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Objectives

The journal of industrial technology is an academic publication which devotes to be a medium
to disseminate knowledge, research, invention, and innovation for academics. The article provides and
reports of interest to the field of engineering technology such as mechanical engineering, civil
engineering, electrical and electronic engineering, chemical engineering, materials engineering,
production engineering, industrial engineering, environmental engineering, energy and renewable energy
engineering, computational engineering and etc.

For publication, the submitted articles will be reviewed through a preliminary assessment
process for the quality and scope of the content, duplication, and plagiarism by the editorial board and
then evaluated for an academic quality by the double-blinded peer review from the experts in related
fields. The authors and reviewers will not know each other's contact information. The high quality-
reviewed manuscript will be considered to be accepted for publication. For the last step, the editorial
board will verify and proofread the articles before online publishing and printing out all in the journal for
further publication.

In addition, the research and academic works published in this journal are considered as the
independent opinions of the author. The author is responsible for any legal consequences that may

result from the published articles which editorial members not always necessary to agree.

Publishing Schedule

The journal of industrial technology is published in 3 issues per year. Issue 1 will be published
between January and April of every year. Issue 2 will be published between May and August of every

year. Issue 3 will be published between September and December of every year.

Publisher

Research and Academic Supports Division College of Industrial Technology, King Mongkut's
University of Technology North Bangkok, Building 63, 3rd Floor, 1518, Pracharat 1 Road, Wongsawang,

Bangsue, Bangkok, Thailand, 10800, Tel. +66 2 555-2000 ext. 6615, Email: JIT.journal@gmail.com
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Abstract: This research presents a study of the compressive strength, porosity, resistance to chloride
and corrosion of concrete containing fly ashes with different fineness. Ordinary Portland Cement Type |
(CT) was partially replaced with original fly ash (FAQ), ground medium fly ash (GFAM) and ground fine
fly ash (GFAF) at the dosage levels of 20%, 30% and 40% by weight of cementitious materials. Water
to binder ratio with a constant of 0.45 was used in this research. Superplasticizer (SP) was used to
improve the workability of concrete. Test results found that the use of fine fly ash (GFAF) produced
mixes of concrete with low porosity and good compressive strength. The resistance to chloride and
corrosion of original fly ash (FAO) concrete increase in comparison with that of Ordinary Portland

Cement Type | (CT).

Keywords: Compressive strength; Corrosion; Chloride, Concrete; Porosity; Fly ash
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Abstract: Duckweed, Lemna minor L. is categorized as rapid growth aquatic plant with the ability to
accumulate high proportion of starch content and significantly low lignin ratio. It could be, therefore,
promising as a biomass feedstock for biofuel production. In this research, the lignocellulosic composition
coupled with the reducing sugar concentration either in fresh or dried duckweed Lemna minor L.
biomass was investigated. The results established the highest proportion of cellulose and hemi-cellulose
composition was exclusively observed within dried duckweed biomass at 29.18 and 64.83% (w/w),
respectively, meanwhile, the lowest level of lignin content at 5.75% (w/w). The chemical pretreatment of
duckweed biomass was evaluated through 0.05, 0.1 and 0.2 N of H,SO, and NaOH at 80°C. Within
these experiments, the level of sugar concentration derived from dried duckweed biomass was higher
compared to the fresh biomass. Especially, the highest reducing sugar at 796.21 + 0.91 mg/l was
released according to the treatment of dried duckweed biomass with 0.05 N H,SO,, whereas the lowest
reducing sugar content was 200.04 + 1.51 mg/l has been achieved after the treatment of fresh biomass
with 0.2 N NaOH. However, the consecutively chemical composition analysis of duckweed Lemna minor L.
biomass could be contributed to a substrate for biofuel energy production through the further

appropriated variable technologies.

Keywords: Duckweed; Lemna minor L.; Lignocellulosic Composition; Biomass Pretreatment;

Reducing Sugar
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Abstract: The objectives of this research were to study the feasibility of fuel briquettes from various
types of agricultural wastes, to study the optimal ratios of agricultural wastes and binder and to compare
the efficiency of chemical and physical properties on fuel briquettes from agricultural wastes. The
experiment was conducted by the agricultural wastes such as bagasse (BG), rubber wood sawdust
(WS), corn cobs (CC), rice straw (RS), leaves of para rubber (LP) and rubber wood chips (RC) that
were mixed with dry cassava starch sediment (CS) as a binder at the ratios of 0.25:0.75, 0.50:0.50 and
0.75:0.25 kg:kg, respectively. Also, the fuel briquettes were formed by a cold pressed process. Then,
study of chemical properties of fuel briquettes were heating value, moisture content, and ash content
and their physical properties were density and drop shatter test including performance of fuel briquettes
from agricultural wastes. Results showed that the fuel briquette from rubber wood chips mixed with
cassava starch sediment was at 0.50:0.50 was the most effective alternative fuel (heating value was
4,136.9728 cal/g, moisture content and ash content was 7.33 and 5.33 % w/w respectively, density of
0.47 g/cm3 and drop shatter of 0.78) and it can be applied as a guideline of fuel briquettes from

agricultural wastes for using alternative energy source in community.

Keyword: Fuel briquette; Agricultural waste; Cassava starch sediment
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Abstract: This study has conducted guidelines for risk management plan for knock down furniture
installation project in accordance with Australian/New Zealand Standard 4360 (AS/NZS 4360). The
objectives of this study are to analyze the related risks and to provide risk control plan for mitigating the
risks of the project. In the past, the company often encountered project delays later than the plan, which
the delayed projects are equal to 67% of the total 27 projects within last 5 years (2014-2018), which led
to loss of the company’s resources and expenses of 30,000,000 baht. There are 8 potential delays in
project operations that are derived from identifying risks and assessing risks, which can be divided into 6
internal risks and 2 external risks. The root causes of the internal risks were analyzed by using the Fault
Tree Analysis (FTA) method. There are 15 risk control plans that were created from those root causes.
The Index of Item-Objective Congruence (IOC) was conducted to consider the ability to reduce the
likelihood and consequence of those 15 risk control plans. The I0C evaluation shows that there are 14
risk control plans (93% of the total plans) which their scores are higher than 0.5. It can be concluded
that the risk control plans that were created from this study can be used as a model and can be used in

other projects of the company.

Keywords: Risk management; Project risk management; Knock down furniture; Fault tree analysis;

Index of item-objective congruence
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Abstract: This research aims to tube settler application and cationic polymer for sedimentation efficiency
in wastewater treatment in beverage industry wastewater. The result of this research was found that
tube settler and polymer application can reduce total solids, turbidity, and COD, respectively. The COD
after sedimentation with Tube Settler was presented 27 mg L'1. The efficiency of wastewater treatment
was 96% when comparing before and after tube settler utilization. Moreover, the total solid removal was
reduced to 1,000 mg L'1. Turbidity removal after tube settler and the cationic polymer was reduced from
90 NTU to 3 NTU. Tube Settler can be effectively reduced total solids, turbidity, and COD, respectively.
Therefore, this research was tube settler and polymer application that was obtained the reducing of
sediment in the sedimentation tank that was interesting. Finally, this research can be continuing to be
applied within other industries for wastewater treatment efficiency increasing and can be circulated in

industry.

Keywords: Tube Settler; Sedimentation; Beverage Industry Wastewater; Wastewater Treatment
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Abstract: Geopolymer is a new material whose properties are similar to cement. Therefore, it is often
used in the construction industry due to its high compressive strength. Geopolymers are made from
aluminosilicate materials called pozzolanic materials such as metakaolin, fly ash, bagasse ash and rice
husk ash mixed with a high alkali solution to occur geopolymerization, however, the agricultural ashes
have limited reactivity. Since the pozzolanic materials had low reactivity for geopolymerization, the early
compressive strength of geopolymer was low as well. Therefore, this research aimed to prepare the
high-reactive bagasse ash by soaking the ash in sodium hydroxide solution to transform into silica-rich
sodium hydroxide (SR-NaOH). In this study, the ratio of metakaolin and bagasse ash was 80:20 and the
ratio of solid to alkali liquid was 1:1. The quantity of bagasse ash for SR-NaOH was varied as 0, 20 and
50%, mixed with 10M NaOH. The chemical properties were characterized including the functional group
analysis by FTIR, the chemical compositions by XRD and the alkalinity test. From the results, it was
found that the usage of SR-NaOH with 50 percent of bagasse ash presented the highest compressive
strength which was 2 times at 7 day age and 3.5 times at 28 day age higher than that of commercial

NaOH.

Keywords: Metakaolin-based geopolymer; High-reactive bagasse ash; Compressive strength;

Sodium silicate solution; Silica-rich sodium hydroxide
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Abstract: Shrinkage porosity was a major defect found up to 56% in an investment-casted pink silver of
the case study company. This research was aimed to reduce the defect by using experimental designs
with full factorial design 3k strategy to study the influential casting factors and to find the optimal casting
conditions. The casting factors included flask temperature and casting temperature while the response
variable was the percentage of porosity area. Results showed that using the flask temperature at 600 °c
with the casting temperature at 1030 °C or using the flask temperature at 480 °C with the casting
temperature at 1060 °c provided the minimum percentage of shrinkage porosities. These optimal

casting conditions reduced the percentage of defects by 29.5% on average.
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Abstract: Thai sail windmill has been a traditional wind turbine of Thailand, which is a type of horizontal
axis wind turbine and now used for pumping the seawater into the salt farms widely in the Samut-
Songkhram province for the sea salt production. Currently, the efficiency of the conventional Thai salil
windmill is typically quite low that is only approximately 10 percent. Actually, the efficiency of wind
turbines depends on many parameters such as blade shape, pitch angle, solidity, wind speed, tip loss,
etc. However, this study focused on the tip loss reduction by using technique of closing the blade tip in
order to be a guideline for enhancing efficiency. The objective of this study was to investigate the effect
of employing technique of closing the blade tip on the efficiency of Thai sail windmill in the fashion of
downwind rotor. For experiments, the small scale of 4-blade and 6-blade rotor in the pattern of
downwind Thai sail windmill was built and used as a prototype to experiment by using the tow testing
method. As a result, the use of technique of closing the blade tip could help the 4-blade rotor increase
maximum efficiency from 17 percent into 22 percent at the tip speed ratio of 2.2 and help the 6-blade

rotor increase maximum efficiency from 25 percent into 35 percent at the tip speed ratio of 2.0.

Keywords: Thai sail windmill; Wind turbine efficiency; Downwind rotor; Closing the blade tip
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1. Introduction

Conventional Thai sail windmill (CTSW) has
been used widely in Samut Songkhram province
for pumping the seawater into the salt farms for
sea salt production. The CTSW is a kind of a
horizontal axis wind turbine, which is a lift type.
Referring to Mukhia [1] reports, the actual rotor
size of CTSW was about 6-8 meters with 6
blades in triangular shape made of either canvas
or woven mat. The tip side area of the CTSW
blades was larger than the root side area as
showing in Fig.1 [2, 3]. Due to the big size at the
tip blades, the tip loss could be happened
enormously and inevitably; which leads to that
the CTSW had low efficiency. Ronnakorn [4]
reported that the average efficiency of the CTSW
was only about 10 percent. However, if able to

reduce the tip loss at the blade tip, the efficiency

of the CTSW could be improved.

Fig.1 Conventional Thai sail windmill [2, 3]

ISSN (Print): 1686-9869, ISSN (online): 2697-5548
DOI: 10.14416/j.ind.tech.2020.12.008

In recent years, Teerawat et al. [5] improved
the CTSW to have more efficiency in terms of
finding the optimum tip pitch angle including the
changing rotor from an upwind type into a
downwind type, which was the so-called
“downwind Thai sail windmill (DTSW)” as shown
in Fig.2 to take advantages in being a passive
yaw control similar to the experiment of Kress
et al. [6]. The optimum tip pitch angle of DTSW
was in the range of 5-10 degrees. Spera [7]
described the method for wind turbine testing that
there were three main techniques able to perform
as follows: (i) wind tunnel testing, (ii) tow testing,
and (iii) field testing. This study used the tow
testing method. The tow testing was the
technique that was to install the prototype on a
moving vehicle, such as a pick-up truck, that was
moving at a constant speed. For example, this
technique was also performed in the study of

Maughmer [8] and Song [9].

Fig.2 Downwind Thai sail windmill [3]
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For this research, the rotors were consisted of
two manners, namely 4-blade, and 6-blade rotor
in the fashion of DTSW but scale down the rotor
diameter from 8.0 meters into 1.0 meter in order
to be more suitable and practical to experiment.
The tip pitch angle was used by the two angles,
namely 5 and 10 degrees due to being the range
of optimum pitch angle referring to the previous
study [5]. This article focused on the reduction of
the tip loss, especially for DTSW. This study
aimed to investigate the effect of employing
technique of closing the blade tip on DTSW
efficiency to be a guideline for

enhancing

efficiency.

Fig.3 Tip pitch angle setting [3]

2. Materials and Methods

2.1 Basic Information of the CTSW
The actual rotor size of CTSW was about 6-8

meters placed in the upwind position. The

manner of blades was the triangular shape made

ISSN (Print): 1686-9869, ISSN (online): 2697-5548
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of either canvas or woven mat; whereby the
blades were located on that the bigger side was
placed at the rim of the rotor. The tip pitch angle
was typically in the range of about 5-20 degrees
as showing in Fig.3. The solidity of the rotor was
in the range of approximately 15-60 percent [4];
whereby the solidity meant that the ratio between
the projected area of all blades and the swept

area of rotor.

-

Fig.5 The opened-tip DTSW on the 6-blade rotor
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Fig.6 Tip pitch angle setting

2.2 Prototype and Closing the Blade Tip

The DTSW, which was developed from the
CTSW, had the blade tip opened independently
off the rotor rim (Opened-tip DTSW) as showing
in Fig.4 and Fig.5, which the optimum tip pitch
angle was in the range of approximate 5-10
degrees. In the top view, Fig.6 presented the
relation of the tip pitch angle of the DTSW
between the rotor plane and the cord line at the
blade tip. With this appearance, the blade tip
would affect the wind turbine to create
enormously the tip loss especially at the blade tip
that was large and long as explained by Prandtl
[10]. This was the reason why the efficiency of
CTSW including the opened-tip DTSW was quite
low. Consequently, the technique of closing the
blade tip was implemented for this study to help
reducing the tip loss so that the efficiency of

DTSW might be enhanced. The technique of

ISSN (Print): 1686-9869, ISSN (online): 2697-5548
DOI: 10.14416/j.ind.tech.2020.12.008

closing the blade tip was to extend the blade tip
area to the rotor rim of DTSW and sew tightly
together with setting the required tip pitch angle
as showing in Fig.7 and Fig.8.

L

Fig.7 The 4-blade rotor by using the technique of
closing the blade tip (Closed-tip DTSW)

Fig.8 The 6-blade rotor by using the technique of
closing the blade tip (Closed-tip DTSW)
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The prototype was fabricated by scaling down
from 6-8 meters into 1.0 meter. The rotor was
built in only two manners, namely 4-blade and 6-
blade rotor with the same solidity of about 28
percent. The tip pitch angle was employed only
two optimum angles, namely 5 and 10 degrees
as mentioned by a previous study [5]. The rotor
orientation of the prototype was placed in the
downwind position, the

downwind Thai sail windmill (DTSW), to take

which  was called
advantage of being passive yaw controlled. The
4-blade and 6-blade rotor with the opened-tip
DTSW and the blades using the technique of
closing the blade tip (Closed-tip DTSW) were

used as prototypes for the experiment in order to

1sa1sivImamaluladana1unssu (The Journal of Industrial Technology)
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investigate the effect of the use of technique of

closing the blade tip on DTSW efficiency.

2.3 Testing Procedure

Referring to that the tow testing was one
effective method able to use for wind turbine
testing as explained by Spera [7]. Thus, it was
performed in this study owing to the suitable and
available tools and equipment. This method was
to equip the prototype on a moving vehicle such
as a pick-up truck moving at a constant speed.
Similar experiments for wind turbine testing were
performed and reported by Maughmer [8] and
Song [9]. However, it should be noted that the
vehicle speed was actually the same as inlet

wind velocity by wind tunnel testing method;

Fig.9 Carbon steel rack, prototypes, and measurement accessories installation: tension spring, optical

rotational speed sensor, and anemometer [3]
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which the prototype was stationary in the test
section. For this study, the carbon steel racks
were installed on a pick-up truck to facilitate in
fastening the prototypes and all measurement
accessories such as tension spring, optical
rotational speed sensor, and anemometer. The
rotor was installed 2.5 meters away from a
vehicle’s roof to avoid the turbulent disturbance
or wake from the boundary layer effect as
reported by Hucho et al. [11]. The anemometer
was placed in front of the rotor plane about 1.0
meter. The tested velocity was approximate 20
kilometers per hour.

The procedure of the tow testing method
was as follows;

1) Install completely a carbon steel rack,
prototypes, and all measurement accessories on
a pick-up truck as showing in Fig.9 and Fig.10.

2) Examine the interference from the local
wind at that time; whereby the pick-up truck could
start moving only if the local wind did not exceed
5 percent from the tested speed in order to avoid
the non-uniform flow of tested velocity of air from
the local wind interference.

3) Move the pick-up truck forward with a
constant speed of 20 kilometers per hour to tow
the prototype on the route, which must be straight
and must not be sloping as showing in Fig.11.

4) Give the rotor shaft the more resistance load

by adjusting the turnbuckle screw to measure the

ISSN (Print): 1686-9869, ISSN (online): 2697-5548
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torque and rotor speed happening as showing in
Fig.9.

5) Measure the F1 and F2 by tension springs
and measure the rotor speed by optical rotating
speed sensor as showing in Fig.9 when the

system was fully in steady-state.

Fig.10 Prototype on the pick-up truck

Fig.11 Straight route for the tow testing
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6) Provide more the resistance load and
measure the F1, F2, and the rotor speed again
as the previous step until the rotor speed stops

rotating.

3. Theory

3.1Tip Loss

The tip loss was a thing that was inevitably
happened in all types of horizontal axis wind
turbine due to having the finite span of wind
turbine blades and having the rotating blades as
explained by Branlard et al. [12]. The tip loss
mainly occurred at the tip of the blade span or
the blade tip. This tip loss caused a part of lift
force, torque, and gained power that was created
by wind turbine blades to decrease enormously.
The tip loss was the dimensionless coefficient,
which was in the range between 0-1. For
example, the tip loss factor that was equal to 0.9
meant that the wind turbine power was lost 10
percent from the mechanical power that should
be totally deserved 100 percent. Presently, there
were many the tip loss models used for the wind
turbine simulation especially by the blade element
momentum theory (BEM) [2, 13, 14]; such as
Glauert's BEM, Vortex Code, and New BEM
Code [12] as showing in Fig.12. For Fig.12, it
was obvious that the tip loss was mainly

happened in the area of the blade tip especially

MseTIvMmamalulaganavinssy (The Journal of Industrial Technology)
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in the range of r/R=0.8-1.0 as showing that the
tip loss was decreased rapidly.

Even though the tip loss was a thing that
could not eliminate totally, it could be reduced by
using some auxiliary devices; such as tip fins
[15, 16], winglets [17], shroud [18], etc. For this
study, the technique of closing the blade tip was

performed to reduce the tip loss for the DTSW.

1.1

-

e 2
» ©
T T

o

Vortex Code
| =——— BEM New Tip-Loss

Tip-Loss factor F ]
s S

0.5F ——*BEM
0.4
0.3F
0.2
01 A R S S
0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95
/R[]

Fig.12 Tip loss factor from Glauert's BEM, Vortex
Code, and New BEM Code [12]

3.2Wind Turbine Efficiency

Mostly, the wind turbine efficiency would be
presented in terms of power coefficient (Cp ),
which is the dimensionless parameter. The Cp
was the ratio between the gained power from the
wind turbine (F, ); which was a mechanical power
or shaft power, and the wind power (P ).
Consequently, the power coefficient of the wind

turbine could be expressed as Eq. (1) [19].
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T-0

= (™)
0.5,07Z'R2U2

where T was the shaft torque (N-m ), which was
converted from the aerodynamic loads: lift and
drag of the wind turbine blades. p was the
density of air (kg/ms). R was the rotor radius of
the wind turbine (m). U,was the wind velocity
(m/s). @ was the angular velocity of the rotor
(rad/s), which could be calculated by Eq.(2) [19].
27N

a)__
60

)

where N was the rotor speed (RPM). However, it
should be noted that the wind turbine efficiency
could be explained in terms of the power
coefficient multiplied by 100 percent as presented

in Eq.(3).

1, =C, X100% (3)

whereby 77, was the wind turbine efficiency,
which was the energy conversion efficiencies
[20]. According to the free body diagram of the
torque acting on the pulley that was equipped on
the rotor shaft of the prototype as showing in Fig.
13, the shaft torque could be measured by using
the equilibrium of forces and torques; which is the
basic principle of mechanics (Newton’s first law of

motion).
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Torque (T)

<
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Spring, F1

Spring, F2

Free body diagram

Fig.13 Free body diagram of the torque acting on
the pulley [3]

When the system is in equilibrium, the sum of all

forces and the sum of all torques acting on the

system must be zero. Hence, the shaft torque

could be shown in Eq.(4) [5].

T=R,(F,~F,) )

where Rp was the radius of pulley. F, and F,
were the forces acting on the tension springs as
showing in the free body diagram. Tip speed ratio
(ﬂ. ) was the ratio between the tangent velocity at
the blade tip and the wind velocity, which could

be presented in Eq.(5) [19].

®)

where R represented the radius of the blade tip.
It should be noted that the power coefficient and

the tip speed ratio would be dimensionless.
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4. Results and Discussion

When all prototypes were completely tested
by the tow testing method with a tested speed of
20 kilometers per hour, the results showed that;

Fig.14 showed the comparison between the
opened-tip and the closed-tip rotor of DTSW of
the 4-blade rotor at the tip pitch setting of 5
degrees and. It was obvious that the closed-tip
rotor provided maximum efficiency more than the
opened-tip rotor. The closed-tip rotor had the
utmost efficiency of about 22 percent at the
optimum tip speed ratio of 2.2; while the opened-
tip had 17 percent at the tip speed ratio of 2.0.
Hence, the efficiency could be enhanced 5
percent, which was considered fairly high. In
addition, it should be noted that; mostly, the stall
was occurred at the lower tip speed ratio (the left
side of the curve) due to a very high angle of

attack. Thus, the Cp for this area could not

measure because the rotor would stop rotating
immediately.

Fig.15 showed the comparison between the
opened-tip and the closed-tip rotor of DTSW of
the 4-blade rotor at the tip pitch setting of 10
degrees. Like the 5 degree of tip pitch angle, the
closed-tip rotor provided maximum efficiency
more than the opened-tip rotor. The closed-tip
rotor had the utmost efficiency of approximately
22 percent at the optimum tip speed ratio of

about 2.0; while the opened-tip rotor had only
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Fig. 14 Experimental results of the 4-blade rotor
at the tip pitch of 5 degrees in the fashion of
opened-tip and closed-tip DTSW
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Fig. 15 Experimental results of the 4-blade rotor
at the tip pitch of 10 degrees in the fashion of
opened-tip and closed-tip DTSW

16 percent at the optimum tip speed ratio of 2.0.
It can be seen that; the maximum efficiency
obtained by the tip pitch angle of 10 degrees was

not very different from 5 degrees.
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Fig.16 illustrated the comparing results of the
6-blade rotor at the tip pitch setting of 5 degrees
between the opened-tip and the closed-tip rotor
of DTSW. It was apparent that the closed-tip rotor
could provide the utmost efficiency more than the
opened-tip rotor including more than the rotor in
the fashion of 4-blade DTSW. The closed-tip rotor
with the 6-blade manner could provide the
maximum efficiency of approximately 28 percent
at the optimum tip speed ratio of about 2.7; while
the opened-tip rotor had the utmost efficiency
only about 22 percent at the optimum tip speed
ratio of 2.7. Thus, it can be seen that; the
efficiency could be augmented by approximately
6 percent from the opened-tip rotor and increased
approximately 6 percent from the 4-blade rotor
together with the use of closing the blade tip
technique at the tip pitch angle of 5 degrees.

Fig.17 illustrated the comparing results of the
6-blade rotor at the tip pitch setting of 10 degrees
between the opened-tip and the closed-tip rotor
of DTSW. It was very clear that the closed-tip
rotor could provide the utmost efficiency more
the

than the opened-tip rotor tremendously.

closed-tip rotor had maximum efficiency of
approximately 35 percent at the optimum tip
speed ratio of approximately 2; while the opened-
tip rotor had a maximum efficiency of about 25
percent at the optimum tip speed ratio of about

2.2. Consequently, it was obviously that; when
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Fig. 16 Experimental results of the 6-blade rotor
at the tip pitch of 5 degrees in the fashion of
opened-tip and closed-tip DTSW
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Fig. 17 Experimental results of the 6-blade rotor
at the tip pitch of 10 degrees in the fashion of
opened-tip and closed-tip DTSW

employing the technique of closing the blade tip
for the 6-blade rotor for DTSW, the efficiency
could be enhanced approximate 10 percent from
the conventionally opened-tip rotor, which was
considered Additionally,

as relatively high.
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if comparing with the closed-tip rotor for the
4-blade rotor, the efficiency could be enhanced

approximate 13 percent.

5. Conclusions

This study aimed to investigate the effect of
employing the technique of closing the blade tip
on the efficiency of the downwind Thai sail
windmill to be a guideline for enhancing
efficiency. The results showed that;

The 4-blade rotor which was using the
technique of closing the blade tip provided
maximum efficiency of approximately 22 percent
at the tip pitch angle of both 5 and 10 degrees at
the optimum tip speed ratio of about 2.2. Thus,
the efficiency increased 5 percent from the
opened-tip rotor.

The 6-blade DTSW which was using the
technique of closing the blade tip provided
maximum efficiency of 35 percent at the tip pitch
angle of 10 degrees at the optimum tip speed
ratio of 2.0. So, the efficiency increased 10
percent from the opened-tip rotor, which was
considered relatively high. Additionally, if
comparing the closed-tip rotor for the 4-blade
rotor, the efficiency was enhanced 13 percent.
the 6-blade rotor for DTSW which was using the
technique of closing the blade tip provided
maximum efficiency more than the 4-blade rotor

because this technique was able to help DTSW
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to change a part of the tip loss into the power
gain simultaneously, which was considered as a
double benefit in efficiency enhancement.
Consequently, with the higher number of blades,
the total torque would be more obtained as a

result of the number of blades as showing in the
tip
equation of T =58 '[ dF.r [19]; whereby B was

root

the number of blades and dF, was the differential
relative force in tangent direction at any radius

from the blade root to tip.

6. Acknowledgments

The authors acknowledge the financial support
from King Mongkut's University of Technology
North Thailand
Nakhon

Bangkok, Bangkok, and
Suranaree University of Technology,

Ratchasima, Thailand.

7. References
[11 P. Mukhia, Performance and Aerodynamic
Analysis of The Thai Four Bladed Wooden
Rotor Coupled to A Ladder Pump, Master
Thesis, Asian Institute of Technology,
Thailand. 1981.

[2] T. Klabklay, W. Sridech and T. Chitsomboon,
Blade Element Momentum Theory for
Estimating Efficiency of Thai sail windmill,
The journal of industrial Technology, 2019,

15(3), 93-103. (in Thai).

The Journal of Industrial Technology (2020) volume.16, issue 3.

100

http://j.cit kmutnb.ac.th



&

UNANNINY

(3]

(4]

(3]

6]

(7]

(8]

T. Klabklay and T. Chitsomboon, Efficiency
of Upwind and Downwind Thai Sail
Windmill, Journal of Engineering and
Science Research, 2017, 1(2), 1-6.

R. Thepwong, Design Improvements of Thai
Sail Windmill for Water Pumping,

Ph.D. Thesis, School of Civil Engineering,
Rajamangala University of Technology
Rattanakosin. 2013.

T. Klabklay, Optimum Pitch Angle of
Downwind Thai Sail Windmill for Maximum
Annual Energy Production, Songklanakarin
Journal of Science and Technology, 2017,
40(6), 1473-1478.

C. Kress, N. Chokani and R.S. Abhari,
Downwind Wind turbine Yaw Stability and
Performance, Renewable Energy, 2015, 83,
1157-1165.

A.D. Spera, Wind Turbine Technology:
Fundamental Concepts of Wind Turbine
Engineering, 2" ed., ASME Press, NY,
USA, 1998.

M.D. Maughmer, Optimization and
Characteristics of a Sailwing Windmill Rotor,
Final Report/AMS Report No. 1297,
Princeton University, New Jersey, USA,

1976.

(9]

[10]

(1]

[12]

[13]

[14]

MseTIvMmamalulaganavinssy (The Journal of Industrial Technology)

ISSN (Print): 1686-9869, ISSN (online): 2697-5548
DOI: 10.14416/j.ind.tech.2020.12.008

Q. Song, Design, Fabrication and Testing of
A New Small Wind Turbine Blade, Master
Thesis, The University of Guelpe, Ontario,
Canada, 2012.

L. Prandtl and A. Betz, Vier Abhandlungen
zur Hydrodynamik und Aerodynamik,
Gottinger Nachr, Géttingen, 1927, 88-92.
W.H. Hucho and G. Sovran, Aerodynamics
of Road Vehicles, Annual Review of Fluid
Mechanics, 1993, 25, 485-537.

E. Branlard, K. Dixon and M. Gaunaa,
Vortex Methods to Answer the Need for
Improved Understanding and Modeling of
Tip-Loss Factor, IET Renewable Power
Generation, 2013, 7(4), 311-320.

T. Klabklay and T. Chitsomboon (2015)
Prediction of Thai Sail Windmill Performance
by A Blade Element Momentum Theory, The
29" Conference of Mechanical Engineering
Network of Thailand, Proceedings, 713-717.
(in Thai).

J.L. Tangler, and J.D. Kocurek, Wind
Turbine Post-Stall Airfoil Performance
Characteristics Guidelines for Blade-element
Momentum Methods, Technical Report
NREL/CP-500-36900, National Renewable
Energy Laboratory, Colorado. 2005.

The Journal of Industrial Technology (2020) volume.16, issue 3.

101

http://j.cit kmutnb.ac.th



&

UNANNINY

[15]

[16]

(17]

P.D. Fleming and S.D. Probert, Power
Augmentation of Cheap, Sail-Type,
Horizontal-Axis Wind-Turbines,

Applied Energy, 1982, 12(1), 53-70.

P.D. Fleming, S.D. Probert and S.
Arithoppah, Design Optimisation of Cheap
Power-Augmentation Devices for a Flexible-
Sail, Horizontal-Axis Wind-Turbine, Applied
Energy, 1984, 17(3), 169-180.

J. Johensen and N.N. Sorensen,
Aerodynamic Investigation of Winglets on
Wind Turbine Blades Using CFD, Riso
Report Riso-R-1543(EN), Riso National
Laboratory, Roskilde, Denmark, 2006.

(18]

[19]

[20]

MseTIvMmamalulaganavinssy (The Journal of Industrial Technology)

ISSN (Print): 1686-9869, ISSN (online): 2697-5548
DOI: 10.14416/j.ind.tech.2020.12.008

P.D. Fleming and S.D. Probert, Design and
Performance of A Small Shrouded Cretan
Wind Wheel, Applied Energy, 1982, 10(2),
121-139.

J.F. Manwell, J.G. McGowan and

A.L. Rogers, Wind Energy Explained, 2nd
ed., John Wiley & Son, UK, 2009.

Y.A. Cengel, M.A. Boles and M. Kanoglu,
Thermodynamics: An Engineering Approach,
9th ed., McGrawHill Education, NY, USA,
2019.

The Journal of Industrial Technology (2020) volume.16, issue 3.

102

http://j.cit kmutnb.ac.th



1sa1sivImamaluladana1unssu (The Journal of Industrial Technology)
ISSN (Print): 1686-9869, ISSN (online): 2697-5548

-

DOI: 10.14416/j.ind.tech.2020.12.009

UNAUIYING

o a | = [ =} [
n'm)'nmanmnﬁusfafa K] ad')ﬁﬁ‘l‘ﬁl'lﬂﬂ'liﬂﬂﬁaﬂ antiwiay

gens Inaazaes’

giuﬁ’iﬁ'ﬂwaﬁm 83, MAITIIAINITULATAINALALNNTDU-DINA, ATKAAINTINANRAS,
YINLRNA s ENIzaNNAIWITUATLAILD

' E’ﬂi:mm’mmmm‘i (Corresponding Author), E-mail: chanyut.k@eng.kmutnb.ac.th

WNTULUNANN: 2 AUENBK 2563; TWANUNIULUNAIN: 20 AANAN 2563; IWNABUTLUNAINN: 9 WEARIM B 2563
Tunsuwiaanlat: 12 sunaN 2563

Unanga: f@qﬂi:mﬁmaauwmmﬁﬁmm‘iﬁﬂLmﬂwqﬁﬂﬁmmi’a@! wazawtiaslaladi ldannminaseu
wuuidowdusay (Oscillatory Shear) @aidumimasaudldsumsvousvluurarsdzims lunisldidu
Lﬂ%ﬂdﬁaiuﬂﬂiﬁ’umﬂfﬁ@l Tuunenuiiazlddudseadsemasinanilaladurisansgasm (Society of
Rheology, SOR) fiim3utismsnasauuuuidaniduseufianuedsad (Small Amplitude Oscillatory
Shear, SAOS) fifial§fid i dimmdinedr wi= 1y, <1 Adsanudwdudaiwdaduivanueioa
me:ﬂ']smaammuLaamﬂmauﬁmmL@ﬁmqa (Large Amplitude Oscillatory Shear, LAOS) Wi >1 @4
m’mL@Tm:l,%ﬂuagiugﬂmada%muﬁmamawﬁmi"’(Fourier Series Solutions) ﬁa:ﬂi:ﬂaﬂﬂﬁmq@
faaunaeraTINAL Mineseuuuuidauiiusay (Oscilatory Shear) aanInidisuiinmzilugdaunis
Fadauld vhldazaanlunsdnsngdnssuaasnefiwesinadfidmMIsuussmenauuunaia (Dynamic
Mechanical Load) &4 uaziduiiwausuluwiarsdmns IuﬂﬁiwmaauLﬁa'cﬁmuﬂwqﬁm‘swaﬁa@LLa:

e =) =) va @ A 6 ) a
guan9laladlaaldRnas A UWLNWATWANAL

ardan: mneseuuuuidewdutey; msduunwginiinilalabvesize; Anadlide; unwnwAndu

The Journal of Industrial Technology (2020) volume.16, issue 3. http://j.cit kmutnb.ac.th
103



1sa1sivImamaluladana1unssu (The Journal of Industrial Technology)
ISSN (Print): 1686-9869, ISSN (online): 2697-5548
DOI: 10.14416/j.ind.tech.2020.12.009

-

UNAUIYING

Rheological Behavior Identification of Materials from Oscillatory Shear

Chanyut KoIitawong*

Rheology Research Center, Department of Mechanical and Aerospace Engineering,
Faculty of Engineering, King Mongkut’'s University of Technology North Bangkok

*

Corresponding author, E-mail: chanyut.k@eng.kmutnb.ac.th

Received: 2 September 2020; Revised 20 October 2020; Accepted: 9 November 2020
Online Published: 12 December 2020

Abstract: The objective of this article is to report how to identify the rheological behavior of a material
from oscillatory shear testing which is a wildly used method. This article uses official functions
announced by the Society of Rheology (SOR) to acquaint those researchers. An oscillatory shear flow
can be classified by its shear strain. For small shear strain, ie. at small Weissenberg number
Wi 5/17'/0 <1, the flow is called small amplitude oscillatory shear, SAOS in which the stress in the fluid
is a linear function of the shear strain. However, for large shear strain, Wi>1, such flow can be
classified as a large amplitude oscillatory shear, LAOS, flow where the shear stress can be described by
Fourier series of the shear strain. Lastly, any oscillatory flow can be written in complex functions, which
very useful for dynamic mechanical analysis. Up until now, Ewoldt grid on Pipkin diagram is the most

widely used method for researchers to classify material behaviors.

Keywords: Oscillatory shear; Rheological behavior identification; Ewoldt grid; Pipkin diagram
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BaUAIAN 5, ANTNNAINGBINTT

A @)
2. mMInadauxantiniay

nInasaULdauldwsay (Oscillatory  Shear
Test) Ltdunsarvquanuiinuiulsznuu
o A a @ a v o

vl Wiedeunidusaudioanud o udria
ANILARNLAUIENUAN (v, =0) 37U 3 uFas
minagautiamantamsslaladuuuidawdusay
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UNAIUIYING

Unfusdimnasauazaiuguiayaid (Input) 62
o a A o LA v

8AINAIUALRAUAIAD 7, NTIINNGBINTT T
ftzinlaiaugudayaidn (Input) @3
ROULHUUTENUUK (x, =h) UAZIAAIINLATLA
Baunvad Inansziinuudwlsznuans (x, =0)
saviwnInasaunsaufiauauteayaiin (Input)
UANMAUROUAIN 7, LAZTNBATIATLALADN

6 o

Wulangusasnm 7(r)

b

7 (1) =7, cos(r)

Va1

7(1)=y,sin(wr)

Ve

(t) =7, sin(wr +5)

31 4 nswluaasnImIuguTayaLin-aan (Input
and Output) luﬂﬂsmaaaLmumqué'mwm%'m

BauAI 7, NEIIAINGBINIVBINITNARDY

A = > a °
ﬂ’]iLQauLﬂ%iaU‘ﬂﬂ'J’]uLﬂiﬂ@]@n

31J°?1'4 NWLEAINIAILANTaYALTN-08N
(Input and Output) lUN1INARDILLLAILANEAT
inSuaidaunida 7, ATraiafideInsvainis
ﬂ@aaumﬂﬁamﬂmauLLa@alugﬂﬁ 31le & 1w
imxw\laﬁmmﬁaﬁ'mwdwiagmiﬂLLa:aaﬂ
Unfudr §=0 dmiuimqdanguduyInt uaz

S=x/2 &niuvestnadilnifion uas
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0<d<z/2 dwiuizqgialadaiadn aunis
anuTesiagriturulnulunslnauny
Wwowdusay szuaalaaoauniin (2) lagaan

\n3uane (3UN 3 uazgin 4)

(4)

;}(t):;?21 =¥, cos wt
Py a
Wa w=1/T 1Juaudnaa (Frequency Sweep)
Ninvroiduwsaudadulf (Hz) uas 7 1Jw

& A = P '

auanlunsinfenfiasuniesey dniaedu
a a o = .
N 7, 1DuIU10U0I803LATLA (Strain  rate

i A o a A
amplltude) PINANNULAILAND

t
Vo1 (O,t)zj.o 7o coswt' di’ =y, sinwt (5)

A ) a .
iy, tJuTUIAVEIAITNLATYA (Strain
Amplitude) da1tduuan (+) Lgue waszd

ANMUFNNUTNUIUAVDIBATNATLARD

j’o =Wy, (6)
A o Y P , ' '
adunsldveanainegsznitounulsznug

A P @ a AN vo

wwdaud ld-uidusauausasasuanlasuain
UHBUTENUUH MITABARN ML TBIRNNITAINY
LAuaaUFwadNIziNanurwlsznuaneinazi
slunylaldannnswieuifsunssbantu (Elastic
Force) nuuwssnia (Viscous Force) 138n31 “laa
1396w dsn” (Weissenberg Number, Wi )
[11]

Wi =14y, = Aoy, ()

e “unsBiangw Aausanldlunifudivasiag
LAY “WIIRIHA” ﬁaLLiaLﬁﬂ@mmwdwimaqamm

Twa 1 Wi=Adwy, <1 azdumadawdusaun
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UNAIUIYING
AMNLAKEA (Small Amplitude Oscillatory Shear,

SAOS)

whalBagwnUANLATEA (Linear

FUNIANULAUITURAINO ANTTURAEL U
Viscoelastic
Behavior) Lt Wi=Aawy, >1 nduminasey
Laamﬂuiauﬁﬂ’mmﬁugd (Large Amplitude
Oscillatory Shear, LAOS) [12] FUNIIANULANDL
lditduiaridunualnuiaioa (Nonlinear
Viscoelastic Behavior) [13, 14] AMNLAUALT U
agﬂugﬂag&nmﬁmaumawﬁw?(Fourier Series
Solutions) ﬁﬁ]:ﬂi:nauvlﬂﬁ';ﬂ"g@ﬁwau%aw 9
7T [15, 16] uazanfiowauiaileladlu
mslwanuuiian snualisudszaninadionny
(First Stress

o & o o A
LABAIAINAIAUN AT Normal

Difference Coefficient) ¥, fo

. N,
¥ (7)=——
0

e
o a 2 v & o o A
LazARNU T RNTRAA19IANUA RIS NIIA LN F D

®)

(Second Normal Stress Difference Coefficient) ¥,

_ N2
=775 )
0 70

_ T T3

¥, (7 (8)

Wo 7, Wuanudwuwnuasiialuianions
o = A8 = Y
Twanan (@slunfifox) 7, (duanuiduumd

A a a Aa a & = 4
nuganiialufian1sndinsfsuduosnauis o9
ASa (Y ;:'
lunfife x, use 7, WWuauERLBINLEIN
o X o o <
Wadulufianaflisgunizwinzasanuiuaz
inILAsnaadnwsIRe (T9lunitfe x) uas

AMuniadng Ao

©
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.oAL o & & Lo oA
lay 7, fe1ldnsuan (+) uazau (-) Tuagnufia
NINTIARLATANTAITZULUAK FIRTUNTIAA

PN ~ A = , a
wuufh Indlouanunitaazidudinai =4 uaz
¥ =¥, =0 udgnivaad lnanadnas g =n(7)
war ¥, =¥ (7) ¥a1cduuan (+) uaz
¥, =¥, (7) ddnduay (-)

2.1 aMHLATYAAN

A a A A o
NaNNATLA 5, ANl 9 FUNIN (6) ugasl
WARINNNINAFBUNT AR UULR UL T usa U
AMULAILAG (Small Amplitude Oscillatory Shear
Flow, SAOS) 81N1IAMNLAKEIRINITONINEAT
a o ' a A ' @
LIBaN L1zl szazINaNuand 19N (Phase
Difference) T2 I19ANNIABUAZANNLATLA & ol
119 AIBUFNNITAINNLA WAL T ULTILFUAD
AMULAILA (Linear Viscoelastic Behavior) uWae
mﬂmﬁuﬁmmmmdd’lﬁuc\iuﬂi:ﬂugjﬁagjﬁmmu
AfwWinY [17]

—7,, =7, sin(@t+5)

(10)

lag 6 1duszuziNaNuand94nsu (Phase
Difference) 33W319AMNLAULAZAIINLATLA LaE
7, INIUIAVBIAINNLAUABUAUDY (Stress
. 4 = ' {

Response Amplitude) G9a133zidud1nanuasi
AMUFUWUSNLIUWIABATIATEA 7, IwguNISN

v ¥ v 6 a aa ::'
6) drmsldionansoinieaiinmid  sun1sn

(10) s snidnuailugy
—Ty = (TO cos 5) sin wt + (TO sin 5)005 wt

(11)

AR IEINANVLARNLANIINNITNARIUL LT

saulusuniif (1) swnandouegluzdves
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cosar DIBwENUSATIASHALEAIlUENNTN (4)
ztstandfvaanarfialniflon  (Newtonian
Fluid) U8 sinor GeBwnanuanuaioauaasln
FUN137 (5)azﬂdﬁaauﬁ'ﬁmaammﬁﬂﬁﬂ;u
(Elastic ~ Solid) #atiwnmInaseutdaudusavay

NI pwlRe glugﬂ

—Q:G'(a})sina)z+G"(a))cosa)t (12)
Yo
Lﬁﬂ
G’(a)):r—ocosé‘ (13)
Yo

G”(a)):r—osiné'
70

(14)

v o &

lag ¢’ fanaaaanniiu (Storage Modulus) LLag

7
G' fanagaagniie (Loss Modulus) aztiinlain
mnasaudewiusey smwnsaialdriiwgdnysy
anuianguuaznginisnvasnalaanun lanwiaw
i gUMIN (13) wae (14) Munsnwdszoziai
LANGNITEWINAMULABLAZANNLAS LA lafa

"

G
tand = —
G

(15)

o o A A
PNANMUFUAUS IUINN1TN (6) WA luaun1IN
(1) vldmansadouludngluuuldde

_fa

7o

n"sin @t + 7' cos wt

(16)

I(ﬂil

G'(»)=on"(o) (17)
G"(0) = on'(o) (18)

Wadn 5 azfidnvinnuanunitafiilnidiow
Wa ¢'=0 Mldinsen 77 Fenunilawald
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(Dynamic Viscosity) luumef »” Slad%aiSan

' 1 o A ” o Ao ~
adhailunmaiiesnniiie 6" =0 Tagniasd
sudAtangusnysol (Purely Elastic) vude
G'=G dmiuiagnitadangu (Viscoelastic
Materials) 9§13 G'() usz G"(o) [18] luvme
ANad19ANNLABEIAUN 1 uae 2 lunvlnauuy
Wowdusay vzifinlugadinaudiriiiu (Even
Harmonics) ¥irlAgaidunanifissnuineraasla
FUTNATIIAATHNAGIANULABSIALN 1 ez 2
lu sAos  lauazdalifinsfenuaiudsuadng
ANULARE1AUT 1 uaz 2 1 SAOS  adnadn

1 [l =3 v @ A e '

n19ns [8] udadnglsnanladnniduunerinn

'
o A

[12, 19, 20] leUszunmnIHaGIIANNL AU GLN

1 uaz 2 lu sA0S Wudazlinanasludiil

Ty

%o

T
/'AW
‘B

lﬁl = a A A
E‘.IJ‘VI 5 LRAIINIBUIRLN ﬂi‘ﬁﬁl%ﬂ’ﬁ‘ﬂ@aﬂﬂ Laa

wseniduiasnungiiodaningiuwn

A o a A A '
Luaammaqua&luwu@ﬂwqu

TuameAinnIndanszninennuduiionuas
saasualdaunlunimaravideuidusavaziia
2970uFMNa3FF (Hysteresis Loop) auaadlugy
il %aLﬂuﬁwﬁamuﬁgzyLﬁmia%m ﬂﬁ%ﬁﬁﬂ”ﬁ@;ﬁ

auﬂ’ﬁ%ﬁ@ﬁ@mju (Viscoelastic Property) thisfia

AW=U.:|rd;> (19)
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A v > A A '
FUN13N (19) LLa@ﬂﬂmmna@;ﬂmﬂﬂqu
& 1 o A A a aa < A
auyimmmumﬂummﬁau‘aamaism nuAe
@ @ A ' e A 4 @ A aw
azdasltusadanuazldaunaunivinnuwinonin
AULALINY NINEDATZRINIANNLA LD DU
s a =) A £ =1
AAITILATUALADY RIDAINNLAULADULAE

anuasuadanuaaslugdn AiTeiFonau 9 9

“ a € . . A v [
UNWNIWRRTIIF" (Lissajous Curves) w3zl

v a ' “« a [ €a €
Qﬂ(ﬂ@x‘ilﬁﬁﬂﬁl’l LLN%J‘I']WET@‘].T’IQN-I‘U'J@]?TE‘I

(Lissajous-Bowditch Curves)

2.2 ANLATLAFY

= = 2 A [
NANULATLA y, ﬂ\‘i‘ﬂl@] § RUNIIN (6) LLE‘W]GI%

ARITNIINAFOUNT IR LU UL aw T uwsaund
ANNLATARY (Large Amplitude Oscillatory Shear
Flow, LAOS) sun13anutauasliguisaany
AMNULASLATY AINUFINNITAMNLARI N1 T LT

v o = . . .
LRUNUAINNULATIY @ (Nonlinear Viscoelastic

. 4 . .

Behavior) mmwmm:lﬂuuaglugﬂagﬂiu

AaoUBaIY3LET (Fourier Series Solutions) N3z

Usznavlddrngadiaay e (Higher
Harmonics, ) TIuNublaAa [6]
o0
Ty = Zz’o,n sin(@,7+6,) (20)

n=1
odd

Wia ®, =no, o, Wuszosinafiuandioiu
(Phase Difference) TERINNANLABUAT
anaeIualuansuafingdl # wez 7., uamwe
PAIAMNLAUA LIS (Stress Response

Amplitude) Twansuaiingn » Genrvasidudraan

uazdlaNUFUNUSALTWINBATILATA 7, D 35

a &a a v 2 o 6
valinag? # la 9 dagdlnddromsliananual
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Y]WO@]‘%IﬂMﬁaLLQZM'ﬁ@ﬂﬂ@@h HUUINAINNLATLA

Yo =70/ @ Tugumfl (6) asun [21, 22]

_M:ZG’; sinw,t+G, cosw,t  (21)
Y0 n=1
odd
e
G, (@.79) :%°085" @2)
0
Gi(00)=" @
0

wiadouag lugthieswedaniaioa 7, fa [12, 13]

Dy (’ 70
70

Zryn sin@,t +1, cos ®,t (24)

n=1
odd

~ ' v o o A A
LAZUNAANNAIULAUIIAUN 1 RS 2 A [14]

t
}’0 Z‘l-’l ,sinw,t+¥|, cosw,t (25)

even

N, (8.7 C
—M=Z‘P; sinw t+W¥, cosw t
) N n 2,n n

Ve 0 n=l1
even

(26)
lavdndudsz@nsvassios (n,.n)), (G,.G)).
(‘Pi,n,‘Pﬁn) WAz (\P’z’n,‘Pg,n) WUINUINITINAS
(ny,my) §uWusIU (G,Gy) lag

(27)
(28)

G;l (0)570)=W77;;(50770)
G (@,70) = wn, (@,7,)

aznldinda n=1 sumslu LAOS azaayiiu
SAOS namfsenudwdanlusunisi 1) uaz
(24) 189 LAOS a:a@gmﬂmumiﬁ' (12) uaz (16)
1% SAOS MUEIAL FIUHAGIIANNAUEIALT 1

WaY 2 3R bA LY LAOS LYt uiiha I3 nNadns
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anuAnEeL 1 uaz 2 lumslusuuuidomdu
samuﬁ@lug@ﬁmau@ﬁnfu (Even Harmonics)
luvhuaaidoarin (G,G7) luaunsfl (27) uaz
(28) Va4 LAOS ﬁﬁ):a@gmﬂuaumiﬁ (17) uas
(18) Va4 SAOS aNEGL

3. WendwiBetanlwnisRewmdnsay
Wasanniinasevuuuiiauduseuinaeg

Lﬁﬂuayjiugﬂm&muﬁmaumawﬁmf (Fourier

Series Solutions) é’mfmﬁamma:mnlums

AU mmwmmiﬂL“ﬁﬂué'@rsuﬂ%maglugﬂmm

WanTwgItanlay
721 (t) =74 exp(iot) (29)
LazlANNLATIAAD
t
721 (0.1) = J:OO721 dr' (30)

o @ a A o A
WaUNUAN8AILATLALTITAUINNINATN (29) A9
luaunsn (31) ale

751(0,2) = =iy, exp(iot) (31)

WaAMNFNABTIZHINNTUIAVBITATUATLA 7,
uazrwIaANuaIEa 7, tuldawaunisn (6)
INFATVBIB0HIADT (Euler Formula) [23] 601
LATHALUENNNTA (4) azANNLATEAlUENANTN (5)
~ v o g o a P

fanusunusnuaaasualuaun1In (29) uas
anuiaioaluannin (30) MidvuaglugUWaridu

BaTauaithe [24]

Va1 (t) =7y, exp(icot)} =¥, cos wt (32)

LR

Va1 (O,t) = f/,%{—i;/o exp(iwt)} =y, sinwt (33)
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3.1 ANNLATLAN
anuiduly sA0S  MidpuaglugWaridu
Fataum laanaunsi (10) lasgunusnualna

v A a e o o A
Lﬂu'ﬂLmﬂulugﬂmaﬂﬁﬂﬂm‘u“ﬁ\jﬁﬁauﬂa

—1y =iz, exp(i(a)t+5)) (34)
Tosidla
1y, = m:{—r;‘l} (35)
wnudngunIn (34) sdluauman (35) azld
—75, =7, sin(wt +6) (36)

AsuuNeQaRITITan (Complex Modulus, G")

&MU SAOS %1 bean

G*(a))s—r—ilzr—o(cos5+isin5) (37)
721 Yo
LR
G"(0)=G'(0)+iG" (o) (38)
WBTIWNAVBINBQATTITaU (Magnitude  of
Complex Modulus, ‘G* ) o [23]
Gd = G* _ ,G,2+G”2 :T_O (39)

Y0
lag G'(») waz G"(o) forwluaunisf (13)

o = a A a L%
wae (14) lu‘ﬂ’lua\‘lmﬂ?ﬂ%ﬂ’;’m‘lﬁum’ﬁdﬁrjau
(Complex Viscosity, 1) ®13130%1 b6

n*(w)z—%:.r—o(cos5+isin5) (40)
S/
LR
7 (@) =n'(w)~in"() (41)
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waziidnanunitaifitauduysol (Magnitude of

Complex Viscosity, ‘77*‘)

|-

o n"(w) wez n'(w) fenwlusumsi (17) ua

(42)

(18) My [25] Wandwdstanndamanaada
Ao lwadusi3atan (Complex Compliance, J*)

A a ' ' ) % o A
%Guﬂ’]&nqLﬂuﬁQ%ﬂﬂU‘Uaﬂ G WuAd

J*(a))z—y—ilzy—o(cosé'—isin& (43)
1 %o
3}
J(0)=J(0)-iJ" (o) (44)

6

LWRTTUUINVEINON INAOUTLTITOUTNL T

U

(Magnitude of Complex Compliance, ‘J*‘ ) g

WanTuiBstanazlsuinlun1snasge uuUUNaIa

J*

(45)

° o wa A A ' v ¢
dndumantaniadangu  [6] aav bwaaus
139501 (Complex Compliance, J*) 92LiaaINN13
mmgummLﬁuLLa:fﬂﬁm’]Lﬂ?ﬂ@ﬁﬁﬁmmﬁaU

s a v é = v
Waﬁmurmmawmmmmgmﬂa:Lam‘l@mﬂ [26]

3.2A7NLATLAFI
WenTulTsTaurainInagauluy LAOS A

amunsantldaniiiads 9 duudazdangye

a15ludind (Higher Harmonics, n) UuauLaslala

fes  lasdrauravesauinioags (Large

Amplitude Oscillatory Shear, LAOS) wwAaduua

a A A a
ANALATLA 7, §9 UAZ/MIBNANND @ §9 FUNT

ANLARAL PIRINITOAINAINLATUATI Y AITheA
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gunsanuidnazliiduifasunudasasua
(Nonlinear Viscoelastic Behavior) Gﬁammlﬁmz
Lﬂuuagiugﬂagﬂmﬁmaumadﬁ’%mi‘ (Fourier
Series Solutions) ﬁﬁlzﬂizﬂauvlﬂﬁm“g@ﬁmau n

7@ (Higher Harmonics) TINNUBUAD

75, = _iifo,n exp(i(a)nt +0, ))

(46)
n=l1
odd
e
T = ‘”/')”\{_Tzl} (47)
WU gNNIIN (46) salugumsn @7) ale
Ty = Zro,n sin(@,7+6,) (48)
=1

odd
é s a v o =
TINBQNFLTITEW (Complex Modulus, G,) &3
LAOS fienulas

Gn* (CO, 70) - ;il
21

UWNUARNANTN (31) WALENNNIN (46) asluauns
1 (49) azle

(49)

*
Gn

(@,70) :z;(j—:(cosén +isiné,)

A I~ o a ¥ = A
HRIBRINNIDLY wlugﬂmmummauluaﬂgﬂﬂ 3]

(50)

G, (@70) =G, (@ 70)+iGi (@.70) (B

Wa G, (w,7,) waz Gi(a,7,) horwluaunisi
(22) uaz (23) LAzHIUNAVDINDQAFLTITOY

E?f&lgini (Magnitude of Complex Modulus, ‘G,’:‘)

A

fa

G (52)
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Turiruafornualnunitalfsdan (Complex

Viscosity, 777 ) 810130%1 1#a1n

% T
UM (a)’}/O) - .il
721
UWNUAIRNANTA (29) WALENNNTN (46) RILUENANT
7 (53) a2l

(83)

1

77; (0%70) = za());o

URZRUNTN (54) mminLﬁmuiugﬂﬁﬂuauL%oeﬁau

(cos &, +isind,) (54)
ludnzuda

e (@.70) =1, (@ 70) =ity (@.70)
uazildnanunitaifitauduysol (Magnitude of
M)

\ila n(o,7,) waz 1, (@,7,) horuluaunis

(85)

Complex Viscosity,

(56)

m

'
a

a

(27) uaz (28) MusAU WanTwLTstaunaaan

o A > € Aa ¥ .
maena lnaousLTITon (Complex Compliance,
2 a . \ % ™)

J2) stignndndusiunauved G; unde

7/*

21

(@.70)=—"2
21

WNUAIRNATN (31) WALENANIN (46) adluauns
1 (57) ale

J*

n

(87)

Iy (@,7)) =:—0(cos5n —isiné,)
0,n

=1 = o a L3 A =)
wiamusndsulugdduwditauludnglde
* .
Jn(wayo)=J;z(wa7/0)_l‘]/,1’(a)97/0) (59)
LREHVUIAY amaﬂwaé’uﬁ%a%aué’ugiﬁ

(58)

(Magnitude of Complex Compliance, J: ) fa
Tn| =L+ (60)

ISSN (Print): 1686-9869, ISSN (online): 2697-5548
DOI: 10.14416/j.ind.tech.2020.12.009

LAIINNNITANBLAZIAUNIIY LAOS 53a3tTn
Faslmailursmsinnisdnsileladludagiu
aanwmIlgawandians 9 lu LAOS Fegalaifl
Usznasanuiagnaidunisnisiniden SAOS [8]

& P’ o A ' o ') '
WRzAzARNNIREINAILUINuana 19w I e
827 [6, 12-14]

4. MIUBNNOANTINYDINEN
Lﬁadmanaﬂﬁumﬂ%m:’fuagjﬂ”ﬂ.li:mnm
Fanam3nl aarumiansinganssumslnaey
inlaadnedng g I@ﬂﬁﬁnsmwmﬂmﬁgmﬁau
Wusey lunmsnaseuidewiusavaziidunazas
sasaouwtdusauaiugunisn @) uazd
auiasoatdentdusoufisonnaasnn
(Orthogonal  Strain) muawmsﬁ (5) uazdana
LW UABUFWEIANENNITN (21) ‘ﬁﬁﬂuagjlugﬂ
284(G),G)) WIadanuduaaUauaIaIuaunII
i (24) ﬁLﬂﬂuaglugﬂmad (np,m7) Tapaaudu
AOUEUDITNNIN (21) UWas (24) aansnaagiiilu
guMIf (12) waz (16) e n=1
@Taﬁndn"lﬂLLﬁa'janaﬂﬁwaﬁaqa:ﬁuagj
futasszuziaangsinanisol deluftaruiso
fuualalas avlidGiavasan” (Deborah

Number, De) [11]
(61)

Wa A AanmWeauamsuediag 7 iuauam
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