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Abstract- People always want to feel special and different. This demand has not left us alone in the food sector and has
improved itself as culinary arts and presentations. So much so that there are masters who can transform food liquids, such as
pancake liquids, into art by making special shapes on them based on demand. As in every sector, the effects of technology are
also seen here. Considering these needs and developments, this study focused on the production and tests of machines that
would convert the drawings designed by people with the help of computers into food liquid. The machine, produced in the
context of the study, has a two-axis mechanical structure and gives shape to the food liquid with the commands coming from a
computer and the liquid pouring chamber. While this machine aims to provide convenience to people in terms of time and
ability, it also contributes to the developing technology in the kitchen sector. As the machine’s working principle, a drawing is
created first with shapes that people can draw on a tablet or a computer in front of them if they want, or they can choose ready-
made. Then, this drawing is converted to g code via the program and the movement coordinates of the pouring mouth of the
machine are created. The system, controlled by a microprocessor, drives the motors and performs the operation. While the
pouring process is supported with the help of a chamber air control system in which the food liquid is located, the cooking of
the food liquid is ensured by the heat-adjustable tray under it.

Keywords Two-axis machine, Kitchen, Pancake
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1. Introduction

It is an undeniable fact that the invention of machines and
the mechanization process have made human life easier. For
example, mobile phones and transportation vehicles that we
use every day are machines that provide convenience for us in
all areas of life. The mechanization process continues to affect
the flow of life by growing and renewing.

Machines allow us to do many small or big jobs easier now
and they provide many conveniences in all aspects of our lives.
Jobs that were done by many people in the past can now be
done with less cost and in a shorter time thanks to one machine.
Today, autonomous devices and machines have moved toward
systems that are called artificial intelligence.

Three- and two-axis autonomous machines, which are among
the commonly used devices today, are the focus of this study.
These machines are used in many fields such as industry,
military, health, and agriculture. While these machines that
shape materials such as plastic, metal, and wood continue to be
effective in the market, the machine that we have chosen in this
study is used to serve people in the kitchen and food field by
shaping food liquids.

The capacity of the systems of these machines, which differ
structurally in terms of the way they work, depends on the
direction and number of their movements on the axes of
motion. The differentiation of usage areas makes devices into
systems that require research and development works at many
points in terms of both software and hardware.

In this study, the designed and manufactured machine was
created by inspiring the infrastructure of two-axis computer-
controlled systems. In terms of its design, thanks to its portable
feature, this machine is a device that facilitates life and will be
able to be used in everyday life and even at home. A literature
review and similar projects related to the topic of the study are
presented below.

2. Literature Review

The machines manufactured today consist of many
infrastructures and systems. These infrastructures and systems
include mechanical, electronic, and software stages.

For example, biaxial food liquid pouring machines consist
of mechanical parts, electronic control units, air flow systems,
liquid flow, and heating plate units [1]. With Computer
Numerical Controls (CNCs) and cartesian robots, processing,
design, and manufacturing operations on raw materials can be
performed [2-6]. Electronic control on CNCs can be provided
on computers via embedded electronic systems [7-10]. During
this control phase, communication can be carried out using
wired, Wi-Fi, or 10T (Internet of Things) systems [11-12].

Elements produced by using the 3D printing method are
actively used in robotic systems, mobile robots, and CNC
production area [13-14]. The software control of robotic
systems can be planned to include artificial intelligence
algorithms depending on their usage areas [15-17]. In machine
design, analysis and evaluation of software systems in terms of
the control of devices, and the design of machines’ axis
movements are very important [18-24]. In a study conducted
by Kurt et al. [23], which production methods or
manufacturing techniques were used for the production of

machine elements were examined based on the production
drawings and taking into account the science of technology. In
the literature review, it was seen that older food-liquid cooking
machines (pancake machines) used a hopper filled with pancake
batter that was manually dropped on a rotating grill, and the
pancakes were manually turned and coated when cooking was
complete [25].

Based on the usage areas, the steel to be used in the structure
of the machines should be stainless. Studies have shown that the
chromium and passivation rate in stainless steel determines the
stainless quality of the steel, and the oxide layer formed on the
material surface is too thin to be seen with the naked eye and is
waterproof [26].

3. Design of Mathematical Modeling
3.1. Equipment and Elements Used in the System

The system developed in this study is basically composed of
two sections: a control unit section and a mechanical section. In
the mechanical section, commands from the control section gain
function. In this section, motors, belts, plates, pulleys, linear
bearings, and rails constitute the system. In the control part, the
commands given from the computer are transferred to the
mechanical part with the microprocessor, engine drivers, air
pump, and power supplies. Our system saves time and labor by
processing a shape drawn from a computer with a control unit
and then transferring it to a mechanical part. The food liquid
reservoir located in the mechanical system is drawn on the
cooking plate by a two-axis movement mechanism and drained.
While two stepper motors provide movements, the air pump
ensures the pushing of the flow of food liquid into the pouring
mouth.

3.2.  Mechanical Elements in the System

The elements used in the system were selected in
accordance with the food. For example, while stainless steel
was used in the Plate parts, hoses and hoppers were supplied
from the food sector. In the mechanical part, the transmission
of two stepper motors is ensured by belt, pulley, and linear
bearing systems. In order to provide this motion control,
limiters were used. The food liquid is kept in a container and
transmitted to the mouth of the pourer with the help of a hose,
while the movable arms shape this pouring process. In Figure
1, the complete mechanical components of the system is
shown. While the white food liquid container is located on the
top, the moveable lever to which the container is connected
can also be seen in the figure. As seen, the hose and belt
systems are located behind the mechanism.
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Fig. 1: Mechanical Part of the S)}ste
3.3. Stainless Plates

The 304 stainless steel plate used for the main lines and
chassis of our machine was processed and assembled in
accordance with our machine (Figure 2). The features such as
being lightweight, giving results that we want in terms of
durability, and being suitable for food use were among the
main reasons for using this steel plate in our machine. In
addition, its low cost stood out as a separate positive factor for
us. The fact that the main frame of our machine is durable
makes it possible not to be easily affected negatively as a result
of any impact that the machine will face during the operation
process.

Fig. 2: Stainless chassis of the machine

3.4. Movement and Transmission Elements

We used linear bearings so that our robot, which moves on
two axes and also works with 3D printer logic, can perform the
movements we want it to do on the axes without errors and
smoothly. In addition, the linear bearing was the most logical
choice because we used an induction shaft in the region where
the bearing would move. The linear bearing where we use the
SCE 10 UU model prevents axis leaks that may occur. In this
way, the error rate that may emerge in the movements of our
machine was minimized. Moreover, thanks to its lightweight
structure, it did not create a disadvantage in the weight of the
machine that we determined at the design stage. Figure 3
shows the selected bearing.

Fig. 3: Linear Bearing

Induction shaft: This shaft type with high strength works at
full performance with the SCE 10 UU linear bearing that we
use in our machine. In this way, our machine can move
properly between the axes. The shaft used in the machine has a
length of 270 mm and a diameter of 10 mm. The selected shaft
is shown in Figure 4.

Fig. 4: Induction Shaft

In order to ensure the connection between the motors and
the pulleys of our machine, a three-groove v-belt was used.
Three-groove v-belts, which work in a full performance manner
with specially processed pulleys, were used both because we
did not use a process requiring high torque and because it was
the best choice for movement between axes. In addition, the fact
that v-belts have a long service life is another positive factor for
our machine. In Figure 5, an example of a v-belt used in the
system is shown.

Fig. 5: The v-Belt Used in the Machine

The pulley system used in the system was manufactured as
a three-groove in accordance with this belt system; and this,
in turn, minimizes the likelihood of the belt coming off due to
the overload coming to the system.

3.5.  Electronic Elements in the System

While two stepper motors were used in the system, the
Toshiba Th6560 stepper motor driver was used to control
them. For fluidity, the air engine was used and the air pump
control unit was used to control it. Limit switches were used
for the notification of the limits of motor movements. These
elements are controlled by an AT mega 328 microprocessor
and power is provided to the system by a 12V DC power
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supply.

Two stepper motors were used in the system: the Nema 14
and Nema 17 stepper motors. They provide x- and y-axis
movement. Nema 17 moves the carrier arm on the x axis,
while the Nema 14 motor moves the pouring mouth on the
carrier arm on the y axis.

Fig. 6: Nema 17 Motor

It was decided that Nema 17, a type of stepper motor, was
suitable for this project. In the system, one Nema 17 motor
was used. In terms of its characteristics, the Nemal7 operates
at4Vand 1.2 A. The purpose of use of it in hardware design
with its holding torque of 3.2 kg-cm is to ensure the
movement of the liquid pouring system and the X axis
carrying the Y axis on it. This motor is shown in Figure 6.

Fig. 7: Nema 14 Motor

Nemal4 is a kind of stepper motor and in the system, one

Nema 14 motor was used. Nema 14 is powered by 2.7 V and
1000 mA. With its holding torque of 1.4 kg-cm, it provides
the movement of the Y axis as integrated with the liquid
pouring system in the hardware design. Figure 7 presents this
motor.
To drive the Nemal4 and Nemal7 stepper motors used in the
machine, two Toshiba Th6560 Stepper motor drivers were
used. This type of stepper motor driver, which can work with
24V and 3A, is suitable for 2, 4, and 6 phase stepper motors.
A general view of the stepper motor driver is presented in
Figure 8 and a connection diagram is shown in Figure 9.

Fig. 8: Th6560 Stepper Motor Driver

POWER; |
(10 - 24V) |

|

STEP
DIRECTION

Fl:NABLi:
GND

oal
MOTOR CURREN‘a_‘ rr—

EXCITATION MODE

DECAY %
STEPPER MOTOR
STOP CURRENT

Fig. 9: Schematic Diagram for the connections of the motor
driver

In order for the machine to transfer the food liquid onto the
grill, an air pump powered by 220V and through which we can
pour the food liquid was used. In this way, the movement of the
food liquid on the axes of the designed system was ensured.
Another method is to perform this operation with a liquid pump.
This pump, which was used to perform the spraying process that
is the main task of Hexatar, provides the operation and stopping
of the irrigation system by applying the start or stop commands
that it received from the relay triggered by a pulse width
modulation (PWM) signal. There are two hoses connected to
this motor.

One of these hoses is located inside the fuel tank, while the
other hose is fixed to the spraying apparatus. However, when
we applied the literature [14] we examined, efficiency could not
be achieved in terms of fluidity when we did not give the liquid
to the container where it was in.

When tested with a DC 12 volt liquid pump, it was observed
that no continuous fluidity could be achieved, and such a
method was used to keep the air in the bottle constant. In Figure
10, a sample air pump motor is shown.

@m;é
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Fig. 10: Air Pump Motor

With the operation of the air pump, the food liquid was
poured from the unit where it was located to the heater plate by
the air pump control unit. This part is located in the control unit
of the designed system and is controlled by the microcontroller
board. This driver is shown in Figure 11.

Fig. 11: Air Pump Motor Driver

A power supply is an electrical device that supplies
electricity to an electrical load. The main function of a power
supply is to convert the electric current from a source to the
correct voltage, current, and frequency to supply the load.

4
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Therefore, power supplies are also sometimes called
electrical power converters. A 12 volt 5 A power supply was
used to supply all the electronic components in the system.
All the necessary energy is supplied from this power supply.
An example of the power supply used in the system is
presented in Figure 12.

Fig. 12: Air Pump Motor Driver

To ensure that the internal components are in the correct
position for the operation and to prevent operation when the
access doors are opened, the Miniature Snap Action Switch
can be used as components of devices such as copy
machines, computer printers, convertible tops, or microwave
ovens. A set of adjustable limit switches is installed on a
garage door opener to turn off the motor when the door is in
the fully raised or fully lowered position. A numerical control
machine such as a lathe should have limit switches to define
maximum limits for machine parts or to provide a known
reference point for incremental movements. Therefore, in our
system, we also used limiters to control movement limits in
the system and obtain more useful results. An example of the
limiter in the system is shown in Figure 13.

Fig. 13: The Limiters

Arduino Uno is a microprocessor development board based
on ATmega 328 (Figure 14). The card has 14 digital
input/output connections (of which 6 can be usedasa P W
M output), 6 analog inputs, a 16 Mhz crystal oscillator, a
USB connection, a power connection, an ICSP connection,
and a reset button. Connecting to the computer via the USB
port is sufficient for the card to work. In addition, it can also
be used with a battery or an adapter.

Fig. 14: Arduino Uno

In the machine designed in this study, we used AT mega
328. In order for the software created for the system to work
simultaneously with the motor and drivers, the Arduino UNO-

R3 was used. It was preferred both because of the variety of its
code library and because it can be encoded very easily with the
C codes. The card, which is also widely used in prototype
projects today, has added practicality in terms of use in this
project as well. In the study, this card was used as a processing
and control card when driving the motors of the machine with
the driver.

Another element of the system is the heater plate. It is the
part where the food liquid that will flow through the liquid flow
system with the air control unit will be cooked. Data related to
food liquid is created on the computer interface in the system.
A 220 V AC mains voltage was applied to supply the system.
The heater plate (baking plate) was supplied as a ready-made
product and added to the system. The heater plate used in the
system is shown in Figure 15.

Fig. 15: Heater Plate

3.6. The Structure of the Software in the System

To control the motion system of the machine, the software
developed within the Istanbul Gelisim University Technology
Transfer Office (IGU TTO) was used in the software section. In
the software system, the user data sent to the machine from the
computer interface is directed by the TTO Pankek 4.1 interface
software. The interface software used in the machine is
comprised of six sections. The first is the “connection settings”
section where the communications protocol is provided
between the machine and the computer interface. The second is
the “Manual Movement” section where manual position control
of the machine is provided. In the third section, “Pancakes fluid
flow control” is carried out by ensuring the manual control of
the air flow system in the control unit. The fourth section is the
drawing area where drawings will be created with the mouse.
The fifth section is the “Incoming - outgoing data” section
where outgoing—incoming data will be displayed during
communication between the port and the machine and the
possibility of manually sending codes can be provided. In the
sixth section, on the other hand, there is an area where the
created pancake data will be uploaded to the robot. The
interface of the software used in the system is shown in Figure
16.
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Fig. 16: Program Interface

As an example, when we type the inscription “IGU”, an
image is formed in the program as in Figure 17.

[l NErd s ===

Fig. 17: “IGU" Interface image

While writing, the cooking priority can be determined with
the color options on the tab at the top of the interface. While
the parts drawn in a dark color are cooked more, the ones
drawn in light color are poured later so that they are cooked
less. The resulting G codes of this writing appear as in Figure

18.
.@ .moapm.

Alinan Resim  Iglenen Resim Pankek Kod Datalan

Goo
G

G3Xo.35 Y50 Z0
My

GoXo.35Y1.58 20
GoXo.35 Yu37 Zo
GO X0.35 Y1.56 Zo|
Go Xo.35 Y5520
GoXo.34 Y35 Z0
GoX0.34 Y1.54 20
GoXo.34Yr52Z0
GoXo34Yus1 20
GoXo.34YL520

Go X0.34 Y149 Z0
GoXo34 Y47 Zo
GoX0.33 Y146 Zo
GoXo0.33 Y420

Fig. 18: G code view

It has been found that G-code instructions are mostly used
in vertical machine tools and they are machine messages that
tell motors where to move, how fast to move, and which path
to follow [20].

3.7. The Principle of Operation of the System

After activating the power buttons on the system, the user
makes sure that the microprocessor is working and its lights
are on. The drawing program on the computer is run, the
desired shape is drawn with the mouse, or the desired shape is
transferred to the program. The heater plate is turn on and the
pressure command is pressed with the control of the limit
switches, then the pouring process of the food liquid is started.
In case of any emergency, the printing process can be stopped
via the program.

4, Conclusion and Recommendations

The control unit of the Food Liquid Machine can make
axis movements in accordance with the air-flow system and
liquid flow systems. In various tests conducted, it was
observed that the software worked compatible with the
control system and the air-flow system. In the project where
the single-lever system was used for the first time on such
machines, ease of use came to the fore, and it became easy to
interfere with the product and the heater plate. However, it
was noticed that the sensitivity of the liquid being poured was
poor due to the mechanical system, and arrangements were
made to prevent this. The system is shown in Figure 19.

b |

Fig. 19: Food liquid printing

In terms of arrangements, the height between the
machine’s arm carrying the liquid pouring system and the heat
plate was decreased. With the shortening of the arm length,
the delay margin between the motion of the movement
mechanism and the shape made by the liquid on the plate also
reached an ideal level. For example, when the pouring height
was reduced to four centimeter and the temperature was set to
180 degrees Celsius, the cooking time was recorded as 3
minutes. Another arrangement is that the liquid container
previously located above the pouring mouth was placed on
top of the conveying arm, and the pouring mouth and the
chamber mouth were separated from each other. Thus, the
liquid chamber performed a healthier pouring by not weighing
on the movement arm and not creating vibration on the
pouring mouth. In addition, we made a new addition to the
pouring mouth, and we done this with 3D printer. Today,
precision, reproducibility, and the variety of materials have
shown that some 3D printing processes can be considered
industrial production technology.
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One of the main advantages of 3D printing is the ability

to produce very complex shapes or geometries. There are no
prerequisites for the production of any part printed on a 3D
machine. A digital 3D model or a CAD (computer-aided
design) file is enough. Considering these, it was profitable to
produce the material by this method.
In terms of recommendations that can be made: The software
part currently transfers what is drawn over the computer via
cable. In the future, remote ordering logic can be placed
wirelessly on devices such as phones, tablets, and computers.
By covering the device with plexy, a protection shield can be
created and a healthier pouring process can be performed.
Cases and unit containers can be made on the machine by
using plastic injection molds, the cost of which will not cause
problems in mass production. Finally, it can be also said that
if a linear bearing, which could not be purchased because of
its high price, had been able to be used in the sleigh system,
the movement mechanism would give a smoother result.
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Abstract- Agricultural residue briquettes can be used as a fuel for heating, cooking and other domestic and industrial
applications. This article explored the potential of using palm fruit shells to make briquettes as an alternative fuel for both
domestic and industrial use. This will significantly reduce the problem of deforestation and excessive dependence on fossil fuels
and reduce the impact of greenhouse gas emissions generated by trees as a fuel for wood. Cassava starch was used in an amount
of 100:15 by weight and the burning properties of the produced palm fruit briquettes were determined. The combustion
characteristics of the palm fruit briquettes produced are 7.56% average moisture, 17.45% average volatiles, 6.68% average ash,
68.28% average bound carbon and 9717.74 kcal /kg of average calorific value. These results, compared with the literature,
showed that briquettes made from palm husks have good combustion properties, which makes them suitable for domestic

applications and small industries.

Keywords: Briquettes, palm fruit shell, calorific value, domestics use, agro residues

1. Introduction

Biomass briquetting is the compaction of loose
agricultural residues with or without binder into compact solid
composites of various sizes by the application of pressure [1].
Briquettes are the products formed by the physical-mechanical
conversion of dry, loose material, of small particle size, with
or without the addition of an additive, into a solid state of
regular shape [1]. Briquettes are mainly used where heat
applications are required (steam generation, metal smelting,
space heating, brick kilns, tea treatment, etc.) and for energy
generation through the gasification of biomass briquettes and
for domestic use [1].

Reference [2] referred to the huge agricultural residue
waste management problem facing developing countries. They
said these agricultural and sawmill residues are usually burned
on roadsides or in landfills, causing pollution problems.
However, they identified the need to convert these residues

into usable fuels. These residues are very difficult to handle
and store and, if burned directly, result in very low thermal
efficiency and high levels of air pollution. However, they
concluded that these problems could be avoided by briquetting
the residual biomass into a usable fuel that produces energy.
This will make biomass briquettes an alternative to fossil fuels,
improve waste management and reduce air pollution.

Reference [3] in his work observed that the caloric values
of briquettes of mixed sawdust from three tropical hardwoods,
bound with starch, cow dung and wood ash as binding agents,
were high. He mixed the sawdust of each species with the
binder in a ratio of 70:30 for cow dung and wood ash and 70:15
for starch. He used a 1: 1 ratio to mix the sawdust for each
combination of briquettes he produced. His results showed that
the best combination of briquettes was sawdust mixed with
starch.

Reference [4] conducted an experimental test on the
effect(s) of starch and gum arabic as binders on the combustion
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properties of sawdust briquettes in different ratios. The
briquettes were produced by mixing with the binders. The
blends were compressed to 110 kN using a manually operated
hydraulic briquetting machine and the products were dried in
the sun. They estimated the calorific values, the volatiles and
the flame temperature of the briquettes produced. In their
results, briquettes formed using starch as a binder had better
combustion properties than briquettes formed using gum
arabic as a binder.

Reference [1] compared the calorific values of briquettes
produced by the binary and tertiary combination of biomass
briquettes made from sawdust from Afzelia africana, Daniella
oliveri and rice hulls with binder contents of 20%, 30% and
40% starch. They carried out an immediate analysis of the
briquette samples and observed significant differences
(p>0.05) between the densities, the percentage of ashes, the
percentage of volatiles and the percentage of bound carbon.
They observed a gradual increase in the calorific value of
biomass briquettes produced with increasing intensity. They
found that briquettes made from the tertiary combination of
Afzeliaafricana + Daniella oliveri + rice husk biomass had the
highest and lowest calorific values of 4827.20 kcal/kg and
4586.72 kcal/kg at 40% and 20% starch, respectively. They
also found that the tertiary combination had the highest and
lowest ash content of 9.29% and 4.30% at 20% and 40% starch
content, respectively. They therefore recommended using a
starch content of 40% for the production of biomass briquettes.

Reference [5] had produced biobriquettes using Napier
grass, Spear grass and Biochar at moderate pressure and
temperature. They performed extensive analyzes and
compared their results with wood samples. Their goal was to
replace firewood with brigquettes in rural Nigerian households.

Briquetting biomass is a way to generate energy from
agricultural waste. Biomass briquettes were developed using
different types of agricultural waste. The production of
biomass briquettes from agricultural and municipal waste
streams could lead to viable fuel production. In this research,
we estimated the combustion properties of briquettes made
from palm fruits shells.

2. Materials and Methods

Palm fruits shell were homogeneously mixed with cassava
starch in a weight ratio of 100:15 as described by Sotannde et
al. [6], Martin et al. [7]. This mixture was fed into a briquetting
machine designed and manufactured by Inegbedion and
Francis-Akilaki [8] to produce the briquettes required. This
machine, a single extrusion screw press, mainly consisted of a
drive motor, speed reducer, feed auger, die and housing
containing a hopper. The drive motor directly transfers the
power to the auger through the speed reducer. While the
machine is working, the raw materials are fed into the
compression chamber through the hopper, the raw materials
are compressed into the barrel by the screw and extruded
through the nozzle. The screw continuously pushes the
materials into the die. In an extrusion die screw press, pressure
builds up along the screw rather than in a single area as in
piston machines. Figure 1 shows briquettes made from palm
bark bound with cassava starch.

X e >
T

Fig. 1. Briquettes produced using from Palm Fruits Shell

2.1 Determination of Moisture Content of the Palm Fruit Shell
Briquettes Produced

To estimate the percentage moisture content (PMC), 1.5g
samples of the palm fruit peel briquettes produced were
weighed using a crucible of known mass and placed in an oven
setat 105 °C£5°C. The crucible and its contents were removed
from the furnace after one (1) hour and allowed to cool to room
temperature, after which the crucible and its contents were
reweighed. This procedure was repeated until a constant
weight was recorded. Equation (1) was used to estimate the
percentage moisture content of the sample briquettes
produced.

2 % 100%

puc =~ W:
7 1)

W. is the initial weight, while W5 is the final weight of
briquette sample respectively.

2.2 Determination of Volatile Matter of the Palm Fruit Shell
Briquettes Produced

The percentage volatile matter (PVM) of the palm fruit
shell briquettes produced was estimated by placing 1.5 g of the
briquette sample in a crucible and keeping it in a furnace at a
temperature of 550°C. £ 5°C for 8 minutes, then weighed after
allowing it to cool to room temperature. The percentage
volatile matter of the briquette samples produced was
estimated using equation (2).

WamWs  oow
W, ° )

PVM =

W, is the weight of the oven-dried sample (g) while W3
the weight of the sample after 8 min in the furnace at 550 °C

(9)
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2.3 Determination of Ash Content of the Palm Fruit Shell
Briquettes Produced

1.5 g samples of the produced palm fruit briquettes were
stored in a controlled oven and completely burned. An
electronic scale was used to record the weight of the residue.
Equation (3) was used to estimate the percentage by weight of
the residue, which is the ash present in the sample.

paC = 2 5 100%
w, ° ®3)

2.4 Determination of Fixed Carbon of the Palm Fruit Shell
Briquettes Produced

The percentage fixed carbon (PFC) of the palm fruit shell
briquettes produced were determined using equation (4) [9].

PFC = 100% — (PMC + PVM + PAC) 4)

2.5 Determination of Calorific Value of the Palm Fruit Shell
Briquettes Produced

The calorific values of the briquettes produced were
determined using a bomb calorimeter. We completely burned
1.5 g of the briquette sample in oxygen oxides. The heat
released during combustion was absorbed by the water and the
calorimeter. The heat lost due to the combustion of the
briquettes was the heat gained by the water and the
calorimeter. We used equation (5) to estimate the calorific
value (CV) of the briquettes produced from the measured data
[10].

V= BFx At — 2.3 length of wire
- w ©)

Where: BF = Burn Factor; At = Change of temperature (t.
— 11)°C; t2 = final temperature; t; = initial temperature; W =
mass of the sample used and BF = constant = 13,257.32.

3. Results and Discussion

The estimated combustion properties of the palm fruit
shell briquettes produced were: percentage moisture content,
percentage volatile matter, percentage ash content, percentage
fixed carbon, and calorific value.

Table 1. Percentage Moisture Content (PMC) of Palm Fruit
Shell Briquettes

3 7.60
77 1
7.65
— ?_6 4
£
7]
S 755 -
o W PMC (%)
?-5 - .
745 T T
1 2 3
Samples

Fig. 2. Percentage Moisture Content (PMC) for Palm Fruit
Shell Briquettes

In Table 1 and Figure 2, we present the results of the
average percent moisture content (APC) of the produced palm
fruit shell briquette being 7.56%. These results compared to
the work of Pallavi et al. [11] agreed with their
recommendation of 5-10% moisture content for quality
briquettes. Reference [9] indicates that briquettes are easy to
ignite when the moisture content is low and have a high
calorific value.

Table 2. Percentage Volatile Matter (PVM) for Palm Fruit
Shell Briquettes

Sample PMC (%)
1 7.65
2 7.52

Sample PVM (%)
1 17.45
2 17.48
3 17.42
17.49 -
17.48 -
17.47 -
17.46 -
& 1745 4 HPYM (%)
S 1744 -
£ 1743 4
17.42 -
17.41 -
174
17.39 . .
1 2 3

Samples

Fig. 3. Percentage Volatile Matter (PVM) for Palm Fruit
Shell Briquettes

Table 2 and Figure 3 showed the results of the average
percentage volatile matter (PVM) for the palm shell briquette
produced being 17.45%. High volatile matter indicates easy
ignition, rapid burning, and proportional elongation of flame
length, but low calorific values [12]. The briquette produced

10
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from palm fruit shell has a percentage volatile matter between
10% and 25% for good quality briquettes, as reported by [12].

Table 3. Percentage Ash Content (PAC) for Palm Fruit Shell

Briquettes
Sample PAC (%)
1 6.58
2 6.98
3 6.47
71
? -
69 -
g :4:' HPAC (%)
[} 6.6 -
& B85 1
64 4
0.3
6.2 T
1 2 3
Samples
Fig. 4. Percentage Ash Content (PAC) for Palm Fruit Shell

Briquettes

In Table 3 and Figure 4, we have presented the results of
the average percentage ash content of the palm fruit shell
briquettes produced as 6.68%. Reference [10] reported that
low ash content indicates higher calorific values for briquettes,
but high ash content leads to high dust emissions affecting
combustion volume and briquette efficiency. Reference [13]
noted that high ash content resulted in a lower calorific value
and vice versa, as it minimizes the heat transfer to the internal
parts of the fuel and the diffusion of oxygen on the brick
surface during coal burning, which affects the burning rate.

Table 4. Percentage Fixed Carbon (PFC) for Palm Fruit Shell

Briquettes
Sample PFC (%)
1 68.32
2 68.02
3 68.51

bB6 -

685

684 -

683

68.2 -

68.1
68 -

679

678 -

T T T

1 2 3

WPFC (%)

PFC (%)

Samples

Fig. 5. Percentage Fixed Carbon (PFC) for Palm Fruit Shell
Briquettes

Table 4 and Figure 5 showed that the average percentage
of fixed carbon for the palm fruit shell briquettes produced was
68.28%. These results compared to the result of Pallavi et al.
[11] reporting the suitability of solid carbon briquettes at
80.5% for domestic applications shows a good agreement.
Reference [14] reported that the higher the fixed carbon
content of a fuel, the higher the calorific value, the lower the
volatile matter, the lower the ash and moisture content and the
better the fuel quality.

Table 5. Calorific Values (CV) for Palm Fruit Shell

Briquettes
Sample CV (kcal/kg)
1 9,710.53
2 9,721.12
3 9,721.56
9,725.00 4
E 9,720.00 -
‘T‘; 9,715.00 - WV (keal/kel
o
=
> 9,710,000 +
u J
9,705.00 + T
1 2 3
Samples

Fig. 6. Calorific Values (CV) for Palm Fruit Shell Briquettes

Calorific value is the amount of thermal energy present in
a material. In Table 5 and Figure 6 we presented the average
calorific value for the palm fruit briquette produced as
9717.74kcal/kg. Reference [1] in their work obtained caloric
values ranging from 4586.72kcal/kg to 4827.20kcal/kg and
reference [3] in their work obtained caloric values ranging
from 33116kcal/kg to 23991kcal/kg when compared to the
results obtained from this work showed that the briquettes
samples produced have good combustion properties that are
good enough for domestic use and small-scale industrial
applications.
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4. Conclusions

Fossil fuels, gases and wood fuels are the main source of
energy for such household activities. Excessive use of these
fuels can lead to problems such as global warming, air
pollution and deforestation. It is high time to transform
agricultural, sawmill and municipal waste into useful
briquettes which will be good substitutes for these fuels. This
work focused on estimating the calorific values of palm husk
briquettes to determine their suitability for domestic and small-
industrial application. The results obtained indicate that the
briquettes obtained from the shell of palm fruits have high
combustion properties sufficient for domestic use and for
small-scale industrial applications.
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Abstract- In this paper, the finite element method is used to analyze the static response of the functionally graded porous (FGP)
sandwich beams subjected to uniformly distributed loads along the beam span. The core of the beam is made up of functionally
graded porous material while the top and bottom layers are made up of isotropic homogenous materials. Uniform distribution
and symmetric distribution of pores are used as two different types of porous material. Shear deformation is considered in the
analysis by utilizing BEAM189 in ANSY'S which is a finite element package program. This element is based on the first-order
shear deformation theory. The influence of porosity coefficient, boundary conditions, and type of the porous material on the
static response of the considered structures is presented in detail. The results demonstrate that the porosity coefficient has an
important impact on the static response of the FGP sandwich beams.

Keywords Static analysis, Finite element method, FGM, Porous materials, Sandwich beam
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1. Introduction

Engineering designers are aimed to provide superior
structure performance regards various aspects. The structure
needs to withstand applied loads in addition to other
requirements that need to be met. Users and designer
requirements are continuously developed to the level that
conventional materials cannot give acceptable performance.
Damping, strength, stiffness, thermal isolation, lightweight,
environmental needs, vibration characteristics, and many more
properties that may not be met with separate materials. For this
reason, functionally graded materials (FGMs) should be
preferred. Although fabrication technology of FGMs is in its
beginning, they provide various benefits such as high stiffness,
lightweight, and thermal isolation.

Sandwich beams and plates that were found in the 1980s
showed acceptable performance, durability, and multi-
objective structures. These structures can be used in civil,
mechanical, aerospace, manufacturing, automobiles, and many
more fields. VARTM technology is applied to manufacture
sandwich structural elements like sandwich beams or plates
[1]. The sandwich beam is considered from cellular materials
that its properties can be modified according to its usage [2].

The sandwich beams have a variety of characterizations.
Strong, durable, thin load member, stiffness, and strength over
weight ratios for sandwich beam are very high. The solid metal
faces give an acceptable stiffness. Where the core may be used
as graded porous in different patterns. The core materials can
be bone, coral, ceramic, polymer, wood, and many more. The
core porosity can be formed based on the required final
performance. The increase of the porosity may reduce the
overstrength, but it will provide superior characteristics in
other aspects [3]. A review paper can provide more knowledge
about functionally graded sandwich beams like in [4-6].
Higher-order shear deformation theory [7], Euler-Bernoulli
beam theory [8], quasi-3D theory [9], and first-order shear
deformation theory [10] can be applied in the case of structural
elements analysis for various types of structures. In
functionally graded beams, an analysis was implemented by
[11] with the aid of the Ritz method on the basis of
Timoshenko revealed that material selection and modulus of
Elasticity have a major role in beam behavior related to stress
distribution and displacement. The research was performed by
[12] on some basic sandwich beam concepts for their fitness of
application to uni-dimensional functionally graded sandwich
beams. A perfect convention is found between finite element
analysis and higher-order theory. A finite element model was
developed by [13] to analyze stress distribution for
functionally graded sandwich beams across the cross-section
thickness. The model was validated using numerical methods
results.

The quasi-3D theory was used by [14] to present the static
behavior of functionally graded sandwich beams, which
includes both thickness stretching and shear deformation
effects. In [15], it is carried out that functionally graded
sandwich beams with less length to height (L/h) ratio than five
can be simulated, and solved using symmetric smoothed
particle hydrodynamics method combined with applying of
quasi-3D theory. Damping properties of sandwich cantilever

beams were investigated by [16] where they mentioned that
viscoelastic core thickness has a great effect in reducing the
damping factor. Wang et al [17] utilized shock tube experiments
to represent the dynamic behavior of sandwich panels. Model
analysis for functionally graded beams was built by [18]
depending on shear deformation from first order regarding
static bending behavior under different boundary conditions.
The model verification process of [18] was successfully
determined for accuracy and efficiency by comparison of their
results with those of the available literature. They considered
the slenderness ratio, the thickness of the core, and metal faces,
and power low index in their research. Through the application
of the repeated shear deformation theory, the static analysis of
functionally graded beams was performed by [19].

The displacement aspect established on higher-order shear
deformation theory is applied by [20] to study the static
behavior of functionally graded metal-ceramic functionally
graded material beams under surrounded temperature. By the
method of complementary functions, the bending of
functionally graded beams is defined by [21]. Depending on
the theory of Bernoulli, and Timoshenko the equations
governing the bending response of sandwich beams were
obtained by [22]. Furthermore, the method of complementary
functions is applied in order to solve the obtained equations
numerically. Also, they studied the effects of (L/h) ratios,
different boundary conditions, layer ratios, and material
difference coefficients on the bending response of the beams. In
[23] it is carried out that functionally graded core sandwich
beam which is loaded by the transverse load can be analyzed
using elasticity solution. Core properties variation was not
affected by normal stress which varies linearly with cross-
section thickness. Results of [24] show that the sandwich beam
behavior is dependent on the power-law index, porosity, and FG
porous metal core thicknesses. Under different types of
distributed loads, linear and nonlinear flexural analyzes of
sandwich beams in which the core was functionally graded have
been performed by [25].

The literature survey shows that the bending response of
functionally graded porous sandwich beams has not been
investigated by using the BEAM189 element via ANSYS [26]
yet. This paper aims to examine the static response of FGP
sandwich beams with the aid of the finite element method. The
sandwich beams are assumed to have isotropic homogenous
face sheets and an FGP core. Results are obtained and compared
for various values of porosity coefficients and clamped -
clamped, clamped - pinned, clamped - free, and pinned - pinned
boundary conditions. The influence of the porosity coefficients
on maximum vertical displacement and stress values is
presented. The effect of shear deformation is taken into account
in the analysis procedure. The uniform porosity and symmetric
porosity are used as two different types of FGP materials.

To present this research paper in a better way, it is organized
as follows: Section 2 shows the functions of FGP materials and
gives information about the finite element type used in the
analysis.  Section 3 presents the numerical results and
discussion. and Section 4 gives the most important conclusion
of this paper.

2. Materials and Method

The functionally graded porous (FGP) sandwich beam
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shown in figure 1 with length L, thickness h, and width b is
considered. In this paper, it is assumed that the sandwich beam
is consist of three layers with different thicknesses. The top and
bottom layers of the beam are isotropic homogenous and the
core layer is FGP. Two different types of porosity distributions
are used.

q

A4 A A4 A 4 A4 4 L 4

Top face

Core

Bottom face

L |
\
Cross- Section

(a) FGP sandwich beam with uniform porosity

distribution
i

Cross- Section

Top face

Core

Bottom face

(b)

(b) FGP sandwich beam with symmetric porosity
distribution

Fig. 1: Simply supported FGP sandwich beam with different
porosity distributions

These types are symmetric and uniform porosity
distributions. The Poisson's ratio is taken as constant. The
symmetric FG porosity can be described by Eq. 1 and the
uniform FG porosity can be expressed by Eq. 2 [27].

nz
E (z) = E; |1—eycos (h_)] (D)
(o
E (2) = E1[1-eo¢] (2)
where h, is the core thickness and the value of ¢ can be
calculated as follows:

1 12 2
9= ———(—1/1—e0—;+1)

®)
T

In these equations e, is the porosity coefficient, h is the
thickness of the cross-section, E; is the maximum value for the
modulus of elasticity. The distribution of the elasticity material
along the cross-section of the beam is given as follows:

2

h 7h
E=h —3S7=77g

7h 7h
E=E(2) _1_8323+E 4

7h h
E=E +1—SSZS+E

In the finite element solution of the problem in the hand
with ANSYS, the BEAM189 element is used. This element is
a quadratic element that has three nodes. There are six degrees
of freedom at each node of this element. The shear deformation
is considered in this element based on the first-order shear

deformation theory. For more detailed information about the
assumptions and restrictions of this element see [28].

To define the functionally graded materials for the FGP
sandwich beam the modulus of elasticity is calculated and
entered into the ANSYS model. The section of the beam is
divided into 36 layers (Figure 2) along the thickness direction,
similar to [29]. To obtain detailed values of stress along the
length of the beam, it is divided into 100 finite elements in the
longitudinal direction. The boundary conditions are given in
Table 1. The load is implemented in the z-direction.

Table 1: Boundary conditions

Type of the Boundary conditions
support i i
. . Rotz = Roty = Rotz = Roty =
lee?FjFl;lxed Rotx= Uz = Uy = Rotx= Uz = Uy =
Ux=0 Ux=0
. . Rotz = Roty =
leeciF—_FF:)lnned Rotx= Uz =Uy = Uz=Ux=Uy=0
Ux=0
Pinned — Pinned e =1 — iy =y =
(P-P) Uz=Ux=Uy=0 Uz=Ux=Uy=0
. Rotz = Roty =
F|x(?:d_';RF)ree Rotx=Uz=Uy= | = --—--
Ux=0

Fig. 2: The finite element model of an FGP sandwich beam
3. Numerical results and discussion

The analyzed beam dimensions are (3 X 0.5 x 0.5) m as
length, width, and height respectively. The beam is a
functionally graded sandwich beam by thickness direction with
a varied elasticity value. The implemented load is 10 N/m as a
uniformly distributed load. It is worth to be mentioned that there
is no specific reason for choosing these loads. It is considered
only to investigate the effect of porosity on the static response
of the FGP beams.The outer faces are made up of steel material,
and the core is FGP material. Two main groups used are
symmetric material constitutive relationships (SMCR) FG
beam and uniform porosity distribution FG beam. For each one
of these two FGP material groups, forty-four different models
were generated and analyzed using the finite element procedure.

To outline the effect of porosity on the static response of
the considered structure, results are obtained for several values
of porosity coefficients and boundary conditions. The material
properties are assumed to be E;= 210 GPa and v = 0.3. The
maximum displacement values are obtained and presented in
Tables (2 -3).
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Table 2: Maximum transverse displacement values for FGP

sandwich beam with symmetric distribution (m)

€o F-F F-FR P-F P-P
0.10 | 2.81E-09 | 1.02E-07 5.14E-09 | 1.10E-08
0.20 | 2.90E-09 | 1.04E-07 5.28E-09 | 1.13E-08
0.25 | 2.96E-09 | 1.04E-07 5.35E-09 | 1.14E-08
0.30 | 3.01E-09 | 1.05E-07 5.44E-09 | 1.15E-08
0.40 | 3.14E-09 | 1.07E-07 5.61E-09 | 1.18E-08
0.50 | 3.30E-09 | 1.10E-07 5.83E-09 | 1.21E-08
0.60 | 3.50E-09 | 1.12E-07 6.09E-09 | 1.24E-08
0.70 | 3.78E-09 | 1.15E-07 6.45E-09 | 1.28E-08
0.75 | 3.97E-09 | 1.16E-07 6.69E-09 | 1.31E-08
0.80 | 4.23E-09 | 1.18E-07 7.01E-09 | 1.35E-08
0.90 | 5.23E-09 | 1.24E-07 8.19E-09 | 1.46E-08

Table 3: Maximum transverse displacement values for FGP

sandwich beam with uniform distribution (m)

€o F-F F-FR P-F P-P
0.10 | 2.83E-09 | 1.03E-07 5.20E-09 | 1.12E-08
0.20 | 2.95E-09 | 1.07E-07 5.40E-09 | 1.16E-08
0.25 | 3.02E-09 | 1.09E-07 5.51E-09 | 1.18E-08
0.30 | 3.08E-09 | 1.11E-07 5.62E-09 | 1.20E-08
0.40 | 3.24E-09 | 1.15E-07 5.88E-09 | 1.25E-08
0.50 | 3.42E-09 | 1.20E-07 6.17E-09 | 1.31E-08
0.60 | 3.64E-09 | 1.25E-07 6.52E-09 | 1.37E-08
0.70 | 3.92E-09 | 1.32E-07 6.96E-09 | 1.45E-08
0.75 | 4.10E-09 | 1.35E-07 7.23E-09 | 1.49E-08
0.80 | 4.31E-09 | 1.40E-07 7.55E-09 | 1.55E-08
0.90 | 4.94E-09 | 1.51E-07 8.46E-09 | 1.69E-08

It can be seen in Table (2-3) that the material porosity
coefficient has a significant influence on the maximum
displacement of FGP sandwich beams.
displacement occurs in fixed-fixed support with a porosity
coefficient of 0.1 while the maximum displacement occurs in

The minimum

the cantilever beam with a porosity coefficient of 0.9.

To better interpret the given results in Tables (2-3) the

graphical form of the results is illustrated in Figures (3- 10).
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Fig. 3: Porosity — deflection curve for fixed — fixed FGP
sandwich beam with symmetric distribution
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Fig. 4: Porosity — deflection curve for fixed — free FGP
sandwich beam with symmetric distribution
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Fig. 5: Porosity — deflection curve for fixed — pinned FGP
sandwich beam with symmetric distribution
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Fig. 6: Porosity — deflection curve for pinned — pinned FGP
sandwich beam with symmetric distribution
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Fig. 7: Porosity — deflection curve for fixed — fixed FGP
sandwich beam with uniform distribution
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Fig. 8: Porosity — deflection curve for fixed — free FGP
sandwich beam with uniform distribution
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Fig. 9: Porosity — deflection curve for fixed — pinned FGP

sandwich beam with uniform distribution
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Fig. 10: Porosity — deflection curve for pinned — pinned FGP
sandwich beam with uniform distribution

As can be clearly observed in Figures (3-10) the results
reveal a positive correlation between porosity and deflection. In
other words when the porosity coefficient increase higher
deflection will be recorded. From the results gained we can
arrange the beam from lower to higher deflection based on the
beam supports comparison: fixed — fixed, fixed — pinned,
pinned — pinned, and lastly fixed — free.

The diagrams for the vertical displacement and rotations
along the axis of the beam are obtained for all cases discussed
above. But only the vertical displacement (Uz) is illustrated in
this section for fixed—fixed FGP sandwich beam with symmetry
distribution (Figure 11). The material porosity coefficient is
considered to be 0.5. The dashed line shows the undeformed
shape.

NAnsys
STEP=1 2022 R1
SuB =1

TIME=1 STUDENT
DMX =.330E-08 JUL 24 2022

DISPLACEMENT

Fig. 11: Deformed shape of fixed — fixed FGP sandwich beam
with symmetric distribution (e0=0.5)

The von Mises stress values are obtained for several cases
and presented in Figures (12-16).

/A\nsys

2022 R
STUDENT

FGP sandwich beam with symmetric distribution (e0=0.5)
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FGP sandwich beam with symmetric distribution (¢0=0.5)

/Ansys
2022 R
STUDENT

Fig. 14: The von Mises stress distribution for pinned-pinned
FGP sandwich beam with symmetric distribution (€0=0.5)

Ansys
2022 R1
STUDENT

U

10:40:10

Fig. 15: The von Mises stress distribution for fixed — free
FGP sandwich beam with symmetric distribution (€0=0.5)

Fig. 16: The von Mises stress distribution for fixed — free
FGP sandwich beam with uniform distribution (e0=0.5)

In Figures (12-15) it can be clearly seen that type of the
support has a significant influence on the von Mises stress
values of FGP sandwich beams. The maximum von Mises
stress values for fixed—fixed, fixed—pinned, pinned—pinned, and
fixed—free FGP sandwich beams with symmetric distribution
(e0 =0.5) are 389.63 Pa, 566.63 Pa, 584.56 Pa, and 2338.02 Pa.
The same stress value for the cantilever FGP sandwich beam
with uniform distribution (e0 = 0.5) is obtained as 2568.65 Pa
(Figure 16). This indicates that the fixed—free beam has the
highest von Mises stress while the fixed—fixed beam has the
lowest. When symmetric and uniform porosity distributions are
compared it can be carried out that for e0 = 0.5 porosity
coefficients the stress values are greater in the uniform porosity
distribution of FGP sandwich beams.

4. Conclusions

In this study, the impacts of porosity coefficient on the
static response of FGP sandwich beams are investigated by the
method of finite element. The results are obtained for several
boundary conditions and material indices. Two types of
porosity distribution, symmetric and uniform, are considered in
the research. The analysis is done based on the Timoshenko
Beam Theory.

Porosity is to decrease the weight of sandwich beams, but
it also decreases the strength. The results showed that the
values of the maximum displacement are directly proportional
to porosity coefficients. Increasing the value of the porosity
coefficient increases the values of displacements. The
comparison between the symmetric and uniform distribution of
the FGP materials indicates that the transverse displacement is
greater when the uniform distribution is used for the values of
eo less than 0.9. But for 0.9 it is vice versa. As one of the main
results of this paper, it can be concluded that variations in von-
Mises stresses depend on the boundary conditions and on the
types of porous distribution and porosity coefficient at the core
of the sandwich beams.
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Abstract- Daily Yoga activities are part of a ten-posture series with linked relaxation and aerobic exercise, resulting in a
balancing of flexibility and extensions. Because this series is often repeated and advocated by several yoga professionals,
structural modeling to justify its purported health advantages is needed. Older is recommended to do more workouts to maintain
activity, given the increasing pressures in societal, economical, and health issues as a result of the elderly society. They are,
regrettably, unable to do so due to a variety of physical and psychological obstacles. The whole body form changes significantly
as people get older, and sag. One of the most important variables in regaining their drive and comfort throughout social activities
might be the layout of their apparel. The impact of athletics on older is investigated in this study. Depending on rigid body
movements and free-body diagrams, a numerical model is built for each position in the yoga exercises. The idea of static
equilibrium is used to calculate the forces and moments that different joints experience. The model given in this study was
developed under a variety of assumptions. But what is discovered in practice is that the knees carry the maximum joint action
while the ankle and wrist are discovered to play a major part in transferring the ground response forces throughout yoga. Thus,
it would imply that the model is a good tool for forecasting the forces and durations that happen not just during the yoga positions
but also during other situations.

Keywords: Digitalization, Linear Regression, Mathematical Approach, IT, ICT.
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1. Introduction

Most elements, when mixed properly and in the correct
proportions, produce an alloy with unique qualities. The best
ensembles feature a well-balanced mix of components.
Similarly, comprises a precise sequence of yoga positions
executed while breathing in perfect balance. This series is
made up of ten energetic positions that are executed in a single,
mindful, and beautiful movement as (Figure 1) [1, 2]. The
movements cleverly contrast forward-bending movements
with backward-bending positions. The sequencing of all these
positions is said to assure that ‘energy' hits all areas of the body,
whilst the sunrays cover all regions of the world. The older
population is among the most widespread global phenomenon,
posing significant social, financial, and healthcare issues.
Seniors are motivated to become more active and fit to address
the problems posed by the aging workforce. Yoga is one of the
most prominent and age-friendly low-intensity physical
exercises for elderly ladies since it has no age restrictions.
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Fig. 1: Yoga Poses

Yoga is well-known for its diverse positions and distinct
levels of difficulty for learners of various physical abilities.
Yoga can help with not only body activities like muscular
endurance, bodily balance, and metabolism system, but also
psychological processes like stress, late-life depression, and
nervousness. Regular exercise is well proven as being
important for older persons and it can be used as a strategy for
improving late-life quality and achieving effective aging.
Although seniors have more free time after retirement, the
quantity and levels of physical activity participation tend to [3]
decline as they et older.

1. Literature Review

The reasons for passive activity in older adults can be
divided into two categories: one is the elderly's failure to trust
in their ability to exercise; another is their decreasing health
state. Seniors perceive themselves as a population at danger of
damage throughout exercise, and they tend to exaggerate the
risks associated with physical activities. Those are commonly
regarded as impediments to elderly persons participating in
physical activity. Some exercising psychological studies have

discovered a range of psychological concepts and theories that
describe older individuals' workout activities, including what
encourages them to begin regular exercise and how to keep it
up. A study examined the realm of health-related actions
impacted by social and cognitive elements using the
Information-Behavioral Skills (IMB) theories [4]. Knowledge,
intention, and cognitive abilities are the primary elements of
beginning activities, according to his approach. The most
persuasive hypothesis, social cognitive theory (SCT), is
frequently used to describe and anticipate the workout
behaviors of the elderly. Self-efficacy, motives, aspirations,
surroundings or social influences, and result expectations are
the basic mental factors that make up that theory [5].

In other aspects, it is understandable that people may be
driven to begin and sustain exercise activities if they believe
they are able of doing so. This reinforces the goal to enhance
their considered efficacy for adhering to the activity. According
to the study self-determination model (SDT), workout
inspiration stems from physiological or mental demands that
lead to an action aimed at achieving a goal. The level of
engagement was determined by how the location of causality
was viewed. Exercise Motivational Assessment identified
several motives for starting to exercise based on the frequency
of SDT in the strength and conditioning behavior area [6].

Stress reduction, pleasure, difficulty, social recognition,
associations, competitiveness, health demands, poor health,
avoiding, favorable health, weight maintenance, attractiveness,
stamina, and dexterity are some of these motives. By these
ideas, the most important thing to do to encourage individuals
to do yoga is to figure out what types of motives they respond
to some of the most and how to internalize external reasons.
Boosting their motivation can help them start and maintain this
practice [7].

Yoga, as a type of fitted facility, can enable workouts to
meet their physical and psychological requirements. It's also
been recognized as significant athletic apparel that plays a vital
part in boosting exercising capacity, preventing exercise-
induced diseases, and increasing mental stability. Furthermore,
just a few studies have looked into physical development for
seniors beyond the age of 55. Many people in this age group
have different health beliefs, which has affected their physical
and psychological requirements.

Yoga assessment study has traditionally emphasized the
assessment of human body movements. A most extensively
adopted technology for tracking the users' motions placed upon
the human body throughout Yoga activities has been the
performance capture system. There have been few studies on
measuring people when they are engaged in activities. The
acceleration is regulated by the supported rate and also
modifying the exercise intensity, according to one finding from
the dynamic measurements (yoga, walking versus running, rope
skipping).

It's therefore important to describe the causes for seniors'
participation in yoga workouts to keep improving their
encouragement in yoga workouts through having a mental high
level of satisfaction. As per prior research, senior citizens
weighed the projected advantages against the cost and risk
involved with participating in physical activities. The elderly on
the other hand, are greatly motivated by health-related
aspirations that try to keep them healthy. As a response,
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research into elderly perceptions of the consequences of yoga
fitness is required [8].

The next approach has been to look at how seniors
participate in yoga activities and what types of yoga aspects
affect their attitudes and requirements. As a result, this
question has been included in the survey. Different yoga
workout histories have been presumed to have various impacts
on senior choices and expectations, and the evaluated variables
while exercising have been also involved in the questionnaire
and intended as multiple-choice questions, that can also be
utilized to develop criteria specializing for seniors.

2. Design of Mathematical Modeling

Because measuring forces and moments can be difficult,
mathematics techniques are commonly applied to approximate
these pressures within rigid body motion. The hard body
dynamics technique assumes several things about the body,
like non-deformability, a stable center of gravity, and
substance uniformity. We should identify facts such as bending
stresses, geometry, and supportive practices to do appropriate
analysis. The concept of superposition is used to calculate
forces and instances that assert that "the present on any level
owing to the entire stress is the arithmetic average of the
instants due to different sections of the pressure." The theory
of superposition is highly useful in determining the duration
acting at any point on a body exposed to multiple pressures.
There are ten poses in Yoga. As a result, the duration exerted
on the muscles is determined by the body's arrangement in
each position. As a result, the load to be addressed while
computing the moments is varied. Because the body is
separated into several parts that are each applied to a distinct
loading, the bending moment at each location must equal the
sum of the individual bending moments. When a tissue simply
supports the body at its ends, it performs the function of load
transmission and no time is formed. However, if there is an
overhanging over the joints that support the body, the weight
of the body will cause a small quantity of action [9, 10].

Knowing free body models are required for evaluating the
elements that determine normal and prosthetic joint strength.
A free-body chart is used to illustrate all of the forces applied
graphically operating on a joint. The wrists, elbows, shoulders,
hips, knees, and ankle joints were all taken into consideration.
The body can be separated into 4 major divisions for the
assessment of such 6 joints: head, arms, trunk, and legs (Table
1). The idea of equilibrium is crucial for comprehending and
estimating the forces and times that occur throughout specific
Yoga poses. The joint reactive forces and times for various
situations can be calculated by using the equation of plane
equilibrium state.

Table 1: The proportional weight and size of the human body

segments
Segment | Relative weight | Relative length
Head 0.07 0.121
Arm 0.0311*2 0.241
Trunk 0.314 0.127
Leg 0.1114*2 0.423

To evaluate the weights at every segment, we have to determine
the body's overall weight and length variation. It was
accomplished with the help of Table.1's dispersion graph. While
estimating the joint values, the following conditions are formed:
The body has already been described as an array of stiff links
joined by the 6 primary pivot joints that include the wrists,
elbows, shoulders, hip, knee, and ankle. The hips and lower
back have already been combined into one ideal joint. The
human body has now been simplified as a one-dimensional
system that moves in the sagittal plane. The sagittal view was
chosen since the Yoga actions take place largely in this plane.
The outcomes of sagittal plane Kinetic assessment have
produced extremely useful characteristics for evaluating normal
and abnormal gait muscle processes.

3. Results and discussion

We offer a sample computation of the values at every one
of the 6 joints arising from position 8 to explain the study of
yoga positions (Figure 1). Figure 2 depicts the equivalent free-
body graph using the data from Table 1.

Consider the following equation for the ankle joint's energy
balance;

xM,=0

(0.324W)(0.1242L) + (0.3214W)(0.3574L)
+ (0.07W)(0.3258L)
+ (0.052W)(0.4251L) — R_w (0.568L)
=0

(1)

Here R, (ground reaction force on wrist) = 0.5221W and
R,(Ground reaction force on Ankle) =1 — R, = 0.4121W.

Ag = Knee activity = R, = (0.1235L) =

(0.4212 W)(0.3214 L) = 0.0645 WL (2)
Ay = Hip activity = R, = (0.2255L) —

(0.4011 W)(0.2201 L) + 0.0045 WL = 0.1541WL (3)
Ag = Elbow activity = Ry, = (0.1375L/2) =

(0.4011 W) 4)
As = Shoulder activity = Ry, = (0.1043L) —

(0.602 W)(0.6174 L) + 0.214 = 0.094WL (5)
A, = Ankle activity = 0 WL (6)
A,, = Wrist activity = 0 WL @)

Where W and L are the weight and length of body,
respectively.
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Fig. 2: Eight Postures of WO = Wrists, E = Elbows, S =
Shoulders, H = Hips, K = Knees, A = Ankles, W = Weight of
Body, L = Length of Body

Because the individual is upright in posture 1, there is no
action occurring on either of the joints. Caused by the weight
of the body, the foot experiences a reaction effect. This
position strengthens the posture musculature and improves
lower back wellness. In posture 2, the person tries to lean
backward as far as feasible, lengthening the back as far as
potential and bending the arms well above the forehead.

The person leans forward into postures 3 and 10 and puts
their hands below their feet. The position of the arm is
diminished in this position, and the hip, knee, and ankle take
up a large portion of the weight and motion produced by this
position. The hamstrings and gluteal musculature benefit from
enhanced flexibility in this position.

In position 4, the individual crosses one leg in front of
another. The hip (which is shown by the highest hip motion in
Table 1) and leg are attempting to expand forward in this
position. The knee and ankle of the forward-moving leg endure
a significant situation. This position encourages movement.
The analysis of stance 4 applies to posture 9, with the exception
that in the former, the driving leg now makes room for the
opposite leg and moves backward.

We examine the durations on another leg that is now
leading and see that the knee action increases significantly
when it is exposed to the response force that was previously
overtaken via the ankle in position 4.

The shoulder and ankle help the entire body in position 5,
maintaining the trunk horizontal to the floor. As a
consequence, the hip receives a lot of attention. The elbow is
extended and the body is perpendicular to the floor in position
6.

4. Conclusion

Daily Yoga activities are part of a ten-posture series with
linked relaxation and aerobic exercise, every position
combatting the one before it, resulting in a balancing of
flexibility and extensions. Because this series is often repeated
and advocated by several yoga professionals, structural
modeling to justify its purported health advantages is needed.
The requirements of elderly yoga participants are investigated
using the special effects data of older participants. Age-

friendly design specifications for multiple elements and
structures will be beneficial to the growth of yoga. Extrinsic
motivation is more successful than internal motivation in the
early phase, thus age-friendly will not only fulfill physical
demands but also emotional needs, motivating participants to
perform yoga and to start and maintain a fitness routine. Those
who have exercised regularly for a prolonged period are more
self-sufficient when performing yoga postures.
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Abstract- Nowadays, it is becoming more remarkable for bidirectional power conversion from battery energy sources. These
structures can be used for three-phase loads and they also have a common application in Micro-grid systems. This paper is mainly
focused on parameter optimization of the system by using improved particle swarm optimization (PSO) in grid forming operation
of dual active bridge series resonant converter (DABSRC) topology, in term of total harmonic distortion (THD). Fractional order
proportional integral (FOPI) controller is used to simulate DABSRC regarding to THD factor in this system. The results are also
compared to genetic algorithm (GA) and conventional PSO. While all algorithms achieved the same optimum control parameters,
a significant reduction of computation time has been reported by improved PSO in terms of THD.

Keywords: THD, Optimization, PSO, Fractional order control

1. Introduction

GA-based optimization and other optimization methods
have been used extensively in inverter and DC / DC converter
design. Emara et al., have compared the modified PSO
algorithm with other known optimization techniques such as
conventional PSO, line search and GA to find out the superior
model that minimizes error of the currents for an induction
machine between simulation and test system [1]. The
simulation results show that the modified PSO is better than
other optimization techniques in obtaining machine
parameters that reduce errors occurring in the system. Kaviani
et al., have presented some methods to overcome and minimize
low voltage harmonics at the output of multilevel inverter by
using PSO, continuous genetic algorithm (CGA) and
sequential quadratic programming (SQP) [2]. The results show

that PSO has better performance in terms of eliminating or
minimizing harmonics in the multilevel inverter output
compared to CGA and SQP. Modified species-based PSO
algorithm has been used with adaptive adjustment of niche
radius to apply a related problem that involves lots of
switching angels [3]. To show the validity and effectiveness of
the proposed technique, it was first proven in theory then
successfully applied in real time to an eleven level cascaded
H-bridge inverter. Shindo et al., have presented a single phase
inverter design by using the PSO algorithm to perform
effective switching [4]. Firstly, they have designed inverter in
a simulation environment. Then, they confirmed the results of
simulation via using an implementation circuit. The results
show that the simulation result was consistent with the results
of implementation circuit. Ganguly has proposed a PSO-based
algorithm for compensation of reactive power in networks [5].
When it is optimistically apportioned, served in a desired good
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case, it can excellently minimize the power loss. Mohammadi
and Akhavan, have used GA and PSO methods together for
selective harmonic elimination problem to obtain the base
voltage constant, for DC energy in the cascaded multilevel
inverters [6]. The aim of the proposed methods is to determine
the matching fire switching values of the inverter. The results
show that PSO is better than GA in finding the proper and
desired values that are needed for the inverter to operate in
healthy condition. In another study, a different and unusual
optimization technique is implemented by using PSO to find
switch forms of CMOS inverter [7]. The proposed new method
was compared with the real coded genetic algorithm (RCGA)
and classical PSO. Results show that the PSO with constriction
factor and inertia weight approach (PSO-CFIWA) has
significant characteristics such as finding desired inverter
parameters and has satisfactory switching angles to reduce
harmonics. Baskin and Caglar, have introduced a PSO-based
PID controller for permanent magnet synchronous motor
(PMSM). To show the effectiveness and superiority of the
proposed controller, the PID controller whose parameters were
obtained by using the Ziegler Nichols method is also applied
to the same system and the results obtained for both controllers
were compared [8]. The results show that the PSO-based PID
controller is the best choice for stabilizing the speed loop of
PMSM.

In this paper, an improved particle swarm optimization
based FOPI controller is used to optimize the THD of
bidirectional three-phase DC-AC power inverter for grid
forming operation of dual active bridge series resonant

)_ 3-phaze i
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converter. In addition, in order to examine the performance of
the proposed PSO, genetic algorithm and conventional PSO
methods are also used to find the optimum parameters of the
controller and the results obtained were compared.

2. Theoretical Approach of Dabsrc

As shown in Fig. 1, the topology includes three-phase
expanding circuit that means unfolder to feed AC load by DC-
side that contains two dual-active bridge series-resonant
converters (SRC) circuits [9].

Both SRCs are controlled one by one to produce variable
DC-link for the unfolding in DC/AC mode in the grid forming
operation. These DC-link voltages are converted to AC by the
unfolder. The operation will be reversed in AC/DC mode. PID
controllers, reference generation, look up table and Unfolder
are controlled by FPGA. Look up table is used to control
switching sequences of the unfolder [10]. The advantages of
this structure are removing PWM inverter and filter, decrement
of the capacitance of DC-link, the optimization of THD by
relating advances in control strategy of the SRCs [9].
Parallelization of the two DC-links with the AC circuits, it
remodels or rectifies from the three-phase AC to conventional
60 degree segments of sinusoidal wave forms which exist at
the variable DC-link nodes [11], [12]. More to clarify that, the
capacitors of DC-link which placed among the unfolder and
SRC do not stock network energy and are basically required
by filtering of the output current of SRC.
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Fig. 1. a) Block Diagram, b) Unfolder circuit of the system
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3. Fractional Order PI Controller

The fractional-order integral-differential operator is
represented by and defined as follow [13],

r
% o
.Df =11 r=0
t M
J'(on)-r r0
a

where and are the upper and lower limits of operator a
and t is the fractional order. Several mathematical definitions
for this type of differentiation could be listed in the references
but three of them is enough here, that are Caputo, Griinwald—
Letnikov (GL) and the Riemann-Liouville (RL), are accepted.
The mentioned definitions have its own properties and are
given below. The definition of GL [14] is,

t-a

h
2D{ () = imh™" > (—1)1'[:.} (t- jh) @)

i=0

Where {t—a} is the integer part. On the other hand, for
h

n—1{r{n the RL definition can be defined as,

t
1 d" f(7)
D{ f(t)= — 3
PO = Ty (t—r) ©
a
where T°(.) is the gamma function. Finally, for
n—1(r{n the Caputo method can be written as [15,16].
1 t £ (z)
DY f (t) = :
aDy T(1) r(n_r)_!(t_z_)r—nA v (4)

In this paper, Caputo definition is used due to extensively
been used in engineering application. FOPID controller is
generally donated by PI1*D# and the equation below shows
the transfer function,

Ge(s) = Kp + Kijs ™ + Kgs” (5)

Here A and u are real positive numbers. P, | and D defines

proportional gain, integration and differentiation of constant
K respectively. Determination of these parameters makes a
significant improvement on PID. Therefore, several
optimization methods are proposed to find the optimum value

for the FOPID controller parameters. In this paper, we used
PSO for the determination of the controller parameters.

3.1 Tuning of The FOPI Controller by PSO
3.1.1 Improved PSO

The improvement flowchart which basically focuses on
handling of the population (particles) has presented in Fig. 2.
The weighted selection method is used to decrease the swarm
size population. Reducing the swarm size by half will
undoubtedly reduce CPU time in terms of optimization issue.

initialization of
particles

v

Sort of population in terms of
minimization or maximization

v

Half of weighted
population

v

Assignment of global best
positions

v

Update swarm size

v

PSO

Fig. 2. Flowchart of improved PSO

Simulation results of revised PSO and conventional PSO
are compared in Table 1. The simulations are tested for
thousand times for the same initial conditions. The improve
PSO was first simulated on traditional test functions as shown
in Table 1. A brief information about these functions; first
function is De Jong 1 function which is simple to apply, shows
a stable and convex form. While two methods achieved the
optimum value of the De Jong 1 function, a significant
decreasement of CPU time has been retrieved (58 %). Second
function De Jong 2 which is a typical function used in
optimization testing, and also known as a “banana function”.
Score point is located at a deep figurative valley; difficult to
get the minima considering this shape, that’s why it is used for
tests. Similarly, about 40 % gain is marked as in De Jongl. De
Jong 3 has a feature of incoherent, uniform modal, separativity
and extensitivity. Optimum value of the De Jong 3 function is
related with the variable number. A reduction of 20 % was
achieved for three variables but 48 % for ten, that’s great for
advanced PSO. The fourth is De Jong 4 function which has a
Gaussian noise. 45 % ratio is indicative for three variables and
20 % for more variables. The other name of De Jong 5 is called
Shekel’s function, furthermore ajj and ci are some constants
which can be found in literature. This function differs with
separability with local maxima associated with the a;; matrix.
Superior results and excellent performance (62 %) for three
variables, unfortunately 10 % for ten. Our last function is
Rastrigin function which is presented by customizing De Jong
1 with a cosine factor.
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Table 1. Calorific Values (CV) for Palm Fruit Shell Briquettes

Test Number PSO Improved PSO Reduction
Functions of Mathematical Expression . CPU . C?PU in CPU
Variables Iterations time (s) Iterations tl(;r;e time (%)
3 n ) 80.1 35.99 | 59.308 |[15.23 58
DeJongl f(X)=> X
e [T Z} ' 168.8 | 7564 | 1284 (3152| 58
3 . n-1 2o ) 62.248 9.138 45.6 5.71 38
DeJong2 X) = » 100(Xj, — %) +(A—-x
J 10 ) Z; (e =%7)"+ €= %) 1234 | 286 | 1132 [16.652] 42
3 n 116.4 35.44 79.42 |28.28 20
DeJong3 f(x)= ) int(x
g 10 9 ; () 107.25 106 98.25 |[55.25 48
3 . ", 19011 8276 488.6 | 4512 45
DeJong4 X)= > ix; +Gauss(0,L
elongd T T Zl: a0y 212376 [10411.6| 548.4 |8452| 19
3 < 1 63.4 |89.12 | 43.688 [33.78 2
(=35 °
DeJong5 i-1 2
10 D ey’ +e 111.92 |511.25| 2009 [461.75| 10
j=1
3 n 5 112.12 1335 | 114.125 | 79.7 40
Rastrigin f(x)=10n+ » (x;° —10cos(27x;
foin [T ;( @) 1783 |605.83| 170 |294.4| 51
3.1.2 Improved PSO in terms of simulation time as it is seen in this Table. On the

other hand, simulation was run for different load types for

Simply application, lower variables and high convergence testing as it is shown in the Table 4.

are basic assets of this algorithm. As an alternative of the
structures require long CPU times, PSO appears. Thus, this
algorithm is preferred in this complex system and also
compared with GA. Improved PSO shows better CPU time
results with better optimization as it is referred above. The
boundaries of the algorithm are presented in the Table 2.

Table 2. Parameter Boundaries for PSO and GA

Parameters Lower Upper

PSO optimization results based FOPI control, advanced Ko 001 003
PSO and GA are displayed in Table 3 for 2 kVA RL load. Why K| 50 180
it is displayed for one load, because the others reach also about

the same time scales reasonably. Focusing on the Table 4 one Ko 0.1 0.2
can see each algorithm carried out the optimum value, but it A 04 0.9
took enormously distant CPU cycles. The table shows GA

need more CPU time drastically. Another convincing H 03 08

improvement is the reduction in CPU times as predicted: 42 %
lower CPU time. PSO should be selected for complex systems

Table 3. Comparison of Simulation Times of the Algorithms for the load of RL (2 kVA).

Algorithm Kp Ki A Kb T THD |CPU time

PSO 62 h

Improved PSO 00255 | 52 | 0477 | 022 | 0663 | 1.65% 36h

GA 144 h
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It could be seen that FOPI dominates P1 ones in some loads.
More inductive loads cause more corruption in THD values as
expected.

Table 4. Comparison of Pl and FOPI in terms of THD

Values
Load PI FOPI
Resistive (100 Q) 0.44 1.34
RL (2.5 kVA) 3.49 2.9 -
RL (2 kVA) 2.45 1.65 S
RL (1 kVA) 0.95 098 | =
IM (1.5 kW) 0.92 5.6

Also inductive loads have some glitches in Voltage
characteristic as seen in the Fig. 3. Since the system is
optimized for worst conditions with different loads, the
resistive load has higher THD value than 1 kVA load. The
system was tested up to 2.5 kVA load because of saturation
limits. On the other hand, the Induction Machine (IM) load
result of PI controlled algorithm achieved impressively higher
performance over FOPI one. But however FOPI can get the
same result with different control parameters that require
dynamic parameter tuning for FOPI.

3 PhaselLoad Voltages (Van, Vbn, Vcn)

>
>

200

Lo <
< =

-200
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time (s)

Fig. 3. llustration of Simulation results for 2 k\VA load
optimized by Improved PSO.

4. Conclusions

In this paper, the THD Optimization of a FOPI controlled
Bidirectional Three-Phase DC-AC Power Conversion in Grid
Forming Operation is presented by an improved PSO. The
main goal of this design is to minimize switching complexity
of conventional inverter and to obtain pure sinusoidal wave
form without harmonic elimination methods. In the first stage,

the comparison between Pl and FOPI expose the superiority of
fractional controller over Pl except IM load. However, FOPI
can get the same result with different control parameters,
dynamic tuning of parameters is mandatory. In the second
stage, significant reduction in CPU time proves that the new
approach makes the algorithm more optimistic. Dominating
the CPU time for GA presents that PSO is an alternative
solution for optimization of sophisticated architectures which
need hard CPU time. The future work will be the FPGA
implementation of FOPI controller and verification of
optimum in hardware. Another future work will be multi
variable optimization in terms of efficiency and different
loads. Also online optimization methods can be implemented
because of nonlinearities. A dynamic FOPID / PID control
should exactly give the best results for this system. The full
paper will include better optimized simulation results,
dynamic load response of the system for the proposed
optimization algorithm, objective function and comprehensive
introduction.
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Abstract- An aerodynamic circumstance of wind pressure surrounding the long-span bridge allocates many theoretical and
experimental research to this topic. Determination of the materials and optimal cross-sectional shape of bridge decks that affected
a dynamic behavior of long span bridge deck is still included in current research issues and works to be continued in this path.
These include the Lack of sufficient awareness of wind forces, stemming from complex nature, and the unpredictability of the
wind nature. In this study, in addition to recognizing the aerodynamic behavior of the flutter, the acting pressure forces on the
bridge deck are investigated. The geometrical shape of decks, wind velocity, and flutter conditions are adopted as design variables
that affected the dynamic forces exerted on bridge decks. A common type of geometric sections of the long-span bridge deck
and effective aerodynamic phenomena are examined. The hollow box steel suspended deck and double cells box girder linked
via upper flanges and cells linked via the top and bottom flanges are adopted for Computational Fluid Dynamic (CFD) approach.
Thus, aerodynamic instability and turbulent torsional flutter flows, as well as a trail of shedding vortices around the bridge decks,
are investigated. By changing some geometrical parameters of commonly used bridge sections, the optimal cross-section in terms
of turbulence created above and below the deck section is examined and an optimal cross-sectional shape variable is proposed.
The shape variable and section dimensions adopted for CFD-Simulations are similar to the dimensions and materials used in
previous laboratory specimens of wind tunnels to be able to interpret the results and possibly verify them with the result of the
current study.

Keywords: Wind load, hollow box steel suspended deck, box girder deck, aerodynamic instability, trail of shedding vortices.

In general, the effect of wind depends on factors such as
geographical location, height of the area above sea water level,
topography of the bridge site, and geometric characteristics of

1. Introduction

Construction of bridges with long spans on valleys, lakes
is increasingly underway and in turn, new techniques must be
adopted to calculate and estimate the forces acting on bridge
components, building materials, and the type of bridge deck
cross-section, both in the design and construction phase. One
of the major forces acting on bridges is wind pressure. Lack of
sufficient knowledge and careful study of the forces applied by
the wind loads can cause severe vibrations on the bridge deck
and may occurrence of a resonance condition that can lead to
complete failure of the bridge. The collapse of the Tacoma
Bridge in the United States (1940) and Brington Bridge in
China (1879) are the examples of a bridge collapse due to
unexpected wind loads.

the bridge. The wind speed increases at higher elevations
above ground level, and thus we face more air pressure at
higher elevations. Since the fluctuations caused by turbulent
wind currents on bridges are of great importance, the study of
the geometric shape of the bridge deck is one of the most
important issues in bridge engineering and requires more
comprehensive studies. The compressive pressure is exerted
on the windward surface, while there is the suction on the
leeward sides or parallel surfaces of the wind flow, and the
wind does not flow steadily, the air particles collide with the
turbulence as they move. Vortex shedding tails is created
which put more local pressure around bridge components. This
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is reason that an additional local pressure is created around the
decks and should be taken into consideration in structural
design process.

In general, wind load is dynamic in nature, meaning that
its magnitude varies with time and space. As a result, the
analysis and modeling of such a load and its relative effects on
structures can be complex, and requires a great deal of
knowledge in mathematics, CFD, and structural analysis. For
instance, the structure starts to fluctuate with the wind flow and
then following the deck vibration itself affects the wind flow
interactively, sometimes its increases and sometimes its
decreases turbulence currents. Such an inactive effect can be
examined by CFD-Simulation and experimental procedures
like wind tunnel tests.

The regulations for the design of bridges against wind
forces, such as European EN-1991-1-4 (Eurocode 1), [1] have
special design criteria for structural designers against
incoming wind forces on surfaces of structures, dynamic and
static responses of long-span bridges. Despite the complex
nature of wind forces, the regulation proposes relatively simple
methods for the modeling of wind flutter phenomena and their
corresponding effects on bridge structures, as well as
determine the aeroelastic and dynamic responses of structures.
However, sufficient knowledge of the context and logic
applied in the simplified proposed method is required for using
these criteria. It should be ensured that the results of the
hypotheses and limitations of the suggested methods should
reflect the real conditions at the bridge construction site. On
the other hand, the relationships provided for the responses
toward wind direction and the reciprocal wind responses
(outside the wind direction) are not considered in simplified
method. According to the regulation criteria, single bridges
with a main span length of more than 50 meters need to be
dynamically checked and the wind load coefficients provided
by simplified method is not accurate enough for use in
practice. The simplified criteria are true for bridges with a
simple geometric shape with the dominant first mode. More
precise dynamic analysis is required for several complex deck
shapes such as long span suspension bridge decks exposed to
strong turbulent wind flow.

The aerodynamic stability of bridges is determined largely
based on wind tunnel tests. Since CFD-Simulations methods
have developed, it has been used as a complement to test ways.
Although very time consuming and costly, wind tunnels have
become popular with researchers and bridge design engineers.
The use of CFD simulation is not a reliable alternative to wind
tunnel testing and verification by experimental results is
required. Nevertheless, it can be used as a powerful tool for
documenting and examining various scenarios prior to
laboratory simulations. This is also easily done by changing
the modeling input parameters.

The main purpose of this study is to examine the
aerodynamic stability of long span bridge decks subjected to
strong wind flutter condition. The effects of the geometry of
the bridge deck on the pressure distribution on the deck surface
is also examined. In addition to introducing and examining the
shape of common decks, an attempt has been made to estimate
pressure caused by tail of vortex shedding. The CFD approach,
assumptions and domain size considered in the analyzes are

introduced. The effect of the geometric shape of the deck on
the dynamic behavior under the influence of the wind current
is evaluated and compared. Thus, recommendations on the
optimal deck cross-sectional shape are introduced. As
mentioned before, numerical simulations of wind flow will be
valid and reliable if they can be reproduced by experimental
tests. In this study, the author tried to construct structural
models similar to laboratory samples tested in previous
research in order to compare, adapt and validate the results
obtained.

2. Literature Review on Previous Works

The following is a brief description of the papers used
with the topic of the flutter phenomenon and the impact of
deck shaping under wind flows and wind tunnels experiments.

The aerodynamic static coefficients of the 2-edge sloped
box beam were assessed by Lee et al., [2]. The static wind load
coefficient sensivity angle of attack was evaluated for 2-edge
sloped box girder. A series of wind tunnel tests were conducted
by changing the the box slope angle from 0° to 17°, whereas
the attack angle was arranged in between -10° to 10°. The
consequences illustrated that the lateral wind force decreased
significantly with increasing box slope angle, except when the
physical angle was 8°—11°. For the practical range of angle of
attack, the box slope must be greater than 15° to minimize the
aerodynamic static lateral force on the beam. Ying et al., [3]
comprehensively investigated the limit cycle flutter
characteristics of a bridge deck through use a fluid-structure
interaction model. Its precision was confirmed by the flutter
reactions of a thin plate with theoretical solutions. The
aeroelastic responses of a bridge deck was numerically
simulated. As the angle of attack increases, the section shape
turns into much blunter, so it becomes more prone to limit
cycle flutter. The advanced numerical simulation supplyes a
robust instrument for limit cycle flutter analyses of bridges
with large span. The sufficient precision of the numerical
models is verified by comparison with the experimental
results.

The flutter performance of a twin-box bridge girder at
large angles of attack were investigated. Several central slot
widths were taken into consideration. The stationary and
dynamic flow field characteristics were changed. The results
of both CFD-simulations and wind tunnel testing are compared
(Tang et al.) [4]. The analysis results imply that the presence
of the central slot benefits the bridge flutter stability at null
angle of attack. However, the flow field around the girder is
varied at large angles of attack. The incoming flow may run
through the central slot and act on the vortex connecting to the
girder. The upstream box draws energy from the wind flow
easier than downstream, thus leading the bridge to torsional
flutter instability at lower wind velocities. Montoya et al., [5],
proposed a methodology for performing the aerostructural
design of bridges with large span in early design phases by
taken into account a number of parameter variation to analyze
the relations in between the geometric shape of deck and the
buffeting repercussions. This information is used to tailor the
deck shape aiming at keeping the buffeting response under a
given threshold. This outcome is applied to adapt the shape of
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the deck, which aims to keep the buffeting response below a
certain threshold.

Kusano et al., [6] carried out the CFD simulations of a
single-box deck section to investigate the significance of
railings and vortex attenuation tools on the bridge reaction
subjected to wind pressure. Several cross section of bridge
deck were investigated like a bare section and deck sections
with attenuation tools and altering the width of deck.
Coefficients of aerodynamic force get through CFD
simulations were then applied to calculate flutter derivatives
on the basis of quasi-steady formula. Flutter speed was
computed for several cross sections. The deck section with the
greatest width to depth ratio has the highest efficiency towards
instability of flutte phenomenon. Although it appears the
vortex attunation tools be in tendency to develop the
aerodynamic behavior of the bridge through changing the flow
field around the bridge deck. Liu et al., [7] presented the
properties of self-excited forces are in both in the time-domain
and frequency-domain. The flutter calculation is performed
subjected to both smooth flow and turbulent flow to evaluate
the impact of wind turbulence on the instability condition of
the flutter. By comparing of the results of several turbulence
severites with that of the smooth flow, it was concluded that
the turbulence has a stabilizing impact on flutter condition of
bridge. The turbulence can alter the vibration patterns and
decline the spatial vibration correlation in some degree.
Consequently, the critical flutter speed could be augmented by
5% to 10%.

Yang et al., [8] examined two critical flutter and vortex-
induced vibration performance performance of closed-box
girder bridges with lower inclined web angles and various
wind fairing angles by experimental research and theoretical
studies by performing a theoretical analysis and wind tunnel
testing results. The results indicate that for a given inclined
web angle, a closed box girder with a sharper wind fairing
angle of 50° has better flutter and vortex-induced vibration
performance than 60°, while a 14° inclined web angle reduces
the best vortex-induced vibration performance. Furthermore, a
wind fairing angle of 50° reduces a preferable flutter output by
causing a single vortex shape and a balanced distribution of the
strength of vorticity in both lower and upper sides of the wake
zone.

Hansen, [9-11] analyzed the critical wind velocities of the
flutter phenomenon on the bridge during the construction of
the Great Belt East. This research was commissioned by
Steinman Co. with the aim of reviewing the work done by
COWI Consulting Engineers. The research report was based
on wind tunnel experiments and they concluded that the most
critical stage of construction is when the fifth section of the
bridge is installed. The deck of the bridge at that stage was 249
meters long. The results of this research indicated the critical
wind speed of the flutter is at about 43.3 m/s?. They also
observed that the phenomenon of vibration occurs at the
collision of two characteristic modes of torsional and vertical
transition. Frandsen, [12] conducted extensive studies on fluid
dynamics analysis and proposed several structural fluid
formulations to find the critical float velocities of the built
bridges. Although the fluid range was relatively large, the
results were surprisingly good. In that study, even the smallest

mesh elements had a characteristic length of approximately
one meter. He observed the beginning of the vortex shedding
behind the bridge deck. The fluid range of 1900 nodes was
modeled in an irregular mesh structure. The critical wind
velocity of the float was calculated between 65 m/s and 70 m/s,
which was slightly lower than the values measured from the
Danish Maritime Institute's wind tunnel test in 1992 and 1993.
The results of fluid dynamics analysis through the finite
element model of structures to estimate the critical float wind
speeds were presented with sufficient accuracy, but not enough
to the extent that there is no need to conform and adapt to the
laboratory results of wind tunnels.

Awruch and Braun [13] used two different methods to find
flutter critical wind speeds. The forced vibration test was
performed on a numerical model and the oscillations were
simulated by altering the input wind angle. The experiment
was performed to find aerodynamic derivatives and the critical
wind velocity of the floater was 73 m/s. They also performed
structural-fluid interaction analyzes. The analysis resulted in a
critical flutter wind speed of 69 m/s. Both of these results were
in good agreement with the quantities obtained from the wind
tunnel test. The Strohall number was S; = 0.18, which was
close to the quantities of wind tunnel test measurements.

Cigada et al., [14] introduced a new approach to simulate
the bridge deck response to turbulent winds. The results show
that the wind tunnel test has an important and fundamental role
in determining the values of variables used in bridge deck
simulation software against turbulent and tornado loads. The
aerodynamic acceptance function is one of the hardest
variables to estimate because it depends on the control of the
incoming tornado spectrum as well as the ratio of the average
wind-to-deck angle that varies in time and space. Larsen et al.,
[15] examined a variety of box beam deck models and
determined the optimal geometric shape to prevent the
formation of wind vortex response. All models of this research
have been made and tested in the laboratory and in the wind
tunnel. The results indicated that a deck could be obtained
without virtual vibration and also the angle between the lower
horizontal plane of the deck and the sloping side plate is a
fundamental variable to achieve this goal (Larsen et al.) [15].

Larsen et al., [16] examined the dynamic effects of wind
on two types of suspension and cable bridges. This study
addresses the different types of wind dynamic effects that
usually occur on suspension and cable bridges with emphasis
on the importance of understanding the dynamics of the bridge
structure. Anina et al., [17] performed an experimental and
analytical research of load coefficients and free vibrations of
bridge decks. The results of the analysis are firstly compared
with the quantites get from the wind tunnel and validated. In
this model, two-dimensional model analysis is assumed and,
in the analysis, the deck cross-section used in the wind tunnel
was used. Han et al., [18] investigated the impacts of
aerodynamic variables on the dynamic response of road and
deck vehicles and bridges under vertical wind loads on vehicle
direction. At first, they simplified the vehicle and the forces
applied from the wind to the vehicle using mathematical
formulas, and then the result of these forces was applied to the
bridge deck, and finally, the effects of wind on the bridge deck
were obtained using mathematical calculations. The results
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show the different and often increasing effects of these
vehicles on the output of deck forces. Some recent literature
review on the impact of deck cross section under wind loads
are described in the following:

Pindado et al., [19] investigated the impact of the cross-
sectional deck shape on the aerodynamics of the uniform
deflection-rotational torques of the cantilever bridges during
construction. The oscillating torque applied on the deck of a
reinforced concrete box was made experimentally, using a
balanced cantilever installation method, during the bridge
installation operation. The impact of the shape of the box beam
deck was tested by wind tunnel using four models based on the
different cross section for box bridges with different angles of
the box girder. The parameter was taken to be a = 0.02 m (Fig.
4). The results of their experiments showed that the reduction
of deflection oscillation torque coefficients decreases with the
linearization of the bridge deck shape and when the length of
the deck is close to twice the width of the deck, the Yawing
moment coefficient attains its maximum quantity. Larose et
al., [20] performed laboratory measurements on the forces of
wind blowing for different models of bridge decks at the
Danish Maritime Research Center in Denmark. The results of
the wind tunnel test were reported to investigate the volumetric
distribution of wind loads as a function of deck width and
sudden turbulent flow for different sections of the bridge deck.
For the geometric variable of the cross-section, the ratio of
width to height of the cross-section was considered, and
laboratory models were tested with ratios of 5, 7.5, 10, and
12.67 (Fig. 6). They examined and reported a more detailed
relationship between aerodynamic flow direction and forces
along the bridge span.

Larsen and Wall [15] conducted research on the effect of
deck shape to prevent vortex shedding from responding to the
aerodynamics laboratory at the Ottawa National Research
Center in Canada. The side edge angle of trapezoidal box
decks was a geometric variable in the models tested for their
research work (Fig. 7). The authors showed that free decks can
be obtained from virtual vibration and that the angle between
the bottom surface of the deck and the inclined side is a
significant parameter to achieve this aim. The results of their
experiments showed that the trapezoidal cross-section of the
bridge deck can be adopted to prevent the formation of vortex
shedding for specific structural damping. The experiments
were performed for relatively small Reynolds numbers, but
subsequent tests also confirmed the results for high Reynolds
numbers. It was observed that the angle between the bottom
plate and the side panel is about 15 degrees, which is almost
the optimal value for the trapezoidal cross-section of the bridge
deck. The vortex shedding was just below the side panel.

3. Aerodynamics and Wind-Induced Forces on Long
Span Bridge Decks

In this section, a brief introduction to the load phenomena
emerging on long-span bridge decks is expressed. This study
focuses on the flutter phenomenon, but an understanding of
other phenomena is necessary for fully grasping the nature of
the wind-induced motions. The impacts that occured when
long-span suspension bridges are under wind-induced forces
can be rather excessive and in critical situations causing the

full collapse of the bridge. The effect of the wind loads is
dependent on the aerodynamic characteristics of the bridge
deck. A bridge deck entangled in a flow interacts with the flow,
and is, as a result, exposed to compressive or suction surface
pressures. The applying turbulent flow will produce the
dynamic forces on the bridge deck which causes the time-
dependent lift force, drag force, and moment loads on bridge
decks. The forces are classified into static forces, related to the
mean wind speed, and forces associated with the pressure
fluctuations (buffeting), due to the turbulence.

Wind-induced loads on long-span bridge decks are
classified into three separate groups: (a) Extraneously induced
excitation covers dynamic loads due to turbulence with very
large movements in the applying wind. The motions due to
fluctuating winds are called buffeting. (b) Instability due to
turbulence developed by the bridge deck itself goes by the
name of signature turbulence. This covers the well-known Von
Karman’s Street which is likely to be in resonance with the
bridge structure. (c) Aerodynamic instability (negative
damping), where motion-induced wind loads arise on the
bridge structure. This covers phenomena such as galloping and
flutter. (Morgenthal) [21-22]. The origin of the loads can be
classified into the motionless and moving bridge deck. An
explanation of the wind-induced loads expressed in the
following sections.

3.1 Aerodynamic and flutter

phenomenon)

Instability  (Galloping

Flutter and galloping both occur for the wind which does
not act in resonance with the structure, both are described as
aerodynamic instability phenomena. In addition, the
phenomena are independent of the turbulence of the incoming
wind but can arise in a uniform flow. Galloping is the
phenomenon occurring when the structural vibrations are
almost perpendicular to the incoming wind and are
characterized by negative aerodynamic damping as the driving
force. Flutter is a combination of a coupled vertical motion and
a rotational motion. It is important for the coupled flutter
vibration, that there is a phase difference between the torsional
and the vertical movement. If there is no phase difference
between the two movements, the resulting work is zero. Flutter
is said to occur when the energy input, from the wind velocity,
is equal to the energy dissipated. This velocity is known as the
critical flutter wind velocity. The aerodynamic damping loads
become negative when exceeding the critical flutter wind
velocity, and thereby further increasing the vibration
amplitudes. For flutter to occur, the torsional frequency must
exceed the vertical frequency for the bridge movements, but
only marginally. This ensures the continued energy transfer to
the system which is crucial for the phenomenon to arise. Other
than, the energy transfer will dissipate due to structural
damping. (Hansen and Dyrbye) [23].

Depending on the cross-section of the bridge deck, increasing
wind velocity leads to aerodynamic instability. If the
aerodynamic effects are continuous and gradually stronger due
to aerodynamic forces in some places, they will experience
self-induced increasing oscillating movements, which is called
flutter. The flutter is basically a stability problem that causes
the bridge to experience large and increasing vibrations
(intensifying) to the point of failure.
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InFig. 1, a schematic flow around a stationary bridge deck
profile is presented. On the windward side of the profile, a
point of stagnation is expected for a bridge at rest. On the first
two edges, the flow is expected to separate, forming two
standing vortices. Due to the relatively large afterbody, it is
expected that the flow reattaches to the bridge deck. This is
expected as the width of the bridge is larger than the vortex
formed on the edge. The global forces on the bridge deck are
very sensitive to the reattachment, as this dictates the size of
the vortex where the relative pressure is large. After the
reattachment a turbulent boundary layer builds up until the end
of the profile is reached. Due to the sharp edges on the leeward
side of the profile, vortices are expected to be shed periodically
forming a well-known vortex street in the wake. Strong
adverse pressure gradients are expected to arise when the wind
passes over the sharp edges on the top and bottom of the
bridge. This will cause the flow to separate from the boundary,
forming two standing vortices. The vortex on the top side of
the bridge is formed on a sharper edge, resembling a
backward-facing step.

Periodic movements of a structure may happen when the
vortices formed around the body is shed at a frequency close

to the eigenfrequency of the structure. Both vertical and
torsional modes should be considered. VVortex induced motions
can be avoided by providing that the frequencies of the
vortices created are widely separated from the structure’s
natural frequencies. This is performed by altering the geometry
of the bridge design or changing the natural frequencies. The
shedding frequency is usually defined by the use of Strouhal’s
number. The necessary values for the determination of
Strouhal’s number for the bridge deck can be found by the use
of two contour plots from the simulation, one illustrating the
horizontal velocity and one illustrating the vortices. The
Strohall number is a function of the Reynolds number:

_VDp
u

In this expression, V is wind velocity, D is the diameter of the
cross-section, or in this instance the height of the deck, p is the
specific gravity of air, u is the coefficient of kinematic
viscosity of air.

R, (1)

Build up of turbulent
boundary layer

Separation
Stagnation / Reattachment
-

Vortex shedding
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—
Wind direction
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Fig. 1. Schematic view of the wind flow around the bridge deck

4. Basic Assumptions in Fluid Dynamics Analysis

To compute the critical flutter wind speed of the bridge
deck float, the cross-sectional area of the box bridges and the
flat deck with different edge angles have been adopted for
CFD Simulation. In modeling, the cross-section is modeled as
a rigid body. For this reason, the deformation of the bridge
deck itself is not considered in the CFD-simulations. Since the
deformations of the deck itself are very small compared to the
vibrations of the bridge, it is assumed that they have very little
effect on the movements created by wind loads.

The formation of periodic variable vortices The von
Karman’s vortex road, following the bridge deck, is very
dependent on the meshing around the surface of the windward
deck. Since eddies are formed by several meshing elements,
the size of the eddies naturally determines the meshing size. In
the shape of the road, a fully formed eddy current can be seen.
Numerical models lead to more accurate results by increasing
the mesh density and reducing the size of the loading steps.
But the point is that the optimum mesh size and loading steps
also lead to sufficiently acceptable results, but less time is

spent solving the equations. Numerical models are less
sensitive to the effects of boundary layers.

4.1 Design variables for selected flat trapezoidal and box
girder decks

Design engineers use streamlined, box, and twin girders
or the trapezoidal flat section types according to architectural
issues and structural needs in the relevant project. The cross-
section of bridges used in this study is divided into three main
categories: simple trapezoidal, box girder beams, and double
box girder types. The suspended deck of Fatih Sultan Mehmet
Bridge over the Bosphorus strait is an example of flat
trapezoidal used in this study as shown in Fig. 2. The main
span between its towers is 1090 m. The underside of the deck
is 64 m above sea level. The steel suspended deck is a hollow
box composed of orthotropic, stiffened panels, having an
aerodynamic cross-section. The deck has a 33.80 m x 3.00 m
box section and two cantilever side walks of 2.8 m at each side.
The total width of the deck is 39.40 m. Length of deck unit are
variable and their weights are between 115-230 tons. Multiple
advantages lie with this box form compared with the classical
stiffened truss. Much less steel is required in the boxes which
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means less material in the cables, towers, anchorages, and
foundations. The “steam lined” shape improves aerodynamic
performance and reduces the wind loading on the bridge. The
large flat uncluttered surfaces are much easier to maintain than
the truss girder. The deformation caused by the movements
caused by the wind flow is the maximum value in the middle
part of the bridge span, so it is assumed that the sections that
are under flutter in the analysis of dynamic analysis are
adopted from the middle part of the long-span bridge.

The selected section dimensions adopted for CFD-
Simulations are similar to the dimensions and materials used
in previous laboratory samples of wind tunnels to be able to
interpret the results and possibly verify them with the result of
the current study. Important parameters affecting the shape and
behavior of both trapezoidal flat girders and box girders are
examined. By changing the dimensional sectional ratios, the
effect of shapes on wind flow around deck is investigated. In
order to find the most suitable cross-sectional shape, t?e

pressure distribution caused by the wind flow has been
clarified.

The impact of the box beam deck was tested by Pindado
et al., [19] in a wind tunnel using four models based on the
different cross-sections for box bridges with different angles
of box girders are adopted for CFD-Simulations. The
parameter was taken to be a = 0.02 m (Fig. 4). Trapezoidal flat
cross-section models used by Larose et al., [20] are adopted
for this study. For the geometric variable of the cross-section,
the ratio of width to height of the cross-section is considered,
and simulation models are prepared with ratios of 5, 7.5, 10,
and 12.67 (Fig. 6), similar to those used in experimental test
specimens. The section dimension and deck shape (side edge
angle) effects of trapezoidal box deck models conduced by
Larsen and Wall, [15] are adopted for this research. The
dimension details and geometric variables in the models tested
for their research work shown in Fig.

(b)

(b)

(©

Fig. 3. Box girder with cells linked by upper flanges and cells linked to both lower and upper flanges
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Fig. 4. Bridge deck model designed for CFD-Simulations wind analysis, with different cross section for bridges with different
angles of box girder (a = 0.02m)
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Fig. 6. Trapezoidal cross section model of bridge deck with different length to width ratio (5,7.5, 10 and 12.67)
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Fig. 7. Trapezoidal cross section model of bridge deck with different side angles (26.6°, 19.7, 14.7°)

5. Fluid Dynamic Analysis

This analysis is a suitable tool for analyzing fluid flow in
two-dimensional and three-dimensional modes. In a fluid
analysis, the following seven general steps must be followed:
(1) to identify the physical condition of the problem, (2) to
determine the fluid regime, (3) to prepare a mesh model of
finite elements, (4) to apply the border conditions. At this
stage, it is necessary to adjust the parameters related to the
dynamic analysis of the fluid, (5) perform analysis and
problem-solving. In this step, the results are reviewed and the
effect of each of the analysis variables is evaluated, and thus
the optimal cross-sectional area of the bridge can be judged.

In fluid dynamic solution problems (CFD-Simulations),
first, it is necessary to draw the fluid domain (wind flow) to be
analyzed and then the solid domain (which in this research is
the cross-section of the bridge deck) from the fluid domain.

The shape of the wind fluid domain and the cross-section
of the deck for the model of bridges with box girders are shown
in Fig. 8. The fluid domain is assumed that the distance
between the upper and lower boundary plates and also the
incoming flow is at the distance of the nominal diameter of the
surface (D) of the cross-section from the center of gravity of
the deck and the boundary surface of the flow outlet is at the
distance (4D). The air temperature is considered to be 30
degrees Celsius. The characteristics of fluid (air) for
atmospheric pressure at 30° C are given in Table 1. The
element size around the bridge deck plays an important role in
the forming of vortices behind the bridge. Very high values of
velocity gradients near the surface require a very fine mesh.
The vortices form in the sharp-edged body of the deck.
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Fig. 8. (a) The size of the flow domain used for wind
dynamic analysis, (b) Boundary conditions of current domain
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Table 1. The characteristics of air for atmospheric pressure at

30°C
VALUE
Mass density \ 1.166
Conductivity \ 0.0264
Specific Heat \ 1.005
Viscosity \ 1.604E-005
Expansion Coeff. \ 0.003315

The airflow is assumed to be uniform. The air pressure at
the outlet edge is assumed to be zero. The behavior of the air
on the deck wall is very important and the parameters related
to the deck will need to be introduced to the program
accurately. In both turbulent or turbulent fluid analyzes, it is
necessary to calculate the pressure and flow distributions in
two- or three-dimensional geometry. In these cases, the density
and viscosity of the fluid need to be determined. Boundary
conditions applied to different levels of the flow range are
shown in Fig.8. Since the parameters are dimensionless, the
upper bound has a unit velocity in the x-direction and is not a
component in the y and z directions. And periodic boundary
conditions are used in the z-direction. The output edge is
assumed to be zero pressure. Non-slip conditions are
considered on the deck surface.

In applying the boundary conditions of the edge in which
the incoming flow into the domain. The incoming velocity is
applied in one direction and equal to 100 km/h as per to the
Iranian bridges loading code (139 regulation). The average
speed wind at a height of 10 meters above the ground or river
equal to 100 kilometers per hour is suggested. In the analyzes,
the effect of wind velocity has also been investigated, for
which wind velocities of 60, 100, and 120 km/h have been
considered for dynamic analysis, respectively.

The transient flow from the float can be considered as
slow or turbulent flow. In the slow flow of the fluid, the field
velocity of the fluid changes slightly. This type of flow occurs
in the field of fluid flow with high viscosity and low velocity.
For example, fluids such as oil have such a flow field. In fluids,
turbulent flow occurs if the velocity is high enough and the
viscosity is low. Results of fluid dynamics analysis,
comparison, and interpretation are expressed in the following
section.

6. Results of Fluid Dynamics Analysis, Comparison and
Interpretation

In this section, the shape of the flutter mode, the critical
flutter wind velocity contour, the pressure distribution
contours around the bridge deck of the trapezoidal flat bridges
and the box girder are presented and examined. For different
Reynolds numbers, the back-to-wind flow also follows
different patterns, so that in very small amounts of Reynolds
number R, = 1, the flow remains parallel to the cylindrical
body after passing through the deck body. As the Reynolds
number increases up to R, = 20 the flow around the body
becomes symmetrical, but the flow separates from the deck
body and large vortices shedding are formed at the lower
surface of the deck body. At last, for 30 < R, < 5000 ranges,
vortex street occurs downstream of the body (Benard-von
Karman Vortex Street. Laboratory and theoretical research of
this phenomenon for different cross-sections are still ongoing.
In the following, the flow lines of the behind the bridge deck
and the pressure distribution around the cross-section of the
deck are examined.

6.1 Pressure contours around flat decks with different web
edge angles (a=14.7, 19.7, 26.6 deg)

The variation of the web edge angle of the flat trapezoidal
deck under the turbulence flow around the bridge decks is
investigated in this section. Fig. 9 shows the velocity flow at
the wind velocity of 100 km/h for different web edge angles
(a=14.7, 19.7, 26.6 deg). The wind flow passes above and
below the deck surface uniformly and the separation of the
flow is not observed at the point of contact with the wall. By
reduction of the side web edge angle, wind flow passes the
deck steadily. Fig. 10 shows the pressure contours around flat
decks with different outer edge angles. The pressure
distribution around the cross-section reduces at a smaller web
angle. It is observed that a smaller angle of approximately 15
degrees between the bottom plate and the side edge is the
optimal value for the trapezoidal deck cross-section. It has a
positive effect on the uniform passage of airflow around the
deck and prevents oscillating flows to form vortex shedding
behind the deck body and in turn, reduce the incoming forces
and the probability of resonance condition.
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Fig. 9. Flow velocity on flat decks with different lateral
edge angles (0=14.7, 19.7, 26.6 deg)

6.2 Variation of Flow velocity and Pressure contours in flat
decks with different width to height ratio of cross section (B/D
ratio=12.67, 10, 7.5, 5)

The flow rate around the different flat decks with the ratio
of width-to-height (B/D ratio = 5, 7.5, 10, 12.67) is examined
in Fig. 11. By increasing this ratio, the velocity flow passes
steadily up and down the deck without disturbing. A vortex

Pressure Countor
Vw=100 km/h
(A1) a=26.6 deg.

Pressure Countor
Vw=100 km/h
(A2) «=19.7 deg.

Pressure Countor
Vw=100 km/h
(A3) 0=14.7 deg.

Fig. 10. Pressure contours around flat decks with different
outer edge angles (0=14.7, 19.7, 26.6 deg)

road can be seen at low ratios, which causes shocks and severe
vibration of the bridge deck. In general, by increasing the ratio
of width to height of trapezoidal flat sections, the transient
current crossing is improved and less vortex shedding is
generated. It leads to a degradation of shocks and vibration on
the bridge deck and fewer dynamic forces are applied to the
surface of the deck.
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Fig. 11. Flow velocity in flat decks with different width to height ratio of cross section (B/D ratio=12.67, 10, 7.5, 5)

6.3 Variation of Flow velocity and Pressure contours around The angle of the web plate to the vertical line is one of the
the box decks with different web angles (a=53, 63, 76, 90 deg) ~ important features of box decks. Despite the good performance
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of box bridges against the gravity and seismic loads, their
performance against strong wind forces also needs further
investigation. In particular, the geometric characteristics of the
deck section are among the important parameters that affected
the aerodynamic behavior of bridge structures. In Fig. 12, box
girders with various web angles (a = 53, 63, 76 90 degrees to
the bottom flange are adopted to CFD-simulations. Generation
of moving vortex shedding on the back of section at the upper
side of the deck. The occurrence of such turbulences flow
causes impact motions (Galloping) and severe vibration on the

deck surface, which will lead to dynamic forces. The most
critical case is the box section with a vertical web case. Vortex
shedding operates in a counterclockwise direction to rotate the
section body. Fig. 13 shows the pressure countors of the
single-cell box section with different web angles. The pressure
distribution around the section indicates that the pressure
applied to the section with the vertical web is 25% higher than
in the case where the web plate position at an angle of 53
degrees toward the bottom flange.
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Fig. 13. Distribution of pressure and flow lines around box decks with different life angles (a=53, 63, 76, 90 deg)
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6.4 Distribution of pressure and flow lines around box decks
with different web angles due to increasing wind velocites

In this section, an attempt has been made to investigate the
effect of increasing the critical flutter wind velocity on the box
section with various web angles. To this aim, the flutter wind
velocity is increased from 60 to 100 km/h. Fig. 14 shows the
contours of wind flow lines around single-cell box decks. It
can be seen that the wind turbulence condition has become
more critical with increasing the box web angle. At an angle
of 76 and above, a vortex shedding is formed on the leeward
side of the deck. Increasing the flutter wind velocity causes the
formation of longer vortices street leeward side of the deck
section. The maximum flow velocity values at the top and
bottom of the section cause severe vibration motions and in
turn greater forces. The pressure distribution around the deck

wall is also plotted for the same models (See Fig. 15). It is
shown that with increasing flutter wind velocity, the pressure
on the wall facing the wind increases by about 4.5 times so that
this increase is more critical in the vertical wall and has
increased up to 5 times. It is seen that increasing suction
pressure on the leeward side of the deck generates the moment
forces to rotate the section counterclockwise direction. The
pressure distribution conditions around the decks indicate that
the uplift forces applied at the windward edge of the deck.
Vortices shedding on the leeward side of the deck are caused
by negative pressures and acts against the uplift-edged
pressure. The distributed negative pressure field affects the
bridge deck almost uniformly. The pressure field increases due
to the counterclockwise rotation moments. By vortex shedding
of moving the vortex to the right side of the deck, an increase
in positive moments is seen.

FO6 134 SunFeb 14 172058 Irae Standard Tine

Fig. 14. Flow lines around box decks with different web angles with increasing the wind speed
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Fig. 15. Distribution of pressure and flow lines around box decks with different web angles under the influence of increasing
wind speed

6.5 Variation of Flow velocity and Pressure contours around
the box girder with (a) cells linked by top flanges and (b) cells
linked both by top and bottom flanges

Both models of continuous cell box beam (with cells
linked both by the top and bottom flanges) and double cells
box beam (with cells linked by top flanges) are made and put
them subjected to flutter condition at a wind speed of 100 km/h
(See Fig. 16). The vortex shedding path at the back of the wind
in both sections is similar. Fig. 17 shows how the pressure is
distributed around the deck cross-section. According to

pressure countors, there is no appreciable force in the gap area
between the cells. In general, the pressure distribution is
similar for both sections. The single cell box or a pair of cells
will not have much effect on the turbulence of the flow around
the wall of the deck. The goal in deck section designing is to
establish a more uniform flow around the section as much as
possible. In general, fixed vortex currents can be used to push
the laminar flows and wind energy dissipation to get the
optimal section. In this case, maybe the fixed vortex shedding
formed between the two modules plays a positive role in
dissipating incoming wind energy.

44



INTERNATIONAL JOURNAL of ENGINEERING TECHNOLOGIES-IJET

Etemadi, Vol.8, No.1, 2023

(G08: BOXOVI00 M BbaUs/CFD 6 13-4 Sun Fob 14 21135:03 Iran Standard Tine 2016

DDB: BOXSVIOD.0M, ADBGUS/CFD 6134 Sun F

Fig. 16. The velocity of the flow around the box girder with

(a) cells linked by top flanges and (b) cells linked both by
top and bottom flanges

6.6 Comparison of velocity vector around the bridge decks
with different cross sections

Bridges with flat trapezoidal decks have a higher critical
flutter wind velocity compared to closed box section decks.
Due to aerodynamic characteristics of sharp-edged trapezoidal
decks, wind flows cross around the deck uniformly. The
absence of turbulence and all kinds of vortex shedding causes
fewer flactuations and impact loads to the deck. In brief, the
flat shape of the deck improves the dynamic balance of the
bridge. But in the case of box decks, turbulent flows due to the
cross-sectional shape leads to the formation of vortex shedding
at the leeward side of the deck section which imposed
additional dynamic forces on the deck and even leads to
resonance conditions.

It has been observed that the high ratio of the width of the
section to its height has a positive role in the wind flow passing
above and below the section. In trapezoidal deck sections with
a higher ratio of width to height, wind flow crosses the contact
surface of the deck without creating severe vortices, which in
turn will cause fewer vibrations. The vortex road formed in the
leeward side of box sections indicates the need for further
investigations and tests in using single-cell box sections for
long-span bridges, particularly those prone to strong winds.

Fig. 18 shows the velocity vectors inside the flow domain.
It is found that the wind flows cross above and below the flat
deck uniformly and the separation of the wind flow is not
observed at the point of contact with the wall and leeward side.

Fig. 17. The pressure countor of the flow around the box
girder with (a) cells linked by top flanges and (b) cells linked
both by top and bottom flanges

However, the separation of the wind flow from the upper
surface of the deck is clearly seen in single-cell box sections.
The most critical condition is related to the single-cell box
section with vertical webs. Vortex shedding on the deck cause
vibrations and in turn dynamic forces at the entrance sector of
the deck. The wind flow separation of single-cell box decks is
seen clearly when wind flow cross-section.

Using Equation (1) and the values provided for air at 30°C
(Table 1), the Reynolds number values for the proposed
sections can be calculated. This value of Reynolds number is
obtained for trapezoidal flat deck section, box sections with
one double cell, and box sections with single-cell, 5°250°490,
6°058°256 and 14°135’932 respectively. As can be seen,
Reynolds’ values are relatively large, increasing by about 14
million, leading to severe vortex shedding leeward the
sections. The calculation of turbulent wind flows for large-size
and sections with real dimension gives the large Reynolds
numbers. On the other hand, it is known that the flow patterns
and the consequent pressure and wind forces change with
Reynolds numbers. This also makes it difficult to use wind
tunnel results directly on real structures. Qualitative treatments
of wind flow over a deck section depends largely on the
Reynolds number; similar wind flow patterns often appear
when the shape and Reynolds number is matched. Other
factors such as surface roughness have a serious effect as well.
CFD-Simulation methods also have some deficiencies for
large Reynolds numbers and require additional measures for
use in practical work.
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7. Conclusions

A brief overview of laboratory experiments and modeling

of bridge deck air flutter is discussed. The geometry of the
deck cross-section and their aerodynamic behavior are
considered in the present study. The main focus is the
geometric parameters of the sections were considered as a
design variable and previously tested in wind tunnels. An
attempt has been made to compare and validate the results of
the dynamic analysis of the current study with identical
laboratory results.

The phenomena of wind flow, turbulence, vortex
shedding, and aerodynamic instability of the wind in
flutter are introduced. Then, the assumptions used in fluid
dynamics analysis, including deck design variables, wind

Fig. 18. Flow velocity vector in the perimeter of bridge decks with different cross section
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flutter domain, boundary conditions, and meshing, are
described and interpreted. The steps of performing
dynamic analysis and the parameters and material
properties introduced to ABAQUS platform V6.14 [24]
are presented and the results of the analyzes are compared
and interpreted. Based on the results obtained from
several bridge deck models under wind flutter conditions
and fluid dynamic analyzes, the following results can be
mentioned.

Due to the relatively long length of the deck, wind
currents are expected to stick to the deck surface. Then the
eddy boundary layers are reattached to the end of the deck.
The sharp edges facing the bridge deck, vortices are
expected to form periodically behind the deck, which is
called (vortex road). To obtain all these phenomena, a
fine-grained mesh is needed.
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Long-span Bridges with flat trapezoidal decks have a
higher critical flutter wind speed than closed box decks,
owing to the wind flows smoothly pass through the top
and bottom of the deck. In the case of box decks, turbulent
currents due to the section shape causes the occurrence of
vortex shedding behind the section (See Fig. 17). In other
words, the flat trapezoidal shape of the deck improves the
dynamic instability of the bridge.

The shape of the bridge deck is very important for
dynamic responses. The aerodynamic behavior of
trapezoidal flat sections under the influence of wind forces
is better than box sections. That’s why, the majority of
long-length modern suspension bridge decks were
constructed using a variety of trapezoidal flat sections (or
sections with sharp edges), when compared to box
sections. The results show the high sensitivity of the
aerodynamic behavior of the bridges to changes in the
geometry of the end edges of the decks.

Calculating turbulent flows for large and real size sections
yields large numbers. The flow patterns and the
consequent pressure/wind forces that change with
Reynolds numbers reduces the reliability of direct use of
wind tunnel results. Dynamic flow calculations for large
Reynolds numbers show that as Reynolds values increase,
the vortex shedding behind the cross-section becomes
more severe.

In the study of the aerodynamic effect of the geometric
shape of the bridge deck, the angle of the web plate of a
box girder relative to the vertical line, which is one of the
important characteristics of box decks is examined. The
results showed that the pressures applying to rotate the
cross-section acts counter-clockwise direction, increase
with rising angle, and the most critical state is related to
the vertical upright position (Fig. 13). The pressure on the
box girder web in the vertical position is about 25% higher
than the case where the web position is at an angle of 53
degrees to the bottom flange.

By increasing the width-to-height ratio of trapezoidal flat
sections, the uniform flow conduction is improved and
less vortex shedding is seen. By reducing shocks and
oscillating movements on the bridge deck, fewer dynamic
forces are applied to the surface of the bridge deck (Fig.
12).

The lower angle (approximately 15 degrees between the
bottom flange plate and the side web panel is the optimal
value for the side edge of flat trapezoidal cross-section,
has a positive effect on the uniform passage of airflow
around the deck, and the lack of vortex shedding around
the cross-section reduces the oscillating vibrations and in
turn decrease the applied forces and probability of
resonance condition. (Fig. 9).

In the investigation of the effect of increasing flutter
velocity on box sections with different web angles, it is
observed that with increasing the speed of the flutter, the
pressure on the wall facing the wind is about 4.5 times, so
that this increase is more critical in the vertical upright
webs up to 5 times.

An increase in suction pressure in the opposite direction
of the wind is also seen, and the torsional moments rotate
the section counterclockwise. The pressure distribution

around the decks showed that the existing pressure creates
lifting forces at the loaded edge of the deck. Negative
pressures cause the vortex shedding on the right of the
deck and act against the edge pressure towards the wind.
The distributed negative pressure field affects the bridge
deck almost uniformly. The pressure field increases due
to the counterclockwise rotation. Considering these
works, it can be seen as a result of moving to the right of
the vortices on the deck. When they are scattered from the
deck surface when an increase in the positive moment is
observed.
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Abstract- Sensor nodes (motes) are randomly dispersed in wireless sensor network (WSN) domains. Motes in WSNs coordinate
for producing information of high quality and each scattered mote routes that information back to fixed or mobile base stations
(BSs). One of the problems with sensor nodes is battery constraints that limit network lifetime, meaning mots contain limited
power depending on size, battery life, and memory. Aggregation-based routing algorithm, low energy adaptive clustering
hierarchy (LEACH), is envisaged as a highly adequate solution to reduce power consumption. The main objective of this work
is to optimize the LEACH protocol primarily in terms of power consumption. There are two reasons to explore hierarchical
routing. First, sensor networks have high density and there is a large amount of redundancy in communication. The second is to
increase the scalability of the sensor network by considering the security aspects of the communication. In many studies using
the LEACH algorithm, the performance analysis of WSNs with the MATLAB simulator has revealed some flaws that need to
be eliminated in the algorithm. The proposed research uses the improved IV-LEACH protocol to ensure an even distribution of
selected cluster heads of motes over the network to increase the efficiency of the LEACH protocol. Using MATLAB, average
life, energy consumption, and efficiency are analyzed to determine mots suitability for use in WSNs. The IV-LEACH protocol
outperforms the LEACH protocol, improving energy consumption, lifetime and throughput in a simulated network of 150 nodes.
Keywords: WSN; LEACH protocol; average lifetime; energy consumption.

1. Introduction To ensure the continuity of these applications, short-lived
sensors need to be operated for longer periods of time.
Transmissions from sensor nodes in WSNs consume a
significant amount of energy, which is considered one of the

With technological advances, sensors are in high demand
for monitoring and surveillance applications. Small,

autonomous and inexpensive sensors can be used to monitor
various parameters such as chemical structure, velocity,
voltage and temperature. Most of these sensors wirelessly
send the measured parameters to a base station (BS), i.e. a
sink. Receivers and transmitters feed the sensors and enable
wireless communication. These autonomous sensors are
distributed in an area and communicate with each other to
form a WSN. WSNs are typically used to monitor applications
in areas where replacing or accessing sensor nodes is not
possible or practicable from an economic point of view (for
example, in high voltage substations) [1-2].

primary reasons for the premature failure of nodes. Therefore,
network lifetime and energy consumption stand out as major
concerns in WSNs. As WSNs grow in popularity in
networking fields, researchers use a broad range of energy
effective approaches to decrease the energy consumption of
nodes and extend the network lifetime [3]. Despite their
positive aspects, WSNs have some limitations. To overcome
these formidable problems, multiple algorithms have emerged
over time to increase network lifetime. These algorithms
configure routes with minimal delay for sensor broadcast and
communication, reduce power cost, and provide adequate,
error-free data transmission. Among them, the Low Energy
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Adaptive Clustering Hierarchy (LEACH) algorithm is
consistently popular. LEACH is a cluster-based routing
protocol that performs well and is an adaptive algorithm [4-9].

A modified LEACH algorithm is presented in [10], which
calculates the optimal cluster head (CH) proportion in the
selection of CH nodes, considering the residuary energy and
current location problem, and uses the Stable Election
Protocol (SEP) algorithm to compute the divergent CH
selection probability for ahead and standard nodes. The
enhanced energy efficient LEACH (EEE-LEACH) algorithm
proposed in [11] decreases energy consumption in the WSN
by utilizing multiple-input multiple-output (MIMO) method
and selects the shortest route for data transmission in channel
undergoing fading. The research in [12] first analyzes the
basic operations related to LEACH and performs optimization
using a Genetic Algorithm (GA) to make longer the life span
of the network. A LEACH-based clustering algorithm, which
minimizes the energy consumption from sensors pending data
transmission, is presented in [13]. The LEACH protocol has
been customized to extend the lifetime of the WSN. In [14],
the high packet loss of LEACH routing is solved through
network optimization by adding a Delay Tolerant Network
(DTN) structure that allows transmission in exceptional
conditions such as a crowded WSN. In the optimization
algorithm based on the LEACH algorithm presented in [15],
the energy efficiency of the BS is increased to share the energy
consumption with the network, resulting in approximately
twice the network’s lifetime in contrast to the classic LEACH
algorithm. A new CH selection mechanism is developed in
[16] to increase energy performance of the Two-Level
Hierarchy for the Low Energy Adaptive Clustering Hierarchy
(TL-LEACH). Extended TL-LEACH outperforms in terms of
energy consumption, node’s service life, and communication
latency is significantly reduced. In [17], a Residual Energy-
Aware Clustering Transformation (REACT) protocol is
proposed for LEACH, which improves its achievement by
providing a clustering technique. A modified end-to-end
reliable LEACH (ME-LEACH) algorithm is presented in [18]
to boost the lifetime of a WSN by altering the data
communication from a CH to the BS. Another proposed
modified version of LEACH, which uses an intermediary CH
to transmit data in [19], aims to extend network lifetime and
forward a greater amount of data compared to the classic
protocol.

The issue of energy consumption is very important in
WSNs, so it is vital to decrease energy consumption and
increase network lifetime. As mentioned above, LEACH is
one of the major accepted routing protocols, as it is
characterized by saving energy, resulting in increased network
lifetime by random selection of the CH. However, this
protocol has some limitations; the CH excludes the residual
node energy in the selection process, resulting in the node’s

death. Also, the distance between the BS and the nodes is
excluded when choosing CH. The power consumption process
of the CH distant from the BS is higher than the nodes’ power
consumption near to the BS. These limitations need to be
evaluated when designing the WSN protocol. The main factor
to consider is the amount of energy consumed by the sensor
and how reducing the energy consumed increases the network
lifetime.

In this article, an optimized LEACH-based protocol has
been developed. It takes advantage of the energy features of
protocols such as TL-LEACH, E-LEACH and PEGASIS to
increase the efficiency of the LEACH protocol by establishing
the even distribution of the selected CHs in WSN. Using
MATLAB®, the performance of the proposed protocol has
been validated compared to several LEACH-based protocols.
The LEACH algorithm is a cluster-based protocol of routing,
so it performs well and is adaptable.

2. Theoretical Background
2.1 Protocols Used in WSN

The most important purpose of routing a WSN is to
provide highly efficient, continuous networks. Flat direction,
hierarchical direction, and positional (location-based)
direction are three possible classifications for the protocol
based on the shape of the network [20-22]. The protocols used
in WSNs are shown in Fig. 1.

ADDY

DSDV FLOODING GAF

GEAR

DIRECT TRANSMISSION

SPIN MTE

DIRECTED DIFFUSION

LEACH LEACH-C

TEEN || APTEEN

STAT
PEGASIS || gax

Figure 1: WSN protocols

Flat Routing Protocol: The flat routing protocol can be
defined as a multi-hop protocol in which each node has a fixed
functional role, all nodes participate in the operation to
complete the sensing process, and each node cannot be
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identified individually as a result of many nodes. Flat routing
consists of several protocols as: Ad-hoc On-demand Distance
Vector (AODV), Flooding, Minimum Transmission Energy
(MTE), Sensor Protocol for Information via Negotiation
(SPIN), Destination Sequenced Distance Vector (DSDV),
Direct Transmission and Directed Diffusion (DD).

Hierarchical Routing Protocol: Hierarchical algorithms
divide nodes into subregions called clusters. One CH is
selected from each cluster to allow communication between
clusters. CHs are then responsible for the management and
transmission of data aggregated inside of the area they
supervise. Hierarchical or cluster-based routing generally
comprises of two layers of routing: one layer is related to CH
selection and the other is related to routing [23]. Hierarchical
routing consists of several protocols as: LEACH, LEACH-
Centralised (C), Threshold-sensitive Energy Efficient sensor
Network (TEEN), Adaptive TEEN (APTEEN), and Power
Efficient GAthering in Sensor Information Systems
(PEGASIS).

Location-Based Routing Protocol: Location-based
algorithms use a node's location information to find and
transmit data to a destination in a specific network area [23].
Network nodes do not require complex calculations to find the
next hop in this protocol; direction decision is based on
location information. This protocol consists of a set of facts of
network nodes. First, the nodes must be identified by a Global
Positioning System (GPS) device. Second, each of the nodes
must know the location of adjacent nodes. Third, the source
node must be aware of the destination node's location [24].
Location-based routing consists of several protocols, such as
Geographic Adaptive Fidelity (GAF) and Geographical and
Energy-Aware Routing (GEAR).

2.2 LEACH Protocol

This protocol is a self-organizing, adaptive clustering
protocol that uses randomization to uniformly allocate the
energy load between the sensors in the network. Nodes here
arrange themselves into local clusters with one node
performing as the local BS or CH. To prevent premature death
of selected CHs LEACH involves random rotation of the high-
energy CH location to rotate between diverse sensors i.e.
precautions are taken to avoid draining the battery of a single
sensor [4]. When CH is selected, it sends a message to other
nodes to join that cluster. However, sensor nodes other than
CH select their CH based on the minimum transmit energy
required for communication. After a cluster is created, the CH
determines the communication schedule for its nodes [25].
The topology of the LEACH clustering structure is illustrated
in Fig. 2.

- Base station S

e

protocol

Member node /

\ p
\\. s

@ Cluster head
O Member node

Figure 2: LEACH clustering structure [25].

LEACH Algorithm: The LEACH process is separated into
rounds. Every round starts with the set-up phase where the
clusters are arranged. Following this is the steady-state phase
where data is transmitted to the BS. To reduce the overhead,
the steady-state phase is longer compared to the set-up phase
[4]. The main steps involved in the operation of LEACH are
listed below.

. Set-up Phase

At this phase, the nodes are dynamically divided out into
various clusters and per cluster, a CH is randomly selected
from among the cluster nodes. During the time that clusters
are created, a random number in the range of 0 to 1 is chosen
and compared with the threshold T(n). If the selected value is
smaller than T(n), the node is made as a CH for the present
round; else, the node remains a member node [26]. The
threshold T(n) is calculated using the following equation:

p .
—_— lfn EG
1—p><(rmod5) (1)

0 otherwise

where p is the percentage of the CHs amid all the nodes, r
is the number of the round, and G is the collections of the
nodes that have not been CHs in the course of the last 1/p
rounds [4].

After some nodes are identified as CH, the entire network
is announced by sending control message packets. These
messages are received by all network nodes and then stored in
their memory. These nodes then determine whichever cluster
to participate based on the strength of the received signal. The
strength of the signal indicates the distance between nodes and
CHs. Nodes will be closest to one of the clusters. This process
helps reduce energy consumption. After the cluster to join is
determined, standard nodes (not CHs) send a control packet to
the CHs, informing them that they have joined certain clusters
[25].

T(n) =
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After formation of the clusters, all CHs decide on the
communication timeline for their cluster. CH and other
members utilise Time Division Multiple Access (TDMA) for
communication within the cluster. The CH shares out the data
transmission time slot when each cluster member can transmit
data to its CH. TDMA time schedule assists nodes reduce the
number of unneeded communications [27].

Il.  Steady-State Phase

In the steady-state phase where the data transmission
occurs, every sensor node accumulates data from the
environment and transmits it to its own CH. Each sensor node
acts in accordance with the timeline for communication. CHs
acquire data from cluster members and conduct data fusion.
Data fusion process brings down large amounts of data and
shrinks data packets, which assists CHs utilize far less energy
to send data to the BS. Sending data packets from CHs to the
BS constitutes the final stage for the steady-state phase [27].

Later, the network goes back to the cluster creation
procedure, which involves new set-up and steady-state
phases. The periodic process keeps going on until the entire
network dies [27]. The description of the two phases above
explains how individual clusters communicate between nodes
in the respective cluster. But radio, by its very nature, is a
broadcast medium. Therefore, transmission in one cluster has
an effect on (and therefore disrupts) communication in the
neighboring cluster. To lower such interference, each cluster
transmits utilizing different CDMA codes [4]. The first-order
radio model, consisting of both transmitter and receiver
electronics, and a transmitter amplifier presented in [4], [27-
30], provides a simple low-energy radio model in terms of
energy requirements suitable for a complete analysis of radio
signals to be filtered from neighboring clusters. Fig. 3 shows
the flowchart of LEACH.

Selection of CHs
sle

Nodes exchange information (ID, Location, Energy)
Nlo

Wait for CH adv msg Broadcast CH ad msg

Send 1o CH a join chuster msg Wait for Join Cluster, sleep, active
o - status msg.

!

Send a TDMA schedule to the active member of cluster

e cH it

Sleep for (t) seconds

t-up plh

=
g
-
a

dy state phase

{ P e
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Receive data from cluster members < Transmit data to CH

Data fusion, and send result to BSN
L

Sleep for t,aa. seconds

"V

Figure 3: Flowchart of LEACH algorithm [31]
3. Overview of the Proposed IV-LEACH Protocol

At the core of the proposed IV-LEACH protocol, besides
the original protocol of LEACH, there are advantages
provided by TL-LEACH and E-LEACH protocols for energy
consumption, and there is also the PEGASIS protocol used for
equal distribution of energy in the WSN [32]. The flow
diagram of the IV-LEACH protocol is displayed in Fig. 4. The
most substantial features of the protocols incorporated in the
IV-LEACH are described in the sections below.

3.1 TL-LEACH Protocol

Different from the LEACH, where CHs send data directly
to the BS in a single hop, the TL-LEACH protocol introduced
in [33] works in a two-level hierarchy [5]. TL-LEACH applies
arbitrary rotation of local cluster BSs (primary CHs and
secondary CHs) [33], that is, it uses one of the CHs located
between CH and BS as a relay terminal. The bi-level nature of
TL-LEACH decreases the number of nodes allocated for data
transfer to BS and then efficaciously lowers the overall energy
consumption [7], [9]. TL-LEACH utilizes two methods to
attain energy and delay efficiency: random, adaptive, self-
configuring cluster formation and localized control for data
transmissions [22].
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-

Evenly distribute the power |

Figure 4: Flowchart of the proposed IV-LEACH protocol

3.2 E-LEACH Protocol

Enhanced-LEACH (E-LEACH) upgrades the CH
selection process by making the residual energy of the node
the primary metric in determining whether the node isa CH in
the next round [9]. In the E-LEACH protocol, initially all
nodes have the same energy and the same probability of being
the CH, i.e. in the first round, each node has a chance to be the
CH, indicating that the selection is random like in the LEACH
protocol [5]. After the first round, the remaining energy of
each node is determined and considered in the selection of CH.
Communication between CHs and BS requires more energy
than communication between CHs and cluster members. E-
LEACH selects nodes with large residual energy at the root
node as CH [7]. LEACH-E extends the service life of the
network by balancing the energy load between all nodes in the
network [5].

3.3 PEGASIS Protocol

PEGASIS is an improved near-optimal chain-based
protocol over LEACH. In PEGASIS, every node
communicates solely with its nearby neighbor and transmits
to the BS in turn, hence decreasing the amount of energy
consumed per round [34]. The chain is created using the
greedy method and the leader of chain is responsible of
transmitting the data to BS, where every network node
changes its task as the leader permitting a better even
distribution of energy load among WSN nodes and thus the

energy consumption for each round is balanced [35]. In
PEGASIS, the sensor nodes are randomly located, and each of
them is capable of data sensing, wireless communication, data
fusion and positioning. The energy load is evenly shared out
between the sensor nodes in the WSN [22].

control. It also shows the definition of the server name,
server port, and key assigned to the server.

3.4 IV-LEACH Protocol

The IV-LEACH protocol uses distributed clustering
method unlike LEACH. The entire sensor area is divided into
sub-regions that are similar to each other. Cluster head
selection from each sub-region is provided by the threshold
method as selected in the LEACH protocol. Every regular
node in this network can be shut down until the allotted time
of transmission, minimizing the energy consumption in the
nodes [32].

The inclusion of the E-LEACH protocol is to improve the
CHs selection procedure. After the first round, the main
measure in deciding which nodes can be CHs is the residuary
energy of each of the nodes. Like the LEACH, the E-LEACH
algorithm is divided into rounds. In round 1, each of the nodes
has the same probability of turning into CH. This is an
indication that CH is chosen at random. In subsequent rounds,
since the residuary energy of each of the nodes differs after
the first round of communication, it is used in the selection of
the CHs. Nodes higher in energy become CHs.

In IV-LEACH, to further increase energy efficiency, one
of the CHs located between the cluster and the BS is used as a
relay point, as in the TL-LEACH, instead of transferring data
straight-forward to the BS.

Like the LEACH, IV-LEACH has 2 phases: set-up and
steady-state phases. The protection mechanism detailed in
[27] has also been added to the IV-LEACH protocol to lower
the number of re-clustering operations required.

Once cluster heads are selected, a WSN uses the CSMA
MAC protocol to announce its state. The remaining nodes
make CH decisions in the current round relying on the strength
of the received signal of the advertisement message. A TDMA
schedule is applied to all cluster group members to send a
message to the CH. Then CH sends the data to BS. When a
CH is selected for a particular area, the steady-state phase
begins. A flowchart of this distributed clustering algorithm is
shown in Fig. 5 [36].

As soon as the clusters are formed and the TDMA time
schedule is determined, the transmission of data begins and
the steady-state phase is initiated. Assuming that the nodes
always contain all the data, the nodes communicate during the
transmission times allocated to the CH. Such a type of
transmission utilizes minimum energy (the level is selected
according to the received strength of the CH advertisement
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message). Then the radios of the nodes are closed until the
allocated transmission time. The IV-LEACH protocol ensures
a homogeneous distribution of selected CHs throughout the
network.

I

Wait for HC

Annguncement

Steady-stat phasze

operation for

=T szcond t

Figure 5: Cluster formation algorithm flowchart for V-
LEACH [36]

4. Protocol Performance Simulation and Analysis

The efficiency of the IV-LEACH protocol is validated by
using MATLAB simulation tool and evaluation is peformed
based on the period of network stability, i.e. network
throughput, network lifetime and energy dissipation.
Parameters used in simulations are categorized in Table 1. The
nodes of the WSN are simulated to be randomly distributed
over an area of 900x900 m? with the BS located at the central
point (450, 450), as is shown in Fig. 6.

Table 1. Simulation parameters

Parameter Value
Sensing area (WxL) 900 x 900 m?
Number of nodes (N) 150
Initial energy of nodes (Eo) 05J
Desired percentage of cluster
01J
heads
Position of BS X =450,Y =450
Packet size for CH per round 6400 bits
Max number of simulated rounds 500
The energy of_flfee space model 0341
amplifier
Energy_fo_r transmlFtlng and 50 J
receiving one bit
Amount of energy that is spent by 100 bJ
the amplifier for transmitting bits P
Energy of data aggregation 5nJ
LEACH
Nodes
900 . ‘ i B
®
800 *

Y-axis coordinates of sensor node ()
[ (5] = o [=2] =~
f=3 = = =3 = =
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o
=
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Figure 6: Location of nodes in WSN
4.1 Performance Analysis of IV-LEACH over LEACH

Lifetime of the Network: Network's lifetime represents the
interval of time from the start of communication to the sensor
node’s death. Following 460 rounds of the IV-LEACH
protocol and 300 rounds of the LEACH protocol, 10 live
nodes remained. This is demonstrated in Fig. 7.

Total Energy Dissipation: The performance of WSN is
greatly improved with IV-LEACH protocol over traditional
LEACH protocol. As shown in Fig. 8, the average residual
energy was 300 J after 250 rounds were completed in the
conventional protocol, while it was 300 J over 480 rounds for
the 1V-LEACH protocol.
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Throughput of the Network: The IV-LEACH protocol
outperforms the original LEACH protocol regarding the
throughput of the network i.e. the number of the received data
packets, as shown in Fig. 9. In the LEACH protocol, the
number of packets was 7.5x10° per 300 rounds. But in the IV-
LEACH protocol, the number of packets was 11x10° in 300
rounds.
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Figure 9: Throughput of the network
4.2 Comparison of Network Stability Period

The stability period of the network is represented by the
first dead node (FDN), i.e. the moment when the death of the
1tsensor node occurs relative to the time after the start of the
rounds. The simulation results show that the 1V-LEACH
protocol has higher stability compared to the E-LEACH, TL-
LEACH and LEACH protocols. As shown in Fig. 10, after
several simulation runs, FDN for LEACH, E-LEACH and TL-
LEACH protocols occurs in five seconds, six seconds, and
seven seconds, respectively. FDN for the IV-LEACH protocol
takes place in eight seconds.

FIRST DIE

B
I L EAcCH
- EACH
7 || TL-LEACH
[V LEACH

Types of protocols

Figure 10: FDN lifetime of different LEACH protocols

Similarly, the last dead node (LDN) is also used for
network stability. As shown in Fig. 11, LDN for the LEACH
protocol occurs in 150 seconds. For the E-LEACH and TL-
LEACH protocols, LDN occurs in 225 and 325 seconds,
respectively. In the IVV-LEACH protocol, LDN occurs in 450
seconds.
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Figure 11: LDN lifetime of different LEACH protocols
5. Conclusion

Energy saving is an important issue in WSNSs. In order to
enhance energy efficiency and extend the service life of sensor
nodes, multiple energy-aware cluster-based techniques are
developed. CH selection is an essential step in cluster
formation that affects network lifetime and throughput. The
IV-LEACH protocol presented in this paper provides the
advantageous features of E-LEACH, TL-LEACH and
PEGASIS protocols as well as the selection of cluster heads
evenly distributed throughout the network. The 1V-LEACH
routing protocol has been optimized to extend the lifetime of
the sensor nodes, taking into account their residuary energy
and their distance from the BS. This protocol makes it possible
to extend the lifetime of the WSN. Network stability cycle is
still considered short for many applications requiring reliable
network feedback. IV-LEACH has been modified to enhance
the stability of the network by increasing the FDN and LDN
times. The simulation results obtained indicate that the 1V-
LEACH protocol can come through the restrictions of the
LEACH protocol in terms of energy consumption, throughput
and network lifetime.
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