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Editor-in-Chief’s message

 As Editor-in-Chief, I would like to welcome again all of you who took the time to read ourvery fi rst English 
language issue of the Mahasarakham University Journal of Science and Technology some ten years ago. To start with, 
let me share with you that our journal has enjoyed positive developments over those past ten years including being 
accepted as a quality journal by the TCI (Thailand Citation Index). I believe these positive developments will continue 
to accelerate the journals ranking among the community of journals. 
 It has been a pleasure to work alongside other universities in Thailand and overseas on academic projects 
where scholars carried out research and produced quality research papers which were submitted and published in our 
journal
 In Thailand, recognized as a prominent agricultural sector, Thai researches are striving to develop advanced 
tools to strengthen the agricultural community’s position as a world class producer. The tools are varied and destined 
to become an important part of Thailand’s agricultural sector. This volume of our journal has a remarkable collection of 
other papers in a variety of fi elds that may ultimately support the agricultural community.  It gives me great pleasure to 
know that it will become a valuable addition to the reader’s library.

                        Prof. Preecha Prathepha. Ph.D
                               Editor-in-Chief
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Abstract
Black jasmine rice (Oryza sativa var. Hom Nil) is a great source of antioxidants mainly present in its pericarp, and the 
beverage extracted from this part is considered a functional food. However, production of beverage normally involves 
a heat treatment for safety purpose that possibly destroys some antioxidants, Ultraviolet (UV) radiation is thus 
proposed as an alternative process to reduce microbial contaminants and its effect on antioxidant activities is also 
determined. UV treatment through 6×6 W lamps at the lowest fl ow rate of 0.4 L/min could decrease (p>0.05) the total 
plate count as well as yeast and mold count in the beverage for 0.39 and 0.75 log CFU/mL, respectively. Antioxidant 
activities, analyzed by ABTS and FRAP assays, in the black jasmine rice pericarp beverage, were signifi cantly (p<0.05) 
increased after UV treatment at a fl ow rate of 0.4, 0.7, or 1.0 L/min. Results suggest the multiple times of UV radiation 
should be used to effectively inhibit the microbial contaminants while antioxidants should be re-evaluated to ensured 
their stability. Black jasmine rice pericarp beverage, which is disinfected by UV treatment to meet a microbiological 
standard, could be a functional product without any health risk.

Keywords: ultraviolet radiation, rice pericarp beverage, microbial contaminant, antioxidant activity

Introduction
Black rice contains higher contents of protein, total 
essential amino acids, vitamin B1, and minerals when 
compared to common rice. Its pericarpis also abundant 

in anthocyanins, e.g. cyanidin 3-glucoside and peonidin 
3-glucoside,as well as antioxidants, e.g. γ-tocotrienol, 
α-tocopherol, β-, γ-, δ-tocopherols and α-, δ-tocotrienols1,2. 

Functional beverage produced from black jasmine rice, 
which is high in these compounds, could promote
consumer health by inhibiting infl ammation, allergy,
cancer, and insulin resistance[3-6].While several methods 
were used to extract natural compounds from plant 

materials7, optimal conditions of ultraviolet (UV) radiation 
and ultrasonication (US) were suggested for production 
of red rice extract drink, resulting in optimal antioxidant 

activities and significantly lower microbial counts8. 
Microorganisms remaining in this non-thermally processed 
product might be, nevertheless, over a limit of microbio-
logical standard that is less than 100 CFU/mL of Bacillus 
cereus, 100 CFU/mL of Clostridium perfringens, 100 CFU/

mLof yeast and mold, 2.2 MPN/100mL of coliform bacteria,

as well asan absence of Salmonella, Staphylococcus 
aureus, Listeria monocytogenes, and Escherichia coli9,10. 
Low-acid canned foods were thus commonly heat-treated 

for safety purposes but possibly lost their nutritional 
value as well. UV radiation that has a germicidal activity 
by creating a thymine dimer in DNA11 is, therefore,
proposed as a non-thermal treatment after extraction of 
functional ingredients from black jasmine rice pericarp. 
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 Previous studies indicated that UV effectively 
reduced the microbial contaminants in grape juice, wine, 
coconut beverage, orange juice, apple juice, guava-
and-pineapple juice, mango nectar, strawberry nectar, 
and tropical juice12-15.The objective of this study was to 
evaluate the effectiveness of UV radiation in disinfecting 
the black jasmine rice pericarp beverage. Additionally, 
the stability of antioxidants present in this beverage was 
ascertained for the side effect of UV treatment.

Materials and Methods
 1. Raw Material 
  Organic black jasmine rice (Oryza sativa var. 
Hom Nil) was purchased from AGRI CMU SHOP, Chiang 
Mai University after harvest in Phrao, Chiang Mai.

 2. Preparation of Black Jasmine Rice Pericarp
Beverage
  Beverage was extracted from black jasmine 
rice pericarp as previously described8. Briefl y, 2kg of rice 
was washed twice in a tap water and then spread to a 
thin layer before radiated with 4×15 W UV lamps 
(Sylvania, Japan) for 30 min. After that, 8L of commercial 
drinking water (Singha, Thailand) was added into an
ultrasonicator model code W-113SANPA (Microme-
chatronics, USA) filled with the radiated rice. US 
condition was set at 28 kH

Z
, 50°C for 60 min and the 

resulting extract was treated in a customized UV 
disinfection system equipped with 6×6 W lamps at 4
differentconditions as described in (Table 1).

Table 1 Conditions of UV treatment used in this study.

Flow rate (L/min) Contact time (min)

0.4 4.50

0.7 2.57

1.0 1.80

1.5 1.20

 3. Microbiological Analyses

  1 mL of sample was serially diluted in 9 mL 
of 0.1% peptone water to the 10-4 dilution. Bacterial 
number was determined using a pour plate technique16. 

1 mL of each dilution was inoculated on Petri dish before 
approximately 15 mL of 45°C plate count agar (Himedia) 
was poured and mixed thoroughly. All dilution was plated 
in duplicate. Plates were incubated at 35°C for 48 h before 
colonies were enumerated.
  Numbers of yeast and mold were evaluated 
using a spread plate technique16. 0.1 mL of each 
dilution was spread on patato dextrose agar (Himedia), 
which pH adjusted to 3.5 using 10% tartaric acid (Ajax 
Finechem, Australia), and all dilution was plated in 
duplicate. Plates were incubated at 25°C for 5 days before 
colonies were enumerated.
  Dilution that showed 30-300 colonies of 
bacteria per plate or 10-150 colonies of yeast and mold 
per plate was selected for calculating a microbial countin 
a log scale per 1 mL of rice drink (log CFU/mL).

 4. Antioxidant activities
  4.1 ABTS˙+ radical cation decolorization assay
   The assay protocol was previously 
described by Re and colleagues17. ABTS radical 
cation (ABTS˙+) was prepared by mixing 7 mM ABTS 
[2,2ʹ-azinobis(3-ethylbenzothiazoline-6-sulfonic acid); 
(Sigma-Aldrich, Germany)] with 2.45 mM K

2
S

2
O

8
 (Sigma-

Aldrich) at an equal volume and allowing the mixture to 
stand in the dark at room temperature for 12-16 h. This 

stock solution could be stable for 2 days and used to 
prepare the working solution by diluting with water 

(Merck, Germany) to an absorbance of 0.7-0.9 at 734 
nm. To perform the ABTS˙+ assay, 20 μL of sample was 
mixed with 80 μL of water and 2 μL of ABTS˙+ working 
solution for 3 min and an absorbance at 734 was read 
using Trolox (6-hydroxy-2,5,7,8-tetramethychroman-2-
carboxylic acid; Sigma-Aldrich) as a standard. Each 

sample was analyzed in duplicate. Concentration of anti-
oxidants was obtained by fi tting a change in absorbance 
of samples to a standard curve of Trolox.
  4.2 Ferric reducing ability power (FRAP) 
assay

   The assay was slightly modifi ed from a 
protocol developed by Benzie and Strain18. FRAP working 
reagent was freshly prepared before use by mixing 25 
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mL of 300 mM acetate buffer [3.1 g C
2
H

3
NaO

2
×3H

2
O 

(Fisher Scientifi c, UK) and 16 mL of C
2
H

4
O

2
 (Merck) per 

1 L of buffer], 2.5 mL of 10 mMTPTZ solution [2,4,6-tripy-
ridyl-s-triazine (Sigma-Aldrich) in 40 mMHCl (Merck)], and 
2.5 mL of 20 mM FeCl

3
×6H

2
O (Merck). To perform the 

FRAP assay, 20 μL of sample was mixed with 60 μL of 
water and 600 μL of FRAP working reagent for 4 min and 
an absorbance at 593 was read using FeSO

4
 (Merck) as 

a standard. Each sample was analyzed in duplicate. 
Concentration of antioxidants was obtained by fi tting a 
change in absorbance of samples to a standard curve of 
FeSO

4
.

  4.3 Total polyphenol content (TPC) assay
   The assay protocol was previously 
described by Pinsirodom and Changnoi19. 0.5 mL of 
sample was mixed with 9.5 mL of water and 0.5 mL of 
Folin-Ciocalteu’s reagent (Merck) for 5 min and 2 mL of 
10% Na

2
CO

3
 (Ajax Finechem) was then added. The solution 

was allowed to stand at room temperature for 10 min 
before an absorbance at 730 was read using gallic acid 
(Sigma-Aldrich) as a standard. Each sample was analyzed 
in duplicate. Concentration of antioxidants was obtained 

by fi tting a change in absorbance of samples to a standard 

curve of gallic acid.
 4. Statistical analyses
  To determine the statistical differences 

among UV conditions, Analysis of Variance (ANOVA) 
followed by Least Signifi cant Difference (LSD) tests were 

used at 95% confi dence (SPSS version 11.5.0; IBM, 
USA).

Results and Discussions
 1. UV Treatment Decreases Microbial Counts 
in the Black Jasmine Rice Pericarp Beverage.

  Reductions of microbial contaminants in the 
black jasmine rice pericarp beverage after UV treatment 
at 4 different conditions are shown in (Figure 1) Values 

were in a range of -0.10 to -0.75log CFU/mL, which was 
lower than previous studies12,15,20. This is possibly due to 

the lower dosage used in this study since a germicidal 
effect of UV is dose and time dependent. A lower fl ow 
rate generally resulted in a greater microbial reduction
although abnormality was observed at a fl ow rate of 0.7 

L/min after a different batch of black jasmine rice was 
used.
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-0.3

-0.2

-0.1

0
0.4 0.7 1.0 1.5

L
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Total Plate Count
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Figure 1  Reduction of microbial contaminants in the 
black jasmine rice pericarp beverage after UV 
treatment at 4 different conditions

  Mesophilic bacteria after UV treatment was 
lowered in a range of -0.20 to -0.62 log CFU/mL and UV 
treatment at a fl ow rate of 0.4 L/min showed the maximum 
reduction, although this condition did not result in a 
signifi cant number (p>0.05) when compared to a control 
beverage. Meanwhile, decrease in yeast and mold after 
UV treatment was found in a range of -0.10 to -0.75 log 
CFU/mL. Yeast and mold present in the black jasmine 
rice pericarp beverage were also insignifi cantly (p>0.05) 
decreased after UV treatment at a fl ow rate of 0.4 L/min. 
Since microbial contaminants remained in the beverage 
treated at this conditionwere 4.51 log CFU/mL for 
mesophilic bacteria and 2.06 log CFU/mL for yeast and 
mold, multiple times of UV radiation are recommended 

forthe effective disinfection of the black jasmine rice 
pericarp beverage.

 2. UV Treatment Increases Antioxidant activities

in the Black Jasmine Rice Pericarp Beverage.
  Changes in antioxidant activities, which were 
analyzed by ABTS˙+, FRAP, and TPC assays, inthe black 
jasmine rice pericarp beverage after UV treatment at 4 
different conditions were shown in (Figure 2) Values were 

in a range of -776.31 to 719.80, which was higher than
previous studies21-22. It is possibly due to the different 
variety of rice used.



Aphiwat Teerawutgulrag et al. J Sci Technol MSU264

-800

-600

-400

-200

0

200

400

600

800

0.4 0.7 1.0 1.5

Flow rate (L/min)

ABTS
FRAP
TPC

 

Figure 2  Changes in antioxidant activities, which were 
analyzed by ABTS˙+, FRAP, and TPC 
assays, inthe black jasmine rice pericarp 
beverage after UV treatment at 4 different 
conditions

  ABTS˙+and FRAP assays, which are based 
on a single electron transfer as mechanism of free radical 

quenching reaction23, resulted in a similar trend of antioxidant 

activities. More specifi cally, the activities were promoted 
by a lower flow rate of UV treatment but inhibited 
at a higher fl ow rate. However, contradiction was observed 
in a TPC assay where other phenolic compounds, such 

as fl avonoids, lignins, and tannins, were analyzed as well23.

  Antioxidant activities, which were measured 
by ABTS˙+assay, were found in a range of -38.21 to 

719.80 mg Troloxequivalent/mL. Increase in these 
activities was signifi cantly (p<0.01) higher at a fl ow rate 

of 0.4, 1.0, and 0.7 L/min, respectively. Using FRAP assay, 

antioxidant activities were found in a range of -175.67 to 
391.87 mg FeSO

4
/50mL and signifi cantly (p<0.01) higher 

at a fl ow rate of 1.0, 0.4, and 0.7 L/min, respectively. UV 
treatment might induce enzymes involved in the antioxidant 
synthesis after exposure to oxidative stress as described 
in previous studies, resulting in a high level of antioxidant 
activities24-25.

  Antioxidants as determined by TPC assay 
were found in a range of -776.31 to 109.17 mg gallic 
acidequivalent/50mL. Increase in antioxidants in the black 

jasmine rice pericarp beverage was signifi cantly (p<0.01) 
higher at a fl ow rate of 1.0, 0.7, and 1.5 L/min, respectively. 

The lower content of total polyphenol at a fl ow rate of 0.4 

L/min is possibly due to the degradation of some 
compounds, which are not involved in any antioxidant 
activities, after a long period of UV exposure. Overall, UV 
treatment at the lowest fl ow rate of 0.4 L/min is suitable 

for the black jasmine rice pericarp beverage since microbial 
contaminants were maximally reduced and antioxidant 
activities, which were measured by ABTS˙+and FRAPS
assays, were maximally increased when compared to a 
control beverage.

Conclusion
UV radiation could be a promising alternative to heat 
treatment of black jasmine rice pericarp beverage due to 
the reduction of microbial contaminants and the increase 
of antioxidant activities. The lowest fl ow rate of 0.4 L/min 
was recommended as a condition of UV disinfection 
system, although multiple passes are necessary to ensure 
the microbiological safety of fi nal product.
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Abstract
This research aims at studying the feasibility of starting an energy saving program at a fresh market in Nakorn Sawan

province. The researcher investigated and collected data from fresh markets and identifi ed the basic level of feasibility 
to make improvements at a targeted fresh market and then established a pilot program at the fresh market. From the 
research fi ndings, six main energy saving measures, which can be divided into fi ve electricity saving measures, and 
heat energy saving measures were found. All measures can result in saving up to 34.05%. As a result, it can be 
concluded that all proposed measures can be used as guidelines for saving energy in other fresh markets. 

Keywords: energy saving, fresh market, energy consumption 

Introduction
Nowadays, energy is essential for human beings as it is 
embedded in all sectors including housing, business, and 
manufacturing. As a result, energy is a really signifi cant 
factor for the manufacturing industry. especially, due to 
rapidly growing industry and technology towards a global 
economy. This accelerates the demand for energy in 
order to uphold national development. Recent data
indicates that Thailand has a steadily rising GDP which 
has risen annually at the average of 4% while the 

annual rate of electricity energy consumption has gradually 

increased at 4.2 %, which costs many billion baht1.
 Over the next 20 years, if either the energy 

saving measures or effi cient energy increasing measures 
are not fully implemented, the demand for energy at BAU 
(Business-as usual) will actually increase from 71,000 
ktoe/year (kilotonne of oil equivalent, as of 2010) to 
151,000 ktoe (i.e. 2.1times or equivalent to 3.9% annual 

increasing rate), assuming that GDP increases at 4.2 % 
annually and the demand for energy in both industries 
and commercial buildings are higher than that in other 

sectors. Yunfeng2 studied how to save energy in buildings 
in China by investigating the energy consumption condition 

and effi cient consumption. The research fi ndings indicated 
that the standard of living has been improved and building 
awareness towards the energy saving is the most 

successful factors for energy saving in China. Hyeonjeong3

investigated the decision making and scheduling for 
electricity in the house model designed for energy saving 
purpose. The “data record for daily activities” were done 
for making decision in using energy. The data were
collected and analyzed to the development indicators. 

The result showed that the volume of electricity consumption 
was signifi cantly decreased by the setting switching 

on-and-off to home appliance. Ruzena4 proposed the 
energy saving initiatives by setting new lighting system 
which focuses on the effi cient lighting and expense. When 
the new energy saving strategies were used, it was seen 

that the full participation from employees in the sampled 
fi rms could help boost effi cient energy savings. Rajesh5

examined the assessment for feasibility for energy saving 
in hotels in Chaipura, India. According to research 
fi ndings, applying the energy saving measures led to  
highly feasible energy saving. These measures can also 

be applied to analyze the energy saving feasibility in 
other sectors e.g. hospitals, offi ce buildings, department 
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stores, etc.
 One of the important business sectors defi nitely 
relating to daily life in Thailand is the fresh market which 
uses many systems: lighting system, cooling system, 
electric motor system, and heating system from LPG and 
charcoal. Since this has resulted in the high energy 
consumption, the researcher co-ordinates with the 
Energy Offi ce in Nakhon Sawan province for the effi cient 
energy saving which includes energy consumption and 
energy cost reduction. In addition, the research can also 
be applied to other fresh markets in Thailand.  

Materials and Methods
 As illustrated in (Figure 1) this research was 
conducted by following six main steps for three sample 
groups – researcher group, vendors in fresh market, and 
governmental offi ces. Some steps were taken by more 
than one researcher. Furthermore, in step 4, preparing 
the pre-feasibility for improving the energy consumption 
in fresh market. was divided into 8 minor steps. All steps 
are as follows:
 I. Identify research objectives – the researcher 

identifi ed research objectives to prepare feasibility study 
for energy saving for both electricity and heat power in 
the pilot fresh markets
 II. Review literature and previously related 
research – this is to understand the insight from the 
related studies
 III. Collect data – the researcher collected data 
from fresh markets in Nakhon Sawan province to select 
the pilot fresh markets
 IV. Prepare pre-feasibility study for improving 

the energy saving in fresh markets – this is to identify 
energy saving measures in order to apply to the others 
and can be divided into minor steps as follows (please 

see Research Findings for details):
a. Select fresh markets for preparing 

pre-feasibility study
b. Identify data which was focusing on  the 

study

c. Design survey form
d. Contact fresh market managers/ owners

e. Collect data at fresh markets
f. Prepare pre-feasibility study for improving 

the energy saving
g. Select the “pilot fresh market”
h. Collect and analyze data and feasibility 

for improving the energy saving
 V. Analyze the energy consumption of the pilot 
fresh markets – it is to calculate the saving rate from the 
energy saving measures by statistical techniques.
 Summarize the feasibility of improving energy 
consumption in pilot fresh markets – this is to demonstrate 
the result of energy saving, reducing expenses, cost, and 
payback period of each energy saving measure.

Results
 The research fi ndings are as follows:
 a. Select fresh markets for preparing pre-fea-
sibility study
  1) To identify the targeted four fresh
markets for preparing pre-feasibility for improving energy 
saving, the researcher set up two main criteria as follows:
The fresh market are owned by government offi ces
  2) The fresh market is certifi ed as a good 
and Thai healthy market at the excellent level (by Nakhon
Sawan health station No. 8, Department of Health, 
Ministry of Public Health)
  The fresh markets which meets requirements 
above are as follows (as expressed in Table 1):
 b.  Identify data which was focused to study as 
follows:
  1) Primary data: location, name of fresh 

market, managers/ owners, map, layout (booth)
  2)  Energy consumption data: electricity 
usage rate, number and size of transformer, energy 
consumption data, number of electrical appliance, using 
method, and electrical power expense

 c. Design survey form
  The researcher team divided survey form 
into two types—Form 1 which focused on the co-operation 

and attitude of fresh market managers/owners and Form 

2 which focused on other aspects to be used for pre-feasibility
for improving energy saving in fresh markets.
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 d. Contact fresh market managers/ owners
  The researcher contacted the four fresh 
market managers and owners – Nakhon Sawan Munici-
pality, Banphotphisai Sub district Municipality, Thatako 
Sub district Municipality, and Phayuhakhiri Sub district 
Municipality. 
 e.  Collect data at fresh markets
  The researcher collected primary data, elec-
tricity and heat power usage data, and equipment using 
electricity and/ or heating power at all booths in four 
targeted fresh markets.
 f.  Prepare pre-feasibility study for improving 
the energy saving
  Referring to two types of collected data 
(Table 2 and 3), the fi ndings was shown as follows: 
 g.  Select the “pilot fresh market”
  The researcher verifi ed the completeness of 
data for assessing the pre-feasibility of improving energy 
saving in fresh markets as expressed in (Table 4 and 5).
 h.  Collect and analyze data and feasibility for 
improving the energy saving
  After selecting the fresh market at Nakhon 
Sawan Municipality as “pilot fresh markets”, the research-
er estimated and analyzed the initiatives to improve the 
energy saving, validated measures to adjust equipment 
(Table 6), and designed the set up the equipment to save 
energy.

Conclusions
 1. Energy consumption analysis
  With the total area of 1,970 m2, the fresh 
market at Nakhon Sawan Municipality, ranked as good 
level, can be divided into two main areas – the front area 
which covers 1,250 m2 and the back area which covers 

720 m2. There are 178 booth which operate approximately
18-20 hours/ day, at 11:00 PM – 7:00 PM.
  As for the energy consumption, it was found 
that the highest energy consumption was in electricity 
power which totally requires 140,981.60 kWh/yearor, 

equivalent to 621,515.60THB/ year, and can be classifi ed 
into two main purposes. The fi rst one is the power used 
in the main area i.e. lighting systems within fresh market, 

side area, footpath and street, and toilets which operate 
at 5:00 PM – 8:00 AM. The usage in these areas is   
61,947.97 kWh/year or equivalent to 272,582.12 THB/ 
year. The main purpose is lighting system (85 %). 
Another purpose is for booth in fresh market i.e. light bulb, 
cooler, grinder, coconut extracting machine, etc. which 
operates at 2:00 AM – 8:30 AM. The usage in these 
areas is totally 79,033.63kWh/year or equivalent to 
348,933.48 THB/ year. The main purpose is lighting 
systems (51%) and electric motors used in grinder and 
coconut extracting machine (35%). 

 2. Result of energy consumption analysis
  Measurement to energy consumption in fresh 
market :
  As for the energy consumption at fresh 
market in Nakhon Sawan Municipality, it was found that 
the lighting system at the main area starts at 5:00 PM 
and fully operates at 6:00 PM until 8:00 AM of the follow-
ing day. There is no energy consumption at the main area 
at 8:00 AM – 5:00 PM. For the electricity power used at 
booth (red line), it was operated at high level at 2:00 AM 
– 8:30 AM when the market vendors use chiefl y for light-
ing in their booth (e.g. lighting, cooler, and grinder). From 
the summary of energy conservation measures, the total 
implemented measures saving for the market is around 
140,981.60 Baht/year (48,010.92 kWh/year) in which all 

saving cost come from the electrical energy saving measures. 
All measures can result in saving energy up to 34.05%
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Table 1 The fresh markets that can be acceptable two main criteria

No. Name of fresh market Location Fresh market 

managers/ owners

Remark

House 

No.

Village 

No.

Sub-district District

1 Nakhon Sawan Munici-

pality market

- - Paknampo Meuang Nakhon 

Sawan

Nakhon Sawan Town 

Municipality

Thai healthy market 

good level

2 Thatako Subdistrict Mu-

nicipality market 

- 1 Thatako Thatako Thatako Subdistrict 

Municipality

Thai healthy market 

good level

3 Banphotphisai  Subdis-

trict Municipality market 

- 2 Thangio Banphotphisai  Banphotphisai  Subdis-

trict Municipality

Thai healthy market 

excellent level

4 Phayuhakhiri  Subdistrict 

Municipality market 

- 4 Phayuhakhiri Phayuhakhiri Phayuhakhiri  Subdis-

trict Municipality

Thai healthy 

market good level

Table 2 Co-operation and attitude of fresh market managers/ owners

Detail Municipality fresh market

1. Municipality Nakhon Sawan Thatako Banphotphisai Phayuhakhiri

2. Co-operation and attitude of fresh market managers/ owners

2.1 Activity for energy saving that Municipality has ever 

conducted

Yes No No No

2.2 Activity for energy saving that the fresh market has 

ever conducted

Yes No Yes No

2.3  Knowledge of energy saving Yes (Medium) Yes (Few) Yes (Few) Yes (High)

2.4  Interest in implementing energy saving activities Yes Yes Yes Yes

2.5  Attitude towards energy saving Fully supporting Not supporting Supporting but in some 

extent

Supporting but in 

some extent

2.6  Energy management policy Yes Yes Yes Yes

2.7  Organization management Yes No No No

2.8  Motivation and reinforcement Yes No No No

2.9  Information system No No No No

2.10 Public relations No No No No

2.11  Investment Yes No No No

3. Assessing the readiness for participating the energy saving improvement

3.1  Is your fresh market ready to join the energy saving 

campaign?

Yes Yes Yes Yes

3.2 If your fresh market joins, you are willing to share 

cost of changing the  equipment

Yes Yes Yes Yes
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Table 3 Other aspects to be used for pre-feasibility for improving energy saving in fresh markets.

Detail Municipality fresh market

Municipality Nakhon Sawan Thatako Banphotphisai Phayuhakhiri

1. Data Completeness High Medium Few Few

2. No. of trade panel 178 121 38 20

3. Energy consumption

3.1 Electricity consumption (kWh/year) 140,981.60 78,342.26 20,890.15 20,406.42

3.2 Electricity cost (Baht/year) 588,716.64 313,369.04 83,560.60 81,625.68

3.3 Fuel consumption (LPG - kg/year) 5,832.70 1,825.00 5,333.06 -

3.4 Fuel cost (Baht/year) 163,315.61 51,100.00 149,325.68 -

3.5 Net consumption (MJ/year) 800,510.29 373,701.89 343,084.15 73,463.11

Total energy consumption (High-Low) 1 2 3 4

4. Energy consumption of market facility

4.1 Electricity consumption (kWh/year) 61,947.97 21,435.71* 8,674.56* 20,307.87

4.2 Electricity cost (Baht/year) 272,582.12 85,742.84 34,698.24 81,231.4*8

5. Energy consumption of all trade panel

5.1 Electricity consumption (kWh/year) 79,033.63 56,906.55 12,215.59 98.55

5.2 Electricity cost (Baht/year) 316,134.52* 227,626.20* 48,862.36* 394.20*

5.3 Fuel consumption (LPG - kg/year) 5,832.70 1,825.00 13,296.43 -

6. Maximum energy use by system sector (market facil-

ity)

Lighting system (%) 94.31 58.38* 100.00* 100.00*

7. Maximum energy use by system sector (trade panel)

Lighting system (%) 36.30 30.46 75.56 -**

8. Electricity saving potential (measure)  5 4 2 2

9. Thermal energy saving potential (measure) 1 1 1 Non

10. Percent of energy reduction of the total energy 

consumed

10.1 Electricity saving potential (%) 30.34 13.57 20.05 71.76

10.2 Thermal energy saving potential (%) 23.29 50.00 25.00 0.00

11. Energy Saving

11.1 Electricity saving potential (kWh/year) 42,772.56 10,629.96 4,189.04 14,644.10

11.2 Thermal energy saving potential (MJ/year) 68,248.00 45,834.88 166,970.05 0.00

Total energy saving potential (MJ/year) 222,229.22 84,102.73 182,050.59 52,718.76

Remark * The values are estimated or re-calculated by using energy data, -** very less usage
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Table 4 The completeness of data for assessing the pre-feasibility of energy saving potential

Detail Municipality fresh market

Municipality Nakhon Sawan Thatako Banphotphisai Phayuhakhiri

1 Primary data 1 1 0.5 0.5

2 Market layout (position of energy equipment) 1 0.5 0.5 0

3 Energy consumption of market facility 1 0.5 0.5 0

4 Energy consumption of all trade panel 1 0.5 0.5 0

5 Fuel consumption (LPG – trade panel) 0.5 0.5 0.5 0.5

6 Percent of energy reduction of the total energy con-

sumed (market facility)

1 0.5 0 0

7 Percent of energy reduction of the total energy con-

sumed (trade panel)

1 0.5 0 0

8 Energy saving potential 1 0.5 0.5 0.5

Total (Ave.) 0.94 0.56 0.38 0.19

Data Completeness High Medium Few Few

Remark: 1 – Complete collected data, 0.5 – partially collected data and 0 – non data

Data completeness (Score) : High (0.8-1.0), Medium (0.5-0.8) and Few (less than 0.5)

Table 5  Energy usage data and energy saving potential

Detail Municipality fresh market

Municipality Nakhon Sawan Thatako Banphotphisai Phayuhakhiri

1. Data Completeness High Medium Few Few

2. No. of trade panel 178 121 38 20

3. Energy consumption

3.1 Electricity consumption (kWh/year) 140,981.60 78,342.26 20,890.15 20,406.42

3.2 Electricity cost (Baht/year) 588,716.64 313,369.04 83,560.60 81,625.68

3.3 Fuel consumption (LPG - kg/year) 5,832.70 1,825.00 5,333.06 -

3.4 Fuel cost (Baht/year) 163,315.61 51,100.00 149,325.68 -

3.5 Net consumption (MJ/year) 800,510.29 373,701.89 343,084.15 73,463.11

Total energy consumption (High-Low) 1 3 2 4

8. Electricity saving potential (measure) 5 4 2 2

9. Thermal energy saving potential (measure) 1 1 1 ไมมี

11. Energy Saving

11.1 Electricity saving potential (kWh/year) 42,772.56 10,629.96 4,189.04 14,644.10

11.2 Thermal energy saving potential (MJ/year) 68,248.00 45,834.88 166,970.05 0.00

 Total energy saving potential (MJ/year) 222,229.22 84,102.73 182,050.59 52,718.76
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Table 6  The energy conservation measure for improving the energy saving

No. Title of Measure Potential (per year) Cost Investment 

cost

Payback 

Period

Energy 

source

Quantity Unit Energy (MJ) (Baht) (Baht) (Year)

1 Replacing the existing gas stove 

(LPG) with high effi ciency gas stove

LPG 1,358.71 kg 68,248.00 38,043.88 60,000.00 1.58

2 Replacing the existing incandescent 

light bulb with LED light bulb in trade 

panel area

Electrical 12,594.12 kWh 45,338.83 55,604.13 36,570.00 0.66

3 Replacing the existing fl uorescent light 

tube (36 Watt) with LED light tube (18 

Watt)

Electrical 6,268.06 kWh 22,565.02 27,674.03 49,500.00 1.79

4 Replacing the existing HID lamp (400 

Watt) with LED light lamp (200 Watt)

Electrical 3,236.09 kWh 11,649.92 34,105.92 130,600.00 3.83

5 Replacing the existing spotlight  (400 

Watt) with LED light lamp (200 Watt)

Electrical 4,415.04 kWh 15,894.14 24,160.78 111,760.00 4.63

6 Replacing the existing fl uorescent light 

tube (36 Watt) with LED light tube (18 

Watt) in main market area

Electrical 2,842.92 kWh 10,234.51 12,565.71 27,000.00 2.15

7 Using solar power to produce electric-

ity (20 kW)

Electrical 16,060.00 kWh 57,816.00 70,904.90 2,300,000.00 32.44

Total - - - 231,746.43 263,059.35 2,715,430.00 10.32

Grand total electric saving  =  140,981.60  kWh/year
Grand total cost saving  =  48,010.92  Baht/year
Energy saving    = 34.05 %
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Abstract
This article describes the sinusoidal oscillator with amplitude controllable based-on CCCCTAs. The proposed circuits 
consist of 2 CCCCTAs and 2 grounded capacitors. In addition, the proposed circuits can be electronically 
controlled of condition and frequency of oscillation with bias current of CCCCTAs. The output signals have high output 
impedances which are connected or driven to next stages or loads. Furthermore, the output signals can be electronically 
adjusted the amplitude which is easily and convenient for uses in communication systems or demonstrated in laboratory. 

The PSPICE simulation results are confi rmed that the proposed circuits have a good performance and accordance 
with the theoretical analysis.

Keywords: Sinusoidal oscillator, Current-mode, CCCCTA, Grounded Capacitor

Introduction
The sinusoidal oscillator is vastly used in electrical or electronic 
engineering such as the modulation and demodulation 

circuits of communication system, instrument or measurement 
system, control system, and in laboratory of communication 
systems1-4. Currently, the passive elements in analogue 

signal processing circuits are frequently connected to 
ground since, they require a small area when fabricated 
to integrated circuits (IC). The grounded capacitor is 

expediently reduced to the size of an IC4. In adddition, 
the grounded capacitor serves to compensate or eliminate 
the latent capacity that occurs at the terminals of active 

device and the nodes of the circuit1-6. An adjustment of the 
amplitude of sinusoidal signal is attractive to research and 
development4,7, since it can be applied to communication
systems. These are AM (Amplitude Modulation)/ASK 
(Amplitude Shift Keying) which are classical modulation 

schemes in communication system. Furthermore, AM is 
useful in plenty of applications such as AM radio 
broadcasting and aircraft navigation system. Moreover, ASK 
also is widely-used in many applications; for example in 
optical communication4,7. AM and ASK are vastly used in 

laboratories for studying fundamental of electronics/

telecommunication engineering.

 The sinusoidal oscillator based-on CCCCTA 
has been reported in literature1-14. For example, the oscil-
lator circuits in1-6 are compacted and it can be tuned the 
condition of oscillation (CO) and frequency of oscillation 

(FO) with electronic method by DC bias current of 
CCCCTA. However, the proposed circuits in1-3 affl icted 
from using 2 output (2 g

m
) in which is the circuits are 

complicated. Also, the circuits in Ref.3-5 are using an 
external passive resistor in which thermal noise may 
occur and it is diffi cult to implement in IC14. The circuit 

in7-13 employs two CCCCTAs and two grounded capacitors 
which is ideal for IC implementation. Also, it can be 
electronically/independently adjusted. Unfortunately, the 

output currents are unfeasible for adjustment of  amplitude 
which is not convenient in AM/ASK systems. The 
current-mode sinusoidal oscillator in4,14 introduced FO and 

CO which can be electronically adjusted by DC bias
currents as well as the amplitude can be tuned with
biasing of CCCCTA, which is good for AM/ASK
communication system. Nevertheless, the output currents 
can control the amplitude with only a single output.
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 The purpose of this paper is to introduce the 
synthesis of a sinusoidal oscillator circuit based-on 
CCCCTAs. The usefulness of proposed circuits have the 
following:

• Using grounded capacitors which are suitable 
for IC implementation and eliminable the 
parasitic capacitances at ports/nodes.

• The CO and FO can easily be electronically 
controlled via DC bias current of CCCCTAs.

• The output currents have high output impedances
that are useful for current-mode circuitry confi guration.

• The amplitude of output currents can be 
electronically/independently adjusted with DC 
bias current, which is suitable for using in AM/
ASK systems.

  The workability of the proposed sinusoidal 
oscillator is comfi rmed via the PSPICE simulation.

Current controlled current conveyor transcon-
ducatance amplifi er (CCCCTA)
 Since the proposed circuit is based on CCCCTA. 
The characteristics of the ideal CCCCTA are represented 
by the following hybrid matrix:

  (1)

 For the CCCCTA implemented by a bipolar 

technology, the parasitic resistance is given as

  (2)

 and transconductance is given as
   

  (3)

 The circuit symbol and equivalent circuit of the 
CCCCTA are illustrated in (Figure 1(a) and (b)), respectively

Proposed Circuit
 The proposed sinusoidal oscillator is shown in 
(Figure 2) It consists of two CCCCTAs, two grounded 

capacitors and one grounded resistor. The use of grounded 
passive element is advantageous from the point of view 
of integrated circuit implementation. Moreover, it is found 
that the oscillator provides high output impedance which 
can directly drive a load without buffering devices. Using 

(1) and doing routine circuit analysis, the system characteristic
equation can be expressed as
 
  (4)

 From (4), it can be seen that the proposed circuit 
can produce oscillations if the condition of oscillation is 
fulfi lled

  (5)
 
 If the above condition of oscillation (CO) is 
satisfied, the circuit produces oscillation with frequency 
(FO) of

  (6)
 
 Substituting the parasitic resistance R

x
 and 

transconductance g
m
 as respectively shown in (2) and (3) 

into (5) and (6), the CO becomes

     (7)

  and  the FO is obtained as

     (8)

 

 If  and  the FO is 
modifi ed to

     (9)

 From (9), it is clear that, the CO and FO can be 
adjusted simultaneously with electronic tuning by I

A
.



Vol 35. No 3, May-June 2016 Current-mode Sinusoidal Oscillator Based-on CCCCTAs and Grounded Capacitors 

with Amplitude Controllable
277

Figure 1 CCCCTA (a) schematic symbol (b) equivalent 
circuit

Figure 2 The proposed sinusoidal oscillator

 Simultaneously, the output currents can be obtain as

  (10)

 and

  (11)

 It should be noted that the amplitude of the current 

output I
O1

 and I
O2

 can be electronically controlled by I
B2

 
and I

B2
, respectively. Moreover, they have high output 

impedances which is driven or cascaded to load without 

using a buffering device. Furthermore, if I
B1 

or I
B2

 is

information signal, the AM and ASK can be generated at 
current outputs. 

Simulation results
 To prove the performances of the proposed 

oscillator, the PSPICE simulation was performed for 
examination. The BJT technology was simulated by using 
the parameters of the PR200N and NR200N bipolar 
transistors of ALA400 transistor array from AT&T. (Figure 3)
depicts the schematic description of the CCCCTA used 
in the simulations with power supplies. The sinusoidal 

oscillator was designed with , and . This yields oscillation 
frequency of 2.2MHz. (Figure 4 (a) and (b)) show 
simulated output waveforms in transient and steady state, 
respectively. (Figure 5) shows simulated output spectrum, 
where the total harmonic distortions (THD) of output 
currents are about 3.43%. To confi rm the output current 
can be operated of AM, where I

B1
 was triangular signal 

with a 50kHz frequency is applied, The AM signal at I
O1

 
is depicted in (Figure 6) Besides, the proposed circuit has 
functioned as AM generator, where I

B2
 was sinusoidal 

signal with a 50kHz frequency shown in (Figure 7) The 
results are proper with the theoretical analysis in (10) – (11).

Figure 3  The internal construction of CCCCTA

(a)

(b)

Figure 4 The simulated output waveforms (a) transient 
state (b) steady state
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Figure 5  The simulated output spectrum

Figure 6 Results of operation of AM of I
O1

Figure 7 Results of operation of AM of I
O2

Conclusion
 The sinusoidal oscillator using CCCCTAs and 
grounded capacitors with current controlled amplitude has 
been presented. It employs two CCCCTAs and two 
grounded capacitors. Also, grounded capacitors can 
reduce the fabrication area of IC and compensated the 

latent capacitance at node and input/output ports of 
CCCCTAs. In addition, the CO and FO can be adjusted 
with electronic tuning. Furthermore, the output current 

signals can be electronically controllable which are easy 
for using in AM/ASK communication system. Not only the 
output current has high impedance but also the circuit 
can be cascaded without additional current buffers. The 
performance of proposed circuit are depicted through 
PSPICE simulation. The results agree well with the 
theoretical anticipation.
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Abstract
A collector road in Khon Kaen University, Thailand, previously suffered from pedestrian accident risk, adverse traffi c 
environmental impacts and amenity problems. Most vehicles commonly travel at high speeds and barely reduce their 
speeds and stop to permit safe and secure pedestrian crossing. The main objectives of this research are as follows: 
(i) to determine the pedestrian accident risk in an specifi c area along a collector road in front of the complex building 
in KKU and (ii) to evaluate the applications of environmental adaptation concept to manage the vehicle/pedestrian 
confl icts on such road. Traffi c calming namely the Environmental Adaptation Method (EAM) concept was applied to 
manage the hazardous interactions between pedestrian crossings and vehicle movements. The activity profi le was 
modifi ed in correspondence with the adapted speed profi le by changing various road physical and land use 
characteristics of the collector road. The performance evaluation of road physical and land use modifi cations of the 
collector road in the two occasions were conducted. However, the recent road modifi cation illustrated relatively
unsuccessful results in reducing the operating speed while traffi c fl ows increased dramatically. 

Keywords: Traffi c Calming, Environmental Adaptation, Sharing the Main Streets, Collector Road

Introduction
Khon Kaen University (KKU) is located in Khon Kaen city 
positioned in the middle of the northeastern region of 
Thailand. The campus covers around 900 hectares and 
has more than 60,000 residents including academia, 
students, staff members and others. KKU campus 
currently becomes the main access for local residents to 
connect with other parts of the city. The collector road in 
front of the complex building see (Figure1) is an important 

route in KKU and is used as the short cut between two 
national highways, located at the boundary of the campus. 
The conflicts between pedestrians and vehicular 
movements on the KKU collector road in front of the KKU 
complex building were pronounced and urgently needed 

to be resolved. To alleviate the pedestrian and vehicle 
interactions, the concepts of the Environmental Adaptation 
Method (EAM)1 was applied in this area in two occasions. 
 The main objectives of this research are as 

follows: (i) to determine the pedestrian accident risk in an 
specifi c area along a collector road in front of the complex 

building in the KKU and (ii) to evaluate the applications 
of environmental adaptation concept to manage the 

vehicle/pedestrian confl icts on such road. This paper 
describes the following elements: (i) introduction and 
research objective; (ii) research methodology; (iii) the 
applications of the environmental adaptation concept; (iv) 

results analysis and (v) conclusions.
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Figure 1  A collector road adjacent to the complex building in Khon Kaen University

Figure 2  Flow chart diagram of the application process of the EAM concept

Materials and Methods
 The interactions between pedestrian crossings 
and vehicle movements on a collector road in front of the 
KKU complex building were well recognized as pedestrian

accident risk, traffi c environmental impacts and amenity 
problems. EAM was consequently applied to resolve the 

problems. The following description will explain the 
important steps of the EAM application process to the 

KKU collector road6 and (Figure 2) also shows fl ow chart 

diagram of the process. The EAM application processes 
are as follows: (i) problem identifi cation: based on 
comprehensive fi eld surveys and data collections of 

traffi c and land use characteristics along a collector road 
in front of the KKU complex building has been suffered 
from pedestrian accident risk, traffic environmental 
impacts, amenity and esthetic and land scape problems; 
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(ii) study area specifi cation: a collector road, a divided 
four-lane road with 1.5 meters median width and narrow 
footpath as shown in (Figure 1 and 3) in front of the 
complex building is functioning as the main street in KKU. 
In addition, the adjacent road network and surrounding 
land use on both sides of the road were also taken into 
account; (iii) objectives and strategies identifi cation: 
the main objectives of this research is to improve road 
and land use physical characteristics to reduce confl icts 

between pedestrian maneuverings and vehicles movements 
(therefore pedestrian accident risk) and to improve the 
environmental and amenity quality; (iv) performance 
criteria identifi cation: prior to conducting a detailed 
investigation of the project. The performance criteria must 
be identifi ed and selected to assess and evaluate the 
outcome of proposed alternatives; (v) data collection and 
analysis: the collected data include physical road and 
land use characteristics of a collector road, adjacent road 
network and surrounding land use such as mid-block and 
intersection traffi c volume, Origin and Destination (O-D) 

traffi c data, operating speed, pedestrian crossing maneuvering 
and others; (vi) developing alternatives of measure 
schemes: alternatives will be developed in an integrated 

fashion. Therefore, different control, design and construction 
measures as suggested in1 will be properly selected and 
incorporated as set of different alternatives to be proposed 

for implementation; (vii) selection of the appropriate 
alternative: the different alternative were proposed and 

compared in correspondence to the specifi ed objectives. 
Then, the appropriate alternative was selected for actual 

implementation. 
 In this research, ESM, Song’s model2,3 and 
other methods were adopted to assess the pedestrian 
accident risk performance. In addition, the micro-simulation 

modeling approach was systematically adopted to assess 
the several performance outcomes of the existing and the 

proposed alternatives4; (viii) implementation and 
monitoring: the selected alternative was actually 
implemented. Based on the performances criteria, the 

comparisons of between the before implementation 
(existing) situation and the implemented (the first 
implementation) alternatives were systematically 

conducted. Subsequently, the second improvement was 
recently implemented. The details of the before-, the 
fi rst- and the second-implementations and their determined

performances were briefl y summarized in section 5.

The Application of the environmental adaptation
concept
 EAM developed by Professor Hans Westerman1 
is the method to modify the physical and land use
characteristics of the roads in response to the needs of 
users by process of land use planning and transportation 
policy. It aims to provide safety, effi cient traffi c operation, 
amenity, and cost-effectiveness to all road users. EAM 
focuses on the management of the confl icts between 
vehicles movements and pedestrian activities along 
sub-arterial roads, collector roads and the likes. EAM 
must be conducted in an integrated approach involving 
modifi cation of street function and/or activities along the 
road. This approach is related to the alteration of road 
and/or activity function, the design and management of 
road space and its corresponding traffi c, and the design 

and management of the frontage landscape. The following 
process is the heart of the application of the EAM1: (i) 
gathering all pedestrian-oriented activities into a ‘core 
zone’ and directing all vehicle-oriented activities to a 
‘transition zone’; (ii) integrating all control measures to 
reduce traffi c speed and/or minimize traffi c volume in a 
core zone (to the target (the 85th percentile) speed of 
25-35 km/h) and in a transition zone (to 40 km/h); and 
(iii) improving the quality of street and streetscape within 
study area by modifying the landscape, road space, and 
road frontage1. The key factors infl uencing the design and 
planning for the EAM are the changes in road function,
vehicle speed, traffi c fl ow, through traffi c, heavy vehicles, 

frontage activities, pedestrian behaviors, road reserve 
width and so on. Design for EAM can be refl ected in the 
selection of design, construction and control measures in 

the way that they are integrated to achieve the primary 
objectives1. EAM has been successfully applied and 

implemented in many projects in Australia1,5,6.
 The details of applications of EAM to the collector
road in KKU are shown in (Table 3). In addition, it should 
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be noted that the process of EAM of the main street in 

KKU campus was done with high level of public participation. 
Information of EAM and design was disseminated through 
open sources such as university’s radio channel, web 
site, advertising boards and brochures. The main objective 
of the adaptation is to reduce accidental risk due to 
pedestrian-vehicle confl ict as well as increase amenities 
of the campus especially in student service zone.

 The results of pedestrian accident risk, pedestrian 

safety analysis, and fi eld surveys indicated that there is 
high risk of an accident during pedestrian crossing 

maneuverings. The EAM concept therefore was applied 
to manage pedestrian safety problems. The activity profi le 
(number pedestrians per hour per 100 m) is rearranged 
in accordance with the target speed profi le by changing 
several road physical characteristics and landscape. Two 

actual improvements were completed as shown in (Figure 3). 
The summary of the details of road physical and land use 
characteristics during the before improvement period, the 
fi rst improvement period and the second improvement 
period were also presented in (Table 1).

 (a) Before Improvement  (b) The First Improvement   (c) The Second Improvement

Figure 3  The road and land use physical characteristics of the study area during before and after applying the EA concept

Table 1 The road physical characteristics during the before-, the fi rst- and the second-improvements

Road physical and
land use adaption

Before
Improvement

The 1st 
Improvement 

The 2nd Improvement

Core zone and transition 
zones

No Core zone and transition zone Core zone 40 m.
Transition zone 80 m.
(on both sides)

The same as the 1st 
Improvement

Speed hump length at core 
zone

Level asphaltic concrete road 
surface without speed hump

Brick-paver speed hump is 40 m. long at the 
core zone. Speed hump side slopes are 7 
percent and 15 cm. high.

In west-bound direction, two asphaltic-concrete 
speed hump of 82 m. and 15 m. long at core zone 
and transition zone, respectively. In east bound 
direction, one asphaltic concrete speed hump of 
82 m. long at core zone. Speed-hump side slope 
are 7 percent and 10 cm. high.

The effective road width and 
the median     and footpath 
width

Footpath width of 2.5 m.
Road width of 9.0 m. in each di-
rection the median width of 1.5 m.

Widening the median with from 1.5 m. to 2.0 
m.; widening footpath width to at least 3.0 
m. and reducing the road width to 6.0 m. in 
each direction.

The same as the 1st 
Improvement

Bus stop locations In west bound direction, bus stop 
location is situated at the location 
prior the pedestrian crossing

Relocating the new bus stop location in the 
west bound direction. Beyond the speed 
hump location

The same as the 1st 
Improvement

Pedestrian crossing control 
at mid-block location

Raised median of 1.5 m. wide Planting bush trees (Bougainvillea) along the 
median (transition zone), expect for the core 
zone.

The same as the 1st 
Improvement

Warning the driver and rid-
ers to reduce their running 
speeds

No warning Installing rumble strips and changing the 
texture of road surface to brick pavement at 
the intersection prior to the improvement 
area

No rumble strips and the texture of road surface 
to asphaltic pavement at the intersection prior to 
the improvement area
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Results 
 The road physical conditions, road networks, 

origin-destination data, traffi c volumes, speeds, composition, 
pedestrian movements, jay walkers and jay runners were 
observed and collected during the before- and the 
first- and the second-improvement periods. Further 
analysis is solely concentrated on the vehicle/pedestrian 
interactions at the core zone (C) in the morning peak 
period.

 As indicate in (Figure 4) in the before-improvement
period at the core zone (C), the traffi c fl ows (collected 
during 7:30 and 8:30 AM) in the east-bound, west-bound 
and combined both directions were 577, 610 and 1,187 
passenger cars per hour, respectively, while in the fi rst 
improvement period, the traffi c volumes the east-bound, 
west-bound and combined both directions were 790, 812 
and 1,602, respectively. In the second improvement 
period, the traffi c volumes in the east-bound, west-bound 
and combined both directions were 833, 921 and 1,754, 
respectively. In the fi rst and second improvement periods, 
the morning peak hourly (combined both directions) 
volumes were considerably greater than that in the before 
improvement period. This was possibly because during 
the fi rst and the second improvement periods, the certain 

amount of through traffi c attempted to avoid traffi c congestion 
on the existing road network and use the collector road 
as the short-cut route. 
 (Figure 5) illustrated the speed profi le collected 
during 7:30 and 8:30 AM in the core zone (C) and the 

transition zones (A, B, D and E) during the before-, the 
fi rst- and the second- improvement periods. In the before-
improvement period, the 85th percentile speeds in the core 
zone were 54.8 km/h and 45.0 km/h in the east- and 
west-bound directions, respectively, while in the fi rst-
improvement period, the 85th percentile speeds in the core 
zone were reduce to 31.0 km/h and 30.6 km/h in the 
east- and west-bound directions, respectively. Interestingly, 
in the second-improvement period, the 85th percentile 
speeds in the core zone were become 43.0 km/h and 

38.7 km/h in the east- and west-bound directions, respectively. 
It could be concluded that based on the 85th percentile 
speeds (in both directions) in the core zone, the fi rst- and 
the second- improvements could potentially reduce traffi c 
speeds dramatically. The results indicated that the 
installation of a speed hump (in the fi rst-improvement 
period) can effectively reduce the hazardous speed (in 
the before- improvement period) to the safer target speed 
interval (25-35 km/h). McLean et al7 implicitly noted that 
if a car hit a pedestrian at the impact speed of 50 km/h, 
the probability of survival is only 7%. However, if the 
impact speed is reduced to 31 km/h, the probability of 

survival is greatly raised to 99 %. However, the effectiveness

of the improvement in the second-improvement period 
was lesser than that of the fi rst-improvement period, 
because of the construction of speed humps during the 

two improvement periods were physically different in 
terms of the type of road surface and their physical 

characteristics (side slopes and heights). 

Figuer 4   Five zones of pedestrian crossing data collection
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 (Figure 5) also illustrated that the pedestrian 
crossings maneuverings (activity profi le) collected during 
7:30 and 8:30 AM in the core zone (C) and the transition 
zones (A, B, D and E) during the before-, the fi rst- and 
the second-improvement periods. These pedestrian 
crossings were classified into walking and running 
maneuvering. As shown in (Figure 7), the percentage of 
the pedestrian crossings in core zone (C) was increased 
from 63% (in the before- improvement period) to 91% and 

approximately 100% in the fi rst- and the second-improvement 
periods, respectively. In the transition zone (D), the

percentage of the pedestrian crossings was reduced from 
30% (in the before-improvement period) to only 1% and 
0% in the fi rst- and the second-improvement periods, 
respectively. In other remaining zones, the percentages of 
the pedestrian crossings were very low and relatively 
unchanged during those periods. The results clearly show 
that the principal achievement of the applications of the 
EAM concept in gathering as many as pedestrian 
crossings in core zone (with lower target speeds) and 
minimizing such crossings in transition zone (with high 
traffi c speeds). 
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Figure 5  Activity profi les and speed profi les by traffi c directions during the before-, the fi rst, 
and the second-improvement periods

 The comparative evaluation in various performance 
aspects (during the before-improvement, the fi rst-improvement 
and the second-improvement periods) was summarized 
in (Table 2). The percentage of jay runners in core zone 

was slightly reduced from 28.0 % in the before-improvement
period) to 25.6 % and 24.0% (in the fi rst- and the second-
improvement periods, respectively. The rating score of 
the Environmental Sensitivity (ES) index for pedestrian 

safety8 was improved from ‘high’ (in the before-improve-

ment period) to ‘medium’ (in both the fi rst- and the second-
improvement periods). Based on the Song et al’s model 2,3,
pedestrian accident risk for both the before-improvement 
and the fi rst- and the second-improvement periods is 
calculated as 2.18 x 10-5 (high risk) and 1.51 x 10-5 
(medium risk) and 2.04x10-5 (high risk), respectively. It 
should also be noted that even though the traffi c volumes 
in the fi rst- and the second-improvement periods considerably
increased, the pedestrian accident risk is safer than that 



Vol 35. No 3, May-June 2016 The Application of the Environmental Adaptation Concept 

to A Collector Road in KKU, Thailand
287

in the before-improvement period. This is because the 
vehicular speed is reduced dramatically according to the 
installation of a speed hump and time required to cross 
the shorter effective walked distance of approximately 
10.0 m. (post) compared to 16. 5 m. (pre) for pedestrians 
was decreased dramatically. However, it is important to 

note that based on the calculated pedestrian accident risk, 
the pedestrian safety during the second-improvement 
period performed lesser degree of success compared to 
the fi rst-improvement period. Based on the extensive 
people interviews, the perceived safety, esthetics, and 
landscaping aspects were signifi cantly improved. 

Table 2 The comparative evaluation of various performance aspects

Objective Performance Indicators

Level of achievement of the project

Before
Improv.

1st Improv. 2nd Improv. Remarks

Reduction in confl icts 
between pedestrians 
and vehicles

-Traffi c volume in core zone (veh/h) 1,187 1,602 1,754 Average in both directions.

-Vehicle speed (85th percentile in core zone (km/hr) 50 31 42.1 Average in both directions.

-Pedestrian crossings in core zone (ped./h/100 m) 625 696 695 Average in both directions.

-Jay runners in core zone (%) 28.0 25.6 24.0 Average in both directions.

-ES for pedestrian safety High Medium Medium Based on ESM concept

-Pedestrian accident risk 2.18 x 10-5 1.51 x 10-5 2.04 x 10-5 Based on Song’s model

Improvement in quality 
of the environment

-Footpath width (m) 2.0 3.5 3.5

-Median width (m) 1.5 2.0 2.0

-Effective Crossing distance (m) 18.0 12.0 12.0

Conclusions
The confl icts between pedestrians and vehicle movements 
on a collector road in front of the KKU complex building 
were mostly recognized as problematic and required the 
suitable traffi c-calming scheme to alleviate the problem. 
According to the ESM method, the pedestrian accident 

risk in that area was critical. The EAM was consequently
applied to the case study area. Based on the fi eld surveys, 
the applications of the EAM could potentially and 

effectively mitigate the traffi c accident risk, maintain the 
environmental and amenity quality and enhance the 
acceptability of the affected stakeholders in terms of 
esthetics and landscaping. This concept can also be 
applied to other similar situations. The improved collector 

road performed well in reducing the vehicle and 
pedestrian confl icts. The EAM is an effective measure to 
manage potential pedestrian-vehicle accident risk on a 

collector road. The recent road modifi cation (in the 
second-improvement period) showed lesser degree of 
success in calming the traffi c speed while traffi c volumes 
and pedestrian crossings increased dramatically. 
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Abstract
In this research, static driven pile load tests in Rajamangala University of technology Isan Khon Kaen campus were 
generally performed to prove that piles are capable of sustaining the ultimate design load. In order to prove test, the 
pile load test was conducted in two types as follows: 1) Standard Loading Procedure and 2) Cyclic Loading 
Procedure. The strength of test pile was greater than 240 ksc (Schmidt Hammer). Conventional statics pile load tests 
in driven piles consisted of constructing a reaction frame, the test pile located center position, then incrementally 
loading the pile with the hydraulic jack. The reaction frame was anchored by six reaction piles. The test load was 
measured with load cells and the pile head vertical displacement was measured with strain gauges. The test has been 
designed to allow safe loading of the pile (Design Load) up to 6 tons and a maximum payload test (Test Load) was 
equal to twice the payload safely, 12 tons. The test pile in the fi eld (Pile load test) was used to secure that the ratio 
is equal to 2. Due to that the study cannot be reach to ultimate load it is necessary to predict the ultimate load of 
driven piles by means of Davission, Mazurkiewicz and Brinch Hansen that is corresponding to data test. Thus, it can 
be concluded that the piles are capable of sustaining the ultimate design load and the defl ection is within allowable 
levels, the test has proved that the pile is acceptable.   

Keywords: driven pile, factor of safety, ultimate load of pile 

Introduction
The Pile Load Test was used to test the loading capacity 
of piles in real practical use. The test was conducted on 
ten piles at the back of Building 10 at the Rajamangala 
University of Technology Isan Khon Kaen Campus in 
order to fi nd the Ultimate Load of the piles. A two number 
of load patterns were used for Vertical Compression 
(ASTM D1143-81, Reapproved 1994), which are the 
Standard Loading Procedure and the Cyclic Loading. The 

collected data was analyzed and compared by the Static 

Method for pile design. The Load Test was conducted as 
shown in the (Figure 1), (Figure 2) and (Figure 3).

Vertical Compression Load Test Installation
 The research objective was to investigate the 

model of a pile load test of driven piles with dimensions 
of 0.18x0.18x4.00 m. Consisting of anchored pile, new 
reaction beam with cable. The test set up was as follows;

 1. Reaction Beam installation consists of upper 
beams and lower beams. Both the upper beams and the 
lower beams use 3 I-Beams each.
 2. A steel plate with bolts is used to combine 
the upper beam and the lower beam.
 3.  Three small hydraulic jacks are installed to 
distribute the load from the lower beam to the upper beam. 
This will reduce a deformation of the lower beam.
 4.  The Reaction Load to the Reaction Beams 

is increased by using a concrete block with 4 hollow 
sections which is used as a safety measure to protect the 
concrete block from falling down during testing.
 5.  A sling is used to bind the Anchors and 
Reaction Beam in order to increase the load effi ciency 

and synchronize the Anchors and Reaction Beam movement. 
The sling should be installed between the I-Beams to 

protect the I-Beams from destruction. Part of the reaction 
force comes from the anchor piles which have 3 piles on 
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each side, and each pile has a diameter of 18 x 18 cm. 
and is 4 m. long. 
 6. Load Beam Installation: The plate is put on 
the Test Pile for load distribution. Then the Hydraulic Jack 
with a load capacity of 30 tons and traveling distance of 
10 cm. is put between the plate and the Load Beam.
 7.  Six Dial Gauges are installed by six people 

to read the destructiveness of the Test Pile and the movement 
of the Anchors. Two Dial Gauges are installed at the Test 
Pile head to measure the destructiveness of the Test Pile 
head. Two Dial Gauges are each installed on the left and 
the right Anchors to measure the movement of the 
Anchors during the test. The Reference Beam is attached 
to the Dial Gauges with the Support and is installed 2.5 
m. from each Anchor.

 8.  The Loading Pattern in the Standard Loading 
Procedure and the 30 ton hydraulic is controlled by one 
person. Each load will be 25% - 200% of the safe loading 
weight. The weight is only to be increased when the
collapsing rate is less than 0.25 mm per hour and takes 
no longer than two hours. When the test load is increased 
to the highest level (2 times the safe load weight), it is 
left for 24 hours. The settlement is recorded throughout 
every 2 hours. The testing weight is reduced to 75, 50, 
25, 10 and 0% of the highest testing weight and the last 
settlement is recorded at one hour intervals between each 
recording.
 9.  The Loading Pattern of the Cyclic Loading 
Procedure: The process of increasing and reducing the 
loading weight was divided into steps and the testing was 

done by using the same steps as per (8) Standard Loading 
Procedure at loading weights 50, 100, and 150 of the 
safe load weight. The load weights were left on for 1 hour 
and the load weights were reduced using the same steps 

that were used when it was increased. In each phase, 
they were left on for 20 minutes and when all the weight 
had been lifted, the weight was once again increased by 

50% of the safe load weight each time until the previous 
load weight had been reached. In each phase, the weight 
was left on for 20 minutes. During each step, the weight 
was further increased as per (8) Standard Loading 

Procedure. When the highest test level weight had been 
reached, the weight was pulled out using the same steps 
as per the test in step (8).

Test result and discussions
 From the three testing methods for fi nding Pile 
Bearing Capacity, the data of Defl ection and Rebound 
Defl ection passed the limitation of Residual Defl ection at 
6 mm. after maintaining the maximum load for 24 hours.

 Destruction of the pile resulted from the destruction 
of the soil, which occurred under the conditions in which 
the pile had excessive defl ection under a small increase 
in weight. In the past, the defi nition of Ultimate Load has 
been a load that causes a defl ection to more than 10 
percent of the pile diameter. Based on the Static pile load 

test conducted at Building 10 with piles of 0.18 m. diameter 
and 4 m. long, Standard loading procedure and Cyclic 
load test were performed as shown in (Figure 4) and 
(Figure 5).
 In the comparative study, the relationship 
between results vertical pile load test was evaluated by 
3 methods which are as follow;
 1.  Load Failure using The Davisson Method 
(1972) as shown in (Figure 6), which shows that the Pile 
Load Test result is relevant to the theory of Davisson with 
an Ultimate Load of 10.90 tons.
 2. Load Failure by The 90% Brinch Hansen 
Method as shown in (Figure 7), which shows that the Pile 
Load Test result is relevant to the theory of Brinch Hansen 
with an Ultimate Load of 10.08 tons.
  3. Load Failure utilizing the Mazurkiewicz 

Method as shown in (Figure 8), which shows the prediction 
by equally dividing the Defl ection and fi nding the cross 
point which will achieve an Ultimate Load of 10.08 tons.

 The Vertical Ultimate Load from the Pile Load 
Test compared with the safety load (6 tons per pile) shows 
the following: 1) the Davisson Method gave a Safety 

Ratio of 1.82, 2) the 90% Brinch Hansen Method gave a 
Safety Ratio of 1.68, 3) the Mazurkiewicz Method gave 
a Safety Ratio of 2.05, and 4) the Static Method gave a 
Safety Ratio of 1 as shown in (Figure 9).
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Figure 1  Test set up (top view) 
 

Figure 2 Test set up (front view)
 

Figure 3  Test set up (side view)
 

Figure 4  Load-settlement curve for standard loading test. 

 
 Figure 5  Load-settlement for cyclic loading test 

 

Figure 6  Davisson ‘s method
 

Figure 7  90% Brinch Hasen ‘s method
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Figure 8  Mazurkiewicz ‘s method 

Figure 9  Factor of safety

Conclusion
The Pile Load Test was used to test the loading capacity 
of piles in real practical use. By using Vertical Compression

(ASTM D1143-81, Reapproved 1994) which includes the 
Standard Loading Procedure and the Cyclic Loading Test, 
testing was conducted on a square pile with a section of 
18 x 18 cm. and 4.00 m. long at the back of Building 10 
at the Rajamangala University of Technology Isan Khon 

Kaen Campus
 The first Vertical Load Test results were 
compared to the Vertical Ultimate Load and Safety Ratio 

during the fi eld Pile Load Test, and the predictions made 
by the Static Pile Load Test were in the same cluster. As 
for the Static Method, the result was lower than the two 
methods mentioned above and the test pile with a section 
of 18 x 18 cm. and 4.00 long was able to sustain the 

designed Ultimate Load without Load Failure. The Cyclic 

Load Test was compared to the code which allowed for 
maximum Defl ection at Bearing Load of 0.25 mm. per 
hour and maximum Defl ection of 6 mm. after the 24 hour 
load test. The result was that the pile was able to sustain 
the load no more than the limitation.
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Abstract
The objective of this paper is to investigate startup conditions of a closed loop oscillating heat pipe (CLOHP). The 
CLOHP are made of a long copper capillary tube with an inner diameter of 2.03 mm. The number of turns was 4, 5 
and 7. The ends of the tube are connected to complete the loop. The evaporator, adiabatic and condenser sections 
are all an equal length of 50 mm. R123, acetone and water were used as the working fl uids with a 50% fi lling ratio. 
The CLOHP was operated horizontally and the condenser temperature was controlled at 25 ๐C. A low-voltage 
high-current heater was used as the heat source and the cooling medium was a solution of water and ethylene-glycol 
with a 1:1 mixing volume ratio. The number of turns is 7, changing the working fl uid between R123, acetone and 
water, it was found that the heat transfer rate increases from 5.72 W using R123 as working fl uid, to 7.35 W and 14.71 W

using acetone and water as working fl uids, respectively. The frequency of the working fl uid decreased from 0.94 cycle/s 
using R123 as working fl uid, to 0.65 cycle/s and 0.19 cycle/s using acetone and water as working fl uids, 
respectively. The amplitude increased from 0.36 °C using R123, to 0.55 °C and 3.62 °C using acetone and water, 
respectively.  In the case of using water as working fl uids, changing the number of turn from 4 to 5 and 7 turns, it was 
found that the heat transfer rate increased from 11.43 W using 4 turns, to 12.25 W and 14.71 W using 5 and 7 turns, 
respectively. The frequency did not change switching to 5 turns but did change from 0.18 cycle/s to be 0.19 cycle/s 
when using 7 turns. The amplitude increased from 2.35 °C using 4 turns, to 3.24 °C and 3.62 °C using 5 and 7 turns, 
respectively.

Keywords: closed-loop oscillating heat pipe, startup condition

Introduction
A Closed Loop Oscillating Heat Pipe (CLOHP) is a type 
of heat exchanger. It is constructed by bending a capillary 
tube in an undulating bundle of a tube connecting both ends
together to form a closed loop1. Heat is transferred by the 
oscillation of working fl uid inside the CLOHP. Nowadays, 

modern technology usually consists of smaller in size and 

higher in performing electronic devices. A consequence 
of this is considerably high heat accumulation in these 

devices as well as decreasing surface area for heat 
dissipation. Because of the very high heat generation and 
limited heat sink area, CLOHP are utilized and installed 

onto electronic circuits for heat management. However, 
there are studies showing the oscillating heat pipe cannot 
start to operate in some cases2. This can cause failure in 

the device, e.g. a decrease in working hours and 
performance. 
 CLOHPS were investigated in many previous 
studies. One main aspect of a quantitative study3 was 

concerned with the effect of tube geometry and the type 
of working fl uid on heat transfer rates. But a qualitative 
study was concerned with the effect of tube geometry, 
type of working fl uid, and fi lling ratio on internal fl ow 
pattern inside CLOHP.

  The modeling and theoretical analysis of the 
startup of an oscillating heat pipe shows the effects of 
the evaporator surface roughness and superheated 

temperature necessary to make the CLOHP operate 
properly at normal conditions. But in some cases, the 
CLOHP cannot startup, even if the superheated level is 
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reached4,5. However, a basic concept of startup conditions 
and a mathematical model to predict operation of the 
CLOHP was already established6. It is found that the point 
at which a CLOHP can start takes place when replac
ement mechanism of the inside working fl uid is possible. 
This mechanism occurs when net condensation rate of 
vapor plugs is higher than net evaporation rate of vapor 
plugs. But there are a few studies about the effect of 
parameters on the approach to steady state of CLOHP. 
Therefore, this study focuses on quantitative experiments 
to obtain the startup condition at which the working fl uid 
inside the CLOHP start to operate.

Materials and Methods
 The CLOHP was made of a long copper capillary 
tube with the inner diameter of 2.03 mm and the turns 
was  4, 5 and 7 turns. The ends were connected to close 
the loop. The evaporator, adiabatic and condenser section 
were all an equal length of 50 mm. R123, acetone and 
water were used as the working fl uids with a 50% fi lling 
ratio.
 1. Experimental setup and procedure

  “(Figure. 1)” shows the experimental equipment. 
The CLOHP were fi lled with a working fl uid by fi lling 
machine. Thermocouples were attached to the heat pipe 
at 10 points on the middle of each tube of the evaporator 
section (Te_1-Te_10), 4 points on the adiabatic section 
(Ta_1-Ta_4), and 4 points on the condenser section 
(Tc_1-Tc_4). The CLOHP was then set up with another 
experimental instrument. Thermocouples were attached 
at the inlet and outlet positions of the cooling jacket and 
then connected to relay information to the data logger for 

analysis. The AC high current supply was connected, the 
cold bath was adjusted to a temperature of 25oC, and the 

fl ow rate of cooling medium was adjusted, using a ball 
valve, to about 0.15 kg/min. After this, heat was supplied 
to the evaporator section continuously, the voltage was 
adjusted (one step increasing of the Variac can increase 
temperature of the evaporator section approximately one 

or two oC), and the temperature data was recorded. 

During the recording of data from the experiment, the 
temperatures at the evaporator and condenser sections 

were observed while the voltage was slightly increased 
until the CLOHP started up. Then the amplitude and 
frequency after start up were defi ned (amplitude ³ 0.2oC, 
frequency ³ 0.1 Hz). Before repeating the experiment, all 
experimental components were paused for 60 minutes or 
until all measured temperature points were equal to the 
ambient temperature. 
  The heat transfer rate of the cooling medium 
in the condenser section is calculated by substituting an 
inlet and outlet cooling medium temperature as shown in 
the following equation.       

   
 (1)

 
Figure 1 The whole experimental setup

 2. Defi nition of startup condition
    Since there is no quantitative defi nition of 

operational startup criteria, the defi nition used in this study 
considered the fl uctuation of working fl uid temperature. 

The CLOHP is defi ned to start its operation when the 
fl uctuating amplitude of temperature is greater than or 

equal to 0.2oC and the fl uctuating frequency of temperature
is greater than or equal to 0.1 Hz. If these conditions are 

not met, the CLOHP is defi ned as unable to start transferring 

heat. The fl uctuating amplitude and frequency of working 

fl uid inside CLOHPs are measured using thermocouples, 
which are attached on the outer surface of the evaporator, 
adiabatic and condenser sections.

   From (Figure 2(a)), it can be seen that the 
CLOHP starts its operation. When electrical voltage 
increases to 20 Variac (“Variac” in this study is a scale 
used in the voltage or current adjustment of the AC high 
current transformer) or the CLPHP is supplied with a 
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higher input heat, the evaporator section temperature 
increases during the 1 to 3 minutes but there is no 
fl uctuation of working fl uid temperature. Therefore, the 
CLOHP does not operate during this time. After 3 minutes 
to fi nd the fl uctuation of working fl uid temperature within 
the evaporator section, the amplitude and frequency are 
in the defi ned range. Thus, this is defi ned to be a point 
at which the CLOHP starts its operation. After the 

CLOHPs can normally transfer the heat. When electrical 
voltage increases from 20 Variac up to 100 Variac, will 
fi nd that the fl uctuation of working fl uid temperature 
within the evaporator section to a wider range and the 

heat transfer is increased as well. In addition, heat transfer 
rate measured in the startup condition is very low 
compared with a case of the normal operating state. 

        

(a) The CLOHP starts its operation 

       (b) The CLOHP cannot operate 

Figure 2 Increase of evaporator and condenser section temperature with appropriate startup conditions

  (Figure 2(b)) shows the non-working CLOHP. 
Increasing the heat at the evaporator section, and fl uid 
cannot fl ow to the evaporator section. Thus the replacement 

and circulation of working fl uid cannot take place because 
all of the working fl uid is evaporated from the increasing 

activity in the evaporator. This is called dryout. This 
dryout affects increasing temperature at the evaporator 
section so that the CLOHP cannot operate, and there is 

no heat transfer.

Results and Discussions
   All results show the relationship between the 
heat transfer rate, frequency and amplitude, on the effect 

of closed loop oscillating heat pipes (CLOHP) at startup 
conditions. For each frequency and amplitude is
calculated by the program7. 

 1. Effects of working fl uids
    The investigated CLOHP had an inner 
diameter of 2.03 mm, evaporator lengths of 50 mm, and 
was 4, 5 and 7 turns. R123, acetone and water were used 
as working fl uids with latent heat of 161, 501 and 2386 

kJ/kg respectively. (Figure 3) shows the effect of working 
fl uids on the startup conditions of CLOHP. (Figure 3(a)) 
shows effect of heat transfer rate on the working fl uids 

with 7 turns. Changing the working fl uid between R123, 
acetone and water, it is found that the heat transfer rate 
increases from 5.72 W using R123 as working fl uid, to 
7.35 W and 14.71 W using acetone and water as working 
fl uids, respectively. (Figure 3(b))  shows the effect of 

frequency on the working fl uids, it is found that the
frequency of the working fl uid decreases from 0.94 cycle/s 
using R123 as working fl uid, to 0.65 cycle/s and 0.19 
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cycle/s using acetone and water as working fluids,
respectively. (Figure 3(c))  shows effect of amplitude on 
the working fl uids, it is found that the amplitude increases 
from 0.36 °C using R123, to 0.55 °C and 3.62 °C using 
acetone and water, respectively. 
  A working fl uid with high latent heat needs 
more  than heat to change phase from liquid to vapor, 

when compared with the same weight. As a result, heat 
transfer rate, Amplitude increase and Frequency decrease 
at startup conditions. It is consistent with the previous 
study7,8, when decreasing the working fl uid’s latent heat 
causes collapsing ratio of vapor slugs in condenser 
section increases, the CLOHP’s can be easier obtained.

        
(a)               (b)

      (c)

Figure 3  Effect of working fl uids on the startup  of CLOHP
(a) Heat transfer rate (b) Frequency (c) Amplitude

 2. Effects of number of turns
    The investigated CLOHP had an inner 
diameter of 2.03 mm, evaporator lengths of 50 mm, and 

was 4, 5 and 7 turns. R123, acetone and water were used 
as working fl uids with latent heat of 161, 501 and 2386 
kJ/kg respectively. (Figure 4) shows the Effect of number 
of turns on  startup conditions. (Figure 4(a))  shows the 
effect of heat transfer rate on the number of turns, In case 

of using water as working fl uid, changing the number of 
turn from  4 to 5 to 7 turns, it was found that the heat transfer 

rate increases from 11.43 W using 4 turns, to 12.25 W 
and 14.71 W using 5 and 7 turns, respectively.

(Figure 4(b)) shows the effect of Frequency on the number 
of turns, it is found that the frequency of the number of 
turns does not change switching to 5 turns but does 
change from 0.18 cycle/s to 0.19 cycle/s when using 7 
turns. (Figure 4(c))  shows the effect of Amplitude on the 

number of turns, it is found that the amplitude increases 
from 2.35 °C using 4 turns, to 3.24 °C and 3.62 °C using 
5 and 7 turns, respectively.
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  The increase of number of turns is the same 
as the increase in the heat transfer area. As a result, the 
heat transfer rate, Frequency and Amplitude increase at 

startup conditions. This is consistent with the previous 
study8,9.

(a)                         (b)

      (c)

Figure 5  Effect of number of turns on  the startup  of CLOHP  
(a) Heat transfer rate (b) Frequency (c) Amplitude 

  Further work should be extended to study 
the internal fl ow patterns on startup condition in CLOHP. 
This application could be useful for the entire operation.

Conclusion
 From this experimental investigation of a closed 
loop oscillating heat pipe at startup condition, it can be 
concluded that, when the number of turns is 7 and, chan

ging the working fl uid between R123, acetone and water: 
- The heat transfer rate increases from 5.72 W 

using R123 as working fl uid, to 7.35 W and 
14.71 W using acetone and water as working 
fl uids, respectively. 

- The frequency of the working fl uid decreases 

from 0.94 cycle/s using R123 as working fl uid, 
to 0.65 cycle/s and 0.19 cycle/s using acetone 
and water as working fl uids, respectively. 

- The amplitude increases from 0.36 °C using 
R123, to 0.55 °C and 3.62 °C using acetone 
and water, respectively. 

   In case of using water as working fl uid, chang-
ing the number of turn was 4 to 5to 7 turns, it 
was found that. 

- The heat transfer rate increases from 11.43 
W using 4 turns, to 12.25 W and 14.71 W 

using 5 and 7 turns, respectively. 
- The frequency of the number of turn does not 

change when switching to 5 turns but does 
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change from 0.18 cycle/s to be 0.19 cycle/s 
when using 7 turns. 

- The amplitude increases from 2.35 °C using 
4 turns, to 3.24 °C and 3.62 °C using 5 and 7 
turns, respectively. 

 It can be noted that working fl uid with low latent 
heat and low number of turns, allows the CLOHP to start 
easily, which can be observed by the heat transfer rate, 
frequency and amplitude.
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Abstract
The article presents an experimental study on thermal performance enhancement in a constant heat-fl uxed square-duct
inserted diagonally with V-shaped fi ns vortex generator. The experiments were carried out by varying the airfl ow rate 
through the tested square-duct with V-shaped fi ns inserts for Reynolds number from 4000 to 25,000. The effect of the 
V-shaped fi ns with V-tip pointing downstream at various relative fi n pitches on heat transfer and pressure drop 
characteristics was experimentally investigated. Both the heat transfer and pressure drop were presented in terms of 
Nusselt number and friction factor, respectively. Several V-shaped fi ns characteristics were introduced such as fi n pitch 
to duct height ratios or pitch ratios, (P/H=PR=0.5, 1.0, 1.5, 2.0, 2.5 and 3.0), fi n to duct height ratio or blockage ratio, 
(e/H=BR=0.2) and fi n attack angle, (α=45°). The experimental results reveal that the heat transfer and friction factor 
values for the V-shaped fi ns inserts increase with the decrement of PR. The inserted square-duct for BR=0.2 at PR=0.5 
provides the highest heat transfer and friction factor but the one at PR=1.5 yields the highest thermal performance.

Keywords: thermal performance, heat exchanger, V-shaped fi ns, vortex generator, heat transfer

Introduction
Originally, heat exchangers were introduced using a plain 
or smooth surface. Then, an improvement was developed 
using several heat transfer enhancement devices. In the 
past, many researchers studied the effects of turbulator 
or swirl/vortex generator devices on heat transfer, 
pressure drop and thermal performance behaviors in pipe/

duct heat exchanger. Liu et al.1 experimentally studied on 
heat transfer characteristics in steam-cooled rectangular 

channels with two opposite rib-roughened walls. They 
reported that the average Nusselt number for the channel 
with α=45o was higher than α=60o. Promvonge et al.2 

studied the turbulent fl ow and heat transfer characteristics 

in a square duct fi tted diagonally with 30o angle-fi nned 
tapes. Promvonge et al.3 numerically investigated 
on laminar flow and heat transfer characteristicsin 
a three-dimensional isothermal wall square-channel fi tted 
with inline 45o V-shaped baffl es on two opposite walls. It 
was apparent that the longitudinal counter-rotating vortex 

fl ows created by the V-baffl e can induce impingement/
attachment fl ows over the walls resulting in greater
increase in heat transfer over the test channel. Singh et al.4

experimentally investigated the heat and fluid flow 
characteristics of rectangular duct having one broad wall 
heated and roughened with periodic discrete V-down rib. 
Tanda5 experimentally investigated the forced convection 
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heat transfer in a rectangular channel with inclined 45o 

angled rib turbulators. Hans et al.6 experimentally investigated

the effect of multiple V-rib roughness on heat transfer 
coeffi cient and friction factor in an artifi cially roughened 
solar air heater duct. Khan et al.7 experimentally studied 
the heat transfer augmentation in developing turbulent 

fl ow through a ribbed square duct. Momin et al.8 experimentally 
investigated the effect of geometrical parameters of 
V-shaped ribs on heat transfer and fl uid fl ow characteristics 
of rectangular duct of solar air heater with absorber plate 
having V-shaped ribs on its underside.
 In the present work, the study on thermal 

performance enhancement in a heat exchanger square-duct 
with V-shaped fi ns inserts has never been reported. These 
V-shaped fi ns acted as a vortex generator to create a 
vortex fl ow inside the duct. The result could lead to an 
increase in heat transfer rate. However, the pressure loss 
would be increased. Therefore, in order to yield the 
optimum thermal performance, the designed parameters 

which are shape, size, height, angle and pitch of the 
vortex generator are studied to investigate their effects 
on the heat transfer and fl ow friction.

Materials and Methods
 A schematic diagram of the experimental setup 
is presented in (Figure 1). The system consists of a high-
pressure blower, an orifi ce fl ow meter, a settling tank, and 
a square duct test section. The overall length of the duct 
was 3000 mm comprised an entrance section of 2000 
mm and a test section of 1000 mm (L). The test section 
in square duct was made of aluminum plate having
thickness of 3 mm. and a cross sectional area of 45×45 
mm2 (H×H). (Figure 2) shows the V-shaped fi ns placed 
on a double-sided aluminum frame. The V-fi n’s geometries 
were fin-to duct-height ratio or blockage ratio, 
(e/H=BR=0.2), fi n pitch to duct height ratio, (P/H=PR=0.5, 
1.0, 1.5, 2.0, 2.5 and 3.0) and fi n attack angle, a=45o with 
V-tip pointing downstream (called “V-downstream”)

(1) blower, (2) inverter, (3) control valve, (4) orifi ce plate, (5) inclined manometer, (6) settling tank, (7) data logger, 
(8) variac transformer, (9) personal computer, (10) digital differential pressure.

Figure 1 Schematic diagram of experimental apparatus.

 The AC power supply provided energy for heat-
ing four walls of the test section and maintaining a uniform 

surface heat fl ux condition. Air as the working fl uid was 
forced through the system by a 1.45 kW high-pressure 

blower. An inverter was used to control the air fl ow rate. 
The fl ow rate was measured by using an orifi ce plate. The 

orifi ce plate was calibrated by hot wire and vane-type 
anemometers. The pressure drop across the orifi ce was 
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measured using an inclined manometer. The axial 
temperature distributions along the test section were 
measured by twenty-eight thermocouples. Two thermo-
couples were positioned at the entrance and the exit of 
the duct to measure the inlet and outlet temperatures. All 
measured temperature values were fed into a data logger 
(Fluke 2650A) and recorded via a personal computer. 
Two static pressure taps were located at the top walls to 
measure axial pressure drops across the test section. 

This pressure drop was determined to calculate the friction 
factor. The pressure drop was measured by a digital 
differential pressure transducer.
 The uncertainty analysis in the data calculation 
was based on9. The maximum uncertainties of non-di-
mensional parameters were ±5% for Reynolds number, 
±7% for Nusselt number and ±9% for friction factor.

Figure 2 Test section with V-shaped fi ns

Data processing
 The present experiment was conducted to investigate
the heat transfer, pressure drop and thermal performance 
in a square-duct inserted with the V-shaped fi ns. The 
results obtained are displayed in dimensionless terms of 

Nusselt number and friction factor. The average heat 
transfer coeffi cients are calculated by using the experimental 
data via the following equations:

  (1)

  (2)

 in which,

  (3)
 and

  (4)

 where A is the heat transfer surface area of duct, 
T

s
 is the local surface temperature along the duct length, 

and sT~  is the average surface temperature. Thus, the 
average Nusselt number is written as

  (5)

 The Reynolds number based on the duct hydraulic 

diameter (D
h
) is given by

  (6)

 The duct hydraulic diameter is defi ned by
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   (7)

 in which A
c 
is the cross-sectional area and P

w
 is 

the wetted perimeter of the cross section.
 The friction factor is evaluated by

  (8)

 where ∆P is the pressure drop across the test 
duct and U is the mean air velocity in the duct. All 
properties of air are evaluated at the overall bulk air 
temperature from Eq. (3).
 The thermal enhancement factor (h) defi ned as 
the ratio of the heat transfer coeffi cient of an inserted duct, 
h to that of smooth duct, h

0
, at a constant blowing power10 

is given by

  (9)

Results and Discussions
 1. Validation of smooth square-duct
  The experimental results of Nusselt number 
and friction factor obtained from the present smooth duct 
are compared with those from correlations of Gnielinski 
and Petukhov found in Ref.11 for turbulent fl ow in ducts.

  Gnielinski’s correlation

      (10)

  Petukhov’s correlation

  (11)

       The comparison of Nu and f obtained from 
the present smooth duct with those from correlations of 
Eqs. (10, 11) is depicted in (Figure 3) It is seen in the 

fi gure that the present results are in good agreement 
within ±5% with the correlation data.

Figure 3  Validation of Nu
0
 and f

0
 for smooth duct.

 2. Effect of PR on heat transfer
  The Nu and Nu/Nu

0
 plotted against Re 

values is displayed in (Figure 4a) and b, respectively. The 
Nusselt number ratio, Nu/Nu

0
, is defi ned as a ratio of the 

enhanced Nusselt number to Nusselt number of smooth 

duct. In (Figure 4a), the inserted duct yields the considerable
heat transfer enhancement with similar trend pattern in 
comparison with the smooth duct and thus, the Nu 

increases with the rise of Re. It is seen in the (Figure 4b) 

that the decrement of PR results in the increase in Nu/
Nu

0
. This is because the effect of the vortex fl ows from 

the V-shaped fi ns can help to increase the turbulence 

intensity and to transport the fl uid from the central core 
to the near-wall regions. Also, the vortex fl ows can wash 

up the fl ow trapped in the duct corner regions normally 
act as ineffective heat transfer areas, leading to higher 
heat transfer rate in the duct. At a given BR, the V-shaped 
fi ns provides the Nu/Nu

0
 in the range of 3.93-4.00, 3.82-

3.89, 3.62-3.68, 3.43-3.50, 3.18-3.24 and 3.00-3.05 for 
PR=0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 respectively. It can be 

observed that the duct with PR=0.5 provides heat 
transfer rate higher than others. This can be attributed to 
the use of V-shaped fi ns with the smallest pitch leading 
to stronger vortex strength of the fl ow and thus promoting 
high levels of mixing over the others.

 3. Effect of PR on friction loss

       The plot of f and f/f
0
 against Re is, respectively, 

exhibited in (Figure 5a) and b for various PR values. It is 
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visible in (Figure 5a) that the use of the V-shaped fi ns 
vortex generators leads to substantial increase in f above 
the smooth duct and the f shows the decreasing ten-
dency with the increment of Re. It can be observed in the 
(Figure 5b) that the f/f

0 
for the inserted duct tends to in-

crease considerably with rising Re but with reducing PR. 
The inserted duct at PR=0.5 provides the highest f/f

0
 

value. This is because the use of PR=0.5, caused higher 
fl ow resistance, larger surface area and the reverse fl ow, 
leading to the substantial increase in pressure drop. The 
f/f

0
 values for the V-shaped fi ns of the BR=0.2 is in the 

range of 28.04–33.62, 22.00–26.38, 16.30-19.54, 14.94-
17.91, 13.10-15.70 and 11.82–14.17 for PR=0.5, 1.0, 1.5, 
2.0, 2.5 and 3.0 respectively. 

(a)

(b)

Figure 4  Variation of (a) Nu and (b) Nu/Nu
0
 with Re.

 4. Thermal performance evaluation
  (Figure 6) presents the infl uence of PR values
on thermal enhancement factor (h) for using the V-shaped 
fi ns vortex generators. The h value was obtained from 
comparison of the Nu/Nu

0
 and f/f

0 
ratios at similar blowing 

power as defi ned in Eq. (9). In the fi gure it is observed 
that the h shows the downtrend pattern with the increment 
in Re for all cases investigated. The use of the V-shaped 
fi ns leads to much higher h than that of the smooth duct 
for all cases. It is visible that the maximum h is achieved 
for using the V-shaped fi ns with PR=1.5 and this case of 
PR values is considered to be the best operating condition 
in this investigation. The highest h is about 1.45 at the 
lowest Re. 

(a)

(b)

Figure 5  Variation of (a) f and (b) f/f
0
 with Re.
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Conclusion
 An experimental investigation on heat transfer, 

fl ow friction and thermal enhancement factor characteristics
in a uniform heat-fl uxed square-duct with the V-shaped 
fi ns vortex generator inserts at different PR for turbulent 
air fl ow, Reynolds number from 4000 to 25,000 has been 
conducted. The V-shaped fi ns insert provides a signifi cant 
effect on the change of fl ow direction in the duct leading 
to the considerable increase in both heat transfer and 
pressure drop. It is seen that the maximum heat transfer 
rate and pressure drop from the vortex generator devices 
is found at the smallest of PR. At the given BR, the 
V-shaped fi ns with PR=0.5 provides much higher Nusselt 
number and friction factor than the others while, the 
V-shaped fi ns with PR=1.5 yields the highest thermal 
enhancement factor around 1.45 at the lowest Re value.

Figure 6 Variation of η with Re
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Abstract
The relation of cooked rice texture, pasting properties, contents of amylose, protein, and fat of selected KDML 105 
rice mutants, obtained from low energy ion beam bombardment including HyKOS3, HyKOS3-1, HyKOS7-1, HyKOS16, 
HyKOS21 and HyKOS22, together with KDML 105 and Hom Viengping was studied. The multiple regression analysis 

showed that hardness was related to amylose content, water addition when cooked, setback and peak time. Cohesiveness 
was related to amylose and protein content as well as setback. Adhesiveness was related to protein content and 
water addition when cooked. Springiness and chewiness were related to amylose and protein content, setback and 
peak time. For pasting properties, it was found that breakdown, setback and peak time was related to amylose and 
protein content. Pasting temperature was related to amylose, protein, and fat content, while fi nal viscosity was related 
to amylose content only.
 
Keywords: KDML 105rice mutants, texture, pasting properties, amylose, protein 

Introduction
Rice is a major food crop for the people of the world in 
general and Asians in particular: Nearly 90% of the world’s

rice is produced and consumed in this region1. KDML 
105, Thai Hom Mali rice, or Thai jasmine rice, is popular 

worldwide among rice consumers because of its distinctive 
properties. It is classifi ed as non-glutinous rice with long 
grain and slender shape. Its grain is transparent or clear 

and contains very few chalky kernels. When cooked, it 
has a soft texture and presents a natural fragrant smell. 

Unfortunately, it is susceptible to all major diseases and 
insect pests2. And it can be cultivated only once a year 
in the in-season period (July–December)3 and only in 
rainfed area, the North and Northeast of Thailand2.

 Many efforts have been used to increase the 
production of rice with desired properties of KDML 105. 
One of them is the application of low energy ion beam 

bombardment to produce new genetic modifi cations. Its 

application in KDML 105 at Chiang Mai University has 
resulted in many new lines with characters that allow 
higher yields including semi-dwarfi sm and photoperiod 
insensitivity3, blast disease resistance4, and drought 
resistance5, and characters that provide potential health 
benefi t including dark purple/black pericrap3,5-6 and more 

antioxidant enzyme activity7. 
 Since the soft texture of cooked KDML 105 is 
desirable, texture parameters, pasting properties and 
chemical contents of 6 KDML 105 rice mutants cultivated 
in the in-season and off-season periods, KDML 105 
(control for the in-season period) and Hom Viengping 
(control for the off-season period) were studied to fi nd out 

variables related to texture of cooked rice. Six KDML 105 
rice mutants were selected in this work because they 

could yield as much as 910 – 1,725 kg/rai, when cultivated
with good care8. 
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Materials and Methods
 1. Rice Sample
  All rice samples including KDML105, Hom 
Viengping and two crops of 6 selected KDML 105 rice 
mutants (HyKOS3, HyKOS3-1, HyKOS7-1, HyKOS16, 
HyKOS21 and HyKOS22) were supplied by the Science 

and Technology Research Institute, Chiang Mai University.
 2. Cooking Method
  The 150 g of rice sample was washed, 
drained and weighted. Water was added to make a 
certain rice and water ratio at 1:1.50, 1:1.75 and 1:2.0 
(w/w). Cooking was done by the electric rice cooker 
(SHARP Model KSH 206, Thai City Electric, Bangkok, 
Thailand) at 300 watts for 10 – 21 min depending on rice 
and water ratio and rice samples. 
 3. Texture Measurement
  Cooked rice was kept in the inner pot of the 
electric rice cooker (3 hr) for cooling down to room 
temperature. Its texture parameters were measured by 
Lloyd Universal testing Machine (Model LR10K, Lloyd 
Instruments, Hampshire PO15 5TT, UK). Cooked rice was 
compressed by a 10-mm diameter steel cylinder probe 
with a fl at end. Test speed was 100 mm/min and the 
sample was compressed to 75%, held for 3 sec., released 
and compressed again to complete the two-cycle 
compression test9. The measurement was repeated ten 

times per sample.
  Texture parameters including hardness 

(maximum force, kgf), cohesiveness (ratio of positive force 
area of the second compression to that of the fi rst 

compression) and adhesiveness (negative area between 
the fi rst and second compressions, kgf.mm), springiness 

(height that sample springs back after the fi rst compression, 
mm) and chewiness (energy required to chew a solid food 
to the point required for swallowing it = hardness x 
cohesiveness x springiness, kgf.mm) were derived from 

the instrument software.
 4. Pasting Properties Measurement
  Rice sample was ground to make rice fl our. 

Its pasting properties were measured by Rapid Visco 
Analyzer (Model 3-D RVA, Newport Scientifi c, Sydney, 
Australia). Three gram of rice fl our and 25 ml of distilled 

water were mixed. The sample was held at 50 °C for 1 
min, heated to 95 °C at a rate of 12 °C/min, held at 95 
°C for 2.5 min, cooled to 50 °C at a rate of 12 °C/min and 
held at 50 °C for 2.5 min. The rotating speed of the 
paddle was kept at 160 rpm throughout the run except at 
the fi rst 10 s the paddle speed was 960 rpm10. All 
measurements were triple replicated. 
  The pasting properties including peak viscosity 
(maximum viscosity when heated, cP), peak time (time 

at peak viscosity, min), trough viscosity (minimum viscosity 
when heated, cP), breakdown (heat resistance and 
stickiness = peak viscosity – trough viscosity, cP), fi nal 
viscosity (fi nal viscosity after cooling down, cP), setback 
(gel formation and hardness = fi nal viscosity – peak 
viscosity, cP), and pasting temperature (°C)11 were 
derived from the instrument software.
 5. Chemical Analysis
  Amylose content was analyzed by Spectro-
photometer12. Protein and fat contents were analyzed by 
AOAC offi cial method13. 
 6. Statistical Analysis
  Each data set was analyzed by analysis of 
variance (Completely Randomized Design, CRD) and 
their means were compared by Tukey (a)’s w test. 
Multiple regression analysis was applied between texture 

parameters and chemical contents together with rice and 
water ratio, between texture parameters and pasting 

properties, and between pasting properties and chemical 
contents. All analysis was done by SPSS 16.0 and all 

graphs were created by Gnuplot 4.6.

Results and Discussions
 1. Texture and Pasting Properties Measurement
and Chemical Analysis

  Results of texture parameters are shown in 
(Table 1), They were average values using 3 rice and 
water ratios (1:1.5, 1:1.75 and 1:2.0) When cooked. It 

was found that HyKOS3-1 and HyKOS22 were the 
hardest varieties with more cohesive, more springy and 
more chewy texture. Hom Viengping was harder than 
KDML 105 but their other parameters were similar. Other 
rice varieties had similar texture to Hom Viengping or 
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KDML 105, but HyKOS3 and HyKOS7-1 were less 
springy. 
  Pasting properties of samples were different 
than their texture parameters as shown in (Table 2) 

because pasting properties were analyzed with a certain 
water quantity, while texture parameters were analyzed 
by varying water quantity because the increase of rice 
and water ratio when cooked could make HyKOS3-1 and 
HyKOS22 softer9. 
  Chemical analysis in (Table 3) showed that 
HyKOS3-1 and HyKOS22, the hardest varieties, contained 

higher amylose content at 20.63 + 1.32 and 23.45 + 
1.08%, respectively, which could be classified into 

intermediate amylose type (containing 20 – 25% amylose), 

while other rice varieties were low amylose type (10 – 
20%). The appropriate quantity of cooking water depends 
on the level of amylose. Rice with low amylose needs 
less water and too much water addition make rice soggy 
and pasty. Rice with high amylose will be hard if water 
addition is not enough. The recommended rice and water 
ratio for KDML 105 is 1:1.7 by weight, and it should be 
reduced when a large amount of rice is cooked2. 

Table 1 Texture parameters of cooked Hom Viengping, KDML105 and its 6 selected mutants.

Rice 
varieties

Hardness
(kgf)

Cohesiveness Adhesiveness
(kgf.mm)

Springiness
(mm)

Chewiness 
(kgf.mm)

Hom Viengping 0.89b + 0.21 0.18b + 0.03 0.25bc + 0.18 8.81b + 1.76 1.43b + 0.57

KDML105 0.57c + 0.12 0.19b + 0.05 0.17c + 0.12 8.33b + 3.15 0.95b + 0.50

HyKOS3 0.74bc + 0.22 0.17b + 0.03 0.33b + 0.03 6.59c + 1.26 0.88b + 0.43

HyKOS3-1 1.30a + 0.39 0.23a + 0.05 0.67a + 0.27 13.05a + 1.83 4.10a + 2.14

HyKOS7-1 0.73bc + 0.15 0.18b + 0.04 0.40b + 0.25 6.21c + 1.38 0.90b + 0.52

HyKOS16 0.72bc + 0.19 0.18b + 0.04 0.37b + 0.33 6.95bc + 2.17 0.98b + 0.50

HyKOS21 0.60bc + 0.13 0.17b + 0.03 0.29bc + 0.18 7.79b + 1.65 0.81b + 0.31

HyKOS22 1.77a + 0.64 0.24a + 0.05 0.32b + 0.17 12.73a + 2.13 5.58a + 2.75
a, b, .. Means with different letters in the same column were signifi cantly different (p<0.05).

Table 2 Pasting properties of Hom Viengping, KDML105 and its 6 selected mutants.

Rice 
varieties

Peak viscosity
(cP)

Peak time
(min)

Trough viscosity
(cP)

Breakdown
(cP)

Hom Viengping 2245b + 139 5.9ab + 0.1 1310 b + 82 936 b + 62

KDML105 1459d + 151 5.9ab + 0.1 901d + 89 558 d + 73

HyKOS3 770e + 162 5.6b + 0.2 430 e + 93 340 e + 70

HyKOS3-1 2552a + 124 6.2a + 0.3 2131a + 87 421 e + 48

HyKOS7-1 2280b + 128 5.8ab + 0.4 1269 b + 75 1011ab + 94

HyKOS16 2528a + 117 5.7b + 0.2 1329 b + 73 1199 a + 82

HyKOS21 1925c + 114 5.9ab + 0.3 1112 c + 90 813 c + 38

HyKOS22 1372d + 294 5.3b + 0.4 891d + 211 481de + 109
a, b, .. Means with different letters in the same column were signifi cantly different (p<0.05).
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Table 2 (continued) Pasting properties of Hom Viengping, KDML105 and its 6 selected mutants.

Rice 

varieties

Final viscosity

(cP)

Setback 

(cP)

Pasting Temperature

(°C)

Hom Viengping 2525 b + 88 280 c + 82 86.7 a + 0.4

KDML105 1605 d + 117 146 d + 62 87.5 a + 1.2

HyKOS3 956 e + 161 187 d + 40 87.8 a + 2.2

HyKOS3-1 4070 a + 113 1518 a + 82 83.2 b + 1.0

HyKOS7-1 2294bc + 165 14 e + 197 76.8 c + 1.7

HyKOS16 2190 c + 24 -338 f + 127 73.3 d + 1.0

HyKOS21 1839 d + 106 -86 e + 32 83.7 b + 2.3

HyKOS22 1876 d + 366 504b + 127 78.3 c + 0.9
a, b, .. Means with different letters in the same column were signifi cantly different (p<0.05).

Table 3 Chemical analysis of Hom Viengping, KDML105 and its 6 selected mutants.

Rice 
varieties

Amylose
(%)

Protein
(%)

Fat
(%)

Hom Viengping 15.99c + 0.61 8.87a + 0.19 0.79a + 0.04

KDML105 12.87e + 0.95 4.19c + 0.40 0.30b + 0.12

HyKOS3 13.93de + 1.27 9.17a + 0.16 0.58ab + 0.05

HyKOS3-1 20.63b + 1.32 8.08b + 0.33 0.51ab + 0.13

HyKOS7-1 13.63de + 0.88 8.32ab + 0.98 0.82a + 0.20

HyKOS16 14.46d + 0.57 8.37ab + 0.32 0.65a + 0.16

HyKOS21 13.58de + 0.84 9.45a + 0.76 0.57ab + 0.25

HyKOS22 23.45a + 1.08 8.30ab + 0.71 0.39b + 0.17
a, b, .. Means with different letters in the same column were signifi cantly different (p<0.05).
Data were reported on the basis of 14% grain moisture content. 

 2. Multiple Regression Analysis

  Multiple regression analysis between texture 
parameters and chemical contents or pasting properties 
showed that hardness was related to amylose content, 

water addition when cooked, setback and peak time. 
Cohesiveness was related to amylose and protein content 
as well as setback. Adhesiveness was related to protein 
content and water addition when cooked. Springiness and 
chewiness were related to amylose and protein content, 

set back and peak time (Figure 1-2). These results agreed 
with Rice Department2 which mentioned that rice with high 
amylose will be harder and more water must be put to 

make it soften and Supakitkanjana11 who mentioned that 

setback is a parameter representing gel formation and 
hardness. 
  For pasting properties, it was found that 

breakdown, setback and peak time was related to 
amylose and protein content. Pasting temperature was 
related to amylose, protein, and fat content, while fi nal 
viscosity was related to amylose content only (Figure 3). 
These results agreed to a work of Fitzgerald et al.14 who 

found that protein and fat also affect to pasting properties 
of rice fl our.
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Figure 1 Multiple regression analysis between texture parameters and chemical contents, or rice and water ratio. 
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Figure 2 Multiple regression analysis between texture parameters and pasting properties. 
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Figure 3 Multiple regression analysis between pasting properties and chemical contents. 



Wiwat Wangcharoen et al. J Sci Technol MSU312

Conclusion
Texture parameters of cooked selected KDML 105 rice 
mutants were related to amylose and protein contents, 
as well as rice and water ratio. Amylose, protein and fat 
contents were also related to pasting properties. Setback 
could be a pasting parameter representing hardness, 
cohesiveness, springiness and chewiness. This work also 

showed that peak time could be another variable refl ecting 
texture parameters of cooked rice. Since both texture and 
pasting parameters have been used for identifying the 
properties of rice, the correlation between texture and 
pasting parameters in this work could be useful when the 
prediction of texture parameters from pasting parameters 
or vice versa is needed.
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Abstract
In this paper, the empirical correlations for heat transfer characterizations of a small closed end heat pipe with special 
vapor chamber (SCEHP/SVC) are carried out. The heat transfer performance was introduced by a correlation function 
of dimensionless parameters namely Kutateladze number (Ku), Bond number (Bo), Weber number (We), Froude 
number (Fr), Prandtl number (Pr), Jacob number (Ja), Density ratio (DR) and Aspect ratio (AR). SCEHP/SVCs were 
consists of two main parts such as a small closed end and special vapor chamber (where located at the bottom). 
Small closed end was made of small copper tubes with 2, 3 and 4.5 mm ID. Number of turns was 10. Special vapor 
chamber was an ID of 14.5, 17.5 and 20.5 mm. The evaporator, adiabatic and condenser sections were of equal 
length 50, 100 and 150 mm, with an inclination angle 60o and 90o. Water, ethanol and R-134a were selected as work-
ing fl uids with fi lling ratios 30, 40 and 50% of the volume of a special vapor chamber. The operating temperatures 
were 60, 70 and 80oC that heated by hot water at the evaporator section, while the condenser section was cooled by 
cold water to 20oC. Experiments were recorded when the system reached a steady state, so as to calculate the heat 
fl ux. All experimental results of the heat fl ux of SCEHP/SVCs at inclined 90o orientation could be correlated in terms 
of modifi ed Kutateladze number ( ) as follows;

 That correlation was used to predict the heat fl ux with standard deviations (STD) of ±22.12%.

Keywords: Correlation, heat fl ux, Small closed end heat pipe with special vapor chamber

Introduction
Heat pipes (HP) are effi cient heat transfer devices, which 

utilize working fl uid to transfer heat from a heat source to 
a heat sink within a closed pipe1. Nowadays, there are 
many types which depend on various mechanisms such 
as gravity assisted, capillary force, osmotic membrane or 
centrifugal force2. As is widely know the advantages of a 

thermosyphon and oscillating heat pipe are  high heat 
transfer performance and a simple structure.
 Saehang and Srihajong3 invented a new type of 
heat pipe called a “Small closed end heat pipe with 
special vapor chamber” or SCEHP/SVC. Its design is 

based on an oscillating heat pipe mixed with thermosyphon 
in the hope to improve its performance. The. Proposed 
SCEHP/SVCs structure is illustrated in (Figure 1)

Figure 1 Small closed end heat pipe with special 
vapor chamber (SCEHP/SVC) using in 
experiments.
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 The aim of this paper is to study the effects of 
dimensionless parameters (i.e. Kutateladze number (Ku), 
Bond number (Bo), Weber number (We), Froude number 
(Fr), Prandtl number (Pr), Jacob number (Ja), Density 
ratio (DR) and Aspect ratio (AR)) on the SCEHP/SVCs 
heat fl ux and establish an empirical correlation in order 
to predict the heat transfer performance in the vertical 
position (90o).

Materials and Methods
 The experimental setup was divided into two 
parts; a small closed end tube (SCE) and special vapor 
chamber tube (SVC) (see Figure 1). The SCEs set of 10 
copper tubes with 2, 3 and 4.5 mm ID were bent in a 
U-shape, whereas SVCs were also made of copper tube 
with 14.5, 17.5 and 20.5 mm ID. The SCEHP/SVCs were 
conducted with 50, 100 and 150 mm of section lengths 
(equal length in three sections). The experiments 
employed water, ethanol and R-134a as working fl uid, 
30%, 40% and 50% of fi ling ratio.
 The schematic diagram of the experiment is 
shown in (Figure 2). The evaporator section was heated 

with hot water at 60oC, 70oC and 80oC but the condenser

section was cooled by cold water 20oC. It was conducted 
at an inclination angle of 90o from horizontal plane.

Figure 2  Schematic set up of experiments.

 All components of test rig are shown in (Figure 2) 

They include a Yokogawa MV1000 data logger with 
±0.7oC accuracy, Thermocouple type-K with accuracy 
±0.5oC, EYELA CA-112CE cold bath (±2oC accuracy), 

Thermo Fisher Scientifi c EX-35 hot bath (±0.01oC accu-
racy) and two fl oating rotameters. the experiment procedure 
was conducted as follows, fi rstly, Set experiment on all 
parameters as shown in (Table 1). Then, set the desired 
temperature on the hot bath and cold bath. Next, supply 
the hot water and cold water to the water jacket of the 
evaporator and condenser respectively. When the system 
reaches a steady state, the temperature at thermocouple 
attach points are recording by the data logger in 10 minute 
interval. Then, loading the recorded data for calculating 
the heat fl ux and dimensionless parameters also. Finally, 
analyze the results. 

Table 1 Tested parameters

Parameters Value

SCEs ID
SVCs ID
Working fl uid

Filling ratio

Section length
Inclination angle
Working temp.

2, 3 and 4.5 mm
14.5, 17.5 and 20 mm
Water, Ethanol, R-134a
30%, 40% and 50%
50, 100 and 150 mm
90 degree
60, 70 and 80oC

 The heat fl ux was calculated by using calorifi c 

method is defi ned as;4

         (1)

          (2)
 Where, : heat transfer at condenser section 

(W), : coolant water mass flow rate (kg/s), : 
specifi c heat of coolant water (J/kg.oC), : inlet and 

outlet temperature (oC), : the condenser heat fl ux
(kW/m2), : the outer diameter of small closed end tube 
(mm), : the condenser section length (mm) and : 

number of turn.
 Furthermore, in order to formulate an empirical 
correlation to predict the heat fl ux, which derived from 
dimensionless parameter group, It is necessary to con-
sider all parameters (heat pipe geometric, heat input, 

volumetric fi lling ratio, tested orientation and working 
fl uid etc.) that are associated with appropriate dimension-
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less numbers. Thus, the dimensionless numbers involved 
are: Ku, Bo, We, Fr, Pr, Ja, DR and AR.5

   (3)

 The Kutateladze number (Ku) is introduced as 
an measure of the heat transfer performance6, so the 
other numbers could function in terms of Ku defi ned by;

    (4)

 Based on the analysis of the empirical correlation, 
multi linear regression was applied on Eq.(4) as power 
series.

    (5)

 Where : modifi ed Ku,  : regression 
constants that need to determined..
 Then, taking the logarithm on both side of Eq.(5) 
and thus solved with least square method. Finally, 
correlation in modifi ed Ku ( ) form can be developed 
for the heat fl ux predicts ( ) become by Eq.(6).

    (6)

Results and Discussions
 Experimental results have been reported as 
follows;
 1. Effect of Kutateladze number (Ku)
  The Ku is the ratio of obtained heat fl ux to 
critical heat fl ux of the working fl uid at the evaporator 

section. When Ku has a value of more than one it mean 
s the pool boiling phenomena has occurred. Thus, Ku can 

be expressed as; 

     (7)

  Where, : latent heat of vaporization (J/kg), 

: vapor density (kg/m3), : liquid density (kg/m3), : 
surfacetension (N/m), : gravitational acceleration (m/s2).

Figure 3  Relationship between heat fl ux and Kutate-
ladze number. (Le: 50mm, De: 14.5 mm, 
Filling ratio: 40%, Working temp.: 80oC, 
Vertical position)

  In (Figure 3), it can be seen that the Ku 
value increases following the working fl uid type: R-134a, 
ethanol and water. The heat fl ux further increases with 
increasing Ku value.

 2.  Effect of Bond number (Bo)
  The Bo is the ratio of buoyancy force to 
working fl uid surface tension. It also represents the state 
of vapor bubbles that occur in nucleate boiling at the 
evaporator section. If Bo value is high, we can say that 
working fl uid boils. 

      (8)

  Where,  : tube inner diameter (mm)
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Figure 4 Relationship between heat fl ux and Bond 
number. (Le: 50mm, De: 14.5 mm, Filling 
ratio: 40%, Working temp.: 80oC, Vertical 
position)

  The Ja value can be simply divided in three 
groups according to working as shown in (Figure 4). The 
result shows that maximum heat fl ux achieved when 
using R-134a.

 3. Effect of Weber number (We)
  The We is the ratio of dynamic force to 
surface tension force as expressed is Eq.(9). It represents 
the counter current interaction between the liquid fi lm and 
vapor fl ow which occur inside evaporator and condenser 
section.

       (9)

   From experiments it was found that 
the We value increases with decreasing small closed end 

tube size. In the tested heat pipe, which is charged with 
water and ethanol, the obtained heat flux slightly
decreases as the small closed end tube size decreases 
as shown in (Figure 5), This is the result of counter 
current phenomena inside the tube.

Figure 5 Relationship between heat fl ux and Weber 
number. (Le: 50mm, De: 14.5 mm, Filling 
ratio: 40%, Working temp.: 80oC, Vertical 
position)

 4. Effect of Froude number (Fr)
  The Fr is the ratio of the inertia force of 
vapor to the gravity force of the condensate liquid. It also 
represents the counter current be the same with We as 
earlier mentioned. and seen in (Figure 6) 

         (10)

Figure 6 Relationship between heat fl ux and Froude 
number. (Le: 50mm, De: 14.5 mm, Filling 
ratio: 40%, Working temp.: 80oC, Vertical 

position)

 5. Effect of Prandtl number (Pr)
  The Pr is the ratio of the momentum diffusivity
to thermal diffusivity of liquid as shown in Eq.(11). It 
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represents convection of heat transfer phenomenon inside 
the heat pipe.

         (11)

  Where : liquid viscosity (Pa.s), : 
specifi c heat capacity of liquid (J/Kg.oC), : liquid thermal 
conductivity (W/m.K)

Figure 7 Relationship between heat fl ux and Prandtl 
number. (Le: 50mm, De: 14.5 mm, Filling 
ratio: 40%, Working temp.: 80oC, Vertical 
position)

  In the results shown in (Figure 7), if the Pr 
value is low, it leads to high heat fl ux.

 6. Effect of Jacob number (Ja)
  The Ja is the ratio of latent heat to working 
fl uid sensible heat. It represents the changing phase 
process of working fl uid in the heat pipe.

         (12)

  Where : vapor temperature (oC)

  As we can see in (Figure 8), the Ja value is 

clearly classifi ed by working fl uid type. Moreover the heat 
fl ux gradually decreased when the small closed end tube 
size decreases. 

Figure 8 Relationship between heat fl ux and Jacob 
number. (Le: 50mm, De: 14.5 mm, Filling 
ratio: 40%, Working temp.: 80oC, Vertical 
position)

 7. Effect of Density ratio (DR)
  The DR is the ratio of vapor density to liquid 
density of the working fl uid.

          (13)

  Increased DR value is according to working 
fl uid type, The tube size has a signifi cant effect on the 
heat fl ux. (see Figure 9)

Figure 9  Relationship between heat fl ux and Density 
ratio. (Le: 50mm, De: 14.5 mm, Filling ratio: 
40%, Working temp.: 80oC, Vertical position)
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 8. Effect of Aspect ratio (AR)
  The AR is a dimensionless parameter which 
formulate based on the small closed end and special 
vapor chamber dimension as expressed in Eq.(13).

         (14)

  Where : diameter of the SVCs tube (mm), 
: diameter of SCEs tube (mm), : length of SVCs 

tube (mm) and : evaporator section length (mm). see 
in (Figure 10)

Figure 10 The dimension parameters of the tested heat 
pipe.

Figure 11: Relationship between heat fl ux and Aspect 
ratio. (Le: 50mm, De: 14.5 mm, Filling ratio: 
40%, Working temp.: 80oC, Vertical position)

  In (Figure 11) it shows that both water and 
ethanol have the same trend, AR increasing as a result 
of decreased heat fl ux but R-134a has no affect to heat 
fl ux at all.

 9. Correlation equation
  From the empirical correlation in terms of 
modifi ed Ku form of Eq.(4) and Eq.(5) can be determined 
by the least squares technique as mentioned in section 
2. Thus, the heat transfer correlation for SCEHP/SVCs in 
vertical position (90o) was;

 (15)

Figure 12 Comparison of experimental Ku vs. predicted 

Ku.

  From (Figure 12), it shows the relationship 
between the Ku-experiment and Ku*-predict which 
obtained from Eq.(15) with the coeffi cient of determination 
(R2) was 0.81. It could be observed that the data were 

scatted; approximately 85% of deviations are falling 
within ±30% band.

Conclusion
 This paper's study on the empirical correlation 

for predicts the heat fl ux of the SCEHP/SVCs in vertical 
position was investigated. It could be concluded that, the 
non-dimension parameters namely Ku, Bo, We, Fr, Pr, Ja, 
DR and AR. established correlation (expressed as Eq.
(16)) and can predict the heat fl ux, has the standard 

deviation (STD) of ±22.12% as illustrated in (Figure 13).
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   (16)

Figure 13  Comparison the heat fl ux experiment vs. 
prediction in vertical position.
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Abstract
This article presents a thermal performance of a small closed end heat pipe with special vapor chamber (SCEHP/
SVC). This study has carried out the effect of parameters (such as pipe size, fi lling ratio, working fl uids and incline 
angle etc.) on thermal performance. The SCEHP/SVCs consists of 2, 3 and 4.5 mm ID small closed end pipe and 
special vapor chamber were 14.5, 17.5 and 20.0 mm ID (at evaporator section). The number of meandering turns was 
10. The lengths of the evaporator were 50, 100 and 150 mm (The length of evaporator, adiabatic and condenser 
sections were equal). R-134a, ethanol and water were used as working fl uids with fi lling ratios of 30, 40 and 50%.The 
evaporator was heated by hot water to 60, 70 and 80oC, whereas the condenser was cooled with water at 20 oC. The 
inclination angles were 90, 60, 30, 0, -30, -60 and -90 degrees from horizontal plane. The temperatures at signifi cant 
points (evaporator, adiabatic, condenser, inlet and outlet) were recorded every 10 minutes by data logger. As the 
result of the experiment, the boiling behaviors of SCEHP/SVCs, which has a small closed end of 2 mm acts like 

oscillating heat pipe, were like thermosyphon. As inclination angle increases, the heat fl ux increases. The best working 

fl uid was R134a. The fi lling ratio, section length and small closed end size increased with decreasing heat fl ux. In 
addition, the heat transfer performances were excellent under the condition; the 2 mm of small closed end pipe, 17.5 
mm vapor chamber pipe, R134a with fi lling ratio 30%, and also hot water at 80 oC with inclination angle of 90 degree.

Keywords: thermal performance, small closed end heat pipes, special vapor chamber

Introduction
In recent years, heat pipes have been widely employed 

as heat exchanger devices in many industries or other 
fi elds, owing to their excellent heat transfer performance, 

non complex structure and low heat input workability also1. 
It utilizes the liquid  vapor phase change of working 
fl uid inside the pipe. Nowadays the oscillating heat pipe 

(OHP) has become popular as has been reported in many 
literatures. 
 The oscillating heat pipe can be classifi ed into 

three types such as, closed end oscillating heat pipe 
(CEOHP), closed loop oscillating heat pipe (CLOHP) and 
closed loop oscillating heat pipe with check valves 
(CLOHP/CV)2. 

 The advantages of this heat pipe for instance; 
easy to build, fast thermal response and capable of 
conducting in many positions etc.3, but connot operate at 
higher temperature differences. However, we have 

invented a new OHP in order to overcome its limitation. 
The new OHP was called “a Small Closed End Heat Pipe 
with Special Vapor Chamber” or “SCEHP/SVC”. Its structure 
seems to be the OHP combined with thermosyphon as 
shown in (Figure 1).

 The aim of this study is to investigate the thermal 
performance of SCEHP/SVCs. The experiments 
conducted are based on the important thermo-mechanical 

parameters namely, internal diameter, section length, 
working fl uid, volumetric fi lling ratio, heat input, and 
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tested orientation. The researcher hopes that the 
experimental results may bring about further information 
for design and develop the new heat pipe.

Figure 1  Shows the SCEHP/SVCs structure.

Materials and Methods
 In order to built the tested SCEHP/SVCs (see in 
Figure 1), the upper part is called a small closed end 
(SCE) tube made of copper capillary tube of 2mm, 3mm 
and 4.5mm ID. It is bent into 10 meandering turns. At the 
lower part is a special vapor chamber (SVC) tube also 
made of copper tube in 14.5mm, 17.5mm and 20.0mm 

ID with 500mm of length. SCEHP/SVCs are fabricated by 
weld soldering. The evaporator, adiabatic and condenser 
sections were 50mm, 100mm and 150mm in equal length. 
The end of the capillary tube was inserted into the SVCs 
which can be seen in (Figure 1). Inclination angles were 
at -90, 60, 30, 0, 30, 60, 90 degree. The working fl uids 
used were R134a, ethanol and water with fi lling ratios of 
30%, 40% and 50% of the SVCs total volume. The 
working temperature were 60 oC, 70 oC and 80oC the 
condenser section was cooled by a cold bath at 20oC.  

The heating, cooling water jacket as well as adiabatic 
section were well wrapped with insulating sheet.

Figure 2  Schematic of experiment

 (Figure 2) shows the experimental set up, the 
tested heat pipe was monitored and recorded by a 

Yogokawa MV1000 data acquisition with ±0.7oC accuracy,

it was used with type-K thermocouple ±0.5oC accuracy 
(22 points attached). Thermo Fisher Scientifi c EX-35 hot 
bath (±0.01oC) was used to suppy hot water to the 
evaporator section with controlled 0.014705 kg/s of fl ow 
rate. Moreover, the EYELA CA-112CE cold bath (±2oC) 
used to pump cool water to condenser section with 
0.004643 kg/s of fl ow rate. All tested parameters are 
shown in (Table 1)

Table 1 Specifi cations and experimental conditions

Controlled parameter

Turns
Cold bath
Evaporator fl ow rate
Condenser fl ow rate

Value

10 turns
20oC
0.014705 kg/s
0.004643 kg/s

Variable parameters
Small closed end tube
Vapor chamber tube
Section length
Working fl uid
Filling ratio
Tested orientation
Working temperature

Values
2, 3 and 4.5 mm ID
14.5, 17.5 and 20mm ID
50, 100 and 150mm
R134a, ethanol, water
30%, 40% and 50%
-90, 60, 30, 0, 30, 60, 90
60, 70 and 80oC

 

 For the experiment procedure, The hot bath and 
cold bath were maintained at operating temperature stead-

ily. When steady state was reached, the temperatures
were recorded in 10 minute intervals by data acquisition. 
Those recorded values are used to calculate the thermal 
performance, is obtained by;4

 

        (1)

        (2)

          
 Where  is heat fl ux of condenser (W),  is 
cooling water mass fl ow rate (kg/s),  is specifi c heat 
of cooling water (J/kg.oC),  is difference temperature 

of cooling water between inlet and outlet (oC),  is the 
condenser heat fl ux (kW/m2),  is the outer diameter of 
small copper tube (mm),  is the condenser length (mm) 
and  is number of turn.
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         (3)

   (4)

 In where  is heat fl ux of evaporator (W),  is 
hot water mass fl ow rate (kg/s),  is specifi c heat of hot 
water (J/kg. oC),  is difference temperature of cooling 
water between inlet and outlet at evaporator (oC),  is 
an outer diameter of SVC (mm),  is an evaporator length 
(mm) and  is the evaporator heat fl ux (kW/m2).

Results and Discussion
 The results of the experiment presented the
effects of thermo-mechanical parameters, i.e. geometric 
dimensions, working fl uid, volumetric fi lling ratio, heat 
input, and tested orientation.
 1. Effect of inner diameter of the SCE
  (Figure 3), shows the SCEs tube size 

affected at variations of inclination angle. The heat fl ux of

SCEHP/SVCs which used SCEs tube of 2 mm ID  reached 
the maximum value at 39.68 kW/m2 in 90o orientation.

Figure 3 Heat fl ux with variations of inclination angle 
for various SCEs sizes. (SVC: 17.5mm ID, 

R-134a, 30% Fill ratio, section length: 50mm, 
working temp.: 80oC)

  Furthermore, the effect of SCEs size on 
boiling behavior could observed in (Figure 4). The thermal 

oscillations on the outer tube wall relates to the vapor 

plug and liquid the slug periodically fl ushing inside heat 
pipe5. The SCEs size of 2mm ID had short amplitude of 
temperature fl uctuations than others, also acts like a 
oscillating heat pipe.

Figure 4  Heat fl ux fl uctuation with time series for 
various SCEs sizes. (SVC: 17.5mm ID, 
R-134a, 30% Fill ratio, section length: 50mm, 
working temp.: 80oC)

 2.  Effect of inner diameter of the SVC
  The SVCs diameters used were 14.5, 17.5 
and 20.0mm ID. The effect of SVCs size on the heat fl ux 
at varying inclined angle, it found that the heat fl ux of 17.5 
mm of SVCs ID was higher than 14.5 and 20.0 mm. The 
low heat fl ux achieved on 20.0mm ID is caused by a few 
spaces for supplied hot water, while on a 14.5 mm ID is 
due to smallest heat transfer area.

Figure 5  Heat fl ux with variations of inclination angle 

for various SVCs sizes. (SCE: 2mm ID, 
R-134a, 30% Fill ratio, section length: 50mm, 
working temp.: 80oC)
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 3. Effect of section length

Figure 6  Heat fl ux with variations of inclination angle 
for various section lengths. (SCE: 2mm ID, 
SVC: 17.5mm ID, R-134a, 30% Fill ratio, 
working temp.: 80oC)

 It is clear that the heat fl ux of the tested heat 
pipe with 50 mm section length was higher than the 
other length on every inclination angle. (Figure 6)

 4. Effect of working fl uid
  (Figure 7) presents the relationship between 
heat fl ux and inclination angle at different working fl uids. 
The result indicated that the R-134a was an excellent 
medium when compared with ethanol and water at every 

oriented angle, owing to R-134a haveing good properties,

nomely, low boiling point and a low melting point. 

Figure 7 Heat fl ux with variations of inclination angle 
for various working fl uid types. (SCE: 2mm 
ID, SVC: 17.5mm ID, section length: 50mm, 

30% Fill ratio, working temp.: 80oC)

 5. Effect of fi lled ratio

Figure 8  Heat fl ux with variations of inclination angle 
for various fi lling ratio. (SCE: 2mm ID, SVC: 
17.5mm ID, section length: 50mm, R-134a, 
working temp.: 80oC)

  As shown in (Figure 8), the 30% of fi lling 
ratio by SVCs volume obtained a heat fl ux more than   
40% and 50%. Because, at the 50% fi lling ratio, the short 
leg of the capillary tube was touched with working fl uid. 
It might cause a dynamic viscosity of bubble. In case of 
40% have found same problem but less.

 6. Effect of inclination angle

Figure 9  Heat transfer effi ciency with variations of incli-
nation angle for various working ratio. (SCE: 

2mm ID, SVC: 17.5mm ID, section length: 
50mm, fi lling ratio: 30%, working temp.: 
80oC)

  According to previous results, the tested heat 
pipe inclined 90 degree as it obtained maximum heat fl ux, 
because of the assisted gravity force and minimum friction 
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to counter the bubble movement. By increasing inclination 
angle transfer effi ciency increased. The highest its effi -
ciency is about 0.80 in the vertical position shown in 
(Figure 9).

 7. Effect of working temperature

  In (Figure 10) illustrated the effect of the 
operating temperature which circulates hot water by hot 
bath at various temperatures i.e. 60, 70 and 80 oC. It can 
be concluded that the heat fl ux is dependant on the heat 
input. The heat fl ux increased as increasing of heat input 
at inclined orientation range 0-90 degree.

Figure 10  Heat fl ux with variations of inclination angle 
for various working temperature. (SCE: 2mm 
ID, SVC: 17.5mm ID, section length: 50mm, 
R-134a, fi lling ratio: 30%)

Conclusions
The conclusions for thermal performance of SCEHP/SVC 
which affects from parameters (e.g. pipe size, fi lling ratio, 
working fl uid and inclination angle etc.) can be summa-
rized as;

 1. The increasing of the SCEs tube ID goes to 
remarkably decreasing heat fl ux. Because of the 2mm ID, 
the boiling behavior observed as heat fl ux fl uctuations, 
act like a pulsating heat pipe while 3mm and 4.5 look like 
thermosyphon.

 2. The 17.5 mm of SVCs tube was suited for 
this experiment.
 3. Decreased heat flux when increasing  

section length, 50 mm is better.
 4. The heat fl ux increases according to working 
fl uid as R-134a, ethanol and water respectively.

 5. Filling ratio of 30% by SVCs volume is 
appropriate in this experiment.
 6.  Inclination angle and working temperature 
increasing leads to heat performance increased.
 7. The maximum heat fl ux of this heat pipe was 
achieved at 39.69 kW/m2 on condition as; SCE: 2 mm ID, 
SVC: 17.5 mm ID, R-134a with fi lling ratio 30%, working 
temperature: 80 oC and tested in vertical position.
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Abstract
Incompressible fl ow simulation of bent heat pipes with multiple heat sources at steady state is presented in this paper. 
The thermal performance was simulated in two dimension to predict the distribution of temperature, velocity and
pressure in heat pipes. The fl uid fl ow and heat transfer are determined from continuity, Navier-Stokes, and energy 
equations and they were analyzed by using Finite Element Method (FEM). The results from simulation of heat pipes 
have been compared to the experiments data from other researchers.

Keywords: fi nite element method, heat pipe, simulation

Introduction
Heat pipe is a heat transfer device that combines the 
principles of both thermal conductivity and phase transition 

to effi ciently manage the transfer of heat between two 
solid interfaces Heat pipes are widely used for thermal 
management in laptop and other applications. Heat 

sources from a CPU chip and VGA card is rapidly
transferred to a heat sink via heat pipe. To decrease 
weight and size of laptop. Heat pipe must occupy less 
space in laptop. Tube bending is an unavoidable process 
and a heat pipe must uses with multiple heat sources to 
reduce the space in laptop. As in other applications, shape 
of heat pipe must be varied. Many researchers have   
developed simular heat pipes2-4. Most of them studied 
straight shape of heat pipe with one heat source and 
having a few simulations that use fi nite element method. 
Finite element method can be used in any shape so this 

work will study bent heat pipes with multiple heat sourc-
es. In this study, simulation of heat pipe operation will 
s i m u l a t e  f l u i d  f l o w  a n d  h e a t 
transfer of a bent heat pipe with multiple heat sources. 
The governing equations and boundary conditions were 
solved by using fi nite element method.  

 Governing Equations
 The heat pipe domains consist of 3 parts: First 
is the vapor of working fl uid in the vapor core. Second is 
the liquid of the working fl uid in the wick. Last is the wall 

of the container. Under normal operation, the working 
fl uid in the evaporator section transformed into a vapor, 

which fl ows to the condenser section. Working fl uid in 
vapor phase subsequently condensed to a liquid, and 
returned back to the evaporator section through capillary 
forces in the wick.
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Figure 1  The schematic diagram of the heat pipe and the coordinate system.

 In this simulation, Heat transfer and fl uid fl ow were assumed to be incompressible fl ow, laminar fl ow and 
steady state.

 1. Governing equations in vapor core
       Continuity equation

          (1)
  Navier-Stokes equation

     (2)

     (3)
  Energy equation

       (4)

 2. Governing equations in wick
  The governing equation in vapor core was defi ned as follows. The Darcy’s law was apply to momentum 

equation.
  Continuity equation

          (5)
  Navier-Stokes equation

    (6)

    (7)
  Energy equation

       (8)
 3. Governing equations in container wall
  The energy equation in the wall is the steady heat conduction equation as follows.
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          (9)

 Boundary Conditions
 The boundary conditions at both pipe ends are;

 

 The boundary conditions at centerline are;

 
 The boundary conditions at liquid-wall interface are;

 

 The boundary conditions at outer wall are;

 

Materials and Methods

Figure 2 Flow diagram of methodology.
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 The methodology procedure is illustrated in 
(Figure 2). The conservation equations and boundary 
conditions were solved using the fi nite element method 
that matrices were derived by using the standard Galerkin 
approach and used the six-node triangle element. The 
velocity and pressure distributions in the vapor core were 
calculated from the equation of continuity and the 
momentum equations, Eqs. (1) - (3). Next, the tempera-
ture distribution in the vapor core was calculated from the 
energy equation, Eq. (4). The velocity and pressure 
distributions of liquid in wick were calculated from the 
equation of continuity and the momentum equations, Eqs. 
(5), (6), (7). Finally, the temperature distribution of the 
wick and the wall of container were calculated from the 
energy equations, Eqs. (8) and (9). 

Result and Discussions
 To verify this simulation, the results from this 
simulation were compared with the simulation from N. 
Thuchayapong1. The specifi cations of bend heat pipe   
used in this simulation are shown in (table 1), with two 
heat sources (15 Watts and 15 Watts) in the evaporator 
section that separates by the adiabatic section.

Figure 3  The schematic diagram of the heat pipe and 
dimension in this simulation.

Table 1  The specifi cations of bend heat pipe that used 
in this simulation. 

Parameter Value

Wall Material Copper

Wick Screen

Porosity 0.57

Permeability 1.5 x 10-9 m2

k
eff

1.965 W/mK

Working Fluid Water

Le, La, Lc 40, 90, 70 mm

Rv, Rw, Ro 2, 2.66, 3 mm.

Bending Angle 90 °

Q
input

, Q
output

30 W

 1. Pressure profi le 
  (Figure 4) shows the pressure distributions 
along the heat pipe in vapor core. The pressure distribution 
was calculated from the continuity equations, the momentum 
equations, and the boundary conditions. The vapor 
pressure in the vapor core was constant at 20.51 kPa 
that was equal to the saturated pressure at the operating 
temperature along the heat pipe. From the results, it was 
shown that the pressure gradient in the vapor core was 
very small, because the viscosity of vapor is low. And it 
was founded that the pressure profi le trends are is good 
agreement with the simulation results from N. Thuchay-
apong1 that the vapor pressure in vapor core are constant 

along the heat pipe and equal to the saturated pressure 
at the operating temperature.
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Figure 4 The vapor pressure along the heat pipe.

 2. Velocity profi le 
  The average axial velocity of vapor in the 
vapor core is shown in (Figure 5). The average axial 
velocity of vapor in the vapor core was calculated from 
the continuity equations, the momentum equations, and 
the boundary conditions. The vapor velocity increases 
from 0 to 7.17 m/s and 7.17 to 14.34 m/s from the end 
of the evaporator section to the interface between the 

evaporator and the adiabatic section because of increasing 

vapor mass from the evaporation of working fl uid. The 
vapor velocity is constant in the adiabatic section because 

this section doesn’t have heat input and output and
decreases in the condenser section from 14.34 to 0 m/s 

because of decreasing vapor mass from the condensation 
of working fl uid. The vapor velocity at the end of the 
evaporator section increase quickly from 0 to 7.17 m/s in 
15 mm, because the evaporation rate is in proportion to 
the capillary pressure. But it decrease linearly in the 
condenser section, because the condensation rate at the 
liquid-vapor interface in this section is constant at the 
liquid-vapor interface. It was founded that, the velocity 
profi le trends are in good agreement with the simulation 
results from N. Thuchayapong1 that the axial vapor 
velocity is increased in the evaporator section, constant 

in the adiabatic section and decrease in the condenser 
section.
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Figure 5 The average axial velocity of vapor along the heat pipe.

Conclusion  
 The vapor pressure in the vapor core are 
constant along the heat pipe and equal to the saturated 
pressure at the operating temperature. Axial vapor velocity 

increases in the evaporator section, is constant in the 
adiabatic section and decrease in the condenser section. 
This simulation was compared with data from from 
N. Thuchayapong, (2012) and in good agreement.
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Abstract
This research aims to experimentally investigate the effect of working fl uids on thermal performance of vertical closed-loop 
pulsating heat pipe (VCLPHP) at normal operating conditions. The tested VCLPHP is made from copper capillary tubes 
with the internal diameter of 2.03 mm. The length of the evaporator, adiabatic and condenser section are equally set 
as 50 mm. Number of turn are 4 and 12. The evaporator section of the VCLPHPs is heated by a hot bath. The heat 
is removed from the condenser section by cold bath. The inlet evaporator temperature is controlled at 80 °C. The 
adiabatic section temperature is controlled at 50 °C. The working fl uids used within the VCLPHPs are distilled R141b, 
Acetone and Ethanol with 50% of the fi lling ratio. The thermal performance of the VCLPHP is evaluated by calculating 
the rate of heat transferred to cold bath at condenser section. It is found that, for 4 turn numbers, when working fl uid 
is changed from R141b (h

fg
 = 267 kJ/kg) to Acetone (h

fg
 = 526 kJ/kg) and Ethanol (h

fg
 = 1000 kJ/kg), heat fl ux 

continuously increases from 24 to 42 and 54 kW/m2 respectively. This might be because with the higher latent heat, 
the evaporation rate at evaporator section and condensation rate at condenser section are increased. The heat fl ux 
is accordingly increased. For 12 turn numbers, when working fl uid changes from R141b (hfg = 267 kJ/kg) to Acetone 
(hfg = 526 kJ/kg), heat fl ux continuously increases from 41 to 50 kW/m2. In contrast, when working fl uid changes from 
Acetone (hfg = 526 kJ/kg) to Ethanol (hfg = 1000 kJ/kg), heat fl ux continuously decreases from 50 to 46 KW/m2. Since 
there may be other factors besides latent heat involved.

Keywords: Vertical closed-loop pulsating heat pipe, Working fl uids, Thermal performance

Introduction
A pulsating heat pipe (PHP) is a heat transfer device that 
can work without external power. The working fl uid inside 

the pulsating heat pipe is a medium of the heat transfer. 
The PHPS can provide high thermal performance. 

Therefore PHP are used in industrial and electronic 
equipment. The PHP was fi rstly invented by Akachi, et al.1.
The PHP is made from capillary tube with meandering 

bent. The PHP is evacuated and fi lled with working fl uids. 
The arrangement of the working fl uid inside forms into 
liquid sluge alternating with vapor plugs along the entire 

length of the tube. The operation of the PHP is 
Pulsating movement of working fl uid and phase change 
phenomena when heat input at evaporator section and 
heat remove at condenser section. The PHP can be 

divided into three types. The fi rst close-end pulsating heat 

pipe (CEPHP) as showin (Figure 1(a)). The second 

closed-loop pulsating heat pipe (CLPHP) as shown in 
(Figure 1(b)).The third closed-loop pulsating heat pipe 
with check valve as showin (Figure 1(c)). This research 
will study closed-loop pulsating heat pipe due to heat 
transfer performance being more than a closed-end pul-

sating heat pipe, and easier to produce than closed-loop 
pulsating heat pipe with check valve. 
 Charoensawan et al.2, studied experimentally a 

wide range of pulsating heat pipes thereby providing vital 
information on the parameter dependency of their thermal 
performance. The infl uence characterization has been 
done for the variation of internal diameter, number of 
turns, working fl uid and inclination angle of the device. 
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CLPHPs are made from copper tubes of internal 
diameters 2.0 and 1.0 mm. The number of turns in the 
evaporator is varied from 5 to 23. The working fl uids used 
within the CLPHPs are distilled water Ethanol and R123. 
The results indicate a strong infl uence of gravity and 
number of turn on the performance. The thermodynamic 
properties of working fl uids affect the performance which 
also strongly depends on the boundary conditions of PHP 
operation.
 On-ai et al.4, studied experimentally the effect of 
working fl uid types on thermal performance of closed-loop 
pulsating heat pipe. CLPHPs are made from copper tubes 
of internal diameters 1.50, 1.78 and 2.16 mm. The number 
of turns is 26. The working fl uids used within the CLPHPs 
are distilled R123, R141b, Acetone, Ethanol and Water. 
It was found that Karman number (Ka), Aspect ratio (L

e
/

D
i
) and Prandtl number (Pr

lid
) can reasonably represent 

the effect of working fl uid types on thermal performance 
of the CLPHPs through a term of kutateladze number 
(Ku). From relations between these dimensionless 
numbers and Ku, the correlation was successfully 
established. 

 Sriwiset et al.5, study evaluation of optimum turn 
numbers for closed-loop pulsating heat pipe. CLPHPs are 
made from copper tubes of internal diameters 2.03 mm. 
Number of turns are 5, 10, 16 and 30. It was found that 
the CLPHP operation depends on many factor's 
parameters. They have conducted an analysis to evaluate 
the thermal performance in the form of dimensionless 
parameters, e.g. are Ku, Pr

liq
, Ja, Ka, N. They analyzed 

experimental data combined with Charoensawan et al.2, 
Khandekar et al.3 and On-ai et al.4 as shown in Equation 
(3). It was found that when dimensionless parameter on 
horizontal axis, namely f(ka0.47Ja1.43N-0.27), is 50000. 
CLPHP can operation optimum at its highest thermal 
performance.
 Pulsating heat pipe design can provide better 
thermal performance depending on many variables. In 
the past study, it was found that there was a lack of 
information of the effect of working fl uids. In this research, 
therefore, we aimed to experimentally investigate the effect 
of working fl uids on thermal performance of a vertical closed 
– loop pulsating heat pipe.

                   (a) CEPHP  (b) CLPHP  (c) CLPHP/CV
  

  Figure 1 Three types of Pulsating heat pipe 

Experimental Setup and Procedure

Figure 2 Experimental Setup
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 The CLPHPs used in the experimental were made

of long capillary tubes with inner diameters 2.03 mm. The 
length of the evaporator, adiabatic and condenser section 
were equally set as 50 mm. Number of turns were 4 and 
12. The inlet evaporator temperature were maintained at 
80 °C (Haake, N6, accuracy ±0.01 °C). The heat was 
removed from the condenser section by cold bath (Bitzer, 
D7032, accuracy ±1 °C). The adiabatic section tempera-
ture was maintained at 50±5 °C. The working fl uids used 
within the VCLPHPs were distilled R141b, Acetone and 
Ethanol with 50% to the fi lling ratio. A schematic diagram 
of the experimental setup is shown in (Figure 2). Twenty 
thermocouples (Omega, type k, accuracy ±0.5 °C) are 
installed on the outer surface of the capillary tube to 
measure the variation in temperature. The temperature 
was monitored by a data logger (Brainchild VR18, 
accuracy ±0.1 °C). Setup thermocouple 4 points on the 
middle on each tube in the evaporator section, 4 point in 
the adiabatic section, 4 points in the condenser section. 
Two points are installed on each inlet and outlet tube of 
the heating and cooling jacket. By record every 1 second. 
The thermal performance of the VCLPHP was evaluated 
by calculating the rate of heat transferred at cooling 
jacket in the condenser section When the operation into 

steady state condition. By Calorifi c Method as equation (1).

        

     (1)

 Where  is heat fl ux,  is mass fl ow rate of the 
cooling,  is the specifi c heat,  is the difference 
in the temperature of the cooling,  is the inner surface 
area of the tube in the condenser section. 

 Because of these values received from the instruments. 

It is important to check for errors due to this measure to 
analyze the results correctly. The error of the heat fl ux 
can be calculated by equation (2).

  (2)

 Where  is the error of the heat fl ux,  is 
the accuracy from measuring the mass fl ow rate of the 
cooling,  and  are the accuracy from measuring 
the outlet and inlet of water cooling. In this study, the heat 
fl ux of which the error calculated from equation (2) was 
lower than 30% of calculated heat fl ux from equation (1) 
which defi ned the criteria to be analyzed in the next step.

Results and Discussions
 1. Effect of Working fl uids 
  In a study on effect of working fl uids on heat 
fl ux, it is necessary to identify each of the working fl uids 
by quantitative parameters They are the thermodynamic 

properties of the working fl uid such as latent heat of 
evaporation, specifi c heat, surface tension, viscosity, 
thermal conductivity, etc. Since the CLPHP transfers heat 
by the evaporative and condensation mechanism of the 

working fl uids, the most suitable parameter to identify the 
difference of the working fl uid in this topic is the latent 

heat of evaporation (h
fg
). R141b, Acetone and Ethanol 

were chosen to be variable parameters with the latent 
heat of evaporation of 267, 526 and 1000 kJ/kg respec-

tively.
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Figure 3 Effect of latent heat on heat fl ux (Vertical CLPHP, D
i
 = 2.03mm, L

e
 = 50 mm)

  (Figure 3) shows effect of latent heat on the 
heat fl ux of the CLPHP. It can be seen from the experi-
mental results that, for number of turns is 4 when working 
fl uid changes from R141b (h

fg
 = 267 kJ/kg) to Acetone 

(h
fg
 = 526 kJ/kg) and Ethanol (h

fg
 = 1000 kJ/kg), heat fl ux 

continuously increases from 24 to 42 and 54 kW/m2 
respectively. 
  This might be because when the latent heat 
increases, the evaporative rate, and also the condensation 
rate, is increased. The heat fl ux is accordingly increased. 
   This trend is quite similar to those obtained 
by On-ai et al.4 as they did the experiments with R141b 

Acetone Ethanol os working fl uids and tubes internal di-
ameter of 1.50 mm. They found that, the heat fl ux 
increases with the increasing of latent heat.
  (Figure 3) shows the effect of latent heat on 
the heat fl ux of the CLPHP. It can be seen from the 

experimental results that, when number of turns is 12 
when working fl uid changes from R141b (h

fg
 = 267 kJ/kg) 

to Acetone (h
fg
 = 526 kJ/kg), heat fl ux continuously 

increases from 41 to 50 kW/m2. In contrast, when working 
fl uid changes from Acetone (h

fg
 = 526 kJ/kg) to Ethanol 

(h
fg
 = 1000 kJ/kg), heat fl ux continuously decreases from 

50 to 46 kW/m2. 

  This might be because there are other 
factors involved besides latent heat. When the latent heat 
increases it does not mean that thermal Performance will 
increase always. 
  This trend is quite similar to those obtained 
by On-ai et al.4 as they did the experiments with R141b 
Acetone Ethanol as working fl uids and tubes with internal 
diameter of 2.16 mm. They found that, when working 
fluid changes from R141b to Acetone, heat flux is 
increased. And when working fl uid changes from Acetone 
to Ethanol, heat fl ux is decreased.
  From the experimental data it is found that, 
when working fl uid changes from R141b (h

fg
 = 267 kJ/Kg) 

to Acetone (h
fg
 = 526 kJ/Kg), heat fl ux continuously 

increases from 41 to 50 kW/m2. In contrast, when working 
fl uid changes from Acetone (h

fg
 = 526 kJ/kg) to Ethanol 

(h
fg
 = 1000 kJ/kg), heat fl ux continuously decreases from 

50 to 46 kW/m2.
 2. Correlation to Predict Thermal Performance
Verifi cation of the experimental data
  The CLPHP depends on many parameters. 
In past studies, Sriwiset et al.5 conducted an analysis to 

evaluate the thermal performance in the form of dimensionless 
parameters, e.g. are Ku, Pr

liq
, Ja, Ka, N. Sriwiset et al.5 

analyzed experimental data with Charoensawan et al.2, 
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Khandekar et al.3 and On-ai et al.4 as shown in Equation 
(3). In this work have to analyzie. The verifi cation of recent 
experimental data with previously existing data is shown 
in (Figure 4).
   (3)

  Where Ku is Kutateladze number, Ka is 
Karman Number, Pr

liq
 Prandtl Number of liquid, Ja is 

Jacob Number, N is number of turn. 

Figure 4 function of dimensionless in Equation (3) use to evaluation thermal performance 

  (Figure 4) shows the function of verifi cation 
of experimental data in dimensionless form suggested in 
Equation (3). It can be seen that, from the results of past 
studes and combined with this research, when
dimensionless parameter on horizontal axis, namely 
f(ka0.47Ja1.43N-0.27), is 50000 (the optimum condition 
proposed by Sriwiset et al.,5), CLPHP can operate 
optimum at its highest thermal performance. Since 

dimensionless parameter f(ka0.47Ja1.43N-0.27) is 50000, Ku 
has a maximum value. This trend is quite similar to those 
obtained by Sriwiset et al.5 as they used their equation 
(3) and they found that, when dimensionless 
f(ka0.47Ja1.43N-0.27) is 50000 the CLPHP can operate at 

optimum thermal performance. Since Ku has a maximum 
value.

Conclusion 
 1. Effect of working fl uids on thermal perform-

ance of vertical closed-loop pulsating heat pipe. It was 

found that for 4 turn numbers when latent heat increases, 
heat transfer fl ux increases. This might be because when 
the latent heat increases, the evaporative rate, and also 
the condensation rate, is increased. The heat fl ux is 
accordingly increased. For 12 turn numbers when latent 
heat increases, the heat transfer fl ux increased and then 
decreased. This might be because other factors involved 

besides latent heat. When the latent heat increases it 
does not mean that thermal Performance will always 
increase.
 2. Because the CLPHP depends on many fac-
tors. In past studies, Sriwiset et al.5 have analyzed to 
evaluate the thermal performance in the form of 

dimensionless are Ku, Pr
liq
, Ja, Ka, N as shown in 

Equation (3). It can be seen from the results of the past 

study and combined with this research, when dimensionless 
f(ka0.47Ja1.43N-0.27) is 50000, CLPHP can operation optimum 
thermal performance. Since Ku has a maximum value.
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Abstract
Cutting edge is one of the major factors affecting the tool life of cutting tools. To increase the tool life of cutting tools, 
keeping the slowest wear of cutting edge must be focused. Hard coating is one of popular wear protection methods 
on cutting edge, which aims to increase the effi ciency of cutting tools, such as increasing cutting speed, resisting tool 
wear and high thermal, increasing tool life and high quality surface roughness. The main objectives of this work are 
to present the analysis of infl uences of the coating materials affecting the surface roughness and wear protection on 
cutting edge by comparison between the cutting tools coated by DLC and TiAlN. The research found that these of 
coating materials infl uence to the surface roughness and wear protection on cutting edge in stainless steel machining. 

Keywords :Stainless steel, Tool life, Surface roughness

Introduction
Cutting edge is one of the major factors affecting the tool 
life of cutting tools1. To increase the tool life of cutting 
tools, keeping the slowest wear of cutting edge must be 
focused. Hard coating is one of popular wear protection 
methods on cutting edge, which aims to increase the 
effi ciency of cutting tools, such as increase cutting speed, 
resistant tool wear and high thermal, increase tool life 

and high quality surface roughness. This method has 
been used since the 1960 for increasing tool life of cutting 

tool2. Several research have been conducted to fi nd   
coatings techniques and coating materials for improving 
cutting tools in machining process. Biermann, al et3

investigation of different material coatings CrN, TiN, 
AlCrN, AlTiN and TiAlNon cabide cutting tool, It was found 
that the TiAlN and AlCrNwere the most effi cient wear 
resistant. Liew4 compared carbide cutting tool coated 

between TiAlN single-layer and TiAlN/AlCr Nnano-multilayer 
and found that TiAlN/AlCr Nincreased the tool life more 
thanTiAlN single-layer. Aramcharoen et al5 represent the 
different coating material TiN, TiCN, TiAlN, TiAlCrN for 
increasing wear resistant and improving surface

quality in machining hard material. It showed thatthe types 

of coating materials infl uence to the wear rate when 
compared with uncoated materials.
 However, the previous research did not compare 
the performance of carbide cutting tool coated by DLC 
with TiAlN.The main objectives of this work are to present 
the analysis of influences of the coating materials 
affecting to the surface roughness and wear protection 
on cutting edge by comparison between the cutting tools 
coated with DLC and TiAlN.

Materials and Methods
 Material used was stainless steel grade 304L. 
Flank end mill carbide having a nominal diameter 10 mm, 
4 cutting edges in (Figure 1), and coated with DLC and 
TiAlN are the properties in (Table 1). Side milling machin-
ing by high speed vertical machining centre Haas VM02 

and experiment setup in (Figure 2). Cutting conditions 
were : cutting speed V

c
 = 120 m min-1; axial depth of cut 

= 20 mm ; radial depth of cut = 0.2 mm ; feed = 0.05 mm/

tooth ; cooling with air.Surface roughness measuring by 
Mitutoyo SJ210 stylusand tool wear examined by the 
scanning electron microscope (SEM).
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Table 1 Coating properties

Coating materials TiAlN DLC

Film thickness (μm)
Hardness (Hv)
Friction

2.87 
2300 
0.45

1.12
3000 
0.1

Cutting edge

 Figure 1 Flank end mill carbide geometry  Figure 2 Experiment setup

Results and Discussions
1. Surface roughness

  (Figure 3) shows the comparison of surface 
roughness machining by fl ank end mill carbide coated 
with DLC and TiAlN during cutting length 10-50 m. 
Measuring surface roughness in parallel feed direction by 

Mitutoyo SJ210 stylus ISO 1997. It can be seen that
surface roughness of fl ank end mill carbide with DLC 
better than TiAlN and uncoated, due to friction and fi lm 
thickness properties of DLC was better than TiAlN leading 
to high performance in machining stainless steel 

Figure 3 Comparison of surface roughness
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 2. Tool wear
  From (Figure 4) the wear on cutting edge 
examined by SEM expanding 800x after cutting length 
50 m., It was found that the severity of wear was not 
equal.This indicates that the kind of coating material infl u-
ence to wear protection on cutting edge. It was also found 
that the chipping on cutting edge of uncoated and DLC, 

has the ability to prevent less chipping than TiAlN, which 
causes the short tool life. However, it was found the fl ank 
wear on fl ank face, but it has less intensity. Due to good 
adhesion properties of TiAlN3-7 which leading to increase 
tool life. Therefore, the TiAlN can perform the wear 
protection on cutting edge better than DLC and uncoated 
in the stainless steel machining.

Figure 4 Wear on cutting edge after cutting  length 50 m

Conclusion
 The comparison of cutting performance off the 
lank end mill carbide coated with DLC, TiAlN and 

uncoated onquality of surface roughness and wear protection 
on cutting edge.The following results are obtained.
 1. Types of coating materials infl uence to the 
surface roughness and wear protection on cutting edge 
in stainless steel machining.
 2. Flank end mill carbide coated with DLC when 
machining stainless steel. The surface quality will be 
better than the TiAlN and uncoated.

 3. The TiAlN can perform the wear protection 
on cutting edge better than DLC and uncoated in the 
stainless steel machining.
 From above summary the DLC-coated cutting 
tools are suitable for applications required good surface 

roughness. But the TiAlN-coated are suitable for applica-
tions required to increase tool life.
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Abstract
A heat pipe is a simple device that can transfer large quantities of heat over fairly long distances at nearly a constant 
temperature. The application of heat pipes in thermal management of electronics has increased enormously in recent 
years due to the limited space existing on printed circuit board (PCBs) and increasing power density. Formerly, a 

single heat pipe designed is used for heat transfer from both a central processing unit (CPU) and a graphics processor
unit (GPU). Normally, because of the limited space for cooling, fl attened heat pipes have been widely used, but the 
problem is that as heat pipes become thinner the heat transfer rate is reduced making it diffi cult to cope with smaller, 
thinner equipment. Thus, in this research, we numerically study the effect pipe fl attening on heat transfer characteristics 

of miniature sintered porous media heat pipe with multiple heat sources by using Finite Element Method (FEM). The 
governing equations, i.e. continuity, momentum, and energy equations, and boundary conditions, were solved by 
using the Finite Element Method (FEM), while matrices were derived from these equations using the Galerkin approach. 
In the mathematical model, vapor fl ows are assumed to be steady, laminar fl ow and incompressible. The wick is 
assumed isotropic and saturated with the working liquid. The fi nal fl attened thickness was 2.5, 3 and 4 mm when the 
original diameter of the heat pipe was 6 mm. Total length of heat pipe was 200 mm. The operating temperature was 
60 ºC. The model of the fl attened heat pipe was composed of the evaporator section with two heaters which have 
distance between the heat sources were 0, 25, 50, and 75 mm, respectively. The ratios of heat input power were 
controlled at 10W:10W, 20W:10W and 30W:10W. It was noted that, when power input of fi rst heater was increased 
from 10W to 30W, the vapor velocity increased from 21.93 to 44.24 m/s at the end of the second evaporator section 
due to the mass transfer of vapor was the highest. When the tubular heat pipe is fl attened to 4, 3 and 2.5 mm, the 
vapor velocity profi le highest increased were 30.16 m/s, 43.87 m/s, and 75.91 m/s, respectively. Due to the cross 
section area of vapor core was smaller. And, when the fi rst evaporator section overlapped with second evaporator 

section (distance 0 mm), the vapor velocity increases to 42.43 m/s due to the heat accumulated from both heat sources. 

Keywords: fi nite element method, fl attened heat pipe, fi nal thickness, multiple heat sources

Introduction 
The heat pipe is a simple device of very high thermal 
conductance. It can transmit heat at high rate over 
considerable distances with extremely small temperature 

drop. The decreasing size of electronic devices and their 
increasing power has led to the need for higher heat 
fl uxes to be dissipated in a small space. Heat pipes are 
also attracting more and more attention as promising 
devices to meet electronic cooling requirements. This is 

due to the ability of heat pipes to transfer large amounts 
of heat over long distances at low temperature drops1. 
Recently, most electronic equipment tends to be thinner 
and lighter, so a heat pipe, which is used as thermal 
solution to cool down heat source, needs to be thinner 
and lighter too. But heat pipes have unfavorable features 

that thermal performance becomes worse when heat pipe 
is fl attened. When heat pipe is fl attened, pressure drop 
originated in vapor and liquid fl ow are increased remark-
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ably because of narrow space for vapor and liquid fl ow2-3. 
Conventionally, heat pipe has been installed on each 
heater individually. However recently, only one heat pipe 
may be installed on multiple heaters1,4. 
 Many studies for heat pipe with multiple heat 
sources have been performed by Chen and Faghri5

they investigated the behavior of heat pipe with two heat 
sources. Faghri and Buchko6 studied the dry-out condition 
of the heat pipe with four heat sources. In reviews of 
above literature, researches were mostly limited to fi xed 
multiple heat sources and could not even cover the heat 
source on fl attened heat pipe. In this research, we studied 
the Velocity Profi le of Flattening Heat Pipe with Multiple 
Heat Sources using the Finite Element Method (FEM).

Materials and Methods
 In this study, the mathematical model of heat 
pipe was established by using the fi nite element method. 
Assumptions of mathematical model simulation were 
shown as follows, to fi nd vapor velocity, pressure and 
temperature. 
 -  The working fl uid was Newtonian fl uid. 
 -  Wick was saturated with liquid. 
 -  The vapor was incompressible and had laminar fl ow 
 -  Flow and heat transfer were at a steady state.
 1. Governing equations 
  The governing equations in the vapor core 
region include the conservation of mass, momentum and 
energy equations as follows : 

  Conservation of mass equation:

(2)

 Momentum equation:

(2)

(3)

(4)

 Conservation of energy includes conductive and convective heat transfer of fl uid fl ow. 

 In vapor core:

(5)

 In wick and wall:

(6)

 The governing equations in wick and wall regions 
were the steady state heat conduction equations. Therefore,
the convective heat transfer was neglected in the wick 
region.

 2. Boundary conditions 
  The boundary conditions of the vapor fl ow 
in fl attened heat pipe were observed that at the liquid-vapor 

interface, a non-slip condition  was 
assumed. The heat input of each heater was received by 
evaporation at liquid-vapor interface in each evaporation 
section. Total heat output  was released by 

condensation at liquid-vapor interface in the condenser 
section. Then, the average vapor velocity of fl attened heat 
pipe with double heat sources was given as follows: 
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 Evaporator section:

(7)

(8)

 Condenser section:

(9)

 Where:
  = Heat power input, W
   = Average vapor velocity at evaporator section, m/s
    = Average vapor velocity at condenser section, m/s

Figure 1 Schematic of a fl attened heat pipe and the coordinate system

  The specifi cations of the heat pipes used are 
shown in (Table 1.) the outside diameter and the total 
length of the heat pipe were 6 mm and 200 mm, 

respectively. The lengths of the evaporator section, and 
condenser section, were 15 mm, and 70 mm respec-
tively. Water is chosen as the working medium. The wick 
and wall are made of copper. The wick porosity of 0.57 
with the voids being saturated with water. The thickness 

of the wick is 0.70 mm. The thickness of the wall is 0.30 
mm. The effective thermal conductivities of the composite 
wick and copper are 5.97 W/mK and 400 W/mK, respectively. 
The operating temperature is controlled at 60 oC. W

f
 is 

the wide of fl attened heat pipe, this is the fi nal thickness 
of fl attened heat pipe, W

s
 is the width of surface that 

contacted the heat source or heat sink. In this study, the 
fi nal thickness of fl attening heat pipe was 2.5, 3 and 4 

mm. The method for solving equations started from
generating the grids of domains. Next, the governing 
equations are solved by using the FEM. The conservation 

of mass, and momentum energy equations in equation 
(1) to equation (4) are solved in the vapor core region. 
Finally, the vapor velocity distribution of the fl attening heat 
pipe is obtained.
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Table 1  Specifi cations of heat pipe used for model verifi cation.

Specifi cation value

Container material Copper

Wick material Copper

Wick type Groove + Powder sintered wick

Working fl uid Water 

Total length 200 mm 

Outside diameter 6 mm 

Number of heaters 2 

Evaporator length 15 mm 

Condenser length 70 mm 

Wick porosity 0.57 

Wick thickness 0.70 mm 

Wall thickness 0.30 mm 

Effective thermal conductivity of wick 5.97 W m-1K-1

Effective thermal conductivity of copper 400 W m-1K-1 

Operating temperature 60 oC 

 The uniform temperature condition  was 
assumed at the liquid-vapor interface, in both the evaporator
and condenser sections. The temperature at this interface 
is equal to the saturated temperature of vapor pressure 

. At both pipe ends, the insulatedboundary 
condition was assumed  
and the fl uid velocity wasequal to zero  
The end of the evaporator section was defi ned to be a 
reference by setting the reference temperature to be equal 

to the operating temperature of the heat pipe. 
 The reference pressure was also assumed to 
be equal to the saturated pressure at the operating 
temperature . At the wick-wall interface, 
the non-slip boundary condition was assumed , 

and the following energy balance was at the interface,
. At the outer wall of heat pipe, the 

evaporator section was uniformly heated and the 
condenser section was cooled by heat sink with fan. Then, 

the boundary condition at the outer wall in the evaporator, 
the adiabatic, and the condenser section can be given by

, 
respectively.
 3. The numerical procedure 
  The numerical procedure is illustrated in 
(Figure 2). The conservation equations and conditions 
were solved using the FEM, while matrices were derived 
from these equations using the Galerkin approach. The 

overall numerical procedure for the investigated problem is: 
  1. Specify geometric dimensions, thermo-
physical properties, initial conditions, and boundary con-
ditions in the interfaces. 
  2. The simulation program generated the 

grids. 
  3.  The pressure and the velocity distributions
in the vapor core were then calculated from the equation 
of continuity and the momentum equations. 
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Figure 2 Schematic diagram of the numerical procdure

Results and Discussion 
1. Effect of power input patterns on velocity 

  The effect of power input pattern is obtained 
by setting two different heater inputs at different positions. 
Vapor velocity profi le in vapor core of three different 
power input patterns, i.e., 10W:10W, 20W:10W, and 

30W:10W, (Heater 2 is fi xed at 10W) is shown in (Figure 3)
The vapor velocity was zero at the end of the heat pipe 
before entering the evaporator section. And the vapor 
velocity was increased through the fi rst evaporator section. 
Vapor velocity was constant at the adiabatic section. The 

speed was increased again when entering the second 
evaporator section until it reached the end of this evapo-

rator section and the highest vapor velocity was found in 
this position. After that, vapor velocity was maintained 
along the adiabatic section. Then, vapor fl ows to the 
condenser section resulting in vapor velocity being 
reduced to zero at the end of the heat pipe, because of 
the lower temperature of the condenser section. Finally, 
working fl uid was condensed to liquid phase. 
  The differences of vapor velocity in three 
cases, i.e., 10W:10W, 20W:10W and 30W:10W. It was 
note that, when power input of heater 1 was increased 
from 10W to 30W, the vapor velocity increased from 21.93 
to 44.24 m/s at the end of the second evaporator section 
due to the mass transfer of vapor was the highest.

Figure 3 Longitudinal velocity profi les at different power input patterns 
(distance between heaters=50 mm, fi nal thickness=3 mm)
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2. Effect of pipe fl attening on vapor velocity 
  (Figure 4) shows the vapor velocity profi le 
along the length of the heat pipe. The velocity profi le was 
shown in three different fi nal thickness, i.e., 4, 3 and 2.5 
mm. Power input of each heater was set at 20W. Distance 
between heaters is 50 mm. The longitudinal vapor veloc-
ity of 2.5 mm fi nal thickness was the highest velocity as 
shown in (Figure 4) It was noted that the velocity would 
gradually increase from the end of both heaters. The 
vapor velocity was both constant at the adiabatic section 

and gradually decreased from beginning to the end of 
condenser section. The maximum vapor velocity along 
heat pipe length was found at center vapor core of the 
fl attened heat pipe. The maximum vapor velocity of the 
fi nal thickness of 4, 3 and 2.5 mm were found to be equal 
to 30.16 m/s, 43.87 m/s, and 75.91 m/s, respectively. It 
was observed that the maximum vapor velocity within 
vapor core at fi nal thickness of 2.5 mm due to the cross 
section area of vapor core was smaller.

Figure 4 Longitudinal velocity profi les at vapor core of fl attened heat pipe 
(power input each of heater=20 W, distance between heaters=50 mm)

 3. Effect of distance between two heaters on 
velocity 

  (Figure 5) shows the vapor velocity at 
longitudinal position of different distance between heaters. 
The vapor velocity profi le was shown in four different 
distances between two heaters, i.e., 0, 25, 50 and 75 mm. 

Power input of each heater was set at 20 W. It was found 
that, when fi rst evaporator section overlapped with second 

evaporator section (distance 0 mm), the vapor velocity 
increases to 42.43 m/s due to the heat accumulated from 
both heat sources. When distance between two heater 
increased from 0 to 75 mm. Maximum speed within the 

vapor core at about 44.43 m / s due to the amount of 
power supplied to the constant. As a result, the highest 
vapor velocity of each case was also approximately 44 
m/s at the center of a vapor core.
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Figure 5 Vapor velocity profi les at various distances between two heaters
(power input each of heater=20 W, fi nal thickness=3 mm)

4. Comparison of Present Model Results

Flattened thickness (mm)
Figure 6 Vapor velocity profi les at various distances between two heaters

(power input each of heater=20 W, distance between heaters=50 mm)

  From (Figure 6), the x-axis is the fl attened 
thickness and the y-axis is the velocity. Power input of 
each heater was set at 20 W. Distance between heaters 
is 50 mm. It was noted that, when the fl attened thickness 
was increased from 2.5 mm to 6 mm, the velocity was 
decreased due to when the cross-section area of heat 

pipe was increased, heat load easily transferred to the 
condenser section because of the larger size of vapor 
core. The trend of velocity profi le from this present 
model agreed with Tharawadee et al.7 and Intagun et al.3

Conclusion 
 The conclusions of this research are as follows. 

- The mathematical model using the Finite 

Element Method to predict velocity have been 
established. 

-  Power input of heater 1 increases had been 
increased from 0 to 30 W; the vapor velocity 
increased from 21.93 to 44.24 m/s at the end 
of the second evaporator section. 

-  When heat pipe was fl attened to the smaller 
fi nal thickness, the cross sectional area of 

vapor core was reduced resulting in the high-
est vapor velocity along heat pipe length. The 
highest vapor velocity of the fi nal thickness of 
2.5 mm were approximately 75.91 m/s, which 
it was higher than fi nal thickness of 4 and 3 

mm. 
-  When the distance between heaters increases 

from 0 to 75 mm, the vapor velocity will 

slightly increases was approximately 44 m/s 
at the end of the second evaporator section. 
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 The trend of vapor velocity from this mathemat-
ical model agreed with Tharawadee et al,7.
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Abstract 
This article presents a method to reduce the temperature of a mosfet by using a snubber circuit as the electric current 
dissipation of the switching current for motor speed control. The switching current during t

on state
 , and t

off state
 of the 

mosfet can cause high power dissipation. This can damage the mosfet. In addition, in the t
off state

 the mosfet is not 
conducted, there are some voltages across the mosfet that also can damage it when the voltage exceeds the mosfet 
voltage rating. This research therefore aims to study how to reduce temperature of the mosfet for an electric car drive 
system that employs paralleled mosfet in order to control motor speed continuously under a heavy load. 

Keywords:  snubber circuit, mosfet, parallel connected, electric drive, chopper, power dissipation.

Introduction

12 VDC, 100Ah

12 VDC, 100Ah

12 VDC, 100Ah

accelerator 

brake

pulse generator D

S

G
motion 

controller
M

36 VDC

Series Motor

2 HPmotor drive

Figure 1 Block diagram of Electric car drive system

 To control the speed of a direct current motor, 

there are many methods1-3 for example by adjusting 
the value of a large current capacity resistor. This method 
is durable and needs fewer devices; This method requires 

high current capacity power electronic switch which can 
resist the instantaneous current during the switching 
times. The often used power electronic switches at 
present are mosfet and IPM. At present, the IPM is a 
module that is mostly used in the electric car drive system; 

however, the drive circuit is expensive as well as the 
module itself.
 Consequently, this research is to present an 8 
– paralleled mosfet electronic switch used as the drive 
circuit which is inexpensive and durable.
   However, a major problem of the paralleled 
mosfet is the limitation of the current tolerant. To carry 
the load current for a long time by each mosfet switch 
alone can damage the whole drive system and cause 
overheat, or burst4,5.  
 This research is to study how to dissipate current 
for reducing temperature of the mosfet at the switches 
current during t

on state 
and

 
t
off state

.By using a snubber circuit 

for a motor drive system employing paralleled mosfet for 
the speed control3. For the motor however, the high power 
loss is its disadvantage. Another method commonly used 

is to employ power electronic equipments as depicted in 
(Figure 1) drive system is inexpensive, requires less 
maintenance, and can be operated continuously when 
using a 2HP 36 VDC motor6. This article is divided into 
4 parts, 1. Analysis of the drive system, 2. Design of 

snubber circuit, 3.Experiment, and 4. Conclusion.
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Figure 2 Switching mosfet switches

 A switching power electronic circuit used as the 
direct current motor speed control is depicted in (Figure 2).

The 8 mosfet switches are paralleled to control the 
electric car speed.

Figure 3  Voltage and current signals of Vgs, Vds, and 
Id from the experiment

 However, the driving system has a major problem 
at the high load at t

on state 
and t

off state
. While the mosfet 

conducts current as depicted in  (Figure 3), a large current 
fl owing through the mosfet can cause damage due to the 
overheating. At the off state, a large amount of voltage 
is across mosfet, if the voltage across the mosfet is for 
too long a time, damage due to the overheat can occur. 
Especially, for the paralleled case, each switch has a 
limitation of current tolerant; so, damage in one switch  
that can affect the whole drive system.

Snubber Circuit Design
 Due to the problem mentioned above, the 
research aims to study and design a snubber circuit that 
is tolerant to over current or over voltage, and when there 
is the instantaneous change in both amplitude and rate 
of change. The designed snubber circuit has been 
divided into 2 sections: the over current protection and 
the over voltage protection. The details of each section 
are as follows; 
 The over voltage protection (turn-off snubbers) 
is depicted in (Figure 4). To protect the circuit from the 
instantaneous voltage, a resistor is seried with a 
capacitor and then paralleled with the mosfet which is 
called a snubber circuit. The resistor and capacitor 
parameters can be calculated by 

 capacitor   resistor 
where

 Snubber Circuit Capacitor
 Motor current at starting of a 200 kilograms load, 

 60 A
 t

off state
 of the mosfet which is around the starting 

 time
 Motor rated voltage 36 volt
 Snubber circuit resistance

 Current conducting period
2.3 Time interval the capacitor can totally discharge
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Figure 4 Over voltage protection circuit
 
 However, a diode should be connected parallel 
with the resistor for the recovery time of the snubber 
circuit.
 Under the surge voltage, the diode will conduct 
the current to pass through the capacitor. The capacitor 
will then behave like it is operating under the short circuit, 
which help reduce the voltage in the snubber circuit by 
allowing the voltage to be over itself. Under a normal 
operation when the capacitor is charged, the current will 
pass through the mosfet. When the capacitor is fully 
charged, the current will stop passing through the 
capacitor but it will fl ow through the whole circuit, 

Figure 5 Over current protection circuit 

 the diode, and the resistor. The resistor helps 
reduce the current oscillation and limits the current under 
the current conducting period. However, at initial the 

capacitor will discharge the current into the circuit and 
the diode will help reduce the instantaneous current at 
the recovery.   
 To design the over current protection circuit 
(Turn-On Snubbers), the initial current (di/dt) is high and 

greatly damages the circuit system, therefore, as 
depicted in (Figure 5), an inductance (L

s
) is serried with 

a drain gate to reduce the rate of current. The energy is 
stored in the inductance and then will be transformed into 
heat. The inductance value can be calculated by 

 resistor  , inductor 

where
 Snubber Circuit Inductance 

 Current conducting period

  of the mosfet which is around the starting 
 time

 Snubber Circuit Resistance 
 Motor rated voltage 36 volt
 Motor current at starting of a 200 kilograms load, 

 60 A
2.3 Time interval the capacitor can totally discharge
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Figure 6 The equivalent circuit of the system

 As you can see the depicted in (Figure 6) above, 
using snubber circuit can dissipate the over current in 
over shoot during during t

on state 
and in under shoot during 

t
off state 

for reducing temperature of the mosfet.
 

Materials and Methods
 The experiment is conducted by connecting a 

snubber circuit with a motor speed control circuit of an 2 
HP electric car rated  (Figure 6) and (Figure 7) The duty 
cycle of a square wave pulse generating circuit can be 
adjusted through the 10kW resistor. The output pulse of 
the circuit then will be 
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chopping circuit

snubber circuit

Figure 7 The electric car drive system of 2 HP 36 VDC 
rated

 amplifi ed and used to control the switching circuit; 
therefore, the motor voltage is able to change and vary 
according to the duty cycle of the square wave pulse 
generating circuit.

Figure 8 Signals of Vgs, Vds, and Id after connecting 
Turn on, Turn off Snubber circuits.

Figure 9 Comparison of temperature (heat) 
on the mosfet

 
 The experiment results of adjusting the duty 
cycle of motor are depicted in (Figure 8) and the 

comparison of heat stored in the mosfet is depicted in 
(Figure 9).

Conclusion
 From the experiment of the system after 
connecting the designed circuit, Turn On Snubber and 
Turn Off Snubber Circuits were observed for the Vgs and 
Vds of the mosfet under various duty cycles. The result 
of the experiment shows that whether the designed 
circuits are connected the overlapping of the voltages is 
low. However, the signals Vgs, Vds, and Id perform 
better responses when the designed circuit is connected, 
especially the Id that is decreased apparently, which helps 
reduce loss in mosfet while conducting the current. 
Besides, the voltage Vp that is able to damage the 
mosfet can also be reduced. Consequently, it can be 
concluded that to yield the best effi ciency of the switching 
circuit, both of the snubber circuits should be connected.
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Abstract
This research designed a simple 3D Scanner. The machines dimensions are 500x500x500 millimeters. The scanning 
area is 50x50x50 millimeters. The system has been integrated with C# language to create interface software, 
microcontroller for control stepping motor, webcam camera for capture refl ection from laser, math algorithm to 
calculate coordinate between several types of coordinate and also integrate with image processing algorithm. In the 
experiments, we use laser shoot directly to object and take a picture of the refl ection. We can then calculate the
distance and point on surface. The machine take about 3 minutes to complete the scanning process. We also use the 
mesh formation software to create point cloud from data that we collect. And we also let that software to reconstruct 
point cloud to model surfaces. The result show that 3D Scanner has 1 millimeter accuracy with 4.6% error. 

Keywords: 3D Scanner, Stepping motor, Laser, Microcontroller, Point Cloud

Introduction
The reverse engineering technique in the present day  
uses several techniques to reconstruct a 3D model in a 
computer. It used several techniques to make a copy of 

the original model, but the most relied on image processing. 

A vary famous technique uses laser to measure the 
distance from point to point in the two local coordinate 
systems. With these steps, the reconstruction process of 
the model becomes  very fast and easy. The three famous 
techniques used in a 3D Scanner are Laser Scan, 
photogrammetric and the combined technique of Laser 
Scan and photogrammetric1-6. The machine places a laser 
line on the object and uses a webcam to capture the 

laser line caused by the refl ection on the object surface. 
The laser line displacement from the reference line will 
be measured by pixel count from photo1,3-7. This distance 

will refl ect the distance from the axis in  a polar coordinate. 
When software collects enough surface points from the 
calculation, it can create surface related to these point 

clouds. Finally, the system can reconstruct the 3D model 
in the computer. The user can use these 3D models to 
modify the original model or even pass it to other software. 

By the way, the quality of the model  also relied on laser 
and camera quality.

Background and Fundamentals
 1. Image Processing
  There are two type of picture fi les in the 
computer, vectors or raster. Vector image contain pixel 
position and surface information. With vector image, user 
can easily modify 3D model and also unlimited scale the 
image. Raster is always used with the photo because it 
collects every point in the pictures as a color pixel. When 
the system combines the individual pixel together, it
becomes a photo. Each pixel can contain only one color 

level which the color level has been defi ned by fi le description,
such as 8-bit or 24-bit color depth; the more color the 
more realistic. In the displaying process, Data in the fi les 

must be processed and applied to any image processing 
technique. First of all, Data will be changed to color at 
each pixel. Then it will be processed to improve the 

quality such as sharpen, smooth or noise removal. The 
technique required in the 3D scanner is to eliminate noise 
from picture and remove everything except the laser from 
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the pictures and convert to black color.
 2. The Grey Scale
  Grey Scale is one type of color depth. It 
contains several shades of color from white to black. It 
explains any pixel as a level of grey shade by white 
gradient. The user will notice the different color levels but 
grey scale uses less data than the color image. The color  
consist of three primary colors, Red, Green and Blue. 
Each primary can made 256 different shades. Converting 
the color image to grey scale, each pixel must be divided 
into three primary colors. Equation 1 is used to convert 
the color image to grey scale8,9. With this equation, the  
image looks as smooth as in color. (Figure 1) shows the 
converting process.

( 0.11) ( 0.59) ( 0.30)grey blue green red  (1)

Import an imageImport an image

Start

Read RGB level

Convert to Gray
Grey=Bx0.11+Gx0.59+Rx0.3

Reconstruct Image

Stop

Figure 1 Converting color images to grey scale.

 3. Assembly point to picture

  The coordinates we have can be assembled 
together to make a small surface called a polygon. 
Polygon requires at least 3 points in space to create. A 
model with a lot of polygons can create a 3D model. The 
more polygon the more realistic the 3D-Model. This can 

be easy explained by curvature surface10-12. If the curve 

has been divided in a few pieces, the polygons (or face), 
which are created by these points, are coarse. The 

model will also be coarse. If this curve has been divided 
in a lot of piece, the polygons are small. The model will 
also be fi ne and realistic.

Materials and Methods
 1. The distance estimation
  The process to create the 3D-Model back 
from the object and pictures. In this research, we use the 
distance calculation technique from the refl ection of light. 
At fi rst, we spot the laser to the object and take a picture 
of the refl ection. Without any object in the experiment, 
the refl ection of the laser line will be the vertical line at 
the reference point in x-direction. When we put the object 
in the experiment, the refl ection shifts from the reference 
point to the right. We can then count back the distance 
from the reference point in x-direction in the unit of pixels. 
It is the distance from reference point.

x

y

Light Source

Camera

�

b

�

Figure 2 Position of camera, object and laser.

  The structure of the machine fi xed the angle 
between the axis of the camera and the direction of the 
laser line to alpha (a) as shown in (fi gure 2). The value 
of rho (r) is the thing we need. It is the real distance in 

the cylindrical coordinate but we cannot measure it
directly. We can calculate the (b) distance from the 
picture. As we know the distance in pixels between the 

reference points to laser point in the picture we took. We 
can calculate the pixel distance to the distance of b in 
millimeters2,3,13–15. With the assumption that the nonlinearity 
of distance to pixel is negligible. After that, apply Equation 
2 to transform distance b to rho (r) which is the position 

in cylindrical coordinate.
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sin( )
b

    (2)

   Software will help us to calculate 
distance of every laser point in the pictures to surface 
position. Then the object will be turned around in a small 
angle. The process will be started again and recalculated 
at every point again. This process happens until the 
object has made a 360 degree turn. Then the scanning 
process is complete. Then Software recalculate all point 
into the rectangular coordinate by using the equation 3.

 
cos( )
sin( )

x
y
z z

    (3)

 2. Machine Development
  The development of the 3D Scanner can be 

separated into three parts, Machine Structure and hardware, 

Controlling Software and the image processing software. 
These three parts work independently of each other but 
are integrated in the same software to centralize control 
for the user. The device has a rotat base that can be 
rotated in z-direction to follow the cylindrical coordinates. 
The object size is 50x50x50 millimeters maximum 
allowance. It can turn 0.8 degree in each step. In the 
experiments, we use the red laser line to specifi ed 
location. The results show that the machine can make   
detail up to 1 millimeter. (Resolution will be better with 
fi ner laser line and better camera.)

Laser Based

Camera Based

Object Position

Side Cover

End Cover

Top Cover

Microcontroller Unit

Motor Driver

Wiring Terminal

Figure 3  inside the scanner.
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and MCU Restart
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coordinate
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Figure 4   Flowchart of the Control software
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  The control software is used to control and 
interconnect the applications developed in C# with the 
software in microcontroller to control the camera, laser 
and the scanning machine. Software tries to connect to 
every device needed in the scanning process when it 
started. Then software get the picture from the camera 
and follows the process in the fl owchart in (fi gure 4). The 
image processing technique has been appled at this point 
based on the laser color. Every color in the picture will be 
discarded except the laser color by using this image 
processing technique. At this point there is only one color 
left in the picture. Software will convert the picture to grey 
scale to reduce the processing time making it easy to 
analyze.

 3. Calibration
  Because of the differences of the picture   
makes from different camera model software has to be 
confi gured to make it suitable for the system. It requires 
user setting to the right color of the laser color. Then we 
have to make a reference point in the pictures and 
reference to the real position to make a reference for 
software calculation. These value are different in each 
camera because of the camera structure and camera 
lens16,17. In addition, we have to adjust the laser position 
and direction including the laser color, according to 
(fi gure 5), so that the reference position of the laser does 
not distort the laser line has to be sharp. This will 
directly affect the accuracy of coordinates obtained from 
the calculation.

Figure 5  Software interface in color setting

Results
 After the adjustment of the laser and camera. In 
the experiment with 360 degree angle with 0.8 degree 

per step, the machine take about 3 minutes to complete 
a scan. We try to plot the result coordinate and create 
polygon with point cloud software. The results show that 

it is close to the original model. There are some errors in 

the result because of the relationship of the distance 
between pixels is proportional to the distance from the 
camera to the subject, which is not linear. When tested 

at various distances, we found a relationship of these two 
distance as in (fi gure 6).
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Figure 6  the variation of the distance between pixels at different stages.

 The result from the simple object geometry 
scanning which we know dimension exactly. We founded 
that there is the slightly distorted due to the uncertainty 

of the surface width per pixel. It was found that the 
maximum error of 9.42% on fl at surface and the maximum 
error of 23% for hole size 1 mm.

   
Figure 7  rectangular object. Compared with the scanned model.

 When compensation at various stages with the 
value from the chart in (Figure 6). We founded that the 
model is more accurate. The error of the pyramid shape 

model is about 6.8% in the wide side. The cone model 
has maximum error about 4.6%

  
Figure 8: pyramid shaped object. Compared with the scanned model.
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Figure 9  cone-shaped object. Compared with the scanned model.

 In addition, the external light can interfere with 
the system and has a large effect on the laser refl ection 
due to lower contrast. The laser line in the picture is much 

more diffuse and leads to the more diffi culty to calculate 
the exact coordinate. Scanning in the dark without any 
interference from ambient light will make the better result.

Figure 10  Ambient light affect the contrast

 The result from the experiment with the freeform 

object show the better result. The 3D model created from 
the point cloud from the result make the better model. 

The dimension is almost the same as the original model 
and also easy to modify in computer.

Figure 11  The suitable contrast allow easily calculated.
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Figure 12  The 3D model prototypes from machine with error compensate.

Conclusion
The 3D scanner machine can reproduce the data and 
create a 3D model from real objects. The machine has a 
1 millimeter accuracy due to the limitation of the device, 
laser and camera. The machine still has some problems 
with external light interference because of the type of 
camera. This problem can be solved by using other cam-
era types such as infrared or implemented some image 
processing algorithm. The nonlinearity of camera picture 
and lens distortion still affect the result. When we neglect 
the nonlinearity, it lead to 9.42% result error in normal 
surface and as high as 23% in a very small surface. When 
integrate with nonlinearity, the result error reduce to 4.6%

In addition, the research did not consider the results of 
s ta t is t ica l  data10,18–22” type” :  “ar t ic le- journal ” , 
“volume” : “66” }, “uris” : [ “http://www.mendeley.com/
documents/?uuid=700d3d45-4e51-4d88-85d7-ce75c-
c65615e” ] }, { “id” : “ITEM-3”, “itemData” : { “DOI” : 

“10.1016/j.optlaseng.2008.09.003”, “ISSN” : “01438166”, 
“author” : [ { “dropping-particle” : “”, “family” : “Shiou”, 
“given” : “Fang-Jung”, “non-dropping-particle” : “”, “parse-

names” : false, “suffi x” : “” }, { “dropping-particle” : “”, 
“family” : “Liu”, “given” : “Min-Xin”, “non-dropping-particle” 
: “”, “parse-names” : false, “suffi x” : “” } ], “container-title” 
: “Optics and Lasers in Engineering”, “id” : “ITEM-3”, “is-
sue” : “1”, “issued” : { “date-parts” : [ [ “2009”, “1” ] ] }, 

“page” : “7-18”, “title” : “Development of a novel scattered 
triangulation laser probe with six linear charge-coupled 
devices (CCDs. If we change the direction of the laser to 

the landscape as well as increase the number of lasers 
and scan each plane will coordinate overlapping. The 
result with be more accurate.
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Abstract
The paper is to design a lab-scale biodiesel production machine with continuous process.This machine consists of a 
25liter - tank of used cooking oil and a 6.5 liters - tank of  methanol. The used cooking oil and methanol fl ow to the 
reactor with the designed fl ow rate so that the complete reaction occurs at the end of the reactor. The production rate 
is 1.817 liter/hour for normal operation mode. Then, this machine is modifi ed equipped with a hot water system. The 
temperature of hot water is set to 40, 50 and 60°C. The production rate is increased to 3.15, 3.24 and 3.37 liter/hour 
respectively. The properties of biodiesel are tested and found that there are according to the ASTM D6751.

Keyword: biodiesel, biodiesel production, use cooking oil, transesterifi cation

Introduction
Since the internal combustion diesel engine was invented 
in the early 20th century by Rudolf Diesel. It used vegetable 

oil as fuel. Then, petroleum was discovered a few years 
later, and replaced vegetable oil due to its higher engine 
effi ciency1. Currently, diesel fuel has become an important 
factor in our modern life. Due to the latest oil crisis, most 
countries realize the importance of alternative fuel
resources, especially in diesel engines.Vegetable oil 
contains fatty acid vary with the type of them. These 
fatty acid may cause the problems of combustion and 
emissions due to the worse physical and chemical 
properties than that of diesel. There are four techniques 
to modify the raw vegetable oil to use in diesel engine; 

pyrolysis, micro-emulsion, transesterifi cation and blending1-3. 
Transesterification is wide accepted to be the best 
method to modify the raw vegetable oil into biodiesel to 
be used in a compression ignition (CI) engine without 
modifi cation.

 The biodiesel production is the reaction between 
fatty acid and alcohol such as methanol and ethanol. 
Generally, batch production is used in the commercial 

scale4-7. The continuous process is study to produce more 
biodiesel at a time. The problem of continuous process 

is time of reaction8-9. In this study, the lab-scale of biodiesel 
production is designed and test. The test experiment is 
performed at the ambient temperature and higher to 
compare the production yield and time of reaction.

Materials and Methods
 1. Material and Transesterifi cation
Transesterifi cation is the reaction between fatty acid and 
alcohol. Fatty acid will change to ester as seen in 
(Figure 1).10

  Biodiesel is a product of reaction of a 
triglyceride and alcohol to from ester (-O-C-O-), biodiesel 
and by product, glycerol as shown in (Figure 1). This 
reaction in reversible and the excess alcohol is used to 

force the equilibrium to the product side. The stoichiometric 
molar ratioof oil to methanol is 1:3.10 This can be
converted into mass ratio is 10:1. In this experiments, the 

batch production done by the authors manually showed 
that the 10:2 is the best ratio. So this study uses10:2 for 
all experiments.
  Triglyceride are often found in natural fat 
form plants or animals11,12. Therefore, used cooking oil 

was selected to use in this experiment because of it is 
the waste from food production.
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Figure 1  Transesterifi cation[10]

 2. Design and Experimental Procedure
  The preliminary experiment begins with the 
batch production manually. Used cooking oil for 1.0 kg 
and 0.20 kg of methanol were mixed in the reactor tank. 
NaCl of 1% by mass of used cooking oil is used as 
catalyst. Firstly, there was no heat input to the reaction. 
The biodiesel from the reaction could be occurred at 
ambient temperature. Time of complete reaction in this 
case was 1 hour approximately.
  Another experiment was batch production, 
but the heat form the heating coil was used to increase 
the temperature of used cooking oil. Temperature was 
controlled to be 40, 50 and 60°C. Time of complete
reaction were found to be only 30 minute approximately 
for all cases.
  Yield of biodiesel was a very important parameter. 
In manual batch production, the yield of biodiesel is up 

to 90%. This continuous process was expected for 1.5 
litre/hour and yield was not less than 50%. So that the 
quantity of the used cooking oil tank was 25 liters for 7 

hour operation for one sample. The methanol tank was 
6.5 liters and NaCl was 1% of used cooking oil. The 
diagram of this machine is shown in the (Figure 2).
  Time of reaction were used to design the 
fl ow rate of used cooking oil and methanol. Firstly, this 

machine was not equipped with the hot water heater. So 
that the time of complete reaction would be 1 hour and 
then the mixture fl owed to the separator tank continu-
ously. The mixture stayed in the separate tank for 3 hours 
and fl ows continuously to the 1st cleaning tank. The hot 
water, 60°C, fl owed from the hot water tank to wash the 
mixture in the 1st cleaning tank for 1 hour. The waste such 
as glycerin, moisture and catalyst were removed and the 
mixture fl owed to the 2nd cleaning tank. The cleaning 
process was repeated so that biodiesel was purifi ed. 
  Afterward, the water heater was equipped 
at the reactor to increase the reaction rate. The both fl ow 
rate of used cooking oil and methanol were adjust by 
“trial and error” with the information from the preliminary 
test by manual batch production. The data of time of 
reaction were repeated for at least 3 times and collected 
as the results of this investigation.
  (Figure 3) shows the lab-scale biodiesel 

production machine. The fuel and methanol tank are 
placed on the top of the machine. Gravity and fl ow control 
valve are used to control the fl ow rate of both raw 
materials. The result from the preliminary test are used 
to control the rate of reaction. The experiment results are 

analyzed by the test of hypothesis.
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Figure 2  Diagram of Biodiesel Production Process

Figure 3  Biodiesel production machine 1. Oil tank, 2. Methanol tank, 3. Reactor, 4. Separator, 5. Hot water tank, 
6. 1st cleaning tank, 7. 2nd cleaning tank, 8. Biodiesel reservoir, 9. kW-hr meter, 10. Control box, 11. Invertor
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Results and Discussion
 (Table 1) shows the time in each station of the 
biodiesel production machine. The ambient temperature 
mode uses the time to complete the reaction within 54 

minutes. The higher temperature presents the shorter  

reaction time. The experiments shows that the temperature 
of 40°C to 60°C reduces the reaction time to 30 minute 
approximately

Table 1 Experiments result

time
temperature

unit
Ambient temp. 40oC 50oC 60oC

Reaction tank 54 32 32 31 minute

Separation tank 293 227 221 212 minute

1st cleaning tank 54 53 53 51 minute

2nd cleaning tank 59 58 57 55 minute

Total time of production 642 462 452 428 minute

Production rate 1.817 3.15 3.24 3.37 liter/hour

% yield 73.18 82.4 86 88.8 %

 The separation time is shorter for the higher 
temperature mode due to the lower viscosity of oil. The 
lower viscosity leads to the higher rate to reaction with 
methanol. The separation times are reduced from 293 
minute to about 220 minute.The time of cleaning process 

are not signifi cantly different. The total production time of 

the water heater mode is reduced for 30% approximately. 
The shortest production time is 428 minutes for the 
temperature of 60°C of hot water.

Table 2 Statistical Analysis by Test of Hypothesis 

Temperature
Production rate % yield

t v P-value t v P-value

40oC 20.00 2.87 0.0017 4.69 2.23 0.023

50oC 22.13 2.58 0.001 6.66 2.06 0.012

60oC 21.25 3.56 0.0005 7.15 3.12 0.0038

 The hypothesis of this experiments in (Table 2) 
is set as follows; H

0
 the temperature effect to the

production rate and yield. H
1
; the temperature does not 

effect to the production rate and yield. According to the 
table of Navidi13, the t and v value in the Table 2 shows 

that P-value is under 0.05. At least 3 sample in each 

experiment were collected. It is found that H
0
 is accepted. 

That means the higher temperature contributes the 

higher production rate and yield.
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Table 3 Biodiesel specifi cation

No. Item unit Standard
Production temperature

Method
Ambient 40oC 50oC 60oC

1 Density at15oC kg/m3 0.86 - 0.90 0.885 0.881 0.881 0.881 ASTM D 4052-11

2 Viscosity at 40oC cSt 3.5 – 5.0 5.612 5.0 4.8 4.7 ASTM D 445-12

3 Flash Point oC > 120 > 120 > 120 > 120 > 120 ASTM D 93-11

4 Cu Corrosion - No.1 1a 1a 1a 1a ASTM D 130-10

5 Acid mg KOH/g < 0.50 0.36 0.177 0.168 0.147 ASTM D 664-09

6 Heating Value kJ/kg - 39,444 39,634 39,687 39,701 ASTM D 240-02

 (Table 3) present the properties of biodiesel from 
the biodiesel production machine. All item are agreed with 

the ASTM standard. However, the viscosity of biodiesel 
from the ambient mode is out of range for 10%.

Table 4 Cost of Production

Item
Production Temperature

Unit
Ambient 40oC 50oC 60oC

Used Cooking Oil 25 25 25 25 Liter

Methanol 6.41 6 6.03 6.08 Liter

NaCl 208.2 110 110 110 gram

Electricity Consumption 1.33 3.33 3.43 3.37 Unit

Total Cost 466.33 566.45 567.47 568.51 Bath

Product 18.87 20.6 21.5 22.2 liter

Production Cost 30.74 27.49 26.39 25.61 Bath/liter

 (Table 4) shows the details of biodiesel production. 

The higher temperature  increases the production rate 

and lower energy consumption. The lowest cost is 25.61 
Baht/liter at 60°C of reaction tank. The highest cost is 
30.74 Baht/liter for ambient temperature of the reaction. 
The table shows that the highest cost is from the raw 
materials. In this experiments, electric oil is used to heat 

up the water in the reactor tank. Cost of electricity are 
about 25% of total cost. The electricity of production could be
reduced from another method which are not mentioned here.

Conclusion
 The transesterifi cation of used cooking oil yield 
biodiesel is an effective way to reduce the waste from 

food production and pollution. The major drawback is the 
production cost. The one way to reduce process cost is 
change from batch production to continuous production. 
This study is to built the continuous process of biodiesel 
production machine in lab-scale. The water heater is 

equipped to increase the production rate. The experiments 
show that the production rate is increased for 73.36,78.32 
and 85.47% for the hot water temperature of 40, 50 and 

60°C respectively. The production cost is reduced up to 
16.69%. The properties of biodiesel are meet the requirement 
of ASTM 6751.
 The next step of this investigation is to reduce 

the production cost by using a solar water heater. This 

could lower the energy usage and reduce the production cost.



Vol 35. No 3, May-June 2016 The Continuous Process of Biodiesel Production with Water Heater Assist 367

Acknowledgement
 The authors would like to thank the Department 
of Mechanical Engineering, Faculty of Engineering and 
Industrial Technology, Silpakorn University for their
fi nancial support.

References
[1] Agarwal, A.K., Biofuels (Alchohols and Biodiesel) 

Applications as fuels for Internal Combustion 
Engines, Progress in Energy and Combustion 
Science, 2007; 33, 233 – 271.

[2] Ma, F. and Hanna,M., Biodiesel Production: a 
Review,Bioresource Technology, 1999; 70: 1-15.

[3] Fukuda, H., Kondo A. and Noda,H., Biodiesel Fuel 
Production by Transesterifi cation of Oils, Journal of 

Bioscience and Bioengineering, 2001; 92(5): 405-416.
[4] Jantaban, N. and Supapu, N., Design and Built 

Biodiesel Production Equipment from Used Cooking 
Oil. Bachelor Project, Department of Mechanical 
Engineering, Faculty ofEngineering, Khonkan 
University. 2549.

[5]   Sukharom,S., Study and Design of Lab-Scale Biodiesel
Production, Department of Engine, Lampang Technical 

College,2556.
[6] SurampaiS., Biodiesel Production with Combine 

Energy, Clinic Technology, Ubolrachathani Technical 

College, 2554.
[7] Buaphumi, W.,Tepa, S. and SudprasertK., Biodiesel 

Production with Solar Assist, Energy Technology 

Division, School of Energy, Environment and Material.
King Mongkut’s University of Technology Thonburi, 
2550.

[8] Vedalou, M.F. and Mekbutr, S., Design and Build the 
Continuous Biodiesel Production Process, Department 

of Mechanical Engineering, Faculty of Engineering 
and Industrial Technology, Silpakon University,2554.

[9] Sorndee, J. and Skulpram, P., Design and Build the 
Continuous Biodiesel Production Process, Department 

of Mechanical Engineering, Faculty of Engineering 
and Industrial Technology,Silpakon University, 2555.

[10] Peng, B.X., Shu, Q., Wang, J.F. and Wang, G.R., 
BiodieselProduction from Waste Oil Feedstock by 

Solid Acid Catalysis, Process Safety and Environ-
ment Protection, 2008; 86: 441-447

[11] Hernandez, D.,Astudillo, L.,Gutierreza, M.,Tenreiro, 
C.,Retamal, C. and Rojas, C. Biodiesel Production 
from an Industrial Residue: Alperujo, Industrial Crops 
and Products, 2013; 52: 495-598.

[12] Costa,J.F.,Almeida,M.F.,Alvim-Ferraz,M.C.M. and 
Dias, J.M., Biodiesel Production using Oil from Fish 
Canning Industry Wastes, Energy Conversion and 
Management, 2013; 74: 17-23.

[13] Navidi, W. Tables. Statistics for Engineers and 
Scientists, 3rded. New York: McGraw-Hill, 809,2010.



Original Article

1 Joint Graduate School of Energy and Environment, King Mongkut’s University of Technology Thonburi, Bangkok, Thailand

E-mail: vichuda.mettanant@gmail.com

Heat Transmission of Double-Pane Windows with Horizontal Slats in Thailand

Vichuda Mettanant1, Pipat Chaiwiwatworakul1 

Received: 12 June 2015; Accepted: 13 July 2015 

Abstract
An automated blind can provide energy saving and better comfort. To obtain these benefi ts a computer program that 
is able to calculate interior illuminance, heat gain, glare discomfort and thermal comfort has been developed. The 
thermal performance of the window system was investigated. From the study it is found that installing a venetian blind 
in between the double-pane glass window causes a signifi cant reduction in heat gain compared to the plain glass 
window. The heat gain through the window system in the shortwave part of the radiation is analyzed. The slat 
refl ectance, slat angle and solar profi le angle are the major affect on the shortwave part of solar heat gain coeffi cient. 
The blind using a lower value of slat refl ectance has a lower shortwave part of solar heat gain coeffi cient. The effective 
solar heat gain coeffi cient (SHGC) and the effective overall heat transfer coeffi cient (U) for the double-pane glassed 
window with enclosed horizontal slats was developed. These SHGC and U value can be used with the equation to 
calculate the Overall Thermal Transfer Value (OTTV) of Thailand’s building energy code to evaluate a building that 
use the double-pane glassed window with enclosed venetian blind.

Keywords: automated blind, solar heat gain coeffi cient, overall heat transfer coeffi cient 

Introduction
Venetian blinds are popular shading devices used in 
commercial buildings. Blinds facilitate daylight into building 

by blocking excessive light while views are still possible. 
Utilization of daylight increases worker satisfaction and 
productivity. For tropical climate or summer conditions 
daylight is highly available and buildings are cooling load 
dominated. Daylight can be used to replace electric light; 
reduce electricity consumption for lighting and cooling 
system. However heat gain due to solar radiation is an 
important part of cooling load in Thailand. 

 Solar Heat Gain Coeffi cient (SHGC) measures 
how much heat from the sun is blocked. It is the fraction 
of incident irradiance that enters through the window and 

becomes heat gain. It includes both the directly transmitted 
portion and the absorbed and reemitted portion1,2. The 
SHGC and the U values are signifi cant factors for rating 

of fenestration2 and also used for building design and 
rating3,4. 

 The results of Klems and Warner5 confi rmed that 
the SHGC for fenestrations incorporating venetian blinds 
depends strongly on the incident direction of beam solar 
radiation. Using a single value of SHGC to characterize

window with blind systems would lead to nonsensical 
energy choices. However, the study was conducted only 

at few slat angles. 
 Therefore, in this study an investigation of 

thermal performance of the window system was 
evaluated and the effective SHGC and the effective U 

values were developed and analysis in detail based on 
weather of Thailand.

Thermal Performance of Venetian Blind Window 
System
  The heat transfer through venetian blind window 
system can be written as6
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   (1)

 Where  is the heat gain . SHGC is the 
solar heat gain coeffi cient. U is the overall heat transfer 
coeffi cient  is the temperature difference 
between the indoor and outdoor condition . I is the 
incident solar radiation . The solar heat gain 
coeffi cient for a venetian blind window system can be 
divided into the solar heat gain coeffi cient in the shortwave 
part and the solar heat gain coeffi cient in the longwave 
part.
 In this analysis the effect of the slat refl ectance, 
slat angle and solar profi le angle on the SHGC of the 
direct solar radiation of the system of glass window and 
blind are investigated. The solar profi le angle is the 
relationship between the solar altitude angle and the 
solar azimuth angle. The solar profi le angle can be written 
as 

   (2)

 Where f
s
 is the solar profi le angle. a

s
 is the solar 

altitude angle. g
s
 is the solar azimuth angle. g

w
 is the 

window azimuth angle. The solar heat gain coeffi cient 
(SHGC) and the solar heat gain coefficient in the 
shortwave part (ShW SHGC) for the fenestration system 
are calculated from the developed mathematical model 
as presented in7. 
 (Figure 1) to 3 show the variations of SHGC for 
venetian blind at 0o, 45o and -45o, respectively. The SHGC 
of the single pane clear glass window is also shown for 
comparison. The results show that the SHGC of the clear 

glass window and window with venetian blind are dependent 
on the solar profi le angle. The dotted lines in (Figure 1-3) 
represent the shortwave transmittance for the direct
radiation indicated as solar heat gain coeffi cient in the 
shortwave part (ShW SHGC). The differences between 
the solid and dotted lines in (Figure 1 to 3) are the values 
of longwave transmittance for the direct radiation which 
are shown as the values of the solar heat gain coeffi cient 
in the long wave part. 

Figure 1 SHGC and ShW SHGC of the window with blind in different slat refl ectance when the slat is set at 0o. ref 

= slat refl ectance. Clear = clear glass window.

 From the results the SHGC values of clear glass 
pane are higher than the window with blinds. For single 

pane clear glass window, the values of solar heat gain 
coeffi cient in the shortwave part are dominant and the 
values of longwave part of SHGC are small when it is 

compared to the window with blind. The ShW SHGC is 
high when the slat is in the position that the slats are able 

to refl ect radiation into the room. In any case, the values 
of ShW SHGC are low at the low slat refl ectance values 
because the slat can refl ect lower ration into the room. 
 The effect of slat refl ectance on SHGC is low 
when the slat is in position that solar radiation do not 

incident on the slat or at the slat position that most of the 
solar radiation is blocked by the slat.
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Figure 2 SHGC and ShW SHGC of the window with blind in different slat refl ectances when the slat is set at 45o. 
ref = slat refl ectance. Clear = clear glass window.

Figure 3 SHGC and ShW SHGC of the window with blind in different slat refl ectances when the slat is set at -45o. 
ref = slat refl ectance. Clear = clear glass window.

Effective SHGC and Effective U-value
 The one year weather data of Bangkok are used 
for the simulation. Wind speed is set as 1.5 m/s. The type 

of window system used in this section is double glazing 
window fi lled with air in the gap using green glass as 
exterior window and clear glass as interior window with 

venetian blind in between. The properties of glazing are 
summarized in (Table 1 and 2). For simulation the 
confi guration of the room is as shown in (Figure 4). The 
walls, roof and ceiling are well insulated. 

 Thermal properties of glass pane and blind slat 
are shown in (Table 1). Thermal properties include of 
thermal conductivity (k), specific heat capacity (c

p
), 

density (r) and thickness. (Table 2) shows properties of 
glass panes, and blinds including transmittance (t), 

absorptance (a) and refl ectance (r) as solar and visible 
properties and also emissivity (e). The properties of front 
and back sides of glasses are the same. 
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Figure 4  Building confi guration

Table 1 Thermal properties of glass panes and blind slat

Material
k c

p
ρ Thickness

W/m.K kJ/kg.K kg/m3 m

Glass pane 1.05 0.840 2500 0.006

Blind slat - 0.870 2700 0.001

Table 2 Solar and visible properties of glass panes and blind slat

Section t α ρ ε

Clear glass (solar) 0.80 0.13 0.07 0.85

Clear glass (visible) 0.80 0.12 0.08 -

Green glass (solar) 0.26 0.68 0.06 0.85

Green glass (visible) 0.67 0.21 0.12 -

Blind slat(solar) 0 0.316 0.684 0.316

Blind slat (visible) 0 0.266 0.774 -

 The blind chosen for this study is a 50 mm 
venetian blind. The distance between the between two 
glass panes is 100 mm. (Figure 5) shows the position of 

blind when the slat angle is positive with slat tilt angle

b. (Figure 5) also illustrates slat width and distance be-

tween each slat (slat separation) which are 0.05 m and 
0.042 m, respectively. 
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Figure 5  Side view of two adjacent slats

 The developed computer program was used to 
calculate heat transfer through double-pane window with 
blind. The values of monthly average of the window heat 
gain are shown in (Figure 6). At high degrees of blind 
angles such as -50, -60, 50, and 60 degree, heat gain 
through window reduces because the blind slats are al-
most close and beam radiation cannot penetrate through 

the gaps between blind slats. It is found that there are 
the higher values of heat gain through the window system 
in the cases of positive slat angles when comparing to 
the cases of negative slat angles. When blind angles are 
negative, there are higher chances that blind slats tilt 
parallel to the direction of beam solar radiation so higher 
heat passes through the window system.

Figure 6  Monthly average heat gain through window (south orientation)

 The effective SHGC and U-value are calculated 
by using Equation 1 divided by the solar radiation incident 

on window in vertical direction (I):

    (3)

 (Figure 7) shows the plot of the ratio between 
heat gain through window and the solar radiation incident 

on window in vertical direction and the ratio between the 

temperature difference between the indoor and outdoor 
air and the solar radiation incident on window. Each dot 
in the graph represents the data at a particular hour. The 

slope of the data in (Figure 7) is the U-value and the 
intercept of the graph is the SHGC. One set of data in 
the case of 0 degree blind angles in October is shown as 
an example. Each graph provides the SHGC and the 
U-value for a particular month and a particular slat angle.
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Figure 7 q/I and DT/I in October at 0 degree slat angle

 The effective SHGC values and the effective 
U-value of each month and each blind angle are shown 
in (Figure 8 and 9), respectively. The results are analyzed 
for the data during the daytime (8 a.m. to 7 p.m.) and the 
profi le angles are in the range of 22-90 degree. The 

yearly average profi le angle during daytime is 63 degree. 
It was found that the results ware high when the blind 
angles were negative which is in agreement with the 
results showin (Figure 1 to 3). 

Figure 8  The monthly effective SHGC of the double-pane window with blind

 When blind angles are negative, the shortwave 
part of SHGC is dominant. When blind angles are positive, 
the longwave part of SHGC is dominant because most 
of the solar radiation in blocked by the slat.
 During the daytime (8 a.m. to 7 p.m.), an average 

temperature difference between the indoor and outdoor 
conditions is 7.3 oC when the indoor temperature is set 

as 25oC. When slat angles are positive, the effective 
U-values are highest at 0o blind slat angle and decrease 
when the blind angle increases. As the blind closes,

increasingly it blocks the direct exchange of longwave 
radiation between the glass panes. This is probably the 
dominant effect that causes the decrease in U-value as 
the blind is closed.
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Figure 9 The monthly effective U-value of the double-pane window with blind

Applications of Effective SHGC and U-value 
 The results of the effective SHGC and the 
effective U-value in the previous section can be used to 
calculate the heat gain through window (W/m2) by 
Equation 1. The case of January 1st when blind angle is 
-30o is selected as an example. The effective SHGC and 
the effective U-value for January are 0.256 and 4.233, 
respectively. The room air temperature is set as 25oC. 
The ambient air temperature and solar radiation incident 

on window on the selected day are shown in (Figure 10). 
The heat transfer through window on the selected day is 
shown in (Figure 11). The heat transfer through window 
calculated by the computer program that is based on the 
heat balance equation, and the radiative exchange 
equation is also shown in (Figure 11) as a dotted line. 
The results from Equation 1 show good agreement with 
the results from the computer simulation program at 
maximum 7.8% error.

Figure 10  Ambient air temperature and solar radiation incident on window of the example date

Figure 11 The heat transfer through window on the example date



Vol 35. No 3, May-June 2016 Heat Transmission of Double-Pane Windows with Horizontal Slats in Thailand 375

 The effective SHGC and the effective U-value in 
(Table 3 and 4) can also be used for calculation of the 
Overall Thermal Transfer Value (OTTV) in the building 
energy code of Thailand. The terms of the total thermal 
transmittance (U

f
) and the solar heat gain coeffi cient 

(SHGC) of the OTTV equation can be calculated when 
double-pane windows with venetian blind are used.

Conclusion
 The SHGC and U-value for calculation of heat 
transfer through window systems was developed. 
 The directly transmitted portion of Solar Heat 
Gain Coeffi cient (SHGC) and the SHGC that includes the 
both directly transmitted portion and absorbed and reemit-
ted portion of SHGC were analyzed. The results show 
that the SHGC are dependent on the solar profi le angle 
and blind refl ectance. The monthly effective SHGC values 
and the monthly effective U-value of white aluminum blind 
are developed. The heat transfer through window esti-
mated from the developed effective SHGC and effective 
U-value show well agreement with the heat transfer 
through window calculated by the computer program that 
is based on the heat balance equation and the radiative 
exchange equation at maximum 7.8% error. These SHGC 
and U value can be used to calculate the Overall Thermal 
Transfer Value (OTTV) of Thailand’s building energy code 
for a building that use the double-pane glassed window 
with enclosed venetian blind.
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