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Editor’s Note

This issue, Vol. 15 No. 2 (2020), is one of our last three Thai publications. As part of our efforts to
continue to grow and improve the journal and aspire to make it a worldwide reference, we have started
accepting only manuscripts in English since October 1st, 2020, and will begin publishing in English in 2021.
We hope this transition will improve the visibility of our Thai authors and make their scholarly contributions
available to a broader audience. In this issue, there are eleven interesting, high-quality engineering articles; as
always, our sincere thanks to the authors and reviewers for making this possible.

We look forward to continuing to work with the academic community as a resource and platform for
sharing their knowledge for a better future.

Asst. Prof. Dr. Sutanit Puttapanom
Editor
Naresuan University Engineering Journal
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Abstract

Decision making is the process of making choices by identifying a decision, gathering information, and assessing
alternative solutions. This research is standing with the decision to change the foundry department with low-pressure die
casting technologies. It is highly related to machine selection, which should meet the requirements of the manufacturer.
However, this decision-making process is rather complicated because various parameters must be considered such as
melting rate, production cycle time, the capacity of the furnace, energy consumption, etc. Hence, a decision support
system has been developed in this article using a combined Analytic Hierarchy Process (AHP) and Technique of Order
Preference Similarity to the Ideal Solution (TOPSIS) method to select the best Low Pressure Die Casting (LPDC)
machine among a list of machine alternatives. A case study of brass valve manufacturing in Thailand is used to illustrate
the presented method. The results from the study showed that decision- makers can effectively select new LPDC

machinability as expected.

Keywords: Low- pressure die casting, Decision support system, Analytic hierarchy process, TOPSIS method,

Multi-criteria decision making

1. INTRODUCTION

Low-Pressure Die Casting (LPDC) is an economical
solution to producing high- quality brass parts, e. g.
sanitary fittings, valve housings, water meter housings,
and building hardware due to its advantages of smooth
filling and good feeding capabilities. Likewise, it is
widely used because LPDC technology can reduce scrap
waste and operation time while increasing production
throughput. ~ Consequently, many companies have
considered using this technology to increase their
manufacturing capability. The advantages of LPDC
include high yield capacity, the reduction of machining
costs, excellent control of process parameters, a high
degree of automation, good metallurgical quality, and
good mechanical as well as metallurgical properties, etc.

The quality of LPDC parts is mostly influenced by
machine technology and process conditions such as
filling pressure, filling speed, holding pressure, pressure
holding time, casting temperature, die temperature, etc.
Hence, the selection of the proper LPDC machine is an
overly critical aspect of the casting processes for
products. If the decision-maker can choose the correct
casting machine, the production quality, speed,
flexibility, scrap, energy consumption, and investment
costs enable good results by the casting processes’
performance. On the other hand, dramatic problems could
occur in casting production performance when decided
with incorrect casting machines, such as poor quality,
high scrap percentage, high energy consumption etc.

In this work, the following research questions are
raised: What is the most suitable methodology to select
the LPDC machine? What is the result of decision-
making? In light of these questions, several research
papers related to this topic have been investigated.
Tabucanon et al. (1997) developed a decision support
system to solve the multi- criteria machine selection
problem of machine selection in flexible manufacturing
systems. Arslan (2004) designed a decision support
system that was developed for the selection of machine
tools. Fu et al. (2008) indicated the influence of different
parameters on the mechanical properties of LPDC
magnesium alloy AM50. Merlin et al. (2009) investigated
the impact behavior of A356 alloy for automotive wheels.
The results showed that the impact strength of T6 heat-
treated wheels was higher than as-cast ones. Meanwhile,
higher impact strength always showed correspondence
with finer microstructure. Ahmadzadeh et al. (2016)
suggested that differences among machines in terms of
cost, speed, quality, after-sale services, type, and the
number of machines were important parameters to be
considered. Hafezalkotoba et al. ( 2018) proposed a
decision support system for agricultural machines and
equipment selection to develop and improve the
economic conditions in the agriculture field to maintain
food demand with a case study on olive harvester
machines. Li et al. (2020) developed a novel hybrid
Multi- Criteria Decision Making ( MCDM) model for
machine tool selection using fuzzy DEMATEL. The

Naresuan University Engineering Journal, Vol. 15, No. 2, July - December 2020, pp. 1-11 1
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indication is that the presented hybrid model has
advantages in granting flexibility to the preferences of
decision- makers for machine tools selection problems.
Breaz et al. (2017) presented a decision-making process
for selecting between CNC milling, robot milling and a
process of additive manufacturing using the AHP
method. This method has a certain degree of generality,
specifically targeting metal accurate parts form the
machine-building industry. It can be applied for every
part considered for manufacturing.

As mentioned above, numerous researches are related
in this area, but only a few researchers have published
papers related to the topic of selecting appropriate
machine technology and parameters, especially the
manufacturing of the LPDC machine. Since it is a
complex problem with many criteria and parameters for
consideration that affects product quality and costs to
firms, it needs to deal with both qualitative and
quantitative criteria. This is particularly true in the early
decision-making phases of machine selection, which have
the potential to reduce production impact and
manufacturing costs.

To address the above issues, this study presents a
decision support system method that has been developed
using integrated the AHP and TOPSIS methods and
presents a numerical example for solving this problem.
The AHP is one of the most famous and extensively used
soft computing MCDM methodologies. It is based on
priority theory and deals with complex problems that
involve the consideration of multiple criteria and
alternatives simultaneously. Its ability to incorporate data
and the judgment of experts in a logical way provides a
scale for measuring intangible qualities.

Applying AHP in combination with TOPSIS methods
allows for more decision- making flexibility and
performance. The AHP is used to define the weight of
each criterion and sub-criterion through qualitative and
quantitative comparisons. AHP is suitable for determining
the quantitative and qualitative data which limitation for
large numbers of numerical data that has a high chance of
bias in making decisions. TOPSIS is another famous
MCDM approach used in solving decision- making
problems. The TOPSIS concept provides the best
rankings for each criterion as it is described in the form
of a simple mathematical formula. TOPSIS allows the
results from decision-making to correlate with a solution
target concept that is not paying attention to only pairwise
comparisons as AHP. Accordingly, combining the two
techniques is a great way to counter their weaknesses.
This type of integration will lead to better results in
decision-making efficiency, as shown in the researches of
Prakash and Barua (2015) and Hasnain et al. (2020).

The structure of this paper is organized as follows:
Section 2 presents the basic approaches used in LPDC.
Section 3 presents the deciding multi-criteria decision-
making model, while Section 4 presents the verification
and validation techniques with a case study. Section 5
presents the research results and discussions, and

Section 6 presents the research conclusions and
recommendations.

2. Low-PRESSURE DIE CASTING (LPDC) METHOD

Die casting is a metal casting process that is
characterized by forcing molten metal under high
pressure into a mold cavity. The mold cavity is created
using two hardened tool steel dies which have been
machined into shape and work similarly to an injection
mold during the process. Most die castings are made from
non-ferrous metals, specifically zinc, copper, aluminum,
magnesium, lead, pewter, and tin- based alloys.
Depending on the type of metal being cast, a hot or cold
chamber machine is used. Low- pressure die casting
primarily uses alloys with low melting points, allowing
for the production of components up to approximately
150 kg. The advantages are high strength and the ability
to form complex geometries while maximizing material
usage. The LPDC process by Powell and Luo is
illustrated in Figure 1. (Powell et al., 2012)

Moving platen

i | WA

~Dies

i : T ]
Pressurizing gases ———p l' l /Muml fill

Fill stalk — B

- ' Crucible

Figure 1 Low-Pressure Die Casting Process

The mold is located above the sprue. Metal flows up
the sprue and into the runner system and the casting
cavity. The metal flow for the arrangement is
accomplished by pressurizing the furnace, which is
located below the mold. The rate of metal flow is
controlled by the rate of pressurization of the furnace.
Metal flow can also be directed by electromagnetic
pumping, but the principle of low-pressure casting is the
same. Zhang and Wang (2012) stated that LPDC is one
of the most widely wused casting processes for
manufacturing light- weight components in industrial
sectors, including automotive, energy, electronics, etc.
This process allows an excellent compromise between
quality, costs, productivity, and geometrical feasibility.

Another advantage of this process is the precise
control of die cavity filling. Molten metal flows quickly
and smoothly through the feeding conduits, reducing
oxide formation and preventing porosity. This process
was created to produce axially symmetrical parts such as
car wheels or water valves. Bonollo et al. (2005)
concluded that the advantages of low pressure die casting
process were numerous: the high yield achievable

Naresuan University Engineering Journal, Vol. 15, No. 2, July - December 2020, pp. 1-11 2
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(typically over 90%), the reduction of machining costs,
the absence of feeders, the excellent control of process
parameters which can be obtained with a high degree of
automation, the good metallurgical quality, a homogeneous
filling, and controlled solidification dynamics, resulting
in good mechanical and technological properties of the
castings.

Selecting the appropriate LPDC machine is quite
complicated as many parameters are concerned, such as
correlating processes with material preference, melting
rate, cycle time, maximize production rate, energy
consumption, the number of workers, etc. Therefore, the
aim of this paper is to propose a Multi- Criteria Decision
Making (MCDM) model that can support LPDC machine
selection. The MCDM literature review and the decision-
making tools are presented in the next section.

3. MULTIPLE-CRITERIA DECISION MAKING (MCDM)

The MCDM evaluation procedure for supporting
LPDC machine selection by using the AHP and TOPSIS
is presented in this paper. It consists of four main steps as
summarized in Figure 2.

Determine the goal

v

Form the decision maker team

v

Identify LPDC machine alternatives

v

Determine the criteria and sub-criteria (Hierarchy)

v

Calculate the weights of the criteria using AHP

v

Evaluate LPDC machine alternatives with TOPSIS method

v

Obtain the final ranking

v

Select the best alternative and evaluating of decision-making output } STEP4

STEP1

STEP 2

STEP3

" Y7

Figure 2 The MCDM evaluation procedure by using the
AHP and TOPSIS (Developed by the author)

Step 1: Determine the goal and construct a decision-
making team, then determine the machine decision
alternative. Decision making is a central responsibility of
managers and leaders. It requires problem defining and
related factors identification. Doing so helps create a clear
understanding of what needs to be decided and can

influence the choice among alternatives. An important
aspect of any decision is its purpose or objective. This is
different from identifying a specific decision outcome;
rather, it has to do with the motivation to decide in the
first place.

Step 2: Determine the criteria and sub- criteria
( Hierarchy) . Identifying the evaluation criteria is
considered the most important performance measure for
the machine selection problem. The decision- making
hierarchy structure is constructed for the evaluation of
criteria and calculating the weights of these criteria using
the AHP method. The AHP was introduced by Saaty in
1980. This method benefits from its similarity to the
decision-making mechanisms of human beings, namely
decomposition, judgment, and synthesis. It is particularly
distinguished by its ability to manage different classes of
criteria: qualitative and quantitative criteria Saaty, 1980).
Nowadays, it is widely used in various fields including
economics, ecology, and industry. This method is used to
solve complex decision- making problems that have
several attributes by modeling unstructured problems
under study into hierarchical forms of elements
(Boonkanit & Kengpol, 2010). The AHP is widely used
by decision- makers and researchers. Kengpol and
Boonkanit (Kengpol & Boonkanit, 2011) developed the
decision support framework for developing an ecodesign
at the conceptual phase based upon ISO/ TR14062.
Khamhong et al. (2019) implemented the fuzzy AHP
based criteria analysis for 3D printer selection in additive
manufacturing that is related to selecting the best
alternative of 3D printers by analyzing two types of
decision-makers. Chaiyaphan and Ransikarbum (2020)
presented criteria analysis of food safety using the AHP
by applying a case study in Thailand’s fresh markets
which subject from the viewpoints of stakeholders.
Busaba (2012) presented the selection of a cellular layout
for an Electronics Manufacturing Service (EMS) by
AHP. Then, a computer simulation was done for the
evaluation of the layout design. From the results of the
simulation, the cellular layout design can increase the
throughput rate by 32%, decrease the average time in the
system by 28%, and increase the average utilization of a
workstation by 13% . Busaba and Piyanan ( 2013)
proposed an inventory classification method based on
AHP and lot sizing policy for purchasing materials in
group A for a case study factory. Satirasetthavee et al.
(2018) offered the determination criteria of an appropriate
location for the construction of a truck terminal in
Thailand by using AHP; the study aims to explore more
factors and the appropriate weight of each factor to
determine an appropriate location to more effectively
decrease transportation costs in Thailand.

To obtain the degree of relative importance for the
elements at each level, a pairwise comparison matrix is
developed using Saaty 1-9 preference scale, as shown in
Table 1.
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Table 1 Pairwise comparison scale

Scale Definition
1 Equally important
3 Minimally important
5 Highly important
7 Very highly important
9 Extremely important
2,468 The intermediate value between adjacent

scales

Then, the eigenvector and the maximum eigenvalue
(Amax) are derived from the pairwise comparison matrices.
The significance of the eigenvalue is to assess the strength
of the consistency ratio CR of the comparative matrix in
order to validate whether the pairwise comparison matrix
provides a completely consistent evaluation. The final
step is to derive the consistency index and the consistency
ratio (Saaty & Vargas, 2001).

The procedure of AHP is presented as follows:

Process 1: Build the structural hierarchy of the
problem.

Process 2: Calculate the pairwise comparison matrix.
The scoring average of the clustered expert will be used
for determination by Geometric mean (Gm.) as Equation 1.

Gm = nvi;] XN, XN3 %N, (€]

Then, the calculation of Gm is used to perform in the
AHP matrix model. Assuming n attributes, the pairwise
comparison of attribute i with attribute j yields a square
matrix Anxn Where a;; denotes the comparative importance
of attribute i with respect to attribute j. In the matrix, ajj =
1 when i =jand a; = 1/a;; (Valentina et al., 2015).

ap ot A
An xn = : - g
L

Process 3: Once the pairwise matrix is done, it should
be normalized using rule number (2).

- %
Ci=ot

)
v Z j=1%parameters

Wherei,j=1...n 2)

Process 4: Calculate the weighted normalized
decision matrix.

Wy =%~ C; Wherei=1..n ©)
Process 5: Calculate the Eigenvector and row matrix.
E = N"rootvalue/SN" 4)
Row Matrix = i a;% e (5)

Process 6: Calculate the Eigenvalue Amax

Amax = Row Matrix (6)

Process 7: Calculate the consistency index and
consistency ration.

Cl = Copar-1V/(n-1) (7
CR = CI/RI (8)
Where n and RI denote the order of the matrix.

Step 3: Evaluate the LPDC machine alternatives with
the TOPSIS method to achieve the final ranking results.
TOPSIS is one of the numerical methods for multi-
criteria decision-making (on the history of TOPSIS see
(Hwang & Yoon, 1981; Hwang et al., 1993; Zaltako &
Novoselac, 2013). This is a broadly applicable method
with a simple mathematical model. The standard TOPSIS
methodology aims to select the alternatives which have
the shortest distance from the positive ideal solution and
the longest distance from the negative ideal solution at the
same time. The positive ideal solution maximizes the
benefit attributes and minimizes the cost attributes,
whereas the negative ideal solution maximizes the cost
attributes and minimizes the benefit attributes. The
TOPSIS methodology has been applied extensively in the
MCDM field, such as by Khalili-Damghani et al. (2013);
Rubayet and Karmaker (2016); Wisetla and Ransikarbum
(2020); Warapoj and Nitidetch (2019).

The stepwise procedure for implementing TOPSIS is
presented as follows:

Process 1: Construct the normalized decision matrix
of beneficial and non-beneficial criteria.

o= -2 Wherej=1...J,i=1..n 9)

y
J 2
VX

xij and rj are the original and normalized scores of the
decision matrix, respectively.

Process 2: Construct the weighted normalized
decision matrix.

Vi=w;xr; wherej=1...J,i=1...n (10)

J g

Process 3: Determine the positive ideal solution (PIS)
and the negative ideal solution (NIS).

A" ={v;, v, ..., V,} max values (11)
Vi = {max(V;)ifj € Jrmin(Vy)ifj € T} (12)
A ={V;, V>, ..., V,,} min values (13)
Vi = {min(Vy)ifj e ;max(Vy)ifj e S} (14)

Process 4: Calculate the Euclidian distance of each
alternative from PIIS and NIS.
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& =3, (vv) Wherej=12,..9  (15)

2
d; = |2, (Vi-V;)

Process 5: Calculate the relative closeness coefficient
to the ideal solution of each alternative CC;

Wherej=1,2,...0  (16)

cc, = :f} Where j=1,2,...J (16)

Process 6: Based on the decreasing values of the
closeness coefficient, alternatives are ranked from the
most valuable to the worst. The alternative having the
highest closeness coefficient (CC;) is selected.

Step 4: Evaluating Outcomes: the objective of
evaluating outcomes is for the decision-maker to develop
insight into the decision. Many of the lessons developed
in this stage come from examining the implications of the
decision. Insight can be obtained by referencing key
business metrics, such as increased revenue, lower costs,
larger market share, or greater consumer awareness.
Once the outcome of a decision is known, the results may
imply a need to revise the decision and try again. When
decision outcomes are immeasurable or ambiguous, data
deliberation and a measure to deal with negative attitudes
are considered.

Maintaining self- esteem may also cause decision-
makers to attribute good outcomes to their actions and
bad outcomes to factors outside their control. This type of
bias can limit the honest assessment of what went right
and what did not, thus reducing what could be learned by
carefully evaluating outcomes. Hence, a case study of this
research is to highlight the result supporting the proposed
decision, which contributes to the research outcome.

4, CASE STUDY

The case study in this research was performed at the
medium-sized manufacturing factory located in Samut
Prakarn Province, Thailand. It manufactures and
distributes water valves, ball taps, and ball valves. The
company also offers water meters, brass rods, valves, and
related fittings. According to the proposed model in
Figure 2, Step 1 has been performed by determining the
goal, constructing a decision- making team, and
determining the machine decision alternative. Over many
years, the company has continued to focus on the
development of production processes to be more
efficient, while reducing costs and improving quality,
especially in the die casting production process of the
sand- casting department, which is the most important
process for water valve production.

The production process starts at the sand- casting
department where the sand and core are prepared for a jolt
and squeeze operations to obtain the sand mold. In the
melting process, pouring operations are considered in the
next step. When this operation is completed, the sprue

will be removed to be used as a water meter. Then, the
product is grounded and undergoes shot blasting
operations. The process of the case study is explained in
detail in Figure 3.

According to Figure 3, a case study of the die casting
production process, defects can cause rework or even
worse; they can lead to scraps for many reasons, such as
lack of quality control, the absence of a maintenance
schedule, lack of skills, lack of standard machine, absence
of communication, uncontrollable sand quality, light
insufficient, a lack of work rules, and a high rate of
downtime. In this case study, the defect ratio has been
analyzed by the engineering team and it has been
discerned that the majority of defective work is found in
the casting process.

The chief executive officer subsequently ordered
changes in the current casting production process from
the gravity sand casting process; the alloy is poured into
a mold made of sand that must be destroyed to reveal the
manufactured component, to the LPDC method with its
advantage of strength and the ability to form complex
geometries whilst maximizing material usage and
controlling die cavity filling at the same time.

There are many advantages of LPDC compared to the
current casting process. For example, it guarantees high
yields greater than 90 percent. The production costs are
lower than for high- pressure die casting, and it has
improved linear tolerance than gravity casting. It is also
possible to obtain parts with thin walls. However, this
manufacturing technique has certain main disadvantages,
e.g. the tooling costs being slightly higher than other
casting technologies such as gravity casting. It also
requires complex machinery that may be expensive.

START
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Material Preparatlon

Inspectlon Chemical

Composmon ’ Sand Preparation ‘
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’ Core Making ‘

Inspection Mechamcal
Propertles
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Figure 3 A case study of the die-casting production process
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As mentioned earlier, the quality of LPDC parts is
mostly influenced by the process technology and
conditions, which are highly impacted by the casting
machine. Thus, choosing the right die casting machine is
an important consideration because it impacts the process
flexibility, involves a high degree of reproducibility and
precision, energy-saving, and maximum productivity and
efficiency. Many decision parameters must be involved
such as the ton capacity, injection and ejection system,
the die locking mechanism, the electrical systems, etc. In
this case study, the current process is adapted by three low
pressures die casting machine alternatives; each machine
has certain advantages and disadvantages to decide from
multiple perspectives. The characteristics of these
machines are illustrated in Figure 4 and described in the
next section.

4.1 LPDC Machine A

LPDC machine A in the selection list is a compact
system with an integrated induction melting furnace, two
manipulator units for the two die halves, a coating or
cooling bath, and an electronic control unit with a touch
panel. The control panel of the system is divided into two
logical areas: one for controlling the furnace and the other
for controlling the casting machine. However, both
control areas are monitored by a Programmable Logic
Control (PLC) and visualization.

The power for the inductors is supplied via a thyristor
controller. There is one thyristor module available for
each of the three inductors that are controlled by a control
unit. At the beginning of the casting cycle, the manipulator
starts from the park position. The manipulator swivels so
that the opened die halves are in front of the core insertion
window, which must be opened before the core is
inserted. The sand core is then inserted into the mobile
die half.

In the following, reference will always be made to the
mobile and the fixed die, where the mobile die represents
the side of the mobile die half. The fixed die or the fixed
die half is mounted rigidly to the manipulator arm and can
be swiveled, but not traversed. After the sand core is
inserted by hand, the core insertion window must be
closed, and the casting cycle starts automatically. The
manipulator moves to the furnace and the freely
programmable pressure curve is executed at the same
time. After the die touches down on the riser tube, the
molten metal is filled into the die from below by a
controlled pressure build-up.

This procedure guarantees the laminar flow in die
without turbulence. After the casting process, the die is
lifted automatically from the furnace, and the manipulator

moves to the parts removal position. The die opens and
the casting part is ejected. It drops automatically into the
vertically adjustable removal device. The table registers
the finished casting by an initiator and moves back to its
original position. In this position, the casting is tilted from
the table through the removal window out of the work
zone.

An additional collecting container is recommended
for this procedure. After the casting part is ejected, the
manipulator traverses to the split coating/cooling bath.
The die halves dip into the respective bath half. By the
individually adjustable dip time, the die halves are cooled
and coated with a layer of graphite. The manipulator then
moves back to the core insertion position. At this point,
the cycle can be repeated, as described above, or it can be
ended. The second manipulator works during production
equally. When both manipulators are in production, the
manipulators always traverse clockwise.

If only one manipulator is in production and another
is in park position for die change or is in a special function
i.e. sandblasting, the manipulator is moved counterclockwise
to the furnace. The entire system with its area of
movements is enclosed by a safety fence and safety doors
that may not be opened during the running operation. In
addition, there is a safety barrier between the parking
position for die change and the rest of the machine. This
allows the operator to work on one manipulator, e.g.
maintenance or die changing, while the second
manipulator is working.

4.2 LPDC Machine B

The LPDC machine B is specially designed to work
with an operator for each machine. Its task is to place the
sand- cores and to supervise quality. The machine is
composed of a furnace and a manipulator that controls all
the die movements. The operator is positioned in front of
the core placing area. Once the head is placed in the right
position, the working cycle is ready to start. The
automatic cycle can be started by pushing the relevant
button, and it will be completely automatic.

The manipulator closes the two half-dies, places them
horizontally, and rotates the furnace. Next, the furnace
raises, and the molten metal is injected into the die. When
the furnace lowers, the manipulator rotates and places
itself in the core- placing area. The half dies open
themselves and the operator picks up the cast with
appropriate pliers. Then, the dies dip into the tank filled
with liquid graphite and return to the starting position.
After that, the bench tilts and gets ready for the
positioning of another core.

The operator will repeat the operation previously
described. The machine positions the dies on the furnace
and low- pressure casts automatically; it waits till the
melted metal gets solid and opens the half-dies to allow
the casting extraction.

4.3 LPDC Machine C

LPDC Machine C can be used for casting all kinds of

small components of zinc alloy and copper alloy. This
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technology greatly reduces the internal porosity in
products and improves the quality of products, so it has
been welcomed by many manufactures. This machine has
a similar technology as Machine A, but is made by
another brand in another country.

According to the information for three machines, Step
2 of the proposed model has been performed. The criteria
were separated to calculate AHP (Underlining character
is the best parameter), as illustrated in Table 2.

Table 2 Characteristics of Machines A, B, and C

Criteria Values Machine
A B Cc

C1 | Melting rate | 500 kg/h 410 kg/h 350Kkg/h

C2 | Cycle time 35s 50s 70s

C3 | Maximal 822 576 411
production/ pieces pieces pieces
Day

C4 | Capacity of 1800 Kg | 1000 Kg 1800kg
the furnace

C5 | Charging Manual | Automatic | Manual
mode

C6 | Control PLC S7 PC477b PC477b
system

C7 | Hydraulic 90 bar / 90bar/ | 80bar/7.5
pressure 7.5 kW 7.5 kW kW

C8 | Electrical 400V 410V 380V
feed

C9 | Energy 150 kw 80kw 125KW
during
melting

C10 | Scrap 3% 1% 2%
percentage

C11 | Number of 2 1 2
workers

The LPDC machine selection hierarchy structure is
presented in Figure 5. It consists of eleven decision
criteria and three machine alternatives. However, the cost
of each LPDC machine was not considered because the
distributors offered the same price level, and the top
management aimed to pay more attention to machine
efficiency than the economic perspective.

Eleven attributes were chosen as comparison criteria
by the decision- making team ( experts), including a
production manager, general manager, and production
engineer. The experts” team profile includes: the
production manager possesses a master’ s degree in
industrial engineering; the general manager possesses a
master’s in economics; the senior production engineer

possesses a master’ s degree in electrical engineering.
Moreover, years of experience in the water valves
industry among the experts were 20, 24, and 15 years,
respectively.

CRITERIA

C1 Melting rate

ALTERNATIVES

C5 Charging mode Machine A
GOAL

[ H
_'

C6 Control system Machine B ‘

C7 Hydraulic pressure Machine C ‘

C11 Number of workers

Figure 5 Hierarchy structure for the LPDC machine selections

The analysis and calculation of eleven criteria were
performed based on the proposed methodology in Step 2.
It is important to consider the weight of important criteria,
and the comparison using pairwise comparison from the
decision rating of the decision- maker. The Gm from
Equation (1) was retrieved from the expert group that
compared each pair using the primary criteria following
the AHP. The calculation methods are as follows.

The first expert has given a score of 5, while the
second expert has given a score of 7, and the third expert
has given a score of 3; the results are as follows:

C2=1/5x7x3
C2=4.72

The pairwise comparison matrix is presented in Table
3 and the formula ( 3), the result criteria weight
calculation is presented in Tables 4-5.
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Table 3 Pair-wise comparison matrix

C1 C2 C3 C4 C5 C6 Cc7 C8 C9 C10 C11
C1 1.00 0.21 0.16 3.00 2.00 0.25 0.33 0.20 0.14 0.12 0.20
Cc2 4.72 1.00 0.71 5.00 8.00 3.00 5.00 3.00 4.00 2.00 3.00
C3 6.25 1.40 1.00 6.00 9.00 3.00 5.00 4.00 3.00 2.00 3.00
C4 0.33 0.20 0.17 1.00 3.00 0.20 0.62 0.50 0.20 0.14 0.76
C5 0.50 0.13 0.11 0.33 1.00 0.14 0.33 0.14 0.11 0.11 0.28
C6 4.00 0.33 0.33 5.00 7.00 1.00 3.00 2.00 1.00 0.66 2.00
Cc7 3.00 0.20 0.20 1.61 3.00 0.33 1.00 0.76 0.25 0.27 1.00
C8 5.00 0.33 0.25 2.00 7.00 0.50 1.32 1.00 0.45 0.33 1.50
C9 7.00 0.25 0.33 5.00 9.00 1.00 4.00 2.22 1.00 2.00 2.00
C10 8.33 0.50 0.50 7.00 9.00 1.52 3.70 3.00 0.50 1.00 2.50
Cil1 5.00 0.33 0.33 1.32 3.57 0.50 1.00 0.67 0.50 0.40 1.00
Sum 45.13 4.89 4.10 37.26 61.57 11.44 25.31 17.49 11.15 9.04 17.24

Table 4 Criteria weight table
C1 Cc2 C3 c4 C5 Cé c7 C8 C9 C10 Cl1

0.03 0.19 0.21 0.03 0.01 0.10 0.04 0.07 0.12 0.14 0.06

Table 5 Consistency matrix
C1 Cc2 C3 c4 C5 C6 c7 C8 C9 C10 Cll | WSV* | Crw*

C1 0.03 0.04 0.03 0.09 0.03 0.02 0.01 0.01 0.02 0.02 0.01 0.31 0.03

Cc2 0.13 0.19 0.15 0.14 0.12 0.30 0.21 0.20 0.50 0.27 0.17 2.38 0.19

C3 0.17 0.27 0.21 0.17 0.13 0.30 0.21 0.26 0.37 0.27 0.17 2.54 0.21

C4 0.01 0.04 0.04 0.03 0.04 0.02 0.03 0.03 0.02 0.02 0.04 0.32 0.03

C5 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.17 0.01

C6 0.11 0.06 0.07 0.14 0.10 0.10 0.13 0.13 0.12 0.09 0.11 1.18 0.10

c7 0.08 0.04 0.04 0.05 0.04 0.03 0.04 0.05 0.03 0.04 0.06 0.50 0.04

C8 0.14 0.06 0.05 0.06 0.10 0.05 0.06 0.07 0.06 0.05 0.08 0.77 0.07

C9 0.19 0.05 0.07 0.14 0.13 0.10 0.17 0.15 0.12 0.27 0.11 151 0.12

C10 0.23 0.10 0.11 0.20 0.13 0.15 0.16 0.20 0.06 0.14 0.14 1.61 0.14

C11* 0.14 0.06 0.07 0.04 0.05 0.05 0.04 0.04 0.06 0.05 0.06 0.67 0.06

*Remarks: (WSV = weighted sum value, CrW = criteria weight, CR = Consistency Ratio) In this study, n=11, as a
result, Rl = 1.51, Amax = 11.80, Cl = (11.80-11)/(11-1) = 0.08, CR = 0.053 (If the Consistency Ratio is lower than 10%,
the inconsistency is acceptable).
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Table 6 Pre-Normalized decision matrix

C1l C2 C3 C4 C5 C6 Cc7 C8 C9 C10 Cl1
MC A 500 35 822 1800 2 3 90 400 150 3 2
MC B 410 50 576 1000 5 5 90 410 80 1 1
MC C 350 70 411 1800 2 1 80 380 125 2 2
i*z 735.26 | 92.87 | 1,084.61 | 2,734.96 | 5.74 5.92 150.33 | 687.39 | 211.01 3.74 3.00
Table 7 Normalized decision matrix
C1 C2 C3 C4 C5 C6 (o C8 C9 C10 Cl1
MC A 0.68 0.38 0.76 0.66 0.35 0.51 0.60 0.58 0.71 0.80 0.67
MC B 0.56 0.54 0.53 0.37 0.87 0.85 0.60 0.60 0.38 0.27 0.33
MCC 0.48 0.75 0.38 0.66 0.35 0.17 0.53 0.55 0.59 0.53 0.67
Table 8 Weighted normalized decision matrix
C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 cu
MC A 0.02 0.07 0.16 0.02 0.01 0.05 0.03 0.04 0.09 0.11 0.04
MC B 0.02 0.10 0.11 0.01 0.01 0.08 0.03 0.04 0.05 0.04 0.02
MCC 0.01 0.15 0.08 0.02 0.01 0.02 0.02 0.04 0.07 0.07 0.04
Table 9 Ideal solutions and Euclidian distances values
C1 C2 C3 C4 C5 C6 C7 C8 C9 Clo | c11 d; d;
MC A 0.02 | 007 | 016 | 002 | 001 | 0.05 | 003 | 0.04 | 009 | 0.11 | 0.04 0.08 0.12
MC B 0.02 0.10 0.11 0.01 0.01 0.08 0.03 0.04 0.05 0.04 0.02 0.11 0.08
MCC 0.01 | 015 | 0.08 | 002 | 001 | 0.02 | 002 | 0.04 | 0.07 | 0.07 | 0.04 0.11 0.09
Vi 0.02 0.15 0.16 0.02 0.01 0.08 0.03 0.04 0.09 0.11 0.04
Vi 0.01 0.07 0.08 0.01 0.01 0.02 0.02 0.04 0.05 0.04 0.02

In the next step, the decision result from AHP is
calculated to ranking and estimations of the three
machines by using the TOPSIS method, as proposed in
Step 3 (Figure 2). Consequently, equation numbers 9-16
are applied in Tables 6-9. The pre-normalized decision
matrix of the TOPSIS method is presented in Table 6. It
is initiated by creating an evaluation matrix consisting of
three alternatives and eleven criteria, with the normalized
value of each alternative and criteria. After that, the
matrix is normalized for the decision matrix of beneficial
and non-beneficial criteria, as depicted in Table 7. Then,
the LPDC machine alternatives with the TOPSIS method
in Step 3 are evaluated using the criteria weight from
Table 4. The weighted norm decision matrix is presented
in Table 8, while ideal solutions and Euclidean distances
values are presented in Table 9.

Step 4, as proposed in Figure 2, involves selecting the
best alternative and evaluating the decision output after

MCDM methods are used to rank the potential
alternatives by considering the weights of all criteria
obtained by AHP. A decision matrix using three decision-
makers’ opinions is developed using numerical values.
The decision matrix of the TOPSIS method is shown in
Table 10.

The aggregated values of each criterion are then
calculated by using the average technique in the TOPSIS
method. Focusing on the values of closeness coefficients
of three suitable machines, Machine A becomes the most
dominating alternative that has the highest closeness
coefficient (CC;i ) of 0.60. As a result, Machine A should
be selected as the best machine among the three
alternatives, followed by Machine C (0.44) and Machine
B (0.43), respectively.
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Table 10 Rank of machines based on CC;i

Machine | 4} d; d; +d; CCi | Rank
MCA | 008 | 0.12 0.20 0.60 | 1
MCB 0.11 0.08 0.19 0.43 3
MCC 0.11 0.09 0.20 0.44 2

5. RESULTS AND DISCUSSION

The MCDM evaluation procedure for supporting
LPDC machine selection by using the AHP and TOPSIS
is presented in this paper. It consists of four main steps
for selecting the best LPDC machine. In this case study,
eleven criteria are analyzed including Melting rate, Cycle
time, Maximal production per Day, Capacity of the
furnace, Charging mode, Control system, Hydraulic
pressure, Electrical feed, Energy during melting, Scrap
percentage, and Number of workers. Top ranking criteria
are Maximal production rate (C3), Cycle time (C2), and
scrap percentage (C10). A variety of decision-making
factors and different opinions from experts can be
resolved and consented logically by this method.
Machine A becomes the most dominating alternative,
which has the highest closeness coefficient score. The
result of the final decision- making is fulfilled with
involved parties. Therefore, the results from the
application of this methodology can offer the water valve
manufacturer case study with valuable insight into the
criteria that reflect the business assessment of machine
selection.

This framework will act as a guide for the decision-
makers to select the most suitable LPDC machine via an
integrated approach of AHP and TOPSIS. The anticipated
methods in this research consist of four steps at its core,
starting from determining the goal and constructing a
decision- making team, then determining the machine
alternative with the criteria of the existing problem, and
finally, inspection and identification. The calculation
method is carried out by using AHP and TOPSIS. The
final decision is made by selecting the best alternative and
evaluating the decision output.

6. CONCLUSIONS AND RECOMMENDATIONS

Selecting the right machine is an important issue for
business improvement and supporting the industry 4.0
development direction. This paper presents a
methodology for selecting the LPDC machine based on a
hybrid multi-criteria decision-making process. However,
there are several criteria that need to be considered in the
machine selection process, which involves multiple
consideration parameters based on the requirement of
decision-makers, such as production rate, waste ratio, and
energy consumption, etc.

According to the research question, selecting an
appropriate manufacturing machine is an especially
important and complex problem for firms, usually dealing

with many criteria. The contribution of this research is the
comprehensive decision- making methodology for
selecting LPDC machine production. The approach
presented in this paper applies the AHP and TOPSIS
methods for selecting the most beneficial variant among
three machine structures. Moreover, a large matrix with
eleven criteria was used for pairwise comparisons and
presented. The closeness coefficient values are used in
decision making; the best machine alternative with the
highest rate is selected. In this research, the results from
the present method were calculated using Microsoft
Excel. In conclusion, the utilization of the machine after
installation and operation was achieved as anticipated.
Therefore, it is not optional, but essential to implement
this method for dealing with a variety of multi-criteria
decision- making problems due to its flexibility. The
proposed method is effective in a group decision
environment and can also solve the problem of complex
individual decision-making.

In addition to suggestions for future research, some
other MCDM methods, such as ELECTRE;
PROMETHEE, etc. and other decision-making criteria
such as environmental or economic perspectives can be
integrated and applied to increase the ability for decision
making.
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Abstract

The flaws within flash- butt welded joint of a rail may occur during welding and/ or operation. They may cause
the damage of the welded joint of a rail. The size of flaw that allows the fatigue crack to propagate is defined as
the critical initial flaw size. In the present work, the critical initial flaw size of flash-butt welded joint of a rail was
studied using the linear-elastic fracture mechanics and finite element method. A semi-circular crack at the bottom
surface of rail foot (i.e., the region with the maximum bending stress from wheel load) was selected to represent
the flaw. It was observed that the stress intensity factor range of flaw equals to the threshold stress intensity factor
range of rail steel, when the flaw size is approximately 2 mm (i.e., the critical initial flaw size). At this critical initial
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flaw, the propagation of fatigue crack is likely to occur. The finding can be beneficial to the railway engineering, and

applied for the maintenance, and improvement of flash-butt welded joint.

Keywords: rail; flash-butt welding; critical initial flaw size; numerical calculation

1. Ui

nsdemdunsruiunisdrfglunisadromesalil uay
dousesaln Anuudusmessesdoniinasoaulanie
y0951930 W lnense s1esalnanansaideuseiudedsnisg
Foufinannmans Bnsdousesalnifeltluagiude
A5LBENTUIY (flash-butt welding) uaznisionoraiilu-
wesiin (aluminothermic welding) Tnensidouvuanuld
pdnnadisrtuiunisdenlnih sesalisaosgniadae
yisunsdaimt A dudalin Uam‘uaaa’malﬂﬂgqaaqgﬂ
Neistudntos enszualiiingnudsssiiusiesals
dwmaliAnauiourulmenesssaliiansogluaniuy
Aeunaenavats a1ntunasesaliieaendimiu wa
Udeslidudiauinsesidou (Lewis & Olofsson, 2009;
BS EN 14587-1: Railway applications - Track - Flash butt
welding of rails - Part 1: New R220, R260, R260Mn and
R350HT grade rails in a fixed plant, 2007) drunside
ozgilumesiin Aensideusenisnasulavy uaziduly
Fovinszminatsressns meldmnuduuuuiseuiia
MNUIINAVBIRD IO (Wheel load) AM3LdEIBAINNTTAN
(fatigue) anansaintuldfuseadouressesaln msidey
gunudsaldlunisadrmesal iesnfidnsinisiia
AN deMEaINnsaiininsidenergilumesiin
venninmsidensunuldnalumsientosninisdon
azqﬁiuma%ﬁﬂ (Lewis & Olofsson, 2009)

JagTulfinisfnuimiuduiusvessesidouain
Al euruIrueess1esalil wagdmainady 1y
Cannon et al. (2003) lﬁa’%msmmmaw‘fmﬁﬁLﬁﬂﬁ'ﬁuﬁu
51950 b7l umaning 9 Ozakeul et al. (2015) ldnaaeu
N5A%UUNITAR 4 99 (4 point bending fatigue test) fiu
sesalniifisesidonvunu uazinengnnsd (fatigue life)
vaa51950 Uy 49E1 (s19saliidimidn 49 ke/m) uay
60E1 (snasaluliifithmiin 60 ke/m) mUTsuifiouiueng

n158199951950 1ML UU 60E1 fildarnnageunisdives
European Commission (D 4.6.1. The influence of the
working procedures on the formation and shape of the
HAZ of flash butt and aluminothermic welds in rails,
2009) Beretta et al. (2005) la@nwinsiinsessnian way
N15v818MvIses1anlusiesal wuln seediian
\Antuluguuuunsidou (shearing mode 130 mode I)
LLazLﬂﬁauLﬂugﬂLmumsL% (opening mode %38 mode
) iles0851981981882819%U Desimone and Beretta
(2006) le91ae9n15veEiessaes1Ialus1esal a1n
dmdFudulunuinnuuinusesidou ﬁw%umaa‘ugﬂ
NTINTLUBNNAL SULSITALUUI9TaUTINAULT LY
WLALAULUUNTOU (LSIA9/USINA) WU ASYL18AIUBS
5885181 @OAARDINUNITVYIBAIVBITOUITNIANDIIUILIN
soudeuvossesolil Tnonsveneinvessesdndiniu
Tugduuunisideu (shearing mode n3e mode ) &
uATowandlauansiiiuin seedndraunsainen
suiludnasesdoulditeninunuady o lnensveesh
suaqﬁmﬁ%uaguiﬁw‘i']umasumﬁmﬁ WATNTENENA
fnidfiRntuusnusesdeusuIUIeITsalil 819tia
sewiuninden uay/vde Wasewiunslinu mnngud
naA1ansNITwANHNRUVEANgWLT1LdY (linear-elastic
fracture mechanics) fmiianiiusunsiodososdon-
BUITUVOIT1950 b IﬂaLﬁmmsmmaéfﬁmﬁu wazLin
AMEEEaINN1Tan Wemfidususenou anuduves
A21ULAY (stress intensity factor range #3® DK) U318
AilgendnAveulAdufIUsENoUANUTNYBIAINLAY
(threshold stress intensity factor range %38 DKin) VRReGl
5195019 (Suresh, 1998) aurAvasR1ndfivia A
N1598186270959851787 138011 VUIAINGRVOIAIUT
3udfy (critical initial flaw size) Fsluilagiudslaifianide
AfnwvwsingAvesuiiudulusesideuruinuvesis
salil Wiesuluuddnanusinavesdasaln (wheel load)
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FatusuAdeildinsinsauadingfvessividisudu
vinasesdeurunnumesyideuisinludiedumd (finite
element method %38 FEM) Tna@nuismutdusiiusiua
YDITN S?iQLfJuGTWLmﬂnﬁ%’uiuLuuﬁﬁmqnqmmawﬂ,mﬂmaa
aosabn lwuuddngsgnnigliusinavesdesaligniiass
AILNITAN 4 IANNUNINTZIU BS EN 14587 (BS EN 14587-
1: Railway applications - Track - Flash butt welding of
rails - Part 1: New R220, R260, R260Mn and R350HT
grade rails in a fixed plant, 2007) nadildarunsaldifu
wuadlunistentng uazU3ulsainIsdonsunuvees
salu

2. gunIaluazisnis

2.1 §mEUT19ATINNaNYs A0 ToNYIIUYEITI
soln

Ozakgul et al. (2015) la@nwin1sanvessesaluuuy
60E1 Firnunisifousuiusaziiunisldauuds dae
N1SNAFBUNITAMUUAR 4 90 Tun1snAaey Adua1y
Wuiunafusesali wagdnsidiuaiuidugnaiuny
Tflawindu 190 MPa waz 0.1 auddu s1esalniild
nageuiinuendu 2,000 wu. szEieTERINeng
fuvukazuiusassresaliduastivuady 240 .
uay 1,800 L. ANAGU Iﬂaiaafz‘iammuﬁagﬁ!maw
Y9951950lWiiAun319 20 Ny, 91nnTnegdeulagy
Ozakgul et al. (2015) WUiﬂi@&J%ﬂgUiNﬂ?ﬂﬁﬂﬁy 1)
Ye8fanivilisuduusnadiudaesiiusesalil
(rail foot) Fefisumimazgustsuandly

gﬂﬁ 1

\osannsnageunsdiiiemvunaingivesdinvi
Suguldinanuin wagdlanldinegs Fousumisvesini
Fu#UAINAUYBY Ozakgul et al. (2015) légniinunly
Anvruiaingivesimiiudulunudded atmuald
wmanndasaliazsesienvunuiinaauiiviinaves
%an (wafuchi, 2004) \Sugtsi weqdadaveu (€) 1 210
GPa, AMULAUATIN (sy) 10U 460 MPa way dnsiarula-
%94 (n) 1Uu 0.3

2.2 sudevisinludioaus

TuaAded sudidudugnimualidusesinuuy
A3I9nan (semi-circular crack) fidnua1vasfiuse fs
uanaly

U 1 wadnslsdannisuaiiossfouisinlud
Lo-Alud Insnuudiaesanils AsAidesiusznaunu
LWYBIAULAU (stress intensity factor range %@ pK) i
RILNUIAIS ) V09U UTRE317 (crack front) Taeld
TUsunsu Abaqus/Standard (ABAQUS User’s Manual,
2016) oK fifwrailagnimnIsuifioudu veutumen
NdefUsenauaNUTLY0IANULAY (DKy) Y0nANNED
519501 Tneruinvessesdinuuasvanadidmaly ok
Wi oKy, AevunaingvesiimiiFudu Fatumeunns
vunevuningRvewiviSudulans

gﬂﬁ 2

AUTENEUANLTLYBIAINLALAINITaATUIMLARIN
NOUHNAAIANTNITLANANRUVEANEULT LA UASANNTS
seludl (ABAQUS User’s Manual, 2016)

Tnefl K Ao ArauszneuAmuTuYeIaIIAuAld
nseivinlisesduide, £ fe wonad TunsfinuLAY
S¥UU E’ = E dalunsalanuasenssunu B = E/(1-n)
waz J fis ssnisvanUadesnduanuasoaiiosein
Asas1aRasess il e J aunsadwialaainaunis
ssioluil

] = fAtA(s)n “H-qdA (2)

Tneft dA Aefiuilednsifiogluvaen (tubular) fivane
999308417, A Feftufinanuavemasniivalsvessesin
(contour), A(s) A S¥UNUIBIRITEYS, n ABLINLABS
finaaniuiives contour, g ARNANINNNITVLIEAIVDS
50881 war H awnsaswnildanaunisd (3)

H=wl-o% (3)
ox
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lag?l W Asndanuanunseavatiandaveudadu
(linear elastic material), s ADANUAUNLANTUN contour

oua_ o oA A N %
el % Aasunusindounliveswweusousng

— Crack front

172

76.25
28.75

31.5

L 150 b=/

JUN 1 5salvluuy 60EL way swmlusiniuasasiusesali
HUNSIWoNTUINU (Ozakgul et al., 2015) (WU : 331

’ Geometries modeling and material input }.7

’ Assign crack shape and location ‘

’ Assign boundary condition ‘

’ Calculate AK along crack front ‘

Change
AK < Ay, crack front
Non-propagating size
AK = Ath crack

Propagating crack

Critical initial flaw size |

P
o

3UT 2 Jupeunsyiungrueingivesdvilisusuy

A1 K AldarnnisauangnituAuinsedy ok Ingld
aunsi (4)

AK = Kpax — Knin (a)

1087 Ko AOAN K AlARTuvusesdluvnesdisnssalu
Funseidniian wazdl Koo Aoa K fiinduuusesinlu
mmxﬁiwsa"l,w%fumizﬁqqﬁqm

ALATUNIUNNTANTAUEURUSLUURNRUAUTUIN VD
fi19ll 91191UT98U89 Kitagawa and Takahashi (1976)
wuin Wevwnvesdmidanas Auduniunsaniiudu
suidlodmifivuadnnitvunaingfvessviizudi (a,)
A1 DK Slawnsing oky 5885198758 R1N15VE 8RN
110 ViSONYAvENEF FruANLFIuNLUNSETTesT AL
mMdmnssufidsmiidnnii a, 3slndiAssiuTasiinanu
81 (fatigue limit 138 Dse) TUNIIATIAULIN A1VUIAVDS
Auillng 11T a0 A1 DK ﬁﬁmmmqmj’l DK @9N
Tseddenssn uwaviinaudemeainnisails s
YUINVBY a0 @UAUSTIUIAN (Suresh, 1998)

a, = l(AK—”')Z (5)

T \FAo,

lng F fig lenidugusng (geometry function)

91191U798U99 Maya-Johnson et al. (2015) Wu11
DK v0tndnnaisissaluiiandu 11 MPa.m'? uay
Iwafuchi
et al. (2004) Wui1 bse YoAUNANNA19TD NS AWTY 450
MPa 81 vualy F = 1 wudn au1e ao Wu 0.2 ua.
ilesansssaliliisusredudon uasiisesdniifafiuans
VOIAUTN (F 2 1) TUINT09 3o Ahlausamiuaulaain
ngufinamansnisunniinlasnss fadu sesdnguade
anaufinnudn 0.5 uy. gnivualiidusesinnBusugy
A3INaY (a) Wievhueruwnves a, 1e951950lW 60E1L
RCTL STty
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wuudraedlludledmuduansdasud 3 Tnetediud
Uinaunsesifunuuliunmingaanumden 20 nun
%aLﬁmmﬂmiﬂ%’ugﬂﬁwwmwaLmufﬁqﬂmﬂﬁ 20 Tnua (20-
node quadratic brick, reduced integration, C3D20R)
delfanunsafuinmnuduveseusesdalauiiugn
f9%u waziedudusnassesaliduwuufisefing
mum?au 10 I1um (10 node tetrahedral element,
C3010) mszildlunisdiuan uaziloulvveuln gn
AMUARINATTNAADUNITA1989 Ozakgul et al. (2015)
Tnetwuslifinsduiomn 50 seu Mnusadugud
faussaan

INNITANYINANTENUVDITIUIULDALUUA ROAG

¥ a

USENDUAULTUTDIAINNLAY WUIT maﬁwa‘ﬁlé’fg’ww
134,486, 222,631 war 431,521 wodwuud lewuadns
INUUUINADY 134,486 LoALUUA 1 BUAULUUTIaDY
431,521 LOALUUA NUIT ANULANAISYBIHARNELOEAIN
5% LiloAualngld Aenfivnesfidszuuufuanig
Intel(R) Xeon (R) CPU E5-2620 0 @ 2.00 GHz 2.00 GHz
(2 processors) wazilnuigA11uTIUan (RAM) 128GB
WU LuUSaeafitsuiuedmudidu 134,486, 222,631
way 431,521 wiwus 1danlunismuiu 8, 15 wag 30
Wi audndy feu 3adenlduuusiassiitiiediuud
F1UIY 134,486 LOAUUA

2.3 175959999URMIINGNADIYeIsesTUTT Il usiloas

esandesiftavesnismisne 60E1 wieldlumuide
3ld5asalniiansnsamlalulsemnelng s 54E1 (579
sl 54 ke/m) wvinnsveseu Tnesravsaesd]
'gﬂiwqﬁﬂﬁwﬁu 1519 54E1 AugeTosndnga 60EL
1.3 @, flats 579 54E1 JagnihmaaeunIen 4 90 Uay
fanranadoafiinduszainsnisnagey wadilegniinan
Wigulfisununaainseideudsinludiediuunveasis
54E1

57950%0 54E1 (BS EN 13674-1: Railway applications -
Track - Vignole railway rails 46 kg/ m and above, 2002)
friunsidenrununazliifidni gnnageunisda 4 9a
(4 point bending test) AUUIMIZIU BS EN 14587 (BS EN
14587-1: Railway applications - Track - Flash butt
welding of rails - Part 1: New R220, R260, R260Mn and
R350HT grade rails in a fixed plant, 2007) ﬁﬂg"dﬁ a4
NSMAABUNISAN 4 90 vidneLATesaaUNTELUUIeS
Talansedn (MTS: 244.22 with 500-kN load cell) w34nn
wuvadnfivuingagaidu 240 kN Qmﬂqﬁuazmm?gu
Fuimssgnitamsnageuidy 30£2 °Cuay 60+£5%
AUEITU AUATEARILLUIEIIVBI519YNTAAIBLNTTR
AMLASEA Aiflszering 3 . (strain gage, TML: FRA-3-
11) fifsnansvessesiden Tnesumisteunaiannuaien
(e, €8, ec, eo) BAndlUIUN 4 AuaToniifnle gninly
Wisuifleutunadnsiildannisiunadessdeuisi-
ludiodiuuduessiesalnl 5481 7ildfidwil iensiaaey
AnugnAesaMIAumessidouisinludiodud

2.4 71905E0IYUNAIINAULAEAIUATER

A15ATEINYVBIAIULAULALAIULATIAMILLUILAY
¥9951950 10 54E1 ﬁwwumﬂ%ammmLﬁa%usaﬂmqaqm
TGINEN:

gﬂﬁ 5 WUIT ATIULANUSLINAIUUUTDILNUANAS
(neutral axis) ¥sausamsaudunuausa Tngusn
WasnafiaanuAusmdy -769.21 MPa ad1uAusaly
dawanan1sueeiivessesdn Wesinaudusayilg
50831700 TuvazfirnuiAuunasusme wnuauga
(neutral axis) ¥3aUSLIUAUTE L TUANUALRY 150 MPa
AuuAwilisendndn Faiuusnaauduiady
U3nafisdilenademeainnisiinuazagesivesses
$1l¢ Gsaenadesfunginssuauidemevessnssalnd
wanslusuideves Ozakeul et al. (2015) isoad1alé
YeeFransndfiusnaiuseseln wazasneflush
1950
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AlAszdngu

anawmden 10 Tnaun

A e ma  w oy
PAIUAUSTNMINGR Q
anuwmidey 20 lsun A

branding

A
&

i

i

|

€a

JUN 4 MInageun1san 4 30 voeesalil 54E1 TiHuNTen
YUY

AUFUTUSIEUI19Ls9TinsEyTuALLAS EARY
WUALAUYDITI LLamGﬁ’agUﬁ 6 WU ANLLAREALRLA LAY
L539in329 Tnenansnuduiusidadu anuaionia
Lﬁﬂ%uu%nmﬁméﬂwaumuama (en WAY eg) UTOUTHIN

Aus14 (rail foot) TuvnigfiusnasuuuvesunuaLga (o)
38U (rail head) tinAuLASERDn waglu
USIULNUANAS (ec) TDUILINBITI (rail web) Wudn
anuaseailndaud dlotharnuiaseadilaannisiuan
meseilouislnludiefiuud Wisufisuiuanuma3enain
AMTIAAENATAANLLASEA WU dAUEEAARDITU lnY
AMILANANYBIANLIATIAGIEATIA UL A SEvinansTa
AELNTAAINNLASEA kazn1SAUIMAesEileudT i lud
wo-Auus Wy 1.15% st nsemunagessdeudslnlug
L-AUATANNYNABY UarauTalAIUINAILLAY UL
aaATendisumlanng q vusesalile

3. NAN15ILLALIITAINANITIVY

3.1 ywImingivessimiisusiu
598519A3INANTUIAAI 9 gnldlunisviunguuin
IngAvesimiizusu Tng ok gnAtuIadiyusi 9 (o) e
see§13A329NaY LLamé’f\‘igﬂﬁ 7 AUIATD9508517 AT
WNANYNIINAGIBIUIALALFUTINVBIAUT Tne Al
sos¥nisnnanilugfianiianusoveredrluungia
Fruvuvesiustesaldu r = 27 uy. fofuvuinsesdn
asenausmuniu a/rc U1nvessesd1n (crack mount)
11488 UURIATUAI19YDIAUI1 Lngduausessd (crack
front) 88l q = 0° wag 180° luvaiziisesdniinnudngagn
‘17‘1' q=90°
nA1sfisesalnfuaufudngaanfiuiiauin
FAUE9VOIRUI DK 71 g = 0° waz 180° Failvungendn
oK 71 q = 90° rﬁﬁLLamlugUﬁ 7 Tn8AULANATSIENING DK
7 q = 0° uay 180° Au DK 7 q=90° WiannTunLLIn
909598517 WoSeuflousening oK 7 q = 0° uay 180°
WUT1 0K 7 q = 0° FAunnnd1 oK 7 q = 180° 1fies 0.7
% \flosandl 0 = 0° ffuilumsvenesvessesdnides
Adfidaunds 0 = 180° vilwsesdad 0 = 0° faau-
Juussnnnin Kty ok 7 0° Fegnldlunisieuiioy
AITULSIUUBY 4 vessesiN
NNGEINaMEninIsLANENLUUEAnE AT S8y
Juinvessesdafiaunsaiinnisvenesaliainaise
LUUI9TOU AB30837ll oK Wiy AKs TnenasInnis
ATIR AR ese deudsInludledwmus wuii se
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$179u1A 2 1wy, 38 a/r, = 0.07 dwaliiiin oK uinni
AKen 71 0 = 0° Fegnunsaaguledn sesdnaunsaiinnis
Yereimla WevuningAvesiudisududu 2 uu. Geses
$12UUIAFINANNTUVEIEFINAILNUL O = 0° NEUAIWIAUS
AU 9 tilosanlusuuisdu o Gansdan oK doenin AKe,
o A a = ) v o & '
Aenuandlugun 8 Fuduguansnnnuduiussening ok
flurWINTe8313 a/rc 1 0 = 0° Uaz 0 = 90°

3.2 YUINYIUTIUNAIFTNTOUNIMTSUALINGH
119991NANLARUS IR U TS UAUINGH (critical
initial flaw) ﬁ‘uumqa LATANAININTLYLNINNATNT
Bududngd TuuSafanuduiyuingandiniuau
a’ < q’
AsINAsIUagULUasvuatduNsIUaguLUaIUIALUY

€z
AV 75%)
0.00080
0.00040
0.00020
0.00009
-0.00050
-0.00200

G; (MPa)

(Bvg 75%)
154 .65

150.00
B o000

0.00
-50.00
-150.00
-T65.21

wanain Fa3endn usamanadin (plastic zone) 81
yunvesUInunatadnidnuin eisufuruinves
Al wazuLIAveITINsal A1 DK Auvgunamansns
waninuuudangulBaidu (linear-elastic fracture
mechanics) ausaldesursanugunsivesimiluses
Fourunuressald dadu auduioudia (von Mises
stress w30 5,) MU mdEuFuAngAYLIA 2 1y, gn
Aurafiesedouislnludiodiuud wansfe Uil 9
Uhaumaadniiuingesin (g = 0° uag 180°) Svuneilvgy
91 vinunanaAniinaiudngsan (g = 90° uiiaa
wanafniiuinses$fluunn 0.31 uw. Gedvwiadnnin
AT maSuAUINgR uarIUIATRI

JUN 5 M3NsEaeved (1) ANATEALAZ (2) AVIHALAINLLIUNLYEITeIa N 54E1 THuNsWontuy Wesuwssgdn Inedwmdeydun
AafumisresninA AR
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0.0008 ————
0.0006 |
0.0004 |
0.0002 |

Normal strain in Z-direction

of E

[ ¢ 3
-0.0002F © o E
3 o o-* ]
-0.0004 [-ene-*-* 3
: €p ® experiment ]
-0.00065— — FEM E
00008+ v L1 L 1 ]
250  -200  -150  -100 -50 0

Load (kN)

FUN 6 AnuduiusseinausafinsiiuAUASEANIULLILNLYDS
319500 54E1 ANTUNSLTBNTUIY

Fatfuen oK mamguinamansnisuaninuuudangu
\aLdu (linear-elastic fracture mechanics) @1115al%
BFUIUANUTULTIVB M wazansaldiuevwIningd
yawhniBudulusesdonrunuvesdls

900

/—a
00
30_' L I R
L alr, = 0.39 ]
— 20\_’/5
g C ]
8 15¢ 3
Z 10f====== ==
o — ———
5F =

t a/r.=0.02
0'. P IR S S T RS S S S RSN S ST
180 135 90 45 0

crack front position (degree, q)
— alr;=0.02 (a=0.5mm) — a/r;=0.19 (a=5mm)
— alr¢=0.04(@a=1mm) — a/r,=0.30(a=8mm)
— alhe=007(@=2mm) — ajr,=0.39 (a=10.5mm)

JUN 7 AritdeiiUsenauAidiYeInuALIveuYedsess1IAI
WNAUYIAA 9 VUTeT0lN 60E1

4. #3UNAN13IY

muﬁaﬁﬁﬁmsmmm%ﬂqﬁﬁuaqﬁmﬁﬁuéfﬂusaaL%'au—
YUINUVDITTOIN AENgunamIanInIskANAn wuy
Banguiiady Tnsvuavewind Wuswiningfvesdnd
Sud 1ile 0K > DK AN DK Yesimiififidnwnziuuses
$psasnangndnaiiossouislnludiediuud nad
IansnsoagUlawsdl

L] aanugndfesvesseideuislnludieduudgniudu
fren1suiniuLAseaiildannn1sAIuIaLdedalae
WU uAuUAMULASEAULSINTENINNITNAFOUNISHA 4
0 nasaeaflnudenAdDafy Fatu N1sAIuINEIY
seifouilnluiieduudanunsalimuinniuAu uag oK
Uinasmillusesideurunuvessasalls

[] ¢ oK fifndnudrsvesiusisdivunngendt ok finam
angagn \Wo91NN1INTITUANUAUARGIGATIUTLIURY

Y 9

TUANVBIAUTI AIULANF95EIING DK NRIAIUA1IVD

L e

-

AUTUAETIAUENGIER WiLLnTuRTLIATDITe83T
A1 DK FlUSMAIRuA1110AUTe > DKy Lo uiliFusy
Fngadvundu 2 undedamalisosindanunsavetsdh
ndmilisuduils

[] UsnanataRnfidindisuduingdfiauiadnnin

o

yunvesi miliEuduAngA uazvunnvesstessiudfy
i anuBgrunamansnsuaninuuudavgudadudu
9349 wag oK au1nldesuneaAuTULsIveIrInll Lay
annsaliviuesrnningivesdmitudulusesideuyy
1Muree3ld wafiléiduusyloviseranisivnisdiu
ArnssuszuUe nsaunsaldidunuimislunisgeniig
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JUN 8 MiidefUsznoUANTNYRIRINLAUYBITEE T
vusesall 60E1

S,
(MPa)

(Avg: 75%)
Plastic zone

y
+3.800e+02
+2.850e+02
+1.900e+02
+9.500e+01
+0.000e+00

(3)
JUN 9 NInTEEvRIAINAuIRUTaUU LML INg R
(1) Muntnveesesd (2) U1nsewsni wag (3) MNARYBITEE51Y

5. Anfnssuuszne

o w

nuideillasunisaduayuain (1) dnauniside

a

WA (2) UMIAINYIFUFITUANENS (3) AMLAAINTTUAE

= o
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UNANED

nuAeiAnyImslvavestsiuausladea fsdumisvedduia 07, 30°, 607, 90°, 120° uay 150° THlUsunsuddagy
madunamansvedlualiafiuan OpenFOAM fiarsanluguuuvassiin Tnsasuiisunanissiassfunsvaaesassiien
iséluadifnues winfu 4.32x 10° Ineilinguszasivesnuideiiiediasinisivavesenna fimsandausutaz A
Y0301 ATTLURAR IR uenntuddei e nnussans st aiuaudiefinsindemsinathsewuuusiu
A9 wm'm'wé’uﬂss%wémqﬁmL%qaaméﬁmqﬁuﬁﬁwLmu'q 0°, 30°, 60°, 120° war 150° Wiewlsuiufsiuauitlaifinnsinse
Foandluathses eglsfiniu fisumisluin 90° Wushunmisfieduusyansussdnanas Tnsnan1sieseiiiliasdud
wusiildlunseenuuuiiewaundsiuaslvidiussavsameely

AanAny: Asiuanwuuelaiied, Ussdvisnn, Yemnsluainges, namansvodlvaieriuin, OpenFOAM

Abstract

This paper studies the flow over Savonius wind turbine at the angle of turbine blade of 0°, 30°, 60°, 90°, 120°
and 150°. The study was using the commercial Computational Fluid Dynamics (CFD) program, OpenFOAM, and
conducted in a 2D domain. The numerical and experimental results were compared for validation at the Reynolds
number of 4.32x 10°. The propose is to numerically simulate the behavior of airflow though turbine blade including
pressure contour and velocity streamline. Moreover, the present study is to show the effect of the Savonius wind
turbine with curved guide vanes on the performance. The results show that the turbine with the curved guide
vanes has a higher torque coefficient compared to conventional rotors at the 0°, 30°, 60°, 120° and 150° positions
except 90°. Those obtained results will be used as parameters to design for improvement the performance of
Savonius wind turbine.

Keywords: Savonius wind turbine, Performance, Guide vane, Computational Fluid Dynamics, OpenFOAM
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1. Ui

favtuanuvusludeaduiuivauuuafs gussves
Tuinilanwagaaested (S) nann1svineuvesisiuau
sinilie Usnagunihveduiniidnvas i ldwihmiig
Suay vazfivsnadundsluiaidnuazlasnivi i
nsEuay dleenaluaruluinaziiaussiurililuie
N Fefldnnniussdnuennie uanmnﬁ?ufgm@iwuan
f’fﬁﬁuauGufmﬁsﬁ’dmmsa%’uaﬂé’nﬂﬁﬂma?ﬁnmqmﬂﬁ’qﬁu
auwwueuTiSuauldfiadien, auisaseuvestaiuaus
ulviussdngs wasdsefuidssvaldausi Jequdey
i lUlFludanmsineasinszanunsaasialaiewassinga
aghalsAimuiaiuiuvausliuaiiuseansamidaie s
15 % (The Renewable Energy Website, 2017) vinlsla
Duiteudefisufuusansamidwesiaiualugau
ﬂﬁﬁv‘iﬂé’qaqmﬁa 59 % (Watson, 2017) 335Anuneg18
diulszansnmidslunansds wu msﬂ%’mﬂ?augﬂiw
Tuiafsu nionsAndatoamicluatinges (ileifiy
Uszawﬁmwmiﬁwwﬂﬁqﬁu \Juiu (Roy & Saha, 2013)

nsAnstemslwatihges wie Guide vane [uAENS
wildlunsifinyszansnmidsvesteiuay Tnggdoani
Inathseadugunsaidmiuidsauuiianisesenianeu
wnlugaluiaiewuan (Altan et al., 2008; Mohamed
et al., 2011; Altan & Atilgan, 2010) U 2008 Altan et al.
(2008) lavinn1snnassinteIn1elnati o LUUBHLS B
nssifufefuangiluisasuinaiugiu (Conventional
rotor) $9UIU 2 WHU 7iA2817 45 LURLUAT LAz 52
WwuRLNg Juvestesdlvaisesiigniasgiine 30° fs
60° ward 0° fa 30° dounlud 2010 Altan and Atilgan
(2010) lovnAndusavsussdndlofinnsindereamidlva
Y1309 fidunusluie 0°, 45°, 60° way 90° I 2011
Mohamed et al. (2011) Roy and Saha (2013) la@nen
FaanalnaihsesuussulnednaenIsuyuveiaiulag
THTUsun5H ANSYS Lilemanssazsuasgamisbnaii
soaffukuLnuisuaulussuuiin x way y egnelsiny
INATATIBNASNUINLARNITANFUTTOUL VDI
aunuudlvaiiinisfnsstemnduayiseuuusiunse
oduamiesianiaisaindy fedudaiinnsdne
aussauzvestsiuauLuue L doaiiinisandagomia
iwaﬁﬂémgﬂéwSuﬁmmm%’uaﬂﬁmﬁﬂmq ALEIUNID
iludniseanwuulasiadisvestemisivaiiseuay

Tunvesneiuanuvugnlnfdealviaussausuay
UsyAvEnimmaduemenamanigetuld

n13AnwINTsinavesenARIuf uaNwu ULy
aluguuvy 2 33 1udifoufuegraunsvas (Mohamed
et al., 2011; Hayashi et al., 2005; Wang et al., 2012;
Menet & Rezende, 201 3; Blackwell et al., 1977;
Kacprzak et al., 2013; Chaiworapuek & Saengswarng,
2015) lnganwagn1ss1asenisinavesennidculuia
Aavi wuau 2 Uszinnde 13eafinermans (Static) uway
Fanarans (Dynamic) Tnewaiildarnnistiaseiluids
atnermans unsiasvdadulsyansuseda (Torque
coefficient, Cr) Wisuriusiunidluinuagmyuly 1 souUfl
yuene 9 vrinisiiasieiludanamans tunis
AnszviaduUsEansnas (Power coefficient, Cp) 1igu
fusnsrdruanudansluiaiisuiuanusaa (Tip
speed ratio, TSR)

1nUITeTNILL N1331ae9nsInareseInIARIY
feruanglanflealaeldlusunsudnsagy finasld
wuusraesaududiunazuuusiassvouLundnyy
upna1eniuly Tul 2011 Mohamed et al. (2011) lsidenly
WUUSIaeeuLRAWAYY (square domain) wWisuifieu
WuUsaesm Ut Iubuy k-w SST, standard k-€ way
k-E realizable Ing@ouiisunanun1sNAaDIYee Hayashi
et al. (2005) Fal4lUswnsa ANSYS-Fluent wuinduuse
An5ids (C) vesuuudrassnuiutiu k-€ realizable
TndiAsafunsnaaesniign dewn U 2012 Wang et al.
(2012) AiaszviernienaranivesluiafaiuaLLLIR
dleasuwlasmnudiay lnedenlduuusiassveuian
13 (Semi cycle domain) 3y wuudrassmudutau
WuU k-€ realizable Tnel4 Tusunsu Fluent wudnnisuiia
AMuSaNi A duUsEansussdn (Torque coefficient,
ct) fdgetu egslsfnuaunyuaudundsluinid
Usunandfisguituiu siesn U 2013 Manet and Rezende
(2013) la@nwinnsinavesenniAaruiuane1lile
auuuiily Taelduuusiassaarududou kw ssT
W3suLisussninsuuusiansvouLundindsuunay
LUUINADIBUIALAY SINDIER UL UNANITINaIi U
nAaaives Blackwell et al. (1977) wuinArdudszans
uss0ndsating (Cr) vpaluudnassvaulunlAsiATlnalAe
Aun1sneassads ludifeaiu Kacprzak et al. (2013)
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denlduuusiansweuundindsunaz Luus1aedn
Putunuy k-w SST Inel4lusunsy ANSYS-CFX nuin
Sousuguiweduinlifidnvas Jurianss denalvidy
Useansnnds (C) vasnsiudarganitluingusieund
Tnglanzegreduflednsdruanuiitarsluinszning
0.2-0.4. ¥ 2015 Chaiworapuek and Saengswarng (2015)
ladnwinsuanuuug lufleawuvaindlagldlusunsy
Fluent donlduuusrasweuwniindey nsaauiiieuna
AUN151AaB9933 (Blackwell et al., 1977) wW3suiiunu
wuusaesnnudulauuuy k-€ RNG, standard k-€ uaz
k-€ realizable wui1 standard k-€ Tviadudse@nsuseln
(C) iﬂﬁLﬁﬂqﬁ’UﬂﬁwmaNMﬂﬁqm
INNANIAENEITIRIULT warnansvaslnaideriuan
ANNANITa I UNNSIUNEa YT NS InavesaslnakIu
Fawuauldog1audug (Roy & Saha, 2013) 1iled
LUUSIa0IMeFIuABnAdn SN auLdaz il
warnansvaslradaiunaniuniediotiseonuuuii
aufifluszansamuazdanuiudrgalneilidesains
FUIUNINAADUDS (Anderson, 1995; Versteeg &
Malalasekera, 1995) Tnganuideiildidonld OpenFOAM
Fadunsuas (freeware) YANRILIAIENIY CHt s‘z’iqpﬂ%’mu
arunsadnlulduazimunlan (code) n1elalassasia
TWsunsuliegedassuagiininugavgu (OpenCFD, 2011)
nuATeaulednudviuausladeadadnerans
Tuguuuu 2 fRitefinsandulszandussdn Adums
Tusim 0°, 30°, 60°, 90°, 120° wag 150° LAYANNUA LTV
iﬁaagﬂuam’azmﬁ (Steady), 9asialaila (Incompressible)
wazldsziTauisluludiegy (Finite Volume) laufszuy
aun1smelusunsudusagumeinunamansueslvaids
AU OpenFOAM TagiasauuuuTNanimmsAdnaans
YoULURAIALY (Square domain) WaTOULLALAY (Semi
cycle domain) saudsiansanuuusiassenuduthusuy
k-w SST wag standard k-€ %aﬁﬁwizﬁm%umﬁmsgﬂ
AULNBUANNLUUEIAUNITNAaDIR3S (Blackwell et al.,
1977) fianséluaniuiues (Reynolds number, Re)
Wiy 4.32x 10° LuUSIasImeadinmansimunzauay
gninluldiuenisinaveseniaruiaiuaugilalea
dlefanilasadtemisivatseuuuniuléa nginssu
nslnavesemauarAduusdvsusadnazgniasie
LﬁaLﬂuLLUQWNINﬂWSaaﬂLLUUU%Uﬂ§Q‘lJS$§W%ﬂ’]W
Suszansusedavestatuaueladvasioly

2. @un1sineadeg

N1TATUIUN AT UNAA1EAASVD I RALTIATUIU VDS
wuusraesauiuvau (Turbulence Model) adinas
WannuiioUssnamadanandusluas nsUszanae
yosatauAussluanuessaziuusassauulou
dndusosldaunisdssnu (Transport Equation)
LUUS1aDId@8IdNN15 (Two Equation Model) ¥ u
WUUSIaesfiflann1snsarIugIuIL 2 auns [16) Tu
ASeieensuas OpenFOAM fin1ssiassdesaunis fe

LUUI1899 Standard k-€ haguud1aed k- w SST

2.1 uyud1aesnutiuay Standard k-&

wuuSeesiidugiuuuiiuguiignuesuuuiaesan
Jutau k-g gninauslag Launder wa Spalding [17]
Wuwvudrassanududiuidenlduinlugnaivnssy
iesanlsiruwivdgausldinalunsduntios uas
anunsauszendldlunulssendnieiiuiainssuvediva
Ivannviane uuudiaes ke iunuudiassnraiutu 2
auns Usgneusng aunismsiadeuiivemdsnuaatives
anuiutu (k) uazaunisnsindeudivesdnsinisanas
vasaaiiuliu (e) faunsil (1-4) (Loksupapuiboon &
Suvanjumrat, 2020; Suvanjumrat, 2018)

dpk . TR u
—o +div(pkl) = div ((U—i) v- k> + 20,Si;* Sij —

o W
% + div(pel) = div ((%) v 5) O 2uSy
&€
82
Sij - CzP? 2)
kZ
He = pCM? )
Sij = (axj + 6Xi> “

Tned ﬁﬁmﬁ&hﬂ"’] Us2naunaY o,, g, Ci, C; wag C, dAn
fi. 1.00, 1.30, 1.44, 1.92 way 0.09 mUa9U

2.2 uyuiiaesnuthida k- w SST

Menter (1993) U1L@u® k- W Shear Stress Transport
TAa1nAIsHAILIANNLUUTIaD9989 Wilcox (1994) Tae
WuUs1a99 k- w tHunvusiassarudulou 2 aunis
Usznousie dun1snisiadeuiivemdsuaatasininy
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Hudau (K waraun1snIsedeuiinesdnsnisanadves
AMudutiu (W) A9aun159 (5-7) (Loksupapuiboon &
Suvanjumrat, 2020)

a(pk)
at

+ div(pkD) = div [(# + ;‘—;) Vk] + 20U+ Sij —

2 . 09U, *
gpka—XjSij—[? pkw (5)

(pw)
ot
ok 9 2 om,
£ __w+)’<2p5ij “Sij —gpngfsij) - Bpw?

WOy, 0X) 0Xk
(6)

+ div(pwl) = div [(u + ﬁ) Vw] +

g

_ aq pk
He = max(alw, /ZsijsijFZ) (7)

Taed A1pafieng 9 Useneuse gy, B, o, v, 8and Oy,
danAe 1.0, 0.09, 2.0, 0.44, 0.083 way 1.17 AUAGU

2.3 MIuIERIauYsyansusin

rnaltesuiildanmsiiasesinislvavesesdlvade
msldnaransvedlvaleiuinne nsnsyaneaus,
MINSTABANILTY wa dnwaizn1snaveswesine T
danalanansamuinsiulsauls wu mduusyans
w330 (Torque coefficient, Cr) Fanansluaunisii 8 Tag
ﬁhLLiﬂﬁiﬁiﬂumsa%ﬁaLmﬁmgﬂﬁwmmmﬂmmmﬁuﬁ
nsyiAuluie

Ts

Cr=—->"—
T ™ 05pU2RA

(8)
A a a v v W P a
e T, AeuseUnvedluindviuauligniadeuas
Pruldluniseuim s U Asanuidauisudu A #o
Nuna1evadlunnniuay way R AasAlvaslunanaiuay

2.4 A1 NTIFONYIAIMINUAG INAB OUTIBITOURAY

AsINTideveAANAaIAAA DU IdDLaRY
(Root Mean Squared Error : RMSE) {J1337in153nen
mwmmmﬂﬁammummgm Fedouldiungraunsuany
feaunsit 9 lunsTamanuusiugranndsnst Seen
RMSE #ilgdeniey wansilumadildazdinnnuusiugiunn

RMSE =\/("-1‘Y1)2+--+(an_Yn)2 9)

n

lag?fl RMSE  AaANs1nideduasfInnuAInLAaoy
Mdeaeuade, n Aeduudeyaily, a AvAn1snaaes
939 Uag y AsAINlAINNNITIUIY

3. sudeaultiveanaLa

sruvaun1sgnuialeseiieuisinludiequ (Finite
volume) Tngl#lusunsu OpenFOAM fvunlvivedlvasy
Tuannzasiuazsadalils Tawuvestiyvgnudsesniiu
waldn 9 SruauannuaziuaduUsing 9ligemudnans
VoA (Cell center) ﬁaﬁ?umﬁeuawaqL.wiamaawgﬂm
1Ay 119 Interpolation mﬁﬂ"mmgnﬁmumiﬁ@}%uﬁam
Anudsfuvesdoyaiiliainnsdananuiuas
A uFUd 0.00001 Fn15F1uTlY scheme wuy
second order upwind karludaUv99n15ATEAY
(Diffusion terms) A1sualdu Central difference Tunns
AU 1N1IARUAFIUTDINITAIUIN pressure-velocity
coupling vJu SIMPLE discretization algorithm Vo9
wngaufumslvailsifuiunm

4. FBnsaniusuive

4.1 YmlaygUT NI

uITeElFaeuLisunadneifunisnaasiasve s
Blackwell et al. (1977) fisms1dau s/d Ao 0.15 %ﬂﬁg‘diﬁa
LLUUﬁwaaﬂUﬁmﬁaLLamsLugiJﬁ 1 Tngladnwinisluaves
omaiuluindivigails Ssluinvhyudiuuuais (6) 7 0°,
30°, 60°, 90°, 120° waz 150°MnualienIAdAI1uUS 7
wassieduil wazldiisunsudisagumeinunamansaes

lual¥aa1uru OpenFOAM Tunisdnaesnislve @9
adunr1e quasnaiuaulauanslun1sen 1

UM 1 Aviuauwuumldeadisdumis © = 0°
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A15197 1 ualuipvesisiuauLuusl s

9azden UN@Eiaaung)
wusugudnansvedluiin, D 1000
wusugudnanswedasluiia, d 525
ANUNUIYBIIURR, t 1
sveziboasluiie, s 78.8
Augevasluin, H 1000

4.2 Iwuuazsaulyvay
nsfvualamuduanduguil 2 s8e8reRINge
AUGNANSLUNADIVDUATUTIY VBUATUUUBALIDU

u
12 '

A1UA1Y A5z8ein1AU 15D kagszern19a1Ingn
AugnateianigeanaIunds dszeziviaiu 30D lu
wuudaesfifiveundidey (Square Domain) Vil
seuzinianyagudnansluinfavaumuuy Augie
WaEAIUYIT LAY 15D kATIEeE1199INYA
Augna1efian1eeanauva dszevivindu 300 Tu
LuUsaesfiflaoulunlde (Semicycle Domain)
(Shaheen et al., 2015; Mohamed, 2011)

/ ‘Wall
Velocity inlet
15D
Wall Pressure outlet
Wind — D73 b
direction
Interior
5D
Wall
(n)
/ Wall
Velocity inlet
isp Wall
- 30D Pressure outlet
Wind — ¥ /

direction
Interior

Wall
()
JUR 2 wuudiaesguina (n) veuLmAmEey (Square domain) (1)
YoulunlAg (Semi cycle domain)

nsfruadeuluA1veuLn (boundary condition)
yoswuuaesiludvasunasdulas Tnsveuwnsudny
Tummunltdu Velocity inlet Seimualiiamiaan
WINAU 7 LASABIUNN, VBULUAATUUULALATUANY
Muualidu Wall, sauiwnnisesnivualidu Pressure
outlet fidnvinfu 0 Undana Favifuainuiuusseinie
wugiinisimuaieuluaiveuien (boundary condition)
voausnaluin Tngluinvestaruaudummuelddunds
(Wall) flan1zlaidulaa (No slip) wazranauduuendsiu
frvusvaulwalndy Interior Lilouansdiserniaauise
TnanufafulazifionUsengaanisadianda vlwns
afrnsaniglursnanvinalndluindaiiuavidunas
Yauzfinsansusnisnaufiviislnaanluiadanuaziden
A1 dmiuniadlilunsdnandugunsaaumasy
(Triangular elements) ﬁﬂLLamﬂugUﬁ 3

e interior

3UN 3 msfvuneulvAveuveslurin

Tneusnafivesluiaioildadmda samuslien
y+ T edsiaTosnin 11.63 (Versteeg & Malalasekera,
2007) Wislwdudafntinslrauuusiudeu lneradoves
y+ fifafaiuilde 10 Fauandluzud 4 Insaunisit 10
LansNSALIAINNSTURduYenisluadafunts (y+)

+ =2 |Tw
yr=2 B (10

Tnofl y, Aoszogrinaanusvesgadoyaneluwai
FafuRINeiY, v A Auntanains(dynamic viscosity),
T,, A9AULAULADUVDINIY (wall shear stress), p AD
ANUNUILUUTDIvDIlua (fluid density) (Suvanjumrat,
2017)
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JUN 4 mvedeyauinarRdluindaiuay

4.3 N139TINTOUNANTENUYIA IV IMULYDIN3A (Grid
independence check)

dwfuniaildluntsdiuand dlnismdiuiuge
Toya (Node) fumnzay ilefiarsannindaszlnglsaing
maedeyalsivenuiu ilelitigndundesas il
$raoamslvaannsnildiunasudugiiian Tunuide
il#nsramevlasfinrsannisivavesernadisumidusio
30 9aen MvuslALads y+ AU 10 wagtiindiuauge
Fayanigluranau@uuenieiv) Ilianuvuiwiuuin
Gﬁuimwmaauﬁaﬁ’wmquﬁagaﬁu’wm 5 @1 fAa 107,224
128,444 168,136 200,000 way 248,878 wui1 AduUTY
andussn (Cy) dAwviriy 0.059, 0.0977, 0.1304, 0.1282
uaz 0.1361 mudiu fauansluguil 5

nnsAnwinuitnanisiuialunsdiigadoya
WU 168,136 He1duUsedniussdng1991ndnuiuge
S?J’aaﬂaﬁaﬂﬂﬁﬁuﬁaﬁ 200,000 way 248,878 Uszunad 3 %
Tnowuimdusyavsussdnsiuunliunsiuasindifs i
Fogndeyauntu dduuitediadenldanindden
ﬁasﬁqm Ao 168,136 unsiAsIzvNanaly

0.5 1 1.5 2 25 3 3.5
Node %10°

3U# 5 Mamdwugateyaiiivuigas

4.4 MISANYINANTENUDINYDIN NI 1T UUAIAS
Adeludwd Anwdiuausludeadiosinisinga

TAseas1evestaenisiuatiisesiuunsulAe ddnwauzluy

uHufifiaumun 2 faduns 119U 4 g (Chong et al,,

2012) Taeffunisvesuiasuruanunsfudaing.
Taesevluinfaivauuuunldea fauandlugud 6 ves
Ashratnsesuuundulavintisnszidounislnaves
mﬂ'mriauvﬁ"lﬁyuﬁmwuaﬂuﬁmﬁ’nﬁuau lagf1uuale
firnsvednseuaaundnsenisindstenisivatiies e
winiu 30° wazyuBesvaatesndlvainsodnuuuiulAg
Taviniu 45° Tnegdeamaluaisesunaguauilininuen?
2000 fadiuns wazdinaugs 333.33 faduns Andu
nTEIULEULAY (Vh) Wiy 6

N 7 ~
~ N //
e - .’&
. /_\ /> \
e [ IS
‘ —> |> e |
Wind / J
direction AN /
. /
N P

(@)
UM 6 lassaddosaluaisesuuunulAsindslnesauiaiuay
yldlyadisumis 0°

5. HAN15INADILALIAIITNE

5.1 MsaOUTIEUAIINGNHDIYEIYYTIABIR I
A1duUszansusedn (Torque coefficient, Ct) 204
Feuandildannnisdruiandsdnavlaeldlusunsy
OpenFOAM gniUIguLiigufiun1Inaaesved Blackwell
et al. (1977) Adunisvaslusinvmznyulaoviyuiy
wuaRis 0°, 30°, 60°, 90°, 120° uay 150° Fanansluguil 7
wuiiaduuszansussdnvesisiuauvesuusiasiniy
Juau standard k-€ wag k-w SST ﬁﬁgﬂsﬁwamw
Avdsy (Square domain) LagvauLanlAY (Semi cycle
domain) fArduuszansusedavestatuaudléainnis
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Muwradaiaviialndidssiunadilaannnisveass
(Blackwell et al., 1977) wagnuldudululufidnia
W UNUNANI531889984 (Shaheen et al,, 2015)

U 7 ilefiansanludiuns 0%, 30°, 60° uag 150°
MsyueNavesmdnUssansusslndanlnalAesiu lnedl
ANFINIINTNARBIDIY M15797 3 LAn9A RMSE Fauans
AAuAaIRAAeuUSBUTBURUNSNAaDI93 wuLile
fia1safluuusiasd standard k-€ waz WUUSIA8Y k-w
SST wavaslauvaulundindsuiial RMSE dasndn
Youlnlds vausfitnfinnsanilamureundivasy uas
YBULUALAY NATBILUUIIABY standard k-E A1 RMSE
Houni1uuusIany k-w SST 91nuadils wuusiass
standard k-€ veulundinasy fadlndlAssiunismaass
939u7niign uennduiiiefiansandidiunis 90° uag
120° @1 RMSE fisi1uvus 90° wag 120° Luusiasg
standard k-€ veuadmasy dalndAestunisvaass
93uNnnILUUTIae By Fatunuddedsadenld
LUUSIaes standard k-€ veulwadimasy lunsiasiz
waresureiiuanuuue i doaiiefind e mnsluati
soauuuLKulAraly

A15199 3 A1 RMSE Aildannnissiaes

o

Turbulence
RMSE at
Domain model RMSE
90° and 120°
Square k w SST 0.148 0.091
k epsilon 0.096 0.070
Semi k w SST 0.156 0.127
cycle k epsilon 0.113 0.078
g
— =% — Experimen
09F| % quare dortnain k-w SST ‘é
O  square domain k-¢
0.8 O semi cycle domain k-w SST
A Semi cycle domain k-¢
= L 2= kw P
SO % e AEN g
E 0.6 JE @ S @
E 05 /X/ \X\
© L /A By
5 04y 7 N
So . \\
0.2% f// @ \%
0.1 \\\\ %’
VAN
! o
60

80 100 120 140 160 180
Angle (0)

UM 7 Adudseansusednvosuuudnaasuuusing 4 Wisuileuriy
NaN1INAaDIa33 (Blackwell et al., 1977)

5.2 mswSsuiisusasusue luideaiiuas luinsiass
NI B DRE R ITIGE,

U7 8 uansrdussavsusadavesiaiuauuuuel
Wealefndetomidluatndesuuuunulae wazan
Fudszansusednvedluinvesiaiuauuuulifinnsing
Yoamalvatnges Inglduuudians standard k-€ vouLun
Awdoy Mnnieeiteyanisiafesmdluatindos
WUULKUTAS fisumus 0°, 30°, 60°, 120°, 150° uay 180°
anunsaiiuAduysyavsussOaliiusaruanld vasdine
wth 90° ArdudseavisussDndsanndinnanas

1 w 54
0.9} |~ B~ Without guide vanes
77 With guide vanes /m\
N
0.8 loN
’
0.7 / AN
o / \
= I \
$ 06
g /
£ W / N,
© 0.5 / \ w
2 N
(] d N
04t ¥ %
= 0.3+ /
iy * g
Ry / 4
0.2F s W
Tl
0.1
0 . L L . 1
0 20 40 60 80 100 120 140 160 180
Angle (8)

3UN 8 Ardulsgavsuselnvesiwiuauuuunluiediofnn
oA B UUUNULAT

NavefautnsAndatemnslnathse U ULHLIAS
wazdsiuiilifnnsindedomisluatises Iigninun
W3 ULguLasIAILRNITNILANUAMUAU SNWULATS
Tnaveo1ne wazAdulsvansusada daeluil

5.2.1 HanNAIUGUYIL 0 lUNe FUne 0° ey 90°

Ul 9 uansdanisiuTeuifisunisnszareaudui
vinailuianasnaiiueivestuinlusUvesnanig
ALY (Pressure difference) Wloliifinsansagemn
Tnathses uariinisindsweamsluatises Afums 0°
waz 90° Taadisauwnys 0° Wusundsfianduuszans
usadntiAfiatuiiofamromidlnatides saeiidums
90° L¥usunisiiAduussansusdnilanaaiionng
Yoamsluatinges

gﬂﬁ 9(n) LLamﬁﬁmamﬁl‘wamaammmﬁ'aﬁ’ﬂﬁua&ujﬁ
AUTLS 0° WAZAINAAINANUALUTINAUIUAZATIYY
fiansannaenANEIALLLITiANIsRIa1nns lrandn
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Tnanudrlusiadiunt1 (Advancing blade) dsaglu
ALAUITUBNAINNTEURAUNSNAATNAAIIANAY (dP)
Aoutrensiinaonniueluie iedndeuazlifnds
daeneluatisesuuulds Taedid1aglugae 40-50 Pa
yaugluinnsundy (Returning blade) Baslndunumsul
Amai1aANRugIndauUateluin Lasnai1eruny
sadluiiniiefndstemnslnatnseauuulds ﬁﬁwqaﬂd%ﬁa
lifivesmslvariseslunnsumis nefidnfiuduais 9
Pa nuasInadlefinsaINaTINYDIAWARIAILGY
fitnfeiureduinduniiuagluianygunduiifinnshings
Foamdluatses Sawnnninnindeiuildldaadwomia
Tnatnges danaliusidafiniuuniy Adulseans
usadnTafiugstu

Tuguil 9() uansiirmaenislvavesenmeiiorsiuey
Feuma 90° wazAHaRIImLTLUS AR U e A
yuvadluiln R1sanaenAeInULLITiAnIenIsiva
wan wudluiavunau (Returning blade) Aas1eAIL
suvadluiailefinsinnagosmsluatidesdiadosnia
nsladfindadoandluyniumis Tnefiedesassyana
26 Pa Inguinauagluinfidnadsauiutiosfign
YourfiluRnduny (Advancing blade) nam13a1UdY
yosfafurout1dlndifeiy fiszes x/d 52m39 0.1 8
0.4 iiefnrauarlifindstemiluatises waziilofinsan
svay x/d Wiy 0 Aluieduniiuagmundunuii ns
Ansstosmaluairfesiilinainannuduanas angui
9(1) WU ATV WaRIIAUFUTR e dluie
fumthuagluiamunduiiinsiedeomnatdes &
Atfesninfsruiliflafnsaresmislnatinges denald
usedafiintutionas Arduuszaniusednvasnisinga
Joaluatisesiedinanas

— Advancing blade

e

- ¥~ Returning blade

60

50 ®
e ® = E g
4ok o & 0
s & @
8 30
&
e
£ 20F
S
e
=1
ﬁ 10 °
a O  Advanced blade w/o guide vane
0. O O Returning blade w/o guide vane
B Advanced blade w/ guide vane
@  Returning blade w/ guide vane
-10P
20 . . . . . . . )
-0.4 -0.3 -0.2 0.1 0 0.1 0.2 0.3 0.4
y/id
(n)
Y
—
Returning blade
—

—
X
—
— \
- Advancing blade
40
[0  Returning blade w/o guide vane
O Advanced blade w/o guide vane
30 B Returning blade w/ guide vane
@  Advanced blade w/ guide vane
— o o (@)
o
z
8 101
2 ] O
2
o}
= 0
3 ® 9
o ™ L [ ] O
@ -10
@ ] [}
: o e
-20 - L
]
-30 1
D
0.4 -0.3 0.2 -0.1 0 0.1 0.2 0.3 0.4

x/d

(@)
FUN 9 MIns¥AIEANNGL (Pressure distributions) MRIluA (n)
Fuvs 0° (1) siumus 90°

5.2.2 M1305¥91AIAU

g‘dﬁ' 10 WAAINANITNTEI1EAINUAY (Pressure
contour) wese1nel Weitsuanlifinariinisfindeoamng
Tnathseauuuusiulas Adundwosluiaviyuiuuuiis
fim 0%, 30°, 60°, 90°, 120° uay 150° Mud1dy Ineuanar
AMUAUBINIARELUYINTENIN 47.5 Unaaia fe - 17.6
Urama
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Afumisluiia 0° waz 30° mnufuLIHATUIIves
luingsnuni (Advanced blade) wags1umnia 120° uag
150° ARuRUUSIAR UL Iveluinuyunau (Retuming
blade) tAnAusugafuudnmniie vasiidumislusin
60° wag 90° ANAUUIIMA1UYuYesluianyundy
amelnaugngiiinenudugaduuinuuay

dlefnmsdoimnaluatisesmuinusnadunives
Foansluathsesnawdrfviuiaanudugaduuiion
e vaziidloonaluariufeivauuasiingromila
Y130IAMUNSUANAINFTUAT TisIunLe 90°, 120°, 150°
dloRnsareamdluatiisosmnnuiuuinadiuives
Iuﬁmé’wuuﬁwﬁmqmiwLﬁ@lﬁiﬁﬂé\y’waqmﬂwaﬁwiaq

v
o

v
a o

UM 10 mInszngauiuveseIMAiofinsanfiswmisluiie 6 9 (n) Lifiarsesnslvatisesuundulde (1) Andsiesndluatinses
WUUHUTA
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5.2.3 anwalgnslvaveseine

E‘Uﬁ 11 uansdunszuanisinalugvuuuninusy
(Velocity streamline) v8¢01n1¢ Lilofsiuaulifinagd
nsAntemiluathsssuuusiulds Adumiwesluin
nyuduuuifafe 00, 30° 60°, 90°, 120° uaz 150°
n1ua1eu tnsuansriausIeIniaglugiasendng 11
WATABIUT 09 — 0.012 LWATADIUYI

SUT 11(n) Fisummis 90°, 120° uae 150° A1asIgeam
Aatuuinameuuenvedluia ediAunnniy

mm@aamé’ﬂagj 1.57 wh aeiigums 0°, 30°, 60°
wag 150° WuUIHN5IaIuYeIeINAUSLIUAUNA T UNA
fdnwuztdulwssonaa (Separation bubble) Fa1du
U3nafionealasseuldanunsalwadiluld wiidefinns
Annsgomsluatinges G‘fmam’[,ugﬂﬁ 11(9) wuanlnss
amafaualngulaglvauusnadundomislna
Yrgasiisunis 0%, 30° uay 60° InssenATiAnsIuna
doamluatirseauandiiug deamsluatiisesaiunsa
Inszideunisiviavesennielug
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5.2.4 anuauiusaugu nslvauas Ct
dloomalwadusnzuirluinausivesenmeaz
anadlndides 0 uasdoiudl 1iugangnis nie
Stagnation point FaLugeifinisiasuainwdsauaa
vosormaduusaiunszyiiuluiaviladanudiues
dioldfinnsindetomluatiises wuindudssans
ussDadalndifssdufisnuns 0° waz 30° Tagennidlva
WUgngUsnuIveslunasurtvibilinau A
a9 vaugisnundslusindauvyuiudmallusialiananse
aausdaldografuiidesnaumuiudundaiuns
vy Aidumis 60° enalvai g uiinasuiives
Tuitasumidudanusuligaslodefisududumis o°
uag 30° vnugAdundsluiadionnanyuaudniosviili
Anusadny denalifidunisililaunsoadraussOnls
pgaLfud duUszansusedaiediian agrelefiny
é’mﬂisﬁm%uiqﬁﬂﬁmqqqmLﬁaﬁ’aﬁua@;ﬁﬁwLmu'q 120°
a1nmalraitiuinaduiveduinnyundu vinlviia
AMUAUABUTE YuiReniuusaiundsluialidagy
suainty dalifiadulsaviusdngdign
dlefinsfindsemslaiiises fisumis 0°, 30° uay
60° wuadllnseorniAvunlug Ina1uuI I UATUNE S
Fowmnslvatides Tasdoamnslvaridesldtuauiinguind
Luilvdamaneadranssdavaduie Soladamdudszans
usadaufiady fisuns 120° uag 150° Usinglnsseine
yurmdnigrulunazdrundivssdomisinatises
Wity Tnsesruasluinias siuntsaunsodua
16 vlfussduiiAnninaeinmasunddmwationss
Tuiin Aussdnvosiunsdizafiuiu Tnoansfisums
150° fArduuseaniusedaiintuedadniau vl
Forsandidumia 90° Fadusumiaioriiaduussans
ussdnilaranas nuiinlnseinafidemisinathses
vinalndluialunatediunus wginssunisinavas
omadnunsiamalrituiiusnauiaaudui il
Tuialsianansnasrausedalsogaduiiidesaniinaumsu
udunsvyuvesluin shlsfldduussansussdnanas
fndsuanuuuldfntesmsluatiises

6. ayUNan1sAn

NM591809N15InaveeIN1AN U LaN L dua LUy
2lusin gnA1uIMdIBTe$HLIF OpenFOAM Fa1Ty
Fa5ULITNIEAIUNAAER SRl NaLTNA U INLT B UA Y
AW C+ waglaifianavavSendniuag gminasuiiien
FunsMaaesass [10] Wiefinnsanaduusyavsussdnds
afind vodluiialeviyuifunniadl 0%, 30°, 60°, 90°, 120°
war 150° tnetdenlduuusiassarnududauuuy
Standard k-€ veulwndudssluiiaseinislnavesenne
iloRndemslnathsasuuuiulfs nansiUdouiiou
nsliaveseniafifinisindademislnatsouaslad
nsAnsetemdluatihdes nuinisindetemidluaii
SosuUUINUTA AN safiumduUsansussdndaan gl
astuldideifieusudsfuaunuulddinnsfndedo misla
W99 Tidunus 0°, 30°, 60°, 120° uay 150° aedlsfinnu
Fsumisluin 90° Wusumiaieafiadulszansusadn
anas mﬂwqaﬂismmﬂwamaqmmmﬁa@méﬁy’wmmﬂm
Yr3eeuuuldenudn msinmsdeimisluatisestieda
suifpunisluavesernialditulasaunyuiuuiin
sumddluin Sreludsingivinudundsteamadlvati
soauny vldaduuszaniussdatianfiudy urlnse
pInArLInLEnTiAnduuTuduyLLAsF 1L e
Fosmslnathsesfivdnalndluinsiusuay fwavilien
FuUseandussOnanas seunisesnuuuremidluati
soawuulAsiinunzay szdrsanusutalnsiennid
Tnotanzlusumdluia 90° IWiuseansawRudule
fetoyataggmirlulflunsiiesimardussanaids
(Power coefficient, Cp) tilal4lun15UsuUsauazns
ponuuuteslratsesltiusyansnmeeld

7. AnRnssuUsEN@

YBURUANUIEATIA AaTUAALlYA LasuI8DITANUS
iy MeiusIvsndeyauidenssll
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unAnge
NnuIteldngUussasAiiefnwinisifenidaaniuuuuniuTansinswinseninevafidounaunaenveuds 2024 fu

1
' P a

6061 Fasetnaivuinanumuvesevaiitien ¢ fadiums aanune 50 fadiuns wazAue1? 100 Tadiums tnenis
Ainszilassadsganmanazautiivana neldanuismudon 710 1000 uaz 1400 seusiewil warAIASAAUTON
40 80 wag 112 Tadlumsreundl wan1svaaeanui annznmaideudeamuuuuniuiiafgn fanudmyudondl 1000
sousioun? mnuFufudend 112 fadwnsieundl Felmeudumunssiaazanuudigegelutinauuni wi
190.4 MPa ua 137.0 HV auddu uenanillassainsmilansinewossosdeudidnuassendondinhadeldnnui
vauLTengq

Adfsy: nadendeaniuwuuniu evglilleavaenuds Taseadisgania

Abstract

The purpose of this research was to study friction stir welding of dissimilar materials, that is the semi-solid
2024 and 6061 aluminum alloy. The dimensions of aluminium alloy were 4 mm in thickness, 50 mm in width and
100 mm in length. The analysis of the microstructure and mechanical properties was carried out with the rotation
speed of 710, 1000 and 1400 rpm and the welding speed of 40, 80 and 112 mm/min. The research results indicated
that the rotation speed of 1000 rpm and welding speed of 112 mm/min were condition most suitable to friction
stir welding. The tensile strength and ultimate hardness in the stirred zone were found to be 190.4 MPa and 137
HV, respectively. In addition, an investigation of metallurgical structure of the weld revealed that the welded joint

became wider when using a high rotation speed.

Keywords: Friction Stir Welding, Aluminium Semi-Solid Casting, Microstructure
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1. UM

N9 deudeAnIuLUUAIY (Friction Stir Welding :
Fsw) fidefuazdeléussuninssuiunmsienluaniiy
NADUAYAY LYY ﬁmm%@uﬁeﬁ"mmwaauazmmaq
FamililsiiAngnguniosesunnlunuandon lsitfinnison
fvosuunden Taudanisldgunsallunisidouiidesndy
Wudy dedunisideudsaniunuuniudenatoidu
nsrUIuM TN zaunndmiunsidentanlnsians
%Q‘ﬁLﬁauﬁﬁmmmﬁmmmmﬁqqn L 2024 6061
7075 1{usiu (Ericsson & Sandstrém, 2003) el uiy
nMsideunuurasazansudIUTnALAN UL ARTY
Tugreeanuiiion iesrnainudeusinusadoaniu
nelvilinn1suuszuandsveaunsu anuseuanusuden
muvenadesdleidoututandouvilviAansuyuioves
Tassa$romddavginendulumuuunnmsmuvounisade
meldmsfiwesnsideuveedediodon (Uuaziiiu)
(Lockwood et al., 2002) Iﬂﬁaa%ﬁmaﬂwmaﬂ%yua’mﬁﬁhu
nsideuduaniunuuniuasLan sl iudsauusiond
wansafy Wesann mmm%‘smmaﬂaﬁqmmLLmL%au
Ao USauwuinau (Stir Zone; S7) Udhiaifiinanssnusy
vieauisrnaa1udouniena (Thermo Mechanical
Affected Zone : TMAZ) wazusLIunNI¥NUsou (Heat
Affected Zone : HAZ) US1aas SZ (duftudidivafiuves
ww3asiioidouniu ﬁ‘fl’;ﬂﬂTﬁLﬂ§SULLﬁaQEUf1ﬂm@ﬂLﬂiuQﬂ
Lazn15SnwInuseuusiauunien Tnaaluas
Usenausieinsusindaiuend (Equiaxed Grains) fifunn
LﬁaamﬂmimﬂmﬁnimjﬁuaqmsuﬁLﬁugmmuﬁﬁwammﬂ
ANuSeuInLsudsanuin i uunkazdunsuy
agidon vinaeginiu Sz WUy TMAZ uinaiAnans
L‘U?iauufdaaﬁummsuammm%aumaﬂaasiwaquum
fawddnaglilasunalaensalunisnanionisnyueas
wissfloifeudithfiu wiadesdiodoudivndouidina
nsznuldlasnsaiominanuessndsunislusuiion
U3 TMAZ insuagziiansudiuanns wuieaiu
USa SZ ualdiiissnediazslmannisenndnlndves
w5y uennileannuiiaa TMAZ luusiiaiilay
nanszNUINAMLSouRdIsdiusnaBnusnaniids
Uinailavlaunsnserinveedesiletieudiudoudiwa
AsEMUaNNAMLSBUUAY (Sun31 VS HAZ 9ina1n
A1stuatisuleanltusauusSIndlIulvateuna
wn3esilaidon (Lockwood et al., 2002; Ali et al., 2006;

Booth et al., 2007; Golestaneh et al., 2009; Shusheng
et al., 2006) uaﬂmﬂﬁgﬂéwﬁuaniaaL%amﬁlﬂuﬁﬂwmmﬂ
uwnuAienauduUuresiuiiseni o axlisvayving
sEMInumuAienatesaiianevidow futuuay
anasfildfsduagfumafimesvasnisiden Ao A
Fudounaranuimyudon dwmalilassaiaude
Wenfunelduuaden (Kishnan, 2002) Jadesing q ves
M9 doulAsANIULUUNIY 19U ALEmyuden (R)
A uAuden (V) wsananuuunuaiosie sUnse
isndinvesiafiu n1sdesesmusanisaiiodon saud
arudnlunaniesileidenadluitiotan Wudu defidma
NIENURBNITZTUIUNIT FSW vIuna1sdadenig q i
A muidennaza i uAudon Wuassladunis
Foudid Ay iianiidsninasoauiouainusadsanu
dwadonunmvedlasaimdanginguazaudinig
ﬂa‘UENLLu’JL%EJaJ (Kanwer et al., 2010; Zhang et al., 2012)

argiitilun AA2024 uaz AA6061 ldiuagaunsvaiy
lugnannssunsiu anamnIsueTUEUR LAz gnaINTIX
magia Tudiuresnsurisuavdiundesfivdeya n1s
Foustetanassiiniiddiefudoiduanufiimeosig
wils 1ileaanmsdsundasuensdusznaumaiaiiuay
aulUinieanaveslaniiy (Heidarzadeh et al., 2012;
Amancio-Filho et al., 2008; Babu et al., 2011)
Tuefnnisiieunuuvasuazatsveesgiidouilyl
wiloufuifuiosfidriuin wagdirldornuin Fedy
n3gUIUN1s FSW 3elasuarufisuduegisunsnany
dmiunsidoutansein neldmdnnsaranvesniny
Souisningumginasuazasvesiandey Tneflnuide
AounthilfAeafunszuaunisiden FSW gy NEANTIY
Tassaganianazandinisnavesnmaideudsaniunu
wuugavesiuergiileumasiaweudsinsuia SSM2024
WAy SSM6061 wu1 lasaasnaganiAusiaaiunu (Stir
Pin Zone; SpZ) AUaINv0IRINULAANITUIZA 1 UN U
Fagaosvdaduguuvuauuaats (lamellan) Ainan
nsuiAufeulagnisidganiuvesiniesiioldon
(Boonchouytan et al., 2017) nsluauazlasasiegania
fAedostumadoudsaniuuuuniuvesezgiiion
2024 fuezgiiilen 6061 wuin MIUABLLUADLATY
Anannnisanadnuuulawiin fudunalnvesnisiden
EOANIULUUNIU AIEN1INSUYUIUTERNIUEIsaLIULA
Faanfirmensnyuveardosiioilon Fslidnvaziingne
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funszuaniiu (Ying et al., 1999) n1sAne gy
Rerfulassaiiganianazantinisnavesnisifonidon
munuunuitansasielulanswauozgfiidon 2024-
T351 wag 6056-T4 Wui1 n1stnavesianiisuiuuaius
a1 1ilosanandinienafidisiuvesaessianinnis
naunauiuluuIan SZ dwaliaiunieavesiagien
A9 NMTUANTINYOINITNARBUAIATIF LI UL IR UAATY
flu3Laas TMAZ (Amancio-Filho et al., 2009) n15ANw
Aeafunsideudsaniunuuniuvesnisidenlans AA
2024 uaz AA 6061 wudn Ut HAZ insulaiiinisudssy
0173 esnifuuinaildfunansznuiies Tuvuei
UTL TMAZ 1ian1sudsguanisvesnsuegiauintu
YBULIAYDUNTUTTNING VT TMAZ Auuiiam SZ 3
\Ananmsaudeuluseninanszuaunisien (Sadeesh
et al, 2014) ussln gaumgll wazn1snseteauLlaly
nMsidoudanuuvuniuiandsiiasening 6061-T6
uag 2014-T6 wud ussdafiinaniaiesdloiendmarie
nafinturesgumgiiuagnisinaruvedlave namie e
Buduanudmsudounniudsalfilusadafivuntu
Lﬁmmat.ﬁwﬁumaaqmmﬁiummzﬁﬁmﬂ%u WaLLAANIS
Wasuuasteslassaineuing Sz nsnniu (Caroline
et al,, 2013) NUITeRINa1ITIlUTNITNaIDIHEIY
Weafunisideudsaniuuuuniuezgiidounden
Youda5EnIng 2024 uaz 6061

fadunAdeadsditnguizasdiiiednudadoidsns
naronIsidsuulasdnvaznislangineg (assaing
WNA Wazgan1a) Lazaudivniang (A1AUAIunILLSe
f1 waganuuda) vessesideusionssuitniadomden
mukvunITagsrdalianzauiun1ngnaInn sy
moly

2. 789 aunsal WAZNITUIUNITIVY

Tavzezgfifloamasmaonaveauds (Aluminum Casting
Semi Solid Metal; SSM) 2024 fiu 6061 fiHun15UaesH
(Squeeze Casting) Tngdldrunaun1ualivesiannaass
(¥ovarlngmiin) uanadinsneit 1 uavilieudumy
LsfsvesTagmaaes wanafsn3ei 2 thianludade
\AaudesaenILLLIUeY BiFe Chenlong 3 CS - 230
LazyiIn1sUSUTU AT UIURI8LAS DR AR ST e
HELLER 3u 25 T¥fauinai1ue13 x A3uni1e x A3y
W1 @9 100 x 50 x 4 fadwns Inefidnwaznisineduny
\ieldeuravy meﬁqgﬂﬁ 1

A19199 1 drunaumaeiivesiannaaes (fesavlaeumiin)

Element SSM 2024 | SSM 6061
Cr 0.1 0.2
Cu a4 0.3
Fe 0.5 0.7
Mg 1.5 1.0
Mn 0.6 0.2
Si 0.5 0.6
Ti 0.2 0.2
Zn 0.3 03
Al 91.9 96.5

A15199 2 AIANUFAIUNTULTIRIRYTANNARDY

Aluminium SSM 2024 | SSM 6061

Tensile Strength (MPa) 260.9 164.0
Yield Strength (MPa) 208.7 131.2
Elongation (%) 9.5 3.9

\n3esilodoundnaintanumanndiaiosile tnsa SKD
11 fdnuaugiiudundenaumdonmmun Suunadu
H1uAuENa19vesiIfiu (Pin) 5 Taduns A11ue17 3.2
fadiuns wazdvuraduniuaudnansvesuiniu
(Shoulder) 20 fa@iuns LLamé’{qgﬂﬁ 2

msﬂisqmﬁﬁwm%aﬁ’mm&u’qmﬂum%qL%mﬁam
MULUUNU Favgdesduliedesileidoudeing 3
e fuRavthdunaans n1suuasutededldlunis
vieaes Ao A vyudon (Rotation Speed) & 3 se4iy
A 710 1000 wag 1400 SaUMBWIN (rpm) LazAIULEL
\Auidon (Welding Speed) 1 3 52U Ao 40 80 uag 112
fadwasoud (mm/min) Msduatuau uazn1sduda
\n3esilevesnisidesdenniuuuuniy (Friction Stir
Welding : FSW) szvhnsSudnTusu 2 Fufinfufuwriu
sostununiofinaed lnedudafinivesintulfzauves
\m3psiauuIRade waauddutule (Step Clamp) N5
naasstnuslfiedosdiaidounyuag fufinasiunaaos
\ndouil uazimuali exgfiflounauvaensveuds 6061
ogiunsstufufianianisnyuveaasosiioidon
(Retreating Side : RS) wazevaiiounannaonsvouds

2024 agduifigafuiuiiAn1an1vyuveAIaiialioy
(Advancing Side : AS)
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Retreating Side

Rotation

Speed \n

Welding Speed

Advancing Side

UIN3u
JUN 2 Anvauzinteslallauvesniidunsall

milfzjaﬂuwﬂ 9 msmaaﬂumiwamLaammmwu
U LLammsUw 3 Uszneudetunou (n) Dewadesiinli
mwuwgumuLsummwmmummsﬁawmﬁuml’ﬂu
Hadeidon (1) Mnduaesvirfiuasivluio Tan aunseis
1Jmamaqﬁ’aﬁugﬂaaﬂaa"LULLazﬁwmué’mﬁaﬁU%umuL%u
Tusveranudn 1 fadwns antufvusliedesiiodey
YU B Fumisiifuszezioan 30 Judt WeliAnnis
azananufoulunudeuviliianiinnsseuiuasiin
nswedeuiilnaiuseu 4 Wil (A) Wudoudieinusy
Wudeudimnualilutadedou ludunoutiaziianis
iaué’waﬁaqﬁu’a 3 ila (3) Lﬁaéuqmeuawaa%umm%m
Tinganisidudeudsinualy aandudounisen
w3esdloounanansosdey Iﬁmul,ﬂ'%'aaﬁal,%mu o
fumbsiidusvevinan 30 Junt dielknisdeamuiitie
mﬂm%‘laqﬁaﬁauﬁ’ﬁa@mammﬁ dlepsunanfidmue
Jewnedesdiedonsenainuuiden Wusuasatunounis
Feoudsamunuumusenilsasoidon

() FaRuUNLU

(1) Auaanisiou
3UT 3 JuppunisifesdavnunuunIy

(M) WUTBNAIN

1 2 3 2
Rdtreating|Side pSM 60 E
r

Stir Zone
N
5

Adivancing|Side pSM 20:H£_l

nswedentusudmiunsisaeulaseadne 9nTuey
WBouaFaudihandnnauuuivnefusesiden uansisgy
7l 4 TneFunudnd (1) Wudmiduduuasdugauuiion
szfudnuiisnfidly Tunudnd (2) dawdazinsdadio
T lUsnsna@eUANALEIUNIULT IR wasTuIuEILT
) ihlunsaeaeuautanislansineuieglassadne
wnnna 139Es9gania LasvageauAILLd MsRELTY
nadouLiensrvaeulasasLnAIA 1A5983199a01A Uay
NAdUAMULT T trTunaaeUFaES LA TunnS
vdefeten Epoxy Resin Tndensyatemsetiues 80
320 400 600 800 1000 Laz 1500 AINAIFUNITIENI DY
Tathlnaniu Wedndensyaensigauiantvesiu
nadauisEuLd Nasednrannlagldnsegiuivuin 0.5
3.0uay 0.1 lulAsiums miudidu w@Sauarinluna
sunsanatansiluiian 10 3u9 wartrlunsiageu
lassafamalangIng1seiuunnIAkazan1a AIuNaes
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AMSNAFDUANULD é’wm'%lawmaaummLL%&LLU‘U%
Lﬂai su Zwick / Roell ZHU naUsnaiuiivihdavesses
o 5wEJu‘VIN‘UE]\‘1§@EJﬂﬂLLGlawﬁ]® 1 fiaduwns usenaiild
100 n3y wazianluni1sna 10 U9 fiuniaveenis
wmaauuamﬁagﬂﬁ 5

a o ' <
3‘1]14 5 OLNUINITNANAADUAINULLUY

nsimdsudunageuainudunIuLsii g
Fidunstuguieeiestanuds Wldvuaniumnsgu
ASTM E8M tinfusumageuiitusuuduaialunnasud
AMUAIUNIULTIFS FelnToamndouslunUsEasAT
gamgiivies Ingldrusalunisis 1 Tadwnssewd

3. NANSNAABILAZAATIZIHE

3.1 lassgsrumnInvessoeiion

é’ﬂwmxﬁaﬁmuwaﬁaaL%amﬁmmul,l,wmui’aq
thﬁmvmwa“aﬁLﬁamawa'aﬁwam%a 2024 Ay
6061 memww 6 'ami%wmamsmmaauaﬂwmum
muuwaaiamﬁuau wm'] U3nafmtsesdouinnis
naufufinvessesiouseruLazUSINAIua1 BT oY
Weuiln1sduaniia Linusesueniilivszautuvessoy
o Lwia]zLﬁﬂgu%nmﬁ;mf?;uqmaﬁaaL“?‘iaué’mﬁmmmﬂ
Uangsiiu uregrelsimudnumueianinauuuressey
L%auﬁmﬂmﬁamuﬁiau 1400 s0URBUNT AARIVIVTE
fineruninnitainusmyuiion 7050useunT U
FnuazvesiamivessesidouiivgusyliiFeundieiu
ndnUaniuaiistuiinuiduiuiden 160 Jadwnsde
wnit ity LﬁamwmﬂmwL%’amgul,%auqﬂwumzﬁ
Anusufudongs ilvgungifasauluuundondl
\osweSuiliiAntuazauvedlans dwmaliimiises
\Foudmuuguse

Rotation
Speed
(rpm)

Welding
Speed
(mm/min)

710

40

80

112

1000

40

80

112

1400

40

Surfaces of Welded

B s »

RS  SSM 6061 7

T K m A

P /}ﬂvr’{_'/‘.///v

Y RV

80

112

FAS : SSM 2024

3U# 6 Snvauziimvidnuuuvessesiion

Naresuan University Engineering Journal, Vol.15, No.2, July-December 2020, pp. 34-46

38




NUEJ

Naresuan University
Engineering Journal

3.2 lnsaasreganavinaudelansiiu

Tnssaamavinaniolonsiy evglidounaundo
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dnwuzeunaudeiosiuiivla ALCu Fungusouwa a-
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U

3.3 lnseas19umn Auas 98N 1AYeIsoToN
Tassaaunaiauazganiavesnisidendeamiuiuy
muassinsvinszinsoraiifounamaoiaveuds 2024
ffu 6061 Aimruniavsuidion 710 1000 uag 1400 soUsHe
Uil uansdsgui 9-11 Tassaiiaumana wudn Uhases
\Fouiiuszuneuludie U SZ unal TMAZ U3iin
HAZ wazu3a BM lilfideunniada q iistuiusoaidon
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TaduNnANIATIATI99A0IA WU N1THUTIUD1ITVRS
LATUUSLIAL SZ AUUSI TMAZ §A218WANA19AUNNA
NA1IAD LATUUSLIBY SZ LARIINNISLELANIULUUNIUYDY
indesfleideniivhfiulasnse ViR ufeuazausjadi
aiﬁm?iaﬂamam%au Tnefludnainmureuniosioden
Jusavauninudeulusesidoy mﬂﬂmﬂgmimmman
¥linsuluusnaiinuasBoniuuniuninusn
TMAZ E,‘NNa‘VI’ﬂ,VTﬂWﬂ’J’mLL‘UﬂﬂJﬂ’uﬂﬂV}E}ﬂLM@LVIBUﬂUIULLGI
azuUsIBINISL e uaﬂmm‘fﬁnmﬂﬁ 9-11 Afanui
LNSUUSLIN SZ :uﬂﬂswa:ummuaumamammaawwﬁwﬂg
Lﬂu"vumamaﬂamwmau ImamwamammifmLLmLf’Uau
vosunuludnuaerevy wsauﬂuuumimuﬂmawaq
i3esfioideudidunistanisass deudenaliiinns
mauwmumauﬁai’amﬁy’aaawﬁwéhaﬁmfluashaﬁ Jodunm
anUsens LuamemmLi’muumaumﬂmuwﬂmnmmi
UiymuﬂuaqLﬂiumaaqsmmmaﬁuu naMAe mummﬂi
gﬂmaisummsumaawmamamﬂuamwmLﬁmmmu
Snwnrnisdeuriufuvesinsusisansiluiniy uay

Naresuan University Engineering Journal, Vol.15, No.2, July-December 2020, pp. 34-46 39



NUEJ

Naresuan University
Engineering Journal

vonantududiulddnitnnuniisvesnsuuii Sz 1 AelAnauseuiiinunniulusesdonusnutouluds
anunianntu Adudnvurdududonnandvinaves  insuiilfiAnnisuussunsedeiies dawavinli
mm%auazauﬁq«ﬁué’wmamﬁ’awé’qmumm W3ty S7 flmnunfaiiusnniunaludng
Lﬂ%‘IENfIE]L“?JIE]SHJ’Iﬂﬂ’]iLﬁﬁJ%WUENﬂ’J’I@JL%’m&gm%au dana

Retreating'Side . Advancing’ Silels
SSM 6061 : !

Intérface-SSM 2024

o SN 606
Jatermixing of SSM 6061 A

and 'SSM 2024 in SZ
Interface SSM 6061

in-JTMAZ

UAZ
LHLZ Intermixing of SSM 6061 SS5M 2024

SSM 6061 and:SSM 2024 i3 SZ

Onion Ring Pattern

Wefarsandadelouduanudufudon 40 80 uaz  way C 93U 9 USaiuil A was B anidudnwazvasihn
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U3aas BM wagluguil 9(a) finnnuiniuiien 112
Nadunssowd anansaiunsadududu o veadleinsu

Retreating Side

SSM 6061

Intermixing of SSM 6061
“and SSM 2024 in TMAZ

Intermixing of SSM 6061

Yanaeslaegdnaudadidnvazadneiuiureiiney
(Onion Ring Pattern) (Chen & Cui, 2008)
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TMAZ

1 SSM: 6061

() AISUAUTDL 40 Tadnseaui

SSM 7075

vointermixing of SSM 6061

“and SSM 7075.in SZ

Retreating Side

() AMLSIAUTEN 80 TadnTeaud
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Wulddniy nanie nsvenevesusia SZ finnunina
AN TuuNBvEwalUS s TMAZ 1nnnindiy wenannin

USauiiud B vesvisguil 10(n) - 10(R) AAAUNSHALNAY
vouilolanezgiiiileuniasy (Intermixing) Loz uriy

< .:4' ' = £ o v & A
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(Shen et al., 2005; Goncalo et al., 2017) fnudnmsiie
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A LﬂduLﬁmﬁuﬁwu%’aﬂ%ﬂﬁﬁmmL%muﬁau 1000
sousoundl AnusuAuden 112 fadlunsdoundl 6
ArufunuLsIRanfigadanniiaalunisvaassadal
A 190.4 MPa

(nterlocking:SSM

6061 and SSM2024

and SSM-2024 in'SZ

SSM 6064

o

S\ 6061

=

SSMELOTS,

inixing/interlocking of
S 6061 arid SSM 2024 in'SZ
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—

JUT 11 dhwaglassahamnauazlasiadinanievessesidendininudmyudion 1400 seusewdl
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JUnsemzve (Interlocking) Iuamasmmﬁamuﬁauﬁaz
liroerintunniin Suiosnanammarinimyuiey
AFuAulY i liliAnnuouaranlusosidonuinin
Uszneufumsszuigesnainuundoniitn dewaliingy
\Aansuussuuuulians dwaanusingmsaifananivi
TautAnsnadudnnuiunulssiedosigauiu
nanfe HansMAgEUAAINFUNULIRITIgndtien
fignlumanaassade Ao 127.2 MPa finTanfmuwidon
1000 soUsiUNT ArIISuAUTeN 80 Tladiasseundi

3.4 lpsead 799a017A Scanning Electron Microscope
(SEM) voesoeiTon

Tasea¥19ganinvessoiouningls Scanning
Electron Microscope (SEM) wasssiiay ﬁﬂamﬁ’gmgu
\Woudl 1,000 seusieuni wazaIIuAuTon 112
fadmnsrewil uansiaguil 12 wudiluuin Sz fins
UszanufiuvesTagiaesedataausuilosnnaindvina
vosthadunsifenidoanu uazmsiinszilasaiiesg
\A3OIIATITN (Energy Dispersive X-ray Spectrometer :
EDX) WUU Mapping ¥04308Ldou uansfsguil 13
AuduiusiuresdiunauLaivesiagmaasy ez
NNINTEIUAIVDITINTANDU (Si) ‘Luﬁaasqﬁﬂsu SSM
6061 LHiuN15NTEA18FIBI5 I MeIAs (Cu) Tuiile

vqililon SSM 2024

SSM 6061

| SSM 2024

250pm

3UM 12 laseasnaganinvessesideunnang Scanning Electron
Microscope (SEM) wassoeidion fienuisamyuiiondl 1,000
sousiaw?l uazanuduAwden 112 fadwnsdewit

Cu Kol

2505m

UM 13 MTlnTeilaseasiwnelnadding1e EDX wuy
Mapping U835981T9Y

3.5 ARG IINIUISIFaveITEToN
mmmé”mmmmﬁqiaaﬁauazg&ﬁamawzﬂ'ﬁq
909 2024 FU 6061 [ HuAaAveITINNA 3 TU 12
F10819 LanIRInIgIei 3 LLazLLamﬁagUﬁ 14 uanean
AFUNLLSSRsgsanveusazladunsion

A15197 3 ANAIUFTUNIULSIPITRELT D

Rotation Welding Tensile Yield Elongation

Speed Speed Strength | Strength (%)
(rpm) (mm/min) (MPa) (MPa)

710 40 1374 114.3 3.8
80 179.7 147.7 2.9
112 162.6 129.7 3.1
1000 40 136.9 108.4 a3
80 127.2 107.7 2.1
112 190.4 156.7 3.7
1400 40 144.1 119.7 55
80 130.2 109.7 3.9
112 138.7 94.1 1.5
Base SSM 2024 260.9 208.7 9.5
Base SSM 6061 164.0 131.2 3.9
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gnnIu (Stir Zone : SZ7) Faflarruudaiafu 118 HY
50989NAe TJunadeuitieudienuEuAudeni 40
fladmsaew?t fauudavindu 106 HV uavdunaaeud
Weudeanusuaununiound 80 fadiunsdeund &
AuLdsioaniiu 86 HV
ﬂ'ﬂmmLL%W@@@SL%@MMW@JL%muﬁiau 1,000
soamewnd AuLERUEoN 40 80 uax 112 fadlunsme
Rl meé’qgﬂﬁ 17 wu31 AuLd et unnaoud
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137 HV s09a9unAe Tunnaeufideudisniudfiudon
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nedeuidousernuiniudou 40 fadwasdeund 8
Audsiapgniniu 111 HV
ﬂ'ﬁmmuﬁjwaaiaUL%auﬁmmL%muL%au 1,400 59U
Aot AuEaAuLdeu 40 80 wax 112 fadlunsreuni
LLamﬁ’agU‘ﬁ 18 Wuin AL e stunaaeufinuE iy
\Foudt 112 Tedwnsdeundt fennuudsgean Tuuini
gnN2u (Stir Zone : SZ7) Fafimnuudeiiiv 112 HY
S09a9Ae TunaaeuRLTeudisauEuAudey 40
fadassound fanuudavindu 100 HY uavdunaaeui
Foudeanudniuden 80 fadwnsrewd danuuds
Worgawiniu 63 HV

150
Do oca
100 (w‘ H? II:H\H,)"QHT‘“ —e—T10/40
') —m— 710780
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Hardness (

50 g ﬁqﬁﬁfn
710/112

Distance of Weld (mm)
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100 i
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Distance of Weld (mm)

17 fpnuudsseaoniirnudmyudey 1,000 seusoundi
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VDT 6061 mﬂuuvﬁmmenﬂsuumammamnm TMAZ
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namateiuiu (Caroline et al., 2013) \esannusion 7
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(Hasan et al., 2019)
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ANANARY: NISHARLUVAY, BndTnal, Audnluds, Aunsenlulf
Abstract

With the effort of cost reduction, manufacturers attempted to be more automated. Some of them brought
automated equipment, such as robot arm, into production line but were unable to gain successful implementation
causing loss due to unused machine. The research is aimed to develop improvement steps based on activities
of lean manufacturing that brings continuous and productive production line. Six sigma activity with statistical
application brings production line to be less variability and more control enough for lean automation activity. The
last activity requires smooth operations of production control, equipment maintenance and raw materials. The
15-steps assure for the projects that follow will be successful. A case study is implemented on three production
processes, stamping, forming and piercing. Its result is the transformation into lean semi-automation processes

that cycle time is reduced by 55.1% and overall equipment effectiveness index is increased by 15.2%.

Keywords: Lean manufacturing, Six Sigma, Lean automation, Lean semi-automation
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1. Unii

Tun1suduasunszurunswaaiiduegliduuuy
Soluiffuntudsdsmalidununisudnanas Tseay
guanvnssuvaeuisldtegunsaivnnuuuusalu® Wy
yuguduruna wvimihiunuminaulunssuiunisudn
U wunadmiunisdon uwrunadmiunisuszneu 34
ApudslidnSadudulng nmsudeisdinadunuuiiu
wazgunssimant laildgnldeundeldouldogaalad
UszdnSnn neliAnanugesuan W

fngusrasdvosnuifeifessnuuudunounis
UuUganszuiunanan Tnsdunouasisududie Aanssu
nsUfuUTansanuuuaudarinlinssuiunisnand
Uszavsninuazlnaogisreiiles musnefanssudnddni
Fathadfiduntievinliudagnszuaunisdesiinig
wsUsauiuazaansoiaruansalidmal indnnai
poNININUARENITULNMITAMAMALTei e Ty
nsuaundolviiumsuTuUAsunszuaunsludu
wuvduslufAfidesnisienisdanisnisudniin nns
thyednwigunsaiuagziaiesdnsluanimmioulinuans
FTITNYAULALHEAHAINUABENTEUIUNTNDUNTA DY
agludammuniaie

Twided 2 IsiausuuAnuagnsmumulssanssy
fiflannafieatios vaded 3 thiaueuwdnduneu Aanssy
LUUAY Bnddnin uarAudnlu@ saded 4 InsdAnwd
Tssuuvinids 9ndulusated 5 1 Dunaite uazasuna
Aelundoi 6

2. hURARATIUIENNEIVD9

wwIRRYDIRINTIHIUNMIUSUUTINTEUIUNINER
grovun (Juldifleandunuarldielunsudalilduniian
LLU’Jﬁﬂ‘ﬁﬂzﬂa"]’JﬁdﬁaQ: 3 wnfalvgq A N15UTUUTINTS
NARLUUAY Indaniin warAusnluliA eaziFudusedeil
e Fasteluid

2.1 #wiln53m (Index) uazusugil
Tunnqnszuaumskdslulsssugaamnssuilan as
Tifudinanuansadifignsnisiuinnazanumuig
Wislaunu %waaqﬂiudauﬁﬁmﬂ%mu (Dennis, 2015;
Montgomery, 2013; LASI Trainers, 2020) éﬁﬁi@i‘dﬁ
Takt time Ao 8n519iduddosgnudniiiolfiviusie
AMUFBINISURINAT dmheidunaireniiedud

nawhauundgns
T'T= ————F (1)

FruauBuAfidoanis

Cycle time A naildlunsnansorhnusotuay
wiedu fnvrefuiian deazunndreduldlunday
NTEUIUNITNER

Lead time Ao szaviiaTlunssenedudn wdaind
fieldmnasdadudanduieteuiosud fmieduna

WIP (Work-In-Process) Aig WaRA M lUNTEUIUNT

nanfidiliiasaauysal vieduiawndsfioglunszuiuns

WM
WIP = Throughput rate X Lead time (2)

dlo Throughput rate fie Sasnsivavessiuiundn i
m'a‘wu'wL’Jawmﬂssmumiﬁ?uﬂ
UszAvdualnesinvann3eadng (Overall Equipment
Effectiveness; OFE) Ao @atauiildUsuananssauyaos
\3asinsildnan deUszneuluse 3 asiuszneu el

OEE = Availability X Performance rate
X Quality rate (3)
o Availability (nanUftRnuiifier) Aedndiuvesand
TolunsiAunoINan

(wm@um%’lm—wmﬁm%ﬁmmqm)
A= x 100 (4)

NaLAULATEN

#ou" Performance rate (Use@NSA1NN15LAULATEY) AD
FndruvananiaIasanusavinauls

aVINUENS
P=——x100 (5)

AU

o o

uaz Quality rate (8031AUAMN) A ARAIUNENTUANNAN
\A3ednIHERLE

Sruundnfsiiia
Q= — x 100 (6)

FIUIUHAN T UNTATDINARTI IV

M1 NUNINIFIUNEN (Standardized Work
Combination Table) fi® A131958YLIANULIATFIUVBN
AULAZIATBIANT)
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WHUQHWMTIN9Y (Yamazumi chart) D WHU iy
voanugesiinszilaeninaiu 1 au laslunnugiiay
wans Lt asmdnautiualunsuanvoudas
NILUIUNITNAN

fullinAuanusanszuIunIg (Process
capability; Cpp) A0 AIUENNNTAVBINTLUIUNNTNARLTLY
AuLenmun (Specification) ALAINITAVBINTZUIUATS
firausuld asiien Cpe = 1.33 Fuly

X—LSL USL—-X
e )

Cpr =min |\ ——

pk ( 3¢ 30
Part per million; PPM Aagns1d7uv0991u U0 9L8e

A9 1 4MUTU LU ANNENITOVOINTEUIUNTI Cppe = 2

agiFendunszuiuns 60 eilvauds 3.4 ppm wse 3.4

Tulu 1 vy

2.2 MUSUYFMITHARAIGULIANUUUAY
Wuuwdnsemadaiildidnnnugadouasanugy
\Wa1199nsyuIUnIsHER (Dennis, 2015; LASI Trainers,
2020) Gatiulufianua vienanth (Lead time) fidu
fign Tmfauinaiiuusinszuiunisedsdeiies (la
Fu) Taglaitiunisamulumeluladiugs uwigatunis
Usuugslasintnaudusduindoudfey wazsutiuns
Inavesnudumdn
2.2.1 AUENYMENSHAALUUAY

Junisniswdauuuiuaained (Just-n-Time)
Fananviensdswevudewesiifesnis lunanfiFeanis fe
F1unuiifiosnns Fasznoude

n) n1sivavesianuwuuds (Pull Method)
mnefe nswdndudiilefinnudeants inliiduay
Audasadan

%) dswdnsiuaudesluudazada (Small Lot Size
Production) #11884 N13AMUATUIAVBINITHENTINIY
tfoy yhlviiiAuAInEsI

A) Guﬁwmmqmymﬁw (Waste; Muda) Tunsuén 7
Usen1s baud nsudsunniuly nssense nsvuds
srognaiinnAuly nssuunIHEavIaUTEANEaw
nsiifanuieduiasadniulininiuaanudndu ns
wdoulmitlidniu uay vesdeiAnlunszuaunisuan

3) festimsdnaunanistnaluaianisnds laedn
Twsazvannfauiiniseauwiniu

%) 1dunszurunisidnisivanuudeldes lned
WIP viotilasiosfian
%) fiRanssumsuiulssedreiileaiioanaany
gaywan fiSeninAanssulady
2.2.2 MsNnaEuNsEannelulsnu arsazgnusu
138 (Level production) tiiaanadugads Tastanis
AuA1AIAa
223058 UIUNITHAALUULTEUTAIEAULE
(Autonomous process) LﬂuﬂizmumimamﬁgﬂaaﬂLLUU
Tiin1svisuwuungalafieanuies (Automatic stop
function) ileaianaz3nwigaamlsiilundnsasilumgn
Funouniswan
\n3osiefithuldlunsuuusauuudu anunsa
agUldlunsedt 1 Fadlelddidunisuiulsiensaiiles
fagaunsnanmuggdeuaranuagUaadlivdeiey
flan Aenssuivdesgfazindouszianiinuen (Value
added) wagliifinauen (Non-value added) usiganasiasdl

M1979% 1 ipsesiiolun1susulssuuuiiu

flanssu 13padle

N13PUALNIT | Value Stream Mapping, Work- In- Process,

W& Pull Operation, Production leveling, Mixed-
Model Scheduling, Small lot size, Inventory
Management

NITUIUNT Just-In-Time, Continuous production line,

nan Kanban, Pokayoke (Mistake-Proofing), Muda
& Waste reduction, Line Balancing,
Standardized Combination Work, Yamazumi
chart, Spargetti chart, Work Study, Visual
Control, Standard Work Instruction

ANl nsgUIUNsSHARLUUBlAlulf (Autonomous

ASTUIUNNS Processes), S¥UULILADULUUDALUNR LYu

Nan vaonld 3 & udsdeides 1Oudu szuu
A3V IUITR Y30 Mistake-Proofing

\ASDIINg n13USuU5e OEE, Muda & Waste reduction,
Karakuri, Single Minute Exchange of Dies
(SMED)

nsUTuUse A3NT34 Kaizen, A9NTIU QCC, AanIsu TPM,

EJEJ'NGiEJijEN 5d, QC 7 tools, Multi-Skilled Workforces
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2.39na9nsi (Six Sigma)

Aanssud@nddnida Suduainnisuiuussamuninlu
N3gUIUNITHANYRIUTENTulalsan andgoiusng
(Montgomery, 2013; Sony Corporation, 2000) Faflarw
wereihadfunlgluimsziuazdndulalunisundgm
warlddadimuneldnazuiunisfildunisuiudsed
AMNENNIATeINTEUIUNSTuBndTnin (cpy = 2.0)
%aﬁﬂuaﬂlﬁaaqﬁ 3.4 Fuan 1 &Y wie 3.4 ppm (Part
per million) wenniloannisldia3asiion1sada wuamnsg
LLﬁﬂzymﬁ"Lﬁgﬂ%’mmiéﬁmﬂummgmmumﬁ%ﬂ’1'3
DMAIC uaziliin3asdionisadduaznisdnnis Fauandly
a2 fdlusreasden fai

wwINauAUymANI DMAIC

2.3.1 Define (syydaym)

Hudupoulumslfiedesiiessydenietym
flaznvinlaseng deieaduidedifinansenugetu
ANUABINTVBIGNANYTOAINUABINTUBIUTEN

2.3.2 Measure (#730)

Hutuneulunisldiniesiioszynszuauns
raniiduwastidinvesiym uwaznsyuiunisuaniida
sadlutlom ndhilunszuiunisiluundsine ey
FriavioRinavauas (Response) deildaydnualidu v
asadildnaredy feainistaivdeya gnisnszany
Aade Andesvuiesgu Wisuifsuiudesmun
(Specification) §ufudfivzariouninuiduaie o
JaqUu (Baseline)

233 Analyze (WLA51%9)

Jumsszuiudsnetadeainnssuiunisndn
‘1‘7iLﬂul,ma'waa{]zy‘vnLLazﬁﬁdaui’mﬁu’wmﬁwaﬁaéfa
ADUAUDY sa1ﬂﬁ?Wﬁ%‘ﬂWiﬁLﬂummgmmmumﬁﬁa
Hadeildfunismuauudddgdneaiiu ¢ 1do
nszuIunsraneglunisauauudnliisnsnaifnie
w3esdieduglunslnseh fdndendadeiiinast1eBaen
(Critical factors) Semsazfidnnueguszanas 3-5 Jadeds
Ndgyanwadu x maﬂa%’aﬁmuauiﬁﬁg&wm uazazd
Hadeunadafidemaldntossonszuiunisisniendn
Aasunau (Noise) Baildydnue] v insesilonnsaddiilan
Wi lon A5eenNWUUNIINAaDY (Design of Experiment;

DOE) #aredndun1sAannseslade x Arguuiniaia
WAIINNITIATIEMESIEY 151ausaaguiadeiifinase
nszvIumslagldunuginszuiuns ipo lanRagui 1

C; Cy - C; duUsaruauld
Auusdase l l l .
X — _Andanunly
X wIanMUIA
—>
2 Process —> Y
Xn—>

I

Ny Ny -+ Ny suusaruaulild

UM 3 unugil IPO uansauduiusseninetadentoduds

2.3.4 Improve (U%’Uﬂjﬂﬁﬁ%w

Tudupoud \Junsmidsnsuitym wiedu
nsviadeulefiimuigay (Optimal Conditions) 1wl
Tiudade x fwsdecdmwalirmovaues v Aueted
Toddey Tunsdumedeuluiivianzay wdesflenada
flansiu ldun DOE nMswAnTimueau (Optimization)
Jugu venani eldileulafivunsaunds fanunsa
thuvinisdnass (Simulation) tegaaudululy sesn
n1sBusunanisvaass dioldnadnsfidulond3ares
inlUldlunszuaunswanais

2.3.5 Control (AuA)

Hadeiifinaetnebeen 3-5 Yadouardaianis
novaues Sududedléunismuaudanusailalngld
uugfinIuAs (Control charts) Lilaguasgnssioiilaady
ogtion 1-3 1eu Fefeldindunszuiunsimuauld

2.4 3unluslil (Lean Automation)
neauazli1dnszuIuNSUTUUTUUAUSRLULR (LASI

Trainers, 2020; Department of Industrial Promotion
and Denso International Asia, 2019) mi‘U%’U‘tJtiLLUUau
Lardnddndn AT lIANNEINNTAVBINTLUIUNITHEAR
duldanudmane vieuinnimngnin (cpr = 2.0)
mNgds wazaugyiUan Afundony
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= 4 A a a ea
7157199 2 insesilslufanssudnddnin

a a v o o a
715197 3 wialuladeelnududmsunszulunisuan

\JuRanssudilaifinaan (Non-value Added) Agariy
309905 1Judiulng mmmmmmqﬁyﬁaméwﬁ
n3TUIUNMHARIZgNYTANITeATneamalulad dal
nsldsyuveelamdu sudanslidumedidnuosasands
(Internet of Thing; loT) Woulgsduwusiu Fuilonuiaof
sggnidndefanssuladuegisdeiiios Inefigauszasd
gavnetdunsruaunimanilindanuazninnugua
toufian ssdUsznoUAg A mTUTTUUYIIINSASHAR
wuUsnludR laun

2.4.1 anugayde (loss) fdpuilestupiosdng

Fuddfailandudessansualassinves
\A3093n5 (Overall Equipment Effectiveness; OEE) Fadl
GRRHGRIGER: Ussmsfhieileatuen OEE diil

2.4.1.1 anwigayidediisailestunajifnud
flog (Availability) léun Audumarveaaiosdng ns
WIgUNSaNLazn1TUTULAS miLiJ?{&maqﬂnsaiﬁumxﬁwmu
MSVEANTNIUTBATDY LazNsISuAUKER

2.4.1.2augapdeiifsndesiulszansnmnis
\AulATes (Performance rate) 1#uA nsvgaidngdoss
LAENNTANAIILI AT

2.4.13mnugadsiisndesiudnsiguam
(Quality rate) laun veadenaznisteu

2.4.2 gunsaldnuuaninsetind

Fauszneulufegunsaindny leun iedesdnsg
w9 gunsalilian aunsaididnmsetind Wuwes gunsal
wanana gUnsainuay wazgunsalatuayudug dalu
A597 3

dunau GEREHG! gunsal GEREHE!
Define  |Project charter, Process map & Flow chart, W3093ns  [wSesdnsianunsadelailuniuuannidan 1oy
QFD chart, Multivariate analysis 1A309 CNC %381A3047IgNASNTUINANLAS
Measure |Process map & flow chart, Cause & effect P ” > = « o ”
' - _ gunsal | Tdau laun nssuengu lwduesed dinses fmuau
analysis, Process capability analysis, Gage R&R, (Regulator) 1010% Hudy
u
SPC and process control plans v
& P Tlal/aruau laun satmesluii nszuengu
Analyze | Hypothesis  test, Confidential interval, Lilasasulnsiaed Wudy
Regression  analysis, ~ Other  multivariate gunsalvingu loua uaunalsziangngg Mau #a
. ) Y
methods, Failure Mode and Effect Analysis, e Fades Hudy
SPC and process control plans, Design of o v o o
P P 8 THuanswa lown WANNTITAIUANNITNNIU dgy e
Experiments - v
P e guUNTLENINE Wudu
Improve | Failure Mode and Effect Analysis, Design of 4 v v o 5 om o 2 v ~ o <
LARDUYNY/ lﬂLLﬂ SEUUTOoRIULRA (AGV) AANUUVDHANAANUN
Experiments, Simulation, Optimization o = v o A o a v
QUIBEN MANAUNINGAU dew1U LUuRU
Control | SPC and process control plans ” p — — — " —
LU Tﬂjmammmammwmammwsama;&a lﬂLLﬂ

9NN AU ANTY A529nTsIEBLLUa NS
Al M5I9AUAINYBINY ATIIAUAINATY BU
saduees n519Tnseiu Asadunm ATy
e asadunsedeulvn Wudu

madeuse | waluladidouse lud duwedidnldany (Wi-Fi)
Ugys (Bluetooth) tA3a¥18m1U8 (Mesh
networks) Lﬂ%a‘d’]m‘da@dﬁ (Cellular networks)
walulad LPWAN sy

loT loT wnanvesu Wuresnuwisdmsunisimesd
wwanledy | Toyadildzun Fsunannefuiinarnnany 1u

Google Cloud, IRI Voracity, Particle, Salesforce
loT Cloud, ThinkWorx, IBM Watson loT, Amazon
AWS loT Core, Microsoft Azure loT Suite,
Samsung Artik Cloud, Oracle loT, Cisco loT
Cloud Connect, Altair SmartWorks Wudu

2.4.33umedidnvesasnds

%30 Internet of Things (loT) ﬁami‘ﬁ'qﬁmzﬁ
Sidnvseiindsineg anunsaidenluamiedstoyatatldse
Buwesiln nglisaceutoya deyasinnszuiunisnds
w3934 (Things) FeUsznauludie Au (Man) LA3aadns
(machine) 39 (Material) 35015 (Method) ﬁ%gﬂﬁ%ﬁu
Tugnudeya (Data Storage) G9aziinisuszutanasonan
Wuunuglinsadfvszianeng o wsednseiaeisnia
GAl miﬁaui‘mmm%a (Machine Learning) 1fugu wafi
Ldarnnasdasaginaruisadiuiuanauain
(Visualization) Tiiuldnasaiian virlwaiuisaudle
JoRanaravseiluusuuseladuliegnaiuil unugl
vosmsidunefiidnvesassndadulufegui 2 wazlu
duwmaluladmaidouste lesylilumei 3

Naresuan University Engineering Journal, Vol.15, No.2, July-December 2020, pp. 47-64 51



NUEJ

Naresuan University
Engineering Journal

. miu.amnamw (Visualization)
¢ LY
. Sl
E;“ e e ] . ’
: I m A — )
giutioya
dind Siad asulnaaed (PLC) dyryud | WWuaad
- H EEEN | ol -
— - « e W o
et :I'EEE' o TR N \'0

doyn (Au 1ATaedng 9@ 35n13)

- <)d) <)

Lfﬁanns\‘l 1

nIEUIUNT L nIEUIURTTR 3 \ATBINTA 2

ny U‘lunﬁ\n 5

JU 2 Bumesidavosassnd (IoT) lunseuiunsndn
(Sony, 2018)

2.5 u3seTiAEITRe
Aanssunisudnuuudunazdnddnit lagnunldedis
unsnaneuazsilvigmaimnssuga 3.0 Wesylumlan 8n
fadspaduiugruliiunisuiuugimananteuiifnnlud
nsndauUUAuSAluTA nFegeaiunssuga 4.0 F313
yuyurssunssui awdunsiieunAnuazmalulad
Tlgifisaiietuihaldluionssumani
nsuanuuuauldgnminniFeuEsaiemhluldanuls
419 (Dennis, 2015) et luldluynqgnamnssy fu
Iidmuqmamﬂiiu (Issarapong et al., 2019) #3913

UMY LU @RavMNTsURLagUn1 (Healthcare) 7itinluld

Iagnalamauiialan (Antony et al., 2019) WUIAANIT
Usuugsedsseiilesesdulsgninlulflunsandununis
fndufaniswazdug mmﬂmmaﬁﬁﬁmié’ﬂﬁ
wonanimsiauadesdiomaluladlngdqdmsunis
U¥uussuuuduiidunegadeiiies nildluiaieaied
LLWiMmEJﬂEJa’lEJﬁ’]iﬂmm (Value stream mapping; VSM)
Faduunugiinislvavestoya Ingiv wazndnfuai Su
mLmmﬁmﬂuawamﬂqﬂm%uﬂizmqﬂmlmuwammm
nsdifnsmsldaestsaualunsuiulgauuudu i
nsanAgaLUan (Waste) (Kumar et al., 2018) n15an
WIP (Nihlah & Immawan, 2018) S¥#INNTLUIUNTITHAR

Asananin (Lead time) (Saraswat et al., 2015) wagld

inUseansualaesiuvenn3asdng (Overall Equipment
Effectiveness; OEE) (Dadashnejad & Valmohammadi,
2019)

dmsuAanssudnddniy Fasuduiivenlulalsanlu
ansgowin lagneensuuaziunldegrsunsvane (Ju

nsieTesdieneaifnuiuusinuninlunszuiunis
Win Tawaiga (Hakimiet al,, 2018) law1 DMAIC 14
Uuussnunnlulsanundnleiidndenisldiaieaie
pOE Tudlaguuanssuldgnuensveuiunlugiu dasendn
AuTFNdTn1 (Montgomery, 2013) Fofunisnaunau
wurAAkULAuLazadfasluly DMAIC wavdranlasinig
fsawIAai UM nlugAgnaInnIsUSRluR (Park
et al., 2017) azajaitiulunisinunisitaneideyavuin
iy (Big data) 1 Ansrznideyavuiatuglufanssula
Wu wien1sldlyguszdvg (A) Tun1sasivaeuwuy
anlulid WJusiu

wazlugagmainnssy 4.0 ladnisnefisnsifanssy
S5UUSALUNR (Automation system) #a391nv11AANT I
USUUTanTeuIUnISARALUUEY (Lawton, 2007) WU
FunAI33E 1990 Waa Ardnyt duselamudy (Kolberg &
Zuhlke, 2015) T#gniisnutusnimunedanisysanis
$rufuszninesnisnanuuuduuazinaluladsnluda 3
neliAnnsnandiiennudanguuasiivssandamann
Ju mavenuuuszuuSaluRldgniniaueanyaeyisn
Uit avivglsuiiuunaamseenuuuiduvesimifiien
uwnuvea Feazdialdasegnamea luvngiividvlu
Uszinadu wuudsvmauly (Yamazaki et al,, 2016) 1
vhiaueidunisuvusaannszuiunsaanidegudalag
datiuanarugaulanargapdeveneioatnslinniy
Tnetduniseenuuuszuunmsnanuuududnluifumy 3
AldagazliguinduswiAnvewmisglsy sgrslsinny
LARYaINTERNLULIEUUNSHARLUUALSHTLTATLFN
inluAnwnlunaneussinaunu (Nafais, 2017; Sony,
2018) dwmiuludszinelne Ranssuilédinisdionon
anufFaduanusmiessninnsensuasugianisin
uazgaavnTILvesd Ul (METD UaE NENT1QAEMNTIL
(MO srun19n1sausulunangns LASI SI Designer
(Warrior) Training ( LASI Trainers, 2020) T4 v
Auszneun1stunagaavnssululsemelng

3.95%7
Junisaindunsunnnegaduszsuulunisusuus
NsEUIUNSNERlAEIENAN AU Bnddn Aulednluli@ was
gavnedudaludAnuuiuguuuu auadu Tnedunugiog
dorudslugud 3
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MA

k]

nsUsuUseenenaLilas

UM 3 1densuSuussetneiaiiles

Fumeudusi

il 1 L-Define CRATGIVER))

LUIAA 1.1 5EYNTEUIUNNIHARTFBINTUSUUTIT
donndesiuraiilsvesusenvsonusiaINIsTaIgNAN

WNAR 1.2 SeynszuIunstesiifesuiuuduaests
AAdenndeslUfumnemeduavras U NS ognAn
iwdesiie: ununivneadd wiisla mslasigivaneduys
NTAATIEYIRUNUY d185715AMAY (Value Stream Mapping;
VSM) dastiirinnsluiade 2.1 MIAwiunIsty

il 2 L-Measure (il neiiugu)

wwIAn 2.1 seydviidainluanessnmuen (VSM)

WWIAR 2.2 TnuAeUTEUUIM T InTauLaziaTasileTh

wwafa 2.3 vinsindutdainluisasnssuiunisgey
Tu voM Fadudrfugiu (Baseline) uagdaifinnunsls
donpnoudminyvesuTENvsegna

\n3esile: Gage R&R fadldainssluite 2.1 Fared
wan laun Lead time, Takt time, Cycle time, WIP, OEE,
VSM a191991U01a355 U dd (Standardized Work
Combination Table) WHuAIUNI5ILI1U (Yamazumi
chart) uag unuHLazTaLANNATRS")

$uit 3 L-Analyze Guasi)

WWIAA 3.1 AAT1gsimAINgaan (7 Wastes) uag
ANUEnde (8 losses) VaeNNNTEUIUNITIU VSM

\A3paile: 7 Wastes, 8 losses, LA309i1031AS1¥YN
Aensan 1Hud ununfinislye unugfaunfed unul
nadan, N13AN®I9U (Work study), 1531989 l599ULag
n1svUangdan (Plant layout and material handling),

AMINTIUAMAT (Value engineering) N153LATENNIT
s Wuduy

WUIAA 3.2 TATILVATINIULIATTIUNALLASALAR
NTEUIUNITNER

\n3esile: ATINIUNIATTIURAN AUAANTEUIUNT
Nan

LWIAA 3.3 IATIEHANNANNITOVBINTLUIUNITHAR
WUUAY

\3esile: Andnwazn1sHanuUUAY feluhided 2.2.1
Tawn n1sluawuude (Pull method) nand1uiutlos
(Small lot size) aunanislua (Line balancing) AuA1As
ARdUoY (Small WIP) nsuanuuuusutseu (Level
Production) NT¥UIUNITRAARUULTEUIAIEAULDY
(Autonomous process) way Nanssun15UTUUTIRE19
ewlomioladu

il 4 L-improve (W aufidym)

WuIRe 4.1 usuuimadtymuaziteulaivianzan
Tl e Talamandmane

LUIAA 4.2 ¥1n13591809 (Simulation) Tagnasld
FoNAWS Lﬁa@‘ﬁhé’ﬂlﬁﬂ’li‘?@iﬁmuLf]mmsm'%ahj

\3osfle: uunUTuUsslaldy fudiain ansnee
UINTFIUNAN WHUYTWVITINOY BaNALITaNe51TAMAN
LHudy

LWIAR 4.3 vinsnedeunazBudulunszuiun1snie
AN

fuil 5 L-Control (AIUAN)

wwiAa 5.1 iluufualunszuiuniwgs

WWIAA 5.2 adeszuumuausiglatawaz N ndmsy
FilenYavsesudsndnaue

\n3esdle: fjﬁaﬁwmuﬁlﬂummgm wNundAIUAY
WHLATILEARIAIEN TN

N15UFUUTINTHEARUUEY FzanuNTanAUEyLdY
wazeugaularadlsivdetosiian Aenssufivdentias
widoUszLaniidinnan (Value added) waglaifigau (Non-
value added) Wun1snsiaaou \Judu wadnsiilaozifu
AszUIUNMSHARWUURBLosTldHanEn (Productivity) Ay
Wvne vandildlunisudnanas TanAIRAIANAT LA VDY
@delunssuiunisndnanas

p813l5ARuANLUTUTIU (Variance) U8ansyuIung
namdudaiisdnlaoinuazdesnisiaiesiiolunisiil
fnmu Tnsanzdlososiaunlufunszuiunswanuwuy
Salusfh Arnuifleense (Accuracy) wazAd1uwiugn
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(Precision) va3nszurumaiiudsdnduiign Fadosidn
aruuUsrnliinniian  feduluduneudnuniadodd
Aanssudnddniildiadesdionraddlunisuddam
AuANLazanAuANNLUsUTILTUANTEUIUNIS B
Funoudiail

fufi 6 Define (szyilam)

wwafin 6.1 ssudgyminuain laud vesdeluy
nszUILNINAR voudenielyniiTeaiouangndn

WAR 6.2 SEYnsEUIUNMSTITANLaRNTatosnimn
Fnalmse cp < 2.0

Lf%lﬁllﬂﬁ@: %a;gauammumwmaaﬁa Cpr Cpk

YUl 7 Measure (F73)

WA 7.1 seyadnvasiilulyvviomnevaues
(Frudsana: Y)

WUIAA 7.2 MIUABUITZUUNITIA (Measuring System
Analysis; MSA)

AR 7.3 Tnsinandnuazvesiaulsni: Y e
Durnitugiu (Baseline) uarsaitmusiiaonadoafiy
UIEMuIegnen

\3esile: wnugfinislua (Process flow) unugi
119Ua1 TaYalaruiuAINNI9EiR LHuin1snIEaney
LUUIIa8INTanneY (Regression model) ¢, Cpx BalA
WA SEUUMTIN (MSA)

$ui 8 Analyze (lAS1EW)

wufn 8.1 srusaniladertommluunugfinglva 7
HafaANNLUTUTINVRIANAN YAy ¥

wAa 8.2 Wnswitadendn (Fhulsdase: Xs) 7
HaRaANNLUTUTINVRIANAN YAy ¥

\3eaile: unugiinislva unuiefnean wwugdl IPO
(Input-process-output), FMEA (Failure mode effect
analysis), ANOVA, DOE

Tudumeuiifosilidadodrsqlunszvauniseylu
anneaueld (Fauusauau: €) dvduduusiniunu
Lailél (Noise: N) aasavdanansynusonnanume Y s
fign Feluwmuam PO Tugudi 1

il 9 Improve (USuus9)

WWIAR 9.1 mAnuduiussenineladendn (X's) uaz
AMANwE Y

wuaAn 9.2 mdeulafivangan (Optimal conditions)
vasladevan (X's)

WA 9.3 naaeuiieduduiteulalunsyuiunisnan
ORN

\A3oeile: FMEA (Failure mode effect analysis),
ANOVA, DOE, Optimization software, GﬁagaLLazLLmumw
N9

Tutuneuil ndosdiefildndrnnanusaliguuuuaes
anuduiusld 1y eduiusanneeidadud oy Fel
sUnuuLHui

Y:ﬁo+ﬁ1X1+"‘+ﬁan (8)

dmfunsdliliunugd FMEA Tumsiiasgivniladevan
(xs) Tunnunfiddafsiddunaudes (Risk Priority
Number: RPN) Lughistuenfadfuiidesusludeunse
s Hadendn (Xs) anunsomldaind RPN 4

fuil 10 Control (AIUAN)

wwiAa 10.1 dldufumlunszuiunisudn

WWIAA 10.2 @958 UUAIVANMETDLALAZ NMINE T
silsnYavsesudsmadnaue

wiesile: giloviauiiduunnsgiu wnugiaiuay
(Control charts) LLNugﬁLLamﬁme

dlewdstuneuinnnszuiuniswdnaisasiiadvi
ATAAMNTNYBINTTUIUNT Cppe = 2.0 TULU 520feyn
FuUsuan Xs uag fauusan Y dslugud 1 aaslésy
N13AIUANLAZAAANMEUNUNTAIUAN (Control Chart)
Ranssufimdengfazmdoustiamiifinaen (Value added)
wazlaifiauen (Non-value added) uigisnssiadl LHuN1T
psmaey udu nszuaumsiomumandufusuueesns
PONLUY NP UIUNMIHARLUUALSHLITR TiddumeuFusy
il

{4l 11 D-Define (Frmun)

wwiAa 11.1 mvuadmune Aldane anfuu

w3asile: Takt time, Cycle time, OEE, VSM, RO

il 12 D-Measure (fwun)

WA 12.1 szynszurumsiidesinduszuusnlusia

WUIAR: 12.2 izq%umaumiﬁwmuasmﬂ*ﬁwG] 5389
Lﬂmm'18mmﬁ%ﬁé’fﬁﬂuﬂixmumiﬁm

wSasile: Takt time, Cycle time, OEE, VSM 519474
UINTFIURAN UNUHTUMITINY

Fuit 13 D-Analyze (ups1£97)

WuAn 13.1 senuutiunsumshaugos

wuddn 13.2 Wdenassaunsalinsesdnsdmivusay

o
o

JUNDULBY
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WUIAA 13.3 8BNWUUNITYININITIEUUNEALUY
Snlutla (Meeuuaamselinduay 1oT)

n3esile: 1ATeiledinsivsivisimangsy Takt time,
Cycle time gunsaimauuuanmsetinduas loT

$ud 14 D-Design (LUIANNITDDNLUY)

wu2An 14.1 lAuurAnni1590nluy (Automated
concept Design)

WUIAR 14.2 egdeunen1sldrgenalIin1Iians

WWIAA 14.3 naasulunIzuIuNITNaRL3 (Physical
Simulation)

wSesile: wondLIsn159aes Takt time, Cycle time,
OEE, VSM

it 15 D-Implement (U{jU#)

WuIAa 15.1 wiswwiRnnsesnkuy oaandun1suion
Bunszurumsassaluffivanetunou

wuafn 15.2 asdloujdiluudasduneu audae
Aonssudu (@udl 1-5) wav@nddni (uit 6-10)

Lﬂdﬁiaﬁﬁa: Takt time, Cycle time, OEE, VSM

ag1elsAnrnlunssurunisndnuuudnludfda
Uszneuselaiosdnsuazgunsaliinainvatguyinanu
Fiu ANugyUan (Waste) uazanugaide (Losses) i
Lﬁmsﬁuﬁ%Lﬁ'snLﬁaqﬁ’umiv‘hwummq‘umzﬁLLasm%ﬁﬂi
wanidudiulng Feduanssudiunisdige¥ne
wiesdnsiududeddy Jeasviouiuieidinuszdnina
Tnesiuveadedng (Overall Equipment Effectiveness;
OEE) asluide 2.4.1

4. nsaifinw

Lﬂuﬂﬂiﬁﬂwﬁ?}luﬁjumu%ugﬂ (Thanachotanankul
et al., 2020) 67’}&Lﬂuﬂﬁzmumi‘ﬁugﬂLLsiuIam%yua'm
Usenouvessasusiniiflazdstelugsdmnudondadiu
dauaudaly fuimsdesnisliusuusailofiunandn
(Productivity) WazanAI1ugaLde seefuddedias
dnduluouian deftuaulilédunaulunissuuse
Fastelull

il 1 L-Define (s¥yAA")

anAveIUsEnHanTasudlninladeninudeinisves
Product 1 @aswth 3 Ysalugudl 4 iilelvinslsasulsl
USUUTIANLEUNTOVRINTLUIUNTNGR

Order Forecast 2562-2565

pes/shipment
250,000

200,000

150,000

100,000
|

1stHf 2ndHf 1stHf 2ndHf 1stHf 2ndHf 1stHf 2ndHf
2562 2562 2563 2563 2564 2564 2365 2565

mProductl mProduct2

3UT 4 YSunaunsdstongnen

FsUsuauidsiefiuindy ﬂizU?Uﬂﬁ‘ﬁug‘U‘Uaﬂ
Product 1 #3Usznaudae 3 nszuaun1sndn a9ty
(Stamping) miﬁugﬂ (Forming) wag N15.31% (Piercing)
audu axdesuildsudfuinisinlnlliaenados
dulaun Lead time, Takt time, Cycle time, OEE 1Jufiu

$uil 2 L-Measure (ﬁ%ﬁi’ﬂﬁh‘ﬁugw)

nsinsadaainluusaznszuiunisgesly VSM ¢
Iugﬂﬁ 5 1aun Lead time, Cycle time, WIP S¢%314
N3¥UIUNIS Uay OEE mﬂﬁ?u%’mﬁwmmwummgmmau
#aluguil 6 3l Takt time 9.13 31t wag Cycle time
10.00 3un¥t wnugiiuviesmanu fsluguil 7 §s Cycle time
fifinu1nnd1 Takt time wazA1 OEE felunis1adl 4 &
nszuauNsDuian 67.3% LWudriugiu (Baseline) uax
fathmnenmsuulgdliaenadontmnevesnisnde
ane

A19199 4 Adiluseansnimaiaadnsnouuiulse (OEE)

Stamping Forming Piercing

A 67.7% 92.7% 92.9%
P 99.4% 98.1% 98.1%
Q 100% 100% 100%
OEE 67.3% 91.0% 91.2%
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Production
Purchase |—— control

Customer

L ,,’ \\\ Welding
< ' N dept
Daily order

[] .

I L 7 .
e 1 AN
/ \ \ e ! .
L ,.' \\\

! N
‘
Stampping FIFO Forming FIFO Piercing
T = 5.67 sec. T = 5.6 5ec.
€/0 = 4,440 sec. CT = 10sec. €/0 = 1,200 sec.
AT = 25,200 sec. €/0 = 1,200 sec. AT = 25,200 sec. L3>
== ur-o119% - | AT=25200sec. o> Ut 2 o7.61%
OEE = 67.3% UT = 97.61% OEE = 91.2%
2,000 pcs OEE = 91.0% 1,500 pcs 1,500 pes
0.64 Day 0.48 Day 0.48 Day
0.48 Day 0.48 Day ~5:6 D2y

7.0 Day 0.64 Day

=21.27 Sec.
5.67 sec. 10 sec. 5.6 sec.

3UN 5 angsnsaaumnauliuls

u

LoGO Before Standardized Work Combination Table l ‘
Part Needed Units per —
Unit Date: December 20,2019 Required Units per Shift: XXX sec ANNNN Walk
NoDescription Shift Ao
Process Takt Time Sec_|Area: Press Line |Takt Time: 913 sec
Time(Sec) Seconds
Sequence Work Elements T
Hand [Auto [Walk 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 2425 26 27 28
Process Stampping o)
1 natudedugua 0.5 F
2 |wdosdudue 35
1
3 (Operator Su%udTuuaz Visual Inspection 1 -
4 |iudueuassadu 0.67 H
Process forming 1
I ]
1 [wduusuidiaies Formingt 1 P
3 2 |nadulvitedosForming1 vienu 1 =1
3 |operator uBuusmueuue 3.6
Process Piercing 2
1 [wBuusudeies Piercing 2 5
2 2 |nadulsinda Piercing2 e 2
5 |operator wBuBusnaFseninszu: 3 Tl
Totals 1477 65
21.27 s
Ul 6 msenunpsguRaieuUTuUTe
b} < S
12.00
CT=10.0s
10.00 T=9.3s
8.00
5.6s
5.00 5.67s
4.00
2.00
0.00
Stamping Forming Piercing

UM 7 unugiuvissinanuneudiuus
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v

il 3 L-Analyze (Biase9d)

AATILRAUANWUENINENRUUAY Auagal (7
Wastes) 989901580115 VSM F1AT189R151997U
UINTFIUNANLALAUNANTEUIUNTHER

9ndaya OEE wutnszuaunsty fevhaalnsams
AnaitRnudiie (Availability) 67.7% Wethdeya
nsUfTRuRluaT199 5 diasigdnuinaani
\AT0adnTNYA (Down time) Antdu 80.9% léun 5o
wifna1u se3gAU nawTNNSISNAURES LavTeuHY
wAn Terpsszanavesvinladuseld

o 4 4 o
M990 5 ATINLIATLAIDINYAVIINTU
OEE analysis - Stamping

Down time Time (s) Down 9% Accum %

" sovalnau 1,660 33.4 330 )
s IngFu 1,085 218 55.2
La1 set up 770 155 70.7

\ TOUMUNER 510 103 809
TANTIUY 355 71 88.0
anady 285 57 93.8
AT 280 56 99.4
salvlamdsl 15 0.3 99.7
LAsasdng 15 0.3 100.0
594 4,975 100.0 100.0

NMIsAIuTignIzUIuMINEAT 3 n3zUIuMILAY
dewssuifisunisndn a Jagiuiuaudnvuziuuay
annsaazuladsluasned 6 Femuitlunanefanssud 2,
3, 4 uaz 5 dndudesldsunisusuls Iummzﬁmmqﬁy

M13199 7 Anugayan (7 Wastes)

Waste

nszuUMINan . Jaglu

Forming

Piercing

1. mswanuniuly

Stamping
o

1o

o

2. N359ABY

nyaAzaioll
NINUTALFYS
FUIU

nyaAzaioll
ninaudaiEea
FUIU

nyaAaioll
NINUTALEYS
FUNU

3, STYTNNVUAWIN
iuly

A o
anuiifiveglna

aouifiveglna

A 2 I
anuiiiiveglna

4. NTLUIUNTVIN fivanedunouns| msluaauazien | mslvaauagion

Usgdnsam yhewdemen | Junudiesndes | Junudieendes
LA309 NYAATO NYALATOY

5. WIP snnuiuly 2,000 YU 2,000 YU 2,000 U

4 4 | anufidnsusey

6. maadeulvali o4 o -

. o naaingeiiaIes Taidi Taidl

Ty o
v

7. voudy Taidl Taidi Tud

Uil 4 L-Improve (Wwinnawideymn)
@uaiwImA ey ninaz Reulvfivanzanlng Nawdl

finlanutnung vinnsinase vinnsnnasuwaz iy

TunszuIuNSHANDS

'
o

o

U

wWan (Wastes) finsranvanunsoagulaaslunisei 7 ey
wunlunateiide 2, 3, 4 waz 5 sndudesldsunis

USulss Jeesszananewhladusiold

M15199 6 MTUTeuTisun1IEs o Jagtuiunadnuzluuay

AANLY anuuzmandn o agtu
MINAALUUAY Stamping Forming Piercing
1. manuuuviua Tai Tai Tl
2. PMWIUNER 1N 10 1A
3. vipmmgauian | ddewtheann | dreudwun fRoudnaun
4. Ynauganisiva 567s 560's 10.0's

5. ASEUIUNSIUA

RIELEN

P =
wanuamgalu

749

P =
wanuamgalu

749

a v <
wanuamgaLluy

9249

6.AanssulAdu

1A%/ LFiou

1A%/ Lhiou

1A33 / Aoy

7. fimsuanuuuUiu

19

1o

9

91NATTTEANANDY HuwImsnUgymwuun1susulse
(Improvement) n3eszarusn datiuanunsavildluiud
\lorfiunandn (Productivity) am’gmuqmﬂ‘%aa an WIP
sginanszuiuns Iagnsrusilusuurlesuladu Ay
3971 8

fufi 5 L-Control (AmuAY)

UuwuIAnn15USUYUTe (Improvement) TUufualu
NITUIUNTHANUAZATNTEUUAIUANMETDLAUAZ NN

Tutumeuilliviniadeuanmsgiunmsvhau wasBudy
FuddrTauazunuginneg delusuil 8, 9 uag 10
AUEIRY

U v

Tunszuaunsta N&91nNIN15UTUUTE Arduilsnda
Lead time anaatnds 7.51 Tu Cycle time anadlnae
5.67 Wi, A1 OFE vesnszurumst Windudu 73.3%
WIP 53‘1/maﬂizmumi%mLLamszmumiéﬁugU aAnNaY
Lde 100 %u ey wmwmsmumi;ﬁugﬂuax

NITVIUNITLANY anadnde 5 Ju
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M1519% 8 wuuWe3sU Kaizen Action Plan

Department: _ Xxxxx
KAIZEN ACTION PLAN Person in charge: __ Mr. Xxxxxx
Implement Date Kaizen Action items Person
No. Start Finish Problem Countermeasure in charge Remark
\A39 500 ffu: iflondnduany |1 vnaduededaglifinsmgarin
AU 30 By wﬁmwqumm%an 2. iuminendlunisfunasdnte USudganuudu
1| nw. 2563 | wa. 2563 | ditevidusuldnyn 57 3unit [Fusu Mr. Xxxx | (Improvement)
3. ﬂﬁszw%’wﬁummmuwﬁ'ﬂmu,
vanuazdulnanuuusnluds
4. findsanenugdsslitunulaa Semi-
fin. 2563 |On-going SR LU Mr. Xxxx | Automation
1389 500 fw: wilnemdldiaan |1 finde Stopper Tapfmun M USuusanuudu
2 | nw. 2563 | fin. 2563 |Waesuwniu 75 undl lun13 Setting WiRNWUY Bolster Mr. Xxxx | (Improvement)
2. 9ONLUUSTUUN TS UaB UL AL UL Semi-
On-going  |On-going Assludh Mr. Xxxx | Automation
WS84 500 G Lﬂ%‘aqﬁaqwqm
\lesan Scrap lallvasenain  [ifingunsal Vibrator wilelsiiAnnisiug USuusanudu
3 | A 2563 | wA. 2563 [wainWsynIneviiey Y3ALAT I Mr. Xxxx | (Improvement)
1. an91UIU WIP a9
1.1 581374 Press wag Forming a9
91 1,500 1T 100 B
1.2 91N Forming wag Piercing
anan 1,500 1u 5 3y
T WIP s2m19nsguaung 2. wamifnauuazsauseulunis USudgauuudu
4 | fm. 2563 [On-going |4MWIULN \wdeutny WP Mr. Xxxx | (Improvement)
3. USunszuiuniswaalednislva
wuusieriles
3.1 9ONWUULKUAS (Layout) T
asvuaunslrakuuseiios nedes
Press, Forming, Piercing LLazgﬂﬁ’]
Welding
3.2 fadianenusndsddtua Semi-
On-going  |On-going vasnlusia Mr. Xxxx | Automation
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Production
Control
purch /
urchase Welding dept
RS
PN
Daily order
. T N
. /
s ! \\
. / .
. '
e 1 N
e I \\
. ' .
. h
1 \\
0.6349206 ! N,
' \
! \
1 N
: N
Forming 1 Forming 2
FIFo FIFO
CT = 5.0 sec.
IS <. AT = 25,200 sec. >
UT=91.19% o -> Z P uT=97.61%
UT = 97.61% —-——
100 pcs. 5 pes 1,500 pes
0.03 Day 0.0016 Day 0.48 Day
7.0 Day 0.03 Day. 0.0016 Day 0.48 Day =7-51Days
=15.67 Sec.
5.67 sec. 5.0 sec. 5.0 sec.
:
i ' PR
U 8 aes1sANAIMAIUTUUTE (Improvement)
U 9 9
T T T
LoGO Before Standardized Work Combination Table ‘ ‘
Part Needed Units per —
Unit  |Date: December 20,2019 Required Units per Shift: o0 sec AAAAAL
No.Description Shift o
Process Takt Time Sec |Area: Press Line [Takt Time: 913 sec 1
Time(Sec.) Seconds.
Sequence Work Elements 3 W
Hand JAuto [Wal 12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 25 24 25 26 27 28
Process Stampping o)
1 |negudeduduen 0.5 H
2 |wdosilutuem 35
1
3 Operator fufusuuar Visual Inspection 1 e
L 2 - i
4 |ivusuaesoidy 0.67 +
Process forming 1
1 [wBufusuduedes Formingt 1 Sezas
3 2 |nauliiadasFormingt viamu 1 H
3 |operator wiudusuaneuusg 3
Process Piercing 2
1 |wuBusduades Piercing 2 1 =
2 2 nn\!u'{ﬁ\rﬁ.w Piercing2 Rty 2 EENNNEd S e e a s e AN NN RN NN ENARR RN AR NN NN RN RN AN RN RN AR AN N RN AR RN N AR RRNAn|
s |operator dudusmmaiusninszuz 2
Totals 917 | 65
15.67 seconds

FUN 9 MINNUNIATTIURENVEIUTUUTS (Improvement)

Yamazumi - Before

Yamazumi - After

12.00 12.00
1000 TT=93%s CT=1005 1500

2.00 8.00

5.6s
6.00 5.67s .00 CT=5.67s
| 5.0s

4.00 4.00

2.00 2.00

0.00 0.00

Stamping Forming Piercing
W Seriesl W Series2

M Series3 m Series4

1]

Stamping Forming Piercing
M Seriesl W Series2
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Abstract

The aim of this research is utilization the bagasse ash, a waste material from sugar factories, as a precursor to
producing geopolymer concrete. According to the bagasse ash has a lot of silica elements but has little alumina
therefore use aluminum dust as waste material to add alumina in the geopolymer with bagasse ash as raw
materials. This research uses bagasse ash from 2 sources, replacing bagasse ash with aluminum dusts 0-1.0% by
weight. Ratios of alkaline solution to source material (AL/BA) 0.50-0.65 by weight. Curing temperatures of sample
were 60, 80 and 100 °C. From the research, the source of bagasse ash greatly affected the compressive strength
of geopolymer concrete. The replacement of bagasse ash with suitable aluminum dusts was 0.40% by weight
made the highest compressive strength. The low AL/BA ratios tended to give higher compressive strength but
decreased the slump. The high temperature curing effected on the high compressive strength of concrete at
early age. However, at any curing temperatures, the compressive strength were similar as the later age of
concrete samples. The compressive strength of geopolymer concrete from this research reached to 300 ksc.

Keywords: bagasse ash, alkaline solution, geopolymer, compressive strength
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Wvudesndminnwdug (unas A) uazlinyudes
NNTWMTAUMETAY (W9Aae B) LLamﬁquﬁ 1(n) wag 1(v)
pudIRy Eeudenit 2 unds tauiuusslaenisun
ioanvuna TngualiiiauaziBendemeunsannnsgu
we$ 325 deuninfovay 5 lawtuin idvudesun
WATIENAIUNARIANTIAULUUABINTIA (Scanning
electron microscope, SEM) nengvengmasgs wandli
WAz dnuurgUssTinasyLvesduudesan
Wi A way B uansluguil 2(n) uag 2() mudiiu wams
neaeuasiusznoumaaiiuazautfidosiuvonduudes
MNUMET A LAy B Lanfanaad 1
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wiwargilillonanauneainuaznnwIA1s ¥
SOUNUAZUNTBNATFILUIULS 20 uansdsgUTl 1(n)
2.1.2 ia9u1a3
wasimazdealinsediilugdannuaziden 2.6-2.7
wagsnasmeUliuyugostung 3/8 i
2.1.3 g15agargeanlay

aslaidenlansonled (NaOH) wilainda fiaauiqns
Seway 99 wisulndianutudy 10 Wwans lnanisazane
Frethndu Tnewdeudeunsinnailelndwesaounis
Junanegeties 24 $alus wavarsavarslafiondaing
(Na,Sios) aeaUsgnountaail NaO, Seuay 15.32 SiO;
Zpwaz 32.87 uaz H,0 Yewas 51.81 Tagimin

(n) ()

Q)

JUN 1 (N udesunas A (NI USosuvas B uaz(pimvegiunseurinunzinsuves 20

()

JUN 2 MiEneeneiaeEs WeaiNuUeEun (NUWAT A La (Wuras B

M15197 1 a9AUsENeUMBATuasauURladuvaudIvIusey unad A uay B

BA Chemical composition Specific gravity, Absorption of Loss on
Source SiO2 AlOs | Fe,03 CaOo K20 SO3 Before After BA after Ignition
grinding grinding grinding (%)
A 77.57 4.15 4.66 3.72 3.08 0.80 1.92 2.35 8.7 12.7
B 59.56 4.30 4.06 15.41 7.10 0.09 1.79 2.18 14.3 18.3

2.2 dnmauuaynnandlolnaesneunss
Ereudesain 2 wnds dundutandaulunisude

fagedlelndiwesneunin Sdiunause 1 gnuiAiwng

IngUszana Ao W udey 408 Alansu wiasiuaziden

551 Alansy WIasIuNe U 1,224 Alansy (msidlu
WNYIUDDY : UIRTINALLDYA : WIATIUNYIU AU 1.00 :
1.35 : 3.00 laguntin)
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nsnandlelndwesaounimduduainnisin
prgiliflsnuijisendvansavarelafeslansenles
(Leaching) w&thlunaufuidanudesfimdeulilunies
NAUADUNSA NTALALVTIY dnsavaneluAendann uay
fiu wanserdadln ooty antuilunaelunuy

N3INTEUBNVUIN 10x20 wwufiuns Undienarafinildy
MelluresuftRnsdewdty 1 dalus arndhuilua
augamgiifidmuslugouifunan 48 lus levieen
ngounas YiudluaumgiviedaunsueIgn1sagey
fegedlelndweineuninUSouiisuiudiuudneunin
uanafagui 3

(Fe)Ilelndmeineunin (¥1)TUUARDUNIA
3UN 3 feusetsilelndimesneunin

2.3 M3 tladesagidmanamaisuLsien

A157991 2 wanstladenasdauusaindnazdnans
mAassuusenvesilolndiwesneunin lnuisieazidyn
Fastoluil

nsAnwmaaInsldmuSesiunnaeiy 2 unas
Lag@nyinavesnsunuiiiivudesieiayergiion
¥98ay 0 0.2 0.4 0.6 0.8 way 1.0 Ingvmdn droen
NAdEUAITUT 1-6 arsmnUIouTisunavasnIsunudl
vudesfoimvergiiloniifnaseidaiunssdnain
19 US0EWAEY A @IUNAUAIGUT 7-12 158N
Wisuiflsunavesnsunuiihnusesieirvorgiideu
fuasomdssunsidnanidruudesunas B Mildrunaui
1-12 §eRersundSeudisunaveanisididrmusosd
WANANRALRIN 2 wias Aifldunaudy ity wWuieds
nagoUR 1 Wiy 7 1Wudy 91nnsnnaesEuLsAENy
drunaug1sud 3 Aldidvudosainunas A ffads
Suusadngafian Selddunandud 3 diludunaundn
WeFeuiiieutadefnudun

FrogrmadeuaIfudl 3 13 14 uaz 15 Wisuiieuna
Yo3USunmasavarsdanilatiifinesideiunsedn ng
Wasuwlasdnadiuansazatsdanilatineanmedy
(AL/BA) 1¥nfU 0.50 0.55 0.60 uaz 0.65 Iaguiniin
ansavanssanlauildlumuide toun arsazarslnioy
Fanm (Na,Si0s) wavansavangluifeulansenlan (NaOH)
§n51dU NaSios - NaOH winfu 1:1 Tnemedn

Frogramaaauduil 3 16 war 17 Wisuiflvunaves
nsdsundasgungiiililunisunlaevuouiigamgd
60 80 Wag 100 ssALTaLTyd

2.4 nMsnnaau

2.4.1 NMINRaOURIAISULSENYDINTH

ouninidutanfianunsauusedaldd uazdaduauda
fusdfsnmnmuasnoune sisluduanuufouss e
U uaganantRiuiug Masfuussafiuanaiy
f&adagaaniiliainnismage uuuurinatuvisiiegis
unsgIudeiiog 2 dnwne Ao LUUNAENTINTEUEN
(Cylinders) kaghuunNaoABUNIANTIGNUIAN (Cube)
é’ha&’hqﬂaurﬁmsé’faﬁagiuamwﬁuéfﬁaLLﬁa UpRadu
FruuuFiegdliSeU waraiieg uLLuASDndeU
‘Lﬁag’mmamﬂ%wmaauLLiqaLuﬂUszaaﬁ (Universal
testing machine, UTM) nafa8e19iedns1157 0.15-0.35
wngUraaradaiundl (ASTM C-39/C39M) aunse it
FRg1ANEYNIY TA1STUTANALIINALALATUIUNN
Aaenvawieg19lngldAILSINANITAIBULIRANITSULSS
Y89A19819 anwurn1IURvesdlelndinesnaunia
NTINTEUDNNEININAFB U IS UNSISARIBLATDIVAEDY
LSIBMNUSEAIA AI10819UANLUUKNEAN (Combination
shear and splitting failure) FuAnannisuansenifu
5UN528 (Shear failure) funIsULAALUULENDEBN
(Splitting failure) LLamﬁﬁgUﬁ a

2.4.2 MINAFOUAINITYUHIVBIABUNTH

N1SNAABUAIYUAIVEIABUNTA Wionsiadeu
ANNEINSambAveIRouns (Workability) Aneudalale
Jurittanuannsamldvesnouninlaenss umdunis
Tanudulnaivesnounin (Consistency) N30anwuy
n1sluadivesneunIn (Flow characteristic) ynnnaay
AMNTULMAIVEIABUNTANINUIATFIY ASTM C 143
WNAFBUNITYUAIVDIABUNTANIY UNY.(M) 103 :
UINTFIUNTNAADUAITYUAIVDIADUNTA N1INAADUIN
Tnednaeuninldaslulauiifidnvasidunsiesendalile
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3 gu Ingliudartudusunswindu waznseyjaiiewmin

v
o (%

e tuualFeenlaudued 9t ADUNINILYURIRINIY

o o =

W wiinveewled mugiguiaesmaunsnninlated
Juarguiveunsunsn Funusinmsdnduazaiunain
waeufisaulian1sguivasmaundnlmluluniy uns.

101-2533 : 1ATFIUIIUABUNTALAL ABUNTALETLIAN

o

= a
M990 2 aiﬂiwamaﬁl(ﬂmiw’ﬁaaﬂ

BA Replace bagasse ash Curing

No. | Source with aluminum AL/BA | temperature
dust (%) (°0)
1 A 0.00 0.60 60
2 A 0.20 0.60 60
3 A 0.40 0.60 60
4 A 0.60 0.60 60
5 A 0.80 0.60 60
6 A 1.00 0.60 60
7 B 0.00 0.60 60
8 B 0.20 0.60 60
9 B 0.40 0.60 60
10 B 0.60 0.60 60
11 B 0.80 0.60 60
12 B 1.00 0.60 60
13 A 0.4 0.50 60
14 A 0.4 0.55 60
15 A 0.4 0.65 60
16 A 0.4 0.60 80
17 A 0.4 0.60 100

3. NANISVNAGBULASIAIIZNE

3.1 UVaNYeala 1T IUE e
HANNSNAABUNAISULSIoRvasTlalndiuesaounsn
flony 3 7 uay 28 Yu anmsTiiwudos 2 uvds uans
Famn3197 3 LLangVi 5 flofionsananniis 2 uasiiunwes
Wnanudes wuilusnsdiunauiioriudlolndwesfinan
Nnhuesunas A fmdssuusedngaininilelndiuesi
NANINLNIBIUDDEUNAS B ADUYINUIA INANITNAADU
pafUsEnaUMaAluazauTinisnienmidesdunan s
597 1 HaneEeUBsRUsTRoUMAAiive L uSD e
2 unas semalianisisesssdiond (X-ray Fluorescence,

XRF) #U1104AUENBUYRISMTAN (SI02) VONENYIUDRY
unas A 11nndunas B laedls1n@dni Seuag 77.55 waz
59.56 aua1dy USU1uvesBaniinaneUisen
Tndweslswdu lnvarsazarsdannlatlensonled
iuFAzefuTanidesduszneudaniuazeqiuniy
vdn iAalassaailolndiwefimiiiduasdeudsyan
(Wongpa, 2009) US1104193988n1083una1 A i1nndd
wnas B Fedanaliilelndimesnouninfindnain
Wvudesunas A IindeFunsidnaendt Alelndwes

ADUNIATNANINNLOIVIUDDYWAGAY B

3UN 4 shegsdlelndimesneuniavdainnsmasaey

v o

AR ULTIONAIEIAS BINAFBULTIBLUNUS AR

PINHANAADUATAINAITUNIE NUTIQ1TIUD D
VNAINIUNITUATDIMAS A TAUANTUNIZEINTIUNE B
Ao 2.35 wav 2.18 aauddu Weviinisvegaunn
msgapdedmiindesanniawn Tastidvudesunanii
gl 800 evrwatded tuiian 30 wrd wuin
WY USREUNAT A HA1N15gEldENIaIINNITIHNTeEAY
12.7 Fatfeunindvudosarnuvas B delianviiiudesas
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18.3 waiimsfiduudesunds B AiflAnsanydemnaan
nsunAsudsgaiumne nsliviinavesnfueunie
mnvudesiwlndflinungenit Sadunauiainnisun
nsiilsianysalveaiiviudes nisimdsvesansusunio
nnwudesfiazdwmaionisgaiuazuiinathfiindesss
Tudunau (Sujjavanich, 2003) mﬂﬁamfwaﬂlﬁwmé’aa
WA A wag B iA13euay 8.7 uar 14.3 MINEIAU LNYY

Souiiilennsgeduihasdmareiinjise inawesl i
(Sujjavanich, 2003) illassasedlelndiuesainidviu
Sovuvas B laudausaviumas A uazidlowSeudiousds
fuusedavesilelndwesnouniniieny 28 fu aanyn
drunEl WU INAILDIABUNIAINLEITIUDBELIET A
AMASULTIOANINAILMES B 11nNT1 3.5 1N

A15197 3 HANSNAFBUAIRISULTIOAVBII Lo INELUBIABUNIATNARNAITIUSDY 2 UWad kazNaueIn1siUdsuLUaswdns1@IuNISRIUILED

MudesmuAvarailiiu

Source of Replace bagasse ash Average compressive strength/Normalized
No. bagasse ash with aluminum dust Slump ksc./(%)
(%) (cm.) 3 days 7 days 28 days
1 0.0 5.5-85 146/(100) 164/(100) 192/(100)
2 0.2 5.0-7.5 166/(114) 180/(109) 199/(104)
3 A 0.4 4.5-7.5 229/(157) 238/(145) 282/(147)
il 0.6 4.5-7.0 158/(109) 181/(110) 194/(101)
5 0.8 4.0-5.5 124/(85) 171/(104) 173/(90)
6 1.0 2535 98/(67) 128/(78) 160/(84)
7 0.0 5.5-9.0 28/(100) 38/(100) 49/(100)
8 0.2 5.0-85 34/(122) 41/(109) 53/(109)
9 5 0.4 5.0-7.5 50/(178) 55/(145) 79/(162)
10 0.6 4.5-7.5 32/(116) 35/(92) 45/(91)
11 0.8 4.5-6.0 25/(91) 37/(98) 40/(81)
12 1.0 3.0-4.0 19/(67) 29/(78) 37/75)
*Maximum compressive strength at 28 days of age is 282 ksc.
300
~ e 78 days
ﬁ 250
= == o = 7 days
£
g” 200 = == = 3 days
E 150
,S Source B
§ 100
E‘ Source A
o 50 49
u
O T T T T 1 T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Replaced bagasse ash with aluminum dust (%)

[y

3UN 5 Massuusidavesdlelndiuesnouninanaavesuasfinninudey
UAENAYDINITUNUNLNTIUSDERIAer gl Tl
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3.2 munuiimerverglidey
naveIMIUNUTIhyuSesfeirverglifnfiansan
91nM15799 3 uazgUil 5 Adefuusednladeves
Felnawosneuniniiony 3 7 uaz 28 u lnsdsuuias
Msunuilidvudessisimyeygiiidon Sevay 0-1
Tagthwdn anuanismedeuidsunssdauandiiiuiy
Felndiesaouninnidrviudosis 2 uvds anunsa
fauidsfuussdaiintuniueny fuualiuveafid
fuussdaivtuidleunuiiidmudosieirvorgiidoy
distuaindesaz 0 uaz 0.4 Tngthuiin wagidiuusda
iadlemsunuiidmudosfoiavosgiidoufutui
Youay 0.60 0.80 Way 1.00 UA¥IINNITNAABINUILD
nsunuiideudesfaiayergiidouuintuasyinly
drunauilelndwesneunindanuainsatunisviauls
anas (@runaunouniniianunidenniv) feduns
wuiiheudesfeimvergiidouiifesay 0.40 Ay
Wigawe YiimasunsdnvesilelndwesneuniniiAngs
fian TneFlelndwesnouninunds A wnuidisudes
fowavezgiiiloniifeosay 0.40 vudeuiiquugd 60
psmwaldoa Tidsfuussdandsiieny 3 7 uag 28 fu
wirffu 229 238 uag 282 Alanfureniieloufiuns
muawy IMassunsdngainitdlelndweinouninain
iiheudesiilsifozaiifounifesas 145-157

v

3.3 9n51ua1seanlatnedanswii (AL/BA)

NANISNAZDUAIAITULSID ALRAsUIdlalndiues
ABUNIATIONY 3 7 way 28 U lasdvuulasdnsndiu

ansdannladdeTansadu (AL/BA) Wiy 0.50 0.55 0.60
WAL 0.65 WARAFIAT197 4 wazguil 6 Adsuusssann
drunamfiniunuoigaeunia Adefuussdaien
wUSNNRUAUAIERIIdIU AL/BA Taeiidesunsidnuag
Flelnawesnoundniimgsaniilo AL/BA Wiy 0.50 uaxdl
Adssuussdaanando AL/BA Wsdudu 055 0.60 uas
0.65 Ay WudeafvUiua ludiunanduud
poun3aThly (W/O) Aemdsiuussdniutuiloan Ui
tiludrunauas (CPAC Concrete Academy, 2013) WsiFo3
lianaafuausiosnisitlunsiufisevesuiums
mnilelndiesanusunuasazatedanlatuiniuaiy
Fosnsfassilazeinaweslswdulstauysal duwals
Tassadadlelnamesliudause Iideduusedam 3lelna
waiAaunInAINNYIUdeeNauAvezgiilouiiingeu
wssdngailednmanassanladfimdniuoradunadily
win1suszndadunulunisuden uandmuindlelndwes
AOUNIATIISnT1d2u AL/BA 1 azfinntuaiunsalunis
vaulddntuiu Insannismadeudageilelnaiues
ABUNTAATISNI 19U AL/BL 1infy 050 FA1n1sguda
(Slump) Higa 0-0.5 wuRLAS Fpgrmadeuiiisnidsu
AL/BL 1¥infiu 0.55 A1nsgusinuseanm 0.5-2.0 94l o
lun1swandlelndwesnounindmisiinszuiunisyiely
meviliuiu uaziegmaaeuiilisasdu AL/BA Wiy
0.60 Uag 0.65 dAN15yURIUTEaI 4.0-7.5 Ba.Uuag 7.5-
12.0 FU.ANAIRAY INUNLIATFIVIIUADUNTALALABUNTH
W@3umin un9.101-53 fuuad1n1sgufivesneunind
Winzay 5.0-15.0 oy, Tusgifudnunzvestudiunounin

A19°99 4 HansvedeuiaIsuLsIdnvesdlelndwesnouninannisilisunlawnidiuansdanlalde Janawiu

Average compressive strength/Normalized
No. AL/BA Slump ksc./(%)
(cm.) 3 days 7 days 28 days
13 0.50 0-0.5 272/(119) 297/(124) 299/(106)
14 0.55 0.5-2.0 240/(105) 262/(110) 293/(104)
3 0.60 4.0-7.5 229/(100) 238/(100) 282/(100)
15 0.65 7.5-12.0 158/(69) 168/(70) 190/(67)
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# 3 days ® T days M 28 days
350 4

297299 203

282

300 4

250 +

200 A+

150 o

100 A

50 A

Compressive strength (ksc.)

0.50 0.55 0.60 0.65
AL/BA

3UN 6 HaannsiUdsuLUanE@IL asdamladeTanaiy
(AL/BA) siarasiuussdnvesilelndiesnounin

3.4 gaunniluu
nan1snaasuindsfunsdatadsvesilelndiues
Aoun3nfieny 3 7 uay 28 Yu Mdsuutasgamaiinisuy
60 80 WAy 100 psrwaLioa uansianns1eil 5 uazgul 7
wudmaesunssdavedlalndwesnndiunaniiniswamun
dudunnorgreuninuasulstunssiugungiildly
N13UN Mnfiarsanlutieengiu (21eAauUnsa 3 Ju) N3
UnileInawenouniniigumgigeanunsnimuridedu
LssdnvosnaunInlddniinisuuiiquugidi
(Dobrowolski, 2011) uskiloo1gaunIaLfindunsfaL
f&e¥uusedavosneuniaiivudioguugiidinitozisy
fimuidsfuusedaldlndidssfunisuniigungigann
Bty dowFeuiisuideiuusedaiiony 28 Ju gamgiivu
JEWIN 60 Uar 100 IANTALTYE WUIINAITULIIBARIN
MsUNTlgungll 100 esrwaidea TndlAssfunisuud
gaunQil 60 asmeAled IneilA1Uszunuieyay 107 ¥4
Adsduussdavesilelndwesfivudioguugll 60
psrnwalea Wefinnsanmdsiunsssalunsiazgamivy
ogsaziden lugui 7 nunugiidunannliiveids
FuusedanazotgAaunIm Ul uIlduN1ITHAIUIAIEY
fuussdndiong 3 7 waz 28 Ju 91nmsUnToudiguugd
100 wag 80 sAngalTed AN15HAIUINIGITULTIERaY
faustlurasengiu udlsiresiaulurisenguas dawan
nsUnfeuiiquugll 60 sarwalioa n1sWauIA14s
Fuussdalaiganniinlurasengsiu wieiaunntuludag
919Ua1y ANUduraLdunT MY 018 7-28 Fu IAnnuduy
unninsunfiguugfivadigendn Wunadsdenisiily
fimuielvaiunsandnilelndmesasuniniiausa

wiauaglimassunssdalalaglideddenudougdunis
u mniinsinlAnwuasimuisielaenisangumngily
N15UH61881989 ATINITAITUINFIFTULITIENVB
Telndweinouniniiotgunnnii 28 Yu
oumgivugeannsaisajiserdlelndweslsivty 4
HAR DN TNAUINAIBAYDIABUNIALUTWEIEAULINNTINT
Unfigumgiish uigungivuiigedviliiAnnisunnga
\fosanarudeu (Thermal cracking) Tuiiforsunda Tne
AeuNdAvENEfuazfinUsinasivTnaifiduiaiunim
Sourmevhnsty Mamiefwesiudueouninihliiie
AMuLAuLdoIINLTITa Lazndanisunfiaiutou
danmsiinanuieuanasiegaiidnsnsgardeniuiou
g4n318m31n15iinn1sanieu rlugnisnaiives
aouninlasfinisuadiagiliAnmnuduanussioiagyii
TAAnn5UANST (Dter, 2014) dwwalvdlalndiueinaunina
Aslugamaigdliinunidsiuusedaluisenguany

A151991 5 Han1sNAFaUfassuLTIOaTesdlalnditasnounsnanna
nsiUasuulasgumaiiuy

Curing Average compressive strength/Normalized
No. temperature ksc./(%)
(°0) 3 days 7 days 28 days
3 60 229/(100) 238/(100) 282/(100)
16 80 268/(117) 279/(117) 292/(104)
17 100 285/(124) 295/(124) 303/(107)
350 1
303
300 —® .

250
200

150
Curing at 60 °C

== Curing at 80 °C

=@~ Curing at 100 °C

100

Compressive strength (ksc.)

50

28

Age of concrete (Days)

UM 7 naannnsildeuudasamaiiuusemdasuuswsnves
Flelndiainounin
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4. d@sUnauazaiusena

arnn1sAnuriadefiinadedideiuusesdnves
Flelndwesnouninfindnainidvudosnay
wwezgiiden Inglfidvudesan 2 unds unuilidnan
Soueimvorgiifioufenay 0-1 lnevhwiin 1asazane
Tovhsulansonlan (NaOH) A2 UL TudY 10 Tuans
ShsrduanaissuiisendieTanmadu (LA/BA) iy 0.50-
0.65 dnTduTEINaTava iYL ReNTEINARoaTaZAe
Twidenlonsonlas (Na;Si0:NaOH) ity 1:1 Tnetmin
uazvimsUnssnLSeuTigumgll 60-100 ssrvaLTea
ﬁ']mimaauﬁﬂé’ﬁmmé’mﬁmq 3 7 WAy 28 TU WU
Uadenn99 WaunaeTiinvenanuses nsunuiidey
gegmigrveargiilen dnsndiuarsazaredanilal
doYagdadu uarguugiilunisuy dewalaenssfy
n1nfnUfisedlelndweflaiwdu vinldauda
ns3uLssdavesilelndumesnouniniudsuutas

wdsfiuarodusznaunaaivendviudeni
AMNAIAYDYNUINADAIRITULTIOnT0Tlolndtues
Aounn ieudosiifinisgaduthuasnsgadeiinin
iesannsidamaliindssunsssageanindhoudos
fifinspadiniuasnsandetmdnidonnniangs

nsunufiiivudesiioiaveraiidenfimunzan

| o Y

whitu¥esay 0.4 Tngthuin vilrslelnawesnounini
MASSULTIDNGIER
Snsdauansazaredaniladdoagdeiu (AL/BA)
dmasionimdsfunssanasauasalunisviianule
yasdlolndiesnounin lne AL/BA A1 Mdesunsesaves
Flelndwesnounindagausnnuaiunsatunsviauld
A1 safudiuman AL/BA g9 Adefunssdnves
Felndwesnouniafiamunauannsalunsvieuld
gy
mMsuuigamniigainaenisiannfidsunsadnléa

Y Y
1% '

wnzlugitegdy LanA9RINAIsUNgungiinnita

q
'
v @ v o a

s EULISA RN TuL T sRaUNTs
Fsfiengnounin 28 Ju nsuufeuiiquvgdl 60
ssmwaldua Imdsiuussdalndifssiunsuniigumngd
100 a3rivaLTea

5. AnAnssuUsEnA
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Aideveveunmniieidedainssulaseading
ANYIFINTIUANANT UVINIRBUMIAITAIN NRaTiuayy
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6. TaLEuauu
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ADUNIALATABUNSALESUVAN

Anwinisangaungiilunisundlelndwesvienmuily
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Abstract

This research aims to present the temporary shelter-site selection during fine-particulate matter with a diameter
of 2.5 microns (PM 2.5) air pollution disaster via the Analytic Hierarchy Process (AHP) for Chiang Mai University case
study. Firstly, the main criteria and sub-criteria for the evaluation of alternatives were set by interviewing the experts
who have experiences about PM 2.5 shelter construction. Then, a suitable area for temporary shelter-sites was
identified by distributing the 617 questionnaires in order to seek a suitable area based on the demand for services.
After the survey of the suitable area, the three-temporary shelter-site candidates were sought based on the
consideration of the criteria from the interview of the experts, and the preliminary data of three candidates were
collected. Next, the AHP was applied for selecting the temporary shelter-site. Finally, the results were analyzed and
the primary guideline of the temporary shelter which obtained the highest score was proposed for constructing the
temporary shelter. The results of this research found that the main criteria consist of room function, cost,
accessibility, room character, and public utility, respectively. The most suitable temporary shelter-site based on
three candidates was the room on the 4" floor at CMU's main library. Owing to the application of AHP, we found
that this technique can help the decision-makers to select the suitable temporary shelter under the specified

criteria and this research method can apply to other cases for the location selection.
Keywords: Analytic Hierarchy Process (AHP), Air pollution disaster, Temporary shelter
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unfnge
NSAINUARITINTULAZLAUN VDI NINUL A LA 1URLUITR (Automated Guided Vehicle - AGV) Tagfiansandymives
Tssudehendniszuunssdaruuuinuazuoulmisudu el 2 ssvuilfianudosmsfunmssidesianiinnatu uasd
anudiosnisuuiiegunsaivudevatsaisluudazngnsrhau manmswuiiediagiliaensdademganisrheu
Frvmy Taguszasivdnvosnuideiiiiomdiuau AV fansauiian ivhlinarhsnusuvesaniinu uas AGY dnitan
ngmstmussugnesnuuuiielfidundninasilunisfvuamssnuees AGV warliuuniaufuieiesinsifioiansan
arwdiiusvesnsvhuszrisanilim uas AGv Jymitdugafvuadumeises AGY anqemislugBnqanidlagly
nantosiian wiiiesantaininisis pansihesmaranuestuTes AGV nasasuMIRnTIEITaRuBLULEUMIY
Foyannsdifnulugnainnssunismangnianyiinslinsefiduninisiwss AGV Inefinrsanfauuuiiamsisse
fisvmafouazasafianis dmudmau AGV fidnaiu LLazngmsﬁmummﬁu’qLS'?N%’ULLazL%Q':;ﬂ Han1sNAaesENnsaasulad
mslingnisfmunnuidagn wazivunidunmanisiawes AGY uuuaesiiama Tagld AGY iissduie axviliAndasing

TeulagsInvewsanin war AGV tosvianvisouas 2.98

AdIARY: NI3AINUAAIIINITVINY, NISANUAFUNINTIVBINIAUL, WINULANFEIUSALUIIR, 1181719971, 11U

NINUL

Abstract
The focus of this article is a proposed scheduling and routing approach for automated guided vehicles (AGVs). This
approach could be applied in a factory that has both old and new production systems in action. Both systems require

different material handling processes. High frequency transportation is required to avoid idling the production line due
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to required handling equipment being unavailable. The purpose of this study was to calculate the optimum number

of the AGVs required to ensure the lowest total idle time at production line work stations and of the AGVs.

Several dispatching rules were analyzed to achieve the best AGV scheduling rule. Man-machine charts were used

to check the working relationships between work stations and AGVs. The shortest path model was applied to find the

best route for an AGV to transport handling equipment from one point to another in the shortest time. Constraints

on the model included velocity and load/unloading-time of the AGV and the conflict-free routing.

Actual data from a manufacturing plant were analyzed for the AGV routes in both unidirectional and bidirectional

flow paths. The effect of different numbers of AGVs and proactive and reactive types of dispatching rules were

analyzed and modelled. The lowest work station idle time, calculated for a single AGV operated in bidirectional flow

paths applying the proactive dispatching rule that could achieve, was 2.98%.

Keywords: Scheduling, Routing, Automated Guided Vehicle (AGV), Idle time, Number of vehicles

v ¢

1. ANMRNIS

AGV - Automated Guided Vehicle Ao wirugaLas
nuonlula

IR — Idle Rate fio 80131N139199MUVBIEDTU oy AGY

PDR - Proactive Dispatching Rule fi® ﬂgmiﬁ’mumm
\B950

RDR - Reactive Dispatching Rule Aa NHN15AMUAIIY
\Wasu

SPP — Shortest Path Problem f® ‘f]amﬁﬁguqm

TIT - Total Idle Time o KIA15IUVBINTINNUIITDS

A0N197U hay AGV

2. uniin

N15A1ANTITAUNIANATEHIAVDIA1UNINULATYFND
anamnssu U w.a. 2561 (Office of Industrial Economics,
2018) Fiwurlliuduinudefuningaaivnssuves
Jsminalneazdiuditu estensaspululasamsoug
Me19901A5g 019 1ATINISWAIUILATHFNINLAYAIA

nziusanuarnisasuiulasiadaiugulavenefegs

mowlled Wy saliausaEs uazsalnsnee Jadmalilssny

9AANMNTTUAIY 3UTNNTIUNUTALLALYEI8NTHAR
iielsianunsaudstuiuguislunngnanunssulsuagiitelsr
LaUse@nSnalieanefan1sAoUANBIAIINABINITVRY
fuilna Jagtuiifugaveanaluladluniauanadiels
AAgRaMnTILAIeY Fudnndadiufauualduveanisi
welulaBudossuudaluifBiiunivnuimuntulussuy
gnannssu laglanizunuimludiuvesssuuladading
magaavnssukagluansuIsvldisiliauaulauagi
wialulagninurdifesudalud@ (Automated Guided
Vehicle - AGV) sifteatiuayunisiauneluaignisudn
wazfiufinddudi ioandefanatnndelymiteraingy
2nmslussnuayed feludiuaraenduangifmmi
ofntuIINANLUsEN Mudlosd uagnavgainyide
1911 wenanil AGY FaeliAneuusiuglunsuduay
d11150A7UANA1919N15719 Ui g1l UsEAnsan
(Fazlollahtabar & Saidi-Mehrabad, 2015; Xiao et al., 2020)

mAfeilfihanudesnisvesdsnulugramnssunis
wanfiidseeduielvannsoudedululinigiasugia
ety Tnefiarsannsdlilssnudeansusulsausunudnd
finszuaumandauuusioiios Inensvenefiuinisuan iy

FIUIULATRITNT AL UILATDIT NS NV LA NI AN 1L LY
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ffuieiesinsiifiogud MalssuunsuBnuuUANLaZLUY
Tnsifinnudesnisandosgunsalvumenlimiloudu uagd
AMEAINNTY 230 addlunsaznenisineu AGY gniin
gty urudrsunuLssauay Lﬁaamﬁunuuamﬁm
UszdnSnnlunisaiununisneniswin mnvugieadinds
nafidmunagiliandnuiudemganisndatanga
uninsvuiefigadananndnse nduuaandnuuay
ANUADINTITASIUSBRINaIIRIN I adenunungluns
IAN51INTITUTBT AGV Tulsazngn15vinay
MATeTIRsTestuNIsTanTIsnIsTIuLazEUNI
539989 AGV AiflAuduitugfufunsEUIun SRS
F1uruliiles Fazlollahtabar and Saidi-Mehrabad (2015)
TEnuniuassaunssufiisadesiunisdanisisuaznisen
dumaieves AGV uaznuinmisedulngdnwasdest
wenniy fnuddesuutesinnfifansaninisianisng
Lazidun19wes AGY wieuiu sereanududeuves
Tanduazimouiifisiuaunn newnmedevunnvesdymil
yurnlngdu fodulusuddeves Smolic-Rocak et al.
(2010) Fafinrsandumsisiaglinguiiduneisiduiian
(Shortest path problem: SPP) iillallsfiinnsviuidumsie
Fureasa AGV unniniedu Tnesmunlinissnauleluus
azafaldsuluifulunuteyatindivesiandu duwly
$1U398U89 Lacomme et al. (2013) AA1TUINITIANITI
MS¥UIBIT AGY anedy waziasesdnslunssuiunis
nanuuunuubiaeiios TaglalaRansauidunieds
WuReafufunuistes Bocewicz et al. (2014) Ssfiansan
AFIANITNTINUVRS AGV THUsTanuAU19asNISYinay
youaioadnsluamensudnliinniian
m%ﬂﬁaﬁiiﬂumimﬁmaugﬂLL‘UaLﬁu 4 ngulvaq
(Fazlollahtabar & Saidi-Mehrabad, 2015) A® A1SW1AT
mmzﬁqm%mzﬁmmam% (Mathematical optimization)
LWA1833aRn (Meta-heuristic) Yayey1Usefug (Artificial

intelligence) way N1331@94 (Simulation) Tuduwesnisin

@ o

A3 muiﬁadauimuiﬁmiﬁmuﬂm%uﬂmmﬁﬁﬁwaa
Han1snnasdld 5 anwag (Fazlollahtabar & Saidi-
Mehrabad, 2015) léuf F2enirswaaasiaan (Makespan)
mfmLa%muﬁy’wmﬁgﬂmqafmﬁﬂ (Total weighted
completion time) 17anluaiadsvesauiignarniinin
(Weighted Mean Flow Time) LIa158ABELRAY (Mean
waiting time) nananeiaie (Mean Lateness) n1sassulyl
ViU vun (Tardiness)

o

Y

1Y

fisnvarlnddestulanddamluenideaduil
%Qﬂﬁlﬁmﬂﬁgaaam%amwiﬁ'u TauA Xiao et al. (2020)
IaueIsInm TN snudmiussuunsHanwuudangu
(Flexible manufacturing system) W%@Mﬁ'ﬂﬁmmiwﬂﬁ
Feuves AGV lunaientiu wWislivilderniiwesaan
anuntiosilan aelitedifnvosieuluddueu e
N1911539099 AGV SrvualidslédRanaien uazsiuiy
AGV psfimufitaviun @1 Lyu et al. (2019) Anw1n15dn
ANTNNITTNUVDRASEIINT waz AGY TUSEUUNISKANLUY
Sameu naonudumisiduiianues AGY siideslalltiAn
n1svuiuYes AGY lnefidnuisifienisuau AGV ¥
wanzay fi3l938md 8 3aRnlneldsuuuntunounis
WugN334 (Genetic algorithm) lumsymAmay wan13Ane
WUIINISLRNSIUIY AGY u1ndusinlderant1eveatian
wounanasegnaunnlugausn uadlefiusiuiu AGY unn
Fuidos 9 §n51N15ana189T19N39VR AR A DY
Yovas lumAdosinansadendiezfiusuiu AGV Aseoilo
dns1n1sanaaesianasanulddesniniesar 5 ATy
294 Lee et al. (2020) WANTUINITAMUAATITINAITIINIU
LaZLEUNIINITI9T09 AGY nanedu lnsmdnauaadand
Ingldfuvumentlamansdmsulaymauadn wayldis
i EsaRnlne dsunuuiuneumetugnssuuiety us
Inguszasdunnsiseenly de Aldineveuazaudangy
Yoadun193s Umar et al. (2015) Uszgndli3Bmsgadanin

Tngidunuudunauniaiugnssy laedldngussasdnaney
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0813 1éud Franiavaanariavan 1aises AGY uas
AUSUINNISETILAIN
nuiTatuilifngusrasdiionenuuunszuaumsluns
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#1991n UL TnefiansuInITanIaITINYeInIs
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AUFUNUSAY nind1enilsan dndrendefaziiy
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¢ A2 °

FnguszasAliamnzaudmiunismeiuiu AGV fffian
Tngnseenuuungnsiivuney (Dispatching rule) Adila
ladrewazaiusainuyszendlguulusunsunisnaiinig
Wy lulassevvienia tilelvguszneunisanunsatly

Y a

Uszandldasela uenaniludivvesnisniduniaiaves
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[

ANUTUNISLARBUNIULAREASIVBY AGY UITIAIRBUULY

TUSHNTUAISIINNISIY WAL

3. a1 un15998

WandunisidediosalsznoudiAgy 2 d9u Ao NS
ponuuungmMItmunnuiielfidundninausilunisfivua
PTNNTBY AGY UarMItuaduiessa AGY il
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AADNAUNITIATIZIMEUNIINTIVDI AGY

Tneddunsveasssuduannisiiansaniiamennsiese
ag19d18nau Tnedmualiissaniaidss (Unidirectional
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°
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AGV uazfailsAnas 339N AGY ﬁﬁaﬁﬁqmﬁa 1
fu udrhnsiiuan TIT anduneasafiusiuiy AGV fias
1 fu Tneyn1smaasaundtasnuInsiius Y AGY ¥
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Nan1snnadbiluiite 4.2 way 4.3

3.1 A3IUYDUIRTIINNIULALEINTINTTIINNGTY

98777997V AD LIATINUNIUINGINNNT
Mauluaandauvesnues fadunainlinsliiinnurse

a o 4

AR Fdluiitnarinanuremtinnuiiutasaaninuey
Aatuilenthiugessensiasusadulag AGY
1987779971989 AGY f8 19877 AGV 11991nn15%19
Tngaziinduiile AV ﬁ]amaﬁ@uéiamﬁaiaL’Jm"L“LJLU%u
safuldfuaanfleu niens@nd AGY nanufu AGY 819
Sududomenogiandonlas ool AGY Auduanansa
THdumald [WumstesiuldliAnnsvuiu
1987590990753 U Yesan TaTuaE AGY (TIT) fe
NATINYDINAINNUVBIENNTNU Lag AGY
nawﬁﬁmuiwﬁaﬂssuaqamﬁnﬂamﬁmu uay AGY
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P93171TIINNIUVOIFDITIIU Uae AGY (IR) v dndiu
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MsfvuALdUaIsUes AGY Tlagtadeuiininganily
f98nganis Fosfinnsantoya waanarvuziy lngm
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Abstract

Red bloods are an important product for treating patients and are considered as perishable inventory. The
shortage of red blood cells in the blood vessels may result in the loss of patients' lives. This research proposes
the tabu search (TS) method to use to manage the inventory system for red blood parcels. The objectives are
to determine a blood ordering policy (unit) for each period, quantity of the appropriate blood inventory level
and obtained the lowest expected total cost by considering the smallest shortage of blood occurring under
uncertain conditions. We assume that there are two types of blood demands from regular patient and
emergency patient demands. The blood transfusion policy will supply the blood with a shorter shelf life first to
the patients (first come first serve). We assume that allocate the blood units to the emergency patients with 100
percent services level. The comparison of the appropriate order quantity units obtained from the tabu search
(TS) method and from the current purchase policy are experimented by using the actual blood demand data
from a hospital. Considering the appropriate policy, the results show that the current policy provides the highest
total cost and the smallest percentage of service level. The results show that the inventory up to level policies
with non-fixed period and the fixed period by using the TS search method provide the similar results of

expected total costs and a percentage of service levels, and the lower expected total cost than other methods.

Keywords: Blood inventory, Two demand classes, Uncertainty demands, Tabu Search Method
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ladin mszn1sualafiniinadenILTuLs1weoInNsHU
Duegrann wazannisidiiudeyasswesnisliuing
Tadinvas 2 lssweruianudn nsliuinislaiediiUasius
nsliusnslafinfianansanevaussienufosnisgeds
99 % Fsluvaadenaazidurigauazguinels wiluma
nduiutiu 1% Allasaliusnmsldiuenamneidena
lumsinwmsesaninefstiinvesUae mddeatuilie
aulafifinnsantiymmsinnisiananddlain uaziilelu
n15AsIEsikaznIuInslun1sdanisianasadaladin
L‘?;Julﬂmuaﬂwwmaﬂﬁiymﬁlﬁm%uﬁﬂ (Real problem) 151
Feldinauaisnis alawaafnddnsunuudiaoaianas
Aadladin (Stochastic blood inventory model) 517U
Soulwwesianasndslafindsdinsvunoigauiivuaig
(Perishable product) Ing383tA51¢91A838NTNIYLETY
fiarsanunasiidsdonanlafinananinsalne fiasan
fladinuszinnifien (Single blood type) 38n15AL T
o §Ielafinsantisarawsnduuuudig (Periodic
review) wUstsanoendumieduny (Week) iilosan
Aududeuvestymdadesinnsamainvaledaded
dananszvnusianisanaula n1sasanuuIIanidenedl
anuseuneuduegiann nsdndulasesiinalading
#oamsanmsdaieiiaglafin (Replenishment decision)
Fosdimsdndulanoufisgnsiuysunaanudenisiadin
v044 U738 (Before demand is realized) n1n31UTua
z%"ﬂ%aﬁaﬂiaﬁmmﬂamﬂwmlwaLLazﬂ%mmmi%’w%mﬂ
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Snuliluaddlanauinifululaglidldauazideniueny
FofunuAteatuisalunuideihaladuegreannly
msluldudletymiiAetuase H3elane1sn1sIanig
annanddlafiony O Wisavirty iesannmgladin O &
anudesmsinnuazuindunylainfiuauaaulaglng
wonUsztanaufesnisiadadu 2 Ussian mudssan
vaslafin wy Rh- way w1y Rh+ uifoatudfiansmn
Wnzeudeanvylaiin vy Rh+ dadunyladiafinuan
Tulszvnslneg

dmsuenidfeatull aduuusiassszuudanis

o [

Wanasnaaladin lagiasandymniafuaidagiiarsan

ynduneunisinnisianlainnieluadeianlafiouas
AnszinnanuliudueuiiAntulussuunmsdansianng
Aadladin lnedd1muen153ATIERAUNUVDIRGINER
Tadinuitelilsulonefmngauiiaslunsdansszuuian
Asnda siTaszuuitanasedsldun danavisalddesm
(The expected total cost) hay WaslguAn1SIAUTAS
TadinfiugUag (Percentage of service level)

2. MUABNNYITa9

Budunuideiieriuiannndassinnmuneignia
afisanun (Perishable inventory) Anwianuszian
e Tneisuanauideves Piarskalla (1972) Anwnilywn
WanAIndIUTELANINABYANIATTIT MU (Perishable
inventory) fasan1sdndulakuute Janufgiuaiiy
Foen1snsiifinnsaiensduiaiagudaanasanaunls
(Backlogging) kagnsalvnwanuailianunsanawnula
Lost sales) sia11 Nahmais (1975) 31a5121iUUUTIa04
nsdinilstasnaiuagnsduiaianudianunsanaunuld
(backlogging) @1%3u Cohen (1976) ANWIANINGAALAE"
et munuleuiewanasadsUssLnmmuneIgn TN
fviun Wevasergiag 1y m $raan wagRiansannsdl
PIaNanualIaIuIsanaunule (Backlogging) ou
wuudiaesunslaivuy (Markovian) dnfuiianaends
Uszinnuunaigniuiatdiauslay Chazan and Gal
(1977) §@eiins1zsinisuanuasenguasianlngldunsney
s 1992919819770 (Finite markov chain) $1133eadu
iflanufgruanufesniauwvuiiadens (Poisson) Tng
fvuasuuianaundefiuai wuszasd fe e
aevTarnlddefidnfianuesdlddenmanunenguesian
#ou Nahmais (1977) lamunuuuinasdaeinnsanian
AIASALAAINAMUALIAT (Perishable inventory) $a3AU
AUABINITHUUANLAETITD L RAALUUANNTHIUIAWER
wala uIsanaunule (Backlogging) Way Nahmias and
Schmidt (1986) 3iAs1gRNIITUINARAAT LTS AL
f11UALIa1 (Perishable inventory) Tagfiansauntey v
Ngwf ABULIBSIAUS (Covergence) dmsuAIUABINITE
NIHINLIUUYI Aad1 Williams and Pattuwo (1999)
NA1TUINAAAIATUAYAIUAIMUALIAT (Perishable
inventory) n3didaananth (Lead time) annningue ledl
aunAgIuTInausuiagmdginan vnritaeny
Wanwiniuaes fI3elaRasannstviaiaguailianunse
naunule (lost sales) @ou1 Haijema et al. (2007)
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wAnfiTlguinszaneduiuarsavudedifinnuguunainiy
LLaﬁﬂ‘wﬂfd5q;§€hﬂﬁﬂﬁé’aﬁ?{uﬁmmé’qﬁwﬂuﬂé’ﬁuﬁw
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3.1 eurganmlgmiiny

mATeatuifinsuuuuaomanSudiladin vy
ladin O uay Rh+ lagdimvuatisiain1sidevesnansioe
Tafinuuuasd (Fixed lifetime) gud¥uuiaalainves
anmualveduuvadimbeveslainiiodslundian
la#ia (Replenish orders) vaslssngruramalulagasun3
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lifetime: Outdated) {378MN1TUIAUNUNITVUABEY
(Outdated cost) flantas uanainiudauuusians
#913001AUABINTVRIEUIY @1nsanIFULUUNITHAN
watld wagiamafiwes danvazdunisuanuasuuuyag
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(Priority) ImEJmméfaaﬂWumé’ﬂaaﬁﬁmmﬁﬁﬁymmdﬂ
Aw JUlugnidu (Emergency patients) LAEH 1A U
ANEIAYI89aeu Ad §U38UnA (Regular patients)
WHUATNLEAINITIMANTINITEUINNTIANSHARAIRSIlaTn
uamafaguil 1 fimnsanmsiadeulnueszuy 1511500
Wanmandunded1sfiFuiusyuy (nitial stock on-hand)
fenunnniwdewntugudld fduaatasaivesszuy 1o
ssAnualdinglunisiiuianlaiin (Holding cost) fie
migladi, arlddreidesnnianlafauaeigiouldnu
(Outdate cost) Aevtheladin wazaildaglunisdsladin
INAUIAN1N1YIAtNe (Ordering cost) sy Aildanelu
n1svIaaglain (Shortage cost) lneflauy@giui
annsavnmauildviud lunsdiiansuialadinnands
TafinagvinsBa/uanivdeuanlsmenualndidewier
n151UASUUTaNA s1aduuuIiaesszuuWagladin
#915019291981v0958 UUASA (Finite horizon) #ae
8N1INYLESTY (Tabu search method) H150H9981
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yuAeY (M) Eaztu N > m $1aan

Naresuan University Engineering Journal, Vol.15, No.2, July-December 2020, pp.105-121 107



NUEJ

Naresuan University
Engineering Journal

Ll A
~lunnoaunen

o = -
AUIUTIANDA

vodl5anenia

o 4
fadmenaIIvael

+ il

)
TIMNA IApAAINTHADY

UM 1 wnuniwnisaesnisddlainvesnuide

i=1 i=2 i =m i=M
1 1. 1 Xl . Xyt
X1 Xo Xm m+1 M n=1
14 \"/ ...... \"/ ...... 2\:}' iiii ,
X;2 X X Xm+1 Xm n=2
Xln in an Xm+ln XMn n=n
N N —
X1N X2N XmN Xm+1 Xm n=N
Blood stock of the hospital with FIFO

JUN 2 uanansifsunUasesan iz vasszuuanAnaslain

(1) #i9130un1sdnan1sianasadelainmy O iileq
ity esanmgladin O Tnsfiansunaudonis vy
la#in Rh+ lngiinnudeenisangUlieqniay (Emergency
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vadladiniugUlsatugiull wnvinisesiaaudiiu
welilanunsadAuld maunmdagyinnsvgaliladinyiud
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SS seauianlalinivaonsie
d ANNABINITLATINLAALALYINIA
L-bar  ¥aadLRfsRuAdianIunTenalasy

Wanlaiin

Zfor) ardeansianiwlsusiulugiaianii

t_ﬂ

Faudsingula

= 1 dlefimsdnauladaianlafinananinive
Ine fiegetion 1 iglutianan n = 0
=0 e Bue
Usnudnduladsianlafinainaninivialie
wanladindlésuaziiongmdoldaugsan M 1o
fsaniitiean n a9
Uiinadaduledaiaglainainaninealng 99
sgfuiagiuiiieliwanlafinfasedu 5 e
frsunfidaanan n laq snzdivaglainildsy
eflengwdeldnuan M
Usinudnaulagadsianlafinainaniniuialne
desziudagiuvesianlafinegsziu s niioay
fsandsitanladin Wefinrsandivaam n lag

3.2 msUsusdumsaslananigeana iy

nsUssiiunsadlalinsigdanaiiuanyateyadiuiu

12 iiou Wisuszfiudnsanudeanisladin Imﬂ%ﬁ?a;&aﬁ
AIUATULIAT 6'7’3&LLamqmﬂumiﬁwmmham%’aLﬁamﬂ'”u
AAndeAnldineTin §n5INSUIRLABY §RTIN1TVUADNY
wazdevazyosnsliuinns dll
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3.2.1 M9y leaIgsa

Arpandeanlganesiuiidunasiuatltatelunis
fedo, aldarelunsdafiu, alddrelunsdlunnuaay,
alddgveanaeiosdnsdlilunssSeuianladinions
delafnuazAldanglunisvuds Tnefidoulused

n+l n n n n
Xn1 = Q'+ dD “Zen ~Lrm
(1)
n+l _ yn n

n
Xa =X ~Zei ~ZRi vi=123,.,m-1 @)

(1) ofinsdslafindnludunisziansandnou
Tadindisloglundsnumdongidiuam x.." g9 fauansly
aun1si 1 de Wefinsdadunludauil 07 ga 180e
11503310 do” 99 wazdin131eliEUIeUnd zen" 9 wae
HUIERNAU Zem 9

(2) ilelusoudUasitilsifinisdeidnnuiiladinis
oaglundsdnnu x." g1 Tasuandluaunisi 2 deladin
Tupdedaguiidiuam x” gauariin1sdglvigiieund zam"
09 wazgUeaniau zem" 09

j-1
(Zg,j _[dE —ZZEJ]T =0
i=1

j=2,3..m (3)
j-1

(Zlg,j _[dg —ZZS,iTY =0
i=1

j=2,3 ..m (@)

(3) mselanalugurgluudduamivesiireuniiuay
Adrsaniduazidenlilafiniiiongwietesigneaniuneu
AIANNTTN 3 Wazaun1Ti 4

Qn +dlg _ZE,m 2 Zg,m (5)

X' —z2 >z
i E,i R,i (6)

(@) yihnsdelafialivngUieaniduneu wasninladin
Tuadadilinedsazyinnisdalafmdnun A9aun1si 5 way
AUNSN 6

4 -y 20, =0
i=1

(5) vielailiifinnisvialafialugUisaniduagsiinis
Uasuuiae seaunisi 7

> F Q%) = X (d2 R (¢8) P (05 [ B
+1 nixi” +(Q“ +dg -Zn“z,g,i —izg,ij
i=2 i=2 i=2
+O(x1” -70 - zgvl)+ +Sc| df =Y.z,
i=1

+Ma(im1 iml ZEJ+T(Zt”)]

Zp; t+
(8)

NNFUNITN 8 A1UNTALAAIITNITATUIUNIAN
AR lEIesIAnATY fanalUll

N
PP (dE)Pe(d)Po(dB)]
n=1 AD WAUNLER S

ANUABINISlaRnAUAIANLUI LT UVDIANY
ABINI5lain

2) BQ" fp AltaneLilaiinnsadlaiainunludunn
1

| (ix +[Qn vy -y 2, —izgiD
i=2 i=2 i=2 aa

' Vi a a LY <
ﬂ']Iﬁjﬁ]']EJVILﬂ@‘\]'Wﬂﬂ'Tﬁﬁ]ﬂLﬂU

1)

N
O( " _Zn _Zn ) o ' v A a

4TI TR g anldsnofiAneinms
gaydmianisnunetgveslain lnglaifins

Pluly

m
Sc| dg =D zq;
=1 e Anldanelunsdiladin
Tupdsliisanenanisliusng
m m
Ma(z Zp; + Z Zg | j
i=1 i=1 Ao A1ld91890
winsmsaladindiofinisdneladinlulruinisun
Vel
n
7) T(Zt ) Ao arld3reMAnainnisouds
naAe fawindu 0 Welufinsdsladin wazasd
Ay 1 grusherivuds definsdaladinidun
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3.2.2 993I013VIOUAAY
FRIINITVIALABY = T1UIUAIUABINTTIAaR —
UM IIUSN5LaRnaS

= dg - Z ZR,i
i-1

3.2.3 993INI5VUADIY
gn3nImuneny = Iuulainivuneglugiia
GRETANIE)

9)

:XZ{] _22,1_22,1 (10)

3.2.4 $98ax909075MUSNI5
Spua¥IRINITHIUSANT = (BRTIN1SVIALAAL/I1UIY

AUABINTSLATR) *100 (11)
0=2
Improve process.
Neighborhood

Random vand wwithOto 5
vi0] 2 2
w| 2 3 1

Best solution . v | 2] -1 1

s
y w18
1

Accept neighborhood /
Iteration 1

Tabulit [18] [ [ |

s 2 B
A\VAVAY
Remove [ 18] 15 [ 14 |

...
%)

1w | 830 fro |4
to
—

(3]
(B8

Newly solution

Tabu list
Iteration 5

(5]

Iteration 6 3. & B \,
Tabulist [15[14[13] 9 |
1, 2. 3 4

JUN 3 Bnsmydsy

33 AN

3.3.1a59935yiaTvdmun193nn 1A vian e
lasiauny

af1a3fnyidsyuasinlylddvuuudiasanig
adnmansildulouiedaiadn faguil 3 wazgud 4 uans
LHUNTNNSEUIUNTTATIZR B YASY Tnefidunou
Rl

Start
v
Define a tabu list
and Iteration.

- Find Q or S level inventory from last
Q or S level inventory.
- Compute fitness.

totalcost = (cost x prob)
NO

Q or S level inventory
causing the totalcost
less than last Iteration
s'Esl
NO Tabu List

I

Iteration =
Aspiration level

YES l

Stop

UM 4 ununnuansisniydselunisnageuvesnuidy

muuali
1) Q" 9929381 n Tae wihiunue deduaglann Q" =

2) " 998 n lae widumue dsduaglain S =

Fupouvossanasvil

1) fuaeBudy O/s

2) %N Neighborhood Tagnsduen 2 fn Aifivag
158w 0-5 udahundldnauiiu

3) 1h Q/s wauradwiRlaluduneud 2

8) wadnvidildanndunauil 3 1 Fitness uazyih
nsidendn Q/S Vil Fitness fiafoeiian fagui 4

5) v /5 WUl Tabu List suvitiedt 1 fagudi 3
sl Tabu List Siiavun 4 fusms

6) ﬁﬂ%ﬂsﬂy’umauﬁ 2-5 f\]uﬂiummauﬁﬁmuﬂ

7) 1ilo Tabu List AU 4 Funds uazdian Q/s ez
vdwfiulu Tabu List Wiinnsihefieglu Tabu List
Fuedl 1 een wazideusuaidly Tabu List Ty
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inty=Q
int Best=10000000;
terloq
While(irter>=0f
ito=ra intredint();
ntnAad intredn(®),
Yo
M=y,
If @wm@glwmwmwm{@{

s = Vi VRS DRt ess
} , .
cvesgy vueivEbbrivin b

Bt
}
If(rter<I}
tebu0O) te {110 e 210, 30, tetuidy,

Yow e
16 o hilesiEm oL

e Ot 1], e (1= (2 et f2et 3] e (3 4 et 4y,

}
i+
}
e {
trsk
}

3
UR 5 danesiiuvesnsman Q/S megdsmydsy

CaN

3.3.2 MIAINIBNMIYETY

naaeuIsn1sniyidseivlynivuialng denis
naaeufiudeyaatalagliisnismaaeu 4 uuu Ao

1. Wleuetagdu (Current policy)

2. Wlsvemsdstouvuimunssiuronianasndy
waza Ui Iaeldisnsmyidse (TS-Up to level-No
Fixed time policy)

3. Wlsvemsdsdeuuudnnunisdidensiiuazinan
wUsetu gl 38N 9mydse (TS-Fixed Q-No Fixed time
policy)

4. uIamamsé"@%aLLUUﬁmumzﬁwaaﬁa@mm"ﬂ
wazaAsi Ing38nsmIyidss (Ts-Up to level- Fixed
time policy)

3.3.2.1 ulgwgihatu (Current policy)

Huisiimalsameualdegluilyiu dvuaszdunis
deifo Tnwseiunsdsdomldanaaisvesaudesnis
lasindaineu Inglddeyaninudeinisladinlugiumey
Wweniuraslneunt %ﬂizﬁumﬁa%waaﬂamaﬂwﬂ’u
mlFnanaisnnudeinislafisludoutuiu Tnsdeya
fhisviedslideyaantieunthundiun

Start

¥

Define a ROP,
s

-~

Compute fitness by mitial solution
totalcost = (cost x prob)

!

+1 Iteration

!

NO Total blood
inventory< ROP

1vES

Q=
(5-x)

Iyves

Iteration =
Aspiration level

+
Stop

3UN 6 Bmsvndwumsdlaialuuleviedagiu

Lot Tie

L 2 3 4 Time(week)

UM 7 szAuiagasndesuleuienisddlainluuleuvietagiu
(5, 5)

Taguszasd (Objective): usnislafinlviiisanasns
AUABINTT

Houlv (Rule-based decision) :

(1) ivuafovavvenisiiuinisyUlsanidu fe Sou
av 100

(2) lunnzgniduazyiinisdednslainny O muei
n13nsvaeuANUliuvettadin winldiduasiinis
se¥umsliladin wagyhnsdegnglvl

3.3.2.2 ulswrgnisdidouvuimunssduvesiagng
paduaziIa Ui laelyIsn1smIYasy (Ts-Up to level-
No Fixed time policy)

fuunsedunsdsie Inesedunisdedoanunsonls
MNEuNTT 12
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s=(dxL)+Zd(s,) (12)

SS =2Zdo, (13)

dlasesuvaslaninlundianadds s azvinnsdelanadu

U S - @wulaieiudslunss) Wesnwisyauladin
lupdslusgiszAuasan Jasouvesnisdiondliduiueu lag
zuUsiunUsERUvRIlainluna

S8

Lead Time

1 2 3 4 Time(week)

JUN 8 seauanmIndauleunen1sdwoRUUTEAUTDINAAAIATY
waztauwUsiulagldBnmy sy s, S)

Houlv (Rule-based decision) :

Tnguszasd (Objective) : Wiusnslafinliliiesnese
anudesnsialiiefifstutiosiian fmsnauaautes
fian uaz¥eraryesnsuUINIIgEn

(1) AvunTevarueIn1TiuinTg fAe Seway 100

dwiugUleanidu

(2) vnmselaitalvigUiensaaniduneu

(3) MwiuA ROP uag SS

(@) Apnemsanldanesuioniign

(5) Mnseudsde Sruaulafindiviinisdszsilfssiu

voslafinlupdafiaseiuasan (S)

Start
¥
Define a ROP,
S
il
Compute fitness by nitial solution

totalcost = (cost x prob)
[

2

+1 Iteration

!

NO
NO Total blood
inventory < ROP
IyEs

Q=
(8-x)

I

Iteration =
Aspiration level

YES §

Stop

UM 9 Bmsddladimuleviensds@euvuimunsefuvesian
AwrgnazawUTRulagld Ny asy

3322 ulsvemssidouuudivaunsaidoniiuaz
namysiy 1agldisn15mIyidsy (TS-Fixed Q-No Fixed
time policy)

dlosyiuvedadislundranati s asvnisddaindu
$1uau 0 Fedruau Q mildannsliitnsmyuaznisly
Wsunsuasufinmeslunisuaniielilaan Q aswnn
AMUABINTT Faseuvesnisdienaliuiueu Tneayudsiu
Auszauvedlainlumag

s = (dx0)+2zd(s,) (14)

ss = 7d(o,) (15)

I |

1 2 3 3

Time(week)

UM 10 seduianasndwanleuensdd@euuudiuauns
demsiuaziauusiulagldisnsmyidsy

(r,Q
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Start

v

Define a ROP,
Q

|
2
Compute fitness by initial solution
totalcost = (cost x prob)

.

+1 Tteration

NO Total blood
inventory < ROP

NO

Lves
Ordering = Q

| vEs

Iteration =
Aspiration level

I

Stop

UM 11 Bmsmdwaunsddlainuleuiensdswowuuinuim
nsdsgensiuaziawUsiulagldiBnmyasy

TngUseasd (Objective): liuinistadinlviliisanane
anudeanis Saldaefiiatutesiian fnsveuaay
tioufian uaz¥ouaruesnsuinisgean

Houlv (Rule-based decision):

(1) Amuafesavveinisliuinis Ae fesar 100
dmiugtheaniiu

(2) vnmselaitalvgUiensaaniduneu

(3) Avium ROP tay Safety Stock

(@) Apanisanlddnesaniosiian

3.3.2.4 Ulgw1en158980UVUAIIUATAUTITAAY
pasUaz9871A97 [9835015MIYIETY (TS-Up to level-
Fixed time policy)

yNsaeTenseudi@e lnedruiulaiini in1sds

=2 1Y

vy iseAuvadlainluadsdssEAuasan (S)

RV ]

1 2 3 4 Time(week)

JUN 12 szAuiianasedsasulouien1sdidauuuivunseduras
WanaInduazIa1AlaeIBN1sYasy (¢, S)

Start

)

Define a ROP,
S

T
e
(4

Compute fitness by initial solution
totalcost = (cost X prob)

h J

+1 Iteration

A 4

Q-
(5-x)

‘x'l:bl

Tteration =
Aspiration level

|

Stop

3UN 13 FBnsmdwaunmsddaialuidmsmydsouuunis
VUATEAUTRINANAIARILAZLIAIAL

Tngusvasd (Objective) : usn slafinlifieaness
anufesnis fanldirefiAntutesiian fnsvenaay
floufign uaz¥euazuesnsuInsgean

[ouly (Rule-based Decision):

(1) AMvunSeEAzYeINITIIUINIT Av Seuay 100 VaY
Feeroansdl

(2) yhmsdaden lagaginsdmneniing

(3) usnmsungienizaniduneu glhennezuni

(@) ﬁwmié"a%anﬂiauél’a%a Tngdnnulafinivinisds
agvlvisgavvedlainlupdaisseAuasan (S)

3.4 msiiudeys

vansifiudeyaldsiuiaidesnislunisiaun
wuudaessadinaans dausznouludsyndeyanin
dosmsladinvomflaiin O duanlafniildfuuiaauas
AlddreiiAntulunisdaniswagaeadalafinuog
Isanenuiauninendemaluladasuni

3.5 Ins1esidoyaiiion 1sumoyasmsunsa T
wvuaeamadamans

nslAsgsideyaliienadeunsnszaefive Ny
Wraziluvesdoya Audesnislafinaaslsameiuia
uninerdemaluladgaund leldmsleseiadafiugu
WU N1snsetedvesdeayaiiuuuauinasiduwuy
%23 (Discrete probability) LLamsﬁaaﬂamsmaaué’qmi’N
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7l 1 lnevhmsuendeyaidu 2 /g fie anzaudeanis
Unikarn1ieANABINTsnay wasivuabilaislungy
fiflorgaunde 1-7 Fu fdnuwidudanudeanisladio
gegadwiuithounAvesusiazifiou esanluamiiy
39487 MeeaslafinaznsuUTInaAUAeINIslainves
Argunfdminnioula waganunsadsedlainlunds
lafinlaiiganadonufenTinseideya Am1Ans
Aldiesuiiintulunisiamsadilainvodsmeiuna
uvninerdomeluladgsu delduneldanelunsiaiv,
aldsannisdsde, Aldludnelunisuuds, aldanely
nsdianisvinveslaiin fin1519 2 Tagerldanei
Antulunsdifanisvinszdavuds SvsAndiaudsan
sroganlsameiaiiinstlaiin Ssenaeziamduly
1§ ie1vvzdewinisfuniouanivasulaiinlnasenld
FuhmsAnFvuduszozveslsmeaiilnaiian

A15797 1 ausieanislafinuazainuivzduvesanudesnisiadin
YalsngIUIaNNINg1§enAlElagg u1T (Unit) Aaus
Wou natAu 2561-fugngu 2562

AMuReINsladin (Muae)
{UaeUnd dUaeqnidu

- Dem Prob Dem. Prob. Dem Prob. Dem. Prob.
Lnau R1 R1 R2 R2 El El E2 E2

ma. | 66 | 050 | 72 | 050 | 6 | 050 | 8 | 050
wo. | a8 | o050 | 51 | 050 | 4 | o050 | 5 | 050
sa. | a8 | o050 | 51 |05 | 4 | o050 | 5 | 050
wa. | a8 | o050 | 51 |05 | 4 | 050 | 5 | 050
an. | 48 | 050 | 51 | 050 | 4 |05 | 5 | 050
fla. | 66 | 050 | 72 | 050 | 6 | o050 | 8 | 050
we. | 66 | 050 | 72 | 050 | 6 | 050 | 8 | 050
we. | a8 | o050 | 51 |05 | 4 | o050 | 5 | 050
fie. | 66 | 050 | 72 |05 | 6 | 050 | 8 | 050
ne. | 48 | 050 | 51 | 050 | 4 | 050 | 5 | 050
an. | a8 [ 050 | 51 |05 | 4 | o050 | 5 | 050
ne. | 48 | 050 | 51 | 050 | 4 | 050 | 5 | 050

g9

1) Dem. An A1udBInIstafinvedfUle uay Prob. Ae AW
Wniluvesnnudeants lenainannugonis)

2) R1w3e R2 fis ¥2sarwdesnislafinveiaeund s
lonadesn1swiniu R1 vise R2 wiy

3) E1 930 E2 fie Yasanudesmslafinvesiineund fflonna
fosn1swiniv E1 vve E2 wily

a ' v 1 A a v o a a
A15199 2 enldneiiieitesiunisusnisiafineeslsanenuia
wnedenaluladasuns

519N15 Aldane
B Tadia 700 UN/HAU0E
N84 —
ANUUES 100 UW/58U
msdaAu | wilhew 108 U /miae
gug 2 v/mbe/u
k1% ANA3DIAT99 570 VIW/se/n151e
ANTVIALABY | *AIVUES 2000 UW/50U
wuney | Mdn 4 v/

MGG *AIVUES 4 UNTIAY 2562

4, a5 IUIUIY

4.1uan15MAaeauUAINY I (Equivalence testing)
VG ERREY

nsfnwdoyaiiiniuainlsmeruiauning1ds
wmalulaBqsunideiianudeanislafinlulduudiuin
annsnszydymiiinduainlsmeuiansdanu |y
vade 3.1.1 uazviade 3.1.2 ilemnugniesvenanisise
nefifelivianismaasusaneiiuainauide Taei
Fruruladiniiviinsdslaindliannislésaneiialy
mu’i%’ﬂﬁuaauIsJ‘uwﬂﬁ]ﬁ;ﬁuﬁ’uﬁm’mﬂﬁﬁﬂaﬁmﬁLﬁméﬁuﬁﬁa
11YINN1IAABUAIUVINAU (Equivalence testing)

Two-Sample T-Test and CI: 4oumss(Unit), rwsuiUnit)
Two-sample T for doyasia(Unit) vs swisu(Unit)
N Mean StDev SE Mean

u(Unit) 12 248.9  43.9 13
12 238.9  33.4 .6 |

Difference = mu (foussfi(Unit)) - mu (swSfu(Unic))

Estimate for difference: 9.0

858 CT for difference: (-24.2, 42.2)

T-Test of difference = 0 (vs not =): T-Value = 0.57 P-Value = 0.578 DF = 20

3U# 14 wamsnageuauwiniu (Equivalence testing)
Y998anaIny

Unit
(=)
=3
S

2004 |

: :
Toyati RG]

=] 3 I3 o .
JUN 15 vdeAndenveman1snadeuAuini (Equivalence
testing) ¥08aND39N
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HANITNAADUANUAFIUVRILTING UM TN S
wAlLlaggsun3 naenlanaannssumelusunsunaiie
gredilduimaasuaIumafiy (Equivalence testing)
vosdanasiulnenslilusunsy Minitab Fawadlide
gousuliimavesuTinumsddadnildansanesiiy dein
wirudunavesnisdslainiildaindeyalsangiuia
wmaluladqsuniae edailfeddy Aldainanuide
199970 A1 P-Value fiuanslugui 14 uagud 15
lsangrurauninerquinaluladasuiiiai P-Value
Wiy 0.57

4.20uamsVszduulovignisadlaindenaiudoinis
landnsiaguuainsalinwlsmeIviauniing ay
waluladgsuny

firsanleviesiun 4 uleue

(1) Weuremsaniunuidagdu (Current policy)

(2) ulburnsdsdeuuuimunsefuresianAInds
waziauUsu Tagldisnsmyidsy (TS-Up to level-No
Fixed time policy)

(3) wlsvrensdadouvuduiunisdstensiiuaginan
wUsi 1ngld38nsnyidse (TS-Fixed Q-No Fixed time
policy)

(@) Wleviensdsdonuuiuasefurosianasnds
ezl lag8N15n1YLdTY (TS-Up to level- Fixed
time policy)

4.2.1 wamsUsziuulevignsdilain

AMUABINISIANNIINTRYATY Ingaevin1suseiiy
wadu 3 ngu Ao nan1sUszifiuitAnainanudednis
5D, mami‘dﬁzLﬁuiusd’aqﬁﬁﬂ’awué’aamﬂaﬁmqmaz
wansUsziduludesiifianudesnislaiind 91nguil 16
wansUsEiduUTeuioufures 3 9aaaan ulsuied 1
ulgviensdndunutagiu faldiefunigaiife
2,505,870.75 U uazuloued 4 wlsviensdsdonuy
fvunsziuveianasdsiaziiaas Ing3snsmyidse
(TS-Up to level- Fixed time policy) ﬁﬁﬂ‘ﬁ’ﬁi’lﬂﬁﬁ%ﬁ@ﬂ
Ao 1,835471.25 U1 a’mgﬂ‘ﬁ' 17 wan1susgiiiy
Wisuisuiuves 3 2aan ulsuieil 4 f¥evazveanis
Tusmsunniiande¥esas 99.98 uazulsunei 1 i¥evas
ves  msliuinisenfigndesesas 99.19 99n5UT 18 4z
wuldinlursidanudesnmslaingeaziiuldinlousd
2.3 uag 4 SafilnalAsetu waglutisfidnisldamusag

Wiuauwanenatulaagstaey snuulouien 4 wag 2

'
1Al

ARAINLNAREINY wetlauaslunInsIuwa? Ylaunen 4
3

DRING
Total cost
900000 7/
800000
5 7 P :
3 700000 / / 7
2 00000 % % %
* ol | . /
- //EEE.E / /!I:::
BT A R R (N
1 YEAR Peak Deman Non Peak Demand
(1)Current (3)Fixed Q-NoFixedTime
(2)Up to level-NoFixedTime  (4)Up to level-FixedTime

3U# 16 mmanisanlidresiunliteyaninudesnisiainandeya
934 lsmegunauvminerdemalulaggsun’

%Service Level

=
=
=]

%Service Level
5
in

M@ G @
Non Peak Demand

Mm@ @ @ M@ 6 @
1 YEAR Peak Demad

(1)Current
(2)Up to level-NoFixedT ime

(3)Fixed Q-NoFixedT ime
(4)Up to level-FixedT ime

3UN 17 Sewazvosnishiusmsiliteyaanudeinisladin
Nndoyaise

Y% Service Level w Total cost in 1 year % Service Level vs Total cost in Peak
100.0 3 100.0 ¢
L] L]

SaService Level
™
SaService Level

950 95.0
1500000 2000000 2500000 3000000 3500000 1500000 2000000 2500000 3000000 3500000
Total cost Total cost

% Service Lewel v Totalcost in Non Peak
woo{ W @ Current (1)

M Up to level-No Fixed Time (2)

Fixed Q- No Fixed Time (3)

@aService Level

4 Up to level-Fixed Time (4)
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Abstract

This study aimed to evaluate influential characteristics of the so-called geotextile sand container (GSC),
affecting to an increase of its maximum compressive strength and apparent cohesion for applying slope stability
improvement. This evaluation was based upon an established relationship (Matsuoka et al., 2000) between the
capacities of geotextile tensile strength and filled sand properties. The influential factors used in this study were
geotextile tensile strength depending upon types and thicknesses and the intermal friction angle of filled sand
depending upon types, strength, and density, and width and depth of GSC. Study results revealed higher
geotextile tensile strength, and filled sand internal friction angle, better shear strength of GSC. Besides, a
decrease of the geotextile container depth resulted in a significant increase in the GSC strength. However, an
increase in the geotextile container width showed a slight increase in the GSC strength. For the slope stability
improvement with GSC through the finite element simulation, study results demonstrated that GSC could

enhance better slope stability than that of one without GSC. However, the slope stability improvement with GSC
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must consider the affecting factors of GSC arrangement patterns on a slope, a depth of a GSC stack layer, and

an inclination degree of a slope.

Keywords: Geotextile Sand Container, Compressive Strength, Apparent Cohesion, Finite Element, Slope Stability
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Windlndussmaeiifinadenuannsalunisiuusina
YOIQUAE?
Hagthuiinsfnudnnusnniiieadesiunmaveasulu
aaauy waznsnadeuluiesufifinisvesgeilowing
Indussgiu win1sdnwdsiiavvegilawinglndussy
Auneldanunissinissuussiiuansnafundudoudneg
UIULLY (Tantono & Bauer, 2008; Ansari et al., 2011;
Wu et al, 2020). 1ipsannanududeuainnissiass
sUnsusvindinvesgedlowindlndusseaulilanssniu
Anuduass vandunshidesiialunisusgneuganiy
AUduR3e agelsfinunsiinszidednavainise
ihlldnsnasunginssuvesnsilowindlndussqiud
manisalineldideulumslininfidudould (Ansar
et al, 2011) 91NN15ANYIVBY Ansari et al. (2011) T9vin
N15ATIERBsinavaedsliludiediuud dusugdle
Windlndussgnaeuuugaiginieldnisfuusinaly
wuafa Ingvinisdantesdusenovvesgsileindlud
ussnaesdu 3 vliausznausie (1) iaqwswmaluﬁgﬂ
31809078k UVIa0TaNVRNBNS-ARNY (2) Tanne
Avualduuudtassianuuuianguildadu-nanadin
auysal uay (3) uiusuusenaviaudsiiiussuussnaly
wurfsasuugs uazluudazdiuindudaszvineiangn
drasswvteandu 2 dwldun dwilduiaszninetangs
wazfunglunagdiuindudassningauazuiuna s
TngldAnduuszansusadoaniuseninedan lasnanis
AT AAVNUIINIFINITTULTINATDIGIUTTINT Y
Immmqﬁutﬁaﬁwa‘”ﬂ%’uLmLﬁausumi’a@ma’l,uqaLLazmm
mﬁa@quﬁ'mﬁu
ATeTrunAnfunsUssgndldgadleindlnd
usseAuluauasuadesainwiainfu In1sasis
LuUSIasealuidanienm (Wen et al., 2016) uazla4
faa (Wu et al, 2020) Inanuiniesnsndiuninuain
Fudfistu mMedthvesainfuiisossudegedledinglng
ussyetanudeiianinnisnoadng asdsuanmadey
FoRdunsideusardunt vndusznaefunisduat
wagloa uazAnAdeudalulnIUvesuafuAUTiads
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9MnqeussRuiiuTInaesiduaauar vLgavesaInAY
wiagdUiaunnlutiefanansaindu niendaldin
MunsiuAnaInszuuMsidgeiuiivuantsidesulae s
\uuuuBangu (Flexible Mode) agnslsinnslutagiuds
VALAaUNSANYAAITUEENAYedn YNz YRInsIle
windlndussanseinaseiafissnimuaznisindousive
GUEITLE RN
wlm1umﬁ%ﬁﬁqéfaamiﬁﬂmﬁmﬁwamammé”ﬂwms
gailawindlndussynsielaouwiseonilu 2 dau
UseNousIg N15ANIBVENaUeIAMENYMEIUTIINT Y
Luuguiafidnadedideiuusang aannsiae
ANUFUNUTDE118UBY Matsuoka et al. (2000) wagdu
fapadunsinuidedadeiidnsnadeiafiosnmaniu
nnNsEsuaegdlandludussanee lnvedanis
NUMULTIINTINT AR LAz M TIATZsiRe 3T Illud
AwLd Femidviannsodudsslonilumsadiouun
N9N1590NLUUY R langIndussmsedmsunuasy
@tesnmainAuegelivszansnmselulusunan

2. wgRnssun1sunsenavasgsdlawindlnaussanse

n1seRutanudafinnistangeazuaninudnuus
yhlulugunuunasmaiussrinsagiiussdamieuas
ws9¥aAusENINeeYnIA Ing Matsuoka and Liu (2003)
wag Liu et al. (2017) lavimsAinwinginssuianavedns
Novindlndussanaegudsanelinssuusnalunuis
wagldlaueluguuuumsiinssianuduiusedaie lay
FBnrsidnausliiunisasisasuanugniosiiunis
NAABUNITTULIIDAADILNY (Biaxial Compression Test)
wagni1snadouwsinauuulidifaussduaiudig
(Unconfined Compression Test) %ﬂﬁmaﬁmmﬁmmu
melurestaniiliussgiloussglugeiloindluddidumi
Wuduilonaseutaniiliussglaonss Ingusngidudiuse
Sawndentulumanaaey wiendnldiAusadamieai
Usingiinainnisnszviivesgsilefindlng lasfigedle
windlndidutaniitquandilunssuusdadlognlsiunss

AuduiusveInuAiuA UL geilaindlng
ussnefianuisitesiuiaiosnimyesszuy 910
N15ANY1Y8 Matsuoka and Liu (2000) wae Liu et al.
(2017) TUN15NAABUNMITULTISAABIUNULAZNITNAGDY
wssnasuulddiaussiuiiuiiswesgadleinglndussy

n318 Idaguiduanuduiusvesmnuduiintulunse
neluge sananslugui 1

lnpgaussanaelugy 2 45 Mednelaanusunanae
oy war oy, warn1ldnsussyndld oy, uay oy

AUNLEASLUANNISN 1 kA 2 MUAIPU TInNULAWTLAA
INFUTOUINMUAVDIN YU NIRRT U WUY

g d? o0 v w = = (=3 (3
Ve umuMAuLTIRsvesilamnglng (T, uay

ension )

o =

asadunnududiunduivihiveynevseiiednelugs

ey

EREEEEERE

findefsvasilawindlnd (7

'
tension )

|

NIUTIINTIE ‘r c
—

3

P —
L

e letel et ]

o & o - 3 <
fasrsvesdlowindlnd (T )

tension
()

Phbb b

2T
_ tension
To _zjrem'l‘an /B O3 = h
: ; § § § i i i itcont
vy ¥ v ¥y vy vy vYyYy
I_ ____________ n € P
1
1 1 e T —
oileont | 1 14UTIINTIY { G o,
| 1 < <+
L e e e e 1 <«

(V)
JUT 1 anuduiiindy; (n) vugedlewindlndussansng, (v)
aelunse (U%UU?W']H Liu et al., 2017)

2T

0-01 — tgsmn (1)
2T

0_03 — h tension (2)

soilcont

lagf B wag Ny

UITINY ANU[NU Wa Ttension

A9 AUNTIUALAIINEIVBIRN

[

Al MAISULTINIUDIILD

Windlnd

ﬁqﬁ?ummLﬁuﬁﬂiw‘iwiaaqmﬂmmmaiuqaazLﬂu
NATIYDINLAUABUNKALATIAUTIART LN S
Suwsefsvesdlamndlng (T,

ension) N1EMATINTEYN A
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wanalugun 1(b) lnefan1iziian9ivh agiaruduiug
feaunsh 3 (Matsuoka et al., 2000)

2T,

tension _ K
p

03 + 2Ttension (3)

soilcont

O, +

= P =

lnedl ¢ Ao yudoaniunisluvemsiouas K fe

#UUTLANTUITIAUAUAUT B UULNITN FagUnIST 4

_1+ sing @
P 1-sing
MnMsTsuiisuaunsil 3 funisuansiidadiniu
Fanfifinraunien uazanmidoaniungly Wduaunns
Lﬁaa%mmm%mﬁmm’mg (Apparent Cohesion, C)
yosnmaeiioniniidsfunssisesangefiansaiuls
agidunnudiiusdsaunsi 5

T

tension B

B\/K>p hsoilcont

Tnoanuduitusinardinsldaunfigesineluns
f91salunsInse amagmmdwﬁﬂizﬂaué’m Tani
168’U53<g13jﬁLLsa%mﬁmsdemaauLLaﬂajﬁﬁmﬁﬂ,
ANINAULASEALUUTEUIU (Plane Strain), @IURIGUNE
sewinsfunazgalusuuldfivsadeaniu, uazanumun
sumqﬂﬂ,iﬁmimﬁEJuLLUaaLﬁmammaLﬁagU uanaNiiss
THauufgiunisinegidu q fegrautu snsdiuainy
Wunanvesivazioindulumuilsiduiendlniuuioa

c= K, -1

(Exponential Function) agAutASeaLTaUsHInTYeLwe
anaziay (IngazAuagiunanismagsy) (Liu et al., 2017)

3. 35n15a1 e

nuiTeiuvseendu 2 daundn 18ud nshmun
wuuinaegedlaindlndussmaeuasn1sims s
fuusINAreInIAgafisaNduiudesisdns v
Matsuoka et al. (2000) Lagn15IASIEREDEININANA
fae3d b ludlediuun fenanunun1saniuanuidelu
0

Funounsnidumsinwdvznaiiinamdinissunsena
yoasdlafindlndussanmenafsrannisiuindnuuy
na lnge1AeAIUFURUS TE IR N YL YRINIUTTY
n3180181AN155ULTINAYRY Matsuoka et al. (2000) Tu
n1sA1anIsalAndeSunsene aeladnsnavednis
Wasuuasasuidonvussinseynavemsteaeluns,
ANUVUITDIRLOWINGLNE, UAZAIINGIVDIGIUTIINT Y

Funeudl 2 . Bunsadrsuvusiassataduainnis
Uszgnaldgedlowindlnaussanaelunsiasuadosamn
a1niu vuiuguveislnludiodiuud Tnel®sunsu
Plaxis2D Tun1sas1auuudnaosainfiuiasn133AsIen
sns1duaNUannie (Safety Factor) InaifunisAny
BNTNAVRIDNITSLIYIUTTINIIUADINTIEIUANUYY,
ALEIVDINIVTTINT YOI TAIUAMUTY, WaTAIIY
WBeswadassadniuivaingsdlamndlnddeodnsidiu
Aty feziinadelaiosninainiulagsin lnonis
fauuanisiwesauseBamioausinglunisuana
AuautRvesgadlawindlndainaunisainuduius
ANUENNTOLUNTTULTIURIIUTIMTIENElANITS UL S
nPmas Matsuoka et al. (2000) T1nTunauii 1
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msfAnwmgAnssuvansdlaiindlng
UT99N38391n Matsuoka et al. [1]

& S
YUADUN 1

nanAmdnazlasu / ngusrasAvastunau

[N

[ ' o wow = 3 I3
MasSunsinanefaesuLsRedlawing nd

ANULIeslawnglng (Mdesuwsena)

Asudeanszniteyniavemseniglugs

v =4 L3
PN mwwmqﬁiamn'ﬂw auIInIY

< 3
AMugwasladindlvdussanse

' = = o woe I 13
ﬂ"lLLTQEJ‘F\LW‘IJH']UT"Iﬂ{]ﬂ'ﬂﬂ"lﬂﬂﬂquLﬂﬂ’ﬂMﬁ

ansnave1ladeNinano N1AISULTINALAY
' = = a o I3
Ausdmnilerusingvegidlomndlndussy
v al kn’ @l at
ns1a18lan1sSudIntnuuune lagaide
ANUFUNUSTY Matsuoka et al. [1]

N385 19U UUDIAB9AINAULAZNNS

tumouil 2 | . - - .
AATIALENYTAINAIAAUAIY FEM

| B/NN513899UTIVTIERREN TIEUAUTY

AIFIVBINIVTTINTWABBNTIFIUANLTY

AMILBBIvedlAsIaTIiUALIIN
gailavindlnarednsdunnudu

e |

- anduANUaenny (Safety Factor)
- MAGauiIvaaIRR (Slope Displacement)

andnaveslalafiinanotdysnmanuainiy

o a ' =~
lneondensiasiziinilusunsi Plaxis2D g
vuiuguveisivludiodwud (FEM)

JUN 2 ununsinfiunuideuaaiinininaglisu

Fauil 1: 5w§waﬁﬁwam’an°m”ﬁm;ﬂnﬁrz/aq;}oéﬁm

duiifunsfnwdvdnafifinasomdaiuusnavems
e Usznevlusenisimuauuudtassgedlewindlng
UFFINTYAULUY, N1TIATILWAFINITTULITINAVDIT
RendenuduTusyas Matsuoka et al. (2000) wazua
NTIATITIAIYANUFUNUSDE11Y AILEnISI8asLdYn
selud

3.1 n1sAmuauuUTIaegedlaninglnaussenseauL Uy

n1sfruaLUUSIassegeilowmndlndussanee
Usgnaunig JUNTY, YUIA, wazdan Imaﬁgﬂmaqﬁia
indlndussansgluamiadod gniwualiddnvasdu
nssdmasuyuainiiieliiesensaiauuudiasuazlv
Julumuauufigiuauduiusedaiteves Matsuoka
et al. (2000) A8 YUIAAIIUNINNUATAIINAIVDINITLD
Windlvdsuuuugniivuamadu 1.00 4. wuusiass
dunuuimuelilddlewindlndudnlidnnetugudonis
Unmzgeieida (Needle-Punched Non-Woven Geotextile)

TnonantRfuidviordsfuusaisestanasiuogiu
AunuIveuiuIlowWindlng drudagussynielugs
fvualimsuedadidnyudeaniunigluszwinseynia
Hugniantidnuids ddlasndnastuagfuruamnas
AAZLAYAUVUILLLYIM I TeAndazdnasion
dsravdussiuiududnduaniizune@n ves Rankine

(Rankine’s Passive Lateral Earth Pressure Coefficient)

3.201331A518% AN 15UUTINAYEIQuUF A 8
AIEUIIsYEY Matsuoka et al. (2000)
NIANANITAUANAITULTINAVDINIUTIINT 1IN
ANNETUS Y8 Matsuoka et al. (2000) fisasnsd 1 fs
aun1si 5 deenisdunaniniwmeslunisduanliun
Massuusafiesdlaindlng, T, AUNIe (B)

ension ’

' =

wagAmgs (h ) YBIQIVTIININY, LATAYNLAYA

soilcont

numelusgniteynia (@) vemsediliussanielugs
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f15197 1 Ardunemisfiwesvesgdlawindlndussgnaslunisiununuduiusves (Matsuoka et al.,, 2000)

Bag Initial Value Value Unit
Tensile Strength of Geotextile 0.00 - 30.00 0.00 - 30.00 kN/m
Width of Container 1.00 1.00 - 0.25 m
Height of Container 1.00 1.00 - 2.00 m
Fill Material Dry sand Dry sand

Friction Angle of Fill Sand 35.0 20.0 - 40.0 Degree

N13ANUAYINTOIAIBUNANITITLABTIUNITAIUIN
anuduitusgnuisesnnunsdnwitadedisivinasie
MAINTFUKTIVMIUTINTY (MFTULTUReUTRNTY
, A71UNT19VD9Y, KaEANEIWRIR) tnalun1sAiuin
dvwansdila q fluenwilearndninadisdeanisAnuiay
gnimualldaEusi uazdmiudadefiazyinisdnm
sghmsdununusisrualinuiuanduo

sauii 2: by e ImAunIe I3l udioaus
n1sinasaaissnmainfiulaenisussendldgeile
Winglndussgnse Inensldliusunsuinssiadosnimn
Plaxis2D Faguuiiugruvaansiinseiisiwludiofiuus
Womdnsdiuanulaondy, n15aasusivesainiy,
wazdy 1 nadumsiensidadieudeulunsdfiivas
Laifin1sUsuUgaaiiosnInaIuaInf1egIuIIINg 18
Mntusdunsieseinsdiduadeaiosniwainiu
21nM5199eUTIINITE Usenouriedslun1sisesgeussy
NIEAINIIAINAINANTY, ANNGWRINIUTIINTIETY
uaztusednTamauaIndy, wayauBesmwesr U
MunaiuRuAesRIIEINANNAIATY

3.3 WUUTIA0IRIMAUANT IS UNITIATIZWLUTUNTY
LUUT1a0981ARUYDINNNTE AYIN1TTIA I8
Laﬁaim‘wgﬂﬁmummi@?ﬂﬂ'wdaumﬁmswﬁﬁm%’u
1Usunsy Plaxis2D lnen1s3tAsizsinuudtassluiug
sEUNUNSIEeU (Plane Strain) wazldiuiulnunveed
WAty 15 nue dwmsunnnsdimualisusiuay
nakuUTReR ARl uazseiuildRuiisums
-2.00 WAsINTERURURRY Fananiogsluguil 3 uay
U7 4 auddu auaudAvesAugIuIINLazaInfY
Avuslidoyanuautmulasyily duanduo

TutuneunsAuaaiosnmussatapululusunsy
Plaxis2D funeunseuias 2 wa Ussnoudae wad 1
Wun1sinsizdaiuduneunisieadie (Stage
Construction) Tnasmualiatnduildiduainfuniy
5551 wazlunsdifiszuuasumaiiunsiuiuas
Sinsgfissriinnsioaiafunsiudutuud1ase way
wadl 2 Junisiwnmsnsdiuanulasnsevesain
Au lngidn1saniaeian (c/phi Reduction) KAA1NNTT
Ainseviigninausluunanud Usznaulugae an
Snsdrunulannfouazainisindsuiivetainny

Slope Soil 5m

Foundation Soil
10m

25m

U7 3 wuudaesanaulumsinseilusunsy

i
Lt
1

— " [ -2m
Water table | from ground
2 ] surface

UM 4 wuudaeadussivilanulunisieseilusunsy

3.4 8nsnavesisninSegeilomndlnaussgnsigne
OnTIFIUAIIUTU

duilfunmsieseiatiosnmusansluaylildnu
gaussamaglumsiauiaiosnin waznisiIeuiieuly
nsdlvediBnnsiFusgaussnaeilidenisldsuulas
NIEIANUTU
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A15199 2 ABuneniiwesveianainAuanlunTins et snIw

Detail Unit Foundation Soil Slope Soil
Material model - Mohr’s-Coulomb model Mohr’s-Coulomb model
Material type - Drained condition Drained condition
Interfaces - Strength - Rigid Strength - Rigid
Depth of soil m 0.00 - -10.00 5.00 - 0.00
Unsaturated Unit weight kN/m? 17.0 17.0
Saturated Unit weight kN/m? 21.0 20.0
Permeability m/day 0.500 1.000
Elastic modulus kN/m? 120,000 40,000
Poisson’s ratio - 0.30 0.30
Cohesion kN/m? 50.00 5.00
Friction Angle Degree 35.00 30.00
Degree 5.00 0.00

Dilation Angle

lun1sdraemniuldteyanisiinesaiuuansluo
wazlunisdraesgadlewindlndussgmaie 19dunn
wdwesildanmsmuanuduiusesueausdn
mﬁmﬂiwﬂgwmwﬁusﬁﬂquaa Matsuoka et al.
(2000) Fadunadidualdmuaunisd 5 auiilaeSue
Bludedt 3.2 lnofmualisideiwedlowindlng
Windu 30 kN/m Tunisasrsiuusiasenivualiuu
AuanURvesgIussnssennilu 2 diu Usznoumy g
UTTIN9IY, uarduinduiaszrineTangausaz iy duans
mwmml?\lniugﬂ‘ﬁ 5 LazLANII18asLBuAv0IBUNA
wisdmesiusunsuluo

N153ATITALUUTIADINUNTAVBITTNITLTLINIVTTY
n3ggnimuald 3 nsdl Usenaunay 1151389uaLRE7
(Single GSC Arrangement), nst3aaliuaasual (Double
GSC Arrangement), mn‘%auﬁugﬂamm?{eu (Triangular
Shape Arrangement) é’fﬂLLammWﬂiWWWﬂIugUﬁ 6

A
T — Bag Interface
o
i
I » Sandbag
£
c
an
(9]
) 4
v Thickness 0.05 m

T

& »
< >

Width (B=1.00 m)

JUT 5 naifinuansnisadrauuusiaesgsdledindlndussanane
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MsALiuNsIAsIERlaiosanALaIA YR I IEY
nsdimndnsduamainiuy Tnsaaduimualiaugad
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s a a s 9 < s a s o
M990 3 E’J‘LJ‘V!E]WW?W@JLG]@TU@\‘]’JﬁG]Ui%ﬂ@‘UQQ%'II’JLWﬂﬂWaniﬂqu’]Hluﬂ’]i'ﬁLﬂi'w‘ViLﬁﬂEJiﬂ’]W

Detail

Unit Sandbag

Bag Interface

Material model
Material type

- Mohr’s-Coulomb model
- Drained condition

Mohr’s-Coulomb model
Drained condition

Interfaces Reduction - 1.00 0.84
BxH mxm 0.95 x 0.95 Thk. 0.05
Unsaturated Unit weight kN/m? 17.0 1.2
Saturated Unit weight kN/m? 20.0 1.3
Permeability m/day 0.864 1.000
Elastic modulus kN/m? 80,000 13,000
Poisson’s ratio - 0.30 0.30
Cohesion kN/m? 42.00 1.00
Friction Angle Degree 35.00 25.00
Dilation Angle Degree 0.00 0.00

3.5 ndnavesnugevevgidlevindussansigse
99 7IAIUAIINTY
nsivuaRualiATeIRUgIUTINLATaIRAUIINToYA
auandAAulasluamo Insvinmsiessiiadosnin
Y9aNHAINGIveInIUTIIMTBUAnA1afulUlAuA 1.00,
0.75, hay 0.50 LWmg ﬁQLLammWﬂmWWﬂiugUﬁ 7 lng
SunamsfwosussBamiusnguosiiauaugins

Height (h=1.00 m)

UsIMIwazdauesiuly aunadildainnisdiam
4un157 5 Wuieatuiated 3.2 Tnefidwdu 42.00,
61.00, Az 99.00 kN/m” anud1au 91nn1sAuIMlagn
wualimdsrsvesdlainglndwindu 30 kN/m, Agsiden
Mun1eluremMIewiniu 35 9961, kazAUNTIIVBIY
UsITEgnaalin 1.00 wns Fauansdunannsfines
maqﬁy’aa’]uﬂmuaaqauﬁ'«gwmaiuo

0.50 m

lThickness

h

Width (B=1.00 m)

— 005m
4

JUN 7 N9 mAnUanIn SN e iAINLEIIIuTIINTERL?

M15197 4 BunenfweivesTagusynougadleindlndussnsenunsdlnugawesgass 9

Detail Unit h=100m h=0.75m h=050m
Material model - Mohr’s-Coulomb Mohr’s- Coulomb Mohr’s-Coulomb
Material type - Drained condition Drained condition Drained condition
Interfaces Reduction - 1.00 1.00 1.00

BxH mxm 0.95 x 0.95 0.95x0.70 0.95 x 0.45
Unsaturated Unit weight kN/m? 17.0 17.0 17.0
Saturated Unit weight kN/m? 20.0 20.0 20.0
Permeability m/day 0.864 0.864 0.864
Elastic modulus kN/m? 80,000 80,000 80,000
Poisson’s ratio - 0.30 0.30 0.30
Cohesion kN/m? 42.00 61.00 99.00
Friction Angle Degree 35.00 35.00 35.00
Dilation Angle Degree 0.00 0.00 0.00
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N9 ATIEAIATET N MATINAINTB AN ITDS
geussmnglunndnsidiuaiiuaindu lngaindugn
fvunaugelin 5 wes warluusaznsdlaziudsundas
Samrdrunnutuluisudeuuaady 1:5, 2:5, 3:5, 4:5,
waY 6:5 MUAINY

3.6 DVENAVINIIUNTENVOITL UV NI UAUA ILQIUTTY
NIAOONTIAIUAIINTL

duidunmslieneiaiesninvesnisligaussanie
lunsiasuatesnmainiu Inefinsivuanuaudives
AugnusnuazanAuandeyanaandinulaeviluaim
a9t 1 Ingludiudifunsieseinsdinnndeses
srvuiunsfufudiegussanaelunsdyudisung
nsgyirsouuaAsuandafuly 1w 0.0, 6.0, uaz 10.0
99 Fauansnmnsmiinlugui 8

JUN 8 n3miinuaninIiilins1evinIaBeawedsEuUgIuTIINTe

Tngdunanisndweslulisunsulaainnisdiuin
aunsi 5 Wwwieaudiuneuniin TnefinsAiuianiy
idsisvesdlawindlndwindu 30 kN/m, Aryudeaniy
FENINBUNAIAVDINT LAY 35 BA1, AIUNTIUAL

MNNEIRINIUTIINTIBgimuAlIT 1.00 wns Fauandly
0 mﬁmmsﬁmﬁEﬁmwmmmmaqguL%‘&Nﬁy’q 3 i
funanszivonuruanssiululuyndnsdiuniig
andu Imamaugﬂﬁ’mumm’mqﬂ”iﬁ 5 11n5 wagluls
aenIHazLUAnULUaIdRI1dIUANTULLITIUADWLAAS
W 1:5, 2:5, 3:5, 4:5, uay 6:5 AU

4. Hawazn1sanUsena

Faudl 1: SvnaiiinanenIassuLsINATesguALI
4.1 HaMTUATIZIA LA IINTUN T
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Abstract

The analysis and evaluation of ballast behavior, in the past, were relied upon the estimation of stress and
strain of a material through a numerical method of empirical formulas. By doing this, a scientific link between real
material behavior and calculated results did not exist. Consequently, in-field monitoring systems were established
to evaluate such ballast behavior based on the electrical and wire measurement technologies. However, for the
long-term performance of the rail ballast track, data collection and transmission of the in-field monitoring system
following such wire technologies were not precise and persistent due to the degree of freedom of installed
measuring devices was incompatible with ballast movement characteristics under the in-service train conditions.
This study aimed to create a single unit of the measuring device with a sensor system following the wireless
technologies capable of capturing the stress and the movement of the ballast under the in-service rail condition.
Study findings showed that such a single unit of the wireless measuring device could be functionally fabricated
using a steel frame with a flexible cover. The wireless sensor system of flex sensor (RP-S40-ST) for the stress

measurement and the gyro sensor (GY-521 MU6050) for the movement measurement was set up inside a
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fabricated unit. The data processing system relied on the microcontroller of Wemos D1 mini. This single unit of

the measuring device with a wireless sensor system could be used functionally to measure the stress and the

movement as expected.

Keywords: Sensor, Ballast, Ballast Behaviors
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