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Abstract- Today, facility optimization is one of the most important decision for the firms while establishing a new factory. It is
necessary to carry work-in-process products between the production lines in firms. Many firms use trains to carry these items.
In this study, an application is made in a furniture manufacturing factory. Firstly, the routes which the train can use in the firm
are created. The alternative routes are compared with each other. The routes contain all of the production lines in the factory.
Our aim is to route the train with minimum distance and minimum amount of cargo carrying. In this study, one train is used in
the firm. It is also necessary to use minimum train for carrying the work-in-process products. The optimal route is determined

by using some of the methods in the literature for multi-objective models.

Keywords Facility logistic, In-plant Milk-Run, Multi-Objective Programming, Vehicle Routing Problem, Tow Train.

1. Introduction

In this study, one of the leading furniture suppliers of the
world is investigating a cargo transportation route that can be
integrated with the production line and the loading of these
trains. It is aimed to develop this process with a systematic
viewpoint. In the system studied, it is aimed to optimize the
transportation of the materials in the production line between
the units in the factory. Today, it is very important to minimize
the time loss for factories. In order to be able to compete with
the big companies in the sector, it is always necessary to carry
out the best works. In this context, it is very important that the
trains used in cargo transportation are used regularly on a
certain route in a systematic manner with a minimum waiting
time between units. In this study, appropriate routes are
determined for trains owned by the company, and then a route
to reach the whole point was determined with minimum
distance in the most appropriate way. is necessary to design
the optimal route in a facility. The sequence and the time is
very important. Next section literature review about this study
is given. And in other sections, an application is made and the
solution is compared with the current situation of the facility.
Optimal route means, carrying the items with minimum
distance and minimum time.

2. Literature Review

It is necessary to design the optimal route in a facility. The
sequence and the time is very important. In this study, multi-
objective approach is used for vehicle routing for a firm. In the
literature, it is called in-plant milk-run when routing is planned
in the firm. In Du et al.’s study, there is a milk-run application
between suppliers and customers. Best fit algorithm and 2-
exchange algorithm is used for vehicle-dispatching [1]. In
Jafari-Eskandari et al.’s study, the milk-run between the
supplier and the manufacturer has been studied. A model has
been developed that takes account of the advantages and
disadvantages of this method. First, a complex mathematical
model has been developed. Then the robust optimization
approach is used [2]. In Sadjadi et al.’s study, the milk-run is
between the suppliers. A mixed number model has been
established. However, a meta-intuition was needed because
the computation time was too long. Then a genetic algorithm
was used [3]. In Nemoto et al.’s study, the milk-run is between
the suppliers. The milk-run application of an automobile
company in Thailand is explained [4]. In Kovac’s study, the
milk-run is in stock within the firm. A mixed integer model
has been developed. Solved with ILOG CPLEX [5]. In Brar et
al.’s study, the literature review for the milk-run is made [6].
In Kilic et al’s study, in-plant milk-run is made. 0-1 mixed
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integer mathematical model has been developed [7]. In
Arvidson’s study, the milk-run is between distribution center
and customers. During the milk-run application, different
routes (clockwise, counter clockwise) were compared and it
was investigated which is better in terms of fuel consumption
and time [8]. In Gyulai et al.’s study, a literature review is
made for vehicle routing and milk-run [9]. In Ma et al.’s study,
the milk-run is between the suppliers. A mutated ant colony
algorithm is used [10]. In Hosseini et al.’s study, the milk-run
is between the suppliers. The harmony search and annealing
simulation algorithm is used [11]. In Hanson et al.’s study, the
in-plant milk-run is made. A study has been made on how
effective the unit load is in the factory supply [12]. In Novaes
et al.’s study, the milk-run is between customers. The dynamic
tooling procedure has been developed. Genetic algorithm is
used [13]. In Lin et al.’s study, the milk-run is between
suppliers. Greedy has developed a two-step heuristic
algorithm, which is an intuitive and tabu search algorithm
[14]. In Lin et al.’s study, the milk-run is between the
suppliers. A two-step heuristic algorithm, greedy heuristic and
annealing simulation algorithm, has been developed [15]. In
Klenk et al.’s study, in-plant milk-run is made. Various
strategies have been developed in order to make the ship
better, and 4 different algorithms have been developed for
these strategies [16]. In Korytkowski et al.’s study, the in-plant
milk-run is made. A milk-run is simulation application was
carried out in an assembly line [17]. In this study, an in-plant
milk-run application is made by using multi-objective
programming in. The difference from the literature is to obtain
the route under these objectives.

3. In-Plant Milk-run

There are many types of problems in the literature for
carrying the items from somewhere to the target place. In
material flow system, items are transferred to the workstations
from the warehouse or several supermarkets. And this transfer
can be accomplished using tugger trains or forklifts. These
trains show that transferring workstations in one trip of the
train. This is called “in-plant milk-run” which will decrease
the transportation costs [18]. This method is different from the
other milk-run application because of the train’s capacity and
the demand patterns. Just in time is very important for these
problems.

4. Application

In this study, an application is made in a furniture
manufacturing factory. In this factory, there is a problem for
carrying the items from one cell to another cell in the factory.
The tugger train is used to carry the items. In this study an
optimal route for the train is obtained by using multi-objective
mathematical programming. To solve the multi-objective
problems, there are many methods presented in the literature.
In this study, €-Constraint Scalarization Method, Weighted-
Sum  Scalarization and The Augmented Weighted
Thcebycheff Scalarization Method is compared for this
problem. The best of these method is used. There are 6 cells
in the factory in this study. The demands of these cells are
given below in Table 1.

Table 1. Results for the weighted sum method

Solutions Objective (F1,F2) Route

1-8 520,350 1-5-3-4-6-2-1
9-16 450,390 1-5-3-4-6-2-1
16-20 420,470 1-5-4-3-2-6-1
21 420,550 1-6-2-3-4-5-1

5. Mathematical Model

In this study, the mathematical model has two objectives.
These are; minimizing of total carrying distance and
minimizing the amount of cargo carrying. The second
objective means that some packages contain more than the
target cell needs. So only demand of the cells can be carried
by the train. The mathematical model for this problem is given
below.

5.1. Notations

i,j: Transportation node index, i=1,2,3,...,6 and j=1,2,3,...,6
cell nodes and i,j=1 is delivery center or depot node.

dij: Carrying distance from node i to node j.

R: A set of intermediate nodes.

u;: It has any real value of node i.

lij: Carrying amount of item from the way i to node j.

5.2. Objective Functions

min F1 =38, 32, d;jx; (1)
minF2 = ¥2_, 57, lijx;; )
5.3. Constraints

Yk xi; =1 Vi=12,....6 3)
X =1 Vi=12,....,6 )
u—uj+nx;<n—1 ViZeR (5)

The equations (1) and (2) are the objective functions of
the mathematical model. (3) and (4) constraints are pacified to
visit each node at least once. Equation (5) denotes the sub-tour
elimination constraint. This type of sub-tour elimination
constraints, using Gomory cutting planes approach developed
by Miller, Tucker and Zemlin in 1960[19]. These constraints
took the tour of the state model to inhibit the formation of
approximately (n?-3n+2) lead to the addition of one constraint
[20]. In particular, the use of this Miller, Tucker and Zemlin
constraints in oversized model is much easier and routing
problems is one of the constraints to improved well-received
tour blocking.

6. Computational Results
In this study, there are two objective functions. Firstly,
combining these objectives process is made. Three of leading

methods in the literature applied. These methods are; The
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Weighted-Sum Scalarization Method, The €-Constraint
Scalarization Method and The Augmented Weighted
Tchebycheff Scalarization Method. For the weighted-sum
scalarization method, the mathematical model is solved and
the results are given in Table 1.

Second method to combine the objectives is the epsilon-
constraint method. In the epsilon-constraint method, one of
the objective function is written as a constraint. According to
this situation, objective function and constraints have to be
written below. Epsilon values are changing between 350-430.
The results for the epsilon-constraint method is given in Table
2.

Table 2. Results for the epsilon-constraint method

Solutions Objective (F1,F2) Route

1-8 420,550 1-6-2-3-4-5-1
9-16 420,470 1-5-4-3-2-6-1
17-19 420,550 1-6-2-3-4-5-1
20-21 420,470 1-5-4-3-2-6-1

The augmented weighted tchebycheff function method is
based on the minimization of distance from ideal point. The
results for the augmented weighted tchebycheff function
method is given in Table3.

Table 3. Results for the augmented weighted tchebycheff function
method

Solutions Objective (F1,F2) Route

1-3 520,350 1-5-3-4-6-2-1

4 490,380 1-5-2-6-4-3-1

5-11 450,390 1-5-6-4-3-2-1

12-21 420,470 1-5-4-3-2-6-1
6. Conclusion

In this study, a multi-objective mathematical is created
for the in-plant milk-run problem. The objectives of the
problem are combined by three of leading methods in the
literature. Then it is examined which method is more
effective. According to the results that calculated by GAMS
24.7.1 program, the most efficient scalarization method for the
in-plant milk-run problem is ‘Augmented Weighted
Tchebycheff Scalarization Method.”. It has the pare to
efficient point more in many place number of these places are
higher than the other methods have. The optimal point for both
objective function is (F1=420, F,=470). And also optimal
route for this in-plant milk-run is determined. The route must
be 1-5-4-3-2-6-1.
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Abstract- The design of structures to critical can be heavily modified by explosions or shocks effects; in reality, intentional
disruptions, blasts, or impacts have unfortunately become part of the possible load scenarios that could act on construction
structures during their lifetime. The use of vehicle bombs to attack city centers or bombs intentionally put on construction
facilities has been a feature of campaigns by terrorist organizations around the world. A bomb explosion within or immediately
nearby a building can cause catastrophic damage on the building's external and internal structural frames, collapsing of
walls, blowing out of large expanses of windows, and shutting down of critical life-safety systems. Loss of life and
injuries to occupants can result from many causes, including direct blast-effects, structural collapse, debris impact, fire,
and smoke. The response of reinforced concrete structures subjected to blast loads can be studied numerically using
commercial finite element programs. This paper, hence, to get the structural response of structural elements within a 6
storeys building, which is composed a concrete frame a simulation using the finite element programs ABAQUS.

Keywords: Blast, load, structure, finite element, building.

1. Introduction

A number of analytical and numerical models have been
published in the international literature using software’s
for Scientifics and engineering designs. Blast loads have
received more attention in recent years because of
accidental or intentional events (terrorist attacks) affected
important structures. Traditionally, little research on the
blast resistance of structures has appeared in the open
literature. Enrin et al. [1] and Ishikawa et al. [2] , Studied
the performance of prestressed concrete beams when
subjected to impact loading, bounded and unbounded
prestressed beams were tested experimentally and
analytically. It was found that, while static loading
resulted in failure of the compression concrete for both the
bonded and unbounded specimens, the higher load rate
induced by impact resulted in the breaking of the
prestressed tendon. Compared to prestressed concrete,
reinforced concrete has received much more attention

from researchers over the years. Magnusson and Hallgren
[3], in their study revealed that concrete beams show an
increased load capacity for blast loading relative to static
loading. Luccioni and Luege [4], by analysing the
behaviour of concrete pavements subjected to blast loads
produced by the detonation of high explosives, performed
the tests to assess the concrete pavement slab under blast
loads, as a result, the maximum vertical displacement
obtained with the finite element model was significantly
lower than the one measured experimentally for the third
explosion using a 12.5 kg charge.

However, due to the high cost, it is almost impossible to
investigate the response of the multi- storey buildings against
blast loads with full-scale experimental tests. The analysis
and design of structures subjected to blast loads require a
detailed understanding of blast phenomena and the dynamic
response of various structural elements. Luccioni, Ambrosini
and Danesi [5], performed a detailed analysis of the
structural failure of a reinforced concrete building caused by
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a blast load. However, most of the current numerical
modeling research is involved with massive computational
time and the model is difficult to build due to its complexity.
Therefore, for designers, it is imperative to establish a simple
modeling method to study the detailed behavior of the
building after the blast denotation. Techniques developed by
Feng Fu [6], with ABAQUS, a 3-D finite element model
representing a 20-storey building was built to perform the
blast analysis, a simplified direct simulation method of blast
load is applied, the nonlinear material behavior and dynamic
effects are also included in the simulation.

The collapse of a tall building under blast loading can
also affect the adjacent buildings. Alex et al. [7], provided an
accurate prediction of the effects of adjacent structures on the
blast loads on a building in urban terrain. In the paper, a
tentative attempt has been made to characterize the blast
environment by considering a simple urban configuration
with a relatively long, straight street segment and a T-
junction at the far end. Numerical simulations using a
computational Fluid dynamics (CFD) code Air3D has been
used to determine the blast effects on building in a typical
urban terrain. Each simulation provided the variation with
distance of peak overpressure and impulse. When compared
with the corresponding variations for a surface burst of a
hemispherical charge in a free-field environment, these
variations in the calculation of the pressure and impulse
enhancement factors at each scaled distance from the charge.
The resulting enhancement factors effectively modify the
blast parameters obtained from simplified analytical
techniques.

Blast load parameters are reasonably easily determined
for rectangular columns and can be derived from either the
literature or numerous utility programs. Qasrawi et al. [8],
investigated the pressure distribution around a circular
column constructed in AUTODYN a numerical model. The
model was verified and showed good agreement with
established values.

It was fund that the column radius increased the maximum
reflected pressure at the point closest to the blast
approached a maximum of approximately 0.9 of the
design value quickly. It was also found that the pressure
varied sinusoidal from this maximum to a minimum at the
side of the column approximately equal to the incident
pressure. The used a sinusoidal function to fit the
distribution around the column with good results and this
curve fit can be used to find an equivalent design value. A
3-D dynamic analysis of an entire structure is used to
determine the effects of an explosion and the response of
the structure. D. Makavicka [9], discussed about the
methodology for dynamic response assessment and its
application to the new RC building. The authors used a
specific building as an example to illustrate the problem of
an explosion and the threat to the safety of the structure
due to the explosion of a rather large terrorist charge
installed in a car and initiated on a road adjacent to the
building. The structure response was assessed on the basis
of the results of 3D dynamic calculation using the

magnitudes of the internal forces and deflections and
rotation of the central line of beam or plate sections of the
structure. Evaluating a structure on the basis of the
rotation of its sections is a methodology under
development at present, and is in accordance with recent
research trends. The authors have used limit rotation
values (failure angle) determined experimentally on the
basis of the explosion load of masonry, reinforced
concrete and window glass plates, comparing their own
results with results published by other authors.

2. Blast Loading

An explosion is a rapid release of stored energy
characterized by a bright flash and an audible blast. Part of
the energy is released as thermal radiation (flash); and part is
coupled into the air as air blast and into the soil (ground) as
ground shock, both as radials expanding shock waves. The
rapid expansion of hot gases resulting from the detonation of
an explosive charge gives rise to a compression wave called
a shock wave, which propagates through the air. The blast
wave instantaneously increases to a value of pressure above
the ambient atmospheric pressure. This is referred to as the
positive phase that decays as the shock wave expands
outward from the explosion source. After a short time, the
pressure behind the front may drop below the ambient
pressure, Fig.1. During such a negative phase, a partial
vacuum is created and air is sucked in. This is also
accompanied by high suction winds that carry the debris for
long distances away from the explosion source.

A

— —
I % Shock velocity

>

Pressure

Distance from explosion

Fig. 1. Blast wave propagation (Abaqus 6.10)

As the shock wave travels outward from the charge, the
pressure in the front of the wave, called the peak pressure,
steadily decreases as shown in Fig. 2. At great distances from
the charge, the peak pressure is infinitesimal, and the wave
can be treated as a sound wave. The observed characteristics
of air blast waves are found to be affected by the physical
properties of the explosion source. At the arrival time ta,
following the explosion, pressure at that position suddenly
increases to a peak value of overpressure, Ps, over the
ambient pressure, P,. The pressure then decays to ambient
level at time td, then decays further to an under pressure Ps,”
(creating a partial vacuum) before eventually returning to
ambient conditions at time tq+ tq ~. The quantity Ps, is usually
referred to as the peak side-on overpressure, incident peak
overpressure or merely peak overpressure, TM 5-1300 [10].
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Fig. 2. Blast wave pressure — Time history (Abaqus 6.10)
2.1. Blast Wave Scaling Laws

All blast parameters are primarily dependent on the
amount of energy released by a detonation in the form of a
blast wave and the distance from the explosion. A universal
normalized description of the blast effects can be given by
scaling distance relative to (E/P0)1/3 and scaling pressure
relative to Po, where E is the energy release (kJ) and Po the
ambient pressure (typically 100 kN/m2). For convenience,
however, it is general practice to express the basic explosive
input or charge weight W, as an equivalent mass of TNT.
Results are then given as a function of the dimensional
distance parameter (scaled distance) Z = R/W 3, where R is
the actual effective distance from the explosion. W is
generally expressed in kilograms. Scaling laws provide
parametric correlations between a particular explosion and a
standard charge of the same substance.

2.2. Prediction of Blast Pressure

Blast wave parameters for conventional high explosive
materials have been the focus of a number of studies during
the 1950’s and 1960’s. Estimations of peak overpressure due
to spherical blast based on scaled distance Z = R/W® was
introduced by Brode (1955) as:

6.7
P0="3 +1bar(py,) 1)
0975 1455 585
z 72 7

(0.1< PSO < 10bar)

Newmark and Hansen (1961) introduced a relationship
to calculate the maximum blast overpressure, Pso, in bars,
for a high explosive charge detonates at the ground surface
as:

W W 172

Another expression of the peak overpressure in kPa is
introduced by Mills (1987), in which W is expressed as the
equivalent charge weight in kilograms of TNT and Z is the
scaled distance, as follow:

P 1772 114 108 @)
= —
SO 23 Z2 7
In this paper the author used Mills formula shown in the
Eq. 4, to calculate the peak overpressure. So the value of
pressure calculated for 1m and 2m of stand points are
respectively Pso = 1.766MPa and Pso = 0.25MPa.

3. MODELLING
3.1. Numerical Analyze

The structure selected for this study is a 6-storey
reinforced concrete building at the height of 18.5m. The
length arranged as 6m in the longitudinal direction, and 6m
span in the transverse direction. The storey height is 3.5 m
for the first storey and a standard storey beyond the first
storey is 3.0m. The plan view and structural configuration of
the building are shown in Fig.3.The structural system of the
building was made up of R.C Frames and Infill frames. The
typical beam size used is 350x250mm; the size of the
columns is 300 x 300 mm. The rebar used for the concrete
beam section are 2¢16 and 2¢14 and for the column are
4¢$16.Columns are spaced at 5 m in X direction and 6m in Y
direction and are connected with beams and thickness of the
slabs is 175mm. Computer Modeling of the building was
performed using the finite element software ABAQUS. The
6 storey reinforced concrete building were frame structure of
columns, beams, and slabs. The columns and beams were
modeled as frame elements while the slabs were modeled as
plate elements. The building model was assigned fixed
bottom Support condition while a rigid diaphragm constraint
was allotted to all floors.

6.0 m 6.0 m

5.0 m

5.0m

View plan
3.0m 3.0m
3.0m 3.0m
3.0m 3.0m
3.0m 3.0m
3.0m 3.0m
3.5m 35m
=3 == e = - -
}‘ 6.0 m 6.0 m |‘—5'° mq 50 m

Front and side elevation

Fig. 3. 6-storey building model
3.2. Analytical model

In this paper, finite element analysis is performed using
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the general purpose finite element package ABAQUS
/Explicit version 6.10 ABAQUS /Explicit solves dynamic
response problems using an explicit direct-integration
procedure. In an implicit dynamic analysis, the integration
operator matrix must be inverted and a set of nonlinear
equilibrium equations must be solved at each time
increment. In an explicit dynamic analysis displacements
are calculated in terms of quantities that are known at the
beginning of an increment; therefore, the global mass and
stiffness matrices need not be formed, which means that
each increment is relatively inexpensive compared to the
increments in an implicit  integration (Simulia, [11]).
Therefore, explicit method is more efficient than the
implicit integration method for solving extremely short-
term events such as blast, explosion and impact.

Solid elements in 3D were used to model the deformable
structure presented in this paper. In this case, C3D8R: 8-
node linear brick, reduced integration, hourglass control,
3D Stress explicit was used to model frame Where the
influence of mesh size has been studied and is sufficiently
fine to ensure the accuracy of Models.

The general approach for solving the non-linear modal
analysis, for most realistic results a very small time step is
required to obtain a stable solution. In this paper a time
step of 0.05ms has been used to make the simulation. The
building is designed to resist lateral loads due to wind and
seismic ground motion specified by Turkish Regulations
on Building. The Fig.4 shows the attack phenome at the
structural configuration of the blast attack.

6.0 m 6.0 m
Blast pressure

= 3

P, ..=1.766 MPa

‘max

Fig.4. Structural configuration

5.0m

50m C:

Direction of attack

4. Material Property
a) Concrete

There are several models available for modelling the
adhesive based on different criteria for plastic deformation of
concrete. Predictions of joint performance at large strains
close to joint failure depend on the model used. For the
prediction of failure, stress and strain distributions in the
adhesive need to be accurately calculated and a failure
criterion for the adhesive needs to be established.

In this studies Drucker Prager has been used which is
defining as follow:

The Drucker—Prager yield criterion (DP) is a pressure-
dependent model for determining whether a material has
failed or undergone plastic yielding. The yielding surface of
the DP criterion may be considered depending on the internal
friction angle of the material and its cohesion. In the space
defined by the principal stresses, it is expressed as:

2.seng
(3—seng)’

_6ccosp o ®)

|1+\/1/21(0170'2)2 +(‘71"73)2 +(o, ’Ja)ZJ (3—seng) =

Where, 11 = 61 + 62 + 63, c= cohesion, ¢ = internal
friction angle.

With the purpose of obtaining the classical
representation, this yielding surface can be expressed in the
following way:

(0,-0,)" +(0,—0,)* +(0,—07,)" = A*(I,+B)* =0 (6)
Where:
A= M’ B= w and  compression

~ 3—seng seng
stresses are considered positives in the main stress space.
Fig.5 represents the classical quadric surface for a
conventional concrete (f;=25 MPa) with ¢ =4.47 MPa, ¢ =

30°. The axis of the cone takes the direction of the vector (1,
1,1).

F7777 7 7 T n L as
Y i i o e o R W R

(comp))

Fig. 5. Graphic representation of the DP criterion

The properties used for the concrete are as shown in the
Table 1.

Table 1. Reinforced concrete mechanical properties

Density | Elastic | Poisson’s | Compression | Tensio
(kg/m3) | modulus ratio Strength n
(MPa) (MPa) Strengt
h
(MPa)
2400 2.6000 0.20 25 4
b) Steel

The properties used for the steel are as shown in the
Table 2.

Table 2. Reinforcement steel mechanical properties

Elastic Plastic
Density | Young’ Yield Plastic
(kg/m3) S Poisson’s Stress Strain
modulu ratio (MPa) (MPa)
s (MPa)
7.85E- | 210.000 | 0.30 350 0
009
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5. Results and discussions

In this study the attack has been occurred outside of the
structure so the type of the explosion is classified as the open
air explosion, Tehnicki vjesnik (2012), which causes a wave
that spreads from the source of detonation to the structure
without any wave amplification. Due to the blast source’s
distance and height is away from the structure, the explosion
provoked a wave increase due to the reflection of the ground
before it contacts the structure. Also the explosion occurred
on the ground and the initial pressure is immediately
increased as a result of refraction on the ground.

Due to the evolving of high nonlinear behavior and the
complexity of the model, to analyses the effect of blast
loading, the column located on the left side of the attack at
the ground floor has been selected. The Fig.6 illustrated the
blast loading after the explosion and selected column

deflection.
[IINNAN

Explosion Area

a) 3D model after the attack

U, Magnitude
+1,360e+02
+1.246e+02
+1.133e+02
+1.020e+02
+2.064e+01
+7.931e+01
+6.798e+01
+5.665e+01
+4,532e+01
+3.29%+01
+2.266e+01
+1.133e+01
+0.000e+00

b) A column displacement expressed in mm
Fig. 6. 6- Storey building modelled in ABAQUS

The analysis has done according to the peak pressure and
standpoint calculated above. For each peak pressure and
stand point the model has been simulated. It can be seen in
the Fig.7 that there is a significant difference between two
graphics in which the maximum value of displacement in the
nodal shown above in the Fig. 6 (b) is: 0.136m for the case
Pos =1.766MPa (standoff distance of 1m) and 0.037 for the
case Pos=0.25Mpa (2m).

150 T T T
e D)isplacement(Pos=1.766Mpa)

=== Displacement(Pos=0.25Mpa)

100 —
/

. e

Displacement(mm)

0 001 002 003 0.04 0.05 0.06
Time(ms)

Fig. 7. Nodal displacement curve

After 0.125 ms the strain energy reached the maximum
value of 0.146 MPa, in the case: Pos=1.766MPa (standoff
distance of 1m) and got decrease till the failure point as
shown in the Fig.8 in color blue. Also the same observation
has been made on second curve which also increased from
0.006 MPa at 0.025ms and remain virtually constant.

0.2

£o1s

-

s /"—/\
2

L% 01 / N\
£

£ 005 m— Strain Energy(Pos=1.766Mpa)
v =e=e Strain Energy(Pos=0.25Mpa)

o fommmm dommae e mmmden

0.1 Time(ms)0.15 02 025

Fig. 8. Strain energy

The stress reach the peak value of 28, 9617 MPa at
0,01ms in the case: Pos=1.766MPa (standoff distance of 1m)
and only at 0.015 reach the peak value of 25.7434 MPa in the
second case as shown in the Fig. 9.

40

30

. TS E——
/f
’
¥

Stress(MPa)

10

A — Stress(Pos=1,766MPa)
o ’J === Stress(Pos=0.25MPa)
001 0.02 0.?3 0 F4 0.05 0.06
-10
Time(ms)
Fig. 9. Stress

The energy release after the explosion for the whole
model reached the maximum value of 0. 4 E10 J, after
0.0085 ms as shown in the Fig.10, from zero and at the same
moment started decaying till the end of the simulation.

/TN

1.00E+10 / ~

5.00E+09

150E+10

Total Energy(kNm)

0.00E+00

0 001 0.02 0.03 0.04 0.05 0.06

Time(ms)

Fig. 10. Total energy.

6. Conclusion

According to the results the system affects significantly
when the peak pressure (which is proportional to the charge

194



INTERNATIONAL JOURNAL of ENGINEERING TECHNOLOGIES-IJET

Namata S. Sabiou et al., Vol.3, No.4, 2017

weight) increases and standoff distance decreases

respectively.

So the standoff distance is the key parameters that
determines the blast pressure which decrease so far the effect
of blast loading on the structure can be reduce by keeping or
prevent the bomb attack as far away as possible by
maximizing the standoff distance.

Blast has a characteristic of high amplitude, the results shows
that columns subjected to high pressure they could cause big
deformation and exceed the support reaction so the columns
which are close to explosion are damaged and can be lost.
Ones the critical load bearing columns lost which leads to
sudden changes in the building geometry and load path
which initiates a chain reaction of structural elements failure

The value of the strain energy is higher in the case of major
peak pressure because of the higher lateral deflection
presented, which shows better energy absorption.
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Abstract- Dual phase steels have been widely used in many applications in the automotive industry. In this study, the wear
behaviour of commercially available DP600 steel with dual-phase structure are investigated. The wear rate, volume loss and
friction coefficient are used to optimize wear resistance of DP600 steel with dual-phase. Abrasive and Adhesive wear tests
were carried out to determine the abrasive friction coefficient of the DP600 steel.

Experimental studies show that the ferrite and martensite phases based on microstructures of the DP600 steel with dual-phase
structure have an effect on tensile and wear tests. The wear resistance of DP600 steel can be controlled and optimized with
wear condition (the wear rate, volume loss and friction coefficient).

Keywords Dual Phase Steel, Rolling, Flat Product, Wear, Abrasive, Adhesive.

1. Introduction

With the aim of meeting the needs and expectations of
the industrial area, many new researches are made by the
material engineers day by day in the steel industry. As a
result of these studies, steel materials with a light, suitable
strength, good deformation ability and high forming ability
are foregrounded [1,2].

Dual-phase steels are produced by the critical annealing-
quenching process of High Strength Low Alloy (HSLA)
steels. It is a low-alloy or non-alloy high-strength steel type
containing martensite phase dispersed in ferrite in
microstructure. Microstructures also contain trace amounts of
austenite, bainite and pearlite. Basic dual phases; Ferrite
phase and martensite phase. These steels show many ideal
properties when compared to HSLA steels. These; High
strength, homogenous forming, percent elongation properties
[1,2].

Coldren and Cornford have experimented to produce
double-phase steel during ingot hot rolling. Chemical

composition of test samples; 0,065% C, 1-1,2% Mn, 0.9-1%
Mo, and 0.05% Al. As a result of the experiment; Samples
containing martensite in high amounts showed dual-phase
steel properties. Also, contrary to what is expected, they
showed double-phase steel properties in samples having 70-
90% polygonal ferrite, 0-25% bainitic ferrite and martensite
volume above 10% of the steel they produced. The study
shows that microstructures having the above-mentioned
characteristics can be produced when appropriate cooling
conditions are met. As a result of the experiment, there is no
significant relationship between residual austenite and
mechanical properties [2,3].

Hansen and Bramfitt investigated two different experiments to
produce dual phase steel. Critical annealing heat treatment and hot
rolling. The chemical composition of the test sample; 0,04-0,11C,
0,80-1,2Mn, 0,51-1,45Si, 0,05-0,65Cr, 0,27-0,62Mo. The Dual-
phase steels produced shows similar tensile properties except yield
strengths. The yield strength of hot rolled steels is higherThis
is caused by the presence of spherical bainite, which forms
the third phase, except polygonal ferrite and martensite,
which are found in the microstructure. They stated that the
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coiling temperature should be below 610 ° C in order to
produce martensite without pearlite formation [2,4].

In this study; Abrasive and adhesive wear behaviours of
dual phase DP600 steel produced for industrial purposes
were investigated. In addition, the yield stress, tensile stress
and elongation properties of selected specimens of different
orientations of DP600 Steel (Orientation) were examined.

2. Experimental Studies
2.1. Material
In the experimental work, DP600 dual-phase steel with a

thickness of 4.5 mm produced by Hot Rolling was selected.
The chemical composition of steel is given in Table 1.

Table 1. Chemical composition of the sample (%Wt)

Chemical composition (%Weight)

%C | %Mn | %Si | %P %S %Al | %V | %Ti
0,079 0,82 0,23 0,039 0,0013 0,031 0,001 0,002
%Nb | %Mo | %Ca | %N %Cu | %Ni | %Cr | %Ti/N
0,000 0,002 0,0011 0,0067 0,02 0,04 0,66 0,3
2.2. Rolling

Production of DP600 steel with dual phase structure
used as test samples were carried out by Hot Rolling method.
The production line is given in Fig.2.1. Dual-phase steel
production in the Hot Rolling process is more economical
than other production methods [2,3].

Furnace Entry Entry E2 R2  Exit Coilbox Shear FI F2 F3 F4 F5 F6

RN IR
=N TERRE L,
BEE © 0§ B B BE i g B
Fig. 1. Hot Rolling process

CoolingSection | C1 | €2

Production of flat rolled products by hot rolling is
carried out as a result of applications at different stations in
Figure 2.1. It is annealed to hot shaping temperature in slab.
After the annealing process, the slab enters the reaction with
oxygen. The oxide layer formed in this reaction is called
descaling. Pressurized water is sprayed onto the slab to break
the resulting oxide layer. The slab, which is cleaned from the
oxide layer on the surface, is first sent to the coarse rolling
process and then to the coil box to prevent temperature loss.
The slab is subjected to strip rolling according to the order
sizes. The slab is then cooled down continuously in the
shower tables controlled by the automation system to create
the desired microstructure. The strip is then coiler at the
appropriate temperature [5].

The rate of cooling of material during rolling is too
slow to bring ordinary carbon steels to normal dual-phase
steel. At slow cooling rates after rolling, suitable alloying
elements should be used to form an ideal dual-phase steel
structure. In the production of dual-phase steel by the hot

rolling method, the formation of the structure is difficult to
follow. CCT diagrams are used for this [2,3].

The recommended alloying elements are Mn, Cr, Ni
and Mo. If quenching is carried out after hot rolling, double-
phase steel structure is obtained with less alloy addition
[2,3].

2.3. Tensile Test

To make the tensile test, the drawing sample is prepared
according to the standards from the material. In this study,
test specimens were prepared according to TS 138 EN
100008 standards and experiments were carried out. The
selection direction of samples is given in Fig. 2.2. Sheet
metal materials exhibit different mechanical properties in
different directions (isotropic and anisotropic) The samples
are angularly removed from the plate. (Ro, R4s, Rgo) Angular
samples are prepared and necessary calculations are made

[6].

[ Reo ] Flat steel product f
o e e e et o e —
N E—— F——O—\‘\ | PR
L p—————————— — — Ras/L ,,,,,
L

Fig. 2. Tensile test sample selection
2.4. Wear Test
Load on the sample is recorded during wear test in

order to get data for calculation of friction coefficient. Eq. (1)
was used for defining friction coefficient.

F
The coefficient of friction is, # = [E @)

Where F is the frictional force measured by the load cell
and P is the normal load on the specimen [7].

The volume loss was calculated from the weight loss
according to the following Eg. (2).

WeightLosgg)

Densit;{ g 3)
mm

The wear tests were conducted five times for every sample.
The wear rate was calculated from the following Eqg. (3) [7]:

Volume Loss (m m3)= %1000 2)
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VqumeLoss(mm3)
SlidingDistan ce(m)

Wear Rate (mm?m)= ( JxlOOO (3)

Abrasive and adhesive wear tests were carried out on the
TURKYUS Pin-On-Disc. The weights and densities during
the test were measured on the RADWAG electronic scale

71 _—

Weight
-

Y
L~

R -

a Fixed Body

Fig. 3. Pin-On-Disk Wear Device

2.4.1.  Abrasive Wear Test

Experiments have been carried out on a pin on disk
abrasive wear device designed according to ASTM G99-05
as standard. The wear tester used in the wear tests is given in
Figure 5. The surfaces to be abraded of all samples were
sanded with 220 mesh SiC abrasive before testing to obtain
the same surface quality. The wear tests were carried out at a
speed of 3.16 m /s with 5, 10 and 15 N loads. 220 mesh SiC
was used as the abrasive disc. Experimental times were
determined as 95,190 and 285 meters. The specimens were
moved perpendicular to the abrasive disc surface. The weight
loss of the samples was also measured with an electronic
balance of £ 0.001 g precision. Furthermore, in order to
determine the friction coefficient, the frictional forces were
measured with the load sensor mounted on the device and the
friction coefficients were determined. Before and after the
wear test, the samples were cleaned with ethyl alcohol and
dried. All samples were subjected to wear test twice as
shown in Table 2 and weight loss, volume losses, friction
coefficients and wear rates were calculated using the
formulas (1,2,3) indicated by the averages of these values

[7]

Table 2. Abrasive test parameters

2.4.2. Adhesive Wear Test

Load Experiments have been carried out on a pin on
disk abrasive wear device designed according to ASTM G99-
05 as standard. The wear tester used in the wear tests is given
in Figure 5. The surfaces to be abraded of all samples were
sanded with 220 mesh SiC abrasive before testing to obtain
the same surface quality. The wear tests were carried out at a
speed of 3.16 m / s with 5, 10 and 15 N loads. In the
experiment; AISI 52100 Bearing Steel material is used as
abrasive. AISI 52100 bearing steel has 60 HRC hardness.
Experimental times were determined as 95,190 and 285
meters. The specimens were moved perpendicular to the
abrasive disc surface. The weight loss of the samples was
also measured with an electronic balance of = 0.001 g
precision. Furthermore, in order to determine the friction
coefficient, the frictional forces were measured with the load
sensor mounted on the device and the friction coefficients
were determined. Before and after the wear test, the samples
were cleaned with ethyl alcohol and dried. All samples were
subjected to wear test twice as shown in Table 3 and weight
loss, volume losses, friction coefficients and wear rates were
calculated using the formulas (1,2,3) indicated by the
averages of these values [7].

Table 3. Adhesive test parameters.

Sample Sliding Applied Load | Wear Distance
Numbers Distance (N) (m)
(m/s)
DP-600 3,16 30 475
DP-600 3,16 30 575
DP-600 3,16 30 665
DP-600 3,16 40 475
DP-600 3,16 40 575
DP-600 3,16 40 665
DP-600 3,16 55 475
DP-600 3,16 55 575
DP-600 3,16 55 665

3. Experimental Results
3.1. Tensile Test Results

The results of three different tensile tests of the two-

Sample Sliding Applied Load Sliding . . .
Numbers Distance (N) Distance (m) phase DP600 steel specimen taken in three different
(mis) directions are given in Table 4.

DP-600 3,16 5 95
DP-600 3,16 5 190 Table 4. Tensile Test Results
DP-600 3,16 5 285 Sample DP600 DP600 | DP600
DP-600 3,16 10 95 Ro Rus Rao
DP-600 3,16 10 190
DP-600 3,16 10 285 Thickness (mm) 4,19 4,16 4,20
DP-600 3,16 15 % Width (mm) 25,37 2513 | 25,19
gﬁzggg 212 ig ;Zg Yield Strength (MPa) 347 359 341

: Tensile Strength (MPa) 579 575 572

Elongation (%) % 34 % 31 % 32
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Tensile test results show that there are very similarities in
the yield, tensile break results of three differently prepared
(RO, R45, R90) samples. The microstructure formed in the
sample produced by hot rolling shows the same behaviour in
all the sections as isotropic regardless of direction.

Tensile testing of flat steel products produced by hot
rolling; It is related to deformation rates, annealing, supply
and winding temperatures [8].

The most important parameters determining the yield and
tensile strengths in the double-phase steels are the
proportions of the ferrite and martensite phases present in the
microstructures. The equivalent strength of low-alloy steels,
which are used equivalently for dual-phase steels, exhibit
approximately the same behaviour as the yield and draw
characteristics.

3.2. Wear Test Results
To characterize the wearing behavior of the DP600 Steel;

Volume loss, wear rate and coefficient of friction were
evaluated.

3.2.1. Volume Loss of Abrasive Sample
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Fig. 4. Volume Loss of Abrasive samples

Volume loss of the abrasive wear test of DP600 Steel
under different loads (5N, 10N, 15N) are given in Fig.3.1.
The volume loss resulting from the increase in load also
increased significantly in the Fig. 6. It can be seen clearly
that abrasive wear tests have higher volume loss rates than
adhesive wear tests due to abrasives. 5N, 10N and 15N test
specimens have similar volume losses up to 200 m. In the
range of 200-300 m there is no similarity in volume losses of
the samples. The result shows the good correlation of
literature study [9].

3.2.2.  Volume Loss of Adhesive Sample

In The Fig.3.2 shows the volume loss adhesive wear test
of DP600 Steel under different loads (30N, 40N, 55N) Figure
7 shows that volume loss during the test increases
significantly at the end of the load increase Similarly, the
increase in sliding distance has led to an increase in volume

loss. 40N, 55N test specimens show similarities in volume
losses throughout the test period. However, it can be seen
that the weight loss profile of 30N test sample is less than the
other samples. Our test sample of 55N and 40N showed a
noticeable difference from the other sample at 500m, since
the force applied by the abrasive was higher. Adhesive wear
tests have less volume losses than abrasive wear tests due to
abrasive.
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Fig. 5. Volume Loss of Adhesive samples

The volume of adhesive sample in Fig. 6 show good
correlation within the literature [9].

3.2.3.  Wear Rate of Abrasive Sample
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Fig. 6. Wear rate of Abrasive Samples

In the characterization of wear behaviour of steel, the
volume losses are not enough alone. In order to determine
the effect of sliding distance on wear behaviour, wear rate
data should be evaluated.

Fig 6 exhibits abrasive wear test wear rates of the DP600
Steel under different loads (5N, 10N, 15N). 10N and 15N
samples showed a similar wear rate at the 300 m sliding
distance. In other words, the high sliding distance does not
have a significant effect on the 10N and 15N samples. 5N,
10N and 15N samples showed higher wear rates than the

199



INTERNATIONAL JOURNAL of ENGINEERING TECHNOLOGIES-IJET

Yasin Aygiil et al., Vol.3, No.4, 2017

adhesive wear test. This is due to the use of 220 mesh SiC
discs which are used as abrasive [7].

3.2.4.  Wear Rate of Adhesive Sample
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Fig. 7. Wear rate of Adhesive Samples

Wear test were carried out on the graph with different
loads (30N, 40N, 55N). Fig. 8 illustrates the of wear rates of
adhesive samples. It can be seen that the wear rates obtained
as a result of the adhesive wear tests are lower than the
abrasive wear rates. This result; Is an abrasive disk type used
in adhesive wear tests. 40N and 55N samples exhibit similar
wear rates between 300-500 m sliding distances. 35N test
sample showed a proportional increase between 300-500 m.
Showed a remarkable increase in the range of 500-800 m.

3.2.5. The Friction Coefficient of Abrasive Sample
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Fig. 8. Friction Coefficient of Abrasive Samples

The most important parameter used in studying the wear
behaviour of metals is the friction coefficient. The coefficient
of friction is used to characterize how the metals exhibit
resistance during wear.

It can be related the coefficient of friction to the force of
breaking a piece from a material. If it is easy to break off the
material surface, the friction coefficient decreases. If the
applied force increases, it should be easier to break the piece.

Tests were carried out on the graph with different loads (5N,
10N, 15N). As a result of the abrasive wear test of the DP600
Steel, the friction coefficient was plotted depending on the
sliding distance. In Figure 9 it has been observed that the
friction coefficient decreases considerably with increasing
force. This result is parallel to the studies in the literature.
The highest coefficient of friction was obtained at ~ 0.8 to
5N. The lowest coefficient is seen in the ~ 0.4 to 15N
sample.

3.2.6. The Friction Coefficient of Adhesive Sample
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Fig. 9. Friction Coefficient of Adhesive Samples

The friction coefficient of adhesive samples is given in
Fig. 9. It can be clearly understood that the friction
coefficient is affected by sliding distance. Although the loads
on the adhesive wear test are higher than those on the
abrasive wear test, there is a significant reduction in their
resistance. This is because; The disc used as an abrasive has
a metallic structure. All of the samples are beginning to test
with a significant increase before 50 mm sliding distance. A
decrease in the coefficient of friction is seen with increasing
force.

4. Conclusions

In this study; The mechanical properties of commercially
available dual phase DP600 steel; Tensile and vyield
strengths, abrasive, adhesive wear behaviors were
investigated. The results obtained are given below.

> Tensile tests were carried out by extracting tensile
samples in different rolling directions of the flat test
specimen produced after rolling. Tensile strength, tensile
strength and breaking elongation of the specimens
selected depending on the direction of orientation were
determined at the end of the tensile test.

> All samples (isotropic) showed the same behavior
regardless of the direction of the sample used as a result
of tensile tests.

» As a result of the wear test, volume loss, wear rate and
friction coefficients were determined under the slip
distance and different loads. In the results of wear
obtained; The volume losses and wear rates found in the
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abrasive wear differ from the results of the adhesive
wear.

» The highest abrasive rates as a result of abrasive wear
tests; High sliding distance distance and 15 N load.

» The highest Adhesive rates as a result of abrasive wear
tests; High sliding distance distance and 55 N load.
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Abstract- The aim of this work is to explore the stable hydrogenated forms of carbazole and 9-methylcarbazole molecules by
using M06-2X density functional as computational method. Binding energies per hydrogen atom in these hydrogenated forms
were calculated by the counterpoise correction procedure. Relative energies, complexation and binding energies for the
conformers of dodecahydrocarbazole were also calculated. Stabilities of all the hydrogenated forms were discussed by the

analysis of the frontier molecular orbitals.
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1. Introduction

Hydrogen is an important energy source that is shield to
the global climate changes against the ever-increasing energy
demands [1]. Hydrogen technologies relates to development
of new methods in areas such as obtain the hydrogen, storage
and processing. Also these technologies give very effective
results in science to prevent negative environmental impacts
and create green energy sources. Hydrogen storage methods
are classified as pressurized hydrogen, carbonaceous
materials, metal and complexation hydrides, organic liquids
according to storage capacity (wt%), safety, stability and
transaction costs [2-6].

Carbazole structures in liquid organic hydrides are
noteworthy with reversible hydrogen sorption characteristics
as hydrogen storage materials [7]. Liquid organic hydrides
have significant advantages in hydrogen storage as access to
high gravimetric hydrogen storage level, lack of carbon
monoxide and carbon dioxide emissions as by-products [7,
8]. Hydrogenation and dehydrogenation techniques are used
in the process of hydrogen storage and releasing,

respectively, for the organic liquid hydrides [2, 9-11].
Hydrogenation is the process of adding hydrogen under
pressure with the aid of a catalyst. The aim of this procedure
is that the hydrogen atoms attend to multiple bonds. In the
hydrogenation reaction, alkane is converted to alkane
condition by addition of the hydrogen to the unsaturated
carbon chemical bond. The dehydrogenation process is the
opposite of this. Hydrogenation and dehydrogenation
kinetics and catalysis of carbazole derivatives and influences
of the reaction temperature and pressure have been
experimentally studied in the literature [12—14].

In this study we have theoretically aimed to investigate
and interpreted the hydrogen binding energies, complexation
energies and energy gaps between frontier (highest occupied
and lowest unoccupied) molecular orbitals on the
hydrogenated forms of substituted carbazoles as hydrogen
storage materials via computational methods. Before
anything else, we have determined the optimized molecular
forms of carbazole (S1), 9-methylcarbazole (S2) and
octahydro-, dodecahydro- structures as their hydrogenated
forms. The next phase of our study consists of the
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evaluations about the relationship between hydrogen
binding energies, frontier molecular orbitals and hardness of
all the S1-S2 hydrogenated forms to determine their chemical
reactivity and stability.

2. Computational details

All the quantum calculations on the structural optimizing
processes and molecular orbitals were performed by using
M06-2X theory combined with 6-31+G (d,p) basis set level.
Inputs on the atomic coordinates for all the geometry
optimizations were created by Gauss View program [15].
Optimizations and computations on the S1, S2 hydrogenated
forms and the atomic hydrogen binding energies were
obtained by using Gaussian 09W software database [16].
Basis set superposition error (BSSE) corrections,

| +6H2
9
R; o

Ri:H
R,: CH;

Carbazole (S1)
9-Methylcarbazole (S2)

complexation and binding energies were calculated by the
counterpoise correction procedure (CP) [17].

3. Results and discussion

Fig.1 is inclusive the optimized molecular structures of
S1, S2 and their hydrogenated forms obtained by the output
of quantum computing. In the figure the hydrogens of which
the binding energies will be calculated, are located in the
green zone. The minimum-energy structures of S1 and S2
have -517.280 and -556.571 a.u. of energies at M06-2X
calculation method and 6-31+G (d,p) basis set, respectively.
Calculated relative energies and hydrogen binding energies
which bind to carbons have been reported in Table 1 for the
substituted carbazoles and their hydrogenated forms.

9

. R,
Ri:H Octahydrocarbazole

R,: CH; 9-Methyl-octahydrocarbazole

Dodecahydrocarbazole
9-Methyl-dodecahydrocarbazole

Fig. 1. Optimized structures of S1, S2 and their hydrogenated structures computed at M06-2X theory, 6-

31+G (d,p) level

The average values of relative energies per hydrogen
atom are 16.24 and 16.28 eV for S1+nH; and S2+nH, forms,
respectively. Total binding energies for the hydrogen atoms
attached to carbons have been calculated as -45.815 and -
45.744 eV in the S1 and S2 structures, respectively. These
values are approximately -82.979 and -82.902 eV in the
S1+6H, and S2+6H. hydrogenated forms, respectively.
While the binding energies per hydrogen atom are -5.727 and
-5.718 eV in the S1 and S2 structures, these results are -
4,149 and -4.145 eV in the S1+6H, and S2+6H,,
respectively.

On the other hand, the calculated BSSE energies are
increasingly on the rise in hydrogenated forms of S1, S2.
This situation can be attributed to positioning where there are
involved fragments and of course, to the applied method and

basic set. While the number of functions included in the
basic set increases, the BSSE energy is reduced. So, The
BSSE energy has a small value in a large basis set. Another
factor that affects the BSSE energy value is occupied or
unoccupied orbitals. Unoccupied orbital’s give greatly an e
increasing effect in the BSSE energy.

For the dodecahydrocarbazole structures in Fig. 1, we
like to examine the conformers for which the relative values
between the ground state energies are many minor by
calculation method. The relative energies, complexation and
binding energies for the conformers of
dodecahydrocarbazoles are given in Table 2. The positioning
of the conformers has been identified at the bottom line of
Table 2 (see also Fig. 1). Considering the total energies, we
say that the most stable optimization is conformer 1 for the
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both hydrogenated forms (+6H,). The calculated energy
differences between the various conformations for +nH
hydrogenated forms of 9-ethylcarbazole have been calculated
by Density Function Theory (DFT) method with the B3LYP
hybrid functional including electron correlation in a previous
study [7].

Table 1. Calculated relative and hydrogen binding energy
values for substituted carbazoles and, their hydrogenated
forms.

highest occupied and lowest unoccupied orbital energies and
also molecules with high HOMO energies are more reactive
and of course unstable [22].

Table 2. Calculated relative, complexation and hydrogen
binding energy  values for  conformers  of
dodecahydrocarbazole formed according to positions of
hydrogens attached to carbons.

Relative Binding Energy**

E{é’:{gc Energy* Per Hydrogen Atom
Materials (eV) (eV)

S1 0.000 -5.727

+2H, 64.822 -4.732

+4H; 129.592 -4.242

+6H: 195.785 -4.149

S2 0.000 -5.718

+2H, 64.783 -7.080

+4H, 130.559 -3.994

+6H: 195.795 -4.145

* Relative values between the total energy

** obtained by using CP corrected energy.

As seen in Table 2 the minimal corrected complexation
energies have been computed as -84.541 (conformer 5) and -
84.350 eV (conformer 2), approximately. The lower value of
the complexation energy corresponds to the more stable
complex [18]. Also, the conformer 5 in the S1+6H; and the
conformer 2 in S2+6H, have minimal values as binding
energy per hydrogen atom. In the both hydrogenation
structures, the conformers 2 and 5 draw attention with their
minimum complexation and binding energies. In here we
take into account the conformers 1 for the dodecahydro-
structures in the calculations and in the comments relating to
binding energy and molecular orbitals since they have the
minimum total energies.

The first and second frontier molecular orbitals and
energy diagrams of S2+6H, hydrogenated form have been
displayed in Fig. 2. The claret red and green tones represent
the positive and negative wave functions, respectively, for
the orbitals. The visual for the highest occupied molecular
orbital is scattered over the nitrogen and the carbons close to
the nitrogen. The positive wave functions for the lowest
unoccupied molecular orbitals are focused in the C-H bonds.
Frontier molecular orbitals (HOMO and LUMO), act as the
electron donor and acceptor, respectively, and these orbital
energy values explain the optical and electrical properties of
the molecules in quantum computations [19-21].

HOMO-LUMO energy gaps and chemical hardness in
hydrogenated carbazoles are given in Table 3. The type of
bonding interaction can be explained by the topic of the

Binding
Energy
Relative Erc])g;g)llexation Per
Energy [corrected] 'I;l\%gjr;ogen
Conformers | (eV) (eV) (eVv)
S1+6H,
1 0.000 -82.975 -4.149
2 0.2060 -84.312 -4.216
3 0.2062 -83.627 -4.182
4 0.3389 -84.219 -4.211
5 0.4403 -84.541 -4.227
6 0.5453 -83.828 -4.191
S2+6H;
1 0.000 -82.897 -4.145
2 0.1690 -84.350 -4.218
3 0.2039 -83.862 -4.193
4 0.3860 -84.090 -4.205
5 0.5478 -84.252 -4.213
6 0.4972 -83.773 -4.189

Conformer 1= b(front),acd(back); 2= abcd(front); 3=ab(front),cd(back);
4=abc(front),d(back); 5=ac(front),bd(back); 6=bc(front),ad(back)

Energy (eV)
2 -

| 0.560 LUMO+1
LUmMmo

0 o.a69

23 o

Energy Gap

-7.311

1o [™9-222
Fig. 2. Highest and lowest energy levels of occupied and
unoccupied orbitals for S2+6H, hydrogenated forms

As seen in Table 3, the HOMO energies have been
computed at the highest values in the octahydro- structures.
The energy gaps in FMO’s comment the intramolecular
charge transfer interactions and, its lower value means a
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more reactive molecule, chemically [23]. On the other hand,
the higher values of hardness are directly related to the
stability [23-26]. The octahydro- structures have smaller
energy gaps relative to the others in this study. Conversely,
the maximal energy gaps have been computed in the S1+6H;
and S2+6H; hydrogenated forms. The calculation results for
the chemical hardness support that the stabilities of S1+6H;
and S2+6H; hydrogenated forms are highest.

Table 3. HOMO energies, energy gaps and chemical
harnesses for substituted carbazoles and their
hydrogenated forms

Oorgaric | el Hrnes
Liquid Energy Gap
Materials (eV) (eV) (eV)
S1 -6.978 | 6.724 3.362
+2H, -6.616 | 6.850 3.425
+4H, -6.286 | 6.638 3.319
+6H: -7.565 7.902 3.951
S2 -6.811 |6.571 3.286
+2H, -6.480 |6.773 3.386
+4H; -6.270 6.572 3.286
+6H, -7.311 | 7.780 3.890

4, Conclusion

In present study, the hydrogenated forms of substituted
carbazoles have been achieved by the output of quantum
computing at MO06-2X theory, 6-31+G (d,p) level.
Considering the total energies, the most stable optimization
is conformer 1 for the S1+6H, and S2+6H; structures. But
the conformers 2 and 5 have drawn our attention with their
minimum complexation (corrected) and binding energies per
hydrogen atom. As for the hydrogenated forms, S1+4H, and
S2+4H; are more reactive than the other forms according to
the highest occupied molecular orbitals. Conversely, the
stabilities of the S1+6H, and S2+6H, hydrogenated forms
are highest since of their maximal energy gaps.
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Abstract- Developments in the field of power electronics have increased the use of non-linear loads. The increase in the use of
these loads causes power quality to decrease and problems to appear in transmission and distribution systems. The adverse
effect of passive harmonic filters and the up-growing use of modern sensitive loads in the production process have made active
power filters an important area of interest in eliminating current and voltage harmonics. In this study, a multilevel inverter
topology for parallel active power filter applications has been proposed. The principle of operation for the proposed multilevel
inverter topology is explained in detail. The harmonic components of the grid current which has a high total harmonic
distortion (THD) value, are eliminated by the proposed multilevel inverter providing a reduced number of switching elements.
The generation of switching signals for parallel active power filter application is also expressed with generalized formulas. All
required operating states of multilevel inverter topology are given in detail to obtain reference filter current with harmonic
components. In addition, the simulation studies carried out for different number of level modules and different values of
harmonic distortion are presented. The obtained results show that the proposed multilevel inverter topology is suitable for

parallel active power filter applications.

Keywords Active power filter, multilevel inverter, total harmonic distortion, power quality.

1. Introduction

The widespread use of nonlinear loads such as arc and
ladle furnaces, motor drivers, switched-mode power supplies,
rectifiers and dc/dc converters has increased due to advances
in the field of power electronics. Such loads cause power
quality problems in transmission and distribution systems.
Current and voltage harmonics as a problem of power quality
become more considerable in parallel with the increasing use
of modern sensitive loads in the production process [1].

Due to the ever-increasing power quality problems,
active filtering solutions are of interest for harmonic
suppression since the conventional passive filters have
adverse effects such that they are affected by the grid
impedance and can filter only for the specified harmonic
component.

Active power filters, which can be applied to solve many
problems such as filtering harmonics, reactive power

compensation, resonance suppression and voltage regulation,
are mainly classified into two groups according to the grid
connection modes; parallel and series active power filters.
Parallel active power filters are used to eliminate problems
created by non-linear loads acting as harmonic current
sources, while series active power filters connected to the
system via a transformer provide voltage regulation by
eliminating voltage harmonics.

The operation principle of the active power filters is based on
the generation of the reference current and/or voltage
waveforms obtained by a set of control techniques from the
sampled load current and/or voltage with the help of
controlled semiconductor power switches [1]. Based on this
operation, it can be said that active power filters consist of
three main parts as shown in Fig.1; harmonic detection unit,
control unit and inverter unit. Generally, the harmonic
detection unit and the control unit are defined together. The
harmonic detection unit detects the harmonics from the
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sampled load current and/or voltage by means of an
algorithm thus determining the reference signal. Algorithms
developed for the determination of harmonics are carried out
in this unit. These algorithms are generally divided into two
groups as frequency and time domain based methods. The
frequency domain methods used to determine harmonics in
active power filters are Discrete Fourier Transform (DFT),
Fast Fourier Transform (FFT) and Sliding-Discrete Fourier
Transform (S-DFT).

The time domain methods applied for the same purpose
are instantaneous power theory (p-q theory), artificial neural
network based techniques, constant reference (o)
transformation, synchronous reference (dq) transformation
and hybrid (ap/dq) transformation [2-3].

At the input of the current and/or voltage control unit,
there is the reference signal determined at the harmonic
detection unit while the switching signals of the inverter unit
are found at the output. The contribution of this unit to the
operating principle of the active power filter is the generation
of switching signals for controlled semiconductor power
switches. For this purpose, it is seen that different control
techniques such as Pulse Width Modulation (PWM),
Sinusoidal PWM, hysteresis control and recently used "dead-
beat" control are used in the literature.

The inverter unit is the part where the filter output voltage
(Vag) is obtained according to the reference voltage. The
switching signals from the control unit are used to generate
the filter output voltage of the inverter. In the literature,
many studies have been carried out with different inverter
units to reduce the complexity of the control method by
reducing the number of semiconductor power switches [4].
When many features such as switching frequency, dv/dt
voltage stress on switching elements, efficiency,
electromagnetic interference, harmonic distortion and output
filter requirement are taken into consideration, multilevel
inverter topologies are often preferred for active power filter
applications [5-7]. In the literature, although there are studies
on active power filters with diode-clamped and flying-
capacitor inverters, it has been determined that the most
common multilevel topology in active power filter

Level Module 2

e TR S s
o} ek
§ . el
: o o

g

Level Module 1

H-bridge Module

Fig. 2. The principle scheme for 7-level half-bridge cascaded
inverter

applications is the cascaded H-bridge inverter, The reasons
for the preference of the cascaded H-bridge inverter are that
it is suitable for high voltage and high power applications,
the dv/dt voltage stress on the switching elements is reduced
and the THD value of the output voltage is lower [8-11].

Multilevel inverters can produce output voltage with
sinusoidal form as well as output voltage with desired
harmonics. In this way, multilevel inverters are used for
active power filter applications [11]. In this study, a half-
bridge cascaded multilevel inverter topology is proposed.
The switching algorithm developed for the proposed
multilevel inverter based parallel active power filter is also
introduced. The switching signals to obtain the required
output waveform and the other results of the filtering process
are demonstrated by simulation studies. The results of the
carried out simulation studies confirm that the developed
strategy works properly.

2. Half-Bridge Cascaded Multilevel Inverter

Figure 2 shows the principle scheme of the 7-level half-
bridge cascaded inverter to be used for parallel active power
filter application. The inverter is basically composed of two
different parts, the level module (LM) and the H-bridge
module (HM) [12]. The required level of the inverter can be
acquired by changing the number of LM. To expand the
system and increase the output voltage levels of the inverter,
more LMs connected in series are used.

LM comprises a dc source and two semiconductor
switching elements. The voltage of dc source Vg in LM 1 is
related to the required maximum value of the output voltage
and the level of the inverter.

The voltage of dc sources in other LMs are scaled in
power of 2. The maximum level of the inverter n can be
computed as

n:2(m+1)_1 )

where m is the number of LMs used in the inverter.
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HM shown in Fig. 2 is a conventional H-bridge inverter.
HM is the constant part of the multi-level inverter. In order to
increase the number of levels, HM is connected to the series-
connected LMs as shown in Fig. 2.

The value of n is the maximum level number of the
inverter depending on m calculated by using equation (1).
However, any required level can also be acquired by the
same number of LMs. For example, a number of level
modules of 3, a maximum of 15 levels can be obtained, as
well as 9, 11 or 13 levels. By increasing the number of LMs,
any required number of level can be easily obtained by the
proposed inverter since it has a simple and modular structure.

3. Switching Algorithm

The multilevel inverter used in the proposed active
power filter has the capability to generate an output voltage
waveform more sinusoidally. Furthermore, the multilevel
inverter can produce any voltage with harmonic components.
Due to this feature, it acts as a harmonic voltage source. For
this purpose, it is first necessary to define the reference
voltage signal which contains the desired harmonic
components [13]. The reference voltage is defined as in
equation (2);

Vie

ref = 7 + hzlvh sin(hat + (oh) 2

The reference voltage signal is present by the harmonic
detection unit. A sample reference voltage signal with 3rd
and 7th harmonic components is chosen to describe the
proposed switching algorithm. The waveform of the sample
reference voltage signal is shown in Fig.3, and the
mathematical definition of this waveform is given in
equation (3).
Vref :V35|n(3wt+go3)+v7 S|n(7wt+go7) 3)

Fig.3 depicts the sampling time of the switching signals
(At). The smaller the sampling time, the more similar the
output voltage is to the reference voltage signal. The
sampling time depends on the frequency of the fundamental
harmonic of the output voltage and the number of level
modules.

tsample = At =t 7Y )

Vref (ti)---
Vref (tjsqg)

18

t tia ts)

Fig. 3. The waveform of a sample reference voltage signal

Switching signals are generated for the instantaneous
values of the reference voltage signal Vi The equation for
the switching signals used in the system can be generalized
according to the number of level modules as follows;

j=1, Vref (t) mod 2

(i-D) (5)
Vref (t) _(Vref (t) mod 2 j

(D

Q . ()=
(- mod 2

By using equation (5), the switching signals for the
switching elements used in LMs are easily obtained. There
are two switching elements in each level module, and these
switching elements are operated as if they are the inverse of
each other.

With the obtained switching signals an output voltage
similar to the reference voltage signal given in Fig.3 can be
produced as shown in Fig.4.

The waveforms of the inverter output voltage given in
Fig.4 can converge to the reference voltage signal by
increasing the number of level modules. If the inverter output
voltage converges to the reference signal, the harmonic
filtering capability of the parallel active power filter
increases.

i 1 i 1 1 i I i 1
0 0.002 0.004 0.006 0.008 om 0012 0014 0016 0018 0.02

(@) 7-level

i 1 i 1 L i L i 1
0.002 0.004 0.008 0.008 0m 0012 0014 008 0.018 0.02

(b) 31-level

Fig. 4. The waveforms of reference voltage signal and output
voltage of a multilevel inverter
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Figure 5 shows the topology of the multilevel inverter
with the ability to generate the desired voltage waveform at
its output through the proposed switching algorithm,
including all operating states of a parallel active power filter
application. The results of this application are included in the
simulation study.

4. Simulation Study

The switching algorithm proposed for parallel active
power filter is applied to inverters with different number of
level modules. For this purpose, a distorted grid current with
a THD value of 23.43% is filtered by using 31-level inverter.
The grid current consists of 5th, 7th, and 9th harmonic
components with fundamental harmonic. After filtering, the
grid current is nearly sinusoidal with the THD value of
0.30%. The grid current and its harmonic current
components, the grid and filter currents after the parallel
active power filter is applied, and switching signals are
shown in Fig.6a, 6b and 6c, respectively. To demonstrate the
effect of level number, in other words the number of level
modules, a highly distorted grid current consisting 3rd and
7th harmonic components except fundamental with a THD
value of 34.99% is filtered by using 7-level and 31-level
inverter based parallel active power filters. The simulation
results are shown in Fig.7 and Fig.8. The grid current and its
harmonic current components are shown in Fig.7a and
Fig.8a; the grid and filter currents after the parallel active
power filter is applied are shown in Fig.7b and Fig.8b; and
switching signals are shown in Fig.7c and Fig.8c.
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Fig. 6. The simulation results obtained from 31-level inverter

based parallel active power filter, a) grid current with a THD

value of 23.43% and harmonic components before filtering,
b) grid current and filter current, ¢) switching signals

2
S

8 8 8B 3 o 3 B8 8

L LI UL LI T T

©

Fig. 7. The simulation results obtained from 7-level inverter

based parallel active power filter, a) grid current with a THD

value of 34.99% and harmonic components before filtering,
b) grid current and filter current, ¢) switching signals
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According to the simulation results, it is seen that the
grid current after filtering becomes approximately sinusoidal.

5. Conclusions

Active power filters are frequently used in solving power
quality problems in parallel with the increased use of non-
linear loads. In this study, a switching algorithm developed
for multilevel inverter based parallel active power filter is
introduced. Through the switching algorithm used for the
acquisition of switching signals, the total harmonic distortion
of 34.99% generated by the third and seventh harmonic
current component is reduced to 1.70% using two level
modules and 0.27% using four level modules. The results of
the simulation studies demonstrate the validity of the control
algorithm and the importance of the number of level modules
used in the inverter unit.

Acknowledgements

This study has been funded by Kocaeli University.
Project Number: 060-2014.

References

[1]I. Kocabas, O. Ugak, and A. Terciyanli, “DSP Tabanl
Gerilim Kaynakli Sont Aktif Gii¢ Filtresi Uygulamasi,”
ELECO 2006, Bursa, Tiirkiye, pp. 171-175, 2006.

[21 Y.F. Wang, and Y.W. Li, “Three-Phase Cascaded
Delayed Signal Cancellation PLL for Fast Selective
Harmonic Detection,” IEEE Trans. on Industrial
Electronics, vol. 60, no. 4, pp. 1452-1463, 2013.

[3] Y.F. Wang, and Y.W. Li, “A Fundamental and Harmonic
Component  Detection Method for Single-Phase
Systems,” IEEE Trans. on Power Electronics, vol. 28, no.
5, pp. 2204-2213, 2013.

[4] V. Khadkikar, “Enhancing Electric Power Quality Using
UPQC: A Comprehensive Overview,” IEEE Trans. on
Power Electronics, vol. 27, no. 5, pp. 2284-2297, 2012.

[5] F. S. Kang, S. J. Park, S. E. Cho, C. U. Kim, and T. Ise,
“Multilevel PWM Inverters Suitable for the Use of Stand-
Alone Photovoltaic Power Systems,” IEEE Trans. on
Energy Conversion, vol. 20, no. 4, pp. 906-915, 2005.

[6] M. Ortuzar, R. Carmi, J. Dixon, and L. Moran,
“Voltage Source Active Power Filter, Based on Multi-
Stage Converter and Ultra Capacitor DC-Link,” The
29th Annual Conference of the IEEE Industrial
Electronics Society (IECON 2003), pp. 2300-2305,
2003.

[71 C. Junling, L. Yaohua, W. Ping, Y. Zhizhu, and D.
Zuyi, “A  Closed-Loop  Selective  Harmonic
Compensation with Capacitor Voltage Balancing
Control of Cascaded Multilevel Inverter for High Power
Active Power Filters,” IEEE Power Electronics
Specialists Conference (PESC 2008), pp. 569-573,
2008.

[8] W. Madhukar, and P. Agarwal, “Comparison of Control
Strategies for Multilevel Inverter based Active Power
Filter used in High Voltage Systems,” Power
Electronics Drives and Energy Systems, pp. 1-6, 2010.

[9] Z. Chen, Y. Luo, and M. Chen, “Control and
Performance of a Cascaded Shunt Active Power Filter
for Aircraft Electric Power System,” IEEE Trans. On
Industrial Electronics, vol. 59, no. 9, pp. 3617-3623,
2012,

[10] A.A. Valdez-Fernandez, P.R. Martinez-Rodriguez, G.
Escobar, C.A. Limones-Pozos, and J.M. Sosa, “A
Model-Based Controller for the Cascade H-Bridge
Multilevel Converter Used as a Shunt Active Filter,”
IEEE Trans. On Industrial Electronics, vol. 60, no. 11,
pp. 5019-5028, 2013.

[11] E. Beser, B. Arifoglu, S. Camur, and E. Kandemir
Beser, “A Novel Design and Application of A Single
Phase Multilevel Inverter,” International Review of
Electrical Engineering, vol. 4, no. 1, pp. 7-13, 2009.

[12] E. Beser, “Anahtarlama Elemani Sayisi ve Harmonik
Optimizasyonu ile Bir Fazli Cok Seviyeli Evirici
Tasarimi,” Kocaeli Universitesi Fen Bilimleri Enstitiisii,
Doktora Tezi, Kocaeli, 2009.

[13] E. Beser, B. Arifoglu, S. Camur, and E. Kandemir
Beser, “Design and Application of a Single Phase
Multilevel Inverter Suitable for Using as a Voltage
Harmonic Source,” Journal of Power Electronics, vol.
10, no. 2, pp. 138-145, 2010.

212



INTERNATIONAL JOURNAL of ENGINEERING TECHNOLOGIES-IJET

Ikpe Aniekan E. et al., Vol.3, No.4, 2017

Effects of Arc Voltage and Welding Current on the
Arc Length of Tungsten Inert Gas Welding (TIG)

Ikpe Aniekan E.**, Owunna Ikechukwu**, Ememobong Ikpe***

*tDepartment of Mechanical Engineering, University of Benin, Nigeria.

**Department of Mechanical Engineering, University of Benin, Nigeria.

*** Electrical Electronics/Instrumentation Department, Exxon Mobile Nigeria, Nigeria

(ikpeaniekan@gmail.com, ikechukwu.owunna@uniben.edu, ememobong.e.ikpe@gmail.com)

tCorresponding Author; Ikpe Aniekan, Room 142, Mechanical Engineering Department, University of Benin, Benin City,

Tel: +2349024773812, ikpeaniekan@gmail.com

Received: 10.06.2017 Accepted: 13.12.2017

Abstract- The effects of welding current and arc voltage on the arc length of Tungsten Inert Gas (TIG) welding was investigated
in this study. Mild steel plates of 10mm thickness and 50mm x 100mm diameter were joined together through TIG welding
process for four (4) different intervals and the welding arc lengths were measured consecutively. The measured arc length for
each welding interval increased from 1.19mm, 1.93mm, 2.54mm and 3.12mm as the current increased from 50A, 100A, 150A
to 190A while the voltage also maintained the same increasing trend from 200V, 240V, 280V to 320V. The minimum arc length
values measured for each welding interval with the aforementioned current and voltage range also maintained an increasing
trend, and that led to the conclusion that the higher the welding current and arc voltage, the longer and wider the arc length which

is an influential factor to other welding attributes.

Keywords Welding, Arc voltage, Arc length, Welding current, Electrode, Mild Steel.

1. Introduction

Welding is the process of joining two or more metals
together [1]. Welding processes can be classified into two
major groups such as fusion welding and solid-phase welding.
Fusion welding is based on the principles of heat application
to join two or more materials together, and it is categorized
into various types of welding operation which includes arc
welding, resistance welding, oxy-fuel welding also referred to
as oxyacetylene welding or oxy welding, electron beam
welding and laser beam welding. Solid-phase welding which
is the other group of welding classification is based on the
application of pressure alone or combination of both heat and
pressure to join two or more materials together, and it is
categorized into diffusion welding, friction welding, forge
welding and ultrasonic welding [2]. Arc is divided into four
(4) major processes such as Shielded Metal Arc Welding
(SMAW) also known as Manual Metal Arc Welding, Gas
Metal Arc Welding (GMAW) also known as Metal Inert Gas
or Active Gas Welding (MIG/MAG), Flux Core Arc Welding
(FCAW) and Gas Tungsten Arc Welding or Tungsten Inert

Gas (TIG) which is the centre of focus in this study [3]. The
above mentioned welding processes has not always been
widely used in the past but its application and relevance in
many industries in recent times has increased tremendously
due to cost and reliability. Among the aforementioned welding
technologies, TIG welding is gradually emerging as the
process of choice for joining thin material, dissimilar and
particularly suitable for welding metals and metal alloys than
any other arc welding process with little smoke or fumes, neat
and slag free welds and appearance that may result in ease of
finishing despite its slower travel speeds than other processes,
lower filler metal deposition rates and the cost of equipment
which can be higher than using other welding processes [4].
Tungsten inert gas (TIG) welding also referred to as Gas
tungsten arc welding (GTAW) is an electric arc welding
method that applies a non-consumable tungsten electrode in
the process of joining two metals together.

Weld penetration is the rate at which the fusion line
extends below the surface of the welded material. Weld
penetration is interrelated with arc length and welding current,
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as increase or decrease in current can result in further increase
or decrease in arc length and in the weld penetration depth.
Studies have shown that weld penetration is influenced by
welding current, polarity, arc travel speed, electrode diameter
etc. [5]. Memduh et al. [6] noted that weld penetration is
directly proportional to welding current, and that deep
penetration can be achieved in operations where DCEP
polarity is employed whereas, shallow penetration can be
achieved as a result of DCEN polarity. Penetration decreases
with the increase in welding speed because the time at which
the arc force is allowed to penetrate into the material’s surface
decreases. The penetration decreases with the increase in
electrode diameter due to decrease in current intensity and arc
length [7]. British Standard Institution (BSI) describes arc
length as the accumulative distance from the tip of the welding
electrode to the adjacent surface of the weld pool [8].
According to Egerland [9], an average arc length may be
expressed by equation 1,

larc_av =C* Larc_max + Cy * Larc_min (1)

Where, lgc 4 is the average arc length, Lg.c max 1S the
maximum arc length, L. min i the minimum arc length, c;
and czare constants showing current correspondence and pulse
current time.

Tewari et al. [10] studied the effect of welding current, arc
voltage, welding speed and heat input rate on the weldability
of Mild Steel specimens of 50mmx 40mmx 6 mm dimensions
using metal arc welding. The result obtained showed that the
depth of penetration increased with increasing welding speed
up to 110.39 mm/min which was optimum value to obtain
maximum penetration. Therefore, increasing the speed of
travel and maintaining constant arc voltage and current
resulted in increased penetration until optimum speed was
reached at which penetration was maximum. Increasing the
speed beyond this optimum resulted in decreased penetration.
Ghazvinloo et al. [11] reported that if the welding speed
decreases beyond a certain point, the penetration also will
decrease due to the pressure of the large amount of weld pool
beneath the electrode, which will cushion the arc penetrating
force. However, high welding voltage produces wider, flatter
and less deeply penetrating welds than low welding voltages.
Depth of penetration is maximum at optimum arc voltage [7].

Welding voltage varies with the arc length between the
welding electrode and molten weld metal. An increase in arc
length oftentimes lead to increase in the arc voltage because
extension of the arc exposes the entire arc column to the cool
boundary of the arc [12]. Similarly, the arc column continues
to lose the charge carriers through radial movement into the
cool boundary of the arc, thereby, introducing a higher
requirement for maintaining adequate charge carriers between
the welding electrode and the weld material [5]. The shape of
the weld bead cross section and its physical appearance is
mainly determined by the voltage. Furthermore, if the welding
voltage is increased with constant welding current and
welding speed, a flatter, wider, and less penetrated weld beads
may be obtained which tends to reduce the porosity due to
corrosion or scale on steel materials. Increasing arc voltage
can equally lead to increase in the size of droplets as well as
increase in the droplet transfer movement time and thus,

decreasing the number of droplets [10]. Also, the possibility
of breaking the arc may increase with increasing voltage and
affecting the welding process. Increasing welding voltage can
increase flux consumption which in turn increases or lessen
the alloying elements, thereby, affecting the mechanical and
metallurgical properties of the weld metal [11, 13]. In
addition, extremely high voltage has the tendency of
producing wider bead geometry that is prone to cracks,
increased undercut and difficulty in slag removal. Low voltage
produces a stiffer arc, which improves penetration in a deep
weld groove and resists arc blow, whereas, extremely low
voltage produces a narrow bead geometry and results in
difficulty during slag removal along the bead edges.

In a given arc welding operation carried out with constant
voltage and amperage, the thermal efficiency of heat source is
given [14] as shown in equation 2;

— Qstweld — & (2)

Vitweld Vi

Where, Q; is the rate of heat generated, tweq is the welding
time and # is the thermal efficiency.

For welding operations where electric arc serves as the
welding source, heat conduction through the workpiece is the
primary mode of heat transfer, and the partial differential
equation for transient heat conduction is expressed by
equation 3;

pcZ = V.(kVT) + f 3)

Where p is the density, ¢ the specific heat and k is the thermal
conductivity which are all dependent on the temperature T. t
is the welding time and f is the additional heat generated in the
workpiece. Considering the heat generated as a result of arc
welding process, the heat flux vector is shown in equation 4;

G = —kvT Q)
The relationship between enthalpy and the temperature is
expressed by equation 5;

H = fTTref c(r) dr (%)

This implies that;

dH
ar

(6)

From equation (3) and (6), the apparent heat capacity equation
can be expressed by equation 7;

Cc =

pSl=V.(KVT) +f @)

Welding current is the electrical amperage in the power
equipment used in carrying out welding operation. It is usually
read from the power meter, but depending on the connection
could have a separate ammeter. Welding current is one of the
most influential welding parameter because it has high
tendency of affecting bead geometry, control the rate at which
electrode is melted, controls deposition rate, heat affected
zone, penetration depth and the amount of base metal melted
depending on how the amperage is regulated during welding
operation [15].
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If the amps is too low, may result in a tall, narrow bead
lacking in penetration. The weld will be difficult to start and
the arc prone to straying towards one side of a joint in
preference to the other. In cases where the bead is too high,
the bead has a wider appearance that is flat and irregular, and
a small undercut can observed on the right hand side of the
weld in the other sectioned of the image below. A deep crater
forms at the end of the weld, and removing the slag from the
edges of the weld may be difficult. Hence, excessive current
should not be compensated by excessive travel speed [16].
This has a high tendency of resulting in slag inclusions due to
rapid cooling of the weld. Moreover, with the amps correctly
adjusted, a bead of smooth round shape is obtained, and the
slag can be removed easily. The increase in electrode melting
rate in kg/min as a result of increase in welding current is
given by the relationship in equation 8,

Electrode Melting Rate =

1 a2 _7 _ (ILx254\122
1035+ 2 +2.08x 1077 x (F222) ] ®)

Where, d = thickness of the melted electrode L = length of the
melted electrode | = welding current.

2. Methodology

5 pieces of mild steel plate with 10mm thickness and
dimension of 50mm x 100mm each were grinded to smoothen
the surfaces and joined together in series of five (5) different
welded grooves (joints), and the arc length which contributes
to the depth of weld penetration was measured during the
welding operation. Using TIG welding machine with AC
currents of 50A and voltage ranges of 200V, 240V, 280V and
320V; 100A with the same voltage ranges; 150A with the
same voltage ranges and 190A with the same voltage ranges
on each welded plate; the procedure was carried out on four
(4) different 20mm mild steel plate of the same specification.
The welding set-up consisted of speed control unit, TIG
welding touch and clamp, tungsten electrode, gas cylinder
containing argon gas. Several welding variations noted during
the welding experiment are reported in this study. Figure 1-4
represent the four (4) mild steel plates used for the experiment.

Fig 1. Workpiece welded with 50A Current
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Fig 4. Workpiece welded with Current of 190A

3. Results
Results obtained from the welding conditions and process

parameters stated earlier in the methodology are presented as
follows;
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Table 1. Result of Welding Arc Length obtained with 50A and variable Voltage Ranges

Arc Length (mm)

Arc Voltages (V)
Welding Current (A) 200V 240V | 280V | 320V
Arc Lengths (mm)
0.62 0.92 1.4 1.19
0.68 0.83 1.1 1.11
50 A
0.52 0.96 1.3 15
0.49 0.72 1 1.12
0.68 0.81 14 1.16
1,6
14
E 1,2
= 1
ey
t 0,8
C
9 0,6 o——_‘\‘ /
S04 o
<
0,2
0
1 2 3 4 5
=200V 240V ==0==280V ==8==320V

Fig 5. Trend of Arc length with 50A and Variable Voltage ranges

320v 280V 240V 200V

3 50 AMP

Fig 6. Measurement of Welding Arc Length with 50A and Variable Voltage Ranges

Table 2. Result of Welding Arc Length obtained with 100A and variable Voltage Ranges

Arc Voltages (V)
Welding Current (A) 200V 240V | 280V | 320V
Arc Lengths (mm)
1.24 132 1.58 1.88
1.8 1.38 1.43 162
100 A
12 1.36 1.49 1.93
127 1.29 157 1.74
1.25 1.34 1.46 1.86
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Fig 7. Trend of Arc length with 100A and Variable Voltage ranges
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Fig 8. Measurement of Welding Arc Length with 100A and Variable VVoltage Ranges

Table 3. Result of Welding Arc Length obtained with 150A and variable Voltage Ranges

Arc Voltages (V)
Welding Current (A) 200V 240V | 280V | 320V
Arc Lengths (mm)
151 1.72 2 251
1.54 1.75 2.1 2.22
150 A
1.59 1.54 1.92 2.32
1.4 1.63 2.19 2.34
1.46 1.6 1.84 2.54
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Fig 9. Trend of Arc length with 150A and Variable Voltage ranges
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Fig 10. Measurement of Welding Arc Length with 150A and Variable Voltage Ranges

Table 4. Result of Welding Arc Length obtained with 190A and variable Voltage Ranges

Arc Voltages (V)
Welding Current (A) 200V 240V [ 280V | 320V
Arc Lengths (mm)
2.33 2.63 2.72 2.78
2.37 242 2.74 3.11
190 A
2.26 2.54 2.63 291
2.34 2.66 2.73 2.82
2.28 2.49 2.68 3.12
3,5
E o5 e =3
Es o— — S —{
2
é‘o
§ 1,5
o 1
< o5
1 2 3 4 5
= @=200V 240V =@=280V ==@==320V

Fig 11. Trend of Arc length with 190A and Variable Voltage ranges
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Fig 13. Maximum Arc length Measured for current applied in each of the Four (4) Welding Categories

4, Discussion

Figure 1-4 indicates behaviour of the welded material
under different current and voltage ranges. It can be observed
in Fig 1 that using a current of 50A with voltage ranging from
200-320, only a handful of spatters were found on the base
metal and the weldment which is quite acceptable. By
definition, spattering in welding application implies having
tiny droplet of electrodes on or beside the weldment and may
either fuse on them. In Fig 2 where current of 100A with
voltage ranging from 200-320 were used, the base metal and
the weldment is smoother with little or no spatters on the
surface. However in Fig 3 where current of 150A with voltage
ranging from 200-320 were used, microscopically black and

white spatters were found especially on the weldment with
few more on the base metal. The spattering effect intensified
in Fig 4 where current of 190A with voltage ranging from 200-
320. The increasing number of spatters which rather produced
roughness surfaces was as a result of increase in current input
and vice versa. Table 1 represents the measured welding arc
length obtained from a fixed current of 50A and variable
voltage ranging from 200-320. It is obvious that with a fixed
current and increasing voltage, the arc length is likely to
increase as well. This can be observed with full clarity in Fig
5 showing the trend of Arc length with a fixed current (50A)
and variable voltage ranges (200V, 240V, 280V and 320V),
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and in Fig 6 depicting the measured welding arc length with
the same fixed current (50A) and variable voltage ranges
(200V, 240V, 280V and 320V) respectively. The same trend
of increase was likewise observed for subsequent fixed
currents of 100A, 150A and 190A and similar voltage ranges
(200V, 240V, 280V and 320V) as shown in Table 2-4 and Fig
7-12 respectively. Fig 13 depicts the maximum Arc length
measured for 50A, 100A, 150A and 190A applicable to each
of the four (4) welding categories. The maximum measured
arc lengths were derived from the welding operation which
also correlates with some of the arc length discussed by
Egerland [9].

Although the welding arc penetration was not considered
in this study, several existing studies have shown that arc
penetration oftentimes increase with the increase in welding
current. In other words, too high a welding current at a given
welding speed can influence the depth of fusion or penetration
by making it so high that the resultant weldment tends to melt
through the metal being welded. High current application in
welding operation may result in a waste of electrodes in the
form of excessive reinforcement and can as well produce
digging arc and undercuts which increases distortion in
weldment and shrinkage. As the welding current increases, the
bead width also increase until a critical point is attained and
then gradually decreases if polarity used is that of Direct
Current Electrode Positive (DCEP). Also, if the polarity used
is that of Direct Current Electrode Negative (DCEN), the bead
width increases as current for entire range increases. For the
same flux, HAZ also increases with increasing welding
current.

However, if current used for the welding operation is too
low, inadequate penetration or incomplete fusion may occur,
and too low a welding current may equally result in inadequate
penetration, unstable arc and overlapping [17]. Welding
current also influences the heat requirement for desired weld
pool and fusion of similar and dissimilar metals. The area of
heat incident on the workpiece surface determines the heat
distribution on metal surface [18]. The arc behaviour varies
depending on whether the electrode is connected to the
positive or negative terminal of the power source. With
electrode positive (d.c.+) polarity, the electrode generates
greater output heat but less penetration during welding
operation than with electrode negative (d.c.—) polarity. The
current-carrying capacity of an electrode of a given size will
therefore be lower with positive polarity than with negative
polarity [19]. Jatinder and Jagdev [20] studied the effect of
welding speed and heat input rate on stress concentration
factor of butt welded joint of IS 2062 E 250 A steel plates
using GMAW and observed that with increase in the heat input
rate, flank angle and weld bead width, reinforcement height
increases, whereas notch radius decreased with an increase in
the stress concentration factor increases.

5. Conclusion

The following conclusions were dawned from the
experimental approach conducted in this study;

i. The measured minimum arc length was 0.49mm with
current of 50A and arc voltage of 200V.

viii.

ii. The maximum arc length measured was 3.12mm with
current amperage of 190A and arc voltage input of 320V.

iii. Slight change in arc length caused significant change in
current therefore, electrode melting rate and metal
deposition changed rapidly in response.

iv. A change in welding current and arc voltage caused
corresponding change in arc length.

v. Lengthening the arc exposed the arc column to cool
boundary with more heat losses, thereby, necessitating
high voltage requirement.

vi. Longer arc length produced unstable welding arc, reduced
penetration, increased spatter, flatter and wider welds, and
prevents shielding gas from protecting the molten puddle
atmospheric contamination.

vii. Long arc length increased puddle heat, produced flatter
welds, increased penetration, reduced spatter, produced
stable welding arc.

Short arc length produced flatter welds, less puddle heat,
less penetration.

iX. Shorter arc length produced less puddle heat, high
tendency of electrode to stick, poor penetration, uneven
beads with irregular ripples.
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Abstract- This paper offers an interactive fuzzy decision-making algorithm for solving two-level linear fractional
programming (TLLFP) problem which contains a single decision maker at the upper level and multiple decision makers at the
lower level. In the presented interactive mechanism, the fuzzy goals and associated weight of the objective at all levels are first
determined and the satisfactory solution is attained by renewing the satisfactory degrees of decision makers including the
overall satisfactory balance among all levels. Moreover, the value of distance function is used in order to verify the satisfaction
grades. Finally, a numerical example is given to illustrate the performance of the presented algorithm.

Keywords Two level linear fractional programming problem; fuzzy programming; fuzzy goals; Interactive methods.

1. Introduction

Multilevel programming problems usually occur in a
much hierarchical system of large organizations such as
government offices, profit or non-profit organizations,
manufacturing plants, logistic companies, etc. Solution
procedures show that all Decision Makers (DMs) has a single
objective, a set of decision variables and a set of general
constraints that affect all DMs. Each unit individually
searches itself earnings. But each of them is affected via the
actions of other units.

Multilevel programming proposed by Bracken and
McGill [1] to model a decentralized noncooperative decision
system with one leader and multiple followers in 1973.
Multilevel programming is an NP-hard problem [5]. The
Stackelberg method has been employed to solve the
multilevel programming problems. It has much applicability
in practical such as strategic planning (Bracken and McGill,
[2]), resource allocation (Aiyoshi and Shimizu, [3]), and
water management (Anandalingam and Apprey, [4]). In
order to establish mathematical model of multilevel
programming, many methods and algorithms have been
proposed such as extreme point algorithm (Candler and
Towersley, [6]), k.th best algorithm (Bialas and Karwan,
[7]), branch and bound algorithm (Bard and Falk, [8]),

descent method (Savard and Gauvin, [9]). and genetic
algorithm (Liu, [10]). A fuzzy multilevel programming
model is presented by Gao and Liu [11]. They defined a
Stackelberg—Nash equilibrium. These classical methods are
based on Karush—-Kuhn-Tucker conditions and/or penalty
functions [12]. Furthermore, the Stackelberg method does
not provide Pareto optimality because of its hon-cooperative
nature [13]. These solution procedures are related to Karush—
Kuhn-Tucker conditions and/or penalty functions [12].
Besides, solution procedure of the Stackelberg method does
not give Pareto optimality because of its noncooperative
structure [13]. In such hierarchical decisions, it has been
concluded that each DM should have a difficulty of
motivation to cooperate with the other, and a minimum level
of satisfaction of the DM at a lower level must be subject to
the overall profit of the organization. In order to satisfactory
solutions, fuzzy set theory to multilevel programming
problems was first applied by Lai [12] in 1996. By utilizing
a search procedure and fuzzy set theory, this procedure of
satisfactory solution was improved by Shih et al. [14, 15].
Moreover, fuzzy programming approaches were employed
by many authors for solving multiple level linear
programming problems [16, 17], bilevel quadratic fractional
programming problem [13, 17, 18], two-level non-convex
programming problems with fuzzy parameters [18],
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decentralized two-level linear programming problems [19,
20] and so on.

Recently, Baky [21] presented two fuzzy goal
programming algorithm for multi-level multi-objective linear
programming problems. Arora and Gupta [22] presented an
interactive fuzzy goal programming algorithm connecting
bilevel programming problems with the theory of dynamic
programming. Wang et al. [23] introduced a concept to deal
with the bilevel multilevel programming problem. A fuzzy
TOPSIS algorithm is introduced in [24]. The distance
function, which was introduced by Yu [24], has been widely
employed to obtain compromise solutions of multi objective
programming problems. Moitra and Pal [25] applied fuzzy
goal programming method with the theory of distance
function and produced a satisfactory balance by lessening the
deviations of the leader and follower as far as for bilevel
programming. However, some interesting interactive fuzzy
decision making algorithms have widely been employed to
obtain the efficient results of bilevel and multilevel
programming problems [27, 28, 29, 30, 32]. Toksari and
Bilim [31] introduced an interactive fuzzy goal method based
on the Jacobian matrix for solving the multilevel fractional
programming problem.

An interactive fuzzy decision making algorithm in this
paper is presented for two-level linear fractional
programming problems (TLLFPP) a single DM at the first
level as well as multiple decision makers at the second level.
Objective functions and constraint functions for DMs at both
levels are fractional and linear functions, respectively. In
order to solve the problem, the fuzzy goal of each of
objective function is defined by getting individual optimal
solutions. Thereafter, the membership function of each
fractional objective for TLLFPP is constructed. Then the
overall satisfactory balance between the leader and the
follower is defined by introducing a new balance function.
Finally, numerical examples are presented to demonstrate the
feasibility of the presented interactive algorithm.

The remaining of this paper is arranged as follows. A
mathematical model of bilevel fractional programming
problem is given in Section 2 and an interactive fuzzy
decision making algorithm is presented in Section 3. At least,
two comparative examples are implemented in Section 4 and
the paper is concluded in Section 5.

2. Problem Formulation

In (TLLFPP), two DMs are located at two diverse
hierarchical levels including multiple objectives. Moreover,
each DM independently controls a set of decision variables.
The first level decision maker (DM) is known as the leader,
which executes its decision in the scope of the second level
DMs known as the follower. Here, each DM tries to optimize

its objective function and is affected by the activities of the
other DMs.

A mathematical model of two level linear fractional
programming problem is formulated as follows (see;
Ahlacioglu and Tiryaki [13]):

CoX + ¢,
Upper Level: max f,(x)=—2"——""
Xo 0 dOX +ﬂ0
Lower Level: max f,(x)= GX A 12,k 1)
X dx +p
Subject to
XES={Xeu” AX <b,x 20}
where; Co :(Coovcovcozl---lcok)rci :(ciolcillcizl""cik)’

d, :(dOO'dOI'dOZ!“"dOk) and
d, =(d,dy,diy0endy )i =12,k are  n—dimensional  fixed
row vectors; o, B, and g,i=12,..k are reel numbers;
bis m- dimensional constant column vector; A isan mxn
constant matrix with full rank r. S is a non-empty, convex
and compact set in 0" ; dx +#and dx +/4 are greater
than zero.

2.1. Construction of Membership Function
Each of the decision makers aims to minimize its own
objective over the feasible region. The optimal solutions of
them are found, individually and these solutions can be
chosen as the best solution. Besides, the achieved value of
each of objective can be admitted as the aspiration levels for
the corresponding fuzzy goals. For convenience, the method
given in paper [28] is used to determine membership

functions. Let us x(f;),j=0,12,..kto define the fuzzy goals

of the leader and the follower, respectively.
0

¢ gt if fj<fiL
u(f))= it fp<f<fy )
] 1
) it g > 1Y

where f? is called an ideal value and f| is tolerance limit
of j—the fuzzy goal. f’and f/denote the values of the
objective f,(x),j=0,12,.k such that the degrees of the

membership function are 1 and 0, respectively. For the sake
of simplicity, we suppose that f’and f'are the optimal

solutions of the following fractional problems, respectively.
For instance,

f =max f,(x), j =012,k ®)
and
f-=min f,(x),j=01,2,..k 4)
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Solwve problem (1) as a single objective, individually.

|

Determine equations (3) and (4). Then, compute their own weights for each level using equation (8), respectively.

1

Define the membership functions (2).

l

Construct balance function (6) to estimate the overall satisfactory degree

insert the initial minimal acceptable satisfactory levels of leader and follower /

l

Formulation of fuzzy programming model (7)

The leader or/and
the follower reduces
his/her or/and their
minimal acceptable
satisfactory lewels l

Solve fuzzy programming model (7)

|

Yes Does not there exist a solution to (7) ? The leader and the
follower update the
minimal acceptable

satisfactory lewels

No
]

Calculate the value of distance function and ratio of satisfactory degree (5)

is the leader satisfied by the solution? No———

Yes
¥

The solution is the satisfactory efficient solution for leader and follower

Fig. 1. Application framework of the interactive fuzzy decision making algorithm

3. Interactive Fuzzy Decision Making Method membership function for a fuzzy goal is forever desired by a
DM. But it is difficult to obtain the highest degree for all
In decision making process, achievement value of highest  membership function values. Therefore, we need the theory
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of the general satisfactory degree between the leader and
follower. To do this, the following concept is given [12]:

k
;Wi:u( fi)
Wozu( fo) ®)
Note that, many authors implemented the notation given in
above to achieve the satisfactory degree between the leader
and follower at the decision making process [12, 22].
Nevertheless, this condition may result in some efficient
computation. But, it can be inadequate for complex and
large-scale calculations. Therefore, the following balance
function is presented to estimate the overall satisfactory
degree which can be characterized as the ratio of two
functions:

_k (fj(x)— ij)z
L (6)

d(X): K 2 & 2
\/Z(fj(x)— ) +§(ij - 1)

Clearly, 0<d(x)<1 forall xeS.
If each decision maker achieves the ideal value, d(x) is equal
to 1. In addition, d(x)grows as the objective function values

of the leader and the follower are regenerated. Therefore, we
can employ the value of d(x)to balance the overall
satisfactory degree between the leader and follower at the
two level decision making process.
Now, the formulation of the proposed method can be stated
as:
max d(x)
subject to
f
#( 0) >y (7

i1 W
XeS
where g and g are the minimal acceptable satisfactory

levels specified by the leader and the follower, respectively.
w, and w,i=12..kare importance weight of each

objective. Here, lover level functions are combined using
their own weights.

Furthermore, w,is always 1 for single decision at the upper
level. Therefore, the weights are not considered and by
taking into account the minimal satisfactory level of the
objective at the wupper level and by determining a
proportional satisfaction balance among all objectives and
their importance weights, we aim to achieve a satisfying
solution from a Pareto optimal solution set for TLLFP
problem such that the satisfactory levels of all objectives are
proportional to their own weights. Here, w ,i=12,..kis
calculated as follows: (see: Kassem [33]):

L_ fU
W g ®)
k=1

Theorem: If (x*,y*) is an optimal solution to problem (7),
then it is also an efficient solution to problem (1).

Proof: If (x*,y*) is not an efficient solution, then there exists

(x,9 )essuch  that f(x,9)=f(x,y)for  all

j=012..kand f(x,y)>f(xy"), j=k forat least one
index k. This contradicts that (x*, y*) is an optimal solution of
(6).

When the leader achieves the solution of problem (7) as a
satisfactory solution, the iterative process finishes. Now, we
consider the following idea for refreshing the minimal
acceptable satisfactory level , (see page 92 of [34]):

If the leader is not satisfied with the achieved solution and
experts that it is desirable to increase the satisfactory degree
of the leader at the expense of the satisfactory degree of the
follower, then he/she increases the minimal acceptable
satisfactory level 4, . Otherwise, if the leader experts that it
is desirable to increase the satisfactory degree of the follower
at the expense of the satisfactory degree of the leader, then
he/she decreases the minimal acceptable satisfactory level
My

3.1. The proposed Interactive Fuzzy Decision Algorithm
to Solve TLLFPP
» Step 1 Solve the problem (1) as in equation (3) and
(4) by taking single objective function at a time and
neglecting all others.

> Step 2 Determine the ideal values f;’ (j=0,1,2,...k)
and tolerance limits f" (j=0,1,2,....k Jand weights w, for all
objective.

» Step 3 Construct the membership functions (2) and
then combine all of objective with their own weights,
respectively.

» Step 4 Construct balance function (6).

» Step 5 The leader and follower insert the initial
minimal acceptable satisfactory levels g, 4.

» Step 6 Formulate the fuzzy decision making
programming model (7). Then, solve problem (7) to obtain
the optimal solutions.

> Step 7 If there does not exist a solution to (7), the
leader or/and the follower reduces his/her or/and their
minimal acceptable satisfactory levels, until a solution

(x",y") is obtained for (7).
> Step 8 If the leader is satisfied by the solution in
Step 7, go to Step 9, else go to Step 10.

> Step 9 The solution is the satisfactory efficient
solution for leader and follower in problem (1).

> Step 10 The leader and the follower update the
minimal acceptable satisfactory levels g and 4, go to step

(6).

A comparison of results based on linearization procedures
given above is shown in Fig. 1.

In order to evaluate the satisfaction, we not only use the
value of the overall satisfactory degree d(x), but also the
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2 2
value of distance function D= {Zk:[l—y( t)] } (for details,

j=0
see; [35, 36] )where u(f,)represents the achieved
membership value of the j—th decision maker.

4. Numerical Example

The suggested interactive fuzzy decision making method
will be used to a known numerical example. The following
numerical example was given by Ahlatcioglu and Tiryaki
[13]. They used the decentralized method to solve the
following problem.

Example
Upper level:
max f. = 3X01 + 5X02 Xyt 3X12 —Xnt 2X22 Xt 2X32
0
% X01+2X02+2X11+X12+X22+X31+2X32+1
Lower level:
max f1: X+ X, ,max f, = Xu =% ,max f3 — X31+2X32+3
X 2%, + X%, +1 x Xy + X% +1 % X3 +1

Xpp + 2%y — 2%y, — Xgy + 3%y, <12,
X, < 24,

0y = 2Xgy + Xgp + Xyy —
Uy = X1 + Xop + 2%y + 4Xpp + 3% —
95 = 3%, —
04 = Xo1 + 2Xgp +5Xpp + X = 2X5; —
05 =Xo1
06 = 4Xgp + 3Xgp + 2%y — Xpp + Xy + Xy, < 36,
+3X,, + 4Xy, <30,

Xop + 5%y + Xy + 2%, < 20,

Xpp + 2%gy —
Xop + 3%y — Xoq + X + 2X%5, <9,
X5, <10,

Xop + Xig + 4%y, + 5%y, + X,, < 20,

81997 = 5%y + 2%, + Xy
U =—2X%, —
o = Xop + Xop + 2X; + Xop + 43 + X5, <8,

O1o = —Xo1 — Xy + 2X;p + Xy + 4%y, + 2X,, < 48,
—2X,, <15,
Xip + 3Xy +5Xg; —

9y = 3Xp, —
1o = Xo1 + 2Xpp + Xy —
Xo1s Xop» X110 X121 Xo1: Xop: Xa1, Xgp 2 0

where X = (Xm’on)l X :(X111X12)rxz :(X21’X22
X3 :(stxsz)-

Table 1 presents the individual minimum and maximum

values (Step 1), the ideal values, tolerance limits and weights
(Step 2) of all the objective functions in both the levels.

5%, + 2X,, +5X,,
X3, <60

) and

Step 3:
Upper level membership function:
Of 6 if f,<-5
f)=4—2—— if —5<f, <2455
AU Py 0
1 if f, >2.455

~0.134(3xy, +5Xy, + Xy; + 3K, = Xy + 2Ky + Xy + 2%y )
Xy g+ 2 F Xy + Xy + Xy F 2y +1
Lover level membership functions:
0 f o if f,<0
——— if 0<f <0.765
0.765-0 .
if f >0.765

1
3)u(fl):l.f>’07(x“+x12)
2%, + X, +1

+0.671

,U(fl)z

if f,<0.804
if 0.804< f,<0.849
if f,>0.849

f, +0.804
0849+0804

O 605
Xp1 + x22 +1

X2) +0.486

i f,<2.16
If 216< f, <5

5 216.
if f,>5

= u _0 375(X;, + 2%, +3) 0873
Xy +1
and all of them are combined using their weights as:
1.307(Xy +%,)  0.605(x, —X,,) 40486 0.375(x;, + 2%, +3)

2%, + X%, +1 . Xo + Xpp +1 X, +1

3

y .

oW, 0.172 0.371 0.600

Step 4:
Balance function (6) is determined as

2
(3x01 +5Xg, + Xy + 3%, — Xy + 2%y, + Xy + 2Xg, . SJ
Xop + 2Xgp + 22Xy + Xpp + Xpp + Xgy + 2X5, +1

X+ X
+[ 11 12

2 2
X1 "X 4 0804
2%, + %, +1 Xog + Xy +1

" M—ZJG
X +1

d(x)= ’
3X01 + 5X02 + X+ 3X12 —Xu Tt 2X22 Xy ¥ 2X32 —2.455
Xo1 + 2Xgp + 2Xyy + Xpp + Xy + Xgy + 2Xg, +1
2 2

o utXe 975 ] 4| XaTX2 g
2X11+X12 +1 X21+X22+1

[ Xt 2% +3 ) 66004

Xy +1

Step 5: Let g, =1and 2 =0.9.

Table 1: The individual minimum and maximum values, the ideal value and tolerance limits and weights

f, f, f, f,
max f, 2.455 0.765 0.849 5
min f, -5 0 -804 2.160
]
fy 2.455 0.765 0.849 5
f -5 0 -804 2.160
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Wj 1

0.172

0.371 0.600

Step 6: Then, the corresponding problem (7) can be
formulated as:

2
3oy + 5%y + Xy + 3Ky = Xy + 2Xpp + Xy + 2%, 5
Xop + 2Xgp + 2Xgy + Xip + Xpp + Xgy + 2X;, +1

2
+[ Xll + X12 ] +[ X21 X22
2%, + %, +1 Xpy + Xpp +1

+ M_lee
Xy +1

2
+ 0.804]

—_—

maxd (x) =

3Xgy + Xy + Xy + 33Xy, = Xy + 2%y, + Xy + 2Xg,
Xop + 2Xgp + 2% + Xpp + Xpp + Xy + 2X, +1

2 2
- 0.765} + [Xﬂ‘xzz - 0.849)
Xp + Xpp +1

" Xt X,
2%, + X%, +1
N X +2%5 +3
Xg +1

——

5} +66.024

Subject to
0.134(3xg, +5Xy, + X, + 3K, = Xy + 2y, + Xy + 2K, ) 1067131
Koo + 2%y + 2Ky + Xpp + Xop + Xy + 2%, +1
L307(x, +X,) 06050k =) | o 0375(% +2%,+3) oo
2%+ %, +1 + Xoy + Xpp +1 X +1 209
0172 0371 0600 -

Gy = 2X + Xop + Xyg = Xip + 2%y = 2% = Xy +3%;, <12,

O, =Xt X, + 2X11 + 4X12 +3X21 —Xp t 2X31 Xy <24,

Gy =3y — Xgp + 3Ky = Xy + Xy + 2%, <,

0, = Xo1 +2Xgp +5X, + Xy, = 2Xy; — X5, <10,

Us = Xo1 — Xgp + Xy + 4%, + 5%, + %, <20,

g = 4Xgy + 3%y + 2%, = Xy + Xpy + Xy < 36,

0, =5X%g + 2%, + Xpp + 3%y, +4X;, <30,

Gg = =2%g; — Xgp + 5%y + Xy; +2%;, <20,

U = Xo1 + X + 2% + X + 4%y + X5, <8,

Gio = —Xo1 = 3Ky + 2X + Xy + 4%, + 2%, <48,

Oy = 3Xg — 5%,y + 2%, +5X,, — 2%, <15,

G1 = Xgr T 2Xgp + Xy = Xpp + 3%y, + 5%y, — X, <60,

X01’ XOZ‘ X11‘ X12 ' XZl‘ X22 ' X31’ X32 2 0
Step 7: There does not exists feasible solution for the above
problem with 4 =1and 4z =09.So the leader adjusts the

minimal acceptable level ,,=1 by reducing g =1to0
#, =0.9.
The above problem is solved with g =09and

4 =0.9using the Maple 18.02 software program, the optimal
solutions for the above problem are
X, = 2.640,%, =0.,x, =0.,x, =2.008,
X,, =0.260,%,, =0.,%x, =1.340,x,, =0.

For this optimal solution, membership functions values are
u(f,)=0.959, u(f,)=0.873, u(f,)=0611, u(f,)=0.753and

objective values are f;=2.150, f, =0.668, f, =0.207, f, = 4.340.

2
- 2.455}

The ratio of satisfactory degrees is A=0.934.
We execute a comparison with the obtained solutions from
[13] in Table 2. From the obtained solutions of d(x) and D,

the obtained solution of the suggested method in this paper is
better than the method of Tiryaki and Ahlatcioglu[13].
Furthermore, all of the sum of the leader’s values and the
follower’s values generated by our suggested method is
greater than that generated by Ahlatcioglu and Tiryaki [13].
So, these solutions indicate that the suggested method in this
paper is practicable.

Numerical results prove that the suggested method in this
paper has the following interesting features.

e According to Table 2, we can observe that the value
of D by the suggested method is smaller than that
of other method.

It should be noted that the larger value of A in (5) is not the
more satisfactory the solution. We can see from the distance
function D.

5. Conclusion

In this paper, a new interactive fuzzy decision making
method based on the idea of the membership function is
suggested for solving the two-level fractional programming
problem. We use the overall satisfactory balance between the
leader and the follower into consideration by introducing a
new balance function. Then, a satisfactory solution is
achieved. This solution involves knowledge concerning
importance weights of lower level objectives and the
minimal satisfactory level of all objectives. Furthermore, this
method has an interactive structure as it provides leader to
provide the opportunity of exchange the data presented that
the leader is not satisfied from this solution. Consequently,
application of the suggested method is discussed with a
numerical model and the effectiveness of the solutions
obtained by the suggested method is verified. Moreover,
from table 2, our suggested approach gives a more efficient
solution comparing to the approaches of Ahlatcioglu and
Tiryaki [13].

Hence, our suggested algorithm can be easily extended
both the lower level and upper level with multiple objectives
(for example, [31]).
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Table 2: Comparison of results of Example.

fo f1 fz f3 ,u(fo) lu(fl) :u(fz) :u(f3) d(X) A D
The proposed method 2150 0668 0207 4340 0.959 0.873 0.611 0.753 0919 0.934 0.480
Method in [13] 2.082 0.655 0.510 4.22 0.950 0.856 0.601 0.709 — 0.738 0.517
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Abstract- In this study, a new mechanism was designed and presented as an alternative to the worm gear mechanism without its
disadvantages. This novel mechanism is referred to as a “ball worm gear mechanism”. The force of the worm gear mechanism
is transmitted by a sliding movement, which leads to high operating temperature and low efficiency as well as wear on the bronze
worm wheel. Therefore, a new mechanism was designed with balls placed into the helical grooves on the worm shaft which
move by rolling on the worm wheel. The worm wheel of the newly designed mechanism is made of case-hardened steel, which
is less expensive than bronze. Thus, it is anticipated that not only the cost of the worm wheel will be reduced, but also its life
will be extended. Greater efficiency and elimination of the high operating temperature are expected to result from the power
transmission achieved by the rolling motion of the new mechanism. Modelling of the design was carried out with SolidWorks

software and the feasibility of the mechanism was confirmed.

Keywords Worm gear mechanism, ball-screw mechanism, CAD, efficiency.

1. Introduction

The invention of the wheel (4000-3500 BC) made it
possible to transfer rolling motion to linear movement and laid
the foundations of the gear wheel system [1].

Induced gear units of electric motors or internal
combustion engines that are designed to reduce high rotational
speeds to the speeds required for the machines are called
reducers [2]. Gearboxes are specified according to the
gearwheel which is used in the gear reducers, e.g., spur gear,
helical gear, bevel gear and worm gear reducers.

The present-day size of the gearbox is small when
compared that of the past. At 12 horsepower, the axis-to-axis
distance of a worm gear unit with a conversion ratio of 35 was
356 mm in the year 1903, but now it is around 100 mm [3].

One of the first screw profiles was invented by Archimedes
in the 3rd century BC. Archimedes was able to transport water
upwards, thanks to the screw known by his name — the
Archimedes, or Archimedean, screw [4].

Worm gear mechanisms have very high conversion rates
compared to other gear mechanisms. The conversion rates
achieved in several stages with reducers made up of other gear
mechanisms can be attained in one step by means of the worm
gear mechanism, thus allowing for the designing of lighter and
cheaper constructions requiring less space [5, 6]. The screw
profile in the worm gear mechanism is usually dependent on
the manufacturing process. The five most commonly used
endless screws are the A, C, I, K, and N types [7]. The basic
concepts needed for calculating the dimensions of the worm
gear and worm wheel are shown in Figure 1 [8].

In addition to the abovementioned advantages of the worm
gear mechanism, there are also disadvantages, such as low
efficiency, high operating temperatures and rapid worm wheel
wear [9]. Moreover, due to adhesion wear when using the
same material for both components, the worm gear and the
worm wheel must be fabricated from two different materials
that have a low wear coefficient and are suitable for sliding. A
steel-bronze material pair is preferred at the medium-high
speed [6]. As bronze is expensive, it makes the cost of the
endless screw mechanism high.

230



INTERNATIONAL JOURNAL of ENGINEERING TECHNOLOGIES-IJET

Sait Kogak, Vol.3, No.4, 2017

Fig. 1. Worm gear and worm wheel base

Table 1. Efficiency of gear mechanisms

Mechanism Efficiency (%)
Cylindrical gear mechanism 0.96-0.98
Bevel gear mechanism 0.95-0.97
Worm gear locking (ym > p) 0.6-0.8
Worm gear anti-locking (ym < p) 0.25-0.4

The efficiency differences in various gear mechanisms
are given in Table 1. The efficiency of the other gear
mechanisms is around 95-98%, while for the worm gear
mechanism type without locking it is as low as 25% [5].

Worm gear mechanisms are currently used in lifts and
elevators, crane rope drums, textile machines, automobile and
ship steering mechanisms, conveyors (banded, grilled and
helical) and machine tools [3,10].

The worm gear mechanism has disadvantages which
include low efficiency, rapid wear, overheating during
operation and high cost. However, it is the advantage of its
very wide field of application that led to the idea of a ball
worm gear mechanism.

In this study, a new mechanism was designed to
overcome the disadvantages of the worm gear mechanism.
The newly designed mechanism was given the name of “ball
worm gear mechanism”. The design of the mechanism was
implemented using the SolidWorks package program and the
mechanics were tested via the SolidWorks Motion Study
module.

2. Design of the ball worm gear mechanism
The design of gear mechanisms is a research area that has
attracted many scientists and engineers over a number of years

[11-21].

The design of the ball worm gear mechanism was inspired
by the ball screw. The transmission of the force between the

screw and the nut in the ball screw is achieved by the balls. A
sectional view of the ball screw is given in Figure 2 [22].

Friction line

~

Fig. 2. Ball screw mechanism section

The balls in the ball screw roll away along the helical
grooves opened on the shaft. Thus, the sliding movement
between the screw and the nut in the transmission shaft is
converted into a rolling motion in the ball screw resulting in
lower friction coefficients because rolling friction requires
much less force than sliding friction. The difference between
rolling and sliding friction is illustrated in Figure 3 [22].

e

Sliding friction
(Requires larger force)

Rolling friction
(Requires far less force)

Fig. 3. Difference between sliding friction and rolling
friction

In the designing of the ball worm gear mechanism, the
concept of the rolling motion of balls in a nest on the shaft and
the rolling motion on the worm wheel was addressed. In order
to make comparisons during the designing of the worm gear
mechanism, commercially available measurements were
taken into consideration. To this purpose, a worm gear
mechanism with an axis distance (e) of 80 mm and a cycle
ratio (i) of 30 was taken as a reference.

2.1. Ball screw shaft design

In the design of the ball screw shaft, hemispherical
cavities with a diameter (dw) of 8 mm were formed on a
helical 13 mm pitch (pa). In the design phase it was noted that
the distance between the axes (e) was 80 mm and the cycle
ratio (i) was 30. A technical drawing of the ball screw shaft is
given in Figure 4.

The use of cementation steel was planned for the
production of the ball screw shaft and in the manufacturing
stage, a lathe and vertical milling machine would be used.
Shaft diameters were to be made on the lathe. To open the
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grooves on the shaft, a spherical end-mill cutter would be used
in a vertical milling machine.

dfl
dr
dm

Al @4H :
:

i
‘__dw

ball groove,’l -

df1 : shaft diameter

(nominal diameter)

dml1 : pitch circle dia of balls
(Pitch dia of worm)

dr : root diameter of shaft

1: lead

dw : ball diameter

Fig. 4. Technical drawing of ball screw shaft

2.2. Ball worm wheel design

In the design of the ball worm wheel, semi-circular
profiles were used instead of module teeth. These profiles,
through which the balls will roll, will be slightly larger than
the ball diameter to allow the mechanism to work more
smoothly. Relevant information about the size of the opening
will be provided by future experimental work. A technical
drawing of the ball worm wheel is shown in Figure 5.

dal

dml

dfl
T

E=~

) [5)

dm2

zzz

=
7

b2

PROFILE A-A

e : shaft distance

df2 : root diameter

da2 : throat diameter

de2 : outside diameter

dm?2 : pitch dia of wormwheel
b2 : gear width

dal : dm +Dw/2

Fig. 5. Technical drawing of ball worm wheel

wheel, firstly the material was to be brought to the desired
length and diameter measurements on the lathe, and then the
teeth would be formed with a specially designed milling cutter

(Fig. 6).

9,

dal

Fig. 6. Special semi-circular mouthed milling cutter

Commercially available milling cutters cannot be used in
the manufacture of the ball worm wheel as they are module-
mouthed. For this reason, a milling cutter with a semi-circular
rim similar to that shown in Figure 6 was selected.

2.3. Guide sleeve design

The guide sleeve in the ball worm gear mechanism was
designed to guide the balls within the ball screw mechanism
like a ball nut and prevent the balls from spreading around
during operation. A hemispherical gap was opened on the
guide sleeve to allow for the working zones of the ball screw
shaft and ball worm wheel equivalent gear. At the same time,
the guide sleeve was fixed in the frame to accommodate axial
reaction forces. A technical drawing of the guide sleeve is
given in Figure 7.

PROFILE A-A

Cementation steel was planned for use in the manufacture Fig. 7. Technical drawing of the guide sleeve

of the ball worm wheel. In the production of the ball worm
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Conventionally produced steel was used as guide sleeve
material. During the manufacturing phase, first, the inside and
outside of the steel tube diameter will be machined on the
lathe, then the hemispherical spaces will be formed using an
end milling cutter on a machining center. An alternative
technique would be to manufacture the part by the casting
method and machining the necessary features on the side.

2.4. Body design

For the ball worm gear mechanism, in place of a new body
design, a commercially available worm gear gearbox body
with an 80 mm distance between axes and a conversion ratio
of 30 was used. The ball screw shaft clearance of the ready-
made body was designed so that the guide sleeve had a smooth
fit. In addition, the radial screw holes were drilled on the body
to secure the guide sleeve axially. Current worm gear
mechanisms have cooling fins on the gearbox body because
the operating temperatures are very high. This requirement is
expected to be omitted in the newly designed mechanism.

2.5. Assembly of the ball worm gear mechanism

In the installation of the ball screw mechanism, the guide
is first placed in the housing and fixed axially and radially.
The ball worm screw shaft, on which the ball bits are attached,
is then inserted into the guide sleeve. In practice, the holding
of the balls onto the shaft will be carried out with the aid of
high lubricity. Deep-grooved ball bearings are installed on
both sides of the assembled ball worm screw shaft. The
assembly of the ball worm wheel is carried out in the same
way. A cross-section view of the assembled ball endless screw
mechanism is given in Figure 8.

Fig. 8. Cross-section view of the assembled ball worm gear
mechanism

The ball worm wheel was designed as two parts for easy
assembly and disassembly. The operation of the mechanics
was tested through the SolidWorks design program.

In the Motion Study Module of the SolidWorks program,
it was observed that the mechanism worked smoothly when
contact was established between all parts and the rotational
moment was provided via the input shaft.

2.6. Sizing of the ball worm gear mechanism

The pitch / pi connection was used instead of the module
to size the ball worm gear mechanism.

The pitch diameter of the worm wheel was calculated using
equation (1).

p
dmz:]f'na.ZZZEa .Zy (1)

The shaft distance was calculated using equation (2).

d ,+d
e= % )
Givens:
Pitch, pa =13 mm
Shaft distance, e =80 mm
Number of teeth, 21=1,2,=30
Ball diameter, dw=8mm
Sizes:

Pitch diameter of the ball worm wheel from equation (1)
dm2 = 124.14 mm

Pitch diameter of the ball worm shaft from equation (2)
dm1 = 35.86 mm

3. Conclusion

In the newly designed ball worm gear mechanism, the ball
pieces slide on the worm screw shaft and proceed to move by
rolling on the ball worm wheel. Since rolling friction requires
less force than sliding friction, the ball worm gear mechanism
will have higher efficiency than the conventional worm gear
mechanism.

In the ball worm gear mechanism, as the force
transmission between the ball worm shaft and the ball worm
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wheel is effected by rolling, the mechanism will not generate
very high temperatures during operation. This situation will
allow the gearbox oil to retain its long-term properties and
make the mechanism more durable.

In the worm gear mechanism, since the force is
transmitted by sliding, the worm wheel is usually produced
from bronze, which is a softer material than that used for the
worm shaft. Bronze is expensive and exhibits rapid wear. In
the newly designed ball worm gear mechanism, the ball worm
wheel will be manufactured from cementation steel, which is
much cheaper than bronze. This will both reduce the cost of
the mechanism and extend its life.
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