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most of the cases, essential aerodynamic
characteristics are obtained from the six-degree
freedom of equations derived from Newton's second
law of motion and computational fluid dynamics.
Since the two main parameters in hover mode are
thrust co-efficient and the inflow ratio. Therefore
equations for the calculation of these parameters are
given in the paper. This paper also gives an overall
brief of the methods used for the calculation of
stability and performance parameters in both the
hover and forward flight mode.

Abstract—Hybrid

vertical takeoff and landing
unmanned air vehicles are nowadays under
consideration because of their longer range, take-off
and landing ability at any desired point and cruise
capabilities. In this paper, different types of such
vehicles and their configurations are explained. The
flight regime of these vehicles is divided into three
categories, that is, vertical take-off, transition and
cruise flight. In addition, aerodynamic analysis of
different hybrid vertical takeoff and landing
unmanned aerial vehicles including tilt-wing, the
tilt-rotor unmanned air vehicles and a separate lift
and thrust unmanned air vehicles (having rotors at
the mid-span of the wing) have been explained. In
I.

Keywords - Vertical take-off and landing; unmanned
aerial vehicle;tilt-wing;tilt-rotor;blendedwing;transition
flight

INTRODUCTION

For the past several years, there is a great
development in the field of Unmanned Aerial
Vehicles (UAVs). Recently, UAVs have been used
both for civil and military purposes such as

reconnaissance,
surveillance,
and
security
reinforcement. Basically, UAVs are of two types
these are fixed-wing and rotorcraft UAVs. Fixedwing UAVs are more suitable for high cruise speed,

Nomenclature
UAV

Unmanned aerial vehicle

Cm

Coefficient of moment

SLT

Separate lift and thrust

VT

Flight speed (m/sec)

QTW

Quad tilt wing

Tcoax

Coaxial fan thrust (N)

CFD

Computational fluid dynamics

iT

Tilt angle (deg)

α

Angle of Attack (deg/°)

VTOL Vertical take-off and landing
CD

Coefficient ofdrag

CL

Coefficient of lift

η

elevator deflection

RPM

2

Revolution per minute
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effective range, and endurance but actually needs
runways for controlled take-off and landing. On the
other hand the rotorcraft UAVs have a shorter range
and endurance hence they are not suited for long
range missions but are effective for short take-off
and landing. Hybrid UAVs have the advantages of
both fixed-wing and rotorcraft UAVs(i.e., vertical
take-off, transition, and cruise) and they are,
therefore, effective for longer range and endurance.
II.

In tilt-wing convertiplane UAVs, complete or partial
wing along with the rotors are tilted together during
hover to cruise transition. For different flight
regimes the wings are actually in the upward
direction, which actually makes it susceptible to
crosswind and thus greater work is required for
developing a controlling procedure for attitude
stability. There are two main types of tilt-wing
convertiplane UAVs: single-wing configuration and
tandem-wing configuration.
In the single-wing configuration, the
commonly used UAVs are Harvee, AVIGLE,
GLVTOL Drone and AT-10 Responder. In
Harvee [4], there are two fixed-pitch motors
which are placed below the wings of UAV.
While for a transition from hover to cruise
tilting of the whole wing is required. In hovermode, the thrust for Harvee is provided in a
similar manner as in a bi-rotor convertiplane
UAV. In AT-10Responder [7] there are two
parts of the wing. Only the inner part with the
rotors placed on the leading edge of the UAV
can tilt. Whereas in AVIGLE [5, 16] in hover
mode the thrust is actually provided by tilted
propeller engines along with the deflected flaps.
On the other hand, in GL VTOL Drone [6] for
thrust in vertical direction and control
mechanism, there are ten fixed-pitch rotors (out
of which eight are located on the wings and the
rest two are placed on horizontal stabilizers).

TYPES OF HYBRID VTOL UAVs

As mentioned in [1], there are basically two types of
Hybrid UAVs these are convertiplane and tail-sitter.
A convertiplane UAVs generally has transition
mechanisms for transferring from vertical mode to
cruise mode and from cruise mode to vertical mode
for landing. While tail-sitter UAVs takes off and
lands vertically on its tail, and the whole of the
airframe is tilted in order to complete cruise flight.
A. Convertiplane
Main types of these UAVs are: (a) tilt-rotor UAVs,
(b) tilt-wing UAVs and c) Dual systems
a) Tilt-Rotor
In tilt-rotor UAVs there are a different numbers of
rotors that are installed on tilting shafts. For a
transition from hover to cruise flight, rotors actually
get tilted in a horizontal until the cruise flight is
achieved. Furthermore, these tilt-rotor UAVs are
subdivided into three categories: a) bi-rotor, b) trirotor, and c) quad-rotor.
As mentioned by the name, bi-rotor convertiplane
UAVs generally have two tilting rotors which help
in thrust in the vertical direction and for providing
sufficient lift during a cruise and several control
surfaces for different kind of motions (yaw, pitch,
and roll). An example is the Bell Eagle Eye UAV [2]
having rotors mounted on the wingtips.
In tri-rotor convertiplane UAVs there are three
rotors mounted at different places and are upward in
direction. For the transition one or multiple rotors
get tilted to providing thrust in the vertical direction
and in cruise mode, it works similarly as the birotors (i.e., lift is provided by the rotor sand control
surfaces are used for roll, pitch and yaw motions).
Examples are TURAC and FireFLY6.Both are the
type of tri-rotor convertiplane UAVs but the
difference comes in flight mode i.e. hover mode
where TURAC [3] uses a co-axial rear rotor while
FireFLY6 [1] uses the Y-6 (i.e., three co-axial
rotors) configuration.

c)

Dual-System

In this type of convertiplane UAVs [1] there are
two sets of propulsion systems: one set of rotors
for vertical take-off and landing while another set
has tractor or pusher configuration for cruise
flight. No tilting mechanism is needed for these
UAVs. Whereas in cruise flight there is actually
extra drag force on the UAV due to the non-usage
of these fixed rotors in the cruise flight, results in
putting more load on tractor or pusher propeller.
The most commonly used types are multi-rotor
with tractor configuration and multi-rotor with a
pusher configuration. Tractor configuration is the
one in which the propeller is placed in front of the
wing. The flight of this configuration involves
vertical take-off using quad-copter while the
horizontal thrust motor remains powered off. The
transition mode involves the turning off of quadcopter and starting of horizontal thrust motor
simultaneously. Once the aircraft has attained
horizontal velocity equal to stall velocity the quadcopter motors are turned off.

b) Tilt-Wing

B. Tail-Sitter
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In this type of the hybrid UAV tail is the major
contributor for vertical take-oﬀ and landing and
the entire airframe is actually tilted to achieve
cruise flight. The flight can be summarized as
follow:
At the start, power is supplied by the motors and the
UAV rise vertically in the air at an appreciable
height where it is slowly tilted through manipulation
of the elevator devices and then proceeds further like
a fixed-wing aircraft, the sustaining force of the
propeller being replaced by the vertical reaction.
During landing, the forward speed of the aircraft is
reduced and the props are vertically tilted again,
causing the UAV to act as a helicopter with the
propeller supporting the complete load of the
aircraft.
III.

Fig. 1.Wing and horizontal tail tilt angles vs flight speed [9]

For mathematical modeling of the TURAC, the 3-D
Computational fluid dynamics data [12] for forward
flight at a different angle of attacks which includes
the stall effect as well is obtained. Then at different
forward velocities, same aerodynamic coefficients
are used for calculations of transition phase.
In another research [12], aerodynamic analysis of
tilt-rotor UAV i.e. TR-E2S1 was done by deflecting
the control surfaces and by varying the angle of
attack and sideslip angle the aerodynamic stabilities
were analyzed then comparing these results with the
wind tunnel testing results. The figure 2 [12] below
tells us that as the elevator deflection angle increases
lift increases linearly.

AERODYNAMIC ANALYSIS

Over the past ten to twenty years, the category of
UAVs which has been under consideration for the
stability and performance analysis are the tilt rotor
and the tilt-wing UAVs in which the tilt angle of the
rotors and the wings starts to decrease during
transition and finally both the wings and rotors are
in horizontal position during the cruise. The flight
regime of the UAV is divided into a hover, transition
and cruise flight [12].
Hover mode: For hover flight there are two factors
that are under consideration: thrust and drag.
Transition mode: In transition phase, the important
parameter is the changing speed of the propellers for
transition and the use of control surfaces is thought
to be secondary.
Forward flight mode: In this mode i.e. the airplane
mode UAV has gained the required velocity (which
is above the stall speed) so that it can generate
enough aerodynamic forces to provide sufficient lift
and is able to control the flight.
In another research done by Daud Filho et
al.[9],multi-body equations of motion for Semitandem wing VTOL UAV are developed which are
used to compute the trim curves(tilt angle vs flight
speed, elevator angle vs velocity and angle of attack
vs velocity) for the transition phase from hovering
to cruise condition. These curves help us to
determine tilt angles of the wing and the horizontal
tail during hovering and cruise.

Fig. 2.Variaton of lift coefficient with control surface
deflections [12]

In another research paper by Tomasz Kudala et
al.[13] the Hybrid VTOL UAV is of the tilt rotors
mechanism(only rear motors are tilted).In the
transition phase the motors on the rear wing are
gradually tilted into horizontal position(from
vertical position in vertical take-off)for increasing
forward speed whereas the front rotors are slowly
turned off because they only disturb the airflow(in
standard flight mode), without sufficiently
increasing the lift that is produced on the wing.
During cruise UAV acts like a simple conventional
aircraft with control surfaces which are aileron,
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elevator, and rudder for providing roll, pitch and
yaw motions.
In another research done by Dewi et al. [14], a
HYBRID UAV i.e. separate Lift and Thrust (SLT)
UAV was first designed. This kind of UAV has five
motors with two different functions. In separate
lift and thrust model of hybrid UAV, there is no
tilting rotor during the transition phase. One
motor produces horizontal thrust like a normal
fixed-wing to generate lift for forward flight. The
other motors produce vertical thrust like a multirotor. Since it produces two kinds of thrusts with
different direction (horizontal and vertical
thrust), there will be overlapped thrust during
the transition, when switching flight modes.
Then its 3D model was designed and imported as
.stp file to other software, such as ANSYS to analyze
airflow over the airframe.
Then Performance and stability analysis was carried
out using XFLR-5. Both figure 3 and figure 4
describe static longitudinal stability. Graph of Cm
versus alpha shows that this hybrid UAV is statically
stable in longitudinal direction because the slope of
the curve is negative. The more negative the slope
is, the more stable the aircraft. Graph of Cm versus
CL shows us that at zero pitching moment, the lift is
slightly positive.

Numerical simulations [14] are performed to
analyze airflow around this hybrid UAV and to
understand the effect of integrating multi-rotor
equipment to the fixed-wing UAV. The basic
information provided by CFD is the difference of
forces (side force, lift, and drag) of UAV with
propeller and without propeller. Therefore, there are
two main cases which are analyzed and these are:
1. Case 1: airframe without propeller
2. Case 2: airframe with a propeller
Table 2 [14] tells that in both the cases side forces
are not the same because of the different direction of
the propellers and may be caused by asymmetric
element built by unstructured meshing method. As
far lift is concerned it is greater in case 1, but the
drag on case 2 is much higher than case 1. One of
the solutions for reducing the drag by propellers for
hovering is by using folded propellers.
In another research done by J. Holsten et al. [16],
tilt-wing UAV was designed and lift, drag and
moment coefficients were measured using wind
tunnel. The resulting values were then compared
with the computed values of the softwares i.e.,
XFLR5 and Digital DATCOM. Because of the
constraints in the softwares fuselage is assumed to
be considered as a cylinder. Different parts of the
UAVs which are engine pod, spinner and landing
gear are neglected for computation. Landing gear
increases the drag but does not increase lift. The
spinner and engine pod disturb the air flow over the
wing area. This tends to increase the drag and
decreases the lift as compared to the computational
results. The rise in the drag is mostly due to the
landing gear and the engine pod (not because of the
fuselage).

Fig. 3 Cm vs alpha curve [14]

Fig. 5 Comparison of lift coefficients of the wind tunnel with
computed data [16]

Also, change in elevator deflection with respect to
the pitching moment coefficient and the effects of
flaps on the lift coefficient were plotted. The results

Fig. 4 Cm vs CL curve [14]

5

3rd Pak-Turk International Conference on Emerging Technologies in the field of Sciences and Engineering

9-10th, June 2020

of flaps deflection are in accordance with the
DATCOM computational data. The trend of the
computational data is not identical because of the
tail-plane airfoil which is a symmetrical and, hence,
the deflections should differ in their effect as seen
from measurements.
Also, the measurements are done for different values
of thrust in order to cater for greater overlap of
propeller area and wing. For cruise flight, in order to
ensure reproducibility, three different thrust levels
were set and all the measurements were repeated
once.
In another Research done by Muraoka et al. on QTW
UAV [7], in which important aerodynamic
parameters are measured from wind tunnel data.
And lift coefficient was measured and its
comparison with the tilt-angle of the front wing was
measured. These lift coefficients include lift
generated by both the wing and propeller thrust.
In another research done by Hong et al.[15],
longitudinal flight characteristics of the single tiltwing UAV are calculated. The methodology used is
first aerodynamics forces and moments plus
propulsive forces acting on the UAV are calculated
by equations given in [16] which includes the forces
and moments for the wetted area due to the
slipstream, unwetted area, and free stream area.
When the wing is tilted, then aerodynamic forces
and moments are produced because of the wetted
area in the slipstream and are effected by the change
in induced velocity and not by change in the tilt
angle.

angle of attack and for open and close fan concept
of the TURAC. Now in open fan design lift actually
decreases but drag coefficient increases because of
vortices that are present in the open fan design as
compared to the close fan design.
Similarly momentum theory and blade element
theory is used to calculate the performance in hover
and vertical climb but they are not suitable because
they have lot of assumptions like inflow is uniform,
flow is incompressible as mentioned in [18].Hence
blade element momentum theory which is a hybrid
of both momentum and blade element theory is used
to compute the different performance parameters
like coefficient of thrust , induce power and inflow
ratio. Just like rotor power coefficient in hover flight
can be calculated by using the following equation:
𝐾𝐶 1.5

σC

𝐶𝑝 = 𝑤 ½ + do
2
8
Where Cw is the weight coefficient, 𝐾 is the induced
power factor of the rotor, Cdo is the parasite drag and
σ is the solidity ratio. Similarly coefficient of thrust
for optimum rotor can be calculated by using the
equation given below:
𝑁𝑏 𝑐𝑡 𝐶𝑙
4∗𝑝∗𝑅
Where Nb is the number of blades, ct is the tip
chord which has different value for different rotors
and Cl is the lift coefficient. Since blade element
theory accounts for the losses of non-uniform
inflow therefore its equation for the inflow in hover
mode is:
𝐶𝑇 =

σClα 2 σClα Ѳr σClα
𝜆 = √(
) +
−
16
8𝑅
8

IV.

CONCLUSION

The work done on the aerodynamic analysis of
different type of UAVs suggest that methodology
used for the calculation of aerodynamic parameters
is the same i.e. six degrees of freedom equation are
used to calculate the aerodynamic parameters(lift
coefficient, drag coefficient and moment
coefficient) for different flight regimes and the
graphs are plotted to show that these UAVs are
stable in those flight regime but the difference is the
configuration of UAVs which have gone under
consideration over the past years. Mostly tilt-rotor
UAVs and tilt-wing UAVs are being investigated
extensively. The tilt-wing UAVs have some
advantages as compared to tilt-rotor UAVs because
tilting of wing along with the rotor results in an
increase in aerodynamic flow over wing which
actually goes and help in transition flight regime
plus reducing the loss of lift due to downward
slipstream in hover. Similarly, tilt-rotor UAVs are

Fig.6 Longitudinal trim condition (RPM vs time) [15]

In another research done by Ozdemir et al. [17],
aerodynamic analyses of the TURAC was carried
out by using Vortex Lattice method in which first all
the parameters were separately defined in the
software and the geometry was created. Then each
component was further separated into number of
panels and the aerodynamic parameters i.e. lift
coefficient, drag coefficient and induce drag
coefficient were calculated across different angle of
attack. Then CFD analysis was done for different
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preferred over separate lift and thrust (SLT) UAVs
because SLT UAVs produces more drag because of
their rotors which are only helping in vertical takeoff as compared to tilt-rotor UAVs in which these
motors get tilted during the transition(helps in
vertical take-off) and also then helps in the cruise
flight.
V.
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II. LITERATURE REVIEW FOR PLATFORM

Abstract— In the last couple of decades, drone technology
has advanced a lot and has become a branch of keen interest for
students and research organizations. With these advancements,
several new profiles and platforms for drones have been
developed ranging from the military application to surveillance,
reconnaissance, and agricultural purposes. This paper is an effort
to study the multiple drone platforms available with a detailed
study on quad-copter or quad-rotor. Quad-rotors are being
frequently used by various researchers as this platform has a
better tendency of performing tasks because of efficient and
stable design configuration. The current utilization of this platform
and its potential for Killer Drones is also discussed. The paper also
covers multiple concepts approaches for damping or restricting
motion due to the impact of fire from weapon mounted on a
drone. The paper includes a feasibility study of these initially
selected concepts i.e. varying propeller RPM of quad-copter for
balancing the impact of weapon, use of damping mechanical
structure & damping Fluid to reduce the impact and use of 3-D
gimbals to constraint motion and stabilize Drone. The paper
investigates the feasibility of all available platforms and
mentioned approaches to predict the most appropriate
combination for High-Speed Weapon Capable Killer Drone

Based on the physical design and configuration, UAVs are
classified into 3 major categories:

•
•
•

The most commonly known platform is the fixed-wing
aircraft. They are the simplest of all and have advantages of
long endurance and range. However, they require runways
to take-off and land. Some may be hand or catapult-launched
and recovered in the net trap or land via parachute. This
limits their operation in congested areas and requires an
open field for take-off and landing. Rotary wing UAVs on the
other hand, can vertically take-off and land almost anywhere.
III. FIXED-WING AIRCRAFT

Keywords – Platform, quad-copter, gimbals, feedback
control, navigation, damping fluid

I.

Fixed-wing Aircraft
Multi-Rotor Aircraft
VTOL Hybrid Aircraft

Fixed-wing aircraft are conventional aircraft:

INTRODUCTION

In the past few years, an increasing interest is being invested
in the development of small Unmanned Aerial Vehicles
(UAVs). They are being employed by the civil sector for
search and rescue during a disaster, geological surveying and
mapping, agriculture and law enforcement. While the defense
and military are utilizing UAVs for reconnaissance,
intelligence data gathering as well as aerial targeting. Their
main advantage is that they can be remotely piloted from any
location, meaning the pilot is always safe. It also means that
UAVs allow us to explore unchartered territories and perform
missions that were humanly not possible.

Figure 1 – Conventional Fixed Wing RC Aircraft
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•

Table 1 – Classification of Flying Vehicle

They can provide security and surveillance in a
time and space constraint environment

DISADVANTAGES
•

Multi-rotors have short endurance
V. QUAD COPTERS

Quadcopters are primarily used to incorporate VTOL (Vertical
Take-off and Landing) capabilities in fixed-wing RC aircraft.
Quadcopters are inherently unstable and rely on four
propellers for their control and maneuverability.
Quadcopters are further divided into two categories:

These aircraft have multiple advantages and disadvantages
as discussed below:
ADVANTAGES
•
•
•

Fixed-wing aircraft have longer endurance
Fixed-wing aircraft can attain higher speeds
They have a longer range

Fixed rotors

•

Tilt rotors

A comparison between them can be made as:

DISADVANTAGES
•
•

•

Fixed-wing aircraft cannot hover
Cannot work well space constraint environment

IV. MULTIROTOR AND ITS TYPES

Multirotor is the RC aircraft that provide thrust in the
vertical direction and are capable of vertical take-offs and
landings.

•

Fixed rotors are VTOL efficient

•

Tilt rotors can have higher speeds.

•
•

Tilt rotors have longer endurance time
Tilt rotors can provide efficient in air braking
VI. VTOL FEATURE IN FIXED WING

Either tilt rotors configuration or fixed rotors configurations
can be used to incorporate the VTOL mechanism in fixedwing RC aircraft. Configurations which involve the use of tilt
rotors in a fixed-wing to make them VTOL capable areas
follow:

1.
2.
3.
4.

Quad Tilt wing
Bi-Tilt rotors
Quadcopter with all tilt rotors
Quadcopter with inverse tilt rotors

Fixed-wing RC aircrafts involving fixed rotors are

1. Multi-rotor with tractor configuration
2. Multi-rotor with pusher configuration
3. Tail setter configuration

Figure 2 – Quadcopter Drone [2]

Each of the tilt-rotor configurations is briefly explained
below:

These aircraft have multiple advantages and disadvantages
as discussed below:

VII. QUAD TILT WING
In quad tilting wings configuration propellers are mounted at
the mid-span of the wings capable of tilting. This
configuration can provide all six-degree of freedom. The
study involves the tandem wing configuration, which
includes two wings. The forward wing, which is

ADVANTAGES
•
•
•

It may Take-off/Land from any surface
They can hover at a single point
No landing approach is required
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comparatively larger than the aft wing also called the rear
wing.

horizontal position providing thrust for the forward flight.
Similarly, for the vertical landing, the motors change their
orientation and provide thrust for the vertical land.
IX. QUAD ROTOR WITH ALL TILT ROTORS
These configurations involve the integration of tiltable
quadrotors on a fixed-wing aircraft. The quad configuration
provides a better VTOL efficiency and stable hovering as
compared to the Bi-rotors configuration.
One important consideration while designing these VTOL
multi-rotors is the clearance of the propellers and their
direction of rotation concerning one another.

Figure 3 - Quad Tilt Wing Configuration for VTOL [3]
The most critical part of the flight is the transition. As the
wings must be first tilt to a smaller angle so that the aircraft
first attain the stall speed i.e. the minimum speed required
to prevent the aircraft from stalling. Once the stall speed is
attained, the wings can transit completely preventing the
aircraft from stalling.
VIII. BI-TILT WING FOR VTOL
A simple bi-tilt rotor configuration involves the use of two
tiltable rotors placed at the mid-way of the wing. This
configuration is practically being applied in Boeing's V22
Osprey as shown below

Figure 5 - Quad tilt rotor Configuration [5]

X. INVERSE TILT ROTOR
Quadcopters with inverse tilt rots are essentially the same as
simple quadcopters with tilt rotors except that in this
configuration front motors are oriented in the upward
direction while the rear motors are oriented in the
downward direction.
As described above that fixed rotor configurations can also
be used for designing vertical take-off and land RC aerial
vehicles. A fixed-wing, fixed rotor RC aerial vehicle is
equipped with quad-copter motors that are used for vertical
take-off, landing, and a separate horizontal thrust motor for
horizontal flight modes. A brief description of each
configuration that can be involving the use of fixed rotors is
explained below. These configurations differ based on the
design of their forward flight while the mechanism for
vertical take-off and landing remains the same.
Figure 4 - Boeing V-22 Osprey [4]

XI. MULTIROTOR TRACTOR CONFIGURATION
Two motors are in the vertical position providing thrust for
the vertical take-off. During the transition mode, the motors
change their orientation from vertical mode and once the
stall speed is attained the motors are oriented in the
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Tractor configuration is the one in which the propeller is
placed in front of the wing as shown. The characteristics of
this configuration are:
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•
•
•
•
•

Figure 6 - Tail Sitter Configuration [6]

Tractor configuration has a better balancing
Center of gravity ahead of the center of pressure.
It is easy to fabricate

These aircraft falls in the category of bi-quad fixed rotors RC
UAVs. This configuration seems attractive, primarily because
it can carry a greater payload with a relatively small
expenditure of energy.

It provides easier cooling of the motor
Centre-line thrust is maintained

XIII. DISCUSSION ON PLATFORM
Based on the study [1, 22] different platforms were
considered for the design and development of high-speed
weapon capable killer drone. Keeping into consideration our
design needs and requirements Multi-rotor in general and
quad-copter, in particular, comes out to be the optimum
solution for a reasonable compromise between speed,
endurance, and design simplicity.
Figure 9: Tractor configuration [14]

Table 2 - Overview of available platform

The flight of this configuration involves vertical take-off
using quadcopter while the horizontal thrust motor remains
powered off. The transition mode involves the turning off of
the quad-copter and the starting of the horizontal thrust
motor simultaneously. Once the aircraft has attained
horizontal velocity equal to stall velocity the quad-copter
motors are turned off. During landing, the same process
happens but in the opposite sequence. The horizontal thrust
motor is turned off and the quad-copter is turned on
simultaneously providing thrust in the vertical direction.
XII. TAIL SITTER
XIV. WORKING OF MULTIROTOR

Tail sitter RC aircraft are the ones that take-off and land on
their tail. This concept was first presented by Nicholas Tesla.
This configuration is usually used in flying wing vertical takeoff and land RC aerial vehicles.

All Multi-rotor primarily work on the fundamental law of
angular momentum conservation. To maintain the angular
momentum the adjacent quadcopter motors rotate in
opposite direction. To fly in steady-state hover case the
thrust of all the motors should be equal to the weight of the
flying vehicle, whereas in case of a climb and accelerated
horizontal or vertical motion the thrust must be unevenly
distributed with lesser thrust from motors in the direction of
motion. Additional thrust for these segments is required, so
therefore statistically the motor chosen should have the
capability to provide twice the thrust than weight at 50%
throttle for best efficiency [7]. The motions are controlled by
varying throttle which reduces RPM of motors by controlling
their current.

Two motors are used along with three fins, two of them act
as wings and one is used as vertical stabilizers.
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XV. LITERATURE REVIEW FOR STABILIZATION
A weapon capable killer drone has to carry a firing weapon.
This opens a complex domain of engineering issues because
of the stabilization needed to balance the platform in
response to the recoil of the weapon. In this regard, a lack of
research on this specific aspect is a hindrance. The current
problem of weapon capable drone is therefore simplified for
a survey of the design of stabilization systems for quadcopter. The available stabilization methods widely used are:

Figure 7 - Direction of Motors for Basic Motions [7]

Another important factor in determining efficiency is the ground
effect. It is observed that when the multi-rotor is operating at
the height of approximately ½ of rotors
the diameter then the rotor tip vortices are avoided thus less
thrust is required to overcome the drag due to them. In
return, the efficiency and consequently multi-rotors
efficiency is increased.

•
•
•

Gimbals
Controls Systems
Vibration Absorber

XVI. CONTROL SYSTEMS FOR STABILIZATION

The roll, yaw and pitch motion of quadrotor changes with
variation in RPM of motors. For motion along the roll axis, the
throttle of rotors on one specific side is increased and the
other side is decreased. Similarly, for motion along the pitch
axis, the throttle of front or back motors is varied and for
yaw, in the counter-clockwise direction, the counterclockwise rotating rotor throttles are increased.

With advancements in drone technology, the flight control
systems and algorithms for stable drone flight have also
increased. Control systems governed by basic PID [9, 10, 11,
14] to more complex systems [12, 13] have been developed
and have proved to be significant.
General Methodology followed for the design of a control
system is the estimation of the air vehicles' dynamic model.
This dynamic model is a set of mathematical equations that
consists of all aerodynamic flight affecting factors and factors
acting on the quad-rotor in case of any disturbance. Research
has been carried out for comparing different control
techniques [15, 16, 17] but due to the underactuated nature of
drones, it came out to be a complex dynamic model with
various challenges.

Quadcopter generally has two prominent configurations. ‘X’
configuration and ‘+’ configuration. Both configurations have
their own merits and demerits. Generally ‘X’ configuration
comes out to be more stable whereas ‘+’ Configuration is less
stable and has more maneuverability.

Quadcopters carry an Inertial Measurement Unit (IMU) and
microcontroller for simulating the control algorithm. IMU
sensor identifies the orientation which is then interpreted by
the control algorithm. In reply to any disturbance, the
microprocessor from the control algorithm will send a
rectifying signal to counter the disturbance and stabilize the
platform. Research has been conducted in this regard but most
of the effort is done lightweight drones [18], with settling time
of almost 10 seconds. A major difficulty faced in designing a
control system is to compensate for the response of nature. For
this wind, parameters are required.

Some prominent Control board systems available are:
•
•
•

Multi-Rotor Control Board (Atmega328 PA)
Pixhawk – 4
Arduino – Pilot Board (ATMega328)

Figure 8 - 'X' and '+' Configuration [25]

MULTI-ROTOR CONTROL BOARD (ATMEGA328 PA)
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Atmega328 PA – works on the same mentioned principle to
stabilize the aircraft. The board has three gyroscopes
available, which provide data to control board in case of
disturbance for stabilizing the platform. The control board is
programmable and may be modified by our dynamic model

•

Size: 30mm x 47mm

•

Four RC-in Channels

XVII. GIMBALS

Specifications:
•

Dimensions: 50.5mm x 23.5mm

•

Weight: 14.5 gram

•

IC: Atmega328 PA

•

Gyro: Murata Piezo

•

Input Voltage: 3.3-5.5V

•

Signal via Receiver: 1520 us

•

Signal to ESC: 1520 us

Gimbal is a stabilization platform that dictates the
movement of the object or payload that the drone is
carrying. It is a pivoted support that allows rotation of the
object in only a unilateral axis.

PIXHAWK – 4
The Pixhawk 4 is a new version of Pixhawk having
a 32-bit microprocessor along with a flash memory of 2 MB
and also the RAM of 512KB. New Pixhawk P4 is even more
powerful and is with more RAM resources. For stabilization
purposes, low-noise and high-performance IMUs are
designed on the board.
Figure 9 - Fundamental Principle for Gimbal [26]

Pixhawk 4 comes with open-source firmware and
also the software as well, for autonomous flying the new
Pixhawk PX4 is undoubtedly one of the best flight controllers.
The new Pixhawk PX4 can be assumed as a successor to the
APM flight controllers but is much more powerful, making it
worthy of being called one of the best flight controllers.

Gimbal mounted on a drone is designed to give stability to the
object by absorbing vibrations. It restricts the motion in
specified axes for which it is designed, eliminating the noise
and making the object stable, which is a weapon in our case.

Features:
•

Open-source software

•

Autonomous flight

•

32-bit microprocessor

•

A backup system in case of emergency

Generally, Gimbals are powered by three brushless motors,
each acting in one specified axis. An Inertial Measurement
Unit is connected with Gimbal which reads the orientation,
conditions the signal by applying calibrations and transmits it
to Gimbal to generate a response to counter the vibration or
disturbance and stabilizes the object and quad-copter. IMU for
Gimbal comprises of three-axis accelerometer and gyroscope
mounted on the object holder. In between the Gimbal and
IMU is also a detailed algorithm in a microprocessor that acts
as the main function and governs the response of Gimbal to
any disturbance.

ARDUINO COMPATIBLE UAV CONTROLLER
It is an Arduino compatible controller with a feature
of fully programmable autopilot. The input to the controller
is from a GPS Module and infrared sensors in all three
dimensions. It performs both navigation and stabilization
using the stated combination of sensors [19].

In Fig 10, a basic control loop for attitude heading and
reference is shown. The attitude heading and reference system
measure the orientation angles. Based on the correct
orientation angles PID (Proportional Integral Derivative)
angles are calculated and transmitted using Pulse Width
Modulator (PMW) to the motor drive, which stabilizes the
object.

Features:
•

Built-in hardware for failsafe

•

Multiple 3D waypoints

•

Altitude controlled with the elevator and throttle

•

6-pin GPS connector for the 4Hz uBlox5

•

Six spare analog inputs (with ADC on each)
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Figure 10 - Control Loop for Gimbal

The use of gimbal for the design of the stabilization system is
an emerging concept that can be used in Weapon capable
Drone but designing a specific gimbal based stabilization
system demands decent engineering knowledge and skill. The
significant factors in this phase of Gimbal System design are:
•

Compatible Control Board for Gimbal

•

Algorithm For Gimbal Response

•

Mechanical Structure Design For Moderate Loads

•

Design of Servo Module

Figure 11 - Gimbal Design for Camera

XVIII. SHOCK ABSORBING MATERIAL

Mechanical energy manifests itself in the form of shock,
impact, noise, and vibration and has the potential of
becoming a source of a problem in aerial vehicles [27].
Shock reciprocates to a large magnitude short duration
force or impact that can damage the platform. An effective
solution to mitigate the damage of a Shock is to absorb the
force magnitude and increase the time of impact as shown
in Figure 12
Figure 12 - Shock Absorbing Material [27]

Shock Absorbing Materials may be used to minimize the
recoil of weapons [18]. One of the widely used Shocks
absorbing material is Sorbothane which has the potential to
absorb 94.7% of impact shock [27]. It is one of the highly
damped, polymeric, visco-elastic material. Similarly, other
materials that combine shock absorption, Vibration
elimination, and damping characteristics may be used for
reducing recoil impact in the quadcopter.

XIX. DISCUSSION
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Design of High-Speed Weapon Capable Killer Drone
includes the design of a quad-copter platform and the
design of a weapon recoil bearing stabilization system. This
effort widens our horizon for designing such a system. For
an efficient model, a system that utilizes all the three
stabilizing mechanisms appears to be a decent concept that
is a Gimbal based system that generates a response from
an algorithm written after a detailed study of dynamic
model imbedded in a control board. Shock-absorbing
materials may be used for refinement of process and
reduction of noise for accurate target detection and firing.
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being provided. Greater the rate of fuel flow, faster the
rotation and in turn more power is produced resulting in more
thrust.
The reference engine is a micro jet single spool engine with a
centrifugal compressor, annular combustion chamber and a
radial turbine. Maximum thrust produced by this engine at sea
level is 400 N. This paper covers the construction of a
mathematical model of the engine for finding its performance
parameters like specific thrust, specific fuel consumption,
temperatures at different stages, exhaust gas temperature,
engine rpms etc. Although the design parameters like
compressor pressure ratio, compressor efficiency, turbine
efficiency etc. are to be measured off the actual engine on a test
bed, but the engine is not physically available for testing so in
order to reverse engineer the actual engine, we proceeded
through design process for building of new engine by
incorporating the requirements, some measured parameters and
some estimated parameters to get a very close if not the actual
engine. These estimations are based on historical trends which
were compiled by reviewing the works done on similarly
designed engines with comparable characteristics. Parametric
study of the engine is done by altering different design
parameters in the mathematical model of the engine and
observing its effect on the performance parameters. Then the
model is tested at off design conditions and performance
analysis is done. Gasturb simulation in the end approves the
results obtained through analytical calculations.

Abstract— This paper is aimed at creating an analytical model of a
turbo jet engine with its parametric and performance analysis at onand off-design point to help reverse engineer the actual engine to be
used in a drone. In the absence of the actual engine for testing, the
analytical model was made by going through the design process for a
new engine with certain parameters of the actual engine known and
a few estimated based on historical trends. The performance and
parametric analysis is performed for the better understanding of the
engine’s behaviour in different conditions. Computer simulations of
the engine model are carried out on Gasturb software for the
validation of analytical calculations followed by an attempt for the
optimization of the model through the software to get an improved
version of the actual engine. Lastly the virtual model of the engine is
integrated into an algorithm and programmed into Arduino
microcontroller to make a working engine control unit for the actual
engine that can regulate the amount of fuel injected into the engine
for its optimum functioning. The Engine Control Unit (ECU) thus
designed is compatible with all types of micro jet engines requiring
minor changes to the engine parameters section of the code like the
component efficiencies.
I.

INTRODUCTION

A gas turbine engine is a type of internal combustion engine in
which power to drive the compressor is drawn from turbine
which is driven by the flow of hot pressurized air flow. The
engine comprises of a compressor which may be centrifugal
type or axial type followed by the combustion chamber in
which fuel is burnt to heat up and the pressurized air flow
coming from the compressor. That pressurized air than flows
through the turbine rotating it which is mechanically connected
to the compressor wheel through a shaft hence turning it. An
external motor is used to rotate the compressor wheel and fuel
is pumped into the combustion chamber for burning of the
pressurized air. The hot pressurized air than escapes through the
turbine blades which turn the turbine and the turbine rotates the
compressor hence it forms a closed cycle. Once an idle speed
is achieved, the external motor shuts down and the engine keeps
running as long as sufficient fuel is being provided to the
combustion chamber. The speed is controlled by the rate of fuel

Using the mathematical model thus made, a working ECU
is developed in which the model is incorporated. As the only
control input to a gas turbine engine is fuel flow rate so the
ECU measures the ambient conditions, speed and the
throttle position and controls the amount and rate of fuel to
be injected into the engine so as to ensure its optimum
functioning.
II. NOMENCLATURE

𝑇𝑡 = Total temperature
𝑃𝑡 = Total pressure
πr = Recovery pressure ratio
𝜋𝑑 = Diffuser pressure ratio
𝜋𝑐 = Compressor pressure ratio
𝜋𝑡 = Turbine pressure ratio
𝜋𝑓 = Fan pressure ratio
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𝜏𝑟 = Recovery temperature ratio
𝜏𝑑 = Diffuser temperature ratio
𝜏𝑐 = Compressor temperature ratio
𝜏𝑓 = Fan temperature ratio
𝜏𝑎𝑏 =After burner temperature ratio
𝑓𝑎𝑏 = Fuel to air ratio of after burner
= Fuel to air ratio of main burner
𝑚̇ = Air mass flow rate
𝐶𝑝 = Specific heat at constant pressure
𝑅 = Specific air constant
ɣ = Ratio of specific heats
𝐹𝑔𝑟𝑜𝑠𝑠 = Gross thrust

outward flow type increases the energy level of the fluid. As the
direction of fluid is changed, several stages of radial
turbomachinery are not employed. The different components of a
gas turbine engine are given below.

Fig. 1 Radial flow compressor(left) Hybrid flow compressor (right)

A. Compressors
The first component in jet engine’s core is compressor. It
consists of rotor and stator. Rotor works on the fluid by adding
rotational energy into it, where stator acts as a diffuser and
extracts that rotational energy from the fluid in the form of rise
in static pressure. It runs on the power generated by the turbine.
Through the compressor the temperature and pressure of the
flow rises.

𝐷𝑟𝑎𝑚̇ = Ram drag
𝑆𝑇 = Specific thrust
𝑇𝑆𝐹𝐶 = Thrust specific fuel consumption
𝜂𝑡ℎ = Thermal efficiency
𝜂𝑝 = Propulsive efficiency
𝜂𝑜 = Overall efficiency
U = Rotational speed of rotor
𝐶𝑧 = Absolute axial velocity
𝐶𝜃 = Absolute tangential velocity
𝑊 = Relative velocity
𝑊𝜃 = Relative tangential velocity / Relative swirl
𝑎 = Speed of sound
𝑇 = Static temperature
𝑃 = Static pressure
MFP = Mass flow parameter
𝐴 = Annulus area
𝛼 = Absolute flow angle
𝛽 = Relative flow angle
𝑀𝑤 = Relative Mach Number
𝑇𝑡𝑤 = Relative total temperature
𝑃𝑡𝑤 = Relative total pressure
𝑁𝑏 (𝑠) = Number of blades of stator

B. Turbines
The turbine is such type of turbomachine which extracts the
energy from fluid by expanding fluid to a lower pressure. The
turbine is consisting of nozzle and rotor. Nozzle accelerates the
flow coming from combustor by decreasing its static pressure,
while rotor extracts the energy from the flow. Fluid flow
coming out of the combustor has higher energy, it goes into the
turbine, where it causes the turbine blades to rotate, the turbine
blades are linked by a shaft to turn the rotor in the compressor
as well as other power consuming shafts. Turbine converts the
translational energy of fluid flow into the rotational energy of
turbine shaft. The rotational speed of jet turbine is thousands of
time. The turbines are fixed on shafts having several sets of ballbearing in between them.
C. Combustor Design
The simultaneous involvement of evaporation, turbulent
mixing, ignition and chemical reaction in gas turbine
combustion is too complex for complete theoretical treatment.
Instead, large engine manufacturers undertake expensive
engine development programs to modify previously established
designs through trials and error. They also develop their own
design rules based on the experimental results. The design rules
provide a means of specifying the combustor geometry to meet
a set of requirements at the given inlet conditions.

𝑁𝑏 (𝑅) =Number of blades of stator
η= Adiabatic efficiency
𝑒 = Polytropic efficiency
𝐷𝑅 = Diffusion factor
𝜎𝑠 = Solidity ratio of stator
𝜎𝑅 = Solidity ratio of rotor
𝜓 = Stage loading factor
𝜑 = Flow coefficient
𝛤 = Circulation
𝑅0 = Degree of reaction
III. LITERATURE REVIEW

1) Radial flow turbomachines: The type of turbomachinery
where the path of the through-flow is mainly in a perpendicular
plane to the axis of rotation, is known as radial flow
turbomachinery. Hence, the radius change between the entry
and the exit of fluid is finite. Depending on the purpose of use,
a radial turbomachinery can be an inward or outward flow type.
Inward flow type decreases the energy level of fluid while
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Propulsion” by Jack D Mattingly to perform the on design and
off design analysis of the engine. We will also work on the
engine control unit design for this engine by integrating the
algorithm for thermodynamic cycle of the engine and
performance parameter calculation into the Arduino
microcontroller. In the end, we will validate all the analytical
solutions through simulations on GASTURB.

1) Gas Turbine Thermodynamic Cycle

A. Approach
First of all, the dimensions of the reference engine were
measured and the basic known parameters were acquired. Then
the compressor configuration was matched to a market
available compressor and its compressor maps were acquired in
order to estimate the compression ratio of the compressor.
Efficiencies of different components were estimated based on
historical trends. Then a thermodynamic cycle of the engine
was made. Afterwards on- and off-design analysis was carried
out followed by simulation on GASTURB. Then an ECU model
was made on Arduino microcontroller.

Fig. 2 Gas Turbine Thermodynamic Schematic

The primary advantage of this thermodynamic cycle is the high
power generated to weight (or size) ratio, when compared to
alternatives. Another advantage is the ability for it to quickly
reach full power. A simple cycle combustion turbine has a lower
thermal efficiency than a combined cycle machine. They may
be less expensive to build simple cycle combustion turbines,
due to their low efficiency.

• Thermodynamic cycle analysis
• On design analysis
• Off design analysis
• Gasturb simulation
• ECU modeling
Fig. 4 Project Schematic

IV. ENGINE PARAMETERS

B. Published Data
Following Published data about the actual engine was
provided by the sponsoring agency. Most of the data has either
been calculated or estimated as the actual data of the engine is
not provided by the maker. The compressor data was estimated
with the help of compressor maps of similarly shaped
compressor of a turbocharger.

Fig. 3 The Brayton Cycle

The intake is a critical part in the aircraft engine, having a
significant effect on both engine efficiency and aircraft safety.
The prime requirement is to minimize the pressure loss up to
the compressor face while ensuring that the flow enters the
compressor with a uniform pressure and velocity, at all flight
conditions. Non-uniform, or distorted, flow may cause
compressor surge which can result in either engine flame-out
or severe mechanical damage due to blade vibration induced
by unsteady aerodynamic effects. Even with a well-designed
intake, it is difficult to avoid some flow distortion during rapid
manoeuvring.

Table 1 Engine Data Sheet

Methodology
With the given characteristics of the engine we will follow
the techniques for engine analysis given in the book “Gas
Turbine Theory” by Henry Cohen to solve the engine
analytically by calculating the engine parameters at every stage
of the engine such as the compression and temperature ratios
of the compressor and turbine, the temperature in the
combustion chamber, the exhaust gas temperature, the rpms of
the turbine etc. We will also refer to “Elements of Gas Turbine
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S.No.

Property

Value

1

Engine Diameter (mm)

154

2

Engine Length (mm)

420

3

Jet pipe exit diameter (mm)

70

4

Weight (kg)

7

5

Shaft speed (rpm)

91,000

6

Thrust (daN)

40

7

Pressure ratio

3.75

8

Air mass flow rate (kg/s)

0.75

9

Specific fuel consumption (kg/daN.hr)

1.45

10

Shaft power output (W)

1000

11

Exhaust gas temperature (°C)

600
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12

Operating ambient temperatures (°C)

-40 to +50

21

Fs

413.8798

Ns/kg

13

Maximum altitude (m)

8,000

22

SFC

0.155325

kg/hN

14

Maintenance cycle (hr)

20

We performed iterative study of the engine by altering the
different parameters in the algorithm and plotting it in excel to
observe the behaviour of the engine which would mimic in the
real-life scenario. We obtained the following results.
At different flight conditions like altitude, atmospheric
pressure and temperature, air density etc the thrust and specific
fuel consumption will variate, because of the variation in mass
flow with the air density and the variation of momentum drag as
the forward velocity changes.
Temperature to the turbine would alter with intake conditions.
Hence any change in thrust and fuel consumption with change in
altitude and Mach number, for our engine running at maximum
rotational velocity, are shown in Fig. 10 and Fig. 11.

C. Estimations
As the maker does not provide any data of the engine whatso
ever so some basic parameters are estimated based on the
historical trends. These trends have been modelled based on the
published data of some commercially available similarly sized
and configured engines like Jetcat and Behotec engines. These
estimated parameters are given in the table below.
Table 2 Estimated Parameters
S.No.
1

Property
Turbine inlet temperature (T03)

Value
1100
k

2

Isentropic compressor efficiency

0.8

3

Isentropic turbine efficiency (𝜂𝑇)

0.8

4

Isentropic intake efficiency (𝜂𝑖)

0.93

5

Isentropic nozzle efficiency (𝜂𝑗)

0.95

6

0.99

7

Mechanical transmission efficiency
(𝜂𝑚̇)
Combustion Efficiency (𝜂𝑏)

8

Combustion pressure loss (Δ𝑃𝑏)

4%

(𝜂𝐶)

0.98

D. Thermodynamic Cycle Analysis
Following the methodology stated in the book “Gas Turbine
Theory” [1] we perform the thermodynamic cycle analysis of
the engine and calculated the performance parameters. The
results of the analysis is given in the table below.

Fig. 5 Variation of thrust with altitude and Mach

Table 3 Results of thermodynamic cycle analysis
S.No

Parameter

Value

Units

1

Ca

240.75

2

Ca2/2cp

28.8361

k

3

T01

284.8361

k

4

P01/Pa

1.417204

5

P01

0.779462

bar

6

P02

2.922984

bar

7

T02-T01

163.3693

k

8

T02

448.2054

k

9

T03-T04

144.4639

k

10

T04

955.5361

k

11

P03

2.806065

bar

12

T04'

919.4201

k

13

P04

1.362144

bar

14

P04/Pa

2.476625

15

P04/Pc

1.916815

16

T5 = Tc

820.2027

k

17

P5 = Pc

0.710629

bar

18

Rho 5

0.301884

19

C5

559.5351

20

A5/m

0.00592

Fig. 6 Variation of SFC with altitude and Mach

As we can see that the thrust is decreasing significantly with
the increase in the altitude, because of the decreasing density
and atmospheric pressure, although the specific thrust does
increase with altitude from the favourable effect of the lower
intake temperature. Specific fuel consumption however
improves with the increasing altitude. It is evident from these
graphs that the fuel consumption will be greatly reduced at
higher altitudes. Fig 10 shows that with the increasing mach
number at constant altitude the thrust initially decreases,
because of the increasing momentum drag, and then starts
increasing due to the effect of the ram pressure ratio.

m/s
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Fig. 7 Turbojet cycle performance

It is evident from the above figure that the specific thrust is
mainly dependent upon the turbine inlet temperature (T03) , and
Fig. 8 Performance and design considerations
using maximum temperature is in fact desirable so as to keep
Figure 26 represents the relationship between design and
the size of the jet engine as small and light for the given amount
performance considerations. For drones, a simple and reliable
of thrust. With constant pressure ratio, however, by increasing
turbojet engine of low cost is needed and there’s no definite need
the turbine inlet temperature (T03) will result in the increase in
for a very fuel economical and high power engine for such
the specific fuel consumption. The increase in the specific thrust
UAVs. The fuel consumption is not that critical due to relatively
with the increase in temperature is more desirable that we can
little amount of flying, and their needs can be satisfied with
overlook the penalty we get in the form of rise in the specific
engines having low compressor pressure ratios and the turbine
fuel consumption, particularly at greater speeds where small jet
inlet temperatures but what may matter to these drones is the size
engine size is crucial for reduction of both the weight and the
and the weight of the engine. The smaller and lighter the engine
drag. As is evident from the figure above figure by increasing
for same thrust output, the better it is.
the pressure ratio of the compressor (𝝅𝒄) we can reduce the
SFC. At constant turbine inlet temperature (T03), if we increase
E. EngineSim Simulation
the pressure ratio, the specific thrust initially increases as a
EngineSim is an old java applet that was made by the NASA
result but for larger engines (not in our case) it eventually starts
Glenn
Research Centre in order to make basic calculations
to decrease.
regarding gas turbine engines and rocket engines quickly and
Figure 25 represents a particular case subsonic cruise. When
efficiently for research and education purposes. It’s a simulator
we repeat such calculations for greater cruising speeds
that creates a virtual design of the engine model as described by
maintaining constant altitude, we find that generally, for any
the designer and tests that model of the engine for different
given pressure ratio (𝜋𝑐), and TIT (T03), the fuel consumption
parameters.
increases and the thrust decreases. Such effects are because of
the combination of increased inlet momentum drag and
increased compressor work resulting from the rise in the inlet
temperature. The most noteworthy effect of increased design
cruise speed is the reduction in the optimum compressor
pressure ratio for the max specific thrust. It results from the
larger ram compression in the engine intake. The greater
compressor inlet temperature and the need for greater velocity
make the use of a greater inlet temperature to the turbine more
desirable and it is essential for the economy of the drone.
Thermodynamic cycle optimization cannot be isolated from
design considerations, and the choice of cycle parameters is
Fig. 9 EngineSim applet interface
greatly dependent on the type of aircraft system. Although
greater turbine temperatures are desirable, they require the use Enginesim applet is a basic and outdated propulsion software and
of expensive and difficult to construct alloys and cooled blades we cannot truly rely on its output. Its use was intended to see
of the turbine resulting in greater cost and complexity. The whether our direction for calculation of engine parameters
thermodynamic benefits of the increase in pressure ratio should analytical is right or not.
cater for the increase in weight, cost and manufacturability due
to the needs for greater number of stages of the compressor and
turbine.
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Table 4 Enginesim output vs analytical output
Parameter
Thrust
(Newtons)
SFC (kg/hN)
Fuel/air
Air mass flow
rate (kg/s)
EGT
(Kelvin)

Analytical
Calculations
402

increases the Fuel consumption but also drastically increases the
thrust of the engine.

Enginesim
400

0.154
0.017
1.1

0.129
0.016
0.88

760

737

Fig. 11 Engine performance vs Mach: SFC

At constant compressor pressure ratio, SFC increases with
increasing Mach numbers.
F. Parametric Cycle Analysis:
Cycle analysis involves the study of the thermodynamic
changes in the air and combustion products as it flows through
the engine. The parametric cycle analysis involves the study of
the performance of aircraft engine by varying the flight
condition and parameters of the design choice for example the
pressure ratios, burner pressure ratio, turbine efficiencies etc.
one can say that the on design analysis depicts a rubber engine
as the geometry for different combinations of an engine will be
different from the one before. On design analysis is also called
the parametric cycle analysis since in this kind of analysis we
alter different parameters of an engine and observe the the effect
on its performance.
Generally, in the On-Design analysis, I’ll be altering the
following parameters one by one and observing their impact
upon the other parameters of the engine model.
• Compressor pressure ratio
• Burner exit temperature
• Aircraft Velocity
• Thrust
• SFC
• Efficiencies
• Fuel/air Ratio
• Altitude

Fig. 12 Engine performance vs pressure ratios: SFC

Fig. 13 Engine performance vs Mach number: Specific thrust

At a constant pressure ratio, specific thrust decreases when
Mach number increased.

Fig. 14 Engine performance vs pressure ratios: Specific thrust

As we increase the compressor pressure ratio at constant
Mach number the specific thrust also increases.

Fig. 10 Turbojet cycle performance

Increasing the pressure ratio of the compressor drastically
decreases the fuel consumption and also increases the net thrust.
And increasing the burner exit temperature very slightly
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Fig. 15 Engine performance versus Mach: fuel-air ratio

At a constant pressure ratio, as we increase the velocity, the
fuel to air ratio decreases.

Fig. 16 Engine performance versus pressure ratio: fuel-air ratio

At constant Mach, if you increase the compression ratio of
the compressor the fuel to air ratio decreases.

Fig. 17 Turbojet performance vs Mach: efficiency

Thermal, Propulsive and the Overall efficiencies, at a
constant pressure ratio, increase with Mach number however
the change is very little at higher Mach numbers.

Fig. 18 Turbojet performance vs Compressor pressure ratio: efficiency
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At a constant Mach, with increasing compressor pressure ratios,
the propulsive efficiency decreases but thermal and overall
efficiency increases
G. Performance Analysis:
When a turbo jet engine is modeled and constructed, the
amount of variability of the gas turbine engine depends upon
the technology already available, the requirements of the
application for that engine, and the needs of the makers. Many
turbojet engines contain fixed area flow passage and there is
limited room for variation. In a basic fixed flow area engine, the
performance (pressure ratio and the mass flow rate) of the
compressor is dependent upon the power produced by the
turbine and the conditions at the inlet to the compressor. In the
off-design analysis, simple and basic analytical equations may
be utilized to show a relation for the performance of engine
compressor and the independent variable such as the throttle
settings (𝑇𝑡4) and the flight conditions (𝑀0, 𝑃0, 𝑇0) .
Using the methodology stated in the book “Elements of Gas
Turbine Propulsion for the off-design analysis of the our gas
turbine engine we get the following plots for different
parameters. The reference altitude was taken at 16000 ft and the
off-design analysis was carried out at sea level, 8000 ft and
12000 ft.

Fig. 21 Engine Mass Flow rate vs Mach

The curves in the above figure show us that as the Mach
speed of the engine increases the amount of incoming air also
increases hence the engine mass flow rate increases as a result.
And at a constant Mach as we increase altitude, the mass flow
rate of the air lessens because of the low air density at higher
altitudes.

Fig. 22 Compressor pressure ratios vs Mach

From the above figure it is evident that as Mach increases the
effective pressure ratio decreases and at a constant Mach if we
increase the altitude, the compressor pressure ratio increases
drastically.

Fig. 19 Maximum Thrust vs Mach

This graph shows that as the speed increases the maximum
thrust decreases down to almost 0.7 Mach than it slowly and
gradually starts to increase. At constant speed the maximum
thrust decreases with increase in altitude.

Fig. 23 Turbojet Efficiencies vs Mach

The trends for propulsive, thermal and overall efficiencies in
the graph given above shows that the propulsive efficiency
decrease with increasing speed and altitude. The thermal
efficiency increases with speed increasing the air velocity and
altitude. And the overall efficiency of the engine very slightly
increase with speed and remains almost constant with the
altitude.

Fig. 20 Specific fuel consumption vs Mach

From this graph we can deduce that the SFC of our engines
increases with the increase in the Mach number up till 0.65 to
0.7 mach. From there it starts to gradually decrease again. And
at a constant Mach, SFC decreases when altitude is increased.
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Table 5 Station Mach Numbers
Statio

2

3

4

5

6

8

Mach

0.5

0.25

0.2

0.4

0.2

0

n#
#

Fig. 24 Turbojet performance at partial throttle (8000ft)

The graph in the above figure represents the turbojet engine
performance at partial throttle settings. It shows that as we
reduce the throttle, our specific fuel consumption increases up
till 0.65 and then starts to drastically decrease. This plot is
commonly referred to as throttle hook plot because of its shape.
The propulsive efficiency minutely increases while the thermal
efficiency decreases by decreasing the throttle. As a result, the
overall efficiency also very slightly decreases by decreasing the
throttle.

Fig. 27 Station numbering of turbojet

A. Output of GasTurb
After gathering all the information, we need, we modeled
the reference engine on Gas Tub 13 and run the design point
analysis. Results obtained were fulfilling the requirements like
required thrust is greater than 270 N. We can also see the drop in
the value of TSFC. Snapshot of the result sheet of GasTurb 13 is
given in Figure 32.

V. GASTURB SIMULATION

We perform our cycle analysis and the on-off analysis of the
engine on this software to see if our analytical calculation
results agree with the output of this software.

Fig. 25 Engine type selection page of GasTurb

Fig. 28 Reference engine’s summary (At Design Point)

Fig. 26 Engine modeling in Gasturb
Fig. 29 Temperature vs Entropy Curve

According to general trend of the aerospace industry and
improvements in the technology Mach numbers as shown in
Table 3 were supposed at different locations initially. They may
vary after the analysis if results are not compatible or they can
be evaluated by reverse engineering approach.

This is the T-S curve made by Gasturb software. It represents
the actual engine model. The temperatures at every station is
given and are same as that calculated analytical. It shows that
our analytical calculations are accurate.
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Fig. 30 Pressure vs Volume Curve

Similarly, the P-S curve is given in the above figure and
represents the actual pressure and volume values at every
station of our model engine. This ensures that our model is
accurate and we can proceed forward with the trade studies of
the engine in the next section.
Fig. 32 Air mass flow rate vs Thrust

B. Trade Studies
After modelling our baseline engine, we then perform the
trade studies using the Gasturb program. Following engine
trade studies were done to analyse the sensitivity of our engine
corresponding to change in different parameters.

In these curves you can see that the output of the software is
linear while that of the analytical calculation is exponential.
That is because the software calculates corrected mass flow
while our analytical algorithm gives the normal mass flow. But
the output is same for both. The mass flow increases as we
increase the thrust but the amount of increase decreases as we
move to greater thrust values.

Fig. 33 Thrust vs Specific fuel consumption

This curve shows the exponential relationship between the
thrust and the specific fuel consumption. As we increase the
thrust our fuel consumption increases exponentially being
greater at greater thrust values.
Fig. 31 Turbine Inlet Temperature vs Thrust

C. Optimization on Gasturb
Lastly, we perform optimization on Gasturb for our model to
see if there’s a better combination of design parameters of the
engine which fulfil our requirements with greater efficiency.
Our constraints are net thrust, compressor efficiency, specific
fuel consumption (SFC) and exit temperature of the combustion
chamber. The variables are engine RPMs, inlet mass flow,
burner exit temperature, isentropic compressor efficiency,
isentropic turbine efficiency and the compressor pressure ratio.
Following figure shows the optimization process take place and
then the software gives an optimized model.

In the above figure we can see the variation of burner outlet
temperature with the engine thrust. The trends of both the
software and the analytical calculation agree to each other. The
burner temperature varies exponentially with the thrust.
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The table in the above figure represents all the engine
parameters thus calculated through our thermodynamic,
parametric and performance analysis.

Fig. 34 Gasturb optimization process

D. Optimized Results
After optimization process carried out by Gasturb following
results are obtained.
Table 6 Gasturb optimization results

S.No.
1
2
3
4
5
6
7

Parameters
RPM
Mass flow (kg/s)
Turbine
Inlet
Temperature (K)
Compressor
pressure
Ratio
Compressor Efficiency
Turbine Efficiency
Specific
fuel
Consumption (kg/hN)

Values
83,440
0.695
1050
3.66
0.89
0.85
0.156

VI. FINAL SUMMARY OF ENGINE
Summary Data
Design Mach

0.75

Design Altitude

16000

ft

Design Mass Flow

0.668

kg/s

Design Net Thrust
Design TSFC
Compressor Pressure Ratio

276

N
Kg/hN

0.154
3.75

Design T4

1100

Design Engine Pressure Ratio

2.47

Design Compressor Efficiency

0.80

Design Turbine Efficiency

0.80

Design Engine Shaft RPM

K

91000
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VII. ECU MODELLING

An Engine Control Unit is a computer fitted on an aircraft
engine that measures certain parameters of the engine in real
time and controls the amount of fuel being injected into the
engine. Gas turbine engines are controlled by injection of fuel
into the combustion chambers. To increase thrust throttle is
given which means greater amount of jet fuel is injected into
the burner which causes a rise in combustion chamber
temperature. To decrease the thrust throttle is reduced and the
opposite effect takes place. Early jet engines featured a direct
throttle which meant the fuel valve was directly controlled by
the throttle stick which proved dangerous and difficult. If the
fuel valve closes too quickly, it could result in engine die out.
The fuel ratio decreases hence the flame can get distinguished
as the airflow can blow out the flame. Increasing the throttle too
quickly can cause a rich blow out. Meaning excess amount of
fuel can soak the flame and extinguish it. Or can result in a
greater fuel to air ratio meaning temperature rises to a point that
may damage the turbine blades or could increase the burner
pressure that may choke the engine causing stall.
These issues are resolved by the integration of an engine
control unit. What an ECU does is that it acts as an
intermediate between the throttle and and the fuel vale. When
the pilot moves the throttle stick the ecu gets that input and
calculates how much fuel is needed to be ejected to meet the
power needs of the pilot while avoiding all the above given
problems and also get the best range and endurance. An ecu
measures the RPMs and the exhaust gas temperature to
regulate the fuel flow to the burner. In short, ecu is a computer
that is fitted on modern jet engines that regulates the amount
of fuel provided to the engine ensuring its optimum
functioning.

VIII. LIMITATIONS

The analytical solution of the engine is based on the existent
knowledge of the previous jet engines and a few estimations that
are not specific to miniature jet engines. Furthermore, the
parameters that were estimated for the engine are based on
different similarly built engines that might alter our calculation
from the actual value to some extent. Live testing of the engine
is required to sync the virtual model with the actual one.
Furthermore the algorithm for ECU is for any micro jet engine
however basic tweaking is required to make it compatible.
IX. CONCLUSION:

The analysis of this engine will result in
• Reverse Engineering of the Actual Engine
• Improvements in the Engine
• Development of newer and better Engines
• Development of ECUs

A. Arduino
The microcontroller used for our ECU is Arduino Uno and
the program written is in Arduino ide. The program is based on
the algorithm given in section 3.1. The ECU algorithm is
written in Arduino code that is given in appendix A. A testbed
is made for testing of the Arduino with a motor, an RPM sensor,
some controls using potentiometers, 20 x 4 LCD for displaying
of output, and an Arduino Uno board itself.
The inputs to the Arduino ECU are
•
•
•
•
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Abstract—Conventional runway takeoff is not available
in many situations especially for small drones in
inhospitable terrain. In that case one may resort to
catapult launch system or zero length rail launch system
in which rocket motor is used to launch the aircraft in a
very short distance. The aim is to design a small rocket
motor using easily available propellant for launching
drones in a very short distance. The rocket’s motor
sizing, nozzle and structure will be designed and
trajectory and stability will be analyzed

solar, the basic functions include booster,
sustainer, altitude control. The type of vehicle
rockets carry are aircrafts, space shuttles and
small drone. Type of propellant, type of
construction, or number of rocket propulsion
units used in a given vehicle [6]
II.

The fuels used in rocket motors can either be
liquid or solid. The liquid fuel consists of fuel
and oxygen in liquid state. The fuel and oxygen
are combined in a combustion chamber and
ignited. The fuel flow to the engine can be
controlled, the amount of thrust can be altered
according to the requirement and the engine
can be turned off or on at will. [5] Solid-fuel
rockets consist of a fuel and oxidizer that are
mixed with the help of a binder in the solid
form. Once the solid fuel is ignited, the thrust
cannot be controlled and the propellant burns
to the end. Solid rockets are cheap to
manufacture, simple to operate and safe to
use unlike liquid rockets. Specific impulse
(usually abbreviated Isp) is a measure of how
effectively a rocket uses propellant or a jet
engine uses fuel. By definition, it is the total
impulse (or change in momentum) delivered
per unit of propellant consumed.. [5]

Keywords—Rocket Assisted Takeoff; Propellants; Rail
launch.

I.

ROCKET FUELS

INTRODUCTION

Rocket engines obtain thrust in accordance
with Newton’s third lay and are mainly
reaction engines. Thrust in rocket engines is
obtained by expulsion of matter through a
nozzle. This matter consists of high-speed fluid
which is mostly gaseous in nature which is
created by high pressure combustion of solid
or liquid propellants, consisting of fuel and
oxidizer components, within a combustion
chamber. The main components of a chemical
rocket are, rocket motor or engine
propellant.consisting.of fuel.and oxidizer, a
frame to hold the components, control
systems and a cargo such as satellites.[2]
There are three types of rocket propulsion
systems, which are chemical, nuclear, and
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Table 1. Types of Propellant

III.

Solid propellants
Solid propellants
have low specific
impulse [4]
Storage, handling
and transport are
comparatively
easy. [4]

Assisted Take-off

Assisted take-off is a system for helping aircraft
get into the air when the aircraft loaded with
excessive weight, or has insufficient power or
insufficient runway length.

Engines used have
simple designs. [4]

It has two main types
Economical in use.
[4]
Manipulation of
the fuel and
calibration of the
engine is difficult.
[4]

1. Catapult launch
2. Rocket Assisted Take-off or Jet
Assisted Take-off
In catapult launch, a piston, known as a shuttle,
is pushed forward under the steam pressure in
a cylindrical chamber. the tow bar or launch
bar is attached to the front landing gear of the
aircraft which attaches it to the shuttle which
propels the aircraft at the deck at about 15
knots above minimum flying speed, which is
achieved in approximately four seconds.

Once ignited solid
propellants cannot
be stopped [5]

Liquid propellants
Liquid propellants
have high specific
impulse [4]
storage, handling and
transport are
comparatively
difficult. [4]
Engines used have
delicate design and
cannot withstand
rough handling. [4]
Costly to use. [4]
Fuel is versatile and
engine calibration is
easy [4]
Liquid propellants
can be used in
different proportions
and can be controlled
[5]

Figure 14HESA Karrar
IV.

METHODOLOGY

The approach for project is that firstly a suitable
propellant for the requirement of the mission will be
selected. The basic design of the rocket motor would
be carried out which would include the calculation
of total impulse, the weight of the selected
propellant to be used, the volume required by the
propellant in the motor casing and the web thickness
of the propellant grain. Next the case would be
designed for the rocket motor, the material for the
casing would be selected and the wall thickness for
the selected material would be determined by taking
in consideration the stresses being applied on the
casing.Grain configuration would be selected later
depending on the mission requirement. After that the
nozzle would be designed according to the chamber

Figure 13. F/A 18 attached to steam catapult
In Rocket assisted take-off additional engines
are mounted on the air frame which are only
used during the takeoff. After the takeoff the
engines are usually jettisoned.
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pressure, burn rate and the coefficient of specific
heat of the propellant used

V.

DESIGN REQUIREMENTS

Better Performance

Moisture sensitive

Widest ambient temperature
limits
Good burn rate control
Stable combustion

High flame
temperature
Toxic
Smokey exhaust

Medium relative cost
Good physical properties

Table 2. Design Parameters

Good experiences

Known
Parameters

SI

Mass Of Drone

120

kg

Stall Velocity
(est.)
Take-off Velocity
(est.)
Stall
Velocity(calc.)
Take-off Velocity
(est.)=1.15 x Vs
Mass of Rocket

60

m/sec

69

m/sec

53.3

m/sec

61.3

m/sec

10

kg

Mass of Rocket &
UAV
Time

130

kg

2.3

sec

Chamber
Pressure
Thrust

8.50

MPa

5200

N

Max.
acceleration
Burning Rate

60

m/sec2

0.889

cm/s

Outer Dia

0.115

m

Following concentration of the propellant
would be used
Ammonium Perchlorate (oxidizer) 68%
Aluminum (fuel) 20%
Hydroxyl-Terminated Polybutadiene (binder)
12%
VII.

The total Impulse of the rocket motor was
calculated as
𝐼𝑡 = 𝐹𝑡𝑏 = 𝐼𝑠 𝑤𝑏 = 7969 N-s

Next the propellant weight required was
determined from the specific impulse value of
the propellant
𝑤𝑏 =

𝐼𝑡
= 33.20 kg-m/s2
𝐼𝑠

The volume required for this weight of
propellant is calculated using the formulation
𝑉𝑏 =

VI.

BASIC DESIGN

SELECTION OF PROPELLANT

𝑤𝑏
= 1.86 × 10−3 𝑚̇3
𝜌𝑏

Lastly, we calculate the web thickness of the
propellant grain using

A number of solid propellants are available
which can be used for the mission
requirement. For this mission we would use
HTPB+AP+Al as propellant.it has the following
advantages and disadvantages.

𝑏 = 𝑟𝑡𝑏 = 2.05 × 10−2 𝑚̇

VIII.

CASE DESIGN

A number of materials are available for the
manufacturing of rocket motors, according to our
requirement we would use metal casing for our
rocket motor. The materials are
Table 3. Advantages Disadvantages of Propellant
Advantages

Disadvantages
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𝐷𝑖 = 𝐷𝑜 − (2 × 𝑏) = 0.07m

Table 4. Case Materials

Material

Tensile
strength
(N/mm2
)

Alloy
steel
Aluminu
m 2024
Titanium
alloy

14002000
455
1240

Modulu
s of
elasticit
y
(N/mm2
)
207,000

Density
(gm/cm3
)

72,000

165

The grain length would be calculated using
the total volume of the propellant used which
was calculated earlier
𝑉𝑏 =

205

110,000

Solving the equation for 𝑉𝑏 = 1.86 × 10−3 𝑚̇3
we get L= 0.33m
Next, we find the average burn area of the
propellant grain to meet the requirements of
the burn rate and burn time

270

𝐴𝑏 =

We would firstly select alloy steel as it has higher
strength and a medium density value.

ṁ = m/t = 1.4 kg/s

X.

Now we will determine the wall thickness of
the casing using the formulation of hoop
stress

IX.

𝐹
= 1.31 𝑚̇2
𝜌𝑏 𝑟𝐼𝑠

The mass flow rate of the gasses is given as

Also, the graph plotted for the change in yield
strength with temperature tells us that alloy
steel shows much resistance to changes in
temperature

𝑡=

𝜋
𝐿(𝐷𝑜 2 − 𝐷𝑖 2 )
4

NOZZLE DESIGN

As the chamber pressure requirement is given in the
design conditions so from the formulation of
chamber pressure for isentropic flow relations of
nozzles, we find the Mach number at the end of the
C-D nozzle

𝑝1 𝐷
= 3.22 × 10−4 𝑚̇
2𝜎

𝑘

GRAIN CONFIGURATION

𝑘−1
1
𝑃𝑜 = 𝑃 [1 + (𝑘 − 1)𝑀2 ]
2

The propellant grain is the geometric shape a
solid propellant is processed into. It is usually
cylindrical in shape. It determines the burn
rate of the propellant

For Po= 8.5 MPa; P= 101325 Pa; k=1.2 (for selected
propellant)

We will use a cartridge loaded grain as it is
simpler to use and the rocket motor casing can
be reused

Using this mach number and the pressure ratio of
chamber and atmosphere we can find the area ratio
using the following relation

The mach number comes out to be M= 3.3

(𝑘+1)

For the insulation of the casing from the
propellant grain we will use the ablative
material and the thickness would be
determined using the formulation
𝑅𝑟 𝑅𝑣 𝐶𝑝 (𝑇𝑎𝑤 − 𝑇𝑑 )
2𝑘𝑡
𝑎 = 𝑐[
𝑙𝑛 (1 +
)]
𝑅𝑟 𝑅𝑣 𝐶𝑝 𝜌
𝐿𝑝

0.5

𝑘 − 1 2 2(𝑘−1)
𝐴2 1 1 + [ 2 ] 𝑀
= [
]
𝑘+1
𝐴1 𝑀
2
The area ratio comes out to be

0.4

𝑃𝑐
[
]
100

𝐴2
𝐴1

= 9.9

The thrust coefficient CFis a function of gas property
k, the nozzle area ratio e,

The grain outside diameter is calculated as

and the pressure ratio across the nozzle Pl/P2, but
independent of chambertemperature. It is calculated
as

𝐷𝑜 = 𝐷 − (2 × 𝑡) − (2 × 𝑡𝑖 ) = 0.11m
The grain inside diameter is calculated as
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𝑘+1

𝑘−1
𝑘

2𝑘 2
2 𝑘−1
𝑝2
𝐶𝐹 = √
(
)
[1 − ( )
𝑘−1 𝑘+1
𝑝1

Total mass of the rocket motor comes out to be 6.5
kg

]

The total thrust acting on the rocket motor is given
in design conditions as 5200N

𝑝2 + 𝑝3 𝐴2
+
×
𝑝1
𝐴𝑡

So, the thrust to weight ratio comes out to be
T/W=81.6

For idea conditions, P2=P3 so the CF value comes
out to be

XII.

𝐶𝐹 = 1.67

A number of casing material and propellant
combinations are used in a MATLAB code used for
calculations and a comparison between their cost
and performance is done

Now from the above calculated values we can
calculate the throat area as
𝐴𝑡 =

𝐹
𝑝1 𝐶𝐹

Table 5. Comparison of Rocket Motors

𝐴𝑡 = 3.66 × 10−4 𝑚̇2

Rocket Motor

From this throat area the throat diameter is
calculated as

Propellant
HTPB+AP+Al

4𝐴𝑡
𝐷𝑡 = √
𝜋

HTPB+AP+Al

𝐷𝑡 = 1.94 × 10−2 𝑚̇

HTPB+AP+Al
AN+Al+Binde
r
AN+Al+Binde
r
AN+Al+Binde
r

Using the area ratio, the exit area of the
nozzle is calculated as
𝐴𝑒 =

𝐴𝑒
𝐴
𝐴𝑡 𝑡

KN-Sucrose

𝐴𝑒 = 3.63 × 10−3 𝑚̇2

KN-Sucrose

And the exit diameter from this exit are is
calculated as

KN-Sucrose
KN-Dextrose

4𝐴𝑒
𝐷𝑒 = √
𝜋

KN-Dextrose

𝐷𝑒 = 6.80 × 10−2 m

XI.

COMPARISON WITH OTHER
COMBINATIONS

KN-Dextrose

Casing

Thrust
to
Weigh
t Ratio

Cost

81.6

66$

Alloy
Steel
Aluminu
m 2024
Titanium
Alloy
Steel
Aluminu
m 2024
Titanium
Alloy
Steel
Aluminu
m 2024
Titanium
Alloy
Steel
Aluminu
m 2024
Titanium

102

105
$
92$

76.3

64$

93.4

103
$

83.6

90$

56.6

54$

71.5

93$

65.7

80$

64.7

56$

85

95$

76.8

82$

117

From the table it is clear that HTPB+AP+Al with
aluminum gives the best thrust to weight ratio but
the cost is highest, but in comparison to titanium
with the same propellant the cost difference is not
that much so it would be better to select aluminum
as the casing and HTPB+AP+Al as the propellant

PERFORMANCE

The total mass of the case is found by using the total
volume of the metal casing which comes out to be
Mass of case = 3.11 kg

XIII.

The mass of propellant is calculated before which
came out to be 3.32 kg
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The CAD model for the designed rocket motor
was made in CATIA V5

number and using isentropic flow relations gives the
value of the unknown ratios and terms.
The given pressure value was entered into the
software which gave the results for the area ratio,
mach number and density ratio

Figure 15. Rocket motor

The casing was designed as follows

Figure 618. COMPROP Results
The results are quite close to the calculated
values of area ratio and the Mach number
Figure 16. Casing
The nozzle was designed as follows
Rocket Propulsion Analysis
It is a software which gives the ideal results for
the design of a specific rocket motor, and gives
an estimation quite close to the original rocket
to be designed.
The analytical results were compared to the
results obtained from the software

Figure 17. Nozzle

XIV.

VALIDATION OF RESULTS

The given design conditions were analyzed in some
rocket propulsion software and the results were
compared with the analytically calculated values
COMPROP:
This is a software which gives results using one of
the ratios either pressure ratio, area ratio or mach
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Figure 19. RPA Results

[2] Rocket Propulsion Elements by George P.
Sutton and Oscar Biblarz.

The results obtained from RPA were close to
the analytical calculations made which
validates the results
XV.

[3] https://www.nakka-rocketry.net/
[4] http://www.polytechnichub.com/different-solidliquid-propellants/

CONCLUSION

[5]https://howthingsfly.si.edu/askanexplainer/what-difference-between-liquidand-solid-fuel-rockets

A rocket motor was designed with the required
specifications given initially using MATLAB and a
comparison was made between certain combination
of rocket motor materials. Then a cost analysis was
done based on the materials chosen, the machining
done and the propellant used. After that a CAD
model was designed using CATIA V5. Using the
CAD model, the fabrication of the rocket motor is in
progress and the development of the propellant has
been completed.

XVI.

[6] Rocket Propulsion Analysis V2.3 Standard
[7] Surface Launch Simulations of an Unmanned
Aerial Vehicle Loaded with Jet Assisted
Takeoff Motors, David R. González Naval
Surface Warfare Center, Indian Head
[8] CATIA V5
[9] Compressible Fluid Flow by Patrick H
Oosthuizen& (2nd Edition) by William E
Carscallen
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Abstract—The progress in the field of additives also
upgraded the construction field. Use of additives plays the key
role in improving the different properties of cement mixes.
They are being used in the fields of strength, structural health
monitoring and durability etc. Carbon Black (CB), one of
additives, attracted the researchers in the field of health
monitoring but very less research has been done on their effect
on the strength of the cement mortar composites. In this
research different grades of CB has been studied to find an
optimum grade for the strength of CB based cement
composites. The compressive strength behavior of three
grades of CB (N330, N550 and N660) has been studied by
replacing cement content by 5%, 7.5%, 10%, 12.5% and 15%
by weight. Compressive strength was investigated at the age
of 14, 28 and 120 days. The result showed that the compressive
strength of CB based cement composites was more than
control mix at the age of 28 and 120 days.
Keywords— Carbon Black, Grade, Compressive strength,
N330, N550, N660
I. Introduction

Cementitious composites exhibit many properties
including physical, mechanical, chemical and
durability etc. Mechanical property like
compressive strength is most important property of
these materials.
Different types of additives and mineral
admixtures were investigated in past to improve
the physical and mechanical properties of
cementitious materials like mortar and concrete.
The most common of them were silica fume, fly
37

ash, ZnO, nanoSiO2 and nanoFe2O3 [1–5].
Haruehansapong et al.[6] observed that the
optimum particle size of nanosilica (40 mm) when
replaced with 9% of cement gives max increase in
strength. Pathak et al. [7] suggest that
1%replacement of ZnO with cement gives 18%
more strength than normal concrete. Liu et al.[8]
found that strength increase in concrete and mortar
by use of nanoparticles depends on the particle size
and its optimum percentage replacement with
cement. Alyhya et al. [9] studied the behavior of
waste carbon black (CB) in self compacting
concrete as filler and observed that the optimum
percentage is 5% when used as replacement of
cement. Fly ash, silica fume and blast furnace slag
were investigated by Demirboga [10] to find their
effect on compressive strength of cement mortar.
He concluded that 10 percent silica fume increase
compressive strength by 17% at 120 days. Above
that %age, it causes reduction in compressive
strength. Fly ash slightly increases strength at 56
days when replaced by 20 percent of cement. Blast
furnace slag increased the strength by 14 percent
when 30 percent of cement is replaced at 120 days.
The authors also concluded that fly ash, silica fume
and blast furnace slag are less effective in mortar
than in concrete.
CB also affects the compressive strength of mortar
and concrete. Furthermore, it is one of those
additives which are considered to develop some of
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the desired properties in cement composites by
different researchers [9, 11–14]. According to
Chitra et al. [15, 16], CB used up to 8% in cement
replacement can increase the compressive strength
of concrete. Nagavkar [17] investigated the effect
of CB on various properties of concrete. Due to its
ability of heat resistance, its composites can be
used to reduce the fire effect [18–20]. CB changes
the resistivity, so it was also investigated by
different authors that it can be used as strain
sensing or pressure sensing in health monitoring
field [21–23].
Due to its cheap cost, being readily available and
highly effective in mortar, it is economical to use
CB to increase compressive strength of cement
mortar.
Few studies have been carried out to investigate
the strength of mortar cubes by using CB as an
additive. Further research efforts are needed on
strength of mortar by comparing the effect of
different grades of CB available in market for
partial replacement of cement in different cement
percentages by weight. This research shows a
comparison between the grades of CB i.e. CB 330,
CB 550 and CB660 used as a partial replacement
in mortar, and depicts their effect on the
compressive strength of mortar cubes. The
optimum percentage of cement replacement by
weight has been recommended for the three grades.
II.
A.

Experimental Methodology
Sample Preparation

Three grades of CB (i.e. N330, N550 and N660)
having specific gravity of 1.8 were used to prepare
mortar cubes. CB was passed through sieve #100
to get the CB powder. Ordinary Portland cement
was used as binder and fine sand having size <1
mm was used. The ratio of cement-aggregates was
maintained at 1:3 and the water-cement ratio was
maintained at 0.55. Super plasticizer (SP) SP 470
was used as water reducing agent in percentage
varying from 0%-4% depending upon the cement
replacement by CB. The aggregates and cement
38

were added in water and mixed for 5 minutes in the
auto mortar mixer. SP was added in mixture and
mixed for 3 minutes. CB was then added to it and
mixing was done for another 5 minutes. Moulds of
size 2” x 2” x 2”were oiled and mix was poured
into them. Good compaction was ensured to reduce
voids. The homogenous dispersion of CB was
ensured by proper mixing.
Control samples were prepared without any CB
and is referred as control mix (CM). Table VI shows
the mix proportion for each composition prepared.
Five mixes were prepared for each CB grade. A
total of 15 mixes for three grades have been
prepared. Different nomenclature for CB grades
was adopted: The samples with N330 named as A,
N550 named as B and N660 named as C. The
percentages of each grade in replacement of
cement were 5%, 7.5%, 10%, 12.5% and 15% in
different mixes.

Table VI. Mix Proportion for Each Composition (g)

Mix

Cement Sand Water CB
(g)
(g)
(g)
(g)

SP CB
(g) grades

CM

1000

3000 550

-

-

A5

950

3000 550

50

20

A7.5

925

3000 550

75

25

A10

900

3000 550

100 30

A12.5 875

3000 550

125 35

A15

850

3000 550

150 40

B5

950

3000 550

50

20

B7.5

925

3000 550

75

25

B10

900

3000 550

100 30

B12.5

875

3000 550

125 35

B15

850

3000 550

150 40

C5

950

3000 550

50

20

C7.5

925

3000 550

75

25

-

CB330

CB550
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C10

900

3000 550

100 30

C12.5

875

3000 550

125 35

C15

850

3000 550

150 40

CB660

A total of nine samples were tested for the
compressive strength at the age of 14, 28 and 120
days for each mix, Curing was done at humidity
level >95% and room temperature. Fig. 1 shows
the sample placed in tank for curing.

Fig. 20. Curing of samples
B.

Testing

After the age of 14 days, three samples from each
mix A, B and C were taken out of curing tank and
wiped out to saturated surface dry condition. Same
was done for the samples tested at the age of 28 and
120 days. The samples were placed in compression
testing machine and compressive strength of cubes
was found out. Loading rate of 1 KN/sec was
applied by the compression testing machine. Fig. 2
shows the apparatus for testing compressive
strength of specimen.

Fig. 21. Computer controlled universal testing machine
III.

Results And Discussions

Compressive strength of cement composites was found
at the age of 14, 28 and 120 days. Average of
compressive strength of three samples for defined
mixes at a specified age was considered in results for
the comparison.
Strength performance was calculated by taking CM as
a reference as it is made of conventional mortar.
Strength performance was calculated for each mix
strength at age of 120 days as shown in formula in (1).
The value greater than 100% shows better performance
than conventional mix.
Strength performance (%age) = 100 x (Strength of
mix)/(strength of CM)
(1).
Table VII shows the results of compressive strength
and performance of all mixes A, B and C at
different ages
Table VII. Compressive Strength of Mixes and Their Strength
Performance

Compressive Strength (MPa)
14
days

28 days

120 days

CM

9.6

12.8

14.0

Strength
Perform
ance
(%age)
100.00

A5

12.4

14.0

17.2

122.86

A 7.5

15.6

21.2

23.2

165.71

A 10

12.8

16.4

18.0

128.57

A 12.5

9.2

13.6

14.0

100.00

A 15

6.8

9.2

10.0

71.43

Mix
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28 days

120 days

B5

8.4

10.0

12.0

B 7.5

12.8

17.6

18.8

134.29

B 10

12.4

15.2

16.8

120.00

B 12.5

11.2

15.6

16.0

114.29

B 15

7.2

9.6

10.0

71.43

C5

8.0

9.2

11.2

80.00

C 7.5

11.2

15.2

16.4

117.14

C 10

11.6

14.4

15.6

111.43

C 12.5

8.0

11.2

11.6

82.86

C 15

6.4

8.4

8.8

62.86

Mix

replacement of CB N550 (B) and compressive
strength at different ages. It can be found that B7.5,
B10 and B12.5 show +34.29%, +20% and
+14.29% greater compressive strength than CM at
age of 120 days. When CB 550 content of less than
7.5 or more than 12.5 percent in cement
replacement is used, the strength of cement
composite is reduced. So it was found that B7.5
shows the maximum compressive strength of all
mixes at age of 120 days when N550 used.
compressive
Strength (MPa)

14
days

Strength
Perform
ance
(%age)
85.71

compressive Strength
(MPa)

28 days

120 days

for type B (CB N550 mix)

24
21
18
15
12
9
6
3
0

Percentage replacement of cement
28 days

Percentage replacement of cement

Fig. 23. Percentage replacement of cement vs. compressive strength

The graph between percentage replacement of CB
N330 (A) and compressive strength at different
ages is shown in Fig. 3. It is clear from the results
that A5, A7.5 and A10 shows greater compressive
strength by +22.86%, +65.71% and +28.57%
respectively as compared to CM at age of 120
days. Also, A12.5 shows +6.25% more strength
than CM at age of 28 days whereas A15 is the only
sample which shows-28.57%less strength than
CM. A7.5 shows the maximum strength in all
mixes when N330 used at age of 120 days.

14 days

24
21
18
15
12
9
6
3
0

14 days

The relation between percentage replacement of
CB N660 (C) used and compressive strength at
different ages is shown in Fig. 5. The results show
that C7.5 and C10 show +17.14% and +11.43%
greater compressive strength than CM at age 120
days. When N660 content of less than 7.5% or
more than 10% in replacement of cement is used
the strength of composite is reduced. It was noted
that C7.5 gives the maximum compressive strength
when N660 was used at the age of 120 days.
compressive Strength (MPa)

Compressive Strength (MPa)

24
21
18
15
12
9
6
3
0

Percentage replacement of cement

120 days
14 days

28 days

120 days

Fig. 22 Percentage replacement of cement vs. compressive strength

Fig. 24. Percentage replacement of cement vs. compressive strength

for type A (CB N330 mix)

for type C (CB N660 mix)

Fig. 4 shows the behaviour of percentage

Possible reason behind increase in the strength is
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the filling of micro pores in the cement mortar. In
the CM, cement and sand is used and their size
differ a lot as the average size of sand is around 0.5
mm and average cement is 15 micron having 95%
particles below 45 micron. So a gap or void is
created when paste is made and their bond can be
improved by adding some material to fill the pores
between cement and sand. Having particle size
between cement and sand CB acts as a filler
resulting in occupying the space between cement
and sand. Due to this, the strength increases and
the porosity of composites decreases. This trend
continues to a certain percentage of CB normally
called threshold content. Above the threshold
value, the fillers are overloaded and proper textural
binding of composites is not achieved hence
reducing the strength. This threshold percentage to
achieve maximum possible strength is known as
optimum percentage of CB. Furthermore, among
the grades of CB used, N330 is hard grade as
compared to N550 and N660. Therefore it shows
good compressive strength as compared to soft
grades i.e. N550 and N660.
IV.
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Abstract—Plastic waste is an environmental hazard
due to its low biodegradability and minimal recycling
(only around 7% globally). With the ever-increasing
advancement of technology, the proportion of
electronic waste (E-waste) is also increasing
significantly. This is specially an important issue for
developing countries where most of E-waste is dumped
now a days. Building and construction industry, on the
other hand, account for almost 40% of energy related
CO2 emissions globally and is also responsible for
depleting natural resources. Recycling of E-waste as an
alternative construction material has the potential to
address these issues. Past studies have explored the
mechanical properties of plastic concrete and found
that a 20% replacement of aggregates is feasible with
some reduction in compressive strength. One
important aspect of plastic concrete is its thermal
properties and resistance to fire. The current study is
focused on the fire resistance of concrete made with Ewaste as partial replacement of aggregates i.e. coarse
and fine aggregates. The concrete specimens were
heated at 150o C and 300o C for 1 hour and the effect of
fire on the mechanical properties of plastic concrete
are explored and recommendations are presented
regarding the decrease of strength properties due to
fire.
Keywords—e-waste aggregate, plastic concrete,
waste management, temperature effects

Introduction
The rapidly growing world’s population and
increased rate of urbanization has a huge
impact on construction industry. It has
increased the demand of construction making
concrete the most widely used man-made
construction material. Concrete is often said to
be the second most utilized substance after the
water on earth [1, 2]. The causes of this huge
demand of concrete are its low cast, ease of
application and high compressive strength.
Now a days, construction without the use of
concrete cannot be even imagined [3]. Such
demand of concrete needs the resources from
which its constituents i.e. cement, sand, gravel
etc. are obtained. When the rate of extraction
of resources like cement, sand or crushed
aggregates exceeds the generation of natural
resources, it causes environmental problems.
This enormous consumption of concrete is
resulting in eradication of natural sources of its
constituents [1]. As the population is growing
and the technology is advancing rapidly, the
demand, utilization and waste is also increasing
V.
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in 2014 volume increased by 6% about
390,000 tons [6, 7, and 8].
This waste needs to be dumped and
disposed but due to its very low
biodegradability it creates a serious waste
management issue for the authorities. This
electronic waste needs to be recycled just like
some other recyclable waste materials.
Plastic loses strength with number of
recycling. So, an efficient approach is much
needed in order to utilize this waste in a
proper way and overcome the disposal
issues. This can be helpful in sustainable
growth. To save the natural resources of filler
materials and to deal with the utilization of
plastic waste are the two of the major
concerns at present [9]. In order to meet the
demands of filler material, researchers are
trying to incorporate a variety of alternative
materials in concrete now a days.
Similarly, some researches worked on
the substitution of plastic waste in concrete in
the form of aggregates (coarse or fine) or
fibers. Zainab Z. Ismail has worked on the
mechanical behavior of concrete made with
percentage replacement of natural fine
aggregate with plastic waste aggregate by
0%, 10%, 15% and 20%. As a result,
compressive strength tends to decrease with
increase in waste plastic ratio. The
substitution of plastic waste in fabriform
shape showed crack propagation but this
work is proved to be a good approach to
reuse the waste plastic [10]. Likewise, some
other authors also worked on the mechanical
properties of concrete made with partial
substitution of e-waste aggregate with
natural fine aggregates. They replaced the
natural fine aggregate with e-waste at
different varying percentages up to 25%.
Some researchers incorporated the e-waste
in the form of thin fibers and some in the form
of fine aggregate. A slight decrease in

[2]. Plastic materials had a vital role in progress
of the society for the last 150 years. It is
considered as a necessary part of our today’s
life as it meets a wide variety of public needs
because of its useful properties such as good
strength, ease of design, low density, durability,
process-ability and low cost [4]. Many plastic
materials that were beyond the reach in the
past are now available at affordable prices.
People now a days are changing themselves
with the advancing technology and the old
technology is being trashed. This trash is
exerting pressure on environment creating the
disposal issues [5]. One major plastic waste type
is the waste generated from the trash of
electronic appliances called as electronic plastic
waste (E-waste). E-waste is increasing
exponentially as the markets and industries of
electronic appliances are increasing day by day.
United States Environmental Protection
Agency (US-EPA) report categorized video,
audio and information devices as means of
electronic waste. Video devices include
televisions (TV), flat panel TVs, DVD, Cathode
Ray Tubes (CRT) and videocassettes recorder
decks etc. Similarly, audio devices include
compact audio systems, CD players, home
radios and mp3 players. Information devices
include mobile telephones, facsimile (fax)
machines, laptop computers, printers,
cordless/corded telephones, desktops and
other computer monitors, laptops tablets and
computer accessories like mice and
keyboards. According to US-EPA estimate in
2007, 29.9 million desktops and 12 million
laptops were discarded as a waste. According
to EPA estimate 2008, about 3.16 million tons
of e-waste was generated and the recycled
amount was 13.6% or 430,000 tons of total
waste. In 2013, about 366,000 tons were
reported across 21 states in United States and
2
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compressive, tensile and flexural strength
was observed with increase of plastic
content. But they suggested the feasibility of
utilizing the plastic waste as a construction
material [1, 3]. Strength properties of
concrete made with e-waste is also
investigated using silica fume with
replacement of cement and the resulting
strength was higher than reference concrete
mix [2].
Similarly, some researchers studied
the properties of concrete made with e-waste
as coarse aggregate substitution. A wide
range of replacement ratio up to 40% is
utilized in concrete replacing natural coarse
aggregates. Same as fine plastic aggregate
replacement, the decrease in strength is also
observed in case of coarse aggregate
replacement with e-waste aggregate. But the
results are in permissible limits showing the
feasibility to utilize the e-waste as aggregate
in concrete [11, 12, 13and 14]. K. Senthil
Kumar
investigated
the
effects
of
temperature and thermal shock on concrete
made with partial replacement of coarse
aggregate. The replacement ratio of High
Impact Polystyrene (HIPS) used were 10%,
20%, 30%, 40% and 50%. Samples were
exposed to 100, 200 and 300oC and then cool
down with water. Concrete was observed
under destructive and non-destructive tests.
This type of concrete is recommended for
non-structural applications and this is also
suggested for thermal insulation and
advantageous from energy point of view [15].
Researchers have recently worked on
strength properties of concrete made with ewaste aggregate and suggested that 15-20%
substitution of e-waste aggregates is feasible
with slight reduction in strength. However,
thermal behavior/fire resistance is a very
important aspect to be investigated which
has not been yet studied in case of concrete

made with e-waste aggregates. The current
study is focused on thermal behavior/fire
resistance of concrete made with partial
replacement of e-waste aggregates.
VI.
A.

Materials and Methods

Cement
In this research work, locally and
commercially available ordinary Portland
cement (OPC Type-1 Fauji brand) is used.
The nominal size of cement is 50um with
specific gravity of 3.15 and bulk density
1440 kg/m3. The cement used in this study
is according to international standards
(ASTM C-150) and its properties provided
by the manufacturer are given in the Table I
below [16].

TABLE I.

PROPERTIES OF ORDINARY PORTLAND
CEMENT

Properties of Ordinary Portland
Cement (Type I)
FCC
Standard
L
Requireme
Properties
valu
nt ASTM
es
C-150
Initial setting
45 min
110
time (minutes)
(Min.)
Final setting
375 min
180
time (minutes)
(Max.)
3-days
1740
Compressive
3259
(Min.)
strength (Psi)
7-days
2760
Compressive
5039
(Min.)
strength (Psi)
28daysCompress
5844
……
ive strength
(Psi)
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B.

Water
Absorpti
on

Natral Fine Aggregate

Locally available Lawrencepur sand is used as
fine aggregate in this research work. Various
standard tests were performed on the sand to
find out the properties which are given in Table
II.
C.

Bulk
Density
Impact
Value
Abrasion
Value

Natural Coarse Aggregate

The natural coarse aggregates used in this
study are obtained locally from the Margalla
Quarry. The coarse aggregates having maximum
size of 20 mm are adopted for this work.
Different standard test were carried out
according to ASTM specifications to find
properties which are mentioned in Table II.
D.

VII.

Electronic waste is purchased and the plastic
from the whole scrap is separated mostly the
computers, monitor bodies and keyboards. It is
then processed in recycling plants. The plastic is
heated and then crushed to the required size
after cooling down. In the present study we
incorporated the e-waste plastic aggregate both
as a partial replacement of fine and coarse
aggregates. The maximum size of plastic coarse
aggregate is 19mm and that of plastic fine
aggregates is below 4.75mm. Some other
properties of natural fine aggregate, natural
coarse and plastic aggregates are given in table
II.
PROPERTIES OF NATRAL SAND, COARSE

AGGREGATES AND PLASTIC AGGREGATES

Properties of Materials
Natur
Coarse
Properti
al
Aggrega
es
Sand
te
Fineness
2.2
8.4
Modulus
Specific
2.67
2.68
Gravity

1.4%

0%

1600
kg/m3

1518
kg/m3

620
kg/m3

……

10.9%

2.24%

……

13%

8.68%

Experimental program

In this study, concrete of M20 grade is
prepared using mix ratio of 1:1.5:3 and a
water-cement ratio of 0.45. Batching of
concrete constituents is done. Concrete
specimens are prepared by using the partial
replacement percentages of 0%, 10%, 15%
and 20% e-waste fine and coarse aggregates
separately. Concrete mix groups, specimen
IDs, standards size of specimens and
temperatures are mentioned below in Table
III.
The quantities of cement, sand, coarse
aggregates and e-waste aggregates are
calculated with w/c ratio of 0.45. Estimation
of water is done based on w/c ratio which in
this case is kept at 0.45. Also, a superplasticizer is also added about 2% of cement
but in addition to cement while mixing the
water.
Mixing is done according to the
standard ASTM C-192 in an electric mixer.
The ingredients of concrete are dry mixed in
the mixer or 2-3 minutes so that a
homogeneous mix is formed then water and
super-plasticizer are added and it is further
left for 3-4 minutes to mix properly and
poured out and checked for slump of every
mix according to standard ASTM C-143.
The slump values are given in above
Table III and slump values are observed to be
increasing as the plastic aggregate content

Plastic Waste Aggregate

TABLE II.

4%

Plastic
Aggregat
es
……
0.97
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increases. As the plastic has 0% water
absorption and lighter in weight as compared
to natural aggregate so the workability of
concrete mix made with e-waste increases.
Then concrete is poured into standard
size moulds (150mm X 300mm) for
compressive strength according to ASTM C172. Moulds are filled with concrete in three
layers and compacted with tamping rod.
Concrete moulds are left for 24 hours to set
and then specimens are removed from the
moulds and placed in water for curing of 28
days according to ASTM C192. After curing,
samples are removed from the water and
placed in open air and left for a day to dry the
water or moisture. A set of samples is tested
at room temperature against compressive
strength according to ASTM C39. As the
present study is about the thermal
behavior/fire resistance of concrete made
with partially replaced e-waste, the samples
are placed in a muffle furnace. And the target
temperature is set to 150oC with heating rate
of 20oC/min and kept in the furnace for 1hour
after the target temperature is achieved.
Similarly, the samples are also placed in
furnace for the target temperature of 300oC
and kept for 1 hour at elevated temperature.
Concrete specimens after heating are shown
in fig. 1 (a) and (b) below where the plastic
aggregate can be seen bulging out of
specimens.

(a)

(b)

Fig 1. Concrete Specimens (a) during
heating (b) after heating

After the exposure to heat, samples
are taken out of furnace and placed in open
air for 24 hours to cool down to the room
temperature. Then compressive strength test
is performed on the heated samples. Results
of compression strength are show in Fig. 2
and Fig. 3.
45
40

39
37
35

Compressive Strength (MPa)

35
30
25
20

32
28

CM

3029

F10%
26
25
2323 2322
F15%
21
2121 20
19 19 F20%
17 17
C10%

15

C15%

10

C20%

5
0

Room Temperature

Fig. 2 Compressive strength of concrete samples at
different temperatures

5

o

at 150 C
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VIII.

Conclusions

The current research work was aimed
at finding the effect of temperature on
strength of concrete made with e-waste
aggregates. Overall 63 samples were tested at
room temperature, at 150oC and at 300oC.
When we simply replace the natural
aggregates with e-waste aggregate, there is a
decrease in compressive strength after 28
days curing but in permissible limit. The
percentage reduction in strength at 150oC lies
in range of 23% to 34%. And the percentage
reduction of strength at 300C is observed
between 36% and 46%. The strength
reduction is because of relatively weaker
bond strength between plastic aggregates
and cement paste. When samples are
subjected to higher temperatures, they
exhibit lessor compressive strength as
compared to that at room temperature same
as conventional concrete. We intended to go
further beyond 300oC but due to low melting
point of plastic aggregates, this is the limiting
temperature. Plastic aggregate melts and
tries to bulge out of concrete making cavities
inside the concrete. Besides this effect, the
concrete specimens showed more than 50%
residual strength. That’s why e-waste
concrete is suggested to be used in nonstructural member. A lot of research is still
needed on every aspect regarding fire
resistance and thermal behavior to introduce
this technique and its frequent usage. The
slight reduction in the compressive strength
of concrete with e-waste can be overcome
using admixtures. Research must be done on
strengthening of e-waste aggregate concrete
for its applications where fire damage may
exist.

Fig.3 Reduction in Compressive Strength

From the results, a decrease in compressive
strength can be observed with increase in
plastic aggregate content and a decrease in
strength with increase in temperature. As the
plastic has low melting temperature so it gets
melted when subject to higher temperatures.
There is a reduction of about 23% to 34% in
compressive strength when samples were
tested after heating at elevated temperature
of 150oC and about 36% to 46% reduction
when the exposure temperature is 300oC.
During the current study, plastic aggregates
seemed to bulge out of concrete specimens
making cavities inside the concrete when we
heat samples about 300oC for 1 hour.
Strength
reduction
between
room
o
temperature and 150 C is quite significant
while the strength reduction between 150oC
and 300oC is at slower rate. But still the ewaste concrete specimens possessed more
than 50% residual strength after heating at
elevated temperatures. The reduction in
strength with e-waste substitution is because
of weaker bond strength between plastic
aggregate and the cement paste. The melting
of plastic also causes the decrease in strength.
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TABLE III. EXPERIMENTAL PROGRAM DETAILS

Grou
p

1

2

3

4

5

6

7

Slump
(mm)

65

65

70

75

80

130

180

%age E-waste
Replacement
Fine
Coarse
Aggregat Aggregat
e
e
0
0

Specimen
ID

Cross
Section

Dimension
s
(mmxmm)

CM-TR

Circular

150x300

CM-T-150

Circular

150x300

0

CM-T-300

Circular

150x300

F10TR

Circular

F10-T-150

No. of
Specimens

Temperature

3

Room Temp.

0

3

150oC

0

0

3

300oC

150x300

10

0

3

Room Temp.

Circular

150x300

10

0

3

150oC

F10-T-300

Circular

150x300

10

0

3

300oC

F15-TR

Circular

150x300

15

0

3

Room Temp.

F15-T-150

Circular

150x300

15

0

3

150oC

F15-T-300

Circular

150x300

15

0

3

300oC

F20-TR

Circular

150x300

20

0

3

Room Temp.

F20-T-150

Circular

150x300

20

0

3

150oC

F20-T-300

Circular

150x300

20

0

3

300oC

C10-TR

Circular

150x300

0

10

3

Room Temp.

C10-T-150

Circular

150x300

0

10

3

150oC

C10-T-300

Circular

150x300

0

10

3

300oC

C15-TR

Circular

150x300

0

15

3

Room Temp.

C15-T-150

Circular

150x300

0

15

3

150oC

C15-T-300

Circular

150x300

0

15

3

300oC

C20-TR

Circular

150x300

0

20

3

Room Temp.

C20-T-150

Circular

150x300

0

20

3

150oC

C20-T-300

Circular

150x300

0

20

3

300oC

CM= Control Mix, TR = room temperature, T= Temperature, F=plastic fine aggregate, C=plastic coarse aggregate
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I.
ABSTRACT----According to the Global Long-Term
Climate Risk Index (CRI) 2020 by the German Watch, Pakistan
is 5th among 10 countries affected most by climate change.
Global warming and scarcity of Conventional resources are
becoming major problem in the current scenario. Pakistan’s
most of the energy is produced by using conventional sources,
but these sources are responsible for pollution and global
warming which ultimately result in climate change. That’s why
today we need alternative non-conventional sources which are
eco-friendly and sustainable. Solar and other renewable
sources are several forms of energy which are used
alternatively today. Along with those sources, Human Power is
one of lasting source of energy which is wasted during
workout. In this paper, a prototype modelling of an OFF-Grid
Green Energy Harvesting Flywheel Based Bicycle Generator
which could be used as an OFF-Grid Battery Charging System
is developed to minimize the lighting load demand of MUET
Gymnasium fitness facility. In this mechanism, efficient
flywheel energy storage technology is implemented on KERS
(Kinetic Energy Recovery System) static workout bicycle
generator. Additionally, a relative cost analysis of prototype
model, comparative analysis of present with proposed LED
luminosity system in terms of CO2 emission, energy unit
saving, and its cost saving is analyzed. Feasibility analysis for
the implementation of Energy and Climate Change (EC)
indicators of Universitas Indonesia Green Metric World
University Ranking (UIGM) is also undertake.
KEYWORDS--- Global Long-Term, Climate Risk Index,
German Watch, Climate Change, Conventional Sources,
Global Warming, Alternative, Renewable Sources, Human
Power, Off-Grid, Green Energy, Kinetic Energy Recovery
System, Bicycle Generator, Relative Cost Analysis,
Comparative Analysis, LED Luminosity System, CO2
Emission, Energy Unit Saving, Cost Saving, Feasibility
Analysis, Sustainable, Energy and Climate Change (EC)
Indicators, Flywheel, Universitas Indonesia Green Metric
World University Ranking .

INTRODUCTION

Pakistan is fifth most populous country in the
world [1]. Electricity is the basic need of human
life. With an on growing population, the needs of
renewable electrical power and their usage is also
increasing day by day. Every year the consumption
rate of electricity is increasing globally, but in
Pakistan the production rate is not growing
sufficiently which consequently resulted in load
shedding and increase in electricity price levels.
Besides, fossil fuel cost is increasing day by day as
well as government is also taking steps to make use
of renewable sources. Today climate change is the
biggest thread we faced. So, now it is time to gives
attentions to generate power through renewable
energy sources, instead of conventional energy
source. According to National Electric Power
Regulatory Authority (NEPRA) annual report
2018-2019 [2].

Nuclear
1345 MW
4.14%
Biogase
364 MW
0.94%
Wind
1235 MW
3.03%

Thermal
22848 MW
63.96%
Hydel
9732 MW
26.70%
Solar
400 MW
1.23%

Figure 25: Represents overall installed capacity of Pakistan
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From Fig.1, this is one of the main element that
Pakistan is listed in Global Long-term Climate Risk
Index (CRI) top 10 countries [3, 4].
In Paris Agreement 2015, United Nations
Framework Convention on Climate change
(UFCCC) presents an idea that developing
countries needed to utilized environment friendly
technologies to contribute in reducing emissions
and prevent the world from global warming [5]. For
that we need to focus on find an alternative
renewable energy power plants, especially
environmentally green and eco-friendly [6]. One
type of an environmentally friendly clean and green
energy power plant is an off-grid eco-friendly
flywheel fitness exercise static KERS bicycle
generator.

Fig 26: Represents Energy and Climate Change Indicator
of Universitas Indonesia Green Metric World University
Ranking

Human body can produce a significant amount
of energy and Human muscles activity has the
potential to produce power which can be used for
low power application specially lighting load
application. Use of exercise equipment for green
energy source would be an exciting experience for
participants as well as it provides a mean to generate
power along with cycling exercise [7].
Flywheel-Based KERS Bicycle Generator has
an ability to tap human energy to produce electricity
quickly and efficiently. The primary function of
flywheel is to works as an energy accumulator and
to reduce the fluctuation in speed. It absorbs the
energy when demand is less and releases the same
when it’s required, which is the technical and
engineering aspect of harvesting energy [8, 9]. This
flywheel technology inherits many advantages that
are environmentally friendly and has low
maintenance, long life with no degradation. That’s
why even NASA (National Aeronautics and Space
Administration) Glenn Research center has
employed Flywheel energy storage systems for over
three decades [10].
The objective of this research is to develop a
practical prototype of an OFF-Grid Green
Harvesting Bicycle Generator with highly efficient
flywheel energy storage system, which could act as
well as an OFF-Grid Battery Charging System. This
model will be proposed as a technological solution
to minimize and to overcome the lighting load
demand dependency of MUET Gymnasium on
WAPDA and it will be suggest as a proposal for the
implementation of UI Green Metric (UIGM),
Energy and Climate Change (EC) indicators [11].
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Fig 27: Represents Criteria and Indicators of Universitas
Indonesia Green Metric World University Ranking [12]

According to the Ranking released by Universitas
Indonesia Green Metric in 2019, MUET is 271st
Worldwide, 2nd in all over Pakistan while 1st in Sindh
Province University rankings. Although, in terms of
implementing Energy and Climate Indicators of
UIGM they listed MUET 275th best Globally [13].

Fig 28: Represents Global Ranking of Mehran University of
Engineering & Technology in Green Metric World University
[14]

Fig 29: Represents Global Ranking of Mehran University of
Engineering & Technology in Green Metric World University
for the Implementation of Energy and Climate Change
Indicators [15]
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Our proposed mechanism is beneficial in
maintaining sustainability and improving global
ranking through the implementation of EC
indicators.
Alternatively, this research also gives a
comparative analysis of present less-efficient 60
Watts tube light Lighting System with the highly
efficient 6 Watts LED lighting System in terms of
Electrical Energy Unit Consumption Saving, its
Cost Saving and its related Green House Gases
(GHG) emission saving.
II.

LITERATURE REVIEW

Literature review suggests that there is
considerable work done towards the utilization of
bicycle generator as renewable energy source
globally. However, there is limited evidences in the
literatures about any techno-economic study which
undertaken for the designing, development and
implementation of an “Off-Grid Flywheel Based
Bicycle Generator” as renewable green energy
source to meet the Lumosity demand of a
Gymnasium Fitness Facility through an efficient
lighting system as some of the literature are as
follows:
Flywheel based Bicycle Generator can be used as
a mode of transportation as it provides low cost
mobility facility along with some health benefits the
working principle is to convert the rotational energy
of the rare wheel into kinetic energy to recharge the
battery [16].
Bicycle-based human power generation system
can harvest power of 50 W which can be utilized for
the low power off-grid rural electrification to charge
battery for the purpose of lighting the home with
low wattage LED lamp during the periods of
necessity [17].
Gymnasium bicycle is an Electro-Mechanical
system which tap harvest electrical energy by using
alternator by the conversation of pressure energy of
human muscles to kinetic energy [18].
Riding bicycle is a good source of Power as well
as a good exercise. According to a research, humans
are capable to generate around 100 W of power
while riding bicycle. However, this power is wasted
without our knowledge. The dynamo or alternator
can harvest cyclers generated energy while riding
which could be used to charge small devices,
laptops, and mobiles [19].
Human powered gyms are those gyms which uses
equipment’s like treadmills, stationary bikes and
rowing machine to generate green and sustainable
energy which not only benefits environmentally but
also economically [20].
Green Energy Harvesting (EV) by using wastage
energy during activity through Gymnasium bicycle
is an economical generation of electricity since
conventional sources decreasing day by day [21].
Power Generation by pedaling bicycle is a great
resource of clean energy as well as it serves as a
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mode of transportation to power the un-electrified
village by using either alternator or dynamo [22].
Pedaling bicycle helps in maintaining a good
physic as well as it serves as a good source of green
energy generation by using dynamo which is then
used to charge mobiles, iPod, Laptops [23].
III.

METHODIOLOGY

In human’s life, electricity is the basic
requirement. Every year electricity consumption is
increasing by 10% but when there is no
simultaneous increase in production, then the
consequences resulted in the form of increase
electricity prices and load shedding Alongside the
availableness of fossil fuels are getting reduced. In
this case study we have proposed the general
technique to produce electricity from mechanical
energy. The concept of this study is
to use the wasted kinetic energy in gymnasium
while work out to produce electricity.

Fig 30: Research Methodology Framework
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Table 8: Research Flow Diagram
Table 11: Represents load demand of fitness facility
• It converts Potential Energy to Variable Mechanical Energy and this V.M.E is
converted to Variable Rotational Energy (V.R.E) or Variable Kinetic Energy (V.K.E)
Pedaling

Flywheel

• A flywheel is a heavy rotating body which acts as a reservior of energy.
• It stores V.K.E and convert to constant and fluctuation free K.E or R.E.

• Converts Constant Rotational Energy(C.R.E) of flywheel to Electrical Energy.
Generator

Charge
Controller

LOAD CONSUMPTION DURING TOTAL OPERATING
HOURS
1 SESSION
1 hr. (IN BED LIGHT)
8 TUBLIGHT
2 SESSION

6 PM– 9:30 PM

TOTAL LOAD
CONSUMPTION
HOURS

480W + 6.3KW=6780W

• A Charge controller limits the rate at which electronic current is added or drawn
from electric battery. It prevents overcharging and may protect against
overvoltage.

II. DATA ANALYSIS
• Store Electrical Energy in the form of chemical Energy.
Battery

The results of collected data analysis are as follows:
• Series connected 6 Watts LED to overcomes the luminosty demends of MUET
Gymnasium under operating sessions.

6 W LED

I. DATA COLLECTION & SURVEYS
In this review, a survey is performed for the data
collection from MUET Gymnasium fitness facility.
Questionnaire method is used for the
determination of GYM operating hours, Operating
sessions, Power ratings present appliances, Overall
load demand, Lighting load demand in the
respective sessions, Quantity of luminosity
appliances, Frequency of peoples in the respective
sessions and their equipment’s of concern.

Table 12: Represents classifications of PMDC Generators
with present and proposed lighting capacity
Classification of
DC PMDC
GENERATOR

PRESENT
TUBELIGHT
60W
TUBELIGHT
SYSTEM
1 TUBELIGHT=
60W

PROPOSED 6W
LED LIGHTING
SYSTEM
6 WATTS
1 LED = 6W

50 WATTS

NOT A SINGLE
TUBELIGHT

8 LED

100 WATTS

1 TUBELIGHT

16 LED

250 WATTS

4

41 LED

300 WATTS

5

50 LED

500 WATTS

8

83 LED

1000 WATTS

16

166

Table 9: Data collection from Gymnasium fitness facility

DATA

SPECIFICATIONS

NO. OF TUBELIGHTS

30

ENERGY CONSUMTION
OF
1
TUBELIGHT

60-70 W

TOTAL LIGHTENING
CONNECTED LOAD

1.8 KW

Design of the proposed system is given by:

Table 10: Represents operating hours of Gymnasium
GYMNASIUM OPERATING HOURS
1 SESSION
9 AM - 2:30PM

12

III. SYSTEM DESIGNING

2 SESSION

3:30 PM – 9 PM

TOTAL OPERATION
HOURS

11 HOURS

LED
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Fig 31: Represents Proposed System Design with 250W
PMDC, 24 V battery, Charge Controller, Switches and
Series connected 6W 40 LED (1st session 15 LED + 2ND
session 25 LED) fitness facility through Frizing Software

IV. PROTOTYPE INTERNAL
MECHANISM

Fig 32: Represents prototype model internal mechanism

V. HARDWARE MODEL
COMPONENETS
CONFURIGATION
The below figure represents the basic
configuration of “Off-Grid Green Energy
Harvesting (EH) Flywheel Based Bicycle
Generator” with specialized and unique flywheel
energy accumulation technology integration.

Fig 33: Represents Hardware model of an Off-Grid Ecofriendly Green Energy Harvesting (EH) Flywheel Based
Bicycle Generator.

IV.

RESULTS & ANALYSIS

The main objective of this prototype development
research is to initiate a self-sufficient gymnasium
phenomenon which can sustain its all lighting load by
the utilization of waste mechanical energy during
workout and convert it down into electrical energy.
This project presents an economical and
technological solution of load shedding and as well
as it could serves as a backup energy resource or
uninterruptable power supply (UPS) by using battery.
Additionally, power production by the flywheelbased bicycle generator provides us opportunity to
minimize the atmospheric pollution which is
nowadays a government policy.
Flywheel-based bicycle generator is very cheap.
Since, we know that cost of fossil fuel is increasing
day by day and this project is not depending on those.
It serves dual purposes benefits simultaneously.
Firstly, physical fitness through exercise of muscles,
and legs. Secondly, green, and eco-friendly power
generation through those healthy activities at the same
time.
The initial result of the study for energy saving and its
cost saving is given by the formula as:

I. Calculations for Energy Saving
Energy Saving,
C=A– B

(1)

A= (1st session operating hours × Sum of 60 W
connected load operates in 1st session) + (2ND session
operating hours ×Sum of 60 W connected load
operates in 2ND session)
B= (1st session operating hours × Sum of 6 W
connected load operates in 1st session) + (2ND session
operating hours × Sum of 6 W connected load
operates in 2ND session)
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Daily

117.54 Rupees

Weekly

849.78 Rupees

Monthly (29 Days)

3534.66 Rupees

Annually (305 Days)

37217.7 Rupees

Table 13: Represents initial results of the study for Energy
Saving

Comp
arison

Daily
Weekl
y
Month
ly (29
Days)
Annua
lly
(305
Days)

60 W
Tube
light
Lighteni
ng
System
Load
Consum
e
(A)
6.780
KW
47.46
KW
196.62
KW

6W
LED
Lighteni
ng
System
Load
Consum
e
(B)

Energy
Consumptio
n Saving by
using 6 W
LED System
C = (A-B)

250 W

6530 KW

1.750
KW
7.250
KW

47.21 KW

2067.9
KW

76.250
KW

III. Calculations for Co2 Emission
Saving
Primary electricity production in Pakistan from
thermal (oil, natural gas, etc.) as shown
in fig:1, and

196.370 KW

2067.65 KW

1KWH = 0.001MWH
Since,
Energy produce in this proposed “Off-Grid
Eco-Friendly bicycle generator” is
100% green. So, there is no Co2
emission.
Therefore,

II.

Comparison

Daily
Weekly
Monthly
(29 Days)
Annually
(305 Days)

Calculations for Cost
Saving
CO2 Emission in
60 W Tube
Light System for
Wind and Solar
Emission
Factor=0.501tco2
Per MWH
(Other Source)

0.00339 Ton of
CO2
0.02377 Ton of
CO2
0.09850 Ton of
CO2
1.0360 Ton of
CO2

CO2
Emission in 6
W LED
System for
Wind and
Solar
Emission
Factor=0.600
tco2 Per
MWH (Wind
& Solar)
0.004068 Ton
of CO2
0.0284 Ton of
CO2
0.1220 Ton of
CO2
1.484 Ton of
CO2

The amount of Co2 Emission saving through
proposed idea as compare to 60 W tube
light system is given by the formula as:

CO2 Emission Saving = Energy consume
while 60W system operates in KWH
×
CO2 Emission factor for solar, wind or
other sources × 0.001 MWH Per
KWH
CO2 Factor for wind and solar is 0.600 ton Co2 per
Megawatt hours .While its value for other source is
0.501 ton Co2 per Megawatt hours according to the
Asian Development Bank [24].
Table 15: Represents initial results of the study for Co2
Emission Saving

Cost Saving D,
𝑫 = 𝑪× 𝜸

(2)

C = Energy unit saving(daily/weekly/monthly)

V.

CONCUSION

Pakistanis are facing electricity crisis whereas higher
electricity tariffs are another burden for the consumers.
𝛾 = Cost Per Price of single unit of Energy
Higher Education Commission of Pakistan provides
students’ academic as well as some extra curriculum
Table 14: Represents initial results of the study for Cost
opportunities for the grooming of generation. However,
Saving
they fetch funding from Government. Mehran
University has a gymnasium fitness facility where
Comparison
Cost Saving (1 Unit = 18 Rupees inenough electricity is consumed which could be met
Pakistan)
through a unique and innovative alternative energy
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generation prospective to save energy, cost, Green
House Gas (GHG) Emission by an implementations of
UIGM Energy & Climate indicators through a
feasibility analysis approach .
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Abstract— Removal and replacement is technique being employed for the projects encountered with A-6 or A-7-5 types of
Soils, but it require extra financial support along with requirements of considerable time for its implementation. The current
research work explore in-situ improvement of such soils using marble stone dust as an admixture. Marble stone dust was
added in variable percentages (0%,5% and 10%) and the resulting effect was assessed by comparing index properties,
Engineering properties and shear strength parameters. The soil properties considerably improved with the addition of
marble stone dust. The outcome of the study established the suitability of proposed admixture for the in-situ improvement of
soil. It may not only reduce the cost of the projects but also shorten the time consumed for the soil improvement.
Keywords—Expansive soil, admixture, marble stone waste, CBR, UCS
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I.

Introduction

Soils having expansive characteristic are the problematic soils that experience huge volume
changes when they come into contact with water and severely impair the light and heavily
loaded structure. Soil of Expansive nature are found in many parts of world, and these type of
soil caused severe damage to the pavement subgrade layer due to the action of capillary rise or
poor drainage system, which may lead to the failure of pavement[1].
Expansive soil have a concern of research for many investigations especially for road
projects. The pavement may undergo cracking due to the uneven heave because of wetting and
shrinkage of subgrade during drying. To rehabilitate the existing pavement laid on the bed made
up of expansive soils, geosynthetic layer was being placed on existing pavement over which
asphalt layer is laid [2]. [1] studied the volume expansion effect on road pavement system using
Oedometer and CBR mold, CBR tests were performed to predict the swell percentage and
swelling/expansion pressure of subgrade soil with different moisture content. As a result it was
concluded that with the increase in the moisture content, swell percentage and swelling pressure
decreases at a given surcharge load.
Different materials have been explored to stabilize the expansive soil in different parts of the
world. Apart from many techniques addition of admixtures has been widely accepted. [3]
suggested that expansive nature of the soils can be reduced using additives like Fe2O3, CaO, and
some polymers. Many researchers have said that marble stone dust has very high lime content of
calcium oxide up to 55 % by total weight [4]. The amount of marble stone waste discharged as
during block and tiles production at the quarries is equal to 40-60% of the total production out of
that very small portion of the waste stone marble products is used economically[5]. [6] had
practically proved that marble dust powder is effective waste material obtained from stone
processing industry for the stabilization of expansive nature soil. Index properties as well as
engineering properties of weak soil could be improved. [7] made a research effort to evaluate the
recovery and reuse of byproducts obtained from marble processing industries quarries as well as
processing plants produce large amount of waste during excavation, sawing, polishing and water
treatment. It was concluded that calcium carbonate dust particles are very fine particles and have
no impurities can be used as an admixture.
Marble stone waste is a solid waste that is produced by the marble stone processing
industry, which are available in Pakistan abundantly. Studies showed that the marble production
throughout the world was almost 21.7 million tons in 1986; However in 1998, this was
significantly increased up to 51 million tons [8]. Expansive soils are abundantly available in
Pakistan especially in the areas like Dera ghazi khan, Dera Ismail Khan, Lahore and Rawalpindi.
Different techniques are required to stabilize such type of soil such as chemical stabilization and
addition of different admixture.
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II. materials & methodology

In order to carry out the research work, Material collection and lab tests were performed
after detailed literature review.
A. Materials

Soil samples was taken from two sources Kangota Syedan, Sihala zone -V, Islamabad and Dandi
Gujran near Rawalpindi Pakistan.

Figure II-1 Collection points of Expansive Soils

B. Marble Stone Waste

Marble stone waste was collected from marble industry located at T-chowk Rawat Pakistan.

Figure II-2 Collection point of Marble stone waste

C.

Soil properties
Following soil properties of the proposed soil were examined using marble stone dust as an
admixture.
Index properties
Engineering properties
Shear Strength parameters

III. RESULTS AND DISSCUSION

The collected samples were analyzed in the laboratory. The study results have been discussed in
subsequent section below.
Index propertis
Basic index properties (L.L, P.L & P.I) as well as sieve size analysis test ASTM D-6913 was
performed for the classification of collected soil samples. Both soil were found to be of expansive
nature (A-7-5 and A-6). Tests results are given in Table 1.
A.
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TABLE 16. SOIL PROPERTIES
Grain Size Analysis
Percent Passing %

Sample
Location
Dandi
Gujran
Kangota
Saidan
Sihala

Atterberg’s Limits
L.L
P.L
P.I

#10

#40

#200

%

%

%

99.36

98.77

96.13

45

28

17

98.72

96.29

92.63

37.8

21.9

15.9

Soil
Classification
AASHTO
Classification
A-7-5
A-6

1) Liquid Limit test results

Liquid limit %

Figure 1 shows the combine results of A-6 and A-7-5 soil liquid limit test (ASTM D-4318)
result by addition of marble stone waste in varying percentage. Results shows that liquid limit of
A-6 soil and A-7-5 soil was decreased by the addition of marble stone waste up to 15% and 20%
after liquid limit of both soil was decreased.

50
40

A-7 soil

30

A-6 soil

0

5

10

Admixture %
Figure III-1 Combine result of Liquid limit with varying %age of marble stone waste

2) Plastic Limit

Figure 2 shows the plastic limit test results of A-6 and A-7-5 soil sample prepared after addition
of marble stone waste in different percentages. Results shows that plastic limit of A-6 soil and A-75 soil was decreased by the addition of marble stone dust.

Plastic limit %

35
30

A7
s…

25
20
15
0

5

Admixture %

10

Figure III-2 Combine result of Plastic limit with varying %age of marble stone waste
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3) Plasticity Index

Figure 3 shows the plasticity Index results of A-6 and A-7-5 prepared soil samples after addition
of marble stone waste. Results shows that plasticity index of A-6 soil and A-7-5 soil was decreased
by the addition of marble stone waste.

Plastic Index

18
17
16
15
14
13
12

A-7
soil

0

5
10
Admixture %
Figure III-3 Combine result of Plasticity index with varying %age of marble stone waste

Engineering properties
1) MDD
Modified AASHTO T-180 compaction test was performed to find out the effect of marble stone
waste on MDD of both A-6 and A-7-5 soil. From results it is observed that the optimum value of
marble stone waste to increase the MDD of A-6 soil is 15% and for A-7-5 soil it is 20%.

MDD g/cm3

B.

2.5
2.4
2.3
2.2
2.1
2
1.9
1.8
1.7
1.6
1.5

A-7 Soil
A-6 Soil

0

Admixture
5
%

10

Figure III-4 Combine result of MDD with marble stone waste

OMC
Decrease in OMC value of both expansive nature soils was observed with the addition of marble
stone waste.

OMC %

2)

25
23
21
19
17
15

A-7 soil
A-6 soil

0

5

Admixture %

Figure III-5 OMC result with varying %age of marble stone waste
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3) Swell Potential

Swell potential of the tested soil samples were constantly decreased by adding marble stone
waste.

SWELL
PERCENTAGE

A-6 SOIL SWELL POTENTIAL
10 blows sample 30 blows sample 65 blows sample

0%

5%

10%

ADMIXTURE %

SWELL
PERCENTAGE

Figure III-6 A-6 soil swell potential result at different dosage of marble stone waste

A-7 SOIL SWELL POTENTIAL
10 blows sample

30 blows sample

0%

65 blows sample

5%

10%

ADMIXTURE %
Figure III-7 A-7-5 soil swell potential result at different dosage of marble stone waste

4) CBR

Combine CBR test AASHTO T-193 result of tested soil samples is shown below. Constant increase
in CBR of tested soil samples was observed. CBR of A-6 soil obtained using marble stone waste is
more than the A-7-5 soil.

3

A-6 Soil
A-7 Soil

CBR %

2.5
2
1.5
0%

5%

10%

admixture %

Figure III-8 CBR at different dosage of marble stone waste

5) Unconfined Comressive Stregth Test Result

Unconfined compressive strength test ASTM D-2216 was performed on expansive soil samples,
combine result of prepared soil samples with marble stone dust in varying percentage is given
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Stress kg/cm2

below. It is clear from the results obtained after UCS test that UCS value of tested soil was
increased by adding marble stone waste.

15
10

A-7 Soil

5

A-6 Soil

0
0

5

Admixture %

10

Figure III-9 UCS result after addition of marble stone waste

C.

Shear Box Test Results
Effect of marble stone waste on shear strength parameters C and Ф ASTM D-3080 is shown in
figure 4-69. Results shows that Cohesion of both type of soil was decreased by adding marble
stone waste. Slight increase in the value of angle of internal friction of both soil was observed.

1
Ф value

C value

30

A- 6
soil

0.5

20

A-7 Soil

10

A- 6 Soil

0

0
0%

5%

10%

Admixture %

0%

5%

10%

Admixture %

Figure III-10 Cohesion and Ф variation at different percentage of marble stone waste

IV. Conculsion

From the study it has been concluded that,
•
•
•
•

•
•
•
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With increasing marble stone waste percentage, Liquid limit, plastic limit and Plasticity index
of soil samples reduced.
OMC as well as MDD reduced by the addition of marble stone waste.
Strong correlation with increasing marble stone dust percentage has been observed.
A-6 soil observed significant increase in CBR value with increase in marble stone waste this
depict that expansive soil with lower values of CBR can be used as subgrade soil after
stabilizing through marble stone waste.
Swell potential of both type of soil constantly decreased by the addition of marble stone
waste.
Results of direct shear test highlighted that cohesion of both soils was reduced by the increase of
marble stone waste along with increase in cohesion of soil samples was observed.
Angle of internal friction also observed to be increased.
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•

Comparative analysis yielded that marble stone waste could be used to reduce the swell
potential as well as to enhance the strength characteristics of expansive soil. However the
research work is still in progress to observe further %age of adopted admixture.
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Abstract—Heat transfer and storage properties are important characteristics of the phase change material (PCMs)
which perform a major role in the storage system of thermal energy. The minimum thermal conductivity of phase
change materials significantly lowers its performance in terms of energy storage and release rate. Metal foam can be
used to increase the low thermal conductivity of the paraffin. In this research work, the thermal conductivity of the
phase change material was increased by using the metal foam paraffin composite. The heat transfer enhancement of
the paraffin metal foam composite was studied in comparison to pure paraffin. The infiltration technique was used to
infiltrate the paraffin in the metal foam. The result showed that the thermal conductivity of the composite was
enhanced as compared to pure paraffin. Thermal conductivity and porosity of metal foam have an inverse relationship
with each other. The maximum thermal conductivity of 8.6 (W/m.K) has seen at a porosity of 0.90.
Keywords heat storage capacity, thermal conductivity, paraffin/metal foam composite, heat transfer rate, phase
transition process
V.

Introduction

During recent years, great attention has
been paid towards renewable energy due to
the gradual depletion of fossil fuels. Solar
energy is a suitable alternative to fossil fuels
as it is easily available and is friendly to the
environment [1]. Therefore, an efficient
storage system is required to store the excess
amount of heat. Passive thermal
management of phase change materials are
attractive for thermal management as they
are efficient, have a long working life,
compact and require less maintenance.
Phase change materials (PCM) can absorb,
retain and release a large quantity of energy
while maintaining the temperature
uniformity during the phase change process
[2]. The phase transition process of PCM
24

during melting or solidification takes place
nearly at a constant temperature during
latent heat storage. The usage of PCM has
some additional advantages over other
storage materials of being non-corrosive,
non-poisonous and low volume expansion
[3]. However, the less thermal conductivity
of the PCM severely disrupts its efficiency
of energy storage and limits its usage in
engineering applications. For better heat
transfer rates, the higher thermal
conductivity of PCM is required. Different
techniques are reported in the existing
literature to enhance the heat conduction
properties of PCM. Tian et al. [4] formed a
composite PCM by the combination of
eutectic composed of three parts carbonate
salt with the magnesium particles. There was
no comprehensive change in the composite
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PCM melting temperature relative pure
carbonate salt. An enhancement of about
145% was seen in thermal conductivity of 2
wt.% of magnesium was added.
Abid et al. They have investigated
practically work to study the heat
management of batteries using
PCMs/graphene-coated nickel (GCN) foam
PCM composite. The thermal conductivity
was increased up to 23 times with the
corresponding decrease to specific thermal
capacity by 34%. Rehman et al. [5] studied
the behavior of heat sink at different heat
fluxes with different PCMs. They observed
the operational time for heat sink without
PCMs and with PCMs composites. Different
PCMs/composites were investigated by
changing heat fluxes from 800 W/m2 to 2400
W/m2. They pointed out that as the power
provided increased, there was a reduction in
maximum temperature across the heat sink.
Copper foam/PCMs composites were least
proficient at 2400 W/m2 based on the
performance of aluminum heat cavity [6].
Furthermore, the study revealed that
increasing the PCMs volume fraction
decreased the base temperature of the
thermal cavity. Since the copper foam is
characterized by high conductive materials,
the presence of copper increased the heat
transfer rate within composites. When the
copper foam is embedded in PCMs, the
melting time of PCM reduced and there was
a 36% increase in heat transfer rate [7]. Heat
storage properties of paraffin mixtures can
be improved when nanoparticles of Al2O3
are encapsulated in paraffin by the directsynthesis method [8]. Metal filler and
carbon-based filler materials both added in
PCMs largely improve the thermal
conductivity. However, carbon additives
show excellent stability compared to metalbased PCMs composites [9]. R. Baby et al.
25

[10] studied the properties of copper
foam/PCM based submerged heat. They
found that spinning does not effect the heat
transfer rate.
Heat transfer enhancement has a major
influence on the thermal properties of PCM.
Rapid heat transfer effects the heat-storing
and release rate. Hence it is very necessary
to increase the low thermal conductivity of
the phase change material composite.
Different approaches used through
researchers were focused on using graphite,
nanoparticles, and enclosing of PCM.
However, the thermal conductivity of copper
PCM composite utilizing the infiltration
technique was rarely focused. This article
focuses on the increase of thermal
conductivity of copper/PCM composite
along with the heat storage properties.
VI.

Materials and methods

In this study Paraffin (Rubitherm-42) was
used as a PCM having temperature range
and thermal conductivity of (38-41) ℃ and
(0.2 W/m.K) respectively, through the Ruhr
Technology China. The thermal properties
of materials are given in the Table below.
Table XVII: Thermal conductivities of
samples
Material

Copper
Paraffin (3841℃)

Thermal
conductivity
W/m.K
398
0.2

The composite PCM is prepared by the
infiltration of molten paraffin wax into a
copper foam. The paraffin was placed in a
metal container and heated uniformly
through the heater until the wax was melted
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completely. The copper foam was lowered
in the metal container through the wire mesh
for the infiltration of molten paraffin wax.
When the paraffin was completely
penetrated, the heat source was removed and
left the wax to solidify. The metal container
was then gently heated to separate the
saturated coated metal foam paraffin
composite from the container.
VII. Infiltration

Ratio

VIII. Experimental

To find the infiltration ratio the sample was
weighted using the electronic mass balance
(JM10002) with a precision of 0.01 g
provided by Zhejiang Ltd China. The mass
reading was taken before and after the
infiltration of the paraffin. Metal foam bulk
porosity was found by the following
equation [12].
𝜀𝑏 = 1 −

𝑚𝑓0

(1)

𝜌𝑠𝑘 𝑉𝑡

In the above equation, the 𝜀 b is the bulk
porosity of metal foam. Vt represents the
volume of the metal foam, 𝜌sk represent the
density of the metal skeleton and 𝑚̇𝑓0
represents the mass of metal foam. The
following equation was then utilized to find the
infiltration ratio [12].

α=

𝑚𝑎𝑐𝑡𝑢𝑎𝑙
𝑚𝑖𝑑𝑒𝑎𝑙

=𝜀

𝛥𝑚𝑖
𝑏

𝜌𝑝𝑐𝑚 𝑉𝑡

(2)

Where ρpcm is represent the density of PCM
when it is in solid form. Δmi is the difference
in masses of metal foam before and after the
infiltration. The α is a dimensionless
parameter and show the actual value of
paraffin wax infiltrated into the metal foam
as compared to the ideal mass which could
be infiltrated. If the value is 100% it implies
that all the paraffin has infiltrated into the
metal foam and all the pores are filled with
the paraffin.
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Fig. 11: Isometric view of copper foam.[13]
setup configuration

Thermal conductivity of copper paraffin
composite wax measured indirectly by
thermal diffusivity, defined as heat move
rate by conduction during changing
specimen temperature with the passage of
time and denoted by (α). Where diffusivity
is measured by using an apparatus designed
based on laser flash technique at 25 ℃. The
apparatus consists of a metal rod with an
inside electric heater for heating purpose and
temperature of the metal rod is constantly
maintained by 35 ℃ throughout the
experiment and infrared radiator (IR
detector) of (FLIR SC660) type is used for
temperature measurement without any
physical contact with apparatus or sample
material. The samples of the composite of
copper foam with paraffin wax is tightly
attached with metal rod along the length
through the thermal tape (thermal interface
material) to overcome interface resistance
between metal rod and test samples. During
the experiment, the sample temperature for
each specimen is recorded by the IR detector
(FLIR SC660) from top to bottom at 5 mm,
25 mm, and 45mm. The working
temperature range of the IR detector was
from -40 °C to 1500 °C. It has a temperature
sensitivity of 0.05 °C and an accuracy of ±1
°C. The thermal diffusivity is measured by
using the following relation [12].
1.38 𝑑²

α = 𝜋2 𝑡 1 /₂

(3)
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Where on the left side, there is α in (m²/s)
and on the right side denotes the sample
length in (m) and 𝑡1 /₂ as time in (seconds)
for half-maximum temperature on the rare
side of specimens. This value of time for
half-maximum temperature on the rare side
is the main parameter for thermal diffusivity
measurement. By using thermal diffusivity
value from the above equation, thermal
conductivity for each specimen is
determined through the following equation
[14].
𝜅 = αρ𝑐ₚ
(4)
Where, on left side 𝜅 denotes thermal
conductivity in (W/ m.k) and on the right
side, 𝑐ₚ denotes specific heat capacity in
(J/kg.K) of the respective specimen
determined through calorimeter (DSC
Q1000) determined in above section with ρ
as density in (kg/mᶟ). The density of the
respective specimen is determined by
mass/volume relation. Where the mass is
determined by using the electronic mass
balance (JM10002) with a precision of 0.01
g provided by Zhejiang Ltd China and
volume by (L × W × H) mm relation for
each specimen.

Fig. 12: Laser flash method
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IX.

Results and discussions

The graph in Fig. 3 below shows the
relation between the porosity and the
thermal conductivity of copper/paraffin
composite. The outcome tells that the
thermal conductivity of the copper/paraffin
composite is inversely proportion to the
porosity of the foam. Maximum thermal
conductivity was seen at a porosity of 0.90
which was 8.6 W/(m.K) while low thermal
conductivity of 3 W/(m.K) was seen at a
porosity of 0.98. The thermal conductivity
was enhanced by 286.6% as porosity was
varied from 0.98 to 0.90

Fig. 3: The relation between porosity and
thermal conductivity of copper
foam/paraffin composite

Fig. 4: The relation between the pore
density (PPI) and the infiltration ratio
The graph in Fig. 4 above shows the inverse
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relation between the pore density (PPI) and
the infiltration ratio. As the pore density
increased, the infiltration ratio of the
paraffin decreased. A maximum infiltration
ratio of 90% was achieved. A 100%
infiltration ratio cannot be achieved due to
the slight difference in the solidification
rates of PCM. The solidification of the
paraffin on the outer side of the metal foam
starts early as compare to the inner side of
the metal foam. There is also a slight
difference in the density of the paraffin
when it in solid form as compare to paraffin
that is in liquid form. When the PCM cools
down this density difference causes the
shrinkage of PCM and the small cavity is
formed on the inner side of PCM which does
not allow complete infiltration of PCM in a
metal foam.
X.
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Abstract--- Energy plays a significant aspect in the advancement of nation both socially and financially.
Utilization of energy from renewable source is the main research focus in order to reduce dependency on
conventional fuels. Keeping in view the fact, battery hybrid vehicles are rapidly replacing conventional vehicles.
Lithium ion battery is an integral part of battery electric vehicles due to their high energy and power density.
Their efficiency is affected due to rise in temperature of battery pack. An effort is made to maintain battery
within permissible temperature limits. In current study efficient thermal management (graphene coated nickel
foam paraffin composite) are examined experimentally for highly powered Li-ion batteries. Experimental model
carries six Panasonic 18650B 3400 mAh lithium ion energy cells which were connected in series. Four other
thermal management modes were compared, and their results were evaluated. By utilizing graphene coated
nickel foam paraffin composite, 34% reduction in temperature of battery pack is achieved. While 1% decreases
in temperature of battery enhances the life of battery for two months. So, graphene coated nickel foam paraffin
composite is feasible option to maintained battery temperature within permissible limits.
Keywords---thermal management, hybrid electric vehicle, passive cooling, graphene composite

I.

INTRODUCTION

Lithium ion batteries are integral part of electric
vehicles because of their high energy and power
density. Li-ion batteries are light in weight and more
efficient as compared to other type of batteries [1].
However, lithium ion batteries produce extreme heat
during operation. Their efficiency decreases due to rise
in temperature of battery. Also the performance and
life of battery is concerned by rise in temperature [2].
Managing this rise in temperature remains a challenge.
There are the following methods for thermal
management of battery that are used for temperature
control. It includes active cooling system which
consists of pump, fan and heat exchanger whereas
passive cooling system contains PCM. Active cooling
system is expensive, bulky and makes the system
heavy [3]. So passive cooling system which contains
PCMs is compact, light in weight and is more efficient
[4]. PCM enhances thermal energy storing ability of
the system by using latent heat and effectively control
the rise in temperature. Phase change materials
(paraffin wax) that are utilized in thermal management
have latent heat, low cost, environment friendly but
possess poor rate of heat transfer (0.19 W/m K) [5].
Various techniques for improving the heat transfer are
introduced (a) By adjoining additives like nano
materials with PCMs [6]. (b) By employing metal
fins/foam [7]. Researcher focused to work for
enhancing thermal conductivity by various methods.
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Goli et al. [8] discovered that rate of thermal
mobilization of pure PCMs can be raised by spending
graphene paraffin composite. He developed PCMs by
using graphene composite and thermal conductivity of
PCM was raised to 45 W/ (m. K) rather than 0.19 W/
(m. K) by pure paraffin.
Sedeh et al. [9] employing graphite foam composite
with phase change material. Pores of foam penetrated
with PCM (cyclohexane) and thermal analysis was
done at experimental setup which contained lithium ion
batteries. Surface temperature of battery pack reduced
to 11.2°C using graphite foam paraffin composite.
Temperature gradient of module is kept in permissible
limits due to sufficient increase in thermal
conductivity. Samimi et al. [10] had done
experimentation using carbon fiber with paraffin wax
composite and showed that thermal conductivity raise
to (81-273%) of paraffin wax. There was 15 °C
decrease in temperature of lithium ion batteries so that
results were effective for battery thermal management
system.

Al-Hallaj et al. [11] investigated a technique
for passive cooling of Li-ion batteries using
graphite matrix infiltrated with phase change
material. Experimentation was performed
utilizing a cylindrical shape battery cells at
different ambient temperature of 30 ºC and
45 ºC. By this study they concluded that
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battery life is improved efficiently by using
PCM composite.
Sabbah et al. [12] studied temperature
uniformity using natural air at 1.5C rate. They
developed experimental model and reported
that PCM composite with metal foam gives
good dissipation of heat as related to active aircooling system at discharge ratio of 6.66C for
18650B Li-ion batteries.
Lithium ion battery thermal control was
achieved by the use of metal foam (copper,
aluminum) or paraffin wax graphite
composite. Graphene heat transfer rate
(2000-3000 W / m. K) is very high. In fact,
graphene coating on nickel foam improves the
transfer of heat from phase-change product
infiltrated in a nickel foam [13, 14] .
By afore mentioned literature survey, it is
concluded that specific heat of nickel foam is
more reliable and it extracts more heat from
battery pack. But the issue is that nickel foam
increases just six times paraffin's thermal
conductivity. Graphene thermal conductivity
is very high (3000 W / m K) [13]. Nickel foam
has ability to extracts more carbons from
graphene. Herein, the objective of current
research is to evaluate the temperature of
battery pack by utilizing graphene coated
nickel foam paraffin composite. Benefits of
graphene composites include enhanced
mechanical strength and reduced thermal
expansion with no extra expanses. It is
investigated that nickel foam is never used
with graphene coating. Novelty is established
in recent work by studying and comparing
four other modes of thermal management i.e.
natural air circulation, pure phase change
material, phase change material infiltrated in
nickel foam and phase change material
infiltrated in graphene coated nickel foam. In
this paper temperature uniformity along with
battery pack will be analyzed by comparing
their results.
II.

EXPERIMENTAL SETUP

A Battery Pack Properties
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Different types of lithium ion batteries are
available with various configurations so after
a thorough literature review, we have
selected such kind of batteries which satisfy
its rating. The experimental setup carries six
Panasonic 18650B 3400 mAh lithium ion
energy cells which were connected in series.
Complete specification of battery pack is
shown in Table 1.
B Nickel Foam Paraffin Composite

Paraffin wax and nickel foam were evaluated
for performance to proper control the
temperature battery pack. Paraffin wax RT-42,
exhibit large latent heat capacitance as well as
must have high thermal conductivity and it
should melt consistently and with minimal sub
cooling, non-corrosive, and non-toxic and
have low cost. A small (0.1%) uncertainty
arises in a sample and neglected due to
thickness of metal foam.
C Testing of battery pack

The temperature of Li-ion battery pack was
examined under four modes of thermal
management: (a) nickel foam (b) pure PCM (c)
nickel foam PCM composite (d) PCM
infiltrated in graphene coated nickel foam
composite. The experiment was performed
under varying load inputs Thermocouples
were utilized to observe the temperature of
battery pack. One thermocouple was engaged
at 1st positive junction of battery pack and two
thermocouples were engaged at mid of 3rd
and 5th battery, after passing every 30 sec data
acquisition system recorded the surface
temperature of battery module. The step by
step obtained data was evaluated and
manipulated when the expected results were
justified.
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Figure 1: Nickel Foam
Figure 5: Experimental Setup connected with
System

III.

RESULTS & DISCUSSION

A Discharging at 0.5C using natural air

Figure 2: Battery Panasonic NCR 18650B

Figure 3: Schematic diagram of Experimental
Setup

Figure 4: Battery Pack Wrapping with Nickel
Foam

A complete charge-discharge cycle was
carried using natural air as cooling medium.
Temperature distinction varied linearly with
time under 0.5C discharge rate.
Maximum rise in temperature took place at
the mid of battery pack so cell number 3 was
selected and connected with T type
thermocouple. Temperature response of cell
no 3 are shown in Figure 6. The battery pack
charged and discharged at constant rate 0.5C
and it began to heat and reached at 35°C
during (205 min< t <290 min) discharging
phase. Sudden rise in temperature was due to
convection at the same time rate of heat
transfer of air was low.

Figure 6: Discharging at 0.5C using natural air as
cooling mode
B Discharging at 0.5C using PCM
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Paraffin wax exhibits conduction mode of
heat transfer. Discharging of battery pack was
done at 0.5C rate and temperature increased
gradually and went to maximum at 33°C
during (415 min <t< 480 min). Comparing with
natural air circulation mode there was 7%
drop in temperature of PCM as cooling
medium which clarified that heat transfer rate
of paraffin (conduction) is more than natural
air (convection). The point to emphasize that
increase in temperature of battery pack was
lower than melting range of paraffin wax, so
in this case only thermal conduction
parameter of compact paraffin was used as
shown in Figure 7.

Figure 7: Discharging at 0.5C using paraffin wax
as cooling mode
C Discharging at 0.5C using nickel foam PCM
Composite

Paraffin wax infiltrated in porous nickel foam.
Discharging of battery pack initiated and
temperature profile went to maximum at 31°C
during time (300 min < t < 380 min). In present
study phase change material cannot be
melted during charge and discharge process
and only conduction phenomenon of heat
transfer worked efficiently, that there is
immense increase in thermal conductivity due
to use of nickel foam composite as shown in
Figure 8. Its determined that there was 9%
and 13% drop in temperature profile as
compared with pure PCMs and air circulation.

Figure 8: Discharging at 0.5C using nickel foam
paraffin composite as cooling mode
D Discharging at 0.5C using graphene coated
nickel foam PCM composite

Graphene
has immense thermal conductivity Therefore
battery pack temperature was further
reduced utilizing graphene layers on nickel
foam saturated with paraffin wax. At same
discharge rate 0.5C battery pack is examined
using GCN composite and studied that during
charging phase maximum temperature
increased to 32°C and 30°C in discharging
phase which is lowest as compared to without
graphene coating as shown in Figure 9.
Passive temperature control of batteries
proved more effective and kept battery
temperature within limits by using graphene
coated nickel foam.

Figure 9: Discharging at 0.5C using paraffin wax
infiltrated in graphene coated nickel foam as
cooling mode
E Discharging at 2C rate using graphene coated
nickel foam PCM composite
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The experiment was repeated again, and
module was discharged at 2C (6.8A) to check
the sensible heat effect on all three cooling
modes. The figure 10 showed the
temperature profile at 2C discharge rate. It
can be seen from graph that temperature by
natural cooling is 65.45°C that can damage the
battery pack. 24.69% temperature drop with
paraffin application. At the point when
graphene coated nickel foam composite is
used temperature goes to 43.19°C which is
34% lower when contrasted with common air
cooling. A 34% reduction in surface
temperature of battery pack is accomplished
by utilizing paraffin wax infiltrated in
graphene coated nickel foam than common
air convection. This temperature decrease
demonstrates that the graphene coated nickel
foam paraffin composite is a feasible choice
for efficiently temperature control of lithium
ion batteries.

between cell no 1 and cell no 3 is shown in
Figure 11. This smallest temperature
difference 0.5°C ensures that graphene
enhanced the dissipation of heat through
conduction mode.

Figure 11: Temperature uniformity using
graphene coated nickel foam PCM composite

IV.

➢ Experimental survey on thermal
management of high-powered lithium
ion batteries was conducted by
employing graphene coated nickel
foam paraffin composite.
➢ The results indicated that nickel foam
enhanced the heat transfer rate of PCM
by 6 times while graphene coated
nickel foam increased heat transfer by
23 times of PCM. By employing GCN
paraffin composite as a cooling
medium, the surface temperature of
battery pack was reduced to 34% as
compared to natural air and PCM under
2C discharge conditions.
➢ The temperature difference along
battery pack was only 0.5°C, while 1%
decreases in temperature enhanced the
life of battery for 2 months. So paraffin
wax infiltrated in graphene coated
nickel foam was viable option for
thermal management of lithium ion
batteries.
REFERENCES

70
Air
Pure PCM
Nickel paraffin composite
Graphene coated nickel foam

65

Temperature (°C)

60
55
50
45
40
35
30
25
0

1

2

3

4

5

6

7

8

9

10

11

12

Time (min)

Figure 10: Discharging at 2C rate comparing all
cooling modes
F Temperature uniformity using graphene coated
nickel foam PCM composite

Keeping discharge rate same as 1.5C for
temperature control of battery pack was
carried by employing GCN paraffin composite.
Identical temperature distribution inside the
battery pack is essential for achievement and
life of battery pack. Temperature uniformity
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Abstract---Properties of coal are characteristics which perform an essential role in the boiler energy system. Boiler
efficiency increase when the less calorific values of coal is used for burning. Addition the size of coal has the
significant effect on the combustion process as well as in the performance of the boiler efficiency. In this paper,
the production of steam in chain grate boiler against different gross calorific values of coal were experimentally
examined. The behaviors of coal combustion and steam production at different gross calorific values of coal was
studied. At the lowest gross calorific value of coal, production of steam increases and also attain the highest
efficiency of boiler. A comparative analysis of coal and steam is made. The mass of steam produced and the mass
of coal combustion is experimentally considered. Experimental results show that a minor development in the
productivity of the boiler with the lowest gross calorific value of coal increases the efficiency of the boiler by 1015% and also get the highest heating capacity of coal.
Keywords—Energy, Gross calorific value, Coal fired Boiler, Heat Input, Heat Output, Efficiency, Steam Flow
Rate.

I. Introduction
Boiler is a closed vessel in which water is
boiled and converted to steam. Boiler is a
machine to produce the steam. By burning of
petroleum in the boiler is used to production of
steam at defined temperature, pressure and
steam flow rate [1].
The purposes of experimentation assessment
of operation of boiler is to get the real
performance and productivity of the boiler and
associate it with design effectiveness and other
factors. It is fact day to day modification in
boiler design and increasing in energy
demands and also in burning of petroleum,
36

gross calorific value (GCV) enhancements to
get the highest thermal efficiency [2].
For increasing the boiler efficiency by minor
fraction changes, will be minimize the fuel
consumption in steam generation. Again,
regardless of remnant coal assets in
environment and environmental safety
subjects, the lubricant, natural gas and coal
petition is likely to rise to 47.5%, 91.6% and
94.7% correspondingly amongst 2003 and
2030 [3]. First, examine how efficient the
boiler is at plant. Start by checking the design
efficiency rating of boiler. This is usually
published in product catalogues and/or safety
data sheets. It is keeping in mind, however,
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that this rating describes the efficiency of the
boiler when operating under ideal conditions,
and may not be an accurate reflection of the
efficiency at which the boiler is operating at
your plant. The efficiency rating of your boiler
should be taken as an ideal level, and plants
should work to make their boiler's operational
efficiency as close to this rating as possible
[4].
Amari et al. researched on the energy
economics of the Hamadan steam control plant
were studied and the energy consumption and
energy loss of the mechanisms of the
command plant were estimated. In command
to improvement good vision into the
investigation, the effects of load changes and
ambient temperature were calculated.
Estimation of the energy efficiency of the
boilers, turbines, heaters, condensers at unlike
ambient temperatures. From the energy
analysis it was found that the condenser had a
maximum energy loss (about 70.5%) and an
energy loss of 15.5% was found in the boiler.
On the other hand, in terms of energy, the
main energy loss (about 81%) of the boiler’s
total energy loss is only 5% of the total energy
loss. From an energy economic point of view,
it has been observed that the energy
consumption of boilers and turbines is higher
than the cost of another component [5-7].
The main reason of energy deficient in the
boiler is the temperature loss. The wide range
of heat loss in the boiler take place through the
chimney smoke. The most important
parameters for the loss of heat are the
temperature and volume of chimney fume. So
that decrease in any one of these will reduces
the heat loss. To minimize chimney
temperature loss, temperature of chimney fume
should be cheap to the nearby heat of boiler.
But due to the cost-effective inaccessibility
and limitation in heat transmission standard
these damages are unavoidable [8, 9].

Burning process of coal to transfer the
temperature is the straight forward method to
practice the fuel. For temperateness, culinary
and engineering procedures to get generated
heat from burning of coal. The china is using
the firewood as primary as 1000 BC [10].
From the fourth century expenditure of coal
first time documented by the Greek
philosophers Pliny, Aristotle and Theophrastus
in the western world (Moore, 1922), the coal is
used to burn and the coal is usually recycled
by antediluvian man, meanwhile coal can be
establish at boulders [11].

The understanding of coal ignition in three
methods: as outsized piece in a static bed or on
a grate, for example crushed or tiny parts in a
fluidized bed, or as very sufficient elements in
postponement. Ideally, a few mass of particle
can be burning the coal through any one of the
three techniques, but industrial limitations
found chosen size of constituent part for the
three methods. With respect to leading answer
appliance and other warm air processes (i.e.
ratio of heating system, which can regulator
volatiles produce and structure), particle has
also been found to be the most important
parameter. (Elliot, 1981) [10]. Studies have
also been organized and carry out to evaluate
energy savings and production and discharge
of flue gas degree opportunities and their cost
effectiveness in industrial boilers and
associated steam systems. Einstein, et al
calculated energy usage and energy
competence upgrading capacities in steam
methods in the U.S. by way of calculating the
cost of conserved energy (CCE) to estimate the
cost-effectiveness of relevant retrofit measures
[12]. Best use of fire procedure with regards of
boiler productivity and discharge of air
contaminants is of crucial importance in
reducing effective and repairs expenditures.
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There are countless techniques for such
improvement, in which there are some

Throughout past few centuries’ contactless
heat amount expertise have developed more
standard in the production. There are two
main skills, which are used in firewood
boilers to calculate heat division-acoustic
equipment [13-15] and laser machinery [16,
17]. In [18] writers extant rewards of acoustic
structure in estimation of incineration value
in minced petroleum afire boiler. Going on
the further pointer, in [19] the significance of
laser equipment in fire optimization tasks is
obtainable. Heat splitting up in parallel crosssection of a boiler is an excessive gauge of
worth of fire procedure. This sign could be
recycled in boiler controller to finest usage
the incineration progression.
II. Experimental Setup
For the current research experiment, an
experimental setup was available to analyze
and compare the steam production and coal
combustion with different gross calorific
values of coal. The special apparatus was
available also used to give measurements of
gross calorific value of coal for analysis of
mass of steam production along the different
GCV of coal and at various mass of coal
combustion with the different temperature’s
series of feed water and pressure of steam.

varieties from boiler apparatus e.g. new
capacity tools, connected software systems.

➢ Steam flow meter
➢ HMI flow chart display
➢ HMI control parameters common.

Figure.1 Flow Chart of Boiler Process.

The experimental set consists of following
components
➢ Boiler in operation
➢ Pressure gauges
➢ Thermocouples
➢ Temperature sensors

Figure.2 Different Controlled Parameters.
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It is the maximum opportunity to be achieved

Figure.3 Steam Flow Meter.

III. Results and discussions

Mass of Steam and Coal (Tonnes)

Current study will be helpful while carrying out
thermal management of boiler especially developing
steam system.
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useful work and able to be used for a practical
purpose or in several ways that could be acquired
from the system at a given state in identified and
cleared surrounding. In the figure.4 the graph
relation between the steam and coal shows that
steam production rate (tones/hr.) changes with the
minimum change in the mass of coal for
combustion.
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Figure 5: The relation between the mass of steam
and the gross calorific value of Coal

Operating Time (Hrs.)

Figure 4: The relation between mass of
steam and mass of coal

The work done during an operation determined on
the initial state, the final state, as well as the
working order of the condition. The relation in the
figure 5 shows the curve of mass of steam and the
gross calorific value of coal. This graph shows that
due to the increase in the gross calorific value of
coal, decreases the mass flow rate (Tones/hr.) of
steam. It shows that the steam production rate
decreases at the same rate of mass of coal in the
combustion process with the highest gross calorific
value of coal.

GCV (Kcal/gm) and Efficiency
(%)
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Figure 6: The relation between the gross
calorific value and the efficiency of the boiler
In figure 6, the graph shows the relation between
the gross calorific value of coal and the efficiency
of the boiler. The increase in the gross calorific
value of coal decreases the efficiency of the boiler.
It means that the gross calorific value of coal
effected the performance of the boiler. At the
lowest gross calorific value of coal, the
performance of the boiler will be better. We
should select the proper coal for steam generation
in the boiler.

IV. Conclusions
The study reveals that energy efficiency measures
are cost effective in saving energy used and thus
emissions from coal-fired industrial boilers. To
develop the wide adoption of energy efficiency
measures in Pakistan, strategies and plans are
required to remove the information, capacity, and
financial barriers and to create better standards
and greater opportunities for capturing systemwide potentials. The efficiency calculation
procedures are helpful for coal fired boilers in
production of use of steam and in thermal power
plants by straight and unintended technique
commencing the Agency of energy proficiency
[20] are for a short time explained in the paper.
The energy efficiency and the heat losses through
boiler for the production of steam is a wide scope.
The scope work exists in the insulation and
material of structure for calculation the heat losses
in the boiler and steam flow directions. Instead of
the gross calorific value of coal, also the moisture
content, air dried sulfur and ash (%) effect the
combustion heat capacity of the coal.
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Abstract— Li-ion battery pack utilized in the
Electric vehicles (EVs) and Hybrid electric vehicles
(HEVs)
require a very effective thermal
management system (TMS), to keep the working
temperature of the battery pack in the safe
range. In this research, a passive thermal
management system (PTMs) is developed by
utilizing unique composite (Aluminum foam and
paraffin wax) to maintain the operating
temperature of highly powered li-ion batteries.
Comparison has also been made with three other
cooling modes i.e. nickel foam-paraffin, natural
air-circulation and phase change material
(Paraffin wax). The results signify that the safety
requirements of the lithium-ion battery cannot
met through natural air circulation as a cooling
mode. After using aluminum foam/paraffin
composite as medium of cooling, results show a
decrease of 32.6% in the temperature comparing
with natural air cooling, 5.1% by nickel/paraffin
composite as a medium of cooling and 11.8% in
comparison to the pure PCM at 2C discharge
rates.
Keywords— Charge & Discharge rates; TMS; li-ion
batteries; PCM material, Aluminum foam.
XI. Introduction

The Electric vehicles (i.e. EVs & HEVs)
demand is rising on daily basis because of
issues related to the emissions, limited
42

resources of fossil fuels and price hike of
hydrocarbon. The fuel used to power EVs and
HEVs is the li-ion batteries which have more
energy & power density. The problem which
frequently occurs in using the high-powered
batteries of li-ion in EVs and HEVs is the
temperature rise at the time of charge and
discharge. This temperature rise causes the
production of heat in the battery pack and
there is the possibility of an explosion if the
battery temperature reaches its critical limit.
Different methodologies are used for
efficiency enhancement of PCM for
temperature management of the lithium-ion
battery pack. Wu et al.[1] developed a selftype heat contained duct enclosed with
battery pack superficial area for the control of
excess
temperature
throughout
the
discharge. They discovered that using the heat
pipe with air strained convection has
decreased the temperature and caused extra
uniform temperature supply.
Pesaran et al. [2] discovered a liquid-based
temperature control system. They computed
the temperature throughout the discharge
procedure. Previously the organic phase
change materials were also given preference
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due to their higher latent heat, good chemical
properties and inexpensiveness [3]. Sabah et
al. [4] did comparative research between the
PCM and forced air circulation methodology
at a constant discharge rate for both the
methodologies. They used 1.5 Ah 18650
commercial lithium-ion battery cells. Their
research demonstrated that the phase change
material cooling methodologies and effective
temperature distribution was greater in
comparison
to
the
active
cooling
methodology at 1.3 C discharge rate &
ambient temperature of 40 ◦C. PCMs are also
better
choice
for
battery
thermal
management, because of its advantages as a
thermal energy storage use. As they have a
drawback of having very less thermal
conductivity, therefore it has limited
utilization in heat storage applications. [5]. To
overcome this drawback different kinds of
methodologies are presented for thermal
conductivity enhancement of PCMs. Fan and
Khodadadi [6] researched to enhance the
PCMs thermal conductivity, they used the
spread fins, mixing the higher thermal
conductivity bits, or using the porous metal
foams. For the electric vehicles. Khateeb et
al.[7] researched the 4 modes of heat transfer
for 18650 (2.20 Ah) battery pack. They found
that the temperature of aluminum foam/
PCM composite decreased an extra 5 ◦C
temperature comparing with PCM material.
Another research conducted by li et al. [8]
methodology for encapsulating of phase
change material with the copper metal foam.
They showed in their research that PCM
material’s thermal conductivity was enhanced
greatly using copper metal foam and heater
surface temperature was also decreased.
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The purpose of this research is the
development of a TMS for the harmless
working condition of lithium-ion battery pack
applied in the HEVs & EVs by employing
Aluminum foam saturated with PCM (Paraffin
wax). This research has also been compared
with the three other methodologies, i.e.
natural air, PCM & nickel foam/paraffin
composite.
XII. Experimental setup
A.

Setup of Battery Packs

The lithium-ion battery cells utilized for this
research has been tested and those having
above 90% efficiency are utilized. Cells used in
this research are 18650 B NCR type Panasonic
their operating voltage range is 3.0 Volts - 4.2
Volts. Whereas pack capacity is 3.40 Ah. The
diameter of the cell is 18.40 mm, the height of
each cell 65.0 mm and nominal voltages are
3.70 Volts. The connection is made in the
series and the configuration of the cells is 6S
(six cells in series). For battery pack safety, a
safety circuit is also installed. The
specifications are listed in Table No 1.

Table 18 Battery Pack Specification.
Arrangement of
Cells

6 cells in Series

Capacity (Pack)

3.40 Ah

Cells Space

5.740 mm

Rate of Charging

0.50C rate (1.70 A)
galvanostatic mode and 100
mA potentiostatic mode

Rate of Discharge

0.50C rate (1.70 A), 1.50C
rate (5.10 A) & 2.0C rate
(6.80 A)

Voltage limit cut
off

Charing 4.2 Volts per cell &
Discharging 3.0 Volts per
cell.
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PCM properties (thermo-physical) utilized in
this research are: specific heat capacity
(2000.0 J/Kg.K), its density in liquid & solid
state is 760 kg/m3 & 880 kg/m3 respectively,
melting temperature 38.0 ◦C to 41.0 ◦C,
Paraffin thermal conductivity is 0.20 W/m.K.
Aluminum foam sample having porosity (ε)
0.950 and pore density (ⱳ) 20.0 PPI (Pore Per
Inch) with a measurement of L=165.0 mm,
W=65.0 mm and H=25.0 mm, (L x W x H).
Aluminum foam thermal conductivity 91.40
[W/ (m.K)]. The drilled cavity diameter is 18.3
mm and space between two cells is 24.04 mm
from their centers. After dividing the foam
into two parts the cells have been placed in
the drilled holes, the sole purpose of this
structure is to decrease the weight of a
battery pack.
B.

Aluminum
metal
foam/PCM
(paraffin) Composite.

Aluminum foam-paraffin was made
through penetrating liquid PCM (paraffin) in
the pores of Aluminum foam using a water
bath (hot). For calculation of thermal
conductivity of composite, equation used is
equation No 1. [9].
𝐾𝑒 = 𝐴[ ( 1 − 𝜀𝑏 ) 𝑘𝑓𝑜𝑎𝑚 + 𝜀𝑏 𝑘𝑝𝑐𝑚 ] +
1−𝐴
𝜀𝑏
1 − 𝜀𝑏
+
𝑘𝑝𝑐𝑚 𝑘𝑓𝑜𝑎𝑚

,

(1)

Expressions used in this equation are,
effective thermal conductivity ke. A being the
coefficient of correlation. Ɛb for bulk porosity.
kfoam is thermal conductivity of foam & kpcm is
PCM thermal conductivity. The calculated
quantities of bulk porosity 0.970 and foam
thermal conductivity is 91.40 [W/m.K] [10].
Bhattacharya et al.[9] proposed coefficient of
correlation (A) to be 0.350, he highlighted that
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through this Equation (1), the calculating
range of porosities and pore density of the
foam is from 0.905 to 0.978 & 5 to 40 Pore Per
Inch respectively. As the Pore density and
porosities of foam lies within the suggested
range, the operational thermal conductivity of
Aluminum foam composite is also calculated
through the same equation and the value is
1.802 [W/ (m-K)]. The “Fig 1”. of Aluminum
foam before and after permeation is shown
below. Leica microscope (Leica-M205C) was
used to take the pictures.

a)

b)

Figure 1 Aluminum metal foam (a) before PCM
infiltration (b) After PCM infiltration.

C.

Battery Pack Testing.

These tests are performed on four
methods i.e. Natural air circulation, Pure
phase change material, Nickel foam/paraffin
composite & Aluminum foam/paraffin wax
composite. Three thermocouples having an
accuracy of 0.10 ◦C has been used in this
research to investigate battery surface
temperature. Two thermocouples are in the
mid of fifth & third cells and the other one is
Figure 2 Research arrangement

placed on the battery cell +ve side terminal.
Another thermo-couple is also used to check
the
environmental
air
temperature.
Laboratory environment temperature was
thermostatically kept at 25.0 ◦C. The charging
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of the battery was done on the galvanostatic
& potentiostatic modes, constant rate was
0.50 C (1.70 A) and 100 mA respectively and
limit of voltage cut off was 4.20 Volt/cell.
Charge time continued after a break till the
pack reaches the environmental temperature.
Discharge has been done1.50 C (5.10 A) & 2.0
C (6.80 A) rate till it reduces to 3.0 Volts each
battery cell. Lastly, break time was continued
for the complete cycle till the temperature
reaches the environmental temperature. The
temperature has been recorded after passing
every 30 seconds with the help of DAQ
(National Instrument NI USB-9162). These
values are shown in Table. 2.

Table 19 Load Cycles Parameters
Parameters Test 01
Charge
0.5 C (1.7
rate
Rest
up
ambient
temp.
Discharge
1.5 C (5.1
rate
Rest
up
ambient
temp.

A)
to

A)
to

Test 02
0.5 C (1.7
A) rate
up
to
ambient
temp.
2 C (6.8 A)
rate
up
to
ambient
temp.

The battery pack research arrangement and
charging, discharging module can be seen in
“Fig 2”.
XIII. Results and discussion
A.

Performance Of Different Cooling
Mediums (Passive TMS).

For classification of natural air flow, the
Rayleigh number used is the equation No. 2.
𝑅𝛼 =

𝑔𝛽(𝑇𝑠 −𝑇0 )𝐿3
𝓋2

𝑃𝑟,

(2)

In equation 𝛽 [1/K] thermal expansion
coefficient, v [m2/s] viscosity (Kinematic), g is
the gravity that is 9.8 m/s2, L is length of
battery cell (6.5 cm), Ts [K] is battery cell
surface temperature and To [K] the ambient
temperature. For this research To is kept
constant, which is equal to 298.150 K,
whereas the Ts surface temperature is
calculated via experiment. The range of
Rayleigh number, 103 < Ra < 109 is considered
as the laminar flow, while for turbulent flow
the range is 109 < Ra < 1014.
The experiment was conducted for the
Aluminum foam/paraffin composite at 0.50 C,
1.50 C & 2.0 C rate. During charge & discharge
process the temperature was increased up to
32.1 ◦C and 30.4 ◦C respectively at 0.5 C. This
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@ 1.5C Rate
Air
50
PCM
48
Nickel Parrafin Composite
Aluminum
46

0

Temperature ( C)

52

44

Liquid
Melting

42
40

Solid

38
36
34

Solid

32

Melting

30
28

Fig.2 Research arrangement.

26

a)

24 4. Temperature variations with respect to time
Figure
0 1 cooling
2 3 4 modes,
5 6 7 i.e.
8 9Air,
10 11
12 13 Nickel/paraffin
14 15 16 17 18 19
using four
PCM,
composite and aluminumTime
foam (min)
paraffin, a) at 1.5 C.
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operating temperature utilized in the EVs &
HEVs.

60

0

55
50
45
40
35

Liquid
Solid

30

Melting

b)

25
0

1

2

3

4

5

6

7

8

9

10

11

12

Time (m)
Figure 4. Temperature variations with respect to
time using four cooling modes, i.e. Air, PCM,
Nickel/paraffin composite and aluminum foam
paraffin b) 2.0 C discharge rate.

XIV. Conclusion.

Aluminum
foam/PCM
(paraffin)
composite is used to make thermal
management system (TMS) for highly
powered li-ion battery pack. It is concluded
that by using this composite, lithium-ion
batteries temperature drops of 32.6%, 12% &
5% has been noticed in comparison to other
cooling modes i.e. natural air circulation, PCM
and
nickel
foam/paraffin
composite
respectively. The increase in li-ion battery
surface temperature has been reduced more
in comparison to the other three cooling
modes (i.e. natural air, pure paraffin, & nickel
foam-PCM (paraffin) composite). This
decrease in battery surface temperature
highlights the importance of aluminum metal
foam/PCM (paraffin) composite as a cooling
mode for development of lithium-ion battery
pack TMS (thermal management system).
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Abstract— Concrete is a fundamental constitute of construction industry across the globe. The bulk of concrete is
made up of aggregates, hence structural behavior of concrete significantly relies on the quality and properties of
aggregates. Natural resources are depleting due to continuous production of concrete resulting in stringent
environmental impact. To endeavor this challenging situation, several studies have been conducted to opt the
sustainable and eco-friendly by-products generated by automobiles, packaging industries, electronics goods etc. as
alternative construction material. This paper presents partial replacement of natural aggregates with plastic
aggregates and the effect of plastic aggregates on fresh and hardened properties of concrete. Three replacement
percentages are adopted which are 10%, 15%, 20%. Also, silica fume is used in three percentages to enhance the
properties of concrete with plastic aggregates. Effects of these parameters on the strength properties of concrete
are discussed in detail and the suitability of recycling electronic waste in construction industry is discussed.
Keywords—concrete, natural aggregate electronic waste, slump, mechanical properties
I.

Introduction

Amount of concrete produced is constantly increasing, requiring an increasing amount of natural
resources to be used to meet the demand. Major Portion in the concrete is aggregate, it may be
fine or coarse. Source of coarse aggregates are natural stones and mountains. Plastic is a highly
sought-after material due to its excellent properties, resulting in an increase in its production
worldwide. Plastic is used in population-oriented industries such as automobiles, packaging
industries, electronics goods and agriculture. As the population is increasing day by day, the
production of plastic waste is also increasing. This is resulting into a huge problem as the most
of waste plastic is not recycled and is creating an environmental hazard. Electronic waste (Ewaste) on the other hand has even more environmentally hazardous materials and is mostly
dumped in developing countries like Pakistan. One solution to this problem is to reuse the Ewaste in construction industry which will not only save the natural resources but also will help in
48
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recycling E-waste. Total mass of concrete contains 60-70% of the aggregates and replacing the
aggregates partially or fully will help to preserve the natural sources [1]. There have been few
studies where plastic has been used to produce aggregates. Formation of artificial or plastic
aggregate has been done by shredding the plastic. To characterize the fracture energy of concrete
and mortar having plastic aggregate, tensile test is performed [2, 3, 4]. The addition of Plastic
aggregate in concrete reduced the strength of the concrete but enhanced the fracture energy.
Hannawi et al. [3] reported that mortar having plastic aggregate reduce the tensile strength but
increase the fracture energy up to 6% as compared to conventional sand. Addition of plastic
aggregate slow down the crack propagation and thus increase the fracture energy and made the
structure more resilient. Although there are studies which are focused on the use of plastic
aggregates in concrete, the current study is focused on the use of E-waste aggregates as partial
replacement of natural aggregates.
II. Materials

Material testing is the process to determine the engineering properties and the characteristics of
material. Aggregate play important role in the strength of concrete so their properties really
matter a lot. Therefore, it is necessary to test them in the lab for determining their shape, size,
gradation, fineness modulus, specific gravity and the water absorption. This article describes the
procedure as well as the mix proportion of the materials used in the research work. The section
also elaborates the material properties of concrete mix. Ordinary Portland Cement (OPC),
provided from Fauji Cement Company according to the requirements of ASTM C-150 was used.
Natural Coarse aggregate from margalla crush, sand from lawrancepur and tap water was used in
research. Artificial aggregate was manufactured from waste plastic. Size of artificial aggregate
was greater than 4 mm and less than 25mm which was quite like natural aggregate.
III. Sieve Analysis Test

Sieve analysis is widely used test in civil engineering for finding the gradation of aggregates
weather they are capable to be used in concrete or not. The test includes the sieving of
aggregates through the standard designated sieves. The sieve analysis of fine aggregates was
performed according to ASTM C 136, and the fineness modulus of lawrancepur sand is 2.76
which tells its good capability to be used in concrete for better results. Nominal size of natural
coarse aggregate and plastic aggregate was 20mm.
IV. Water absorption Density, and Specific Gravity Test

Water absorption values are helpful in determining the water absorbed by the pores available in
aggregate particles. The Tests were performed as per ASTM C127 – 15 [5]. The values of
specific gravity and water absorption are presented in table 2
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V. Preparation of Mixes:

In this study, total seven mixes were considered. One of them was control mix while others had
10%, 15%, 20% replacement of natural coarse aggregate with and without addition of silica
fume. Mix ratio used in this study was 1:1.5:3 and water cement ratio was 0.45. Ultra-Super
Plast was used to improve the workability of concrete which was 1.25 % of the weight of the
cement. PA stands for plastic aggregate and SF stands for silica fume. For example, 10% PA
corresponds ten percent replacement of natural aggregate to Plastic aggregate and 10%PASF
means ten percent replacement of coarse aggregate with natural aggregate and ten percent silica
fume with cement.
VI. Slump Test

Workability ensures the handling of concrete and controls the strength and durability.
Workability of the fresh concrete were examined using slump test according to ASTM [8]. The
effect of replacing coarse aggregates with plastic aggregates on slump is shown in Fig. 1. The
increase in slump of PA mixes ranged from 96mm to 130mm as the replacement level increased
from 10 to 20%. These results also confirmed in a work by Ferreira et al [9], Silva et al [10], de
Brito et al [11] and Hadipramana et al [12] that showed using plastic aggregate increases the
workability with the increase of plastic content. This could be still beneficial in casting and
pumping of such type of
Table VI.1 Specific gravity , Water absorption and Density

Source Name

Specific Gravity

Margallah Crush
Plastic Aggregate

2.61
0.88

Water absorption

Density(kg/m3)

0.97

1518

0

620

Figure 13 Slump Result

concrete over congested reinforcement or long distance. Choe et al also reported that increase in
slump is not only attributed to spherical shape with smooth surface but also due to zero water
absorption capacity. The decline in slump of PASF as compared to PA with the addition of silica
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fume from 97mm to 142.5 due small particle size and large surface area of silica fume.
VII. Casting and curing of Concrete Specimens

All the samples were made with standard concrete cylinders of 12” height and 6” diameter. The
mix was placed in the mold in three layers of equal depth and compacted using stand size rod
with 25 blows on each layer. A total of 42 samples were casted with 6 nos. of samples for each
formulation. Fig 2 shows the casted samples.

Figure 14 Casting and Curing of Concrete Sample

The test samples were remolded after 24 hours and then placed in curing tank for 28 days at
room temperature.
VIII.Testing Method

The samples were tested for their compressive and tensile strengths using compression testing
machine and universal testing machine. The compressive strength of 28 days cured hardened
cylinders was measured according to the ASTM specification using standard compressive testing
machine (CTM) having a loading rate of 100 KN/min. For each combination, three samples were
tested for compressive strength and three were tested for split cylinder test[6-7].
A.

Compressive Strength
Fig. 3 shows the compressive strength results for the concrete mixes considered in this study.
The CPA0 and CPA10SF10 had a compressive strength of 42.07 and 34.28 MPa, respectively,
whereas the result of CPA10 to CPA20SF20 are ranging from 31.54 to 27.98 MPa. Decrease in
compressive strength of concrete mixes having plastic aggregate and silica fume compared with
control concrete ranged from 18% to 33% as the replacement level was increased from 10 to 20
% with the interval of 5.
The reduction in compressive strength of concrete mixes having plastic aggregate without silica
fume ranged from 25% to 37% and with silica fume from 18% to 33% as the replacement level
increased from 10 to 15%. With the addition of silica fume reduction in compressive strength
reduced due its pozzolanic activity and smaller particle size as compared to cement. Previous
research agreed with the results that compressive strength increased as the replacement level of
silica fume increased. The reduction in compressive strength of concrete mixes is due to weak
interfacial transition zone between the cement paste and plastic. Decrease in compressive
strength is due to more bleeding water in the concrete containing plastic aggregate as compared
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to conventional concrete mixes because plastic aggregates are hydrophobic. This water is located
near the plastic aggregate and produced weak bond between plastic and cement matrix. The
results were consistent with the previous research works done on other kinds of plastic
aggregates [13, 14, 15-17]

Figure 15 Compressive Strength Result

B.

Tensile Strength
Fig.4 presents the splitting tensile strength results of concrete mixes. The CPA0 and CPA10SF10
had tensile strength 4.45 and 3.41 MPa, respectively. The concrete mixes containing silica fume
showed tensile strength from 3.41 to 3.041 MPa and 3.17 to 2.88 MPa without silica fume as the
replacement level increase from 10 to 20%.
The tensile strength of CPA0 compared with the other formulations containing plastic aggregate
was reduced up to 29 to 35% as the replacement level increase from 10 to 20%. Moreover, the
decline in tensile strength of concrete mixes having silica fume ranged from 23 to 32%. The
downward trend of relative splitting tensile strength of concrete mixes was consistent with
previous studies [18-20]. Decline in compressive and splitting tensile strength of concrete mixes
is due to weak bond of plastic aggregate with concrete. It is also due to the hydrophobic, smooth
spherical shapes and zero water absorption of plastic aggregate.
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Figure 16 Tensile Strength Result

CONCLUSION
•

The value of slump increase with the replacement of plastic aggregate due to zero water
absorption and hydrophobic nature of the plastic aggregate. Concrete having plastic
aggregate was used in such type of construction where more workable concrete mixes are
required. At 20% replacement of plastic aggregate with natural aggregate, value of slump
increases 84% which is the suitable value for more workable concrete.

•

Concrete Samples reduced the value of slump after replacement of silica fume and plastic
aggregate with cement and natural aggregate respectively. Value of slump was 12mm at
maximum replacement of 20% while control have 25mm slump. Such type of concrete is
recommended in pavement and shoulders.

•

With the replacement of plastic aggregate, compressive strength of concrete mixes was
reduced up to 31%, 38% and 43% as compared to control mix but it was reasonable and
more than structural strength for construction.

•

With the replacement of plastic aggregate and silica fume with conventional aggregate and
cement respectively, decrease in strength was 26%, 28%, and 22% for 6, 12 and 18%.

•

Tensile strength of control mix was 652 psi while at 10, 15 and 20% replacement of plastic
aggregate strength was 4.49,3.064 and 3.0008 MPA respectively. Concrete having 10,
15and 20% replacement of cement and natural aggregate with silica fume and plastic
aggregate was 3.413, 3.348 and 3.0468 MPA respectively, increase in strength was due to
replacement of silica fume with cement.

•

Use of e-waste in concrete make significant contribution towards reduction in pollution of
the environment. In parallel due to increase in global demand for construction aggregates,
it is an effort to use of electronic waste to contribute more sustainable construction.
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•

Although decremental effect on mechanical properties of different formulation but at
maximum replacement (20% PA), but results suggest that it can be used for structural and
non-structural applications.

References
[62]

[63]

M. Gesoğlu, E. Güneyisi, R. Alzeebaree, and K. Mermerdaş, "Effect of silica fume and steel fiber
on the mechanical properties of the concretes produced with cold bonded fly ash aggregates,"
Construction and Building Materials, vol. 40, pp. 982-990, 2013
Fredonia. (2012). “Global demand for construction aggregates in 2015, demand and sales
forecasts.”
(http://www.freedoniagroup.com) (May 23,2015).

[64]

K. Hannawi, S. Kamali-Bernard, W. Prince, Physical and mechanical properties of mortars
containing PET and PC waste aggregates, Waste Manage. 30 (11) (2010) 2312–2320.

[65]

Z.Z. Ismail, E.A. AL-Hashmi, Use of waste plastic in concrete mixture as aggregate replacement,
Waste Manage. 28 (11) (2008) 2041–2047.

[66]

A. International, "Standard Test Method for Relative Density (Specific Gravity) and Absorption
of Coarse Aggregate , ASTM C 127-15."

[67]

ASTM, C. "39/C39M-03 (2003),“Standard Test Method for Compressive Strength of Cylindrical
Concrete Specimens”.

[68]

In American Society for Testing and Materials, pp. 21-25. ASTM, C. (1989). 496-86,“Standard
Test Method for Splitting Tensil of Cylindrical Concrete Specimens”. Annual Book of ASTM
Standards, 4(02), 259-262.

[69]

ASTM, C. (2012). Standard test method for slump of hydraulic-cement concrete.

[70]

Y. Ghernouti, B. Rabehi, B. Safi, and R. Chaid, "Use of recycled plastic bag waste in the
concrete," Journal of International Scientific Publications: Materials, Methods and Technologies,
vol. 8, 2011.

[71]

R. V. Silva, J. de Brito, and N. Saikia, "Influence of curing conditions on the durability-related
performance of concrete made with selected plastic waste aggregates," Cement and Concrete
Composites, vol. 35, no. 1, pp. 23-31, 2013.

[72]

R. V. Silva, J. De Brito, and R. Dhir, "Properties and composition of recycled aggregates from
construction and demolition waste suitable for concrete production," Construction and Building
Materials, vol. 65, pp. 201-217, 2014.

[73]

J. Hadipramana, S. Mokhatar, A. Samad, and N. Hakim, "An exploratory compressive strength
of concrete containing modified artificial Polyethylene aggregate (MAPEA)," in IOP Conference
Series: Materials Science and Engineering, 2016, vol. 160, no. 1, p. 012065: IOP Publishing.

[74]

Lamond, J. F. (1994). Making and Curing Concrete Specimens. In Significance of Tests and
Properties of Concrete and Concrete-Making Materials. ASTM International.

54

3rd Pak-Turk International Conference on Emerging Technologies in the field of Sciences and Engineering
14-16, April 2020

[75]

[76]

S. Kou, G. Lee, C. Poon, and W. Lai, "Properties of lightweight aggregate concrete prepared with
PVC granules derived from scraped PVC pipes," Waste Management, vol. 29, no. 2, pp. 621-628,
2009.
ASTM, "Standard Test Method for Static Modulus of Elasticity and Poisson’s Ratio of Concrete
in Compression."

[77]

J. N. Farahani, P. Shafigh, B. Alsubari, S. Shahnazar, and H. B. Mahmud, "Engineering properties
of lightweight aggregate concrete containing binary and ternary blended cement," Journal of
cleaner production, vol. 149, pp. 976-988, 2017.

[78]

A. Al-Manaseer and T. Dalal, "Concrete containing plastic aggregates," Concrete International,
vol. 19, no. 8, pp. 47-52, 1997.

[79]

Y.-W. Choi, D.-J. Moon, J.-S. Chung, and S.-K. Cho, "Effects of waste PET bottles aggregate on
the properties of concrete," Cement and concrete research, vol. 35, no. 4, pp. 776-781, 2005.

[80]

A. B. Fraj, M. Kismi, and P. Mounanga, "Valorization of coarse rigid polyurethane foam waste
in lightweight aggregate concrete," Construction and Building Materials, vol. 24, no. 6, pp. 10691077, 2010.

[81]

M. Frigione, "Recycling of PET bottles as fine aggregate in concrete," Waste management, vol.
30, no. 6, pp. 1101-1106, 2010.

55

3rd Pak-Turk International Conference on Emerging Technologies in the field of Sciences and Engineering
14-16, April 2020

Hybrid Thermal Management of Heating Element using
Forced Air Convection and Phase Change Material Soaked in
Copper Foam
Sohaib Nazar1, a, Abid Hussain1, b and Tanzeel-ur-Rehman1, c
1
Department of Mechanical Engineering, University of Engineering & Technology, Taxila
Email address: a)sohaibnazar7@gmail.com, b) abid.hussain@uettaxila.edu.pk ,
c)

tanzeel_atk@yahoo.com

ABSTRACT—The current study includes the comparison of hybrid thermal management system designed for heating
element with active and passive thermal management system. The effectiveness and usefulness of hybrid thermal
management system is evaluated and compared experimentally. All the experiments are performed under constant
ambient temperature of 25oC. It can be concluded from experimental results that alone active and passive thermal
management system is not sufficient to keep the temperature of heating element within the safety limits. Moreover,
combination of active and passive thermal management system gives more Steady temperature distribution and have
the ability to maintain the temperature of heating element for long time interval as compared to active as well as passive
thermal management system.
Key words: Active, Passive, Thermal Management, Hybrid.

I.

INTRODUCTION

To keep the temperature of electrical and electronic devices within the safety limits different
techniques are utilized. Plenty of researchers worked on different thermal management system to
evaluate and to suggest the best system for severe ambient conditions. Pesaran reported that the
function of thermal management system is to sustain the temperature at an optimum range with even
temperature variation and to prevent the occurrence of thermal runway [1]. Irregular temperature
distribution and overheating of battery module result in reduction of life span of battery pack [2].
According to US air force premature failure of more than 55%

electronic devices occur due to overheating and non-uniform temperature distribution [3]. Excess
operating temperature of lithium ion battery not only result in reduction the life span of battery but
also result in serious accidents like fire and explosion [4,5]. Samimi et al. experimentally assessed
the thermal function of phase change material saturated with carbon fibers and concluded that
presence of carbon fibers with PCM give more uniform temperature distribution [6]. Rao et al.
experimentally explored the thermal management system comprised of copper foam embedded in
paraffin their results show that the local temperature difference is 2.85oC and maximum temperature
difference is 38.94oC which indicate the suitability of this system for challenging ambient conditions
[7]. Wang et al. experimentally tested the thermal management system comprised on paraffin and
paraffin/aluminum foam composite results show that if heat storage time of PCM is 74.4% and 73.6%
under heat flux of 7000 W/m2 and 12000 W/m2 the use of aluminum foam result in smooth and steady
temperature variation [8]. Hussain et al. experimentally investigated the nickel foam paraffin based
thermal management system and also examined the geometric properties of metal foam it can be
predicted from results that the combination of nickel foam and paraffin reduce the temperature of
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battery pack about 24% and 31% compared to pure PCM. Decrease in permeability and pore density
of metal foam also reduce the surface temperature of battery module [9]. Li et al. made the comparison
between the thermal management system based on copper foam /PCM composite combined with
natural air-convection and pure PCM. Results exhibit that natural air cooling is not enough for
maintaining the temperature within safety limits. Due to lower thermal conductivity of pure PCM
metal foam saturated with PCM is more reliable [10].Zhao et al. explored the consequence of inserting
heat pipe into phase change material through experimentation. Their results show that by inserting
heat pipe into PCM have the capability to keep the temperature below 50oC for time period as
compared to natural air-convection and the temperature variance can be achieved more than 33.6%
by injecting heat pipe into PCM [11]. Wang et al. carried out simulation-based study to explore the
thermo physical characteristics of pure paraffin, composite material and copper foam/paraffin results
show that paraffin reduces the heat storage time by more than 40% and dramatically recover the
linearity of paraffin internal heat transfer [12]. Shahabeddin et al. use numerical simulation to predict
the effect of using metal foam in air flow channels. Results show that decrease in porosity result in
reduction of surface temperature and to obtain smallest ratio of standard deviation of temperature it
is recommended that 70% of air flow channel should be occupied with metal foam having porosity
of 0.85 [13]. Javani et al. modeled the PCM embedded foam through simulation and concluded that
temperature drop of 7.3 K is achieved as compared to dry foam [14]. Hemery et al. experimentally
compared PCM, natural and forced air cooling based thermal management system and concluded that
advantage of using PCM is that the weight ratio of about 13.4% and more uniform temperature
distribution is achieved as compared to natural and forced air cooling mode [15]. PCMs are
commonly used material for thermal management because PCMs dissipate and absorb great amount
of heat during phase shifting process [16]. Yang et al. executed the numerical simulation to explore
the function of air for cooling in axial direction for Li ion battery pack and predicted that more even
temperature distribution can be attained by increasing radial interval [17]. Hasan Fathabadi
numerically assessed the performance of thermal management system comprised of combined effect
of natural air cooling and expanded graphite and explored that the temperature remains in safety limits
under ambient temperature of 55oC [18].
II.

EXPERIMENTAL SETUP

To perform the experimentation flat plate heating element having capacity of 5 W and dimensions of
100 mm x 100 mm is used. Plexiglass cavity having dimensions of 100 mm x 100 mm is manufactured
and utilized as heat sink. Hole is provided at top of the cavity to permit thermocouples and wires of
heating element to pass through. For purpose of forced air convection, the variable speed fan is used.
Four K type thermocouples are connected at different spots of heating element to carefully measure
the temperature. Phase change material is soaked in copper foam by infiltering paraffin wax in the
holes of metal foam. To record the temperature accurately the DAQ (National Instruments) is used.
To regulate the current and voltage properly digital AC power supply is used.
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Figure 1. Schematic of Experimental Setup

III.

RESULTS AND DISCUSSION

Passive Thermal Management System

Fig.1 show the temperature profile recorded for passive thermal management system. It can be
observed from temperature profile that temperature reach beyond the permissible range in 1800 S
which is very short time period. Results show that due to lesser thermal conductivity of PCM PTMS
is not sufficient to keep the temperature within acceptable range.
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Figure 2. Distribution of temperature with time using Passive thermal management system
Active Thermal Management System
Fig.2 show the temperature variation with time in case of active thermal management system. It can
be predicted from curve that the temperature of heating element can be maintained within allowable
range up to 1400 S. Experimental results depict that the active thermal management system is not
capable to cope with severe environmental conditions.
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Figure 3. Distribution of temperature with time using active thermal management system

Hybrid Thermal Management System
Fig.4 show the function of hybrid thermal management system in terms of temperature variation with
time. The experimental results exhibit that HTMS can maintain the temperature of heating element
within safety limit for long time period of about 6000 s, which show the effectiveness of HTMS. It
can be predicted from experimental results that hybrid thermal management system is best suitable
option for maintaining the temperature of heating element within the permissible range for long time
period as compared to active and passive thermal management system.
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Figure 4. Distribution of temperature with time using hybrid thermal management system

IV.

CONCLUSION

The purpose of this research is to experimentally examine and assess the active, passive and hybrid thermal
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management systems. The use of PTMS fail due to lower thermal conductivity of PCM. Uniform
distribution of heat flux can be achieved by using copper foam saturated with PCM but the time period
to maintain the temperature within safety limits is almost same for both PTMS and ATMS. Therefore,
combination of ATMS and PTMS is more effective and suitable. The problem associated with PTMS
is the large solidification time of PCM which can be overcome by using forced air convection and
copper foam can be supportive in recovering the latent heat of PCM. It can be concluded from
experimental results that HTMS is the best suitable option for maintaining the temperature within
permissible range.
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Abstract--Network application classification is quintessential for a wide range of network operations,
network security monitoring, misconfiguration, and intrusion detection in network. Network application
classification has the ability to solve fundamentals to numerous network management activities. As
the popularity of software-defined network (SDN) is evolving technology and a suitable environment for
easily applying in an efficient monitoring policy. In SDN architecture, the control plane separates from
forwarding devices and making networks programmable. The emergence of deep learning methods and
SDN provides a new way for application classification. In this study, a deep learning-based application
classification method is proposed that can classify network traffic affectively. The experimental
setup confirms that, the proposed model achieves a better classification accuracy of 99.10% using a
convolutional neural network (CNN).
Keywords: Internet application classification, machine learning, traffic management, QoS aware
application classification

I. INTRODUCTION

Accurate application classification is an essential step of analyzing the nature of the traffic.
Internet application classification is useful for intrusion detection, network management
tasks and anomalies in the network traffic. Numerous numbers of internet application
classification approaches has been suggested in the last few years included the port-based
classification approach, payload-based classification approach and flows statistics-based
classification [1].
In the port-based classification approach, registered port numbers in the range (1024-49151)
are used that are identified by internet assigned names and numbers authority (IANA). Port
based method is not useful due to their own limitations as the dynamic ports are used by
different protocols [2]. Payload-based classification algorithms look at the packets’ contents to
identify the type of traffic . When a set of unique payload signatures is collected by an
algorithm this approach results in high performance [3]. Payload-based classification is not
useful when there is a fully encrypted data. In recent years, in this field, learning-based
approaches get new interest. Machine learning approaches can be categorized into supervised
methods, unsupervised methods and semi-supervised classification methods. In unsupervised
learning approaches, output classes are not known, and the clustering method is used.
Software-defined networking (SDN) is an evolving standard, in which the control function is
decoupled from the data plane and makes the network programmable. SDN is a suitable
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environment for applying efficient monitoring policies, traffic classification and network
management functions [4].

Figure 52:Structure of SDN

The programmability function of the SDN network which enables to make the network
programmable. In a term, SDN aims at simplifying network management, promoting
innovation, improving the use of network resources, and optimizing networking performance.
OpenFlow is uses standardized protocols one of the south bound's most popular API is used
between the control plane and data plane [5]. The emergence of the SDN brought new
opportunities for classification of traffic and selection of features. SDN provides a global view
of the controller is easy to extract network traffic statistical attributes from switches. Because
of the OpenFlow protocol's mechanism design, it can be customized to collect flow features
and indicate forwarding policies for each switch [6]. Our aim is to use deep learning algorithm
to overcome the limitations in traditional classification approaches in SDN.
This research work motivates us in use of machine learning model based on statistical
information. Optimal features are selected though chi-square test. A thorough comparison has
been provided along with CNN in classifying the network application into different classes. A
detailed analysis has been provided regarding the network traffic classification using deep
learning-based approach.
II. LITERATURE REVIEW

There are different classification techniques has been applied by different researchers. Some
researchers focused on port-based methods and payload-based methods. This research focused
on deep learning methods.
Lopez-Martin et al. [7] applied a statistics based supervised learning method. A model based
on deep learning that is a combination of RNN and CNN was proposed. Different features were
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extracted from the header of packets and build a feature vector of every flow. More than 25000
flows and more than 100 distinct services were used to train this methodology.

Figure 53:Overview of Proposed Method

Zhang et al. [8] suggested a novel network application classification model with deep learning
and SDN architecture. A model for was proposed by combining the auto-encoder and softmax
regression. To extract features autoencoder was used and softmax model was used as a
classifier.
Sun et al. [9] introduced a TrAdaBoost method that utilized the labeled traffic data that was
collected from different sources for classification. The maximum entropy model (Maxent) was
used as the base classifier and implements the source of knowledge from the source domain to
the target domain. Ertam et al. [10] proposed an extreme learning-based method for network
traffic classification. Kernel-based extreme machine learning approach is on the extreme
machine learning approach that was applied to the data.
Shi et al. [11] presented a feature optimization approach which was named EFOA for the
optimal feature selection and optimization approach. A series of experiments were performed
on the University of Cambridge Moore dataset [12]. First of all, the correlation of the original
flow statistics was evaluated and removed the irrelevant features. After that relevant features
were passed to feature generation model to get robust features and that model was based on
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deep belief network (DBN) and implemented by unsupervised methods and at the last
redundant features were removed.
III. METHODOLOGY

In this paper, a novel architecture is presented to classify the network traffic. In the
proposed methodology the first step is data collection and pre-processing, and the second step
is the classification. The detail of every step is given below steps.
1. DATA COLLECTION AND PRE-PROCESSING

In the present section, a description of the datasets used in the proposed method for testing and
relevant pre-processing steps are described. We have selected publicly available Moore dataset
for research purposes [12]. There are twelve input features server_port, client_port,
min_segm_size, actual _data _pkts a b, mean_data_ip a b, inter-arrival time_pkt, src_mac,
dst_mac, src_ip, dst_ip, initial_window_bytes a b, rtt_ samples_a b and correspondence class.
Six classes WWW, P2P, MAIL, INTERACTIVE, DATABASE, VOIP, ATTACK, SERVICES
and BULK are included in the experiment [13]. After the acquisition of data, pre-processing
is an important step. Data pre-processing is useful to handle the missing values in the dataset
and standardize the data. The first important step in Moore dataset is to convert categorical data
into numeric values using the OneHotEncoder Sikit-learn library. A further step is to make the
values in a range using a standard scalar.
X′ =

X − XMIN
XMAX − XMIN

(1)

2. FEATURE SELECTION
A statistical method known as chi-square is used in this proposed method to select most
important features in a dataset. The major objective of the is to reduce dimensions from high
dimension to low dimensions. In this methodology, we used the chi-square feature selection
method to find best features from the dataset. The value of t is calculated by Eq (2)
t(C, E) =

(C − E)2
E

(2)

where c represents the count and E represent the Expected. After the selection of features these
features set are passed to deep learning model.
3. CLASSIFICATION
We trained a CNN to classify the network. CNN models are used for image classification. The
traffic data also consists of numeric values and image data also consists of numeric values, so
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it
can
be

Figure 54:Structure of CNN

used for network traffic classification. There are four Conv1D layers, four Dropout, one
MaxPooling1, one Flatten and two fully connected layers. Convolutional layer creates a
features map after applying filter. The dropout layer provides regularization and preventing
overfitting [14]. We added dense layer with softmax activation function. In softmax output can
be represented as posterior probabilities. In softmax output can be represented as posterior
probabilities. In the proposed method both datasets used belong to multi-class data so that
softmax is used at the output layer of neural network classifier. Mathematically softmax is
represented by Eq (3)
softmax(bm ) =

ebm
N

∑

for m, n = 1,2,3, … N

ebn

(3)

n=1

Here bm and bn represents the element and a represents the N-dimensional output vector. The
softmax(b) represents N-dimensional vector after mapping.
CNN has a strong capability of classification, so it obtained better results than the other
traditional machine learning methods. The accuracy is calculated for both training data and test
data. The dataset is divided into a 7:3 ratio which means, that 70% training set, and 30% test
set for the purpose of classification. The structure of CNN is given in Error! Reference source
not found..
IV. EXPERIMENTAL SETUP

All of the simulations are tested in real-time. Python programming language is used in the
experimental evaluation for various numerical libraries. The Sikit-learn is a python library used
for scientific purposes. WEKA tool is also used for the analysis of the dataset [15].
V. EVALUATION METRICS

There are four evaluation metrics in this proposed framework. The detail of each parameter is
given in Table 1.
TABLE 2: PERFORMENCE PARAMETRS
Parameter Definition

Mathematical Expression
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Accuracy

Accuracy is a metric in
which the number of
predictions our model got
right over the total number of
predictions in a dataset.
Precision is the measure of
classifier exactness.
The recall is the measure of
classifier completeness.
F1-score is defined as the
weighted
average
of
precision and recall.

Precision
Recall
F1-score

Acc =

TP + TN
TP + FN + FP + FN

TP
TP + FP
TP
Recall =
TP + FN
Precision ∗ Recall
F1 − score = 2 ∗
Precision + Recall
Percision =

VI. RESULTS

Different experiments are conducted to find out better results in application classification
using CNN. For the data mining perspective, the network application classification is the
multiclass problem. Four evaluation metrics are calculated, to find out the performance
of the proposed method. The accuracy is calculated on the test data.
TABLE 3:AVERAGE RESULTS USING CNN
Classifier

Accuracy Precision

Recall

F1-score

CNN

99.10%

99.10%

99.09%

99.07%

From
TABLE 3, it is observed that the average accuracy of 99.10% is achieved using the CNN model.
Similarly,
other
Classifier
Accuracy
Precision
Recall
F1-score
parameters
precision,
recall of and CNN
f1-score are
99.10%
99.07%
99.10% 99.09%
obtained using
a CNN.

Class
WWW
P2P
MAIL

Accuracy
99.87%
78.94%
81.00%

Precision
99.24%
91.84%
76.42%
67

Recall
99.87%
78.95%
81.00%

F1-Score
99.56%
84.91%
78.64%
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TABLE

INTERACTIVE 100.0%
97.22%
100.0% 98.59%
BULK
100.0%
100.0%
100.0% 100.0%
SERVICES
91.80%
94.92%
91.80% 93.33%
DATABASE
98.12%
98.73%
98.13% 98.43%
VOIP
55.20%
61.63%
55.21% 58.24%
ATTACK
79.91%
86.06%
79.91% 82.87%
4:RESULTS OBTAINED FOR EACH CLASS

In
TABLE 4, evaluation metrics for each class is given. From
TABLE 4, it
observed
accuracy of
‘WWW’
high due to
majority of
in
the
the

can
be
Class
Accuracy Precision Recall F1-Score
that
the
WWW
99.87%
99.24%
99.87% 99.56%
the
P2P
78.94%
91.84%
78.95% 84.91%
class
is
MAIL
81.00%
76.42%
81.00% 78.64%
the
INTERACTIVE 100.0%
97.22%
100.0% 98.59%
the samples
BULK
100.0%
100.0%
100.0% 100.0%
dataset and
SERVICES
91.80%
94.92%
91.80% 93.33%
accuracy of
DATABASE
98.12%
98.73%
98.13% 98.43%
VOIP
55.20%
61.63%
55.21% 58.24%
ATTACK
79.91%
86.06%
79.91% 82.87%
Class
Accuracy Precision Recall F1-Score
WWW
99.87%
99.24%
99.87% 99.56%
P2P
78.94%
91.84%
78.95% 84.91%
MAIL
81.00%
76.42%
81.00% 78.64%
INTERACTIVE 100.0%
97.22%
100.0% 98.59%
BULK
100.0%
100.0%
100.0% 100.0%
SERVICES
91.80%
94.92%
91.80% 93.33%
DATABASE
98.12%
98.73%
98.13% 98.43%
VOIP
55.20%
61.63%
55.21% 58.24%
ATTACK
79.91%
86.06%
79.91% 82.87%
’MULTIMEDIA’ is low due to minority numbers of the samples in the dataset. As a network
application problem is a multi-class problem so there are multiple output classes and four
evaluation metrics are calculated to evaluate the performance of the proposed framework.
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Figure 55: Evaluation Metrics for Different Classes

In Figure 4, evaluations metrics for different classes are shown. The accuracy class ‘WWW’ is
high due to majority number of samples and class ‘VOIP’ is low due to minority number of
samples.
VII.

CONCLUSION AND FUTURE WORK

In this research paper, we introduced a framework for application classification. In this
methodology features are selected through chi-square test. The CNN comprised of multiple
layers and it has better classification accuracy. To check the performance of this proposed
methodology, four evaluation metrics calculated. These experimental results indicate that, our
proposed method achieved better accuracy than the existing technique.
In this research, we discussed the first application of CNN for the network traffic classification
in SDN. Although we designed and validate our algorithm on Moore dataset based on SDN
architecture and in the future, we planned to implement in real-time SDN environment.
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Abstract— Methylene blue (MB), a small organic molecule, was used as an active layer to fabricate temperature and
humidity sensors. For measuring the sensing properties of the fabricated devices, their capacitance was measured as a
function of temperature and humidity. The response and recover times were measured. The morphology and ultraviolet
(UV-vis) studies of the MB thin film were also carried out.
Keywords—Methylene Blue, humidity sensor, temperature sensor.

I. INTRODUCTION
Today’s research in the fabrication of sensors have wide range of applications for different purposes [1]. Several sensors
have been assembled using organic and inorganic molecules, ceramics or other materials for the measurement of light, pressure,
humidity and temperature [2, 3]. Temperature and humidity sensors have great importance in our daily life which comprises goods,
fresh foods, storage of medicine, environment and safety purposes for industrial and laboratory research. Inorganic material sensors
are complex and expensive, due to which the inorganics are replaced by the organic materials which are low cost, reliable and have
long-term stability [4]. Pure organic semiconductor have been studied for the sensing purpose of humidity and temperature. In order
to increase the sensitivity, the organic semiconductor methylene blue is used for fabrication.
Methylene blue (MB) is a dark green crystalline powder with semiconducting properties. Here methylene blue is selected for the
artifacting of multifunctional sensor due to its conjoined arrangement, reliability, indelible stability, low-priced and is easily soluble in
water. The moderate boiling point ~1100C of methylene blue (MB) makes the sensor useful for different temperatures due to high
sensitivity.
In this work an organic multiuse sensor have been formulated and inspected for the application of humidity and temperature sensing.
The Ag/MB/Ag sensor has been checked for the sensing properties suchlike humidity and temperature to give fast recovery and
response. To study improvement in quality of sensor, another Au/MB/Au sensor was formulated and examined with contrast to the
Ag/MB/Ag. The observation of both sensors proved superior temperature sensitivity of Ag/MB/Ag than Au/MB/Au sensor. The
sensitivity of sensor also depends upon the applied frequency, that’s why sensitivity has been calculated at two particular frequencies
of 120 Hz and 1 KHz.

II. EXPERIMENTAL WORK
The organic small molecule methylene blue (MB) was acquired from the market. Structural formula of MB is displayed in
Fig. 1. Its molecular mass is 319.851 g/mol and molecular formula is C6H18N3CIS, respectively. In this work, the active layer of MB
material have been used for the formulation of Ag/MB/Ag and Au/MB/Au multifunctional sensors. For formulation of device 100nm
thin Ag and Au electrodes have been deposited on the glass substrates in such a way that 50µm inter-electrode gap was maintained by
masking the sample. The Ag and Au electrodes were deposited on the glass substrates through thermal evaporator. The evaporator
model used was EDWARDS AUTO 306. Pressure maintained in vacuum chamber was approximately 10-5 mbar, while rate of
deposition on substrate was ~0.1 nm/s, respectively. The thickness of electrode film was measured through IN SITU FTM5 monitor
connected with vacuum chamber. A 16 wt. % solution of MB has been prepared in de-ionized water at room temperature using magnetic
stirrer for two hours. The solution were then spin-coated at 1000 rpm for 20 sec separately on two Ag and Au electrodes deposited
substrates, in such a way that inter-electrodes gap was concealed by solution. Spin coated thin film were annealed for two hours using
hot plate. Schematic layouts for formulated devices are displayed in Fig. 2 (a) and 2 (b). The UV-Visible spectroscopy of MB solution
were performed using LAMBDA 35 UV/Vis-spectrometer, Perkin Elmer Instruments. Temperature-capacitance (T-C) and relative
humidity-capacitance measurements were made using self-made temperature and humidity setup.
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Fig. 1. Molecular formula of MB.

MB
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Fig. 2. Cross-sectional view of surface-type formulated sensors.

III. RESULT AND DISCUSSION
The morphology of sensitive thin film have great effect on the behavior of sensor [5]. The surface of MB thin film has been
investigated by AFM as shown in Fig. 3. The sensing properties of MB thin film are linked with the topographical parameters such as
grain size, grain boundaries, shape and orientation/distribution of grains throughout the film. The microstructure shown reveal that
surface of MB is dispersed due to which the film can adsorb more water and exhibit high accurate sensitivity .

Fig. 3. AFM image of MB.

Fig. 4 (a). UV-Vis graph of MB.
Band gap of MB.

Fig. 4 (b).

The measured UV-vis graph of MB solution is shown in Fig. 4 (a). The intensity peaks shows the absorption of light having specific
wavelength. The graph show peaks in ultraviolet region at 298 nm as well as in visible region at 613 nm and 655 nm. The spectrum
also confirms the broad wavelength absorption of MB covering some UV region and large visible region approximately 500-700 nm.
This feature indicates the potential use of MB for photovoltaic applications. Similarly, Fig. 4 (b) shows relation between (αE)2 and Eg
. According to the Tauc’s equation, αE= (Eg-E)m, where m is the number indicating direct or indirect bandgap semiconductor. In this
case, MB is an indirect bandgap material therefore m=1/2. In the figure, different peaks can be observed and the slope of each peak
intersection on horizontal axis (Eg) is actually giving the value of the bandgaps. Here the values of bandgaps are measured to be 1.7
and 4.1 eV.
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Figs. 5 (a) and 5 (b) show the change of capacitance with change in temperature (oC). Variation in capacitance with change in
temperature was carried out by placing the sensor over hot iron while the temperature was measured by thermocouple. C-T
characteristics of Ag/MB/Ag at 120 Hz and 1 kHz are shown in Fig. 5 (a). C-T characteristics of Au/MB/Au sensors at 120 Hz and 1
kHz are displayed in Fig. 5 (b). The capacitance at 1 kHz and 120 Hz were measured in pF and nF, respectively, as shown in Fig. 8.
When the temperature was raised from 30 to 70 0C, the capacitance of Ag/MB/Ag increased from 66.3 to 67.6 pF at 1 kHz and at 120
Hz the capacitance raised from 0.069 to 0.075 nF. Furthermore, when the capacitance of Au/MB/Au increased from 67.8 to 71.9 pF at
1 kHz by increasing the temperature from 32 to 71 oC and at 120 Hz the capacitance increased from 0.073 to 0.088 nF. The raise in
capacitance with respect to temperature is by reason of raising charge carriers energy [6].
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Fig. 5. T-C characteristics at 1 kHz and 120 Hz.
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Fig. 6. Humidity-capacitance characteristics of Ag/MB/Ag.

The changing of capacitance (C) as a function of relative humidity (RH %) is shown in Fig. 6 (a) at 1 kHz and in Fig. 6 (b)
at 120 Hz, respectively of the Ag/MB/Ag at room temperature. In figure, raising in capacitance is shown with increase in RH % level,
as well as reducing of capacitance with decrease in RH %. The increase is because of water molecules adsorbed by active thin layer of
MB due to which the dielectric constant of thin layer increases. The capacitance and dielectric constant have direct relation with each
other, the greater the dielectric constant of material, higher will be capacitance and conversely materials having low dielectric constant
have low capacitance [7]. As capacitance depends upon applied frequency, hence capacitance-RH % characteristic of Ag/MB/Ag
sensor has been investigated at two particular frequencies of 1 kHz and 120 Hz. The high sensitivity of sensor occurs at low frequency
i.e. 120 Hz. While for higher frequency, sensitivity is low because of polarization of adsorb water which show little change in dielectric
constant [8]. Molecules of water are polar and by applying electric field its dipole moment increases. The dipole moment is given by:
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P=αE
(1)
Where E represent electric field applied to electrodes and α is polarizability of the material, its value is 6.1x10-30 Cm for water [9]. The
schematic device in Fig. 2 (a) shows Ag electrodes, which act as parallel plates of capacitor and MB act as dielectric constant. Relation
between the capacitance and dielectric constant can be expressed as,
𝐶𝑠
𝐶0

𝜀

= ( 𝑤)

𝑛

(2)

𝜀𝑑

Where Cs represent capacitance of semiconductor, Co is initiative capacitance. 𝜀𝑑 and 𝜀𝑤 are material permittivities in dry and wet air,
where n indicates morphology of material’s dielectric. The water’s relative permittivity is much greater than organic semiconductor
materials [10]. By increasing humidity level adsorption of water molecules increase on surface of thin film increases which results in
high sensitivity of the sensors.
Figs. 6 (a) and 6 (b) reveal that humidity sensor prepared by Ag electrodes display high sensitivity at 1 kHz as compared to 120 Hz,
but the high accuracy is at 120 Hz as compared to 1 kHz. The capacitance rapidly increases with increase in RH %. At 1 kHz the
capacitance changes from 64 pF to 74.2 pF by increasing the RH from 2 to 81 %, while by decreasing RH from 81 to 2 %, the
capacitance decreases from 74.2 pF to 66.1 pF. At 120 Hz the capacitance changes from 0.07 nF to 0.11 nF by increasing RH from 40
to 81 %, and follow relatively same path at decreasing RH from 81 to 40 %, which show the high accurate sensitivity of the sensor at
120 Hz.
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Fig. 7. Response and recovery time measurement of Ag/MB/Ag.
The response and recovery of the fabricated sensor is measured at 1 kHz and 120 Hz having silver electrodes at room temperature. The
relationship is shown in Figs. 7 (a) and 7 (b). The sensor give response by increasing capacitance from 66 pF to 71.2 pF in 12 sec by
immediately transfer from low humidity to high humidity chamber, which results in a decrease of the capacitance due to desorption of
water from thin MB deposited film [11]. Similarly, the recovery of sensor is shown by decreasing of capacitance from 71.2 pF to 66
pF in 15 sec by immediately transfer from high humidity to low humidity chamber at 1 kHz, respectively. The same cycle was repeated
again as shown in Fig. 7 (a). As the MB have rough surface, by increasing humidity the surface absorb water due to which the
capacitance increases. Similarly by decreasing the humidity through passing dry nitrogen gas, the gas will absorb water from the surface
of MB, and the surface becomes dry due to which the capacitance decreases.
Similarly, at 120 Hz the sensor gives response by increasing capacitance from 0.073 nF to 0.101 nF in 11 s by immediately transfer
from low humidity to high humidity chamber. The recovery is shown by decreasing of capacitance from 0.099 nF to 0.072 nF in 11 s
by immediately transfer from high humidity to low humidity chamber respectively. At 120 Hz, the response and recovery gives same
time which shows the accurate sensitivity of sensor at 120 Hz. The same cycle is repeated again as shown in Fig. 7 (b).

IV. CONCLUSION
The fabricated sensors based on MB Au/MB/Au and Ag/MB/Ag have been studied for their temperature and humidity
sensing properties. It was established that both of the devices exhibited sensitivity to humidity and temperature within a range of 3585 RH% and 30-70 0C, respectively. Due to interfacial states at the junction between MB and metal contacts, the response of the devices
is non-linear to humidity and temperature. The key parameters of the sensor such as response/recovery times and repeatability of the
results have been studied which showed minor deviations. The humidity response and recovery time were measured to 12 s and 15 s,
respectively. The bandgap of MB was 1.7 and 4.1 eV which suggests its potential applications in the field of organic semiconductor
devices.
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Abstract—A lot of work has been done to study the effect of different parameters on the engineering properties
of clean sand and a clear understanding exists about role of these parameters. Keeping in view the presence of
fines with sands at construction sites, some researchers have studied the effect of fines on engineering properties
of their local sands and have obtained different trends with different optimum percentages. In this study,
Lawrencepur sand is used and effect of fines having same mineral composition is studied. From the results, it is
found that fines increase cohesion, decrease internal friction angle, whereas a transition has been observed in dry
density and optimum moisture content values.
Keywords—Lawrencepur sand, cohesion, angle of internal friction, optimum moisture content
I.

Introduction
The response of clean sand has been studied extensively in the past. Researchers have studied
effect of particle shape, size, density, mineralogy etc on behavior of clean sands. With the
particle angularity, there is increase of angle of internal friction, whereas with increasing
effective size, there is reduction in internal friction angle [1]. There is increase in peak friction
and dilatancy angle as the angularity and particle surface roughness increase [2]. With rising
particle regularity the soil appears to be more prone to liquefaction [3]. Data reveals that
increasing irregularity of particle results in fading of stiffness and an uprising trend in the
frictional stage critical angle [4]. As there is decrease in specimen density and increase in mean
stress, peak state friction angle (φp), CS friction angle (φcs), and dilatancy angle (ψ) decrease [5].
As it is quite rare to have clean sand at our construction sites, there was a need to study the
behavior of sand silt mixtures. Researchers studied effect of both silt and clay on friction angle
of sand and observed a decrease in phi in both the cases, whereas cohesion was increased [6].
With the increase of fines, internal friction angle reduced and cohesion increased [7]. With the
decrease of the fine aggregates, the cohesion reduced and internal friction angle raised [8]. The
behavior of a silty sand cannot be predicted accurately, based purely on its silt content, but we
need to compare that content of silt with the limiting silt content of the base sand [9]. The fines
76

3rd Pak-Turk International Conference on Emerging Technologies in the field of Sciences and Engineering
9-10th , June 2020

between sand to sand contacts increase the soil resistance to shearing [10]. At 30% fines, the emin
and emax obtain minimum values in sand fine mixtures [11]. At 18% fines, the emin and emax
obtain minimum values in sand fine mixtures [7]. With the rise of fines, first Maximum Dry
Density (MDD) rises then reduces, whereas Optimum Moisture Content (OMC) reduces then
rises [12].
II.
A.

Materials and Method
Material used
In this study, locally available sand collected from Lawrencepur, Attock was used. To get a true
representation of the sand available in the region, disturbed samples were obtained from various
locations and were mixed thoroughly. The material has coefficient of uniformity (Cu) 2.89 and
coefficient of curvature (Cc) 1.11. The sieve analysis is shown in Fig. 1.
To avoid the effect of mineral composition, fines were prepared by grinding the same sand in
Los Angeles Abrasion machine. Samples with different percentage of fines content were
prepared and tested in Soil Mechanics and Foundation Engineering laboratory in UET Taxila,
Pakistan.

B.

Sample Preparation Method for Direct Shear Test
All experiments were carried out in accordance with the ASTM standards. For direct shear test,
samples were prepared keeping constant density for all the percentages of fines. Sample height
was 20 mm and cross-sectional area was 36 cm2 (each side is 6 cm). Axial strain at 1.5 mm/min
rate was used in all the tests using ELE strain-controlled machine.

III.

Test Results and Discussion

Modified compaction tests were performed for all percentages of fines and variation of optimum
moisture content and maximum dry density with fines is shown in Fig. 2 and Fig. 3, respectively.
It has been observed that initially optimum moisture content reduces with rise in fines content,
obtaining minimum value around 20% fines followed by a rise in value with further rise in fine
content. Contrary to this, a rise in the value of maximum dry density was observed initially,
reaching a peak value around 20% fines content and decreasing thereafter.
The effect of fines on minimum (emin) and maximum (emax) void ratio is shown in Fig. 4. It has
been observed that emin and emax initially decrease with fine content, achieving a minimum value
near 20% fines followed by rise in void ratio with further rise in fine content. Literature shows a
similar behavior as reported by previous researchers using their local sands but optimum
percentage of fines was found different by different researchers.
Fig. 5 shows effect of fines content on cohesion of sand-silt matrix and it has been observed that
cohesion keeps increasing with fines content. Although, rate of increase of cohesion was greater
for initial percentage of fines content and was reduced for higher percentages.
Effect of fines content on angle of internal friction is shown in Fig. 6. Initially, an increase in
friction angle value was observed up to 10% as in this range the fines are used to fill up the voids
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between clean sand particles, increasing resistance to sliding. As the percentage of fines
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IV.

Conclusions
▪ As percentage of fines increase, optimum moisture content (OMC) reduces upto 20% of fines
and then rises.
▪ As percentage of fines increase, maximum dry density (MDD) rises upto 20% of fines and
then reduces.
▪ Maximum and minimum void ratio values reduce upto 20-30% of fines and then increase
again.
▪ As percentage of fines increase, a slight increment in the Cohesion value has been observed
that might be due to apparent cohesion. And rise in the internal friction angle was observed
upto 10-20% fine content, followed by a constant decrease in its value.
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Abstract— Local scouring is one of the main causes of bridge failure across the world. Bridge failure causes
interruption of social interaction, economical loss in the form of repairing and in severe case the loss of lives. In this
research work oblong shape collar having width 2.5 times the diameter of pier and gravels roughness with size;
d50=6.32mm are used as a countermeasure on plain circular shape pier. Both the collar and pier roughness were
tested on the circular shape pier at different flow rate and corresponding scouring was measured by using point
gauge. All the experiments were carried out in a laboratory flume having width, length and depth is 0.96m, 20m
and 0.75m respectively. The results exhibited that 55.10% scouring is reduced with the presence of oblong shape
collar on pier and 22.40% scouring is reduced with pier roughness. It is concluded that pier with collar was found to
be effective scouring reducer as compared to pier with roughness.

Keywords—component, bridge pier, local scour, collar, roughness, countermeasure.
I. INTRODUCTION

Local scouring, around the bridge piers, is a significant and crucial process that leads towards bridge
failure. In this regard, it becomes essential to predict the local scouring, around the bridge piers, in an
accurate and precise way. Otherwise, the local scouring will result in collapsing the whole bridge structure
leaving a serious death toll and injuries as its aftermath [1]. The local scouring problem have been studied
by many hydraulic researchers under different flow conditions. Based on the research carried out, several
methods have been introduced and implemented to counter local scouring, around the bridge piers [2].
Countermeasure techniques around the bridge pier for the local scouring are classified into two
categories: armoring and flow altering techniques. There are multiple armoring techniques like riprap
stones around the bridge pier, reno mattresses, cable tied blocks, gabions, tetrapod’s, dolos, and concrete
mats or bags. The flow altering technique includes sills, sacrificial piles, slots, low vanes, ring column [3].
The local scouring around the bridge pier can be reduced by using the collars and geobags. The collars and
geo- bags are efficient for reducing the scouring around the bridge piers when experimentally studied.
When the experimental data of collars and geobags were compared with the data on simple bridge pier,
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the results showed that percentage of scour reduction is more by using the combination of collar and the
geobags then the simple pier. Moreover, the efficiency of collars is better than the geobags when both are
used independently [4]. The experimental work was conducted to achieve different optimum techniques
like slot and both the slot and sill. The experimental work was performed on the circular pier to check the
local scouring. The local scouring was reduced by the using of slot and the combination of sill and slot. It
was concluded from the results that the maximum local scour depth reduced by the slot was up to 30%.
On the other hand, when combined countermeasure technique opted — slot and bed sill — the maximum
scour reduction in front of pier was up to 45%. From the experimental results, it can be stated that the
combination of slot and bed sill is more efficient and effective in order to diminish the local scouring,
around the bridge piers [5]. Several researchers are, currently, working to belittle the local scouring,
around the bridge pairs. Experimental work performed to minimize the local scour on a bridge pier by
countermeasure technique such as sacrificial pile and the sacrificial piles with perforation in this research.
The holes with different orientation in perforated piles were tested, a sacrificial and the sacrificial
perforated pile were positioned at the upstream. The results concluded from the experiments were that
scour depth can be reduced up to 89%, when the combination of the pile with 45°-hole angle and the
sacrificial perforated pile with the 45°- hole angle and the diameter of hole equals to 0.43 times diameter
of pile. This research study may be used for the protection of bridge pier from the effect of scouring [6].
The local scour around the bridge pier was controlled by using the rectangular shape of the collars.
Experimental work conducted on the rectangular shape of the collar to find out the approximate collar
dimensions for the reduction of scouring around the bridge pier. Effects of the Rectangular collars with
different dimension on a circular shape pier were investigated in the flume at the upstream and
downstream side of the pier. The optimum width of the collar was estimated about 2.8 times of the pier
diameter. The scour depth reduced up to 98% at 72 h by using the collar sizes [7]. The main cause of
bridge collapse is the local scour around the bridge pier. There are many countermeasure techniques are
adopted to protect the bridge pier from scouring. Experiments were conducted on the bridge pier with
the anti-scour collar. Three parameters including height of the collar, diameter of the collar and the collar
protection range were investigated. From the results it is concluded that with the increase in collar height
the effect of protection decreases and with the increase in external collar diameter the effect of
protection increases. It is suggested that anti-scour collar is more effective and efficient to protect the
bridge pier from scouring [8]. In this study, the effect of oblong shape collar and pier roughness on the
scouring around the bridge pier is investigated and compare the results of collar and roughness effect on
the local scouring around the pier.

:

II. EXPERIMENTAL WORK

A. Channel description and Preparation

Hydraulic laboratory of Civil Engineering Department at University of Engineering and Technology Taxila
was used to carried out experimental work. All experiments were performed on 0.96m wide and 20m long
rectangular channel. The side walls and bed of the channel were made up of transparent glass and concrete
foundation respectively. The bed of the channel was prepared with sand material having size d50=0.57mm
and was levelled horizontally. To avoid the unwavering water level in the test section the sand bed should
be appropriately level. An adjustable tailgate was installed at the extreme downstream of the channel to
control the water level and discharge was controlled by using flow control valve fixed at the start of the
channel. At the periphery of test section, a 15cm thick uniform and cohesion less sand material was used as
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D

a bed. The unit weight of sand is 26.5kN/m3, when d50 ≥ 0.6mm. The ratio of d ≥ 50 is satisfied, the impact
50

of the sediment roughness is avoided by this value [9][10]. The sediment particles with the standard
deviation (σg=d85/d50) was <1.3 [10][11] to reduce the sediment non-uniformity effect on scour hole.
Furthermore, to stop the ripple evolution the bed particles with the diameter was 0.57mm. (Ettema 1980;
Raudkivi and Ettema1977; Lanc ¸a, Simarro, and Fael 2015).
B.

Experimental Procedure

After preparing the channel bed, a plain vertical circular shape pier was installed at the centerline of the
channel at a distance of 3.5m downstream from the entrance of channel. An adjustable tailgate was
installed at the extreme downstream of the channel to control the water level and discharge was controlled
by using flow control valve fixed at the start of the channel. After completing all necessary work, flow was
assumed to flow in the channel. The sediments start to scour around the bridge pier when the water was
allowed to flow in the test section. Scouring around bridge piers was investigated at four different flow rate
e.g. Q= 0.02304cumecs, Q= 0.0288cumecs, Q= 0.03456cumecs and Q= 0.04032cumecs and at every
discharge value, 15cm depth of water in the test section was maintained by using tailgate. The running time
of each trial was fixed for 3 hours and after this time flow was assumed to stopped. After drained out
water from channel, the resultant scouring around the bridge pier was measured by using point gauge.
After measuring scouring depth around bridge pier(shown in Fig.1, a), the bed of channel was again leveled
for next trials. Then next two case; oblong shape collar and pier roughness (shown in Fig.1, b & c) were
tested as a countermeasure at same flow conditions. The width of oblong collar was kept 2.5 times the
diameter of pier, while for the case of pier roughness, gravels with size d50=6.32mm was used as a
roughness material. Schematic diagrams of pier with different conditions is shown in figure 1.
Figure 1: Schematic diagrams of pier with different conditions; (a) plain circular pier, (b) pier with oblong shape collar,
(c) pier with roughness.

III. RESULT AND DISCUSSION
A. Variation of Scour Depth with velocity:

In all cases, it is observed that by increasing the velocity of flow the depth of scour around the pier also
increases (shown in Fig.2), but this trend decreases afterward. The reason behind this decreasing trend is,
due to submergence of sediments the shear force between particles decreases and ultimately lead to
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decrease critical velocity of sediments. Due to decreasing critical velocity of sediments, the sediment from
the upstream moves towards the scour hole, that causes the reduction of the scour depth.

ds/D

Ciruler Pier

Collar

Roughness

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0.1

0.3

0.5
V/Vc

0.7

0.9

Figure 2: Variation of scour depth with velocity ratio (V/Vc) for plain circular pier, pier with collar and roughness with
time interval of 3h.
B.

Variation of Scour Depth with Discharge:

It is also examined that by increasing the discharge, the scour depth around the pier also increases. The
figure (Fig.3) shows the trend of scouring depth with discharge for all cases: plain circular pier, pier with
oblong shape collar and pier with roughness.
Circuler Pier

Collar

Roughness

6

Scour Depth (cm)

5
4
3
2
1
0
0.02

0.025

0.03
0.035
Discharge (cumecs)

0.04

0.045

Figure 3: Variation of scour depth with discharge for plain circular pier, pier with collar and roughness with time
interval of 3h.

C. Scouring comparison among plain circular pier, pier with collar and roughness
The scour comparison among plain circular pier, pier with roughness and pier with oblong collar is plotted
at maximum velocity. It is shown in figure 4.
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Figure 4: Comparison of scour depth versus variation in velocities for plain circular pier, pier with collar and roughness

D. Percentage Reduction comparison between pier with collar and roughness
The percentage scouring comparison is plotted between pier with oblong shape collar and pier with
roughness at maximum scouring depth. It is shown in figure 5.

% Reduction in Scouring
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Roughness
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Figure 5: Percentage reduction comparison between scouring depth and V/ Vc for the case of pier with collar and pier
with roughness.

IV. CONCLUSION:

The current research concluded that:
1. With the increase in discharge the scour depth around the bridge pier also increases and vice versa.
2. The scour depth around the bridge pier decreases by providing the oblong collar or roughness on pier.
3. The percentage of reduction of scour for the case of pier with collar reduced up to 55.10 %, while for
the case of pier with roughness reduced up to 20.40 %.
4. The pier with collar is found to be more efficient technique to reduce the scouring as compared to
providing roughness on pier.
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ABSTRACT-A study has been conducted to investigate the drainability of
four different types of asphalt mixtures that are used for pavement surface
layers. These mixes include SP-A, MS-2B ,NHA-A and NHA-B gradation
. One type of Bitumen are used as ARL and two types of aggregate source
are used as Margalla and Uban Shah. Four types of permeability apparatus
are used as Italian (6inch dia), European (5inch dia ), in situ-permeameter
(4 inch dia) and water pressurized permeameter ese devices work on
falling head principles. The focus is given to determine the effect of
different NMAS on permeability and permeameters cogency and viability.
The study reveals that increase in void size with random formation of
increased structural connections increase the permeability. If size of
permeability apparatus increases its permeability also increases and also if
pressure is applied its permeability increases .While NHA A is more
permeable as compared to other permeable asphalt mixes. While NHA B
mixes offered less permeability while NHA A offered more permeability ,
due to specific gradation. Study reveals that permeability is dependent on
interconnection of air voids, sample size gradation and head pressure.
Keywords
Permeability, asphalt mixes , air voids water pressurized permeameter,

1.

Introduction

Permeability of Asphalt mixtures is dependent on different
parameters, Type of mix, effective porosity, direction of flow,
gradation of mix, air voids, packing of aggregates, size & shape of
aggregates. The interconnectivity of air voids affects permeability
of asphalt mixtures. The equipment used for measurement of
permeability also effects to the permeability, method of testing and
accuracy of the observations obtained from the particular
equipment.. The reason described is that as the coarser particle
contribute to large air voids and the chance of connectivity of these
voids enhances, on the other hand the finer gradation have voids of
smaller size, these voids have minimum linkages as interconnected
path become longer and squeezes the channel of movement of
moisture. Sometime moisture get entrapped into these voids and
proposes difficulties for the streamline flow of water or moisture in
the finer mixes. The equipment used in the study of permeability
have a wide range of complexion in terms of size of equipment. The
Permeability
in HMA
traditionally
beenobservations
calculated of
mechanism
of operation
andhas
limitations
during
using Darcy’s Law. More recently, the Kozeny-Carman
measurements.
equation has been utilized in conjunction with the use of
X Ray CT imaging. These techniques are coupled with
the many field and lab testing devices available. For
field testing, there are five designs that have been used
in published research. They all calculate the coefficient
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Abdullah et al. 1998 proposed different factors that affect the
permeability of an asphalt pavement during its service life as:
segregation of the mix during placing; temperature of mix during
cessation rolling; temperature of mix during pneumatic rolling; weight
of breakdown roller; Tire or contact pressure of pneumatic roller;
ambient temperature during placing of mix; Void content of the
compacted mix & amount of traffic before winter rains.
In addition to fine mixes, Chou bane et al. (1998) also studied coarse
mixes and concluded course mixes with air voids greater than 6% are
susceptible to excessive permeability. Early work on permeability
indicated a pavement with air voids greater than 8% was susceptible to
excessive permeability. This threshold of 8% was also confirmed by
Brown et al. (1998).
Chen et al. 2004 ,The mix properties are discussed one by one for better
understanding of permeability of asphalt mixtures. Asphalt pavement are
excessively vulnerable to moisture problems in the early pavement
service life, for example stripping of binder and cracking due to increase
in pore pressure and permeation to succeeding granular base layers as
explained.
Waters, T 2004, In this study, a new term, "normalised air voids", has
been introduced, which accommodates both the voids and the size of the
particles within the mix. The permeability of asphalt has been correlated
with the normalised air voids. Asphalt has been categorised on the basis
of permeability, with categories ranging from very low permeability to
free-draining. Normalised air voids have also been found to have a
correlation with road surface texture. In asphalt design, a balance needs
to be reached between low permeability and good surface texture.
Kanitpong et al. 2005, researched permeability in fine graded mixes and
recommended the minimum density should be set at 93.8% (6.2% air
voids) to control permeability in fine graded Superpave mixes.
The phenomenon of moisture damage effects were examine by Carol et
al. 2008a and Caro et al 2008b. The common factor that determines
permeability is the amount of air voids contained in the specimen. In
asphalt pavements, air void content is reduced using compaction to
increase the density of the pavement. Therefore, the degree of
compaction
(density)
should
be related
the permeability
of permeability
using
Darcy’s
Law.to There
are two of the
pavement.
methods of calculating permeability in the lab, one using

the device developed by the Florida Department of
Transportation (FDOT), the other uses the Corelok
device. The FDOT device also uses Darcy’s Law, while
the Corelok device uses a volumetric approach to
calculated permeability. There have been recent studies
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on directional permeability that use X-Ray CT imaging
to develop a computer model of an HMA core sample.
A numerical fluid flow model based on the KozenyCarman equation along with the X-Ray CT imaging
gives the permeability (k) for the cores/asphalt samples
used in the study. Permeability (k) measurement based
on Kozeny- Carman formulation (Kozeny 1927,
Carman 1938, 1956) equation used in different studies
is equation 1. In equation 1 we see that the k value is
linear parameter of the voids/pores present the mix.
K = (ɣ / μ) (1 / CK-C) (1 / S0 2) [e3 /
(1+e)]…...(1)
Where ɣ is the unit weight of the permeant (usually
water), μ is the dynamic viscosity of the permeating
fluid, CK-C is an empirical coefficient, S0 the specific
surface area of the soil/asphalt per unit volume of
particles, and e is the void ratio, hereafter denoted as (e).
The equation 2 developed by Vardanega & Waters
(2011, 2015) based on the equation developed by the
k = 0.46(Rp) 3.70 [R2 = 0.74; n = 467] …………(2)
Where k has units of mm/s and Rp has units of mm and
where Rp is the representative pore size (RPS), Where,
Rp = (2/3) [AV (%)/100] [D75 (mm)].

Er. ankush verma et al 2018, The primary objective of
the present study is to determine general magnitude of
permeability of bitumen mixes at different conditions.
Additionally, the permeability characteristics of fieldprepared field compacted (FPFC) cored specimens are
evaluated and compared with laboratory-prepared
laboratory compacted (LPLC) specimens. Field cores
are extracted from on-going paving projects and
evaluated for
permeability using a fabricated falling head laboratory
permeameter. Marshall Mix prepared in the laboratory
asper the site specification and compacted with impact
compactor at varying compactive efforts, and finally
subjected to permeability testing.
Sheldon A .et al 2019 Numerous theoretical models
were evaluated and the selected model
is based on regression analysis of field data. Initially,
predominant variables influencing layer permeability
were found to be void proportion, binder content as well
as aggregate grading and packing. Subsequently,
regression analyses of data showed that within
reasonable variation of the other variables, layer
permeability is strongly correlated to aggregate grading
and packing, as described by rational Bailey ratios,
hence the focus of refining the model on the latter
parameters.

k = 0.269(Rp) 3.67……….(3)
k = 0.154(Rp) 4.12……….(4)
The different devices used by the researchers have used
Darcy’s equation or Kozeny Carman formulation and
have developed their model based on the previous
studies.
Rohid Rosli Hanin et al, 2013, investigates the effect of
lift thickness on permeability and the time available for
compaction (TAC) of hot-mix asphalt (HMA) mixes
under tropical climate condition. A total of 14 HMA
mixes consisting of various types, gradations, and
nominal maximum aggregate sizes (NMAS) were
selected. The results also suggest that the TAC for a
25 mm lift is 13 min, 23 min for 32 mm, 32 min for
38 mm, and is expected to be more than 50 min for
44 mm and above & effect of lift thickness on
permeability and the time available for compaction of
hot mix asphalt pavement under tropical climate
condition was determined. J. Vardanega et al, 2018,
This research presents two laboratory databases
assembled from data sourced from the literature. Using
a database of permeability tests on fine-grained soils, the
ability of the Kozeny-Carman void ratio function to
interpret the data is examined alongside a simple powerlaw relationship
A second database of permeability measurements on
asphalt concrete specimens is used to re-examine the
‘representative pore size’ concept as a method of
predicting the coefficient of permeability. The influence
of nominal maximum aggregate size (NMAS) on the
coefficient of permeability is also studied.

2. Objective of research study
The main objectives of this Research is
▪ To determine the Permeability of fine
and coarse graded asphalt mixtures.

▪

▪

To compare and develop relationship
permeability measuring devices.

▪

To develop relationship between air
void and permeability.

3. Research methodology

Methodology
of research
study
Asphalt binder

Material selection

Aggregate
Margalla , Uban
shah

ARL
Asphalt binder

Laboratory test of
specimen
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Test results
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Specimens for
Quantitative
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A research study was divided into three phases. In first
phase ,to prepare asphalt mixture,single asphalt binder
,two aggregate quarries. Based on petrography results
aggregate quarries were selected. Margalla and Uban
Shah aggregate quarries contain, calcium carbonate,
dolomite, and granite minerals respectively. Asphalt
binder i.e commonly used in flexible pavements of
Pakistan was taken from Attock Oil Refinery (ARL)
Pakistan. In second phase of research study specimens
were prepared for quantitative test regime. While in last
phase all laboratory tests were performed to asses
moisture sensitivity of asphalt mixture. The flow chart
of Research Methodolgy has been given in Fig.1.

of ARL is given in Fig.2. The basic objective of
construction of master curve was to characterize the
binder over a wide range of temperature and loading
frequencies. This objective was achieved by conducting
frequency sweep test on DSR. Single reference
temperature is generally taken in a construction of
master curve. Time and temperature superposition
principle or principle of reduce variable that essentially
describe the equivalency of time and temperature are the
basis behind the construction of master curve. Master
curve at reference temperature of 30oC has been
constructed to complete the characterization of binders
as shown in Figure2, where values in terms of log of
reduced frequency(fr) are plotted against complex
modulus G*.

4. Materials &

Methods
4.1 Bitumen
The selected asphalt binder is commonly used in
Pakistan road network and basically consists of four
generic fractions based on molecular size and chemical
reactivity. These four groups consist of saturates,
aromatics, resins and asphaltenes. As aromatics are the
40-65% of total asphalt binder volume that is the main
reason of the non polar behavior of asphalt binder.
Bitumen of grade-60/70 was utilized with the source of
Attock Oil Refinery was finalized and arranged
provision of bitumen in the lab. . Material properties of
asphalt binder has been given in Table 1. Master curve
of ARL is given in Fig.2. The basic objective of
construction of master curve was to characterize the
binder over a wide range of temperature and loading
frequencies. This objective was achieved by conducting
frequency sweep test on DSR. Single reference
temperature is generally taken in a construction of
master curve. Time and temperature superposition
principle or principle of reduce variable that essentially
describe the equivalency of time and temperature are the
basis behind the construction of master curve. Master
curve at reference temperature of 30oC has been
constructed to complete the characterization of binders
as shown in Figure2, where values in terms of log of
reduced frequency(fr) are plotted against complex
modulus G*.
4. Materials & Methods

Fig.2. Master curve ARL
Basic necessary testing of bitumen was carried out
including penetration grade at 25, Softening Point,
Ductility, Flash and Fire Point and Specific Gravity. All
results are with in the limits.

Table 1
Material properties of asphalt binder

4.1 Bitumen, The selected asphalt binder is commonly
used in Pakistan road network and basically consists of
four generic fractions based on molecular size and
chemical reactivity. These four groups consist of
saturates, aromatics, resins and asphaltenes. As
aromatics are the 40-65% of total asphalt binder volume
that is the main reason of the non polar behavior of
asphalt binder.

Test Description

Asphalt binder ARL 60/70

Penetration
ASTM D6

61.0

Softening point
ASTM D36

48.4

Flash & Fire (*C)
ASTM D92

328-362

Specific Gravity
ASTM D70

1.023

4.2 Aggregate
Asphalt mixture contains about 95% of aggregate by
weight as a constituent . The properties of coarse and
fine aggregates are therefore important and directly
affect the performance of asphalt mixtures. Aggregate
quarries were selected on the petrography of rock
source. Amount of silica (SiO2) is responsible for acidic
or basic behavior of rock. Acidic nature rock commonly

Bitumen of grade-60/70 was utilized with the source of
Attock Oil Refinery was finalized and arranged
provision of bitumen in the lab. . Material properties of
asphalt binder has been given in Table 1. Master curve

89

3rd Pak-Turk International Conference on Emerging Technologies in the field of Sciences and Engineering
9-10th , June 2020
rich in silica while basic nature aggregate quarries
contain less amount of silica. Two different types of
aggregate quarries are locally available in Pakistan i-e
Margalla and Uban Shah aggregate quarries are basic in
nature. Nominal maximum aggregate size (NMAS)
which is defined as one sieve size larger than the first
sieve to retain more than 10 per cent of the material is
one of the commonly used parameter in the analysis of
aggregate packing characteristics. NMAS of NHA-A
and NHA-B gradation is 19.0 mm, for gradation SP-A
and MS-II it is 12.5 mm. Selected aggregate quarries
location has been shown in Fig.3. Chemical properties
of aggregate is shown in Fig. 4.

No aggregate quarry has loss angles abrasion value more
than 30% and sand equivalent value less than 70%.

Cremish
Dark Grey Brown , 2
to Grey
Veined , 9
Light Grey
, 14

Different tests were conducted to measure the physical
and mechanical properties of aggregate in the
laboratory. Aggregate engineering properties have been
summarized in Table 2. It may be noted from Table 2
that fractured particles of all aggregate source are 100%.
While having less than 15% of flakiness and elongation
index. Aggregate engineering properties have been
summarized in Table 2.

Quartz
Wacke, 1

Gray
limestone,
44

Dark Grey
, 30

UBAN SHAH

Fig.3. Location Map of Aggregate Quarries
(https://geology.com/world/pakistan-satelliteimage.shtml)
As shown in Fig.3. Margalla represent northern part of
country. While Uban Shah represents the southern part
of Sindh, Pakistan.
Table 2
Engineering properties of aggregate
Test title

Standard

Fractured Particles (%)
Flakiness Index (%)
Elongation Index (%)
Water absorption(%)
Los angeles abrasion(%)

ASTMD 5821
BS 812.108
BS 812.109
ASTM C127
ASTM C131

Margalla
100
4.84
6.4
0.95
23

Uban
shah
100
10
10
0.97
26

Limits
90 min
10 max
10 max
2 max
30 max

4.2.1 Aggregate Gradation

Various types of gradation is used e.g average
gradation, bailey gradation etc. But, we are adopting
Soundness (%)
ASTM C88
2.5
3.2
8 max
average technique because of its compatibility with
desired project. We selected 2 different quarry sources
The complete testing of aggregates like water absorption
having 3 different sizes of aggregates for their exact
test, Los-Angeles Abrasion sand equivalent and
blending. Both Coarse and fine aggregates were sieved
soundness was conducted and found within the limits. .
in 13 different sizes of sieves ranging from 0.075mm to
Sand equivalent (%)

ASTM D 2419

73

70

50 min

90
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37.5mm. To check their percentage of passing . Two
types of aggregate sources were selected; one is UBAN
SHAH and other is MARGALLA.. The aggregate
gradation is shown in Table 3 and Table 4 .

Samples were to be fulfilled adequately. Samples were
prepared on gyratory compactor in which 7000gm of
aggregate and bitumen are used Different. mixes detail
are given in Table 5. Which show the different asphalt

4.3 Asphalt Mixture

mixture with different sources.
Bituminous mix design for pavement construction helps

Table 5. Different types of asphalt mixes

in producing a mix that is workable, durable, strong, and
economical in nature. One of the widespread use of
bitumen is in the pavement design and construction.

Typ

Sourc

Sour

Grade

Maxi

Nomin

GM

V

e of

e of

ce

of

mum

al Max

B

A

Mix

Agg

of

bitume

size

size(m

bitu

n

(mm)

m)

60/70

25

19

2.39

3

2

.

There are different types of bitumen mixes for example

Stability

men

Open-graded, Well graded or dense graded, Gap-graded

Coarse Graded

and Unbounded bituminous mix that can be prepared.
All of them have different properties and serviceability.

NH

Marg

A-A

allah

ARL

1362

0

This study comprises of dense graded mix that further

Fine Graded

sub-divided in coarse and fine graded. This hot asphalt

MS-

Marg

2B

allah

NH

Uban

A-B

shah

ARL

60/70

19

12.5

2.34

4

0

.

mix is the most common mix used because it can

1554

9

provide great impermeable characteristics allowing

ARL

60/70

19

12.5

2.37

4

0

.

1291

5

water to run away from the surface area. These have all

1

ranges of aggregates and are sufficiently packed. It
facilitate the proper filling of voids in a systematic

SP-

Marg

A

allah

ARL

60/70

19

12.5

2.33

4

8

.

1424

5

manner. This type of asphalt is ideal for all traffic

3

conditions and has great performance under structural
conditions, friction, andfor surfacing and repairing

Further divided NHA classified groups of mixes are

needs. It offers good compressive strength and tensile

selected for this research. These are categorized at the

strength. The name comes from the aggregate size used

basis of maximum & nominal particle sizes used. For

while mixing the raw materials to produce the asphaltic

example NHA class A has the highest size 25mm and

composition.

nominal max size 19mm ,while GMB,VA and Stability

Marshall mixture design method has been used for

values are with in the limits.

asphalt mix design . The first step in sample preparation
is to determine optimum binder content . Three trials of
aggregate –asphalt binder blends , with five sample for
each blend and a total of fifteen specimens were
prepared for each mixture. By evaluating each trial
blend’s performance,
optimum binder contents (OBC) of asphalt mixtures
were determined. Stability test standard method was
used to prepare the mixture in accordance with ASTM
D6927.
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4.5 Permeability Testing
There are different types of permeameter FDOT permeameter, NCAT field permeameter, WPI modified NCAT
permeameter. These differ from eachother due to, use of epoxy membrane to seal core , sizes & dia of stand pipe dia,
Correction factors, air voids connectivity, density and most important handling of specimen. But, In-situ falling head
permeameter is the most quickest and easiest method to find the permeability accurately and the results obtained from
this test doesnot deviate more than two to three percent of the results obtained from modified NCAT permeameter. The
Falling Head-Permeameters used to study permeability are, Insitu-Permeameter diameter 5” to (EN 12697-40) 80B0093/E, in-situ permeameter Italian Highway system compatible 6” Dia, Drainig Pavements 4” (80-B0093) and water
pressurized permeameter as mention in Fig.5.
It has been inferred from Fig.5. that, Insitu-Permeameter has diameter of 5 inch, while in-situ permeameter Italian
Highway system compatible has diameter 6 inch, while Drainig Pavements have 4 inch diameter and water pressurized
permeameter.

(a) Italian/Autostrade

(b)

(c) European Standard (

(d) Water

method ( B0093/A) (Dia (B0093)/Permeameter

EN12697-40) D1229

Pressurized

6")

(Dia 5")

Permeameter

(Dia 4")

Fig.5. Different permeability apparatus
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Permeability measured using Darcy’s relation of

all of these permeability devices so it is impermeable.

laminar in following relationship .

Other asphalt mixes result are given in Fig.6 .

𝑘=

𝑎𝑙
𝐴𝑡

ℎ1

ln ( ) 𝑡𝑐

3.E-03

ℎ2

3.E-03

Where:

2.E-03

Area

of

Sample

in

mm;

2.E-03

k

A=Cross-sectional

1.E-03

L=Height/Length of Sample in mm; a= Cross-

5.E-04

sectional Areas of Stand Pipe in mm; h1=Initial

0.E+00
NHA A M NHA B U MS2B M SPA M

Head across test specimen; h2= Final Head across

(a)

test specimen; t= Time Elapsed from start to
Reading; tc= Temperature correction for viscosity of
water

while

recording

observations.

As

6.00.E-02
5.00.E-02
4.00.E-02
3.00.E-02
2.00.E-02
1.00.E-02
0.00.E+00

all

k

measurements were taken at room temperature, so tc
is taken equals to one. The permeability values
ranges from 0 to 50 x 10E-5 mm/sec shows the

NHA A NHA B
M
U MS2BSPA M
M

impermeable pavements as per literature review.
However the criteria for Super-Pave fine aggregate
mixtures up to 8% air voids should not exceed 15 x
10E-3 mm/sec, and not a single value is exceeding
from the design limitation.
5.1 Permeability of asphalt mixes
We can see that 4’’ permeability apparatus , asphalt
mixes have low value of k and its take more time to flow
water so it is a permeable. While 5’’ permeability
apparatus, asphalt mixes have greater k value as
compared to 4 ‘’ so it take less time to water flow so it
is impermeable. While 6’’ permeability apparatus have
k value is more as compared to 4’’ and 5’’ so its take
less time to flow water so it is permeable. While water
pressurized permeameter have less k value as compared
to other apparatus. In Fig 6 ,we can see that 4’’
permeameter results have less value of K

is

impermeable while 5’’ and 6’’ permeameter has some
mixes K value is less and those are impermeable and
water pressurized permeameter has 60% of the results
are the permeable and 40% result are impermeable
,NHA B U NRL 60/70 asphalt mix has less value of K
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5.2 comparison between time and permeability

6. Acknowledgements

It may be noted from Fig.7 that 4’’ permeameter takes
more time to flow as compared to 5’’ permeameter. In
Fig.8. we see that time is change, as asphalt mix is
changed.so we see that NHA B take more time to flow
while NHA A takes less time to flow. we also see that
size of apparatus changes , permeability value also
changes, time also changes, air void and gradation also
impact on permeability.

The authors thank the Taxila institute of transportation
engineering and HRTC to provide friendly environment
to conduct

Water pressurized
permeameter also impact on
permeability as pressure apply permeability also
changes. As compared to other permeability apparatus
,water pressurized permeability less and time also less
as other apparatus.
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Abstract— Bond strength in asphalt mixture should be adequate throughout the service period of a pavement for better
performance. Bitumen due to some external factors, such as temperature and heat changes its capacity to resist moisture
damage and bonding properties due to aging. To analyze the effect of aging on bond strength of asphalt mixture, binder is aged
using the rolling thin film oven test (RTFOT) and pressure aging vessel (PAV). Dynamic Shear Rheometer (DSR) is used to
check the stiffening of the virgin binder compared to aged binder. Bitumen Bond Strength (BBS) and Rolling Bottle Test (RBT)
is performed to check the interaction between binder and aggregate as a result of aging of binder. BBS test on virgin and aged
binder is performed at 24 hours of dry and wet conditioning. BBS test results have shown an improvement in Pull of tensile
strength (POTS) after RTFOT and PAV aging at 24 hours of dry and wet conditioning. In dry conditions virgin and RTFOT
aged binder follows cohesive nature of failure and PAV aged binder follows adhesive failure pattern. In wet conditions cohesive
nature of failure is observed in virgin, RTFOT and PAV aged binder. RBT results have shown increase in percent retained
coating of binder after RFTFOT and PAV aging. It is found that aging increases the resistive property to moisture damage and
bond strength of binder.
Keywords— Asphalt mixture, rolling thin film oven test, pressure aging vessel, Dynamic shear rheometer, Bitumen
bond strength test, rolling bottle test.

Introduction

As bitumen gets aged its chemical properties changes. Its oily components with change in
temperature and pressure gets removed and bitumen loses its ductility due to which its bonding
characteristics gets changed. Cracking phenomena in the pavement mostly occurs due to aging of
binder which makes mixture brittle and as the pavement loaded it becomes more prone to cracking.
So, impact of bond strength and aging of binder play an important role in pavement performance.
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Aging of bitumen is a phenomenon in asphalt pavement structures that contributes to deterioration
due to stiffening of binder. Over the bitumen losses its ductility due to removal oily components
and other saturates bitumen becomes hard and stiff. Moisture damage occurs due to stripping
phenomena in asphalt mixtures and it contributes to further deterioration of pavement. So, it is
very important to analyze the effect of aging on bond strength and resistance to moisture damage.
As the cracks appears on surface of pavement moisture enters in cracks and may severely damage
the underneath structure of pavement.

Problem statement
Usually it is not possible to characterize the bonding behavior of bitumen after aging. Very littleknown effort is made on this aspect in the past. It is a known fact that aging enhances the stiffness
of the binder. As binder in asphalt mixture is aged, pavement may be subjected to surface cracks
and moisture get enters into it. But stiffness weather improves the bonding property and causes a
greater resistance against moisture or causes a decrease in bonding strength. In this study the effect
of aging of binder on bonding properties of bitumen were checked.

Aims and objectives
•

To check the stiffness of binder after RTFOT and PAV aging

•
•

To depict the impact of aging on moisture damage of asphalt mixture
To analyze the bond strength and mechanism involved in bonding behavior of bitumen before and
after aging.

Literature review
Aging of bitumen is a phenomenon in asphalt pavement structures that contributes to deterioration.
Over the time bitumen changes its chemical characteristics that may cease the pavement
performance [1, 2]. Asphalt mixture as the most important materials for pavement and their
physical and chemical properties have a direct influence on performance of mixture. The lack of
bonding between them can cause a major damage to pavement structure. Asphalt adhesion is
directly affected by the chemical changes in the bitumen [3, 4]. Bitumen aging can be divided in two
phases, short and long-term aging. Short term aging occurs during mixing and transporting and
compaction of mixture while long term aging occurs during service period due to loading, pressure
and environmental effects and is limited to few millimeters of pavement surface. Aging promote
the chances of cracking in the pavement. Aging make bitumen brittle and stiff, this stiffness may
cause the fatigue cracking decreasing the life span of pavement[5-7].
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A force that link the two unlike materials is called adhesion. In case of asphalt mixture adhesion is
the required energy that is needed to get rid of the link between the bitumen and aggregate.
Adhesion is also a most important phenomena in asphalt mixtures which also contribute to
serviceability of pavement structure[8, 9]. Four basic theories have been theorized to justify the
bonding of asphalt mixture which are mechanical adhesion theory, molecular orientation theory,
surface energy theory and chemical reaction theory. Chemical reaction theory explains the adhesion
in context of viscosity of bitumen, more viscous bitumen has greater concentration of polar
molecules(asphaltenes) create greater adhesion with aggregates due to greater adhesion tension
[10-12]. A study has shown an improvement in moisture damage resistance after oxidative aging
[13]. Another work study evaluated the combined effect of aging and water damage to asphalt
mixture indicating the poor performance of asphalt mixture in unaged condition [14]. A work have
shown decrease in moisture damage resistance after RTFOT and PAV treatment of binder and
bonding strength[15]. Another study has shown that aging promotes generation of surfactants and
acids which damage the moisture resistive performance of mixture [16]. A work on adhesion of
binder and aggregates has shown under the moisture conditions a virgin binder usually follow the
cohesive nature of failure and a severely aged binder follows an adhesive nature of failure in bond
strength test[17].
Research Methodology
Materials
Properties of bitumen are shown in Table 5.
Table 1: Properties of Virgin Binder
Property

Reading
(Penetration Grade 60/70)

Mean penetration value (1/10 mm) (ASTM D5)

62

Ductility (ASTM D113)

Above 100 cm

Flash point (ASTM D3143/3143M-13)

269℃

Softening point (ASTM D36)

52℃

Bitumen of Attock refinery penetration grade 60/70 is used as binder for each of Limestone
(Margala crush) and sandstone (Sargodha crush) which is used as a substrate. Properties of
aggregates used are listed in Error! Reference source not found. and Error! Reference source not
found..

Table2: Aggregate type, Composition and Nature
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Aggregate
Type

Components

Rock Type

Nature

Sandstone 40.848 SiO2

Sedimentary
Rock

Acidic

Limestone Calcite 65%, Silica 30%

Fossiliferous
Limestone

Basic

Table3: Physical properties of aggregates
Property

Limestone

Sandstone

Water absorption (%)

1.32

1.00

Specific gravity

2.83

2.72

Bulk density(kg/m3)

1508

1533

Voids (%)

45.56

42.80

Impact value (%)

16.50

11.60

Crushing value (%)

29.80

17.90

Compressive strength (MPA)

26.30

21.10

Splitting tensile strength (MPA)

2.25

2.00

Flexural strength (MPA)

4.90

4.78

Testing Plan
• Dynamic shear rheometer (DSR) according to standard AASHTO T315 [18]
• Rolling Bottle Test (RBT) according to standard EN 12697-11:2012 [19].
• Bitumen Bond Strength test (BBS) according to standard ASTM D 4541[20]
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The workflow diagram for this research study is shown in
Figure 21.

Aged binder

Virgin binder

Rolling bottle

BBS test

test

Results and
conclusion
Figure 21: Workflow diagram

Tests Descriptions
Dynamic shear rheometer
Rheology of virgin and aged bitumen are determined using the frequency sweep. Test is taken at
the various intermediate and high temperatures which ranges from (22, 34, 46, 58, 70, 82°C) and at
frequency range (0.1 to 10Hz) and at a constant strain level oscillatory shear is applied. Rheological
parameters are obtained using excel and master curves are plotted at the temperature of 58°C using
the sigmoidal function

𝑳𝒐𝒈|𝐆∗ | = 𝜹 +

𝜶

(3)

𝟏+𝒆𝜷+𝜸(𝑳𝒐𝒈𝒇𝒓)

Where 𝛿 is the minimum complex shear modulus, α is the difference between maximum and
minimum complex shear modulus value, G* is the complex shear modulus, γ, β are the shaped
functions parameters of sigmoidal function and 𝑓𝑟 is the reduced frequency.
Rolling Bottle Test
Rolling bottle test is proved to be most suitable method as for adhesion[21]. In rolling bottle test
two type of mixtures are prepared using sandstone and limestone aggregates with each of 60/70
and 80/100 penetration grade bitumen. The is conducted using the standard procedure of EN
12679-11. 162g of aggregate passing 9.6mm and retained on 6.3mm is cleaned with deionized water
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to remove any material present on the surface of aggregates and placed in oven for 60 minutes at
60οC and is mixed with 8g of bitumen and mixture is prepared heated to a limit that bitumen is
properly coated on aggregates. The mixture then is placed in rolling bottle by separating single
aggregate one by one poured into the rolling bottle and placed on rolling machine for 72h. The test
is performed at 20οC and machine is rolled at 60rpm. Reading is taken after 6h,24h,48h,72h.
Pictures of sample are taken by a camera of 13 megapixel and pictures are taken at fixed distance
of 18cm. Two reading for each mixture is taken by two observers to get the appropriate results. At
the end mean is taken for each time of rolling to get the final percentage of coating of bitumen.
BBS test
BBS test consists of an adhesion tester, pressure pipe, piston, plate, and stubs made of metal that
are used to pull off from reaction plate over the bitumen and the pressure is noted to calculate the
pull of tensile strength (POTS) by the following formula.

POTS=((BP×Ag)-C)/Aps

(4)

BP is representative of burst pressure(psi), Ag is the contact area between gasket and plate having
value 4.06 in2, C is a constant having value 0.286 in2, Aps is the area of pull of stub having value
0.1963 in2. Aggregate plates having thickness of 2” are cut by a saw cutter having some specific
dimension are cleaned by deionized water to remove the dust or any raw material on surface of
plate. These plates are placed in an oven with temperature of 60οC for a period of 60 minutes to
remove the absorbed water. Stubs are placed in oven for 20 minutes at 60οC to remove of the oils
present on it. Binder is heated in oven for 5 minutes at 160οC and immediately placed on the stub
which is pressed on the plate vertically. Pressure on adhesion device is provided not more than
120psi. circular spacer is placed on the stub and piston tightened on the stub and a pressure is given
at a rate of 2-6psi/s. The pressure at which the stub is pulled out of the plate is used to calculate the
POTS value. Penetration grade 60/70 is tested with limestone and sandstone.
Aging of Bitumen
RTFOT aging
Binder short term aging is done by using the rolling thin film oven test using the procedure of
standard AASHTO T240. There are eight glass bottles and one bottle are filled with 35g of bitumen
and cooled in the cooling rack for a period of 60-180 minutes. After cooling bottles are taken in
RTFOT oven and is rotated at 15 rpm for 85 minutes. during at 325ºF(163ºC) and air flow in is kept
bottles at 244 in3/min (4000 ml/min)[22].

PAV aging
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Binder is aged for long term aging is by pressure aging vessel of pressure 300psi(2.07MPa) and at a
temperature of 110℃(230°F). Pans of each is 50-gram capacity are kept in a pan holder and then
moved in the pressure aging vessel for 20 hours. After 20 hours of treatment samples are taken
from the vessel and degassed to perform the tests [23].

Table 4: Properties of binder after Long- term and Short-term aging
Type of Aging

Short Term Aging

Long Term Aging

Mean Penetration Value (1/10 mm) (T49-03)

57

53

Ductility (T51-00)

62 cm

56 cm

Flash Point (T48-99)

Above 300℃

Above 300℃

Softening Point (T53-96)

39℃

31℃

Results and Discussion
DSR test Results
Figure 22 is shown for complex shear modulus and reduced frequency. As the binder is aged the
curve shifts upward indicating an increase in stiffness of binder. For RTFOT aged binder the curve is
higher than virgin binder and PAV aged it goes further up indicating a more increase in stiffness after
PAV aging. Higher value of G* means elastic response is slowed and loss of ductility. The upward
movement of curve with aging is an indication that stiffness of binder in increasing with aging of
binder. RTFOT treated binder is more stiff than virgin binder and PAV aged binder is stiffer than
RTFOT aged and virgin binder.
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Complex shear modulus (G*)
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Figure 22 : Relationship between G* and reduced frequency for 60/70 pen grade

Rolling bottle test results
Rolling bottle test results are shown as percentage of bitumen coating. Error! Reference source not
found. and Error! Reference source not found. shows decreasing value for limestone and sandstone
in which aged binder coating is increased for 6h of rolling. For 24hours, 48hours and 72hours the
value of bitumen coating is following the same trend of lower coating of binder for virgin binder is
less than for aged binder. For both limestone and sandstone virgin percent retained coating is less
than RTFOT aged and PAV aged binder. So, aging decreases the moisture damage in terms of
stronger adhesive bond between aggregates and bitumen.
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PAV aged
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Figure 24: Percent retained coating of 60/70 pen

Figure 23: Percent retained coating of 60/70 pen
grade for limestone

grade for sandstone

BBS test results
From Error! Reference source not found. and Error! Reference source not found. it’s clear that
POTS value for unaged binder penetration grade 60/70 with limestone and sandstone at 24 hours
of dry conditions is less and for aged binder its improved. In case of virgin binder its lower than both
RTFOT aged and PAV aged binder. In case of short term aging it is higher than virgin and for long
term or PAV aged its higher than both virgin and RTFOT aged binder. For virgin and RTFOT failure
pattern is cohesive and for PAV treated binder it follows only adhesive nature of pattern.
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Figure 25: POTS (psi) values for 60/70 pen grade Figure 26: POTS (psi) values for 60/70 pen
grade for sandstone
for limestone

Figure 27 and Figure 28 shows the POTS values for 24 hours of wet conditions in which virgin POTS
are lower than RTFOT aged binder and PAV aged binder. Virgin, RTFOT and PAV treated binder all
follows only cohesive nature of failure pattern.
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Figure 27: POTS (psi) values for 60/70 pen grade Figure 28: POTS (psi) values for 60/70 pen grade
for sandstone
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CONCLUSION
From above results it is clear that as
•
•

•

As bitumen gets aged its complex shear modulus increases. As a result of improvement in
complex shear modulus stiffness increases. Bitumen lost most of its oily components
responsible for ductile behavior.
Stiffness improves the POTS and Adhesion of bitumen and aggregates increases as it gets
aged. As a result of aging pull of tensile strength of bitumen improves and on the other other
hand it causes in loss of ductility of bitumen. Due to loss in ductility, aging results in
embrittlement mode of failure. Pull of tensile strength increases due to brittle behavior of
binder. Virgin and short-term aged binder follows cohesive nature of failure and long-term
aged binder follows adhesive nature in dry conditions and in wet conditions cohesive only
failure is observed.
Rolling bottle test results shows that as bitumen gets aged its adhesion with individual
particles increases but stripping phenomena in bitumen aggregate system may increase due
to loss of ductile nature. Resistance to moisture damage increases due to aging of binder.
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Rolling bottle test is a visual observations of percentage coating and coating is observed on
individual particles and stripping is caused due to cohesive failure within the bitumen binder.
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Abstract—Owing to their unique and tunable optoelectronic characteristics, Quantum-dots (QDs) are
considered as the most efficient nanoscale materials for various advanced applications including solar cells.
Expansive and technologically complicated photovoltaic devices such as thin film solar cells and/or dye-sensitized
solar cells are under-replacement solely due to the evolution of QDs, introducing newer family of solar cells
including perovskite and QDs-sensitized solar cells (QDSCs). The technological progress of these devices is so far
slow and a lot of optimization is required regarding the optimal deposition and energy harvesting of QDs without
detrimental electronic issues of back-transfer of charge carriers and electron-hole recombination. In this work, we
have focused the issue of lower energy harvesting in thin films deposited by wet-chemical methods such as
successive ionic layer adsorption and reaction (SILAR) by introducing atomic layer deposited (ALD) ZnS, SnS
and MoS2 IL on TiO2-deposited Si-wafer. The aim was to in-depth analyze the nucleation and growth trend in
QDs, considering CdS as a reference material owing to its stability for atomic force microscopic (AFM)
examination. It was deduced that all metal-sulfide layers deposited by ALD enhance the deposition of CdS QDs
and can prove beneficial for optoelectronic devices incorporating QDs, however their increased deposition is
importantly classified in terms of coverage and size of QDs, differently. Considering the results of our study it will
be beneficial for optimizing the QDs based devices in general and CdS QDSCs, in particular.
Keywords—Quantum-dots, SILAR, ALD, nucleation, atomic force microscopy
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Abstract—Phase Change Materials (PCMs) are
becoming popular in thermal management of
electronic devices for their safe operation and to
prevent premature failure. PCMs have high latent
heat of fusion but low thermal conductivity. High
latent heat enables them to absorb a large amount of
heat from the hot surfaces during their phase
transition. In this experimental study, a hybrid
thermal management system using copper foam with
PCM and forced air convection is designed and
tested experimentally. Copper foam and forced air
convection is aimed to enhance the thermal
conductivity and to improve the temperature
uniformity within the PCM. The results are then
compared with two other modes of cooling, pure
PCM and composite PCM (copper foam along with
PCM). Results indicate that addition of air as cooling
medium reduces the temperature of the electronic
device compared with the other two patterns. They
hybrid system appeared to be 25.6% more effective
than pure PCM and 15.6% more effective than the
composite PCM.
Keywords—Phase Change
copper foam, air, temperature

Materials,

hybrid,

Introduction

A large amount of heat generates in
electronic devices during their operation.
According to Hetsroni et al. 50-60 °C is
the safe temperature limit for electronic

devices [1]. Hosseineizadeh et al. showed
that chances of failure become 100% in
electronic devices when their temperature
goes beyond 10-20 °C [2]. So to dissipate
this heat, various active and passive
thermal management systems (TMS) are
used for their safe operation. The heat
transfer medium plays a very important
role in the performance of the TMS [3].
Active thermal management systems
generally involve forced convection of air
or a fluid. Forced air convection is the
widely used method because of its
reliability, low cost and safe operation [4].
Air, however requires extremely high
velocity [5], because of their low thermal
conductivity [6].
Passive systems do not involve any
supplemental cooling source. An example
of passive system is the PCM. PCMs are
those materials that absorb and retain a
large amount of heat during their phase
transition and keep the temperature within
the melting range of the PCMs [7][8] and
release this heat when their temperature
falls below phase change temperature.
Pure paraffin, is one of the most effective
PCM because of its large latent heat
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capacity and low cost. Sharma et al. [9]
experimentally proved that paraffin wax is
the most stable PCM. However, PCMs
have very low thermal conductivity [10].
Due to low thermal conductivity, the
thermal management system may fail
under extreme conditions when the
ambient temperature is high [11]. So
highly thermal conductive materials are
added into PCM to increase and enhance
their thermal conductivity [12][13]. Recent
development shows that metallic foams are
very efficient in enhancing the thermal
conductivity of the PCMs [14][15] due to
their large surface area and high porosity.
So composites PCMs are prepared using
metal foams as their skeleton in which
PCM such as paraffin is filled [16][17].
This kind of composite PCM has high
thermal conductivity compared with pure
paraffin [18].
From the literature review, it appears that
under stressful conditions, neither passive
nor active thermal management is
sufficient to remove the heat from the
device [19][20][21]. Ling et al. [21]
suggested a mixed TMS that combined
PCM with forced air convection. However,
studies investigating the combined effect
of passive and active cooling have been
inadequate.
The current research involves experimental
study of a hybrid thermal management
system consisting of a composite PCM
combined with force air convection. The
effectiveness of the system was proved
experimentally with other modes of
cooling.
Experimental setup

Experimental setup consists of a cavity, an
electric heater, copper metal foam, PCM, a
variable speed electric fan, k-type

thermocouples, data acquisition system
(DAQ) and a laptop with necessary
software installed.
The cavity used in this experiment has
inner dimensions of 102 x 102 x 30 mm
and was made from a 3 mm thick
plexiglass sheet to only allow one
dimensional heat transfer. To allow natural
and forced air convection, the cavity was
open from the top. The cavity was made
slightly larger (2 mm) from inside than the
size of the electric heater. This allows easy
installation and removal of electric heater
and metal foam and also makes space for
electric wires.
A flexible square-type silicone rubber
fiberglass insulated heater was used to
represents an electronic device and is a
source of heat for the experiment. The
heater has dimensions of 100 x 100 x 1.5
mm. The heater was placed inside the
bottom of the cavity during the
experiment.
PCM (paraffin wax), having meting
temperature between 39 to 41 °C and
thermal conductivity of 0.2 W/m.K was
used to absorb the heat from the electric
heater. Copper foam having dimensions of
100 x 100 x 20 mm and thermal
conductivity of 398 W/m.K was used to
enhance the thermal conductivity of the
paraffin. The composite PCM was
prepared by pouring the molten paraffin
into the copper foam.
Electric fan made by Foxconn having size
100 x 100 mm was used for the forced airconvection to enhance the rate of heat
transfer from the composite PCM.
Maximum input voltages for the fan are 12
volts and it was operated at the same
voltage. The fan was suspended one inches
above the plexiglass to allow easy passage
for the air.
116

3rd Pak-Turk International Conference on Emerging Technologies in the field of Sciences and Engineering
9-10th June 2020
Fig. 2. Temperature,

without any thermal
management system

The above graph is for electric heater
without any thermal management system.
The graph shows that the temperate
increases rapidly and in a very short time
interval of approximately 3200 seconds
(53.3 min.) reaches 72 °C which is not a
very safe temperature for operating
electronic devices. We also see that it took
approximately 480 seconds (8 minutes) for
the electric heater to reach a temperature of
41 °C which is temperature where the
phase transition of the pure PCM ends.
44

Temperature
42

Temperature (°C)

A k-type thermocouple having temperature
sensitivity between -50 °C to 1350 °C was
placed at the center and at a depth of 10
mm inside the Copper foam and
Composite PCM to measure the
temperature.
A variable voltage power supply was used
to power both, the electric heater and the
fan.
The data acquisition system made by
“National Instruments” was used to record
the temperature inside the composite PCM
at equal intervals of time.
A laptop with installed necessary softwares
for the DAQ system was attached to the
DAQ via a USB cable.
The experimental setup is shown in the
figure.

40
38
36
34
32
30
0

1000

2000

3000

4000

5000

6000

7000

8000

Time (s)

Fig. 3. Temperature variation

Fig. 1. Experimental

The above temperature graph which is for
pure paraffin, reveals that it took
approximately 3400 seconds (56.6 min.)
for pure paraffin to reach a temperature of
39 °C where melting of PCM starts and
took 3200 seconds (53.3 min.) to complete
the melting phase and to reach 41 °C
where the melting or transition phase
completes. The total time to reach 41 °C
was 6645 seconds (110.75 min). Compared
with no thermal management system, pure
paraffin absorbed a large amount of heat
and appeared 1280% more efficient.
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conclude that it took approximately 6900
seconds (115 min.) for the proposed
thermal management system to reach the
saturation temperature of 39 °C and 8350
seconds (139.16 min) to reach 41 °C. By
drawing a comparison between the three
thermal management systems to reach a
temperature of 41 °C, the hybrid system
appears to be 25.6% more efficient than
pure paraffin and 15.6% more efficient
than composite PCM.

of composite
Conclusion

PCM
The above temperature profile is for
composite PCM consisting of Copper foam
and pure paraffin. From the graph we
conclude that it took approximately 5500
seconds (91.6 min.) for the composite
PCM to reach the saturation temperature of
39 °C and 7223 seconds ( 120.38 min) to
reach a temperature of 41 °C. The
composite PCM performed 9% better than
the pure PCM in reaching a temperature of
41 °C. This increase in efficiency was due
to the increase in the thermal conductivity
of the PCM with the addition of copper
foam.
44

➢ The purpose of this experimental study
was to compare the effectiveness of
active and passive thermal management
systems.
➢ From the graphs and discussion above,
we conclude that without any thermal
management system, the temperature of
electronic device will rise beyond
acceptable limits which will ultimately
result in the failure of the device.On the
other hand pure paraffin, due to its low
thermal
conductivity,
loses
its
effectiveness earlier than composite
PCM.
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of hybrid thermal
management system

The above graph is for the hybrid thermal
management system consisting of a fan
and a composite PCM. From the graph we

➢ With the addition of copper foam in pure
paraffin, the thermal conductivity of
paraffin increases and composite PCM
appears 9% better than pure paraffin.
While comparing the hybrid thermal
management system with air as cooling
medium, we see a 25.6% and 15.6%
increase in efficiency respectively,
compared with pure paraffin and
composite PCM. So we conclude with
the addition of air, the hybrid thermal
management system performed better
compared with the other passive systems
mentioned here.
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Abstract—This research work presents the effects of combined use of metakaolin, silica fume and
coconut fibers on different properties of cement mortar composites. The proportion of 0.8:0.2:1
(Cement: Pozzolans: Sand) was kept fixed with water to binding materials ratio varies from 0.35 to 0.60
depending on the coconut fibers content to fulfil the need of workability requirements. In this study
total 180 specimens of various sizes were casted in two different phases, in phase-I, 54 specimens each
nine specimens of the same percentage of 20% cement replaced with silica fume and metakaolin were
casted for maximum compressive strength to get optimum value for metakaolin and silica fume
combination. In phase-II, further 126 fibers reinforced mortars specimens were casted with optimum
value of metakaolin and silica fume obtained in phase-I with varying content of coconut fibers 0%,
3%,6%,9%,12% and 15% by weight of binder and replacing the composition of sand. The samples
were then investigated for compressive strength, modulus of rupture (MOR), water absorbing capacity
and moisture content at 7day, 14day and 28day curing age.

Keywords— metakaolin, silica fume, coconut fibers, compressive strength, flexural strength, water
absorption and moisture content.

I. INTRODUCTION

Cement mortar composite is one of the most versatile construction material and has wide
application in plastering, masonry work, repairing of damaged concrete structures, filling or patching,
floor leveling, rendering and also in the development of precast structures and products. It is much
important to achieve high performance cement composite for utilization in many applications, like
for concrete repair instantly, pavements, flooring, roof treatment, high compressive strength precast
structures and rehabilitation applications. Metakolin has been proved to be effective in improving
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both early and also long term mechanical and physical properties of the composite cement paste and
concrete, a replacement range of 10 to 15% metakaolin has showed very effective results in this regard
[1]. The value of compressive strength of composite increases varying in the range between 20 to
30% with 5-15% cement replacement by silica-fume [2].Artificial and natural fibers were used for
reinforcing the matrix to improve the toughness, ductility, flexural strength, resistance to fatigue and
impact resisting nature. Natural fibers are cheaper, renewable, abundantly available and show very
little health concern during processing and handling [3]. Among all natural fibers because of highest
toughness, low water absorption and abundantly availability as an agricultural waste, the use of
coconut fiber as a reinforcement in low cost structure is of great interest from last few decades.
Metakaolin has positive impacts while silica fume has negative impacts on the workability but their
co-addition of metakaolin and silica fume can reduce the negative impact of silica fume, secondly

concerning strength, metakaolin and silica fume both have positive impacts, but the combination of
silica fume and metakaolin has the significant impacts which improves the strength more than the rise
in strength due to sole incorporation of metakaolin or silica fume [4]. This research was aimed to
investigate the impacts of combined addition of metakaolin and silica fume as a replacement of some
proportion of cement and natural coconut coir fibers as reinforcement for the composite cement.

II. EXPERIMENTAL PROGRAME

A. Materials and preparation of samples
Ordinary Portland Cement (Dewan brand), local coarse river sand, local natural coconut fibers,
metakaolin, silica fume and water reducing agent were used in casting of samples. The proportion
0.8:0.2:1 (cement: pozzolans: sand) was kept fixed with water to binder ratio varies from 0.35 to 0.60
depending on the coconut fibers content and to fulfil the need of workability requirements. Admixture
Ultra 235 is used at the rate of 0.7% by weight of the cementitious materials. Samples were prepared
in two phases, In phase-I plain cement mortar samples each nine samples of the same percentage of
cement replacement with silica fume (SF) and metakaolin (MK) were casted for each of the six
combination 0% SF-0% MK, 20% SF-0% MK, 0% SF-20% MK, 10% SF 10%MK, 5% SF 15% MK,
15% SF-5% MK to obtain optimum combination in term of compressive strength. In phase two, fibers
reinforced cement mortar samples were casted with optimum value of silica fume and metakaolin
combination obtained in phase-I and with varying content of coconut fibers 0%, 3%, 6%, 9%, 12%
and 15%.to test for physical and mechanical properties, proportions of cement mortar composites are
presented in Table 1. All the ingredients are measured by mass. The increase in water to cementitious
materials ratio in fibers reinforced mortar mix is done to cover the additional water required by the
coconut fibers in the mortar mix.. For preparation of coconut fibers reinforced mix, all the ingredients
of the composite were placed in the mixer pan in three layers. In first layer, fine aggregates were
placed in the mixer pan, then fiber were dispersed above them manually, followed by cement and
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finally pozzolans were added. This same procedure of laying was repeated for second and third layer.
The mixer was run for three and half minutes. Then about one 3rd portion of the total water required
for the mixture was added to the mixture, and the concrete mixer machine was run for three and half
minutes again. The mixing process was observed carefully to avoid balling of coconut fibers and
segregation of mortar ingredients. All the samples were poured into molds in three properly
compacted layers. After a period of 24 hours take the specimens from molds and put them for curing
in water tank immediately.

TABLE I.

SAMPLE PROPORTIONS

Sample No.

Water to binder ratio

Fiber content (%)

1
2
3

0.35
0.40
0.45

0
3
6

4
5
6

0.50
0.55
0.60

9
12
15

B. Testing Procedures

The casted specimens were carefully handled to be safe from any damage which could affect the
results. Compression test on the samples was performed by Universal testing machine (UTM) with
the rate of loading 1.8KN/s. The size of sample used for compressive strength test is 160 mm x 40
mm x 40 mm. MOR (Modulus of rupture) tests were conducted on the sample size of 400 mm x 100
mm x 16 mm strip beam. The strip was supported on both ends and load is applied on its one over
third of its span length (3rd point loading flexural test) up to the failure loading. The flexural strength
or MOR is then calculated. The size of specimen used for water absorption test and moisture content
test is same which is100 mm x 100 mm x 40 mm. To calculate the moisture content of composite,
composites were placed in an oven at 100C temperature for 24 hours and then the change samples
weight before and after samples were placed in an oven was measured. For determination of water
absorption, composite were placed in water for 24 hours and then the change in weight of samples
before and after watering was noted. All tests mechanisms have complied according to BS 5669 Part
1: 1989.
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III. RESULTS AND DISCUSSION
A. Compressive strength of plain cement composite

Compressive strength
(Mpa)

The compressive strengths of plain cemnet composites were determined at 7day, 14day and 28day
and the results are presented in Fig.1. It was observed that among all the mortar composites, the
composite cement with 10% silica fume and 10% metakaolin gives the highest values of compressive
strength at 7day, 14day and 28day, the value of compressive strength at 7 days is 59.2Mpa at 14 days
is 67.8Mpa and at 28 days is 75.3Mpa. It was indicated from the results that 10% silica fume and
10% metakaolin combination give better results than pure use of either 20% silica fume or 20%
metakaoline. From the comparision with controlled samples we found that this optimum combination
increase the 7 days compressive strength by 13.6 %, 14 day strength by 20.4% and 28 days strength
by 28.3%.
80
70
60
50
40

7 days

30

14 days

20

21 days

10
0
SF0-MK0 SF20-MK0 SF15-MK5 SF10-MK10 SF5-MK15 SF0-MK20

Silica fume and Metakaolin content (%)

Fig.1. Compressive strength for different Silica fume (SF) and Metakaolin (MK) combination

B. Compressive strength of coconut fiber reinforced composite

The behaviors of the composite having optimum value of metakaolin and silica fume combination
obtained in phase-I reinforced with different proportion of coconut fibers is determined by
compression test at 7day,14day and 28day, all the results are presented here in Fig.2.
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Fig.2 Comparison of compressive strength for different percentage of coconut fiber content

It was observed from the results that among all the coir reinforced cement composites, the mortar
fibers reinforced specimens having 6% fibers content shows the highest value of compressive strength
at all the three ages 7day, 14day and 28day which are 62.3Mpa, 73Mpa and 78.6Mpa respectively.
After 6% content of coconut fibers the results obtained at 9% , 12% and 15% decreases significantly
and the lowest values of compressive strength results at all the three ages are obtained at 15% coconut
fiber content which are 25.1Mpa, 27.1Mpa and 28.4Mpa at 7, 14 and 28day respectively. The values
of compressive strength obtained here are showing similar trend to the work of Alida [5].
C. Modulus of rupture (MOR)

Modulus of rupture (MOR) results are obtained at 7day, 14day and 28day which are presented
here in Fig.3. The highest value of 16.7MPa obtained from the mortar specimens having 6% fibers
content and at 28 day curing age. From all results obtained after 7, 14 and 28 days curing duration, it
is found that modulus of rupture of composite increased with rise in percentage of fibers content.
However after 6% content further addition of fibers decreased the flexural strength of the specimens.
The reason is that at low content of fibers with uniform distribution has ability to bridge the micro
structure of cracks significantly and also produced fibers balling effects so leads to good cracks arrest
in the cement mortar specimen [6-8]. However, the use of natural coir fibers above 6 % leads to coir
fibers agglomeration so result in strength reduction.
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Fig.3. Comparison of modulus of rupture for different percentage of coconut fiber content

D.

Moisture content of mortar composites

Moisture content (%)

Moisture content values for all mortar specimens at 7day, 14day and 28day curing durations are
determined and are presented in Fig.4
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15
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Fig.4. Comparison of moisture content for different percentage of coconut fiber content

From graphical representation, it was noted that the cement mortar specimens with 15% fibers content after
curing age of 28 days gives 7.7% moisture content value which is the highest among all specimens
and the lowest value is 3.3 % which is corresponding to control composites at 7 day of curing age.
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It was noted from the graph that for less percentage of fiber content from 0 to 6% the moisture content
increases gradually at a slower rate but after 6% there is a sudden rise in the moisture content of the
composites.
E. Water absorption of mortar composites

Water absorption(%)

The 7day, 14day and 28day water absorption results are determined and presented in Fig.5, It
was noted that the water absorption capacity of composites increases with increases in coconut fibers
content and also noted that the capacity of absorbing decreases with curing age. The cement mortar
specimens reinforced with 15% fiber content have the highest value which is 4.5% whereas the
reference sample having no coconut fiber indicated the lowest value which is 0.76%. Cement
composites produced by using high fibers content showed the high value of water absorption which
attributed to fall in the composites density and so resulted in higher rate of porosity of the mortar [9].
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Fig.5. Comparison of water absorption for different percentage of coconut fiber content

IV. CONCLUSION

This experimental study is carried out to analyze the behaviors of the cement composite having 20%
cement replaced by silica fume and metakaolin reinforced with a range of different proportion of
natural coconut fibers. 54 specimens were casted and tested in phase 1 to get optimum value of silica
fume and metakaolin combination in term of compressive strength of cement mortar, Then in phase
2 comparative study was undertaken considering various parameters of the cement mortar reinforced
with a range of coconut fibers to get the optimum value of fibers content. Based on test results presented in
this research work, the following important conclusions may be drawn:
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•

•

•

•

The optimum value for silica fume and metakaolin combination for compressive strength of the
plain mortar composites is 10%SF and 10MK which give highest compressive strength (75.3Mpa)
among all the six combinations (0SF-0MK, 20SF-0MK, 15SF-5MK, 10SF-10MK, 5SF-15MK
and 0SF-20MK) of metakaolin and silica fume for 20% cement replacement.
In case of natural coconut fiber reinforcement cement composite, It was found that 6% coconut
fiber content give better results among all the six combinations (0%, 3%, 6%, 9%,12% and 15%)
in term of compressive strength(78.6Mpa) and Modulus of rupture(16.7Mpa).
Reference sample shows lowest moisture content value which is 3.3% addition of fiber increases
the moisture content gradually for low content 51 up to 6% and after that the rise in moisture
content is rapid and give highest value at 15% fiber content.
.Reference sample show lowest water absorption of 0.76 % compared to coconut fibers
reinforced composites and increase with increase in fibers content, it was observed that water
absorption capacity of composites decreases with curing age of the specimens.
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Abstract—Owing to their unique and tunable optoelectronic characteristics, Quantum-dots (QDs) are
considered as the most efficient nanoscale materials for various advanced applications including solar cells.
Expansive and technologically complicated photovoltaic devices such as thin film solar cells and/or dye-sensitized
solar cells are under-replacement solely due to the evolution of QDs, introducing newer family of solar cells
including perovskite and QDs-sensitized solar cells (QDSCs). The technological progress of these devices is so far
slow and a lot of optimization is required regarding the optimal deposition and energy harvesting of QDs without
detrimental electronic issues of back-transfer of charge carriers and electron-hole recombination. In this work, we
have focused the issue of lower energy harvesting in thin films deposited by wet-chemical methods such as
successive ionic layer adsorption and reaction (SILAR) by introducing atomic layer deposited (ALD) ZnS, SnS
and MoS2 IL on TiO2-deposited Si-wafer. The aim was to in-depth analyze the nucleation and growth trend in
QDs, considering CdS as a reference material owing to its stability for atomic force microscopic (AFM)
examination. It was deduced that all metal-sulfide layers deposited by ALD enhance the deposition of CdS QDs
and can prove beneficial for optoelectronic devices incorporating QDs, however their increased deposition is
importantly classified in terms of coverage and size of QDs, differently. Considering the results of our will be
beneficial for optimizing the QDs based devices in general and CdS QDSCs, in particular.
Keywords—Quantum-dots, SILAR, ALD, nucleation, atomic force microscopy

Introduction

ALD is an outstanding thin film deposition techniques owing to its unique set of characteristics
comprising of sub-nanoscale thickness control [1]. Conventionally, oxide based materials such
as Al2O3, SiO2, HfO2, TiO2 and ZnO etc. were deposited using ALD [2]–[4]. Later on, metal
sulfides were also tested for development and application of ALD films in various technological
fields [5]. Importantly, Dasgupta et al. [6] extended the applications of ALD by depositing PbS
based QDs directly. It is to highlight here that it had been very challenging to replace the oxygen
based anionic precursors (i.e., O2, H2O or ozone) with sulphur-based precursors H2S. ALD
deposition of metal-sulfides of any compositional kind is associated with deterioration of
precursor channels and contamination of gas lines inside the ALD equipment. Overcoming these
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challenges, researchers soon managed to deposit CuInS2 [7] absorbing layer for solar cells by
ALD, which avowed the potential of ALD for deposition of metal-sulfide based films as well.
With the evolution of metal-sulfides deposition, ALD became more influential in the
technological application of solar cells, particularly QDSCs [6], [8], [9]. Since QDSCs have
great potential to meet the modern day energy crisis by offering low-cost and facile development
of solar cells, there is a need to uplift its performance in terms of power conversion efficiency
(PCE) which is still lower than commercialized Si-based and thin film based solar cells [10].
One of the way to enhance the performance of solar cells (particularly QDSCs) is to enhance the
deposition of absorbing materials so that maximum energy is absorbed from incident light and
there is no waste of energy in the form of reflected and/or transmitted light.
To realize such kind of higher deposition of QDs is still under investigation for QDSCs, as
QDSCs mainly have mesoporous TiO2 network [8], [11], [12]. Therefore, the deposition of QDs
inside and/or over a substrate need to be explored so that the enhancements strategies are
revealed in more effectual way. In this work, we have attempted the deposition of CdS over ZnS,
SnS and MoS2 ALD films and exposed their role for the nucleation and growth of CdS QDs. It
was deduced that increase in the deposition of QDs is not always useful as it may have
detrimental increase in their size instead of covering more and more surface of the substrate.
Energy dispersive spectroscopy (EDS) couples with atomic force microscope (AFM) was used to
outline the dynamics of QDs growth over ZnS, SnS and MoS2.
Materials and Methods
Atomic layer deposition of ZnS, SnS and MoS2
Atomic layer deposition of all films was carried out on a TiO2-coated Si-substrate [13]. The idea
behind the substrate selection was to provide a similar surface (though planar) for secondary
deposition of QDs as in QDSCs. The development of such analogous surface was carried out in
accordance with previous reports [10]. Diethyl zinc (DEZ) and H2S; Tetrakis(dimethylamino)
Tin (TDMASn, Sn[N(CH3)2]4) and H2S, and Mo(NMe2)4 and H2S were respectively used for the
deposition of ZnS, SnS and MoS2 by using ALD of traveling-wave type (CN-1 Co.). Further
details of ALD process can be obtained from references [13].
Wet-chemical deposition of CdS QDs
CdS QDs were deposited on TiO2-deposited Si-substrates without (considered as reference
sample in this study) and with (either ZnS or SnS or MoS2) ALD film via SILAR process [10],
[12]. Briefly, all substrates were first immersed in 0.05 M solution of Cd(NO3)2 in water for 1
min (for the adsorption of Cd-ions on the surface of substrates). Then the poorly attached Cdions were washed away using water, leaving behind strongly attached Cd-ions. During the
second main step of SILAR, each substrate film was separately introduced to an aqueous
solution of 0.05 M Na2S so that S-ions react with pre-adsorbed Cd-ions, forming individual CdS
QDs. The substrates were washed again. The same process was repeated for five times and
resultant samples were analyzed further. MIRA 3-TESCAN modelled scanning electron
microscope (FESEM) available at Institute of Space Technology (IST) Islamabad, Pakistan was
used for high-magnification imaging and statistical estimation of composition using energy
dispersive spectrometry (EDS, Horbia). Flex-AFM of IST was utilized to record the deposition
characteristics of CdS QDs for each sample.
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Results and Discussion
Fig. 1 shows the 3-dimensional atomic force microscopic outlook of TiO2-deposited Sisubstrates after the deposition of CdS QDs via SILAR. It can be seen in Fig. 1a that the reference
sample without any interfacial layer (w/o IL) produced larger grains of QDs as compared to ZnS
IL (Fig. 1b). While

Figure 29. Atomic force microscopic analysis of CdS-quantum dots deposition on TiO2 deposited Si-substrate (a) without and
with (b) ZnS, (c) SnS and (d) MoS2 interfacial layers. (e) Corresponding peak to valley roughness (Rpv) values

SnS IL produced the even thicker CdS layer (Fig. 1c), which is evident from its scale bar along
Y-axis that is extended to 40 nm from 20 nm for reference sample. It means that much higher
deposition of CdS occurred due to the presence of the SnS on TiO2-deposited Si-substrate, even
higher than that for ZnS IL. Contrarily, MoS2 showed a number of small QDs over its surface
which again means higher deposition of CdS, however the scale bar at Y-axis this time remained
lower (Fig. 1d). This was why the AFM based roughness value associated with MoS2 IL
remained even lower than w/o IL sample. It is important to clear at this point that there are two
possible routes for the increase in the deposition of CdS over surface. i.e., (1) In the horizontal
direction, which is termed as coverage from here onwards [12]-[14]. (2) In the vertical
directions, which is termed as growth from here onward. It is easy to understand that the
coverage of the CdS QDs on any IL is associated with its nucleation directly, while growth is the
secondary phenomena which preferably occurs on pre-existing nuclei. Assuming that ILs
provide nucleation sites or preferred surface for CdS to grow, we can easily see that there was a
contrasting behavior between all the ILs. CdS QDs with high coverage but low growth were
produced in case of ZnS and MoS2 IL, while SnS IL offered high growth with least nucleation
which is evident from roughness values of ZnS (7.8 nm), SnS (29.77) and MoS2 (17.62).
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Figure 30 2D-scanning electron microscopic imaging of CdS-quantum dots deposited over TiO2 deposited Si-substrate (a)
without and with (b) ZnS, (c) SnS and (d) MoS 2 interfacial layers (inset shows 2D-images taken by Nanosurf Flex-AFM).
Energy dispersive spectroscopy of standard TiO2 deposited Si-substrate having CdS QDs. CdS QDs were deposited via
successive ionic layer adsorption and reaction (SILAR) process.

The same trend in deposition of CdS QDs was reflected from FE-SEM images (Fig. 2a-d) where
higher CdS QDs was observed in case of all ILs and optimal in case of MoS2. Insets are showing
the 2D-AFM imaging of each sample and affirm the effectuality of ALD ILs for enhanced
deposition of CdS QDs. But as mentioned earlier, higher deposition may lead to detrimental
charge carrier recombination inside QDs, we remained focused to separate between CdS QDs
having more coverage, which are always expected to produce more light harvesting with lesser
internal defects [10], [14]. Therefore, we further performed EDS-analysis for determination of
the composition of all samples. In a typical EDS scan, we recorded the spectroscopic signals
originating from TiO2 (i.e., Ti and O), Si-substrate (Si mainly), and CdS (Cd and S). However, a
peak existing at about 2 was neglected as it belonged to Pt which is an auxiliary component
EDS-tested surfaces and introduced during the sample preparation for SEM.
Due to the limitation, all EDS maps are not presented here, however corresponding analysis is
summarized in Fig. 4. We can directly see that amongst all three ILs, SnS sample reflected the
maximum atomic percentage of Cd in it. Which is replication of the AFM trend where it had
maximum roughness value of 29.77 nm. While ZnS resulted in lowest peak for Cd, as well as S
showing lowest increase in the deposition of CdS QDs relative to TiO2-deposited Si-substrate
sample w/o IL (Fig. 3a). In case of MoS2 IL, TiO2-deposited Si-substrate additionally
contrastingly showed highest peak for S, even higher than that of SnS having optimal Cd peak. It
reflects that the signal of S is belonging to both ILs and CdS in all cases. This was why MoS2
having two times higher presence of S in its stoichiometric film resulted highest peak, i.e. two
sulfur atoms are bonded with each Mo in MoS2, unlike ZnS and SnS. In literature [12], [14], a
concomitant comparison of Cd and Ti in the form of Cd/Ti is often included to get rid of this
confusion. Cd/Ti ratio direct defines the quantitative trend in the deposition of CdS QDs. It is
evident that SnS IL avowed optimal value of ~3 for Cd/Ti, which roughly means that roughly 3
atoms were stacked over each Ti atom as a consequence of 5 cycles of SILAR deposition. Same
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fact was evident from AFM where the Y-axis reached to a level of ~40 nm showing higher
growth. However, in this comparison the most interesting fact existed between ZnS and MoS2.
Both ILs showed almost similar Cd/Ti values while AFM roughness value was higher for MoS2
17.62 > 7.8 nm) than ZnS. Even the surface roughness value for reference sample w/o IL
remained higher than that for ZnS IL, while it had lower Cd/Ti ratio. These results depicted that
the deposition of CdS over ZnS was superior in terms of coverage (i.e. nucleation) than all other
samples.

Figure 31 EDS-based (a) atomic percentage values of Cd, S and Ti over various ALD interfacial layers and the (b) consequent
Cd/Ti ratio comparison showing the enhanced deposition of CdS QDs via SILAR

Figure 32 Various areas where ALD ILs can play influential role in devising the devices

As discussed earlier, the aim of the study was to analyze the deposition dynamics in-depth and to
evaluate that which type of IL favors higher QDs deposition with more coverage; we deduced
that ALD ZnS IL possesses beneficial role for deposition of CdS QDs and can prove valuable for
various optoelectronic applications [15], [16] summarized in Fig. 5. However, we have applied
ZnS IL for QDSCs successfully and the results will be reported elsewhere.
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