced, the fluid velocity inside the chamber augments.

Effect of the dimensions of the piezoelectric actuator and
membrane

The investigated piezoelectric was circular with an outer
diameter of 15 mm and an inner diameter of 8 mm. The
radius and thickness of the reference membrane were 12
and 1 mm, respectively. Figure 4 demonstrates that as the
radius of the membrane decreases compared to the
reference state, the output flow rate and volume of the
pumped fluid are reduced. The larger the surface of the
membrane above the fluid chamber, the higher the flow
rate. Regarding the change in the size of the piezoelectric

actuator, the output flow decreased by reducing the
piezoelectric diameter. Therefore, by increasing the
dimensions of the membrane and piezoelectric actuator,
the output flow rate was enhanced, leading to an
augmentation in the volume of the pumped fluid.
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Figure 3. Effect of voltage on micropump output flow rate
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Figure 4. Effect of the membrane radius on the output flow
rate of the micropump (in this diagram, OD, ID, and r are
the outer diameter, inner diameter, and radius of the
membrane, respectively)

4- Conclusion

The present paper considers a micropump with a circular-
shaped piezoelectric actuator. The micropump has an inlet
on the left side and an outlet on the right side of the
chamber. The simulations were performed for the
frequencies of 20-100 Hz and voltages of 1125-1875 V to
achieve the maximum output flow rate and volume of
pumped fluid. It is observed that increasing the frequency,
voltage, and dimensions of the piezoelectric actuator and
membrane resulted in an enhancement in the fluid flow
rate and volume of the pumped fluid.
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Abstract Heat transfer in boiler with supercritical fluid is
asymmetrical. Also, in this type of boilers, pipes are
installed both horizontally and inclined. But usually in the
previous works, heat transfer is considered symmetrically
or the pipes are horizontal or vertical. Therefore, in the
present paper, heat transfer in a boiler tube with
supercritical fluid in which there are both horizontal and
inclined parts is studied and analyzed. The heat flux of the
pipe is considered asymmetric. Numerical simulation has
been done using Fluent software. Also, the REFPROP
database has been used to apply the supercritical fluid
properties of water. In order to model the turbulence, the
RNG k-¢ model based on Reynolds-averaged Navier—
Stokes has been used. The results show that the highest and
lowest internal tube temperature reach near the
pseudocritical temperature range (380 Celsius) at a height
of 10 m and 15.5 m, respectively. The highest temperature
of the tube wall changes from the beginning to the end of
the tube between 603 °C and 666 °C. Also, the Nusselt
number increases with the increase of the tube height and
its value increases significantly near the pseudocritical
temperature. In this range, the value of the Nusselt number
reaches 6800, which is 3.6 times its value at the entrance
of the tube.

Key Words Supercritical boiler, Pseudocritical point,
Numerical ~ solution,  Asymmetric  thermal  flux,
Thermophysical properties

1. Introduction

Supercritical boilers are a type of power plant boilers. In
these boilers, supercritical water conditions are used to
evaporate water. Considering the large changes in water
properties in the supercritical region, it is critical to
investigate the heat transfer of water in the supercritical
state in the boiler. The higher temperature and pressure of
water vapor in boilers with supercritical fluid improve
efficiency and, as a result, reduce greenhouse gas
emissions. The pipes through which the supercritical water
flows are located around the boiler body. The combustion

gases pass through the boiler body. Therefore, the thermal
conditions of the pipes are asymmetrical. That is, half of
the walls of the pipes, which are located towards the center
of the boiler body, are in the vicinity of the heat flux of
combustion gases. The heat flux of the half of the pipe wall
that is in contact with the external body of the boiler is also
almost equal to zero (the external body of the boiler is
thermal insulation).

Although many studies have investigated the
supercritical water inside the pipe, most of them have
considered thermal conditions symmetrical. Moreover, the
flow is usually considered inside a horizontal or vertical
pipe. Therefore, in the present research, the numerical
solution of the supercritical water flow in a pipe of a real
boiler that has both inclined and horizontal parts is
considered. Furthermore, asymmetric heating conditions
have been applied for the heat flux around the tube
carrying the supercritical flow according to the operation
of the boiler. Simultaneous investigation of these factors
in a supercritical boiler can help to understand heat transfer
and supercritical water flow in boiler tubes.

2. Material and Methods

The boiler of the Neka power plant in Mazandaran, Iran, is
a type of boiler with a supercritical fluid and a nominal
power of 440 MW. For this reason, the evaporator part of
this boiler, which includes the supercritical flow of water,
is considered to check heat transfer and supercritical fluid
flow. The evaporator tubes are composed of two inclined
and horizontal parts. The diameter of the pipes through
which the supercritical flow of water passes is 28 mm and
the thickness of the pipe wall is 5 mm. The length and
height of the pipe are 100 and 20 m, respectively. The
angle of the inclined pipe section is equal to 15 degrees. A
sheet with a thickness of 3 mm and a height of 7 mm is
installed on the pipes at the top and bottom. The heat flux
in the inner part of the tube is 250 kW/m?. The outer part
of the tube is considered insulated. Moreover, the flow rate
of water entering the pipe is equal to 2.247 kg/s, the
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temperature of the entering water is 312°C, and the water
pressure at the entrance of the pipe is 24.12 MPa.

The water flow inside the pipe is turbulent. To simulate the
flow, the equations of continuity, RANS, and energy were
solved using the FLUENT software. The number of
created grids was approximately nine million. The
FLUENT software uses the REFPROP database for the
supercritical fluid properties of water. The solver model
was set to pressure-based and the flow condition was
considered steady state. In addition, the acceleration of
gravity was activated. The turbulence model RNG x-¢
was considered to simulate the turbulent fluid flow.

3. Results

One of the most important values in the design and
operation of boiler tubes is the maximum temperature of
the outer wall of the tubes. If the operating temperature
exceeds the temperature that the pipe material can
withstand, it will damage the pipes. In Figure 1, the
minimum and maximum temperature changes of the outer
wall of the pipes are plotted according to the height of the
pipe. The minimum temperature of the external wall of the
pipe changes from 312°C to 381°C and the maximum
temperature of the external wall of the pipe changes from
603°C to 666°C. Therefore, the maximum temperature of
the pipe wall increases between 603°C and 666°C from the
beginning to the end of the pipe. The material of the pipe
must be such that it can withstand this maximum
temperature.
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Figure 1: Changes in the minimum and maximum
temperatures of the outer wall of the pipe according
to the height of the pipe a) minimum temperature b)

maximum temperature

For a more detailed examination of changes in the
temperature of the pipe body and the temperature of the
supercritical water, the temperature contour at the pipe
outlet is drawn in Figure 9. The highest body temperature

occurs in the plates installed on the boiler tubes. The
temperature of the pipe on the insulation side is similar to
the temperature of the fluid inside the pipe and is equal to
380°C, and the temperature of the outer body of the pipe
on the side where the heat flux enters is approximately
480°C.
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Figure 2: Temperature contour at the outlet of the boiler
tube

4. Conclusion

The supercritical water flow in the boiler tubes of the Neka
power plant in Mazandaran, Iran, which has both inclined
and horizontal parts and its heat flux is asymmetrical, was
numerically simulated using the FLUENT software. It was
concluded that the highest temperature occurs at the angle

of a =90" and the lowest temperature occurs at the angle

of o=-90" . Furthermore, the highest and lowest
temperatures of the inner wall of the pipe are at the height
of 10 m and 15.5 m, respectively, in the subcritical
temperature range, and the highest temperature of the pipe
wall varies from 603°C to 666°C from the beginning to the
end of the pipe. Finally, it can be concluded that the
FLUENT software along with the REFPROP database can
be used to simulate the flow and heat transfer of
supercritical water in the supercritical boiler tube.
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Abstract The present study investigated mechanical
properties such as Young's modulus and tensile strength of
aluminum nanocomposite reinforced with defective
graphene with vacancy and hole defects under uniaxial
tension using molecular dynamics simulation. Also, the
effect of the number of graphene layers in a constant
volume ratio on the mechanical behavior of the
nanocomposite has also been obtained. This simulation
was done with the help of the LAMMPS open-source
package by modeling a periodic system with NVE and NPT
ensembles. The AIREBO and MEAM potentials were used
to describe the interaction of carbon and aluminum atoms,
respectively, and Lennard Jones potential was used for the
interaction between these atoms. The obtained results
show that adding a single layer of graphene to the
structure of pure aluminum has improved Young's modulus
and tensile strength of pure aluminum by 220 and 320%,
respectively. In addition, it is observed that the effect of
pinhole and vacancy defects on Young's modulus and
tensile strength is non-linear and has a decreasing trend.

Key Words nanocomposite, mechanical properties,
molecular dynamics, graphene, vacancy defects.

1-Introduction

A two-dimensional honeycomb structure of carbon atoms
that make up graphene sheets has extraordinary
mechanical properties found as reinforcements in various
composites. Considering the increasing progress of
composites, investigating the mechanical properties of
graphene-reinforced composites is one of the significant
goals of researchers in this field. In 2017, Makhalingam
and Kumar assessed the mechanical properties of
aluminum-graphene nanocomposite [1]. In the mentioned
research, the effect of structural defects and the number of
layers on the mechanical properties has yet to be
investigated, and the reported results are limited to Young's
modulus of nanocomposite. In the present study, the
mechanical properties of graphene-reinforced aluminum
nanocomposite under uniaxial tensile test, as well as the
effect of vacancy defects and hole defects in the graphene
layer and the number of graphene layers on Young's

modulus and tensile strength of the nanocomposite, have
been investigated.

2- Modeling

The nano molecular unit cell (NUC) for MD simulation is
shown in Figure 1. In this simulation, periodic boundary
conditions are used in all three directions. The volume
fraction of carbon is 5%, and the dimensions of the
nanocomposite are 51 angstroms in the x and y directions
and 28.35 angstroms in the z direction. In the present study,
interatomic potentials (MEAM), (AIREBO), and (L-J)
were used. The time step value of 0.5 femtosecond was
considered for all the simulated models and the atoms
under the microcanonical set (NVE) at 300 Kelvin were
balanced with a Langevin thermostat. Afterward, zero load
pressure was applied using the NPT ensemble to release
the initial internal stresses

(b)

(©
Figure 1. Atomic model showing the structure of graphene
aluminum nanocomposite (AL-Gs) a) single-layer graphene,
b) double-layer graphene, and c) three-layer graphene
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3- Results
Figure 2 investigated the effect of vacancy defects, pinhole
defects, and the number of layers on the stress-strain
diagram. It can be seen that with an increase in the atomic
percentage of vacancy defects and radius of the pinhole
defects, Young's modulus and ultimate stress decreased.
However, by augmenting the number of graphene layers,
the mechanical properties of graphene-aluminum
nanocomposite improved.

25

— perfect struclure

-0—@- 0.03 vacancy defect
- 0.06 vacancy defect
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20
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0 0.05 0.1 0.15 0.2
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Figure 2. Stress-strain curves a) comparison of the effect of
vacancy defect, b) effect of pinhole defect, and c) effect of
number of layers

In Tables 1-3, the nanocomposite Young's modulus and
ultimate stress are given for all the states investigated in
this research. For nanocomposite with 3, 6, and 9 percent

vacancy defects, Young's modulus is 129.6, 116.8, and
102.4 GPa, respectively, which decreased by 15.2%,
23.6%, and 33%, respectively, compared to the perfect
sample. Moreover, for the nanocomposite with pinhole
defects with a radius of 5, 7, and 9 angstroms, Young's
modulus is 140, 135.4, and 120.59 GPa, respectively.
Compared to the perfect sample, it decreased by 8.4%,
11.5%, and 21.1%, respectively. Moreover, Young's
modulus for nanocomposites with one-, two-, and three-
layer graphene increased to 153, 157.7, and 159.7 GPa,
respectively, which shows 218%, 225%, and 228%
improvement, respectively, compared to the pure
aluminum sample.

Table 1. Young's modulus and ultimate strength of
graphene-reinforced aluminum nanocomposite with
vacancy defect

Vacancy Defect | Young's Modulus Ultimate Stress
% (GPa) (GPa)
3% 129.6 16
6% 116.8 15.1
9% 102.4 14.7

Table 2. Young's modulus and ultimate strength of
graphene-reinforced aluminum nanocomposite with pinhole

defect
Pinhole radius Young's Modulus Ultimate Stress
(GPa) (GPa)
5 Angstrom 140 18.6
7 Angstrom 1354 16.7
9 Angstrom 120.6 14.5

Table 3. Young's modulus and tensile strength of pure
aluminum and graphene aluminum nanocomposites (AL-

GS)
sample Young's Ultimate Stress
Modulus (GPa)
(GPa)

Pure AL 70 7
AL-Gs (single layer) 153 22.3
AL-Gs (double-layer) 157.7 22.4
AL-Gs (three-layer) 159.7 22.8

4- Conclusion

Adding a graphene layer to the pure aluminum
nanostructure increased Young's modulus and tensile
strength of pure aluminum significantly. However, the
vacancy defect decreased Young's modulus and tensile
strength of the nanocomposite. As a result, for a
nanocomposite with vacancy defects equal to 3, 6, and 9,
Young's modulus values were obtained as 129.6, 116.8,
and 102.4 GPa, respectively. In addition, the pinhole defect
decreased Young's modulus and tensile strength of the
nanocomposite. For example, for a nanocomposite with a
pinhole radius of 5, 7, and 9 angstroms, Young's modulus
values were 140, 135.4, and 120.59 GPa, respectively.
Finally, the behavior of vacancy and pinhole defects
effects on Young's modulus and tensile strength value were
non-linear with a decreasing trend.
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Abstract Total hip joint replacement has problems, one of
the most important of which is the stress shield
phenomenon and weak bone growth. When the modulus of
elasticity of the prosthesis is higher than that of the bone,
most of the physiological load is transferred to the implant
and the bone deteriorates. The solution to minimize it and
strengthen bone growth is to use materials with elasticity
modulus close to bone for prosthesis, and functionally
graded materials (FGM) with porosity have shown better
results than other materials. In this article, the model of
cylinder and prosthesis based on ISO 7206-4 and the
model of prosthesis and bone are used, and the results of
applied  stresses, stiffness of prostheses, and
micromovements between prosthesis and bone are
analyzed by the finite element method. The superiority of
this study compared to previous studies is the use of
prosthetic and cylinder models for different geometries
and the investigation of micromovements and its effect on
bone growth. The results show that the use of porous FGM
prostheses for each different prosthesis geometry is
effective in reducing the stress shield and bone growth.
Key Words Femoral prosthesis, Functionally graded
materials, Porosity, Stress shielding, Finite element
method, Micromotion.

1- Introduction
Total hip replacement (THR) is known as a good choice

for patients and can be useful for pain relief, function
recovery, and quality of life improvement. Despite the
success of THR, some reasons can negatively affect the
use of this treatment, such as stress shielding. In this study,
to solve this problem, a functionally graded material
(FGM) was used for femoral prosthesis. Therefore, to
investigate the effect of these materials, two models of
prosthesis-epoxy cylinder and prosthesis-bone were used.
The use of FGM materials in the prosthesis-cylinder model
for different geometries and the investigation of micro-
movements and their effect on bone growth were among
the innovations of this research compared to other articles.

2- Methods

Three designed profiles and three circular, oval, and
trapezoidal shapes were chosen for the distal and proximal
sections of the prosthesis for this research. Three-
dimensional (3D) design was applied in Solidworks
software. To assign FGM materials consisting of two
metal and ceramic materials for prostheses, the one-
dimensional model of these materials and their constitutive
equations were used. The following equations were used
for the modulus of elasticity:

_ E,(1-p) 1)
1 p(5+8v)(37 —8v)/{8(1 + v)(23 + 8v)}
where E, is:
E¢ + (Ey — Eo)VZ/3
Ey = E¢ 2/3 (2)
Ec + (Em — E (V2 = Vi)
and
Vm = (V/l)m 'Vc =1- Vm (3)

where E. and E,, are the mod 1s f elas city of ce imic
and metal, respectively. The V,,, V., and v denote vc ume
fraction of metal, the volume fraction of ceramic, V.and
the Poisson's ratio of e whole FGM material,
respectively. The functional )orosity of the FGM material
is also specified by the p parameter. To assign the
properties of the FGM material to the selected prostheses
and transfer them to ABAQUS, it was necessary to write a
subroutine (USDFLD subroutine) of relations in the
Fortran programming language and the Visual Studio
software environment.

3- Prosthesis-epoxy cylinder model
All models were first integrated into 3D finite element

models in ABAQUS to evaluate the performance of the
designed prostheses in the natural femur. The ISO (ISO
7206-4) used in this research includes the endurance
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performance of femoral stem compone s Hhip
prostheses and femur stem components thata 1 € | ne
in partial hip joint replacements. In FGM, m = 0,0.1 is
used to assign the properties of the material to the
prostheses. The settings and positions of the prostheses
inside the cylinder, as well as the loading, boundary
conditions, and interference between the investigated
components, are adjusted based on the 1SO used.

4- Prosthesis-bone model

To study the effect of designed FGM prostheses, the finite
element model that includes the prosthesis and femur
along with suitable physiological loads was used. For this
purpose, a 3D model of the bone was first prepared and
assembled with the prostheses for the finite element
analysis. A set of CT-scan images of the femur of a 28-
year-old person was used for the 3D reconstruction of the
desired area and to convert it into a 3D model. Between all
components, sliding is limited, surface-to-surface contact
with a friction coefficient of 0.4 is considered, and
tetrahedral elements of the second order (C3D10) are
assigned.

5- Results

The FGM material assigned to the prosthesis was validated
based on the work of Hedia et al., which is shown in Figure
(). As can be seen, both the elasticity modulus-length
diagrams of the prosthesis in this study and the model of
Hadia et al. were in good agreement and were used for
finite element analysis for models as well as prosthesis
geometries.

The results obtained from the prosthesis-epoxy cylinder
model. Force-displacement diagrams were extracted for
all prostheses with two homogeneous materials, titanium,
and FGM, in the epoxy model.

As shown in Figure 2 as an example of the prosthesis
with a circular cross-section profile, it is clear that the
FGM structure reduced the stiffness (slope of the force-
displacemen 1i 3 1) of the prostheses. This means that
by increasing F 1 :eupto 2250 (N), all FGM prosthesis
geometries (m = 0.1) have more displacement compared
to the homogeneous prosthesis, and as a result, the stiffness
decreases and approaches the bone stiffhess, which is what
we had in mind.

% 104 Validation of FGM model

10 -

6

Modulus of elastisity(MPa)

[

= = :Present work
Hedia et al work

0 20 40 60

100 120 140 160 180

Femoral prosthesis lengh(mm)

Figure 1. Diagram of changes in the modulus of elasticity in the length
of the prosthesis for the present model and the model of Hedia et al.
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Figure 2. Force-displacement diagram of circle profile
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Figure 3. Chart of changes in the maximum value of von Mises stress
according to the volume fraction of FGM material in profile 1 prostheses
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Figure 4. Chart of changes in the maximum value of von Mises stress in
bone according to the volume fraction of FGM material for profile 1
prostheses

The results obtained from the prosthesis-bone model. The
stresses in each layer of the prosthesis as well as the bone
were calculated through the resul 111 ¢ «nent
analysis for nine dense prosthesisger 1 r ¢+ ¢ 5 Afor
the volume fraction index values of m = 0,0.1,0.5,1 ina
normal walking cycle (Figures 3 and 4). In all prostheses
using FGM material, the stress applied to the prosthesis
decreased compared to the dense titanium material and
increased in the bone, which was as expected. The variety
in values is attributed to the difference in the design of each
prosthesis, profile, surface of different cross sections, and
the volume fraction index of FGM materials. The micro-
movement was calculated for distinct geometries, and the
micro-movements of more than 150 um are considered
excessive and cause instability in the prosthesis and
surgical failure. Therefore, among all geometries,
prostheses with trapezoidal cross-sectional geometry and
profiles two and three exceed the permissible limit and
should not be used by the patient.

6- Conclusion

FGMs are new materials with excellent capabilities.
Consequently, the main purpose of this research was to
investigate the effect of using FGMs instead of dense
materials in reducing the stress shielding phenomenon and
enhancing bone growth in hip prostheses. In the design of

the prosthesis for THR, flexible prostheses create less
stress shielding in the surrounding bone but have more
micromotion, and on the other hand, rigid prostheses with
high-tension  shielding induce less micromotion.
Therefore, the design challenge is to know how to
minimize the shielding stress while keeping the micro-
movements of the interface at acceptable levels and not
exceeding the permissible limit. Moreover, by examining
the different indices of FGM material and the stress results
obtained from the bone and prosthesis model, we
concluded that the larger the volume fraction index of the
FGM material, the stress values in the prosthesis and bone
compared to the applied stresses to the prosthesis and bone
group, in the case of using a prosthesis with dense titanium
material, decreases. Therefore, the values of volume
fraction index for FGM material are very effective and
should receive more attention and be investigated to reach
the appropriate index.
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Abstract Nowadays, liquid cooling channels are used for
cooling of electronic equipment. These channels have to
change the cross-section to pass over elements, so they
undergo sudden contractions or expansions. These changes
create areas that are unfavorable for heat transfer. Various
methods have been proposed to improve heat transfer in these
areas. In the present study, the possibility of using a non-
uniform magnetic field to improve heat transfer in a milli-
channel including two sudden contractions has been
discussed. In this study, it is assumed that a ferrofluid (EMG-
805-a commercial brand) flows in the channel with a laminar
regime, fully developed and steady state conditions. The walls
of the channel are adiabatic, while the walls of the steps,
which are in the vicinity of the electronic element, have a
constant heat flux. The effects of different parameters,
including locations of dipoles on the bottom and top walls, the
number of dipoles, the Reynolds number, and the strength of
the magnetic field on the improvement of heat transfer have
been investigated. The obtained results show that the increase
in Reynolds number and the strength of the magnetic field
cause an increase in local Nusselt. The results show that
applying a magnetic dipole on the bottom wall and just after
the steps results in a significant increase in the local Nusselt
number and an increase of 164.05% in the average Nusselt
number compared to the case without a magnetic field.
Keywords: Magnetic Field, Ferrofluid, Nusselt Number,
Heat Transfer, Dipole, Forward Facing Step.

1- Introduction

Enhancing heat transfer in channels with obstacles and sudden
contractions or expansions has been a focus for researchers,
with applications in areas, including electronic cooling.
Studies have explored different methods, such as nanofluids,
barriers, and magnetic fields in channels with obstacles.
However, channels with two consecutive steps have received
less attention, presenting a research gap. This study aimed to
utilize non-uniform magnetic fields in channels with double-
forward steps to enhance heat transfer using numerical
simulations with a specific ferrofluid (EMG-805, a

commercial brand, Ferrotec) to analyze distinct factors,
namely Reynolds number variations and magnetic field
positioning.

2- Problem Description
The present research focuses on a two-dimensional milli-

channel with consecutive contractions. The geometry and
computing domain are illustrated in Figure 1, detailing the
channel's dimensions and calculation area.

a . ~~dipole
H3
$b l 2
= &+
== o
H2 " L
g |~ e
- q
< > —> < >
11 L2 L3
Figure 1. Schematic of the problem
3- Equations

The problem assumes two-dimensional incompressible flow,
steady state, and constant fluid properties, neglects gravity,
and incorporates magnetic field effects as volumetric forces.
The equations can be found in Reference [4].

4- Fluids Properties

This study used the EMG-805 ferrofluid, a commercial
product from Ferrotec Company. Some previous research [34,
42] presented the characteristics of the selected ferrofluid.

5- Mathematical Modeling

The problem was modeled using Ansys Fluent 2021 software,
afinite volume-based numerical solver. A Coupled solver was
employed for pressure and velocity, with second-order
discretization for pressure, momentum, and energy equations.
Convergence was achieved when the residual was below102

6- Results and Discussion
This section presents modeling results, including dipole
number and location, Reynolds number effects, magnetic
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strength impact on the local Nusselt number, and overall
Nusselt number variations.

Applying a magnetic dipole under the lower wall

In this section, a magnetic dipole is applied to the bottom wall,
and its longitudinal distance (a) is changed to optimize
cooling conditions. Figure 2 shows changes in the local
Nusselt number. Applying a magnetic field alters the flow
field due to interactions with ferrofluid and
temperature/magnetic fields. The average Nusselt number
was the highest at a longitudinal distance of zero and vertical
distance of 1 mm, increasing by 56.57% compared to the case
without a magnetic field.

45
= Base case
- — a=2mm
40 —_— a=-lmm
——— g =0mm
a=08mm
35 — a=1mm
————— a=1.5mm

30

B [EEE I L 1 L | L1
05 00003 00006 0.0009 00012 00015 0.0018
X(m)
Figure 2. Variation of local Nusselt number with dipole location
positioned under the lower wall

Applying a dipole on the upper wall
In this section, a magnetic dipole was applied to the top wall

to optimize heat transfer. Changes in local Nusselt number
with dipole location are observed (

Figure 3), with stronger effects closer to hot spots. Optimal
cooling occurs when the dipole is positioned at 1.5 mm
longitudinally, resulting in a 49.88% increase in average
Nusselt compared to no magnetic field.

Applying dipole near critical areas

Placing magnetic dipoles on the bottom wall near steps
improves average heat transfer by 164.05% in the optimal
conditions as shown in Figure 4, occurring when the dipole is
at a longitudinal distance of 0.25 mm and 1.25 mm behind
steps, creating vortices that enhance heat transfer.

Applying two dipoles

This part explores the utilization of two dipoles
simultaneously to enhance heat transfer. Various
configurations were tested to find the optimal arrangement.
Placing dipoles between steps yields more uniform local
Nusselt variation. Despite some improvements, using two
dipoles is not recommended due to complexity and marginal
heat transfer enhancement. The average Nusselt increases by
183.14%, yet compared to the best single-dipole case, it only

improves by 6.74%, making the use of two dipoles less
favorable.

70
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Figure 3. Variation of local Nusselt number considering
dipole location position over the upper wall
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Figure 4. Effects of positioning dipoles on the critical points
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Figure 5. Using two dipoles with different arrangements ((a) a:

=-1mm, a2=1mm, by =3 mm, b=3mm, (b) a1 =-1 mm, az=

1.5 mm, by =-1 mm, b2=3 mm, (c) a1 =-1 mm, a2=0.75 mm, bz
=-1mm, b2=0.3 mm, (d) a1 =0.5 mm, a2=1.5 mm, b1 =0.3

mm, b2=1 mm, (e) a1 = 0.5 mm, a2=1 mm, b1 = 0.3 mm, b2=3
mm, (f) a1 = 0.25 mm, a2=1.25 mm, b1 =0 mm, b2=1 mm)
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7- Conclusions
Due to the critical need for effective cooling in compact
electronic devices, the potential of magnetic dipoles to
enhance heat transfer in front of a double-forward single-step
was investigated. Results indicated that:
e Single dipole placement under the bottom wall
significantly increased both local and average Nusselt
numbers, with the most optimal condition yielding a
57.56% increase in average Nusselt number.
e Applying a single dipole over the upper wall also
improved heat transfer but to a lesser extent. Optimal
performance was achieved with a dipole located 1.5 mm
away, resulting in a 49.88% rise in the average Nusselt
number.
e Strategically placing dipoles in critical areas around the
steps leads to the best thermal performance, with the
highest average Nusselt (164.05%) achieved when placing
a dipole at the back of the steps (longitudinal distance of
0.25 mm and vertical distance of 1.25 mm).
e The use of two dipoles increased both local and average
Nusselt numbers by 183.14%, but the improvement was
modest compared to a single dipole.
e Increasing the Reynolds number improved heat transfer
but diminished the effect of the magnetic field caused by
the dipole.
¢ The strength of the magnetic field significantly enhanced
the local Nusselt number.
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Abstract In this study, the effect of using vortex
generators in the form of semicircular plates with different
angles and at different longitudinal distances in the
chimney of a laboratory furnace with natural gas fuel on
the hydrodynamics of the flow and the rate of heat transfer
from combustion products has been investigated
experimentally and numerically. The investigated
parameters were angles for blades and the number of
blades. In order to properly simulate the process, the
three-dimensional model of the geometry, including the
blades producing the vortex and the middle chamber of the
chimney, has been prepared in the Gambit software and
used in the modeling of the process by the Fluent software.
The governing equations for the flow of combustion
products entered the chimney and passed over the blades
include the equations of conservation of mass, momentum,
energy and kinetic energy of turbulence and its
dissipation. To model the turbulence, the standard k-£
model is used as one of the simplest yet most accurate and
widely used turbulence models in the simulation of
turbulent flows. The results show that vortex generators
with reducing the speed in the central area of the chimney
and increasing the residence time of the combustion
products and also by directing the flow towards the
boundary layer adjacent to the wall, increases the heat
transfer to the chimney. The angle of 55° and the number
of blades 7 was the optimum condition that prevents the
flow of exhaust gases from returning and the concentration
of carbon monoxide was lower than standard level. The
results revealed that in optimum case, by changing the gas
flow rate in the range of 0.5 to 0.75 m%hr, the heat transfer
to the chimney wall increases by 21% on average.

Key Words Vortex generator, Combustion products,
Heat transfer enhancement, Blade angle, Number of
blades.

1- Introduction

Natural gas flame has poor radiation heat transfer
characteristics. Therefore, the heat transfer efficiency of
the flame is low and the combustion products in the

chimney have high temperatures, and heat recovery from
the flow of gases passing through the chimney will prevent
heat loss in gas combustion systems. Installation of twisted
tapes and vortex generators is the most common method
for improving heat transfer in internal flows. Twisted tapes
by creating rotation in the flow and the rotational
movement of the flow on the surface increase the contact
surface and contact time between the fluid and the surface,
leading to higher heat transfer.

The low thermal efficiency of gas-burning equipment
produced in the country, including wall-mounted gas-
burning water heaters, explains the necessity of optimizing
this equipment to save on the consumption of natural gas
as the cleanest source of fossil fuel. As mentioned, the use
of vortex generators is one of the most optimal ways to
enhance the heat transfer coefficient and the rate of heat
transfer to the wall in internal flows. Considering that in
wall-mounted gas water heaters, the resulting combustion
products are from the burning of natural gas while passing
through the central chimney of the water heater. They
exchange heat with the wall of the tank, increasing the
temperature of the water inside the tank. Therefore, the use
of these vortex-producing vanes in the flow path of the
combustion products passing through the chimney can
increase the heat transfer coefficient of the combustion
products and the heat transfer rate to the wall of the water
heater by creating turbulence, reducing the flow speed in
the central area of the chimney, and increasing the flow
speed in the boundary layer adjacent to the chimney wall.
Consequently, in the present research, the effect of using
vortex generators as semicircular plates with different
angles and at diverse length distances in the chimney of a
natural gas wall-mounted water heater on the
hydrodynamics of the flow and rate of heat transfer from
combustion products is investigated. Moreover, the
optimal arrangement for the vortex blades in terms of the
number and angle of the blades was obtained by combining
the results with the laboratory data.
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2- Numerical simulation

In order to simulate the effect of using vortex generator in
the middle chimney of the water heater, a three-
dimensional model, including the vortex vanes and the
middle chamber of the water heater chimney was prepared
in Gambit software and was used in process modeling by
Fluent software. Figure 1 shows the geometry of the
problem consisting of the chimney and vortex blades and
Table 1 shows the geometric quantities and dimensions of
the problem.

Chimney outlet Vortex generator
Blade angle E—
/ |

Chimney inlet
Internal wall

Figure 1. Geometry of chimney and vortex generator

Table 1. Dimensions of chimney and vortex generator

Chimney length 720 mm
Chimney diameter 110 mm
Blades radius 50 mm
Blades number 3-4-7
Blades angle 300-45°-55°
Blades thickness 3mm

The boundary conditions used in the simulation include
the velocity inlet boundary condition at the entrance of the
combustion products to the chimney, the out flow
boundary condition at the exit of the chimney, and the wall
boundary condition for the fins and the chimney wall. It
should be noted that due to the lack of boundary conditions
at the exit of the chimney, the out flow boundary condition
was used. This boundary should be used more in the
simulation of developed flows, and the development of the
boundary is acceptable considering the geometry of the
problem and the entangled regime of the flow caused by
the vortex generator. Moreover, the thermal boundary
condition of the type of convection heat transfer on the
external wall of the chimney was used and the convection
heat transfer coefficient “h” was calculated and replaced
from the Churchill and Chu's equation. A standard k-g
model was used to model turbulence. Coupling between
pressure and speed was performed with the help of simple
algorithm. In addition, the discretization of pressure was
performed using the Presto method. The discretization of
other equations was done first by the upstream method of
the first order, followed by the upstream method of the
second order. The following discount coefficients were
applied for energy and eddy viscosity of 0.5 and 0.8,
respectively. The convergence condition of 10* was
considered for all equations except the energy equation.
This value is 10 for the energy equation. To ensure the
accuracy of the simulation and validation of the results
obtained from the modeling, a laboratory sample of the
simulated blades was made and installed inside the middle
chimney of a gas wall-mounted water heater and the heat
transfer flux on the chimney wall in the case of using

vortex generator was determined and compared with the
corresponding modeling results.

3- Results

Figure 2 shows the effect of the number and angle of the
vortex generator blades on the rate of heat transfer to the
chimney wall. As can be seen, an increase in the number
of blades augments the rate of heat transfer to the wall.
Increasing the angle of the blades also raised the rate of
heat transfer to the chimney wall. Furthermore, with the
increase in the number of blades, the effect of blade angle
on improving the heat transfer rate also increases. The
important point is that with a rise in the blades number and
the angle of the blades, the amount of pressure drop
increases, which augments the possibility of flue gas flow
reversal. Consequently, the blade angle of 55 and the blade
number of seven are the optimal mode that prevents the
reverse flow of exhaust gases.

4000
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3500 \5\\\\6\\\\7\\\\8

4
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Figure 2. Effect of the number and angle of blades on the
rate of heat transfer to the chimney wall

Figure 3 shows the heat flux transferred to the chimney
wall with and without the vortex generator and for
different gas flow rates. As can be seen, the use of vortex
generator in the path of combustion products passing
through the chimney increases the heat transfer to the
chimney wall by an average of 21%.
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Figure 3. Effect of gas flow rate on the rate of heat transfer
to the chimney wall

Figure 4 shows the distribution of the flow speed of
combustion products in the chimney using vortex
generator. As can be seen, vortex generator reduces speed
in the central region of the chimney. Moreover, it disturbs
and directs the flow towards the boundary layer adjacent
to the chimney wall which increases the flow speed in the
vicinity of the wall and consequently raises the convection
heat transfer to the chimney wall.

Contours of velocity (m/'s)
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Figure 4. Combustion products flow distribution in the chimney
using optimal vortex generator

3- Conclusion

The effect of using vortex generators as semicircular plates
with different angles and at diverse longitudinal distances
in the chimney of a gas wall-mounted water heater on the
hydrodynamics of the flow and the rate of heat transfer
from the combustion products to the wall was investigated
experimentally and numerically.

1- Placing a vortex generator reduces flow speed in the
central region of the chimney and increases the residence
time of the combustion products. Furthermore, it disturbs
and directs the flow towards the boundary layer adjacent
to the chimney wall which increases the flow speed in the
vicinity of the wall and consequently raises the convection
heat transfer to the chimney wall.

2- In general, with an increase in the number of vortex
generator blades, the rate of heat transfer to the wall
augments. In addition, increasing the angle of the blades
raises the rate of heat transfer to the chimney wall.
Furthermore, with a rise in the number of blades, the effect
of the angle of the blades on improving the rate of heat
transfer increases.

3- By augmenting the number and angle of the blades, the
amount of pressure drop and the possibility of the return of
the flue gas flow increase. Consequently, the blade angle
of 55 and the blade number of seven are the optimal mode
that prevents the reverse flow of exhaust gases.
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Abstract Today, liver cancer ranks sixth among cancers
and ranks fourth among the causes of death. Examining the
condition of the body and early recognition of this disease
can be effective in its control and treatment. Examining the
mechanical properties of the liver tissue and studying its
Young's modulus will identify the health status of the tissue
and the patient. In this research, Young's modulus has been
theoretically calculated using slab friction models, reset
integration, and Bleiman and Sorin models. Also, using
atomic force microscope, this modulus has been extracted
experimentally. Comparison of theoretical and experimental
modules obtained will have similar results. According to the
examination of texture and relationships at the nano level,
the second model of Billman and Sorin is more accurate due
to the smaller range of changes and the more complex
equation. Therefore, it is suggested to use the second model
of Billman and Sorin in future researches.

Key Words Liver cancer tissue, Dahl friction model, Reset
integration, Bleiman and Sorin friction models, Atomic force
microscope.

1- Introduction

Excessive growth of liver cells leads to the formation of a
mass in the upper and right part of the abdomen and causes
liver cancer. Today, with the increase in the incidence of this
disease, this cancer is named as the sixth most common
cancer and the fourth cause of death due to cancer. Primary
liver cancer originates from the cells and tissues of the liver.
Consequently, investigating and studying the properties of
these areas will identify the condition of the tissue. The use
of atomic force microscope with the approach of moving
nanoparticles plays an important role in extracting the
mechanical properties of tissues and nanoparticles. Choosing
suitable friction models to calculate the force and depth of
penetration in scanning by an atomic force microscope will

increase the accuracy and precision of the experiments.
Therefore, various investigations have been conducted all
over the world to assess the mechanical properties of
different tissues using the friction model. Moreover, some
research has been performed to examine the used model and
compare the friction models. The present research aimed to
investigate the liver cancer tissue in order to identify its
mechanical properties by the Young's modulus. In this study,
slab friction models, reset integration, and Bliman and
Sorine models are used exclusively. Young's modulus was
first extracted experimentally using the atomic force
microscope nano tool. Finally, the results of theoretical
simulations were compared with experimental diagrams. As
a result of comparing and matching these two groups of
graphs, Young's modulus of liver cancer tissue was
determined. The innovation of the current research is the use
of different friction models for the first time in investigating
the mechanical properties of liver cancer tissue and
extracting its Young's modulus.

2- Modeling

In this section, the governing equations of some of the
different friction models available in the articles are
reviewed and explained, and their relationships and
applications are explained. The models used in this study
were four Dahl models, reset integration, and Bliman and
Sorine models. Following examining their governing
relationships, the Bliman and Sorine model had the best
effect on the obtained results. The equation of this model is
as follows [1-4]:
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3- Experimental studies

In order to obtain the mechanical properties of the liver
cancer tissue, investigations have been performed by
scanning with a force microscope. Examination of tissue
using atomic force microscope requires preparation of
cancerous tissue or its culture. The tissue separated from the
body, after being placed and cut to the desired dimensions, is
placed in paraffin preservative solutions. Afterwards, the
tissue is dried and placed on a slide. Topographic images of
the tissues are extracted by the software associated with the
device.

B and C=(1 1), 2

3D image
Figure 1. Topography recorded by atomic force
microscope

4- Conclusion

In this article, the range of Young's modulus of liver cancer
tissue was investigated using atomic force microscopy by
four slab friction models, reset integration, and Bliman and
Sorine models. In this research, the module obtained from
the experimental technique and the theoretical methods were
compared. The results showed that the comparison of
Young's modulus values experimentally and using the
second model of Bliman and Sorine had a closer range to
each other. Therefore, the average Young's modulus is
predicted to be 1.2 kPa. In Figure 2, using reference [5], the
correctness of the research can be seen. According to this
diagram, the obtained Young's modulus is close to the
previous researches.
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Figure 2. Comparison of force-penetration depth theory
diagrams

Understanding the mechanical properties of cancerous
tissues can be effective in preventing and controlling the
proliferation process. The use of atomic force microscope
and various friction models calculates the Young's modulus
of the tissue with the closest and least damage. In this
research, liver cancer tissue was evaluated using atomic
force microscopy, slab friction models, reset integration, and
Bliman and Sorine models.

The main purpose of this research was to investigate the
effectiveness of friction models used in the force and depth
of liver cancer tissue penetration. In this research, Young's
modulus was theoretically calculated at the nanoscale due to
the measurement of modulus using atomic force microscope.
Among the methods used, the model obtained using the
Bliman and Sorine model was more accurate than others.
The minimum and maximum differences in the Bliman and
Sorine model had a smaller value and a tighter tolerance than
others. Furthermore, by comparing the graphs governing all
four models and paying attention to equation 2, it can be seen
that this equation is more complicated. Nanoscale studies
require more complexity due to the importance of surface to
volume. Therefore, using a model with the complexity of
relationships, followed by higher accuracy, will extract a
more desirable module.
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