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1. Introduction

The commercialization and application of nanoscience in
the field of medicine and cancer are among the significant
goals of researchers of this field. The increasing need for
obtaining information about cancer tissues to create a new
method for the treatment of this disease cannot be ignored.
Taking into account the equations of Carlson-Batista,
Lemaitre-Carlson, and FKT friction models, and the
results obtained from the exploration of gastric cancer
tissue by atomic force microscope, this study simulated
two-dimensional manipulation of gastric tissue. The
critical force and critical time are calculated and the most
optimal value is considered. Moreover, the results are
compared with the results of other studies.

2. Results
Figure 1 shows that the forces are applied in x and z
directions and are shown as F, and Fy, . Due to the constant

vertical force of the surface in the z direction, the force in
this direction remains constant. By summarizing the two
forces, a black graph or resultant force graph was obtained.
By fixing all the forces in different directions as well as the
resulting force, the critical force and time were recorded in
the diagrams considering different friction models.

Carlson and Batista Friction Model
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Figure 1. Results of the first phase of nanomanipulation
with different friction models

3. Verification

The results of this study were compared with the results of
other studies like [4] to check the accuracy of the results.
In [4] the Coulomb friction model has the biggest amount
of force and time due to the simplicity of the modeling.
Moreover, the lowest value belongs to the LuGre friction
model due to considering the actual contact surface. This
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study showed that the FKT contact model is the most
favorable friction model due to the development of other
models, being more accurate in modeling, and providing
the lowest amount of force and critical time to prevent

damage to tissues.

Figure 2 shows that the force value in the FKT model is
0.543 nN, which is very close to the force value in the
LuGre friction model that is 0.51 nN. Moreover, the
amount of critical time was reduced from 0.6 ms in the
LuGre model to 0.45 ms in the FKT model.

4. Conclusion

The application of nanomanipulation technology for
examining cancer tissues with the aim of identifying and
treating this disease will be possible when detailed data on
the first and second phases of manipulation and the
parameters affecting them are provided. Therefore, the
desired cancerous tissue should be explored by atomic
force microscope and the required diagrams and images
should be prepared. This study investigated the impact of
different friction models on the force and critical time of

gastric cancer tissue manipulation. The investigated
models include Carlson and Bautista, Lemaitre and
Carlson and FKT models. In this way, the geometry of
gastric cancer tissue is assumed to be spherical by the
topographical image provided by the atomic force
microscope. The force-time diagrams are drawn
considering the resultant force and force parameters in the
x and z direction. The critical force and time are recorded
at the moment when all the diagrams are fixed, and the
critical force and time are recorded for each of the models.
The values 0.453 nN and 45 ms were calculated as the
lowest values of force and critical time, respectively, by
considering the FKT friction model. Therefore, in order to
find the optimal amount of force and critical time, all of
the models are examined, and then other environmental
and geometrical parameters and forces resisting motion are
examined, and an optimal model is presented considering
values close to reality. The second phase is also considered
and the comprehensive model is used in practical
applications.

1 r
05 }
0 <
Critical Time
#1072 (ms) Critical Force
(nN)
Critical Time *1072 (ms) Critical Force (nN)

m Coulomb [4] 1.02 1.16
= HK [4] 0.78 0.69
m LuGre [4] 0.6 0.51
Carlson and Batista 0.87 0.928
m Lemaitre and Carlson 0.63 0.708
mFKT 0.45 0.543

Figure 2. Validation of force values and critical time obtained with other sources
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Investigation of New Friction Models in Two-Dimensional Manipulation of Gastric Cancer Tissue

Moein Taheri

Abstract Goals such as not harming healthy tissues and other organs when using medicine and identifying cancerous
tissues as soon as possible have led to the entry of nanoscience into the field of medicine. In this regard, a research was
conducted considering various tools and methods, and the most desirable of these methods was the nanomanipulation
method based on the atomic force microscope due to its many applications in the study of cell tissues in different
environments. Therefore, in this article, in order to find the optimal amount of force and critical time in nanomanipulation
of cancer tissue, with the aim of exploring the surface and obtaining information about gastric cancer tissue with the
least damage, 2D simulation of nanomanipulation has been carried out. The important factor investigated in this research
is friction, which is one of the factors that resist movement and has a direct effect on force and critical time. Therefore,
with the development of simple friction models, considering Carlson-Batista, Lemaitre-Carlson and FKT friction models,
force-time diagrams have been drawn and critical force and time values have been calculated. The lowest value of the
force was equal to 0.453 nN and the lowest value of the critical time was equal to 45 ms, which was obtained from the
simulation with the FKT friction model. Also, by comparing these values with past researches, a decrease in force and
critical time compared to the LuGre friction model has been seen.

Key Words Gastric cancer tissue, friction model, nanomanipulation, critical force and time, atomic force microscopy.
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1. Introduction

The solar central cavity receiver is widely used in solar
thermal tower power plants. However, due to the
concentrating sun rays reflected from heliostats mirrors,
the solar flux in the central part of receiver tubes surfaces
is much higher than the edges that cause the greatly non-
uniform temperature distribution. Many researchers have
tried to reduce the large heat flux gradient through
changing the arrangement of heliostat mirrors, different
working fluid, and different insert configurations.

This research studied the impacts of four types of insert
configurations on heat transfer performance of solar cavity
receiver tube. The HFCAL method was applied to
calculate the actual non-uniform heat flux distribution on
the receiver tubes. The impacts of insert configurations,
pitch and thickness of inserts, and positions of inserts were
investigated.

2. Governing equations

The fluid considered in the receiver tubes is molten nitrate
salt, which has a high energy storage capacity. According
to the previous studies, the standard high-Rek-¢ model with
the standard wall functions can predict the heat transfer
and friction of the molten salts in turbulent tube flow
suitably. The governing equations can be expressed as
follows:
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The temperature-dependent thermophysical properties of
the molten nitrate salt, including viscosity, density,
conductivity, and specific heat capacity are defined as
piecewise functions:
41=0.23816—1.2768E —3T +2.6275E —6T * —

5 ] (6)
2.4331E — 9T * +8.507E —13T *, Pas
p=2280.22—0.733T , kgm™> (7
K = 0.7663— 6.47E — 4T , W(mK) "+ (8)
¢, =1560, J(kgK)* 9)

3. Model description

Four types of inserts configurations are considered to
improve the performance of receiver tubes: 1) twisted tape;
2) wavy tape; 3) helical screw tape; and 4) louvered strip.
Figure 1 shows the geometrical dimensions of the inserts.
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Figure 1. The Geometric dimensions of the inserts
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4. Boundary conditions
The constant velocity and temperature are considered at
the inlet of the tube and fully developed assumption is
applied to the outlet. At the receiver tube outer surface, a
non-uniform heat flux boundary condition is
employed.Here, the non-uniform actual heat flux
distribution is calculated by the HFCAL model of ten
heliostats as Equation 10:
10 _(y?+2?)

Flux (y,z) =ZL;e 2 (10)

i=1 2 HF i
wherey and z are the coordinates of heliostat, Pn and onr
are the total power and effective deviation in HFCAL,
respectively.

5. Numerical results

In this section, the impacts of insert configurations, pitch
and thickness of insert, position of insert, and the impact
of non-uniform heat flux boundary condition were
investigated.

The impact of inserts configurations

Figure 2 shows the variations of Nusselt numbers Nu with
Reynolds numbers Re for four types of inserts. It can be
observed that the wavy tape has the highest Nu and helical
screw tape has the lowest Nu.

280
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260 |- ——s—— twisted-tape

I louvered strip
240 — = = helical screw-tape
- —e - pipe

20F
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L 24
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et 20— a0a 15005 13060 3at0s
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Figure 2. The Nusselt numbers versus Reynolds numbers

for different inserts

The impact of insertpitch

In order to analysis the impact of insert pitch on the flow
and heat transfer of receiver tubes, the wavy tape pitch is
set to 40 mm, 80 mm, 60 mm and 160 mm. Figure 3 shows
the Nusselt numbers Nu versus Reynolds numbers Re for
different pitches of wavy tape. It can be seen that Nu
increases when insert pitch decreases.

300
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280 ---4--- wavy tape-pitch=80

[ ---v--- wavytape-pitch=100
[ wavy tape-pitch=160
260 _ _e—.~ pipe
20

20
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200 -
180
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wof o7

B I R T T R
Re
Figure 3. The Nusselt numbers versus Reynolds numbers

for four differentpitches of wavy tape

The impact of insert thickness
The pitch of wavy tape is set as 100 mm in this section,

and the impact of insert thickness is examined by
considering three cross-section areas: 8x1 mm?, 8x2 mm?
and 8x3 mm?. Figure 4 shows the variations of Nusselt
numbers Nu with Re for different thickness of wavy tape.
It can be seen that the thickness of wavy tape has almost
no impact on Nu.

The impact ofposition of insert on receiver tube

To examine the impact of position of wavy tape on
receiver tube, three different positions are considered: 1)
placed in sunlight concentrated domain; 2) placed in the
middle; and 3) placed in back-sunlight domain.

Figure 5 illustrates the variation of Nusselt numbers versus
Reynolds numbers for different positions of wavy tape. It
is clear that the Nusselt numbers of wavy tape placed in
the back-sunlight domain are higher than those of placed
in the sunlight concentrated domain because the hot fluid
flow and cold fluid flow can be mixed entirely.

20|
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Figure 4. The Nusselt numbers versus Reynolds numbers

for different thickness of wavy tape
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Figure 5. The Nusselt numbers versus Reynolds numbers

for different positions of wavy tape

T B T IS S SR 1
16000 18000 20000

L. Ll
8000 10000

6. Conclusion

This study examined heat transfer capability of the molten
nitrate salt in a receiver tube with non-uniform heat flux.
Four types of inserts configurations were considered and
the impacts of insert configurations, pitch and thickness of
inserts and positions of inserts on heat transfer
performance of receiver tube wereexamined. The
following conclusions were obtained.

The wavy tape has the highest Nu,which is 150 when Re
set as 8000. The Nusselt number increases when insert
pitch decreases. Under the non-uniform heat flux, the best
position for the insert inside receiver tube is the back-
sunlight domain.
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Numerical Study of Flow and Heat Transfer in Cavity Receiver Tube of a Solar Power Tower with
Different Inserts under Non-uniform Heat Flux

Siavash Zeynalpour Zahra Mehrdoost

Abstract In this paper, the effect of using four different types of inserts in cavity receiver tube of solar power tower to
improve heat transfer and reduce non-uniform temperature distribution is investigated. Numerical simulation is
performed in three dimensions and the effect of inserts configurations, position inside receiver tube, pitch and thickness
of insert and the effect of non-uniform heat flux on the Nusselt number, friction factor and temperature of outer surface
of receiver tube are investigated. The flow is incompressible, steady state, turbulent and the Reynolds number is in the
range of 8000 to 20000. Numerical simulation results for four types of inserts: twisted-tape, wavy-tape, helical-tape and
louvered-tape show that wavy-tape compared to the other three types, has the higher Nusselt number and the lower
average temperature of receiver tube surface. The Nusselt number of the wavy-tape is increased by 1.8%, 2% and 3.2%
relative to the louvered-tape, twisted-tape and helical-tape, respectively and 10% relative to the receiver tube without
insert. By increasing the insert thickness and decreasing the insert pitch, the Nusselt number increases and average
temperature of receiver tube surface decreases. Investigating the insert position in three cases: close to the non-uniform
heat flux wall, the middle of the tube and close to the insulation wall show that by increasing the distance of insert from
non-uniform heat flux wall, the mixing of hot and cold fluids flow is better and the temperature distribution is more
uniform. Therefore, the best position to place insert is the farthest distance from the non-uniform heat flux wall.

Key Words Solar power tower, Cavity receiver tube, Non-uniform heat flux, Insert, Heat transfer.
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1. Introduction
The use of global solar radiation information is significant

in many fields of meteorology, hydrology, and renewable
energy. In recent studies in the field of solar radiation
forecasting, researchers have turned to artificial
intelligence models due to their high prediction accuracy
and simplicity of use. For example, some used Multilayer
(ML) algorithm such as Feed Forward Neural Network
(MLFFNN), Radial Basis Function Neural Network
(RBFNN), Regression Vector Machine (SVR) and
Adaptive Neural-Fuzzy Inference System (ANFIS) to
predict hourly solar radiation. In this research, new hybrid
methods based on Greg and Harmony algorithms are
proposed for daily estimation of solar radiation in different
cities of Iran. Among advantages of these methods are high
capabilities of hybrid methods to deal with nonlinear
multidimensional functions, their capacity to identify
patterns and trends, continuous improvement using new
training data, and their wide range of application.
Moreover, comparative studies have been conducted using
daily test sets, which allow understanding the behavior of
these combined algorithms in relation to different weather
conditions in the cities of Bandar Abbas, Kerman,
Sanandaj, Semnan, and Zahedan. The daily compared
results show that the performance of the proposed hybrid
models significantly depends on the cloudiness of the sky.
The daily classification technique provides the possibility
of forming more homogeneous subsets, which has been
used to train the best hybrid models of regression vector
machine, wolf algorithms, and selected harmony. In the
following, the study area is introduced, and governing
equations, methods, and results are discussed.

2. Governing equations and solution methods

In this research, Abdullah's equation was used to predict
solar radiation and their results were compared with hybrid
models. Machine learning models are Regression Vector
Machine (SVR), Support Vector Machine Model Based on
Grey Wolf Optimization (SVR-GWO), and Hybrid
Support Vector Regression with Harmony Search (SVR-
HS). The data processing for estimation is done in four
steps:

1) Collection and analysis of primary data;

2) Data segmentation in training and testing datasets;

3) Making SVR hybrid models;

4) Validation of models.

Figure 1 shows the flow diagram of the methods used in
this study.

3. Results

An SVR model and two hybrid models GWO-SVR and
HS-SVR were developed in this research to predict daily
solar radiation. Predictions about the models were
evaluated using Abdullah's empirical equations and the
second regression equation (based on evaporation). Table
7 and Figure 5 show the results of the statistical analysis
of the comparison between the artificial intelligence
methods and the data measured in different stations. In this
research, in terms of statistical comparison between the
models in different stations, the hybrid models SVR-GWO
and SVR-HS have the best performance and among these
two models, the SVR-HS model is better.

*Manuscript received: October 29, 2022. Revised, November 21, 2022, Accepted, December 26, 2022.
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Figure 1. The structure of the proposed SVR based on optimization algorithms to solar prediction

Table 7. Statistical analysis results of comparison
between artificial intelligence methods and data

measured in different stations

Station Model NRMSE R?
SVR 0.13 | 0.74

Bandar Abbas | SVR-GWO 0.12 | 0.77
SVR-HS 0.12 | 0.78

SVR 0.16 | 0.77

Kerman SVR-GWO 0.15| 0.78
SVR-HS 0.15 | 0.80

SVR 0.18 | 0.83

Sanandaj SVR-GWO 0.17 | 0.85
SVR-HS 0.17 | 0.86

SVR 0.21 | 0.71

Semnan SVR-GWO 0.20 | 0.72
SVR-HS 0.20 | 0.73

SVR 0.17 | 0.69

Zahedan SVR-GWO 0.17 | 0.70
SVR-HS 0.17 | 0.71

4. Discussion

SVR-HS model shows an absolute superiority over other
models, especially the experimental models, so that the
performance of SVR-HS model is about two times higher
than the experimental model. Another finding of this
research is that considering the smoothness index (n.N) as
the only input for experimental models is not enough.
Therefore, the correctness of most of the predictions is
proved by considering the parameters in the more relevant
data. Moreover, the results of this research show that SVR-
HS is an efficient method for estimating solar radiation.
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Estimation of Solar Radiation in Different Climates of Iran Using Hybrid Machine
Learning Methods

Nabi Jahantigh Jamshid Piri

Abstract Solar radiation, the basic parameter required for solar energy programs, is not measured in all parts of the
world due to technical and financial limitations, and it is necessary to determine with the accurate estimation methods.
In this research, a model was developed to estimate the daily horizontal scattered solar radiation with the hybrid methods
of Support Vector Regression, Gray Wolf Optimization and Harmony Search Algorithm. To determine the validity of the
model, daily measured solar radiation data of different cities in the sunny part of Iran (Bandar Abbas, Kerman, Sanandaj,
Semnan and Zahedan) were used. The input parameters of the models are the mean temperature, relative humidity,
sunshine hour, evaporation and wind velocity. The comparison of the solar radiation of the hybrid model with the
measured values shows the desired results based on statistical analysis, and the hybrid model is an efficient and accurate
method compared to other models, especially experimental models. The average absolute bias error obtained, root mean
square error and correlation coefficient for Zahedan station are respectively equal to 14.77 MJm"2, 26.85 MJy/m"2, and
0.68 for the experimental equation and the obtained values of the regression vector machine - Harmony respectively It
was similar to 13.85MJm"2, 9.58 MJIm”™2 and 0.71. The research results showed that the regression-harmony vector
machine model is an efficient method that is much more accurate than other models.

Key Words Solar Radiation, Climate change, Support Vector Regression, Wolf Optimization Algorithm, Harmony

Search Algorithm, Experimental Models.
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1. Introduction

Shell and tube heat exchangers are among the most widely
used types of heat exchangers. They can be used in
industrial processes, oil and gas industries, conventional
and nuclear power plants as condensers, steam generators,
pressurized water reactors, and feed water heaters. They
have many other uses including alternative energy such as
the ocean, geothermal, as well as air conditioning and
refrigeration systems. The plates holding tube bundles in
the shell side of the shell and tube heat exchangers have
two important functions. The most important thing one is
supporting the tubes for structural strength, preventing
vibration and sagging of the tubes, and determining the
flow pattern among the tube bundle to increase the
convection heat transfer coefficient. Trefoil Perforated
Plate (Figure 1) is a type of baffle with a circular orifice
that directs the flow longitudinally in the shell. Shell-and-
tube heat exchangers with Trefoil Perforated Plate have
exceptional computational and fundamental anti-vibration
properties and represent the challenges of erosion and
advanced requirements for safe operation and
performance. In this research, the thermal and hydraulic
properties of the shell side of the shell and tube heat
exchanger with segmental baffle and trefoil baffle are
studied. Through the genetic algorithm, the functions of
heat transfer and pressure drop of the plates are optimized
in a single-objective and multi-objective manner for the
square and triangular arrangement of the tubes and the
optimized parameters of the trefoil and the segmental
baffle are measured together. Three-dimensional
simulation of shell and tube heat exchanger with trefoil and
segmental baffle is done by CFD to compare the behavior
and flow pattern of both baffles on the shell side.
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Figure 1. Trefoil Perforated Plate in triangular arrangement
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2. Implementation of genetic algorithm
The guiding equations for implementing the genetic
algorithm for the trefoil perforated plate are:
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The guiding equations for the implementation of the
genetic algorithm for the segmental baffle are:
deGg 0:55 CpH 13 04
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3. Simulation of shell and tube heat exchanger using
CFD

The standard model of turbulence (k-g ), which is a semi-
empirical model based on transient equation models for the
kinetic energy of turbulence (k) and the amount of loss
(e ), was used. Itisa class of turbulence models commonly
used in practical engineering flow calculations such as
turbulent flows on the shell side of heat exchangers. The
simulation method was pressure-velocity coupling method
based on SIMPLE algorithm, and the discrete momentum
and energy equations were based on the second-order
upwind difference scheme.

4. Results of the genetic algorithm
The highest value of convection heat transfer coefficient
for trefoil baffle in square arrangement is 5482.332
(w/m2k) and for triangle arrangement is 7519.513 (w/mzk).
These values for the segmental baffle are 4570.745
(w/m2k) and 6468.366 (w/m2k).

For the lowest pressure drop for trefoil baffles, the
diameter of the tubes, the height of the hole, the distance
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between the baffles, and the Reynolds number are 0.02 m,
0.003 m, 0.25 m, and 5000, respectively. PARETO
FRONT charts for trefoil and segmental baffles in square
and triangle arrangement of tube bundles were obtained
from multi-objective optimization, which plots heat
transfer capacities against corresponding pressure drop
(Figure 2).
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Figure 2. Diagram (Pareto front) with a combined
approach for square arrangement of trefoil (a) and
segmental baffle (b)

5. Results of CFD simulation

The flow pattern on the shell side of the heat exchanger
with trefoil baffle is longitudinal, without obvious dead
areas (Figure 3), while in the segmental baffle there are too
many dead zones, vortices and backflows caused by the
zigzag flow on the shell side, which leads to reduced
velocity, inefficient use of the heat transfer area, and worse
heat transfer (Figure 4).

Figure 3. Flow pattern on the shell side of heat exchanger
with trefoil baffle

Figure 4. Flow pattern on the shell side of heat exchanger
with segmental baffle

6. Comparison of heat transfer capacity and pressure
drop of baffles

Figure 5 shows the comparison of the heat transfer
capacity and pressure drop in square arrangement state for
trefoil and segmental baffles. As the Reynolds number
increases, the difference in heat transfer capacity and
pressure drop for the trefoil baffle increases compared to
the segmental baffle.
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Figure 5. Comparison of heat transfer capacity and pressure
drop of baffles in square arrangement

7. Conclusion

The heat transfer capacity in the maximum state obtained
from the single-objective genetic algorithm of the trefoil
baffle with a square arrangement is 19.944% more than
that of the segmental baffle, and this value reaches 16.25%
for the triangle arrangement. Moreover, the pressure drop
increased 3.2 times for the square arrangement and 2.075
times for the triangle arrangement compared to the
segmental baffle. The convection heat transfer coefficient
of the triangular mode compared to the square mode
increased by 37% for the trefoil baffle and this figure was
obtained for the segmental baffle by 41.5%. The jet flows
created in the trefoil pores increase the heat transfer
performance and the corrosion products and chemical
deposits are reduced, which also improves the corrosion
conditions.
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Numerical Comparison of Shell Side Thermo-Hydraulic Characteristics for Shell and Tube Heat
Exchangers with Trefoil and Segmental Baffle by Genetic Algorithm

Hadi Eskandari Iman Hashemi

Abstract: In this paper, the effect of using trefoil and segmental baffles on heat transfer and pressure drop towards the
shell of shell and tube heat exchangers is studied. Baffles are used in shell and tube heat exchangers to increase heat
transfer coefficient, pipe support, flow pattern determination, structural strength and vibration prevention. Using the
genetic algorithm under the same conditions, the heat transfer and pressure drop functions of the baffles are optimized
as single-objective and multi-objective. The heat exchanger with the trefoil baffles is simulated by Aansys fluent software.
The results show that in trefoil baffles, increasing the heat transfer coefficient will be accompanied by a greater pressure
drop. The heat transfer capacity of the trefoil baffle has increased by 19.944% in the square arrangement and 16.25% in
the triangle arrangement compared to the segmental baffle in the maximum state obtained from the single-objective
genetic algorithm, while the pressure drop for the square arrangement of the tube bundle is 3.2 times and for the triangle
arrangement tube bundle has increased 2.075 times compared to the segmental baffle. The jet fluid flow created in the
trefoil perforated increase the heat transfer performance and the corrosion products and chemical sediments are reduced,
which also improves the corrosion conditions of the shell and tube heat exchanger with the trefoil perforated plate.

Key Words: Trefoil baffle, Segmental Baffle, Shell and Tube Heat Exchanger, Thermo-hydraulic, Genetic Algorithm,
Optimization, 3D simulation.

AL VEONNS il b s VN e s b
Email: eskandari@put.ac.ir Ol Ol e s 82513 L 1 grne sk 53 (V)

Ol gl 85T adlane Ol 58 5 i oS 8wl el S (Y)

ov


https://mechanic-ferdowsi.um.ac.ir/article_43460.html?lang=fa
https://mechanic-ferdowsi.um.ac.ir/article_42682.html
https://mechanic-ferdowsi.um.ac.ir/article_43460.html?lang=fa
https://mechanic-ferdowsi.um.ac.ir/article_43460.html?lang=fa
mailto:eskandari@put.ac.irو0000-0001-9407-9247
https://orcid.org/0000-0001-9407-9247

el Sl (satw s Cons S bt 0,7 (Slaaasiio gode duglio

OA

symmetry plane

(a) Trefoil-hole baffle (b) Unit channel

Elie (LT L bgds s sladine o Y Ko

RS0 B 5 S, Ko i s 2] O 5 oS
gy g Sl e Ssoden g 5 5 Sas bl o
53l sles s ped €yl Y5 b5 OIS rs 53 W
o3 4 5ol Sl s Ve ol Kl a3 00 p 8 e
Sl 4 Yo Gles 3 5 Jls 5 035 pine o sl
bl oS bl 51 pllssel i s
b s Sl ey S Sl JE S S~
4S5 el blozad gl Sl ks S8 oy s 4o 5SS 90 o
Aolazel LB Jes gla gl 5o anloes 5l oY b B
s S Loy das Fo el See &S Qla0L; 1y
b, 515 aallas 4 555 IS 3 3] OLes 5 SSL 35 e
ol b gs s daen Sl Sl sl «S(SGs)
LS o Joate on 4 A0 Slaptans 53 1) 40
5 sl gladil> Jlasl 55 gudS 25 (SGS) Lol astls
G855 (PWR) Llis cou Ol gla, Sty s ayl
ol Jl slasly 5 s Ol S s Ll (lasa
Sl CFX )= 56 ,uis Jbe 5l esliad L |, SG)
S CaiS GSle oS sl 0L (gilannd s gl
DOFYA eSS mle rs slos 5 (Y9) s
Lo )5 Ldls Cillae b (Slasliie b aS s 5 0y 5iS
o e 15 Sy U bend et s UL
Sl 53 o b e 5 SRl M Sl e 55
Sl B ol 5 g il e 2l (g e
2V o B s ar s P bl e (FIV) O~
b3l G b s 5 S war 5 L AL
53 J4] 0L 5 5 kulS — 508 L5 5 el axeS (U - bend)

dodie
Gbaanlp s elizal LB LOT tzes S)l> gladde
L 6‘43..«.& 9 c}..»f 6&4@};;3 ‘jlfj S @L...a cL;'i:.L..o
Lée\fjﬂ )LIJC,DJ&_)T)‘;ST) c)l’u)j:‘fj ch.JKD: Q‘j&
S Glas s LT 5 ke s o gl Se 3
2l S s AL e 0 ol sl e (6,50
.3}_5& oslaiul u‘bﬁff Lgl.ar.;‘...\_:...» E) tjb :\.1}.@5 BER)
&N;o\f‘\fﬁiwmﬂ cu\.;)‘b au\.@&ﬁél.:}f\i:]é‘}jbé\s
WLl b dnas Ole 3 O plraslr (555 5 Ladl )
A{\Jdliﬁl.@j.(\)&.i_:.b)\zéﬁjd.}\fdw«‘jc\.}lfj:‘blﬁi
Lo o o 535 Aol S o colia lad ) 5 b 51 a0 b
Slamio Jo 5 & S by bsdan & [1] 55 5 e
g:,._:“.z\A@ﬁ)}é}lﬁ@)ﬂbbdkfﬁ@‘)}#ﬁ)\
JJ"L&.}JGOQ‘))TJ{‘) Q"“.’.‘LS)"’){°J‘€€)J)§’L"° L;\fwf:.ﬁ

(Y) s

po o N

L

Qo
o
e

Dlsdis ellad oy ) o

PEOT oY Slo amty s o Sl

&'LQJJL}J”@“W}L;JJUK/»}# L i



[aR

bl Olag) =)kl (sols

Jl eoman 5 4l G s ol > Jlanl 5 OL
g ot b pls Gk S s ol
Siltrd Sl (STAF) 5 50i b 85l 53 (UFD) 18
6le zalb 5 s sed eslized (Westinghouse MB2) e 51
Gllad oo LS sl s )y ase Sdsdense
S\ b (STAF) 15 S als o 0LE o gl L s
S 53 S JWE 5 i 0L 2 gle S35 gsled e
O 5 Il s oo OLES 1) b Wge 51 5 4
e 5o b i il glagdn S 50 AWl & [7]
L oLas il Sl JU) by Ay — kg il
o S Je s mobe sl wllen WS WIS olss i
S 313 0L (Silennd gl sy (530 (5ot Al
ol JUED b gy e OLSG ( (23 Gl2
Al Gl elss iy gl ol Jl 5 5 sles
L5 edalie e sl by 53 i Ly 5 5585 bl iz
3y SYsb Slkes oo ik s g A 4 e S
AT S e sl il (S 0L ) A6 Al
Lsls 0L 1y ST, bl ials 50 "B

Primary Side

FBss s o bl cos ol sty Soles C’]’ v

sladds Goluang Gl oo adlae Sl 5 Al
oosn aallln pa gl s S ks ) 5wy SOl
gy 5 1pme gl L ,sWo = b5 05 s Sl eslinal
) Silaking i VP g pame 53 LS Bl Lady)
(JS s O 3 aS (5,550 andllae o 3 (g3luaig i
eSS Sl s e et 0n Sl VL wyga
WBged oslital Gluang dis a > Gl SR
Sl (HSle Asle (el sl byl 1 eslizal L LT s Shee
a5 el alie s &b ol Sl
Silwtingr 5 Joli JolST Gler 5 Shas o 1200 b S 2
@3de $loans 5] OLKes 5 daw din g 5 S S S
fodms aten sla i) | Ldr ollad o b 455 4w
i/ e s J4) ((CBL) s rdons sl
wied Gla L/ Jaes Cdome sl L) ((CB2) odoee aies
Hisls plndl S gsdem go 5 3 Shas Lo (612 ((CB3) ade
L3 sed (38 (Siluand 3 1 A bl b cnslis sl
- WETA) oglae glaslgn, sae b i gy Sy e
5(8) a33b (U) S oyl JUisl ca o elul s (701
SLis ol pman 5 3 S Silesl (NTU) sl Jlast sue
& e 31 33 BN 35511 (6 1 s el o 3
S ol Ol il dissel amle @ileiiy b
Jde 3 Shee a5 LB Sl a4 e (CB3) sy S
o gl e gl s gl S 50 b alis 53 ol
S opraallas s 6] OLes 5 g 35 o s 2
S e s 1S (Sdaodease S s s 4
St = ol s Sny et ¢lr L(STAF)
S b 8155 a8l s sl sl b s gdman 2o s
03 Jdse Al Jde il 5 (STAF) 0S5 ges sl (F)
Ladd ) Ay 4 oS Ol Slacieslin csls anw g i,
3 g sbul bbbt 5 LalSls gl 8001 Slonis
o moe 5t 035581 slaadd go Ol e 4 p g go dolae L
@ adsl ol Jbw Sl ol Ul sl (5 sme at gy o
A sl b Jle 551 e ol Olge 4 450

Az S

@'&1)‘;@/’”,@”5&3 & i

PEOToF Sl umty s o Sl



o Slad b (st gy Coar gkt g0 0 (Slanasiio oolde duglis

SO Gt sy (pl LS e B | ek S
Sileang sl Lo o> o) W5 6l dsene 55k @
058 0 S slapn Sl s e eslinal Blas (g st
S o Las W Gl LIS 6LAv:iJ}<J\j:§Jﬁ
TS R PP A RCHTRPE S AP IPNE LS
ool e iy b gleay oS
L > ol 51 sl 4o same b o5 SIS o A 5 (Crossover)
Sl e oy s ekl Comar 4S5 0 p
ol Ldr Comexr KI5 Gl 5 edd a5 Cumex
RO N P PR - P SV SV PN PN
bl Bl cals © a5 b L ol (01K,5)
M5 Gl it LD B b b pa
Ll s spas by Uoasde 5SS 8 ol bl J
T T P e P P N
Okl Pla= 4 sl S (.;wiu 03 ek &l s Slas
ok dll WL g0 s mb G cnl gl ol dies S
s (5l ST B s &6 6l g (X) = -F(X) &5 5,50
ol dnge sldie U g oo bl i 53 lad3 353 sl
Sl ol jaseia 343 bl 5pd ekl sl slis 5
S g e ol o bt ot a3, (AP) 5(Q) w5
¢S 5(Q) mb s> (s el Jol ol aig
Lol (AP) 5(Q) slaml (sl a3 .ol (AP) b J3las
o Jiy e gLyl 5 alol dadd ) s sl Galsiys s
e
33 2 5l e Sl SO U el L e GiSs ol
Bia L (§ledag SOl by S 0351 4 1 Cota slast
Sle oS5 ob ol 288 dals el S35 Sl L
oslanal dbda Lo divs (¢l aug (Pareto front) & -l

B

H3dies domio b A} - arw g ()l dihs 5l
JBss

o S — 50 5 slaa_ax lso (6l 5 Laaly OYslas

K lsdiw i Ly — a5 )l > Jde s

Sl 45 ,ks [9]

G gy GOl ddhee G 8] DL 5 Ly i e
(HSHB - pior s pop e = olld sla Jir L ) -
le s 5 eslisd b il sl sladdy) L STHX)
oVl Salus 3, L (SolidWorks) oL = (s 5leans
gl oKas 35 gl 3ls L3 andllas 3550 Slisloes
Jlesl s S eslinal 5,555 55 5l sz se ollad Ja Lol
el A 5leslial 5 ama g SIS s SO L L o S
5 St ol il glseis (T B S L s L
— soy il gl melib amlin b oecpl p ool (et
Sl ol JEl o ol o e Ll S5 sds
3de ol (PEC) 5 Sles oLl sbaslas Q7 Ap) Lis
aU 3 6 S g asl s alold) SLis il T a el
5 e o) il lasis SN L T ) 5 (5 5
L3 03 1) (datee
U5 L (HSHB - STHX)Jue codelcsay s ulal
bt T A L 4 g wsly s ol i
Fre S ladle & S PEC L 51 e o e Olse
(e 5 e o 1) (o3lgiy B IS Ol L3 L
5335 (NUJAP) e S1as lyls Jats 5 5 VYo L)
s b bssis s e Sas ans830 Sheslinad b allis
adllas 4 (Sl an (Giluand Ay a4 5 Ll e i
Sadds dmio L - any SOl Jde gy 5o 0L~

ol ol s bsbo s

G5 gy 930 g
Sl s hpes bdie bl sy e ol 2
Sda Gl & ke b s e |l S5 Sl
5 Bl Ll s s lis sl g Sl Gl s Jlasl e b
roed e 5 byl SSAS L Ol L ble (gla e
Jo by = ay ol Jhe Sl Gl (Sleand S
Wlas & U 5,8 0 s ol 5 LS Jbdas
sbdds wuy o 0> o 0L LB, glhaasis

Sy atls y dd - aag Sl >

S5 fuﬂ' Sl esly
Ly a5 Sl i gy K (GA) S5 o, S

H""&fiju?.?%jwdb

S o uj[,...,«buj&;jyﬁfaj_/_p L i



£

bl Olag) =)kl (sols

Ldg - wwm ol ddw i aw (5leand
F B s Jlodis dmiw
Sl e i gy G Il O o S35 5 585 dadllas ()
23 S s (Sl (Jasbs 5 ls Ak o b A - aney
258 o ool ol e 658 ) 55l el 5l 0
Sl a8 GsYs Ly oS sl gy sy o sl
BISLN SUSERT ST Lol Jels sl S, 51 S s e
ssb 4 8 Casladaly 1 eslinad 5l gl e

sl okl s dn\fﬁ..;_bﬂ

imio Ldgd - cug Sl Jaw edka b
JPGF i
2 eBss Jdie o b dy - ey SOl Jbe die
Jsdor 53 5 ol old b 51> s sl leud b
oy Job NP anng sl bl e sl 0L (V)
e LTSl e YO ol 8 514 Ladd ) Jlas @
Aol (pf b Jiy b ol asily el o 30014 sl
el 300 O s s sla s e o Jy diie g, 100 el
S s st ol A Mo 5 ol Jde e aw J e

ol s 0315 OLES (F)

Ssdie Ao b 4y = &g 5ol Jde ks sla eyl ) Jsd

Jsss
sladl s el ||
146mm Dy sl Jas
900mm L sy sl bl
19mm dodds) ol b
25mm Ppd) flf
1 4 gle i
e bl o]
147mm O s e L
4mm i Cles
150mm B s L oy il Lo sl et
3mm iy e s
2222 i:fj 3 625 sladsb
75mm BB U 51 st gy

N, =
—0.16.35 B —0.14487 u 0.14
0.42457Re%7817 (—) (—) Pri/3 (—)
de de Hw
M
AP _ —0.1887 i —-1.92116 B —-0,85157
2 = 9.0713Re~019%7 () ) ()

2 (AP) JLzs 3l 5 (Ny) s 30 G sladdsles 5o

o Aol 5 (6) A pliy) (Re) says sde oo

st s sl sy Spde Ol B) Jiy sloamios
Dgh e 4B S B s o5 glead HLas Sl ol -

(5000 < Re < 20000
| 10<N;<30

maxQ(X) —» 0.01 < d, < 0.03
0.0018 < 6 < 0.0033
k 0.15<B<0.25
5000 < Re < 20000
minAP(X) — 0.01 <d, <0.03

0.0025 < 6 < 0.0033
0.15<B <0.25

Lﬁdj}j Jk-; (do) 9 Sas (NT) s o b.)‘.})b:% 6&.«\?’5 L
Ll e

S Jo b dgd - w5 dis i

Shassle [1] elad o L dy — w551 > e

d.GA%% oo 1/3 0.14
NU = 0.36( e S) (25 (ﬁ) ()
1 k Hw

_ fGZ(Np + 1)Dy

f
2pdeds ®

Caow g8 2 Ob 2 (Gg) «Jslan ka3 (de) VU (slaalsles s
(D) 5 i slabmins sls (Np) (SISl o 5 (F) et s
ALl gr gy

G323 O3 5 oyl Jlis s sl sls
NEPPEPETI

5000 < Re < 20000
10 < Ny < 30
0.01 <d, < 0.03

maxQ(X) —»

5000 < Re < 20000
0.01 <d, < 0.03
10 < Ny < 30
0.15 <B < 0.25

minAP(X) —

;@'Lﬁj)‘j”p/;uj‘jgﬁjﬁfjlc & i

’f'r4ro‘/v[«...ﬁ4ﬂ.?;;;j‘;wdlw



el Sl (satw s Cons S bt 0,7 (Slaaasiio gode duglio

Y

(€) 3 S5 b (i) (b i3 5K VL sladdolan 53

2

He = pCy— ()

du;
Gy = —pu{ul’a—; ()
1

oy 4 oS Col (bW o 5550 M Sl (Gy)
s ol sl 5 gl e dsbus S L gie laglsl S
€, =0.09 Cyr =1.92 €4, = 144 :njfdamla'.::c;)ﬂ
JoB ok a4 dlw 0L 2z sileand 53 0, =13 50, =1
IS S Sy A ol (S JB s b
k-) 5 skl r.b)k? Jde 5l gsluans s .l sds b5 b o
2335 o ere ) K a4 3 sde Ll el eslinal (8
_ pud,
H

o = 4(/3/2pt — md3/4) (o)
e mid,

Re ay)

Sl bl o8 (py) 5 ool 3 (do) Wslee cnl o
il ol JUl o sl bd J iz Edte il

JJ;&G"JJJJ__"‘)Q‘))&M@){'W

B mc,, (T — Tp)
= T ADTimg O
(Tw - To) - (Tw - Ti)
ATy =
Imtd In (Tw_To) (\O)
(Tw - Ti)

cudjj ;.)‘ﬁ" 6L¢b TW ‘LSA;‘?-JKJ U:{;L:A le»: Nyt ATlmtd
Sz dhw gl To 5wy & o505 Jbw les T

S50l
25 G5 Jhw Sl odd (55 (giluand Ll s
afp@st?u;b-t.;,bjwﬁLﬂ,y@,vsb:&u
T e i A e beslns 5 asd e i
58S Jlw Kgi 0w S a5 s SSULsT axe sy gloe )
o Qb Ol el ST 20l L ol Jibs iy
w8 ksl (Veeen) sl sde dolee S (52555

(b)&;ﬁdj)lzié;ﬁw)(a)dj} - ae gy Sl dae b S

erQY:lm
Aslee 4w 53 AL due Jol > Jde 53 @t 5 Coow b

SiA s 5 (0) £ 5o 50 sla (F) u.(:.dﬁ (sl sleal,
Ll Gas (F)

d
a(Pui) =0 ©)
aXi pUiuj B aXi aX] (u He aX] aXi (?)

d d /n w\oT
2 oary = 2[R 22 W)
0x; (W) 0% [(Pr + Prt) axi]

sistas dde S aSles ) (B sylkal e S|

K) @B i A 6l LIS Vsles sladde lodl
Jde DS S5 ol - el 0 3l ol (€) Y1 Ol o0 5
Ll las wdigs Obz arslbme 53 Vpems 5 ol obD
eslitl 5l saddes atgy Bib 53 (b sl >
Ol ) o w i w(e) s(K) gl W gladslas 52

g o0

ok aky) 0 Hey 9k
o =+ M) L — e )
P ot + P aXi aX] ( + Gk) aX] + k pe

9g  Jo(w) _ 0 By Oe | | Ciet _

Poc T ax; 9 -[(u+sk)6x]-] +=c TGk
82

C2£p¥

@)

PEOT oY Slo amty s o Sl

&'L(aj;&"@“b;»j&)ﬂ)&f}b L i



A

bl Olag) =)kl (sols

sdalie ((8) IS 53 oS 45, 80ea ol o aslizal | 35 5
Lot e 5o gode slaiys 5l Jol b w3 S
doss i sba i (sl il e ol W S¥oles s
Looles col oyl > Jdiasl co e sbadsles Ol U
r-:i)ji” sl e sdel s 4 T%10 (o3de slaamys
ol o esliad 05 ray ) Leles ol oS53
sdal s &0 o2 la o3l b 5l i, cpl ladlslas
toss b Gl s sade slagilonnd b Lol gl 5

[1] ol St slast

10
——Correlation results e
- 10% higher e ".g’
8 10% lower v
v _Numerical results v,v:,v”
. 8- +10%
g -
< X
a- «""'d -10%
"”‘/;,f
2
0 T T v T T
o 2 1 i 6 8 10
Dplpi
300
——Correlation results v
——— 10% higher Y
250 ——— 10% lower Sy
= . /7 Yy
v _Numerical results ,,
g e
+10% Y’ 7
2 150 s e
e -10%
100 /’;
4 s
%
50 ‘(
T T T T T
50 100 150 200 250 300
Nu

il gl b s e a5 gode e inslis 7 J_(w
Ot sae 5 @)L

&l S5 s S gl 5l ol laamss s cnl 3
Gk Ll o gl s ) - ain gy SOl sladde
Ao gl bl jldde fiomen 5 550 0 s Llodd g
o3lized b oo s 4 Lol bis dir g b= (¢l

Loyl 153 g5 on oods (0 oIS YAY) b (53555 slos 255 0
JLES g asd e a5 a5 s 2 i Oy son s 2
Olow o Joolo (3555 5L28 35 0 53 ISl () O
sl (elS TAY) L)) fnas gles ol Lid LS|
s Jlws G les o ol JUal olas o855 s
ol Sl Colda Cuglie 1 aS ol 53 Sl 0 Lad )
d= P ol sdd b Gin ol Jde lady
S il e = LS S0 i Sl (g5leand
A bl 2 A SWolee 5 S sziese s (COUplE)

b ol 55 43 pn Al sl

Nl A 5 oo el
Sz & Sl e S e Slag b 5 e iz (slagST 5
S e 23,8 3 3 50 48 I ol 035
Loy bgeys b die b o b Sol> dde dde ¢l
Gbla 53 el aioa (5la e 3l el el 3ol S 5L (5la
S35 03 b 0L 008 5385 ol el ) Lablone dmis
Ll S b ladie L(0) JSCE 5 o eolitel amis el
Gl s DS UE ans s Osahes £ 5 VO (5l e
s o V3l S g e Ol Il s 5 oL
ol (i e &8 Il ol a5 b 5 L s Ol g s

GV Y 61

°>)}>Ju&)5¢;)\>mw‘ ; ()Jﬁ.j

e ksl
e lp bBss S w by (V) 5 () slbdsla
.\.ﬂ.w CLL.;)‘ ‘\9' G ',O J:"‘ﬁ Sde cv"" UO"')'.U);.;)
sime (e) © A G0N0 Ja Aol 5 ((ze) oy oYY L 400 VA
ol S5 r“-i)ji” Sl Gl baddslas ol 51 [9] ol

u@&ﬁ‘;@/’u,@ﬂ&fﬁ & i

’f'r4rob[«.ﬁ4ﬂ.?=;;zjdwd[w



o Slad b (st gy Coar gkt g0 0 (Slanasiio oolde duglis

Al

s las Sl Bl gl s e W/MZK) OFAY XYY
Al a3, sk 5 b i Aol i ¢li )l dad )
ol o A Ov v r g e v YO e v Y e s VYL
Gl p e ST 5 Lis 3l gl Jlaie Blas ((A) s
Sl s S S5 s SS Jeol ol Uil g b
Slie Sl (gl s e 0l 1y Elte T L shig s
e ) el ks el slas ol JUESH e b
i ol JEl g s s S sde s i o Al
SVAFACARA 2o N0 e o0 Y e e Y e T Ll
ks lis sl Blus gl Lsd e (WmZK) VOYA 0N
Al e sl sde 5 el Aol (e pLi sl dladl ]

.CM‘cM“;‘;:JJO"' _}J'«'.A',YO e ~’~~\~‘Ju .’.\‘ ‘L.

3 S mis e i e e Gleand )
oo WOl Aglin 5 pskes LOT (51 0L 2 b sk ¢ Sl
S

by - awg Gl Jde Ba S g5luace
JsdF oIk dmip
Gy e Sl 5 slas il gl Jlaas Blas (V) S
@ﬁa.u&-&zjﬁ)ﬁljlyuo)lfdu;;\@,b
DMie Sl (gl e o OLE 1) e T b sbcs 5 e
e gLyl by b el sl oyl Js| o b
i ol QU o sy e e i o Aol
VAYEV.ENY (e v 00 e v 0¥ e n oY sde Yo ol il

Best: 536.674 Mean: 541.158

14000

12000 §

10000 %
o %
g p
©
>
1]
€D <
[y &
= %
[ %

4000 %
2000 ~ %
O L L 1 1 1 1 J
0 50 100 150 200 250 300 350 400
Generation
(@
2 X 10° Best: -1.25043e+06 Mean: -1.24903e+06

[}

3

©

>

12}

"

o}

5

E -

-14 L L L L L |
0 50 100 150 200 250 300 350 400 450 500
Generation
(b)

e LT b s e ol Jasl (0) 5 s ol gl s ST (g3l 53 il b op e @) VIS

?f~r‘fiju‘ﬁ=:gjwdu

Sl s s 4 L;;/,;JK/»}L@ L i



70

bl Ologl =)kl (s0ls

Best: 444.198 Mean: 448.091

12000
10000

8000 %

Fitness value

100 150

Fitness value
‘ i

200

250 300 350 400

Generation

@)

Best: -1.5785e+06 Mean: -1.5272e+06

100 150 200

250

300 350 400 450

Generation

(b)

L;J\j:-JJ.,»RA.L&J;;;L;J'L..m.:.:ﬁ;‘JJ:.AJQ\)TL}UAL;J:L}.L,Q)\fJLZ:J\}(a))Liég,jld\ﬂa.&&djb%ﬁwtﬁC)]aw,:@. A S

4 Pareto front
35 %10
3
25
© 2-
2
S15-
1k
0.5+ g
0 L 1 _ ]
-14 -12 -10 -8 6 -4 2 0
Q(w) x10%
(@)
Pareto front
2510
2
A5
©
o
=Y
B2y
05- ey,
g
nm"“‘?fxm
L . . . | s
-16 -14 12 -10 -8 -6 -4
Q(w)
(b)

5@ obl sl S 5 5,5, L (Pareto front) jls s 4 IS
Gl ool s @ Lshs 5 die (D) e 20T

SLad Sl pl s gl Jlasl b bl e (1) S

S das e Ol 1y Slte 5 e LT sl ol
gl el ol LS e Baans gl
s Solm Jhe ALb Sl S B S bl
Conds 535 B0 b Gl e £lb S ol 5 el
Sl os ol JUsl e b Sl gl essis 4 3 0l 5 SIS
Y P Pt JUC P IPCP TGN PR ST R S |
() Jsdr 53 25wl Cumdy opicsdhe 53 55
By 4 Jlaml o by las <3l s b blus s mll
Slte ol sl b paseie s Ay S5 o2, S
YoooS by s s el slie o mi om0 dadd ) A
Ol Jlsl e b glacdl- iST s 1) Wil oo e 00 Y
la s Alols (gl pmman .ol oals QLS 1, HLis il ) 5y 5o

.w‘bﬁ%ﬂ',\a)‘ﬁ Lflj:':'?’

&g&ﬁ‘;@w/mj@ﬂb/ﬂ# & i

R P SINCERI Y



o Slad b (st gy Coar gkt g0 0 (Slanasiio oolde duglis

55

iz o S5 ol b 5 e AP SQ (laml b blas Sl (LT 505w pslie ¥ Jsia

Q AP do Nt Re ) B h
1 | 1442483 | 17894 | 0.030 | 30 | 18094 | 0.002 | 0.15 | 7090
2 | 1389455 | 13946 | 0.030 | 30 | 18047 | 0.002 | 0.15 | 6933
3 | 1311455 | 8645 | 0.030 | 30 | 17417 | 0.003 | 0.15 | 6504
4 | 1413735 | 15068 | 0.030 | 30 | 18076 | 0.002 | 0.15 | 6974
5 300692 506 0.020 | 28 | 5442 | 0.003 | 0.25 | 2388
6 | 1215414 | 5566 | 0.030 | 30 | 17140 | 0.003 | 0.23 | 5978
7 | 1370984 | 12362 | 0.030 | 30 | 18004 | 0.002 | 0.16 | 6813
8 | 1366844 | 9894 | 0.030 | 30 | 18061 | 0.003 | 0.15 | 6740
9 | 537754 | 1212 | 0.025 | 29 | 8177 | 0.003 | 0.24 | 3316
10 | 826704 | 2306 | 0.029 | 30 | 11104 | 0.003 | 0.22 | 4248
11 | 300692 506 | 0.020 | 28 | 5442 | 0.003 | 0.25 | 2388
12 | 1082535 | 4098 | 0.029 | 28 | 16944 | 0.003 | 0.25 | 5738
13 | 1442483 | 17894 | 0.030 | 30 | 18094 | 0.002 | 0.15 | 7090
14 | 656400 | 1629 | 0.027 | 30 | 8735 | 0.003 | 0.22 | 3556
15 | 1269164 | 6599 | 0.030 | 30 | 17879 | 0.003 | 0.22 | 6251
16 | 902310 | 2738 | 0.030 | 29 | 12796 | 0.003 | 0.25 | 4642
17 | 1143108 | 4942 | 0.029 | 30 | 16419 | 0.003 | 0.22 | 5792
18 | 1425139 | 16611 | 0.030 | 30 | 18080 | 0.002 | 0.15 | 7033
Best: 132.934 Mean: 131.39
1400_*
12002.
1000
g 'y
T 800
§ 600 :5
i ’%gl
400 \
200 P .
o e
00 50 1(;0 1&0 260 25IO 3(l)0 350 4(;0
Generation
(a)
% 2<105 Best: -944768 Mean: -943003
)
L.
) \J
9r \
sty
5 00 SIO 160 1 ‘50 2(;0 250 360 350 400

Generation

(b)

?)‘~V"T’5JL«J‘WJWJQ

Sl s s 4 cf’,wg,‘jl‘ L i



4%

bl Olag) =)kl (sols

S Slas p lis ol gl i Bl (V) S

sut,ua&;_g:;;ﬁ)ﬁ\j\yu%tfdu;\@;@ﬂ
S gl s e ol 1y Elte T ellas i ol
sde dady bs dady) sl ool > sl e b e
noTedeY bl s e ool Jl S s s s
Blam sl k55 e (W/MPK) SYSAYSS 5 140Y e 4 (2
3lsus ade 5 b o Aol dadl ) sl sl ) b jlas il
odd amgD Ov e 5 e N0 N eV bl S5 e

Ju b A - wu g G dds Bis S g5l
slhks
Sl sl jSlas 5 Lis csl gl jlaae Jlas= (V) (IS
Sl s G LS o83 51 ol ol Jlasl b b
Sie Sl gl s o DL 1 e LT elad Ji
s oM guy sde dad i bad g slaws o)l > Jlanl cs b
e Vel b ly s e ool Jl s
il Bl gl 55 e (W/M2K) YOV VEQ 5 14YOV,TY)
03V, de s b i Aol dad ol daad ) s L

.w\eu%ﬂa""ﬁf“ﬁ',\o‘\' cJXA','\ gbf‘fg_,.:;‘);

Best: 253.64 Mean: 254.546

3500 -
b 4
3000 %
3
e
2500 %
(0]
=
T 2000
®
21500
=
1000
500
0 Il 1 1 | Il Il 1 ]
0 50 100 150 200 250 300 350 400
Generation
(@)
. %«10° Best: -1.33933e+06 Mean: -1.33623e+06
%
. S
*t.
o p
=3
©
>
1]
%]
[0]
S.
2
]
0 50 100 150 200 250 300 350 400
Generation
(b)

(b) clae 2lyl elad o ol > JUis @)LLs 3l gl ada ST (gSlatigs 53 ol b op e V) IS

&'Kd))‘)j@.w[;uj&)ﬁjg/ﬁjﬁ & i

’f'r4ro‘ju‘ﬂ_‘>=(;zngﬂ~«



o Slad b (st gy Coar gkt g0 0 (Slanasiio oolde duglis A

4 Pareto front
gipEH
2
s LD [
©
2
o
© 1k
05+ T
‘v%a%'&-
TRy P .
: ‘ ‘ .‘.Awm:mg}&wmﬁﬁﬁ% |
16 14 12 -10 -8 6 4 2
Q(w) x10°
(@)
4 Pareto front
35 x10
3
25
© 2
&
o
b
1r M." ¥,
05+ M
S
0 L . . ] S v v \
14 12 10 -8 6 4 2 0
Q(w) x10°
(b)

ol ool s a4y ol iy () e 2T 5 @ me LT sl S 5 3 S, b (Pareto front) lssas VY s

ol Jlasl e b laae Gl bl 3u e sde Gil
|3 o i 2 J balie 03 LB s i sln
5 odd widl (b slasdil 5l e fKe 4 0L
Jisl oo b Of w3 pd e slml S 0L >
SLasiol 5o e Gl Jlis 4 b e I ol
Db e sy (6l SIS Sl 8 5

awslin o 3 g0 sde Ol s 4 SLAs Cal Sl el
S NPt B PP JURCS JUR 25 FENCY -C SO TR
4 ol hbs s Jsln bl Slis Ol (07) IS
S e 5 i Sl JUEl 2B B gl cm e Oledr
ol Jlanl cus b SV s slael s ol i Lis
O 3 gdame Jl o3 g o ity (a8 4 S hisb s S
Ol e il 53l 5 Lis ol el e il s Jlwr
QUi o o Sl 8l Camd s ol 3 0L o (Saidl 5 8 e
Aalil o )l >

Jdoo gdasan $5lwand 5 odd Jol> (glaams
JBss Jabdg -y )~
33 0L il sl Gasie () S 55 4 48 Oles
s Sy 53 5 Jsb O s ol Jide du S
55 2 0k b el 63 50 Gl 5 L e 0L Ladl
Loals) = gy GOl ddes 3 5l 00 odis gl ax s B
5 Lol S ol ol e bl (0F) IS el
gy o > (SIS Ol O (U 23S bl
ab 5l 80 eslizal (s 2alS 4 e S )ls 13

ol Jdee HLAS Sl 5 Ol Jll b b A i
By b bbb - any

5@ mye Sl el dlaml e b lslis (10) K

S b das e 0L 15 ol 5 b b5 M () e 2]

?)‘~V"T’5JL«J‘WJWJQ

Sl s s 4 &’ﬁJK,‘jL‘ L i



i bl Ologl =)kl (s0ls

e Q0150 0.300 ™) ‘)\
—— - —— 3 2

oors e

Y
=1
o 0,150 0.300 (=) H
- —— J

0075 08

ks Ml Solm Jds 0Lz bl VY S

o 0150 0.300 ¢m) .__‘L 3
e— — ]

oomn oza0

. |
o 0.1%0 0.300 ¢m) <
TN Sm——

oors oxs

ol b ol Jae 0L bkt 1Y IS

S 3 lslons 5 52,06 pile 4o TEeF oY Sylo qamesy 5 oo Sl



el Sl (satw s Cons S bt 0,7 (Slaaasiio gode duglio Ve

35 %108 Baffles Transfer Heat in Squre Arrangment
' ==t refoil
3+ == 1segmental
251
E e
G15
1
0.5F
0 ) L L L
0 1 2 3 4 5 6 7 8
Re x10*
5 X 106 Baffels Transfer Heat in Triangle Arrangment
w==trefoil
== :segmental
al i LLLLL
=
2
o
2 ls
1 -
0 1 Il Il L L 1
0 1 2 3 4 5 6 7 8

Re x104
e (5T M) 5 mpe ST @) ol 5 b5 b ool Dl oo b glials s 10 IS

10 x10% Baffels Pressure Drop in Square Arrangment
w==trefoil
== 1segmental
8
< 6
=
Q.
T 4°F
2
0
0 1 2 3 4 5 6 7 8
Re x10%
x10% Baffles Pressure Drop in Triangle Arrangment
2 ' ' ‘ " [mtrefoil ' j'
+ * = 'segmental 4
6 |
5
B
E4
°
3

1 2 3 4 5 6 7 8
Re x10*

o LT 0) 5 me LT @) ol 5 bbby SLid Bl aslialssad V8 S

’f'r‘riJu;ﬁdﬁ}wJLx ;&4’&).}&"4«“/}“}‘5‘)/:95’;}194;%'



V)

bl Olag) =)kl (sols

waader oS5l ol ol 1L AP Q 6u@up}mwﬁu;m%ﬂ>m Y Jsds

Q AP do Nt Re B h
1 72865 356 0.01 11 5150 | 0.11 | 3021
2 109790 | 393 | 0.011 | 14 | 5530 | 0.15 | 3183
3 187767 | 530 | 0.011 | 23 | 5637 | 0.15 | 3221
4 243761 658 0.013 27 5568 | 0.14 | 3250
5 309077 | 831 | 0.017 | 24 | 5749 | 0.15 | 3377
6 380982 961 0.021 24 5656 | 0.15 | 3355
7 | 463296 | 1129 | 0.023 | 26 | 5781 | 0.15 | 3384
8 488495 | 1183 | 0.023 28 5752 | 0.14 | 3379
9 575598 | 1402 | 0.029 25 6094 | 0.15 | 3434
10 | 678208 | 1416 | 0.03 30 | 5805 | 0.15 | 3333
11 | 724054 | 1755 | 0.03 30 | 6538 | 0.15 | 3558
12 | 756483 | 2454 | 0.028 | 29 | 8024 | 0.15 | 4004
13 | 815870 | 2611 | 0.03 30 | 8123 | 0.15 | 4010
14 | 852402 | 3098 | 0.03 30 | 8796 | 0.14 | 4189
15 | 858052 | 3391 | 0.03 30 | 9273 | 0.14 | 4320
16 | 924467 | 4131 | 0.03 30 | 10195 | 0.14 | 4543
17 | 951913 | 5123 | 0.028 | 30 | 12080 | 0.15 | 5020
18 | 1016562 | 5636 | 0.03 30 | 12123 | 0.14 | 4998
19 | 1033346 | 5958 | 0.03 30 | 12482 | 0.14 | 5079
20 | 1037227 | 6107 | 0.03 30 | 13118 | 0.15 | 5223

S5 w2 S Sl e ol Lis SNl 5 ol Jlas &ls sl ¥ ds

) tte (2lT58) rrm 2T L b i g wdn G

Qs*1076 | Qt*1076 | DPs | DPt | (Q/DP)s | (Q/DP)t
Liss 1.115 1.53 525 | 434 2125 3524.1
oS 0.93 1.32 134 | 253 | 7009 5197
Slid il S gl badis la el O s
e bl
Baffle type Re do B N )
Jsss 5000 | 0.013 | 0.25 - 0.003
solks 5000 0.01 0.15 | 10 | 0.003
Sz sl
Baffle type Re do B N )
Jbss 5000 | 0.02 | 0.25 - 0.003
oS 5000 | 0.01 | 0.15 | 10 | 0.003

;@'Lﬁj)‘j”p/;uj‘jgﬂjﬁfjlc & i

’F'T‘f@[«..:?.?;:gjwdu



o Slad b (st gy Coar gkt g0 0 (Slanasiio oolde duglis

\'Al

Sl sl el b sSlas gl bdds sla el (P)d s

e bl
Baffle type Re B N ) h
bsss 18447 | 0.03 | 0.25 | 30 | 0.003 | 5482
ol 19457 | 0.03 - 30 | 0.003 | 4571
Stee (bl
Baffle type Re B N 6 h
L s 19481 | 0.03 | 0.25 | 30 | 0.003 | 7520
ol 19521 | 0.03 - 30 | 0.003 | 6468

Sy s Cmlods e Lo VO Lgds 5 sla o Aol ooyl >
S i Jn YOO a L AL 5L 51 b (5l ol
R
Jusl JAul58l 5 glatea 5 sk jW 0, sae ("é“f“bbf
D) ladsdr 53 S o Uyl i HLis il 2alS 5 ool
Wl U s 035m0 by sl 4 el OLLS (5
53 b i il 5 cl a5 D) s sl sy sde il
sde SLis Col Ul (gl eoman 3l 13 s 0l A
b e o Aol 5 5,8 o 13 5l a3 s,
Jpss sy oo b mis Sl sl R il
s> Ol 5 (KT 6,0 bl et (el 2K
o3 hBss Ja sbdie 5l dbe o SKa s
Yo oo by 5 LS 0 abml 1) G 0L 2 S o
S e Calid o3 o A 5 aamio iy 5 OB s |,
Jsl s Shee il o 288 0L S L ) o5l )
Sl 5 Sos0 SVgame 5 AL Rl oyl >
spi 2 L S kil 8 ab e el ples
s 3l pen (Saidl x5 gla) S i e
Ol |y baamins il ogglme o YL SO (6550 0sls
by Saasl i G55 pine DSl Gl L das e
Sl (Sl o Oley i 6550 b el
ks M glemio oy s Sl oo (651 s
dige (Dl Ll g3 S Bl 3 5 25 0 ab
JASULggw&qélﬁmjc,.cﬂ@;j.wlf\wl
5 Lol S oy S w2 bl ool S
G 53 S Sl S1555 0L > 31 3b 238 5 ol >

S S 4o
ks Joob Sl Cunsy o ol JWEl e b
mr ool b ke e Baa S5 Ssd S
Gl oliie ool 5 Aib e elas o 51z Ao ,s)4AFF
S 03 opl () dsdr ey o o3V EY0 w0 Elte ol
bl gl s Al Y)Y e bl slp sl Sl s el
0Lz cpl vl ot zi olad i & s ol Y0 V0 e
JLEs S L &S Al e sl sl 58 5 e bas
Sl Sl o o OF o 3 5558 0 505 ) e LB
5058 e U i 4 Gl gy S plralr
Sl ol amn Ol il b A1l ds s Olea
Al e e A bl ol > Jsl e
Sl by ol 5 ol b GRIBULYY L M sln
Job b g a5 Lol s ol 7 10 el i
o Sl s LSSl Ol Jsl Gl sl e
St ol i gl QIAP) osgin s wbds S s0S
S b ool Jlh s sy Je S s ol
S oy 55 Sl ol en WU Lis SOl L oS das e il 58l
ool s S ot b ol Jlal Gl el 4 o
(%) 5 (0) Gadsds 3 3,8 o Soygo HLid il il b
il a5 ool = Jlsl cud b Sl L blas gl zlil
A (sl el 0 03l OLES St 5 w0 Sl s las
J:ilj,w;,wQ\L;,-Lﬂdsl,\},%\fdu:ﬂ@uwu
Silwaig a3 e e 00T L6 5 (65 A plE )
JEsl b 5l S (gl sl ol s G

H""&fiju?.?%jwdb

S o uj[,...,«buj&;jyﬁfaj_/_p L i



vy

bl Olag) =)kl (sols

Flow induced vibration
Longitudinal flow

Heat exchanger

Heat transfer capacity

Jet streams

Multi objective optimization
Mutation

Pressure drop

Pressurize water reactor
Segmental baffle

Shell

Single objective optimization
Square arrangement

Steam generator

Trefoil perforated plate
Triangle arrangement

Tube bundle

Validation

P g podi

Ol 5l 2 il
B
Sl die
ol sl e b
o slaol
Wa Lo Gileang
SLis sl
Jlis cou O 581,
FB
5
Bla SO gsluany
& bk
S LSS
Josbs 5 rdis dmin
e Oledr
Ay as

oo oleel

31T 0 eslizal «os o (2alS 4 mie 45 303 )5 axy
i 35 e ol QU 0dd S s ol sl et
LB Jlsdin amino sla o s ladie O 5L Cu;)l s
S A8 e b Ok bk LSl e
spmy el g bl Sosbe 53 e sSae laOL >
Cows Sl odnd 0L Il Sl Olug e (8550 5,0
LB 5l a4 e oS ol SO (655 a5 LB Osls
S oL sbml 4 a5 b o5l o OL o e glie a5
S bl i s s s LA (62 et Sl RS
el s SO Ll b b s 5 e ol ol roes
3 b lales 5 SLid s Ay - wey SOl gladds
Sl (g3gee ssb 4 bl des S e el
2 Slates a8y Sl slbagl S5 Ale ctlanl

aoli 03lq
Boundary condition o el i
Chemical deposits obend b g

Convection heat transfer sl ol > Jlal

Guide equations Lazal, oYsles

aqlls

[1] S. Kakac, Heat Exchangers Selection and Thermal Design, 2™¢ Ed. Miami Gables: Florida University. (2002).

[2] S. Kotian, N. Methekar, N. Jain, P. Vartak and P. Naik, “Colburn vs Bell Delaware approach for evaluation of thermo

hydraulic performance of a shell and tube heat exchanger ” a theoretical study, 1st International Conference on

Computations in Materials and Applied Engineering, (2021).

[3] Z. Sui, J. Yang, Y. Yao and X-Y Zhang, “Numerical investigation of the thermal-hydraulic characteristics of AP1000

steam generator U-tubes”, International Journal of Advanced Nuclear Reactor Design and Technology, vol. 2, pp.

52-59, (2020).

[4] O. D. Lara-Montano, F.l. Gomez-Castro and C. Cutierrez-Antonio, “Comparison of the performance of different

metaheuristic methods for the optimization of shell-and-tube heat exchangers”, Computers and Chemical

Engineering, vol. 152, pp.1-17, (2021).

[5] E.M.S. El-said, A.H. Elsheikh and H.R. El-Tahan, “Effect of curved segmental baffle on a shell and tube heat

exchanger thermo hydraulic performance: Numerical investigation”, International Journal of Thermal Sciences,

vol. 165, pp. 1-13, (2021).

;@'Lﬁj)‘j”p/;uj‘j)jy&/;jlc & i

’F'T‘f@[«”mﬂ.?ggjwdu


http://dl.konkur.in/2020/11/Heat-Exchangers-Selection-Rating-and-Thermal-Design-3th-Edition-%5Bkonkur.in%5D.pdf
https://www.materialstoday.com/computation-theory/events/ist-international-ccmae-2021/
https://www.materialstoday.com/computation-theory/events/ist-international-ccmae-2021/
https://www.materialstoday.com/computation-theory/events/ist-international-ccmae-2021/
https://www.materialstoday.com/computation-theory/events/ist-international-ccmae-2021/
https://www.materialstoday.com/computation-theory/events/ist-international-ccmae-2021/
https://www.sciencedirect.com/science/article/pii/S2468605020300089
https://www.sciencedirect.com/science/article/pii/S2468605020300089
https://www.sciencedirect.com/science/article/pii/S2468605020300089
https://www.sciencedirect.com/science/article/abs/pii/S0098135421001812
https://www.sciencedirect.com/science/article/abs/pii/S0098135421001812
https://www.sciencedirect.com/science/article/abs/pii/S0098135421001812
https://www.sciencedirect.com/science/article/abs/pii/S1290072921000892
https://www.sciencedirect.com/science/article/abs/pii/S1290072921000892
https://www.sciencedirect.com/science/article/abs/pii/S1290072921000892

o Slad b (st gy Coar gkt g0 0 (Slanasiio oolde duglis V¥

[6] T. Cong, R. Zhang, W. Tian, G.H. Su and S. Qiu, “Analysis of Westinghouse MB2 test using the Steam-generator
Thermo hydraulics Analysis code STAF”, Annals of Nuclear Energy, vol. 85, pp. 127-136, (2015).

[7] A.S. Ambekar, R. Sivakumar, N. Anantharaman and M. Vivekenandan, “CFD simulation study of shell and tube heat
exchangers with different baffle segment configurations”, Applied Thermal Engineering, vol. 108, pp. 999-1007,
(2016).

[8] H. Uosofvand and A.A. Abbasian Arani, “Shell and tube heat exchanger’s performance improvement employing
hybrid segmental-helical baffles and ribbed tubes combination”, Journal of the Brazilian Society of Mechanical
Sciences and Engineering, 43 (399), pp. 1-15, (2021).

[9] D. Wang, K. Wang, Y. Wang, C. Bai and M. Liu, “Numerical and Experimental Investigation of the Shell Side
Characteristics of the Trefoil-Hole Baffle Heat Exchanger”, Heat Transfer Research, vol. 48, pp. 81-95, (2017).

[10] A.E. Maakoul, A. Laknizi, S. Saadeddine, M.E. Metoui, A. Zaite, M. Meziane and A.B. Abdellah, “Numerical
comparison of shell-side performance for shell and tube heat exchangers with trefoil-hole, helical and segmental
baffles”, Applied Thermal Engineering, vol. 109, pp. 175-185, (2016).

[11] Y. Sun, X. Wang, R. Long, F. Yuan and K. yang ‘“Numerical Investigation and Optimization on Shell Side
Performance of A Shell and Tube Heat Exchanger with Inclined Trefoil-Hole Baffles”, Energies, 12(21), 4138,
(2019).

[12] S. Wang, J. Xiao, J. Wang, G. Jian, J. Wen and Z. Zhang, ”Configuration optimization of shell-and-tube heat
exchangers with helical baffles using multi- Objective genetic algorithm based on fluid-structure interaction”,
International Communications in Heat and Mass Transfer, vol. 85, pp. 62-69, (2017).

[13] X. Zhang, D. Han, W. He and C. Yue, “Numerical simulation on a novel shell-and-tube heat exchanger with screw
cinquefoil orifice baffles”, Advances in Mechanical Engineering, vol. 9(8), pp 1-12, (2017).

[14]1 Z. Xu, Y. Guo, H. Mao and F. Yang, “Configuration Optimization and Performance Comparison of STHX-DDB and
STHX-SB by A Multi-Objective Genetic Algorithm”, Energies, 12(9), 1794, (2019).

[15] S. Jena, P. Patro and S.S. Behera, “Multi-Objective Optimization of Design Parameters of a Shell &Tube type Heat
Exchanger using Genetic Algorithm”, International Journal of Current Engineering and Technology , vol. 3, no.
4, (2013).

[16] S. Sanaye and H. Hajabdollahi, “Multi-objective optimization of shell and tube heat exchangers”, Applied Thermal
Engineering, vol. 30, pp. 1937-1945, (2010).

[17] H. Bayram and G. Sevilgen, “Numerical Investigation of the Effect of Variable Baffle Spacing on the Thermal
Performance of a Shell and Tube Heat Exchanger”, Energies, 10(12), 2181, (2017).

[18] T. Duand W. Du, “Characteristics of flow and heat transfer of shell-and-tube heat exchangers with overlapped helical
baffles”, Frontiers of Engineering Management, vol. 6(1), pp. 70-77, (2019).

[19] L. Ma, K. Wang, M. Liu, D. Wang, T. Liu, Y. Wang and Z. Liu “Numerical study on performances of shell-side in
trefoil-hole and quatrefoil hole baffle heat exchangers”, Applied Thermal Engineering, vol. 123, pp. 1444-1455,
(2017).

’f'r‘fiju?.?n%jwdb &LCJJL}JL.WWJL;J/JK/;}L@@M


https://inis.iaea.org/search/search.aspx?orig_q=RN:47019377
https://inis.iaea.org/search/search.aspx?orig_q=RN:47019377
https://www.sciencedirect.com/science/article/abs/pii/S135943111631359X
https://www.sciencedirect.com/science/article/abs/pii/S135943111631359X
https://www.sciencedirect.com/science/article/abs/pii/S135943111631359X
https://link.springer.com/article/10.1007/s40430-021-03109-y
https://link.springer.com/article/10.1007/s40430-021-03109-y
https://link.springer.com/article/10.1007/s40430-021-03109-y
https://www.dl.begellhouse.com/journals/46784ef93dddff27,293227985b205145,269ead2b16fe97f3.html
https://www.dl.begellhouse.com/journals/46784ef93dddff27,293227985b205145,269ead2b16fe97f3.html
https://www.sciencedirect.com/science/article/abs/pii/S1359431116314211
https://www.sciencedirect.com/science/article/abs/pii/S1359431116314211
https://www.sciencedirect.com/science/article/abs/pii/S1359431116314211
https://www.mdpi.com/1996-1073/12/21/4138
https://www.mdpi.com/1996-1073/12/21/4138
https://www.mdpi.com/1996-1073/12/21/4138
https://www.sciencedirect.com/science/article/abs/pii/S0735193317300878
https://www.sciencedirect.com/science/article/abs/pii/S0735193317300878
https://www.sciencedirect.com/science/article/abs/pii/S0735193317300878
https://www.researchgate.net/publication/319049046_Numerical_simulation_on_a_novel_shell-and-tube_heat_exchanger_with_screw_cinquefoil_orifice_baffles
https://www.researchgate.net/publication/319049046_Numerical_simulation_on_a_novel_shell-and-tube_heat_exchanger_with_screw_cinquefoil_orifice_baffles
https://www.mdpi.com/1996-1073/12/9/1794
https://www.mdpi.com/1996-1073/12/9/1794
https://123project.ir/wp-content/uploads/2020/06/430380_Paper421379-1386.pdf
https://123project.ir/wp-content/uploads/2020/06/430380_Paper421379-1386.pdf
https://123project.ir/wp-content/uploads/2020/06/430380_Paper421379-1386.pdf
https://www.sciencedirect.com/science/article/abs/pii/S135943111000181X
https://www.sciencedirect.com/science/article/abs/pii/S135943111000181X
Numerical%20Investigation%20of%20the%20Effect%20of%20Variable%20Baffle%20Spacing%20on%20the%20Thermal
https://www.mdpi.com/1996-1073/10/8/1156
https://www.mdpi.com/1996-1073/10/8/1156
https://link.springer.com/article/10.1007/s42524-019-0005-8
https://link.springer.com/article/10.1007/s42524-019-0005-8
https://www.sciencedirect.com/science/article/abs/pii/S1359431116338674
https://www.sciencedirect.com/science/article/abs/pii/S1359431116338674
https://www.sciencedirect.com/science/article/abs/pii/S1359431116338674

7 bl Olag) =)kl (sols

[20] D. Wang, H. Wang, J. Xing and Y. Wang “Investigation of the thermal-hydraulic characteristics in the shell side of
heat exchanger with quatrefoil perforated plate”, International Journal of Thermal Sciences, vol. 159, 106580,

(2021).

&'&ﬁ‘j@w/’”/"dbwgfﬁ“@ﬂ' TFeX ¥ plosd oty 5 oo Sl


https://www.sciencedirect.com/science/article/abs/pii/S1290072920310322#:~:text=QPPs%20are%20obtained.-,The%20results%20show%20that%20the%20heat%20transfer%20coefficient%20and%20pressure,comprehensive%20performance%20h%2F%CE%94p%20decreases.
https://www.sciencedirect.com/science/article/abs/pii/S1290072920310322#:~:text=QPPs%20are%20obtained.-,The%20results%20show%20that%20the%20heat%20transfer%20coefficient%20and%20pressure,comprehensive%20performance%20h%2F%CE%94p%20decreases.
https://www.sciencedirect.com/science/article/abs/pii/S1290072920310322#:~:text=QPPs%20are%20obtained.-,The%20results%20show%20that%20the%20heat%20transfer%20coefficient%20and%20pressure,comprehensive%20performance%20h%2F%CE%94p%20decreases.

el Sl (satw s Cons S bt 0,7 (Slaaasiio gode duglio \%4

’f'r‘riju;ﬁ%jwdb &’&j}d"pbuj&)ﬂjgﬁ}lpéf.@'



Journal of Applied and Computational Sciences in Mechanics, 35, 2, 2023. (77-96)

D

i
Ferdowsi
University of
Mashhad

Page Journal: mechanic-ferdowsi.um.ac.ir

Journal of Applied and Computational
Sciences in Mechanics

JulIELy Ul

Manufacturing

Engineering of
Iran

Investigating the Impact of Tibia Bone Heterogeneity on Natural Frequency using Modal Test

and Finite Element Modeling
Research Article

Hamid Dehghan Tarzjani'
DOI: 10.22067/jacsm.2023.78480.1135

, Mohammad Ali Nazari2, Mohammad Mahjoob?

1. Introduction

Natural frequencies and mode shapes of bone can be
predicted using numerical analysis and finite element
modeling, and measured and validated by modal testing of
laboratory samples. These vibration characteristics are
widely used in clinical diagnostics.

Bone heterogeneity in finite element models affects its
natural frequency. Most previous studies have assumed the
bone material to be homogeneous. Although a few of them
have considered bone to be heterogeneous, the impact of
this assumption on the vibration characteristics of bone has
not been studied much.

This research tries to answer the questions about the
accuracy required for a finite element model to predict the
natural frequencies of the tibia bone and the effect of bone
heterogeneity in finite element models. Another problem
this study tries to focus is, for assigning the elastic modulus
of bone material in the heterogeneous model, which
density-elasticity relationship proposed in previous studies
can predict a more accurate natural frequency for bone.

A cow tibia bone was prepared and subjected to modal
test. The experimental results of the modal test were
compared with the results of the 3D finite element model
created from the bone CT scan images. Inhomogeneity
based on the proposed density-elasticity relationships was
applied element by element (continuous) and regionally
based on a tolerance (discrete) in the model. Comparing the
results of heterogeneous models with experimental results
shows that the first five frequencies, a discrete
heterogeneous model with 20 regions, can predict the
natural frequencies with an error of less than 2%.

2. Method

The tibia bone sample was hung by elastic bands in two
positions, anterior-posterior and lateral-medial, and was
knocked by impact hammer in three different directions:
vertical Y, horizontal X, and longitudinal Z in the proximal
and distal positions of the bone. In each test, the position
of the accelerometer was changed between three different
points: proximal, distal, and medial. Figure 1 shows the

position of the accelerometer mounted on the bone. Graphs
of frequency response and phase difference functions were
obtained and the first five identifiable natural frequencies
of the tibia bone were calculated by the peak picking

Figure 1. Position of the accelerometer on the bone: (a)
Anterior-posterior; (b) Lateral-medial position of the sample

The tibia bone was scanned using a GE Hi-Speed
Single Slice CT Scan Machine. In the imaging, the
thickness of the slices was 1 mm and the pixel resolution
was 1280 x 1024. A three-dimensional geometric model of
the sample was created using CT scan images and Mimics
software, with appropriate separation and thresholding for
the Hounsfield unit. Figure 2 shows the 3D geometric
model created in Mimix software.

0 |

Figure 2. 3D geometric model of tibia bone in Mimics
software

The intensity of grayness of CT images, which is
characterized by CT numbers or Hunsfield units (HU), can
be linearly related to tissue density in living tissues. The
following three common Hounsfield -density relationships
have been proposed for bone in previous research, where
pery is the effective density of bone.

pess(kg/m3) = 0.523HU + 1000 Q)
pesr(kg/m3) = 0.464HU + 1000 2
pess(kg/m3) = 0.635HU + 1000 (3)
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Various mechanical tests of previous studies have
shown that there is an exponential relationship between
bone density and elastic modulus. The following
relationships are three important density-elastic modulus
relationships. in which the density is in gr/cm?

E(GPa) = 3.79p%,p “
E(GPa) = 3.26p%%) 5)
E(GPa) = 6.85p%1 (6)

After creating the geometric model, the material
properties are assigned to the model in Mimics software.
By using the lowest and highest Hounsfield units in the
bone CT image, the range of bone density changes can be
obtained. Now this interval can be divided into a specific
number of region. In this way, the discrete heterogeneous
model of the bone is created.

After segmenting and assigning properties to the regions
of the model in Mimix, the model was entered into Abaqus
and based on the same regions in Mimix, it was transferred
to Abaqus. By meshing the model in Abaqus with second-
order tetrahedral elements of C3D10 type, natural
frequencies and mode shapes were determined. Following

the mesh sensitivity analysis, the optimal mesh size was
obtained. The number of optimal elements is 432782.
Figure 3 shows the bone model with assigned materials in
Mimics and the finite element model of heterogeneous
bone in Abaqus.

(@)

(b)

Figure 3. a) The bone model with assigned materials in
Mimics. b) The finite element model of heterogeneous bone
in Abaqus

4. Results and discussion
After the bone modal test, all 36 frequency response graphs
were transferred to MATLAB and drawn. Figure 4 shows

two examples of bone frequency response functions drawn
in MATLAB.

0.012 T r T T
0.01 ‘ o
o } |
5 0.008 ’ ’
2 ||
= 0006 |
° |
2 -
5§ coo04 L £ ]
L] ‘ ka7
= | \v,' \
0.002 \
\_( 2 XN
0- ._/III \>’. ‘).\\ 1 i et
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Frequency (HZ)
3
25 10
o
2r 'Il' l'l -
E ,‘I l|
= 15 e
£ |
o \
° ] \
"3 1+ },‘ \ 1
c / )
far) /
@
2 / \
0.5 / \
™ \
e - \
— P T e,
0 — —
0 500 1000 1500 2000 2500
Freequency (HZ)

Figure 4. Two examples of bone frequency response functions drawn in MATLAB
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Table 1. The first five frequencies of each of the homogeneous, discrete heterogeneous, and continuous heterogeneous
models

The the
position impact first Sec. | third | fourth | fifth
of the direction | freq. | freq. | freq. freq. freq.
sample Hammer

Anterior axis Y 663 832 | oot | evieis | aeennn
- axis X 674 830 1114 | ...... | ......

posterior axis 7 veenee | eeeeen 1125 | ...... 1992
lateral axis Y 658 | ceeeee | veeeee | eeeeee ] e
e axisx [ess [83 [ ... 1 .. [..

axis Z 670 844 | ...... 1711 | ......
Mean value and 665+ | 835+ 1120 1711 1992

standard deviation 712 6/3 +7/8

Table 2. The first five frequencies of the discrete heterogeneous model based on the number of regions

Bone natural frequencies (Hz)

Density- . = - -
elasticity Bone model zo|l 5| 25 Eg| ¢
relationship = £ 51 £ = £ g & E =
- &« = £ - -
Homogenous 795 995 1492 2502 | 2944
Calr{t:;e:“d Discrete 672 | 847 | 1129 | 1717 | 1999
Keller heterogeneous = ees™=ge T 1151 | 1955 | 2229

(40 regions)
Morgan 688 864 1225 2328 | 2537
Carter and Continuous 670 | 845 | 1127 | 1715 | 1995
Hayes heterogeneity
Keller (432782 681 856 1149 1952 | 2224
Morgan regions) 685 | 860 1220 | 2322 | 2530
Modal test 665 835 1120 1711 | 1992
ZJV\K
First mode shape Sccond mode shape
(Bending in the XZ plane) (Bending in YZ plane)

Third mode shape

(twisting around the Z axis)

Y
z "L'X
Fourth mode shape Fifth mode shape
(Bending in the X7 plane) (Bending in YZ plane)

Figure 5. The first five mode shapes of the tibia bone
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By solving each of the homogeneous, discrete
heterogeneous and continuous heterogeneous finite
element models, the first five non-zero frequencies of each
model are listed in Table 1. Moreover, Figure 5 shows the
first five mode shapes of bone. It can be seen that the
values of the natural frequencies obtained according to the
density-elasticity relationship of Carter and Hayes are
closer to the natural frequencies obtained from the modal
test with an error of less than 1%.

Moreover, Table 2 shows the first five frequencies of
the discrete heterogeneous model based on the number of
regions of the model. The results show that when the
number of regions in the model exceeds 20, the difference
of the frequencies obtained from the finite element models
with the results of the modal test of bone decreases to
below 1%

5. Conclusion

The results of this research show that although the use of
continuous inhomogeneous models can probably give
more accurate results in static analyses such as stress and
strain analysis, in vibration analysis and natural
frequencies of bone, a simpler discrete inhomogeneous
model with 20 sections can obtain natural frequencies
close to experimental values (less than 1% error) with less
cost and shorter time.
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Investigating the Effect of Tibia Bone Heterogeneity on Natural Frequency Using Modal Test and
Finite Element Modeling

Hamid Dehghan Tarzjani Mohammad Ali Nazari Mohammad Mahjoob

Abstract The natural frequencies and mode shapes of bone are widely used in the diagnosis of bone fracture healing,
bone remodeling, osteoporosis diagnosis, and implant-bone interaction. These characteristics can be estimated using
numerical analysis and finite element modeling and measured and validated by modal testing of laboratory samples.
Bone heterogeneity in finite element models affects its natural frequency. In this research, the effect of bone heterogeneity
and density-elasticity relationships on the natural frequency of bone and the accuracy of their estimation have been
investigated. A cow tibia bone was prepared and subjected to modal test. The experimental results of the modal test were
compared with the results of the 3D finite element model created from the bone CT scan images. Inhomogeneity based
on the proposed density-elasticity relationships was applied element by element (continuous) and regionally based on a
tolerance (discrete) in the model. Comparing the results of heterogeneous models with experimental results shows that
there is very little difference between the natural frequencies of discrete and continuous heterogeneous models. So, for
the first five frequencies, a discrete heterogeneous model with 20 regions can predict the natural frequencies with an
error of less than 2% with less cost and shorter time.

Key Words Natural Frequency, Mode Shapes, Tibia Bone, Bone Heterogeneity, Modal Test, Finite Elements.
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1. Introduction

Wire Electrical Discharge Machining (WEDM) is an
electrothermal process that uses a conductive wire with a
diameter of 0.05 to 0.30 mm as an electrode. The dielectric
liquid is placed between the wire electrode and the
workpiece in order to create a fixed gap of 10-100
micrometers. When sufficient voltage is applied, the
dielectric liquid acts as an ionizing medium for the
electrode. The workpiece is eroded due to the separate
sparks that occur between the workpiece and the wire and
is removed from the machining area by the dielectric fluid
flow. Figure 1 shows the wirecut process schematic.

Diglectric Supply —>

<+— Wire Guides

Wire Diameter

/

Wire Spool
Figure 1. Schematic of the wirecut process

One of the advantages of this process is that the wire does
not come into contact with the workpiece during the
process, so the physical pressure similar to grinding and
milling processes is not applied to the workpiece. This
process eliminates mechanical stress, noise, and vibration
during machining and can produce various materials with

a thickness of 300 mm. Wirecut is a suitable option for
making molds and industrial parts due to its high
dimensional accuracy and favorable surface quality.
Proper dimensional accuracy leads to improvement of
fatigue strength, wear resistance, and corrosion resistance;
so any effort to improve dimensional accuracy in this
process can be a big step in the direction of producing
precise and strong industrial parts.

The performance of the wirecut machine depends
completely on machining parameters. It is very difficult to
obtain the relationship between machining parameters and
machining characteristics in the wire cutting process due
to the multitude of parameters of the work process.

Therefore, choosing the right machining parameters can
lead the process to the desired dimensional accuracy.
Response procedure method is a mathematical and
statistical technique that is used to model and analyze
problems, where the response is affected by several
variables, and its purpose is to model and optimize this
response.

Using response procedure method, this study tried to
optimize the dimensional accuracy, which plays an
essential role in determining the position of the wirecut
process. Parameters “wire speed”, “wire tension”, and
“generator power” were selected as input parameters in
this process.

2. Laboratory conditions

Mo40 steel was used as the workpiece material. First, in
order to achieve uniformity in thickness, the workpiece
was completely planed using a lathe machine and brought
to the final dimensions of 320 x 40 mm and a thickness of
10 mm. Then it was fixed on the CHARMILLES five-axis
wirecut machine (Figure 2). Parameters “wire injection
speed”, “wire tension” and ‘“generator power” were
selected as input parameters. Table 1 shows the range of
these parameters.
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Figure 2. The five-axis wirecut machine and the work
pieces on it

Table 1. Test conditions

Wire diameter (mm) 0.2
Wire material Copper
Dielectric fluid Distilled water
Wire injection speed (cm/s) 10-2
Wire tension (kg) 2.5-05
Generator power (percentage) 50-10

Wire speed and wire tension are parameters of wire
movement control. The wire feeding speed indicates the
length of the wire that is unrolled from the reel in a unit of
time. Unnecessary increase of this parameter leads to an
increase in wire consumption, on the other hand, being too
low will lead to an increase in the possibility of wire
breakage.

To create stable machining accuracy, a certain amount
of tension in the wire is required to limit deviation of the
path, bending, and vibration. In order to optimize the
mentioned parameters using response procedure method,
20 experiments were performed according to Table 2. For
each test, a cylinder with a base diameter of 10 mm and a
height of 10 mm was cut from the workpiece.

Factors “traction”, “speed” and “power” are considered
as input variables and dimensional accuracy is response
variable. Building response procedure models in response
procedure designs is an iterative process. As soon as an
approximate model is obtained, it is tested by the goodness
of fit method to see if the answer is satisfactory. If the
answer is not confirmed, the estimation process starts
again and more tests are performed. The relevant results
are presented in the form of analysis of variance table. As
can be seen, the P-value of the interaction between the
factors is less than 0.05, and the validity of the model is
confirmed.

Figure 3 shows the Pareto chart related to the impact of
the main, reciprocal, and square parameters on the output
parameter (dimensional accuracy). Based on this diagram,
with a confidence factor of 0.95, the mutual impacts of the
factors have the greatest impacts; BC: interaction of speed
and power, AC: interaction of tension and power, and AB:
interaction of tension and speed. In this graph, any bar that
crosses the vertical line of 2.228 indicates that it affects the

response variable. The mentioned number is calculated
based on the confidence factor of 95%. The Pareto chart
seeks to identify the factors whose total impact on the
response variable constitutes more than 80% of the
impacts. In other words, it seeks to determine 20% of the
factors whose share in the changes of the response variable
is 80%. In this research, the factors are: The interaction of
speed and power, the interaction of tension and power, and
the interaction of tension and speed.

(vesponse is Dimensional Accuracy, a = 0.05)

Term 2228
T

Factor  Name

BC A Tension

B Speed
AC C Power
AB

cc

BB

0.0 05 L0 L5 20 25 30
Standardized Effect

Figure 3. Pareto standard effects

3. Conclusion

Achieving high dimensional accuracy in making cutting
molds is very important. Wirecut process is one of the
common processes for making these molds. This study
tried to analyze, model, and optimize the value of
dimensional accuracy based on wire speed, wire tension
and generator power, using variance analysis and response
procedure method. The results show that the mutual
impacts of parameters have the greatest impact on
dimensional accuracy.

The optimal value of the parameters and the
corresponding dimensional accuracy were extracted based
on the response procedure method. Therefore, for the
tension values of 1.3485 kg, wire speed of 10 cm/s and
power of 46.7677%, the accuracy value reaches its
maximum value. For validating the results of the model,
these values were tested, which had a 0.2% error compared
to the predicted value.
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Optimization of Dimensional Accuracy of Mold Steel in Wire Cut Process Based on Response Surface
Method
Masoud Seidi Farshad Rabiei Zahra Seydi

Abstract One of the industrial parts that requires very high manufacturing accuracy is industrial molds and especially
cutting molds. In these molds, the clearance of the dies is equal to 0.1 of the thickness of the sheet, so the accuracy of
making these molds is very important. Today, the wirecut process is widely used in making these molds. In the process,
due to the lack of contact between the tool and the work piece, there is no mechanical tension and the produced parts
have high precision. Nevertheless, in order to achieve the high precision required in the production of cutting molds,
various methods are used. In this research, using the response surface method, the dimensional accuracy value has been
investigated based on three parameters of wire speed, wire tension and generator power for Mo40 steel workpiece. Based
on this method, at first, the importance of each parameter on dimensional accuracy was determined by analysis of
variance. Then, by deriving the equation according to the conducted tests, the optimal value of dimensional accuracy was
extracted based on the mentioned parameters. The results showed that for tension values of 1.3485 kg, wire speed of 10
cm/s and power of 46.7677%, the accuracy value reaches its maximum value. Finally, these values were experimentally
tested and a 0.2 % error was recorded. Therefore, by using the method of the response procedure, the amount of
dimensional accuracy can be predict and optimize in the wirecut process of industrial steel molds.

Key Words Wire Cut, Wire Feed Speed, Wire Tension, Generator Power, <Response Surface Method, Dimensional

Accuracy, Optimizatio.
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Source DF Adj SS Adj MS F-Value P-Value
Model 9 0.005049 0.000561 6.44 0.004
Linear 3 0.000567 0.000189 2.17 0.155
Tension 1 0.000219 0.000219 251 0.144
Speed 1 0.000246 0.000246 2.83 0.124
Power 1 0.000169 0.000169 1.94 0.194
Square 3 0.000991 0.000330 3.79 0.047
Tension*Tension 1 0.000332 0.000332 3.81 0.079
Speed*Speed 1 0.000041 0.000041 0.47 0.509
Power*Power 1 0.000199 0.000199 2.29 0.161
Way Interaction 3 0.002449 0.000816 9.37 0.003
Tension*Speed 1 0.000461 0.000461 5.29 0.044
Tension*Power 1 0.000499 0.000499 5.73 0.038
Speed*Power 1 0.000688 0.000688 7.90 0.018
Error 10 0.000871 0.000087
Lack-of-Fit 0.000818 0.000205 23.24 0.001
Pure Error 6 0.000053 0.000009
Total 19 0.005921
9.9607 + 0.0294 Tension — 0.007 Speed + 0.001 Power
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