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Abstract

The objective of this research was to investigate the effect of ammonium sulphate (AS) contents having concentration
of 0-30 % wt impregnated on rubberwood. For this purpose, thermal degradation mechanism of samples was characterized
by thermogravimetric analysis under air whereas the flammability test was applied using limiting oxygen index (LOI) and,
reachability was carried out according to JIS K 1571. From TGA/DTG, the impregnation of rubberwood with AS was able
to shift the decomposition temperature to the lower side temperature (215 °C) and reduced the degradation rate from 11.48
to 5.45 % °C’!, and the decomposition range of modified wood was wider than unmodified wood. The concentration levels
of AS fire-retardant agent affect to change the degradation reaction of wood as a positive effect in term of a high residual
weight, a low weight loss, a low initial temperature. The weight residue at 600 °C are found to increase from 0.82 to 3.23
% . Especially, The LOI values of all impregnated samples with AS are classified as self-extinguishing rubberwood, and
LOI increased from 26 to 42. This is indicated that the AS impregnation improves the fire retardant property of
rubberwood. In addition, the leaching of AS from samples was in range 3-4 % indicated that the good fixation of AS in
wood structure. Consequently, rubberwood impregnated with AS can be used as a material where fire retardancy is

required.

Keywords: Rubber wood material, leachability, fire retardancy, ammonium sulphate, LOI, TGA/DTG

1. INTRODUCTION

The rubberwood (Hevea brasiliensis) 1is an
economically important product of Asia. More than 80 %
of total rubber plantation areas are in Asia and accounts
for about 30 % of all timber product exports in Malaysia
and 60 % in Thailand [1]. Especially, the rubberwood is
expected to maintain a high share of wood product exports
together with wood from other forest plantations. In
addition, it is beautiful and uniform color (white to pale
yellow tint), good machining properties, acceptable
durability, pleasant appearance and ease in finishing.
Furthermore, the physical and mechanical properties of
rubberwood are almost comparable with the other
commercial timber density 640 kg/m* and side hardness
4320 such as Dark Red Meranti (Shorea platyclados),
Sepetir, Nyatoh and Ramin [2]. Although rubberwood is a
material with many advantages for residential and non-
residential construction, there are still treasures the
disadvantages. One of the limitations of wood is the
flammable material which be destroyed under the right
conditions by heat enough [3]. When heating wood, the
wood burning cycle start to hydrolyze, oxidize, dehydrate,
and pyrolysis forming a mixture of volatiles (flammable

gases/non-flammable gases), tarry compounds, char and
heat releases, and heat must be transferred back to the
system until the raw material runs out. Certainly, this
situation would cause injuries and accidents. Therefore,
the development for fire-retardant wood should drive for
safety material. A number of scientists have investigated
the reduction of fire performance of wood as ignitability,
heat release and the spread of flames with chemical [4, 5].

To reduce the flammability of the wood, chemical
agents are loaded into wood structure can lead to modifies
the reaction mechanism and pyrolysis product during
burning to delay or even extinguish the combustion [6].
Therefore, the investigation on the pyrolysis process of
wood treated with fire retardants can help to understand
the mechanism of fire retardant efficiency. This above-
mentioned chemical is defined as fire retardant.
Furthermore, the effective in producing flame retardancy
(FR) of treated woods will depend on the type of
chemicals, the weight percent gain of chemical, the
species of the wood and the impregnated processes. There
are researchers previously have been studied various
chemical agent to improve the flame retardancy of wood
such as inorganic salts, borax, boric acid, monoammonium

Naresuan University Engineering Journal, Vol.13, No.2, July — December 2018, pp. 1-9
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phosphate, diammonium phosphate, zinc chloride,
ammonium sulphate [7, 8].

Ammonium sulphate (AS) is one of the most effective
fire retardants. Mostashari et al. [9] investigated the effect
of AS treated cotton fabric on the thermal degradation by
TGA. They found that the incorporation of AS influenced
the decrease of flammable volatiles by shifting first
decomposition temperature and more char formation
during a heating process which occurred in accordance
with gas dilution theory and chemical action theory. The
char may act as a thermal barrier, reducing heat transfer to
the interior of the material and, thereby, inhibiting the rate
of decomposition. It was reported in the literature that the
effect of AS on flame retardant of rayon fiber from
bamboo wood [10], fir wood [11], sugar-cane bagasse [12],
cellulose [13], Pinus halepensis needles and their main
components (cellulose, lignin and extractives) [14].
Maoshen Chen et al. [15] studied the thermal behavior of
reconstituted tobacco sheet treated with ammonium salts.
Moreover, Statheropoulos and Kyriakou [16] presented
that AS release sulfuric acid and NH3; upon heating at
about 284 °C, and sulfuric acid act as a catalyst for the
dehydration reaction and promotion of charring and NHj
act that inhibits gas phase combustion. José Pérez et al.
[17] has concluded that AS is widely used as a fertilizer or
as a fertilizer component. This is the principal components
of the powder material utilized in multipurpose of fire
extinguishers [18]. The toxicity and eco-toxicity safety
data for AS show the chemical agent to be harmless with
an acute toxicity: LDsp > 2800 mg/kg (rat) [19]. However,
the effects of AS impregnated rubberwood on the thermal
degradation during pyrolysis have not yet been extensively
investigated to use in wood construction. Therefore, the
main compound in the FR agent used in this study is AS.
Finally, one limitation of use for AS impregnated wood is
unstable in contact with water or humidity during using
terms [20]. For these reasons, it is necessary to report
results of leachability concerning the effects of such
treatments on AS fixation in rubberwood in this study.

For evaluating the effectiveness of wood and wood
based materials on the fire performance and thermal
properties, there are various method with bench-scale test
and large-scale test for research purposes and fire safety
classifications for end-utilizations [21]; such as TGA [22],
cone calorimetric [23], fire tube test, lateral ignition,
tunnel flame-spread tests, LOI tests [24], smoke
production tests, flame spread test (LIFT), the single
burning item test. Especially, TGA provides a good
method for screening the fire retarding effectiveness of
several chemicals [25]. LOI measurement has been
developed to determine of the relative flammability of
wood and the low oxygen index level means that highly
flammable materials [26]. A number of scientists have
confirmed a suitable and precise indicator of the relative
flammability of wood by using LOI value [6, 8, 24, 27].

Both TGA and LOI require a small size that is a simple,
convenient and fast method for research purposes [24].

In this research is directed towards investigating the
effect of ammonium sulphate with various concentrations
of impregnated rubberwood samples on the thermal
degradation mechanisms from thermogravimetric analysis
and differential thermal analysis techniques. The next
stage of investigation uses a LOI value to determine the
flammability properties of rubberwood impregnated with
AS as well as the leachability of AS was studied.

2. MATERIALS AND METHODS

2.1 Materials

The rubberwood lumbers were obtained for this
experiment from commercially produced flat sawn lumber
supplied by a local sawmill in Thailand. Samples were
carefully chosen for having the same annual ring. The
rubberwood timbers were kiln dried at 60 °C and thereafter
conditioned to stable moisture content (MC) and then it
was machined into samples with the dimensions of 100
(longitudinal) x 10 (tangential) x 7 (radial) mm which
were selected by the criteria of similar weight (£ 0.0001
g). The rubberwood specimens in this study average
density 0.7428 kg/m®. Before impregnation, the wood
samples were dried in oven at temperature of 105 °C for
24 h, and then keep into desiccator for two weeks and
weighted. Ammonium sulphate (NH4)>SO4(>98 % purity)
was purchased from Ajax Finerchem. Various
concentrations (%wt) of AS powder (1, 5, 10, 20, 25 and
30 %) were prepared using diluted water before use.

2.2 Impregnation of rubberwood samples

Wood samples were immersed by vacuum-pressure
method according to the principals of ASTM D 1413-07
(2007) with the aqueous solutions at 600 mm/Hg for 60
min by vacuum pump [28, 29]. Afterwards, wood samples
were removed from the chamber and shake off lightly to
make sure the excess solution left on the surface of woods.
After the treatment, all the wood specimens were dried
until unchangeable weight at 60 ‘C. Weight percentage
gain (WPG) of each condition shown in Table 1 was
measured according to Equation (1) as previously
mentioned in other studies [30]:

WPG(%) = (Wy =W 1)/ W; x100 (1)

where W is oven-dried weight of wood sample before
impregnation (g), W» is oven-dried weight of wood
sample after impregnation (g).
2.3 Leaching of treated wood specimens

Procedure Leaching test was conducted according to o
Japanese Industrial Standard (JIS) K 1571 (JIS, 2004) and
Chinese National Standard 6717 (2000) [31, 32]. The
procedure involves immersing the five specimens per run
in a 1,000 ml beaker containing 400 ml distilled water
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added in a ratio of 10 volumes of water to 1 volume of
wood, stirring with a shaker follower (400-450 rpm) at 27
°‘C for 8 h, followed by drying for 16 h and then the
specimens were stored in desiccator. The percentages of
leaching the AS impregnated samples (%L) were
calculated from the oven-dried weight of impregnated
wood before and after leaching according to the following
equation:

%L =Wy —W3) /Wy x100 )

where W is oven-dried weight of wood sample after
impregnation (before leaching) (g) and W3 is the oven-
dried weight of impregnated wood after leaching (g).

2.4 Limited oxygen index (LOI) measurements

The LOI value was defined fire performance of wood
samples as the minimum percentage of oxygen for
retaining flaming combustion of each sample under test
conditions. LOI measurements of samples were carried out
by using a Stanton Red Croft instrument, which is vertical
burning test. It was applied for evaluation of LOI in
accordance with ASTM D2863-10 [ 33]. The sample is
placed with the holder in a gas mixture of oxygen/nitrogen
and adjusting the amount of oxygen until flaming
combustion of the sample for 2 inches or 3 minutes after
the removal ignition source. The five replicate
measurements were observed for each value, with relative
standard deviation (RSD) lower than 1 %.

2.5 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was carried out on
a thermogravimetric analyzer (TGA-50, Shimadzu). The
temperature ranged from room temperature to 600 °C at a
heating rate of 10 °C/min with a flow of air atmosphere at
20 mL/min. The sample weight was tested about 10 mg
[34-36].

TGA is a common technique in which is monitored
continuously the weight change of studied samples with
temperature change [26]. The components of the sample
decomposed with increasing temperature. TGA is used in
determining performance, degradation
temperature, moisture content of materials, the levels of
compounds in material and amount of residue [26, 36].
This leads to characterize materials containing additives at
different levels and evaluate the effectiveness of additives
(flame retardant). TGA could be observe the effect of
degradation during the process in both inert and oxidative
conditions [12, 34-38]. In this study, the air was chosen
for purge gas in run for two reasons. The first reason is
that to study the decomposition behavior of our materials
and to evaluate the effectiveness of flame retardant in

thermal

improving the fire performance in the functional
environment [37]. Secondly, due to the degradation of fire
retardants containing material in oxidative shows more
difference than in inert condition of weight loss during a
heat change as previous research [34, 37].

3. RESULTS

3.1 Weight percentage gain (WPG)

Weight percentage gains are used widely for
calculation to evaluate the amount of chemical substance
impregnated in the wood structure after treatment [39].
This value has to be considered fixed solid in the wood
matrix with monitor before and after weight of wood in
treatment process [30]. The WPG were consorted with
what claimed for modified wood with chemical. The WPG
for each concentration of wood impregnation at ambient
temperature are reported in Table 1. The WPG in wood
samples increase linearly with the increment of AS
concentration. The highest increment of WPG depending
on the concentrations was observed on AS treated wood
samples as follows the WPG was founded 9.62 at 30 %
concentrations. This indicates that the impregnated AS
was fixed in the wood matrix. The amount of chemical
interrupts thermal degradation of material, thus this
increase is a measure of fire retardant [40]. However, At
the AS concentration of 1 %, the retained WPG is -0.21
that may be due to diffuse some water-soluble wood
extractives and degraded wood components during
impregnation process. Therefore, in this study was
exposed 5-30 % AS concentration to focus the influence
of the AS agents into the wood.

3.2 Leachability

Table 1 shows the percentages of leaching the AS
impregnated rubberwood samples (%L) along with
standard deviations. %L of all treated samples after
leaching test was found in the range 3-4 %, which means
there is the mass loss inside wood sample during test due
to the AS flame retardants are water-soluble salt [41].
Amount of leachant increased slightly in treated samples
as the loading of AS fire-retardant inside wood increased,
likely as a result of better AS fixation when the wood was
treated with higher concentrations of fire-retardants. A
possible explanation might be that the mass loss of treated
wood could be related to removal of excess AS fire-
retardant or temporary fixed AS fire-retardant. However, it
can be observed from Table 1 that the among of AS
almost were able to be fixed into wood structure which
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confirmed that AS was an effective flame retardant for

wood samples under humidity condition.

Table 1 Weight percentage gain, leachability and LOI of non-
impregnated and impregnated wood samples with AS

Code Concentration Weight L? LOI

samples of (NH,4),SO4 percent gain® (%) (%)
(%owt) (%)

RBO 0 - - 22.8
RBASI1 1 -0.21 (0.35) - -
RBAS5 5 2.15 (0.56) 2.88 (0.50) 27.8
RBAS10 10 5.39 (0.70) 3.08 (0.22) 30.0
RBAS20 20 8.12(1.79) 3.60 (0.96) 33.0
RBAS25 25 8.37 (1.33) 3.51(0.75) 37.0
RBAS30 30 9.62 (0.66) 4.37(1.26) 41.7

a: Each value is an average of 10 specimens and the values in the
parentheses are standard deviations.

3.3 Thermal decomposition mechanism

Thermo-oxidative decomposition of tested wood was
characterized employing thermal analysis. The results of
thermogravimetric analysis for rubberwood samples
before and after impregnated with AS 10-30 %wt were
carried out in air atmosphere from ambient temperature to
600 °C, are presented by TGA curves and their first
derivatives (DTG) in Fig. 1 and 2, respectively, and are
summarized in Table 2.

Thermal analysis curves of the untreated rubberwood
(Fig. 1 and 2) shows three stages of thermal degradation. It
was in agreement with the results reported in the literature
for degradation of wood [37, 42]. At below 100 °C, the
mass loss of the untreated rubberwood in the evaporating
state is resulted from evaporation of moisture. The thermal
decomposition of rubberwood mainly occurs in the range
215-512 °C with two distinguishable weight loss zones
and the final residue is 0.82%, which is due to the ash
content [35]. The main decomposition starts at around 215
°C with a low conversion rate. Then the decomposition
rate increases rapidly from around 250 °C to the
devolatilization peaks (11.8 % °C™") at 323 °C from which
the rate decreases quickly, down to 1.9 % °C! at around
360 °C. This marks the end of the devolatilization and the
beginning of the char combustion, which has much lower
rates than the devolatilization. This stage is related the
thermal decomposition as the combustion and char
transformation overlap in the ranges where the volatiles
are released. The known decomposition temperature range
is approximately 200-375 °C for hemicellulose and

cellulose, which are the two major wood compounds [43].
Furthermore, there is a clear shoulder in the
devolatilization stage of the untreated rubberwood. This
can be due to the fact that hardwood (rubberwood) have
the high hemicelluloses content that usually contains more
xylan than softwood. It is the most reactive compound in
this temperature range [44]. In the second peak (the char
combustion stage) may be attributed to the degradation of
lignin and occurs continuously char oxidation [45]. The
peak at 450 °C between 375 and 500 °C and the char
combustion rate peak (-3.8 % °C™!) are due to oxidization
of carbonaceous residues within inorganic solid particles
(without volatiles) [44]. The temperature range was in
agreement with previous literature [43].

100

80 1

Weight Loss (%)
3
L

IS
=
1

20 4

0 100 200 300 400 500 600

Temperature o
Figure 1 TG curves of the non-impregnated and impregnated
rubberwood samples with AS in air atmosphere

Comparison of TGA results for rubberwood and flame-
retarded rubberwood (10-30 %AS) presented in Fig. 1 and
2. There were significant difference trend for thermal
decomposition behavior of wood impregnated with AS,
comparing to the untreated wood. It became clear that AS
disturbs the combustion of rubberwood. The mass loss
phenomenon was divided into three stages (evaporating
stage, devolatilization stage and char combustion stage).
The first stage is evaporating stage. One of the most
obvious differences between untreated and AS-treated
wood in the devolatilization stage (second stage) was the
decrease of initial decomposition temperature. It was
observed that AS-treated wood started a rapid
decomposition after higher concentration treatment that is
a lower initial temperature than the untreated wood (225
°C) about 25 %. This is due to the action of AS catalyzes
the decomposition of minor consist of wood (volatile and

hemicellulose)  and produces partial volatile gases

Naresuan University Engineering Journal, Vol. 13, No.2, July — December 2018, pp. 1-9



NUEJ

Naresuan University
Engineering Journal

(‘according to reactions ( 3) and (4)), before ignition
temperature is reached [16, 24]. The volatile gases is
mainly NH3 (non-combustible gases), causing to dilute
oxygen concentration in thermal degradation oxidation
process [16]. For the reasons above, AS is significant in

producing effective flame retardant properties.

AW/dT (%/°C)
5 &

81 | —e—— RBO
o . RBAS10
——-%-—— RBAS20
-10 1 ——A-—--  RBAS25
— —& —  RBAS30
-12 T T T T T
100 200 300 400 500 600

Temperature (°C)
Figure 2 DTG curves of the non-impregnated and impregnated
rubberwood samples with AS in air atmosphere

Additionally, there is a shoulder curve in the
devolatilization stage of the treated rubberwood wider
than the untreated rubberwood and the decomposition rate
of AS-treated wood decreased almost three times )4.2 %
°C-!( compare with the untreated wood ones )11.8 % °C!(.
This indicates that the maximum reaction rate of untreated
wood occurs at lower temperatures than for AS-treated
wood. A possible explanation could be that the more
residue released after decomposition acted both as a
thermal insulation barrier and as a barrier for oxygen and
flammable volatile products with a higher temperature [9,
12]. The last point in this stage, the temperature of
maximum mass loss rate (Tpek) of the 30 %AS-treated
wood is 234 °C, which is less than 323 °C of the untreated
wood. The temperature of maximum mass loss rate

decreases from 300 to 234 °C with the increase of AS
concentration )10-30 % AS(. This indicated that AS
mainly attributes disturbance of the rubberwood
combustion due to the above reasons.

At above 400 °C is mainly the third stage, which is
supposed to be the decomposition of the char (the char
combustion stage). The AS-treated wood results in
decreased char combustion rate (47% decreased) and in
increased the combustion temperature range compared to
results of control samples. The decomposition process is
slower with the increasing of AS. This result could be
related to the decomposition mechanism is getting more
complex when retardants are applied on rubberwood
according to reactions (5) [9, 12]. Finally, the measured
weight residue at 600 °C for the untreated rubberwood was
0.82 %, whereas for the 10 % AS-treated wood was 2.25
%. Furthermore, when the mass concentration increased
from 10 to 30 %, the weight residue value increases from
2.25 to 3.23 % that 42.56 % were increased. This is
indicated that concentration level of fire retardant agent
affect to change the char combustion mechanism,
contributing to the increasing of the amount of the residue
[22]. According to the above analysis, it was noted that the
incorporation of ammonium salt into wood could retard
the thermal decomposition and combustion of the major
components of wood [12, 22].

The effect of AS on fire retardancy can be explained
possibly by their thermal decomposition with two steps by
Statheropoulos et al. [ 16] . It has been shown that
ammonium sulphate decomposes in the first step about at
284.3 °C to produce NHj3 and sulphate acid according to
the reactions ( 3) and (4) . The second step proceeds
through the reaction (5) at 383 °C leading to the formation
of SO; and water in gases phase.

(NH4)2S04 (s) > NH; (g) + NHsHSO4 (1) (3)
NH,HSO4 (1) > NH; (g) + H>SO;4 (1) 4)
H>SO4 (1) > SOs (g) + H20 (g) (5)

Table 2 Analytical data of the non-impregnated and impregnated rubberwood samples

Evaporating Devolatilization Combustion Residue

Sample Tmin Weight Loss Tpeak  Tmin  Weight Loss  Tpea Tmin Weight Loss Tpeak (%, wiw)
code (C) (%) (C) (C) (%) “C) “C) (%) (C)

Control 32 8.8 66 214 66.75 323 390 24.45 450 0.82
RBAS10 35 7.15 66 170 70.15 300 419 22.70 468 225
RBAS20 31 7.89 59 168 70.73 297 437 21.38 477 2.30
RBAS25 36 8.26 53 167 68.12 289 441 23.62 478 2.96
RBAS30 30 9.24 56 159 65.64 234 429 25.12 489 3.23

Thmin is the initial decomposition temperature in each stage.
Tpeak is the temperature of maximum mass loss rate in each stage.
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3.4 Flame Retardant Performance

The fire performance of AS-impregnated wood sample
was evaluated base on limiting oxygen index
measurements [27, 40]. As shown in Table 1 and Fig. 3,
the LOI value of untreated rubberwood specimens was
found to be 22.8 % that can be categorized as slow
burning in air with the classification of material according
to ISO 4589 in Table 3 [46-48]. With the adding of AS in
the range of 5, 10, 20, 25 and 30 %wt, the LOI values
were increased to 27.8, 30, 33, 37 and 41 %, respectively.
These LOI values trended to be raised with increasing
WPG of AS in wood sample, and all treated samples
showed higher LOI levels than controls. This suggests
that the combustibility of the wood treated with chemicals
decreases and flame retardancy increases.

Table 3 Classification based on LOI values according to ISO
4589 [47]

LOI (%) Classification of fire
LOI <20.95 Flammable
LOI=20.95 Marginally stable
21 <LOI<28 Slow burning
28 <LOI <100 Self-extinguishing
100 < LOI Intrinsically non-flammable
RBAS30 - h
RBAS25 b
E RBAS20 | }
]
2 RBASI0 - b
S
RBASS | |
RBO } =3 (NSO,

0 10 20 30 40 50
Limiting oxygen index (LOIL, %)
Figure 3 LOI of the impregnated rubberwood samples

It was indicated that the higher the LOI value can
increase the flame retardancy of the impregnated woods
[8]. The weight percent gain of fire-retardant wood can
reach to 9.5 %, while the LOI value could be up to 42 %.
Especially, all treated rubberwood samples are classified
as self-extinguishing that mean the wood samples will stop
combustion after the removal ignition source. This is
appropriate to play a role to achieve this goal. As a result,
AS treated rubberwood can be considered as suitable
flame retardants for wood-based materials, such as interior
structures and furniture for buildings. Experiments
conducted by TGA/DTG and LOI measurement present
that ammonium sulphate impregnated into rubberwood
significantly improved the fire performance.

4. CONCLUSION

The present work presents the impregnation of flame
retardant ammonium sulphate improved significantly the
properties of rubberwood targeting high quality utilization.
With vacuum-pressure method, the WPG in wood increase
linearly with the increment of AS concentration. The
WPG could reach to 9.5 %, while the LOI value could be
up to 41.7 %, and LOI still increased from 27.8% to
41.7% than untreated wood )22.8% (. This value can be
classified to be a self-extinguishable wood, which
indicated AS can improve the fire retardancy of
rubberwood for potential as a construction material. The
leachability test indicated that AS still be fixed into wood
structure after test which confirmed that AS can be used
under humidity condition. TGA in an oxidation
atmosphere results showed that the addition of AS
changed the initial decomposition temperature (about 25
%), shifted the main decomposition temperature from 323
to 279 °C, increased the temperature range of
decomposition, accelerated main decomposition and
improved the residue.
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Abstract
In recent years, aging of infrastructure has become a serious concern in Thailand. The performance of structure shows
signs of deterioration that need for maintenance in order to ensure safety and serviceability of structure. Especially,
prestressed concrete bridge girder that have widely used in Thailand and its need specific techniques for repairing. Bridge
Management Systems (BMSs) have been developed to manage the maintenance of the bridges under required
performance of structure and limitation of budget. Consequently, the purpose of this paper was to study deterioration
prediction of prestressed concrete bridge girder that is one part of Bridge Management Systems (BMSs). Deterioration
prediction model of performance of prestressed concrete is conducted in time dependent analysis. Due to corrosion of
reinforcing steel by chloride attack is more severe than others, this study intends to introduce BMSs for chloride attack
firstly. Criteria can be classified into three limit states, durability, serviceability and ultimate limit states. A reliability of
structure was computed based on Monte Carlo simulation. The results demonstrate effect of parameters such as surface
chloride content, chloride diffusion, corrosion rate and covering depth of concrete on performance of structure.
Furthermore, deterioration prediction of prestressed concrete bridge girder can be used for the maintenance planning to

reduce maintenance cost and extend the service life of structure.

Keywords: Bridge Management Systems, Prestressed concrete, Deterioration Prediction, Monte Carlo Simulation,
Maintenance planning

1. INTRODUCTION et al. [2] have been reported deterioration of bridges that
located near the coastline. It was found that chloride
attack is a major cause of damages observed on structure
nearby the sea.

In recent years, deterioration of infrastructure has
become a serious problem in Thailand. In order to ensure
safety and serviceability of structures, maintenance of the
structures is required. Additionally, Thailand is still
progressing new infrastructure construction to carry on its
economic capability with the world, which means
Thailand may have to manage both of aging structure and
new construction at the same time. Especially,
prestressed concrete girder which is a major component
part of road and elevated bridges structure in Thailand.
As the prestressed concrete girders have become aging
structure, maintenance of this structural is required and
techniques are different form reinforced concrete. It have
been reported that the prestressed concrete girders is
possible but repair of unique method is required [1].

Deterioration of prestressed concrete can be occurred
due to several causes. For example, impact by vehicle,
environmental distress, extreme events etc. One of a
global problem for concrete structure is corrosion of
metal in concrete structure due to chloride attack. In
addition, Thailand has more than 2600 km of coast line
that some part of prestressed concrete bridges or future
projects are located close to the sea. So, structure will be
deteriorated faster due to chloride attack. Sancharoen.P

In case of prestressed concrete structure, prestressing
strand is more serious than reinforcing steel, because
failure can lead to collapse of structure suddenly. Also
stress in prestrssing strand can exceed the limitation of
allowable stress due to corrosion (about 55% to 65% of
its ultimate tensile strength). It not only breakdown on
yielding of prestressing steel, other types of deterioration
mechanisms in prestressing steel may have occurred by
high stress level of prestressing steel and corrosion in
anchorage also[3].

Similarly, the Lowe’s walkway bridge across to
motor speedway in North Carolina which is prestressed
concrete structure was collapsed due to corrosion of
prestressing steel as shown in Fig 1. According to
inspection, corrosion product around the prestessing
strand in the bridge was a cause of bridge structure failure.
Calcium chloride which cause a corrosion was founded
in grout around prestressing steel. The disaster of bridge
structure was caused by 11 prestressing steel in concrete
were cut by corrosion. Also, because bridge is a private
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structure which was lacked of inspection to check the
possibility of any damage from the government office.
The sign of corrosion deterioration of bridge may have
been observed, if the bridge had been carefully
investigated [4].

Repair methods need to be considered for effectively
utilizing the budget with the condition such as structural
performance, safety to user, socials or commercials,
environment and limited budget. Bridge Management
Systems (BMSs) are intended to operate the maintenance
of bridges under the limitation of budget and degradation
of structural performance. Many agencies have been
developed the BMSs products to support this
maintenance planning well known the BRIDGIT and
Pontis system in The United States of America. The
BMSs has classified into three parts that comprise in
assessing bridge condition, the deterioration prediction
and decision to the maintenance of bridges [5, 6].

Figure 1 Bridge structure collapse due to corrosion failure [4]

The deterioration prediction is one of most important
part of BMSs for maintenance planning, many
degradation prediction have been evaluated by a score in
visual investigation of structure soundness and mostly in
reinforced concrete structure. Prestressed concrete
bridges structure, popular in Thailand, a few studies have
been developed in actual inspection results for evaluation
and prediction of prestressed concrete bridges. Moreover,
prestressed concrete behavior is different from reinforced
concrete such as high stress level of materials and loss of
prestress.

Investigation of structure to evaluate the performance
of actual structure, accuracy of deterioration prediction
can be improved [7]. So, probabilistic approach is
appropriately improved in the deterioration prediction
[8]. In addition, There are some of researches [9, 10]
reported that the Monte Carlo simulation is more
traditional probabilistic technique and very useful tool for
engineers for estimating reliability or probability of
failure of involved engineering systems. In order to
ensure safety and serviceability of prestressed concrete
girder, maintenance planning must be considered.
Therefore, this study focuses on probabilistic
deterioration prediction of prestressed concrete bridge
girder due to chloride attack is a part of maintenance
planning.

2. METHODOLOGY

There are three main stages of probability of failure
consisting of input the parameters for simulation,
computed the structural performance with different
criteria and summarized the probability of failure as
shown in Fig 2. Equations used in this study are mainly
from design standards such as AASHTO, ACI, JSCE and
DPT. Actual condition of structure are considered by
inspected parameters to improve the accuracy of the
model.

In this study, probability of failure of prestressed
concrete bridge girder was considered according to three
limit states durability, serviceability and ultimate limit
states.

Inspection data
- Environment

Target Structure
e pa@

Evaluation of
performance

: Servcabiliy ]
Allowable stress of
prestressing steel Flexural

[ D S S

- Inspection results

Technical
specification data
- Structure dimension
- Material properties

Durability
________ - -

Crack initiation
Spalling of concrete

|

|

| Allowable stress of
' concrete
|

|

Ty
|

Output
- Probability of failure
based on different
criteria

Figure 2 Conceptual framework

2.1 Performance criteria

2.1.1 Durability limit states

The durability criteria of concrete for service life of
structure are depending on their environment. The
processes of corrosion are classified to stages as
corrosion initiation, corrosion inducing concrete to crack
and spalling respectively.

- Corrosion initiation

The ingress of chloride ions (C17) diffused into the
surface concrete. Corrosion is initiated when CI°
concentration exceeds critical chloride content (Cly;,,) as
0.4% by weight of binder as shown in Equation (1) [11].
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Chloride content at steel surface could be calculated from
Equation (2). [11]

Cly < Clyjm (D
in which

where Cly is chloride concentration (weight of binder),
Clg is chloride concentration at surface of concrete
(kg/m?), C is covering depth (mm), B is weight of binder
(kg/m®), D, is chloride Diffusion (cm*year) and t, is
remaining time (year).

- Steel corrosion mass loss

Many researches [12-15] have used Faraday’s law to
calculate the weight loss of steel from corrosion, and its
ability to predict the actual loss of steel. It can be
calculated using the following expression based on
Faraday’s law as shown in Equation (3).

Mjoss = % (3)
where T is the time (s), Mioss is the mass of steel lost in
time (g) to form rust, I is the current (A), F is Faraday’s
constant (96,500 A s), z is the ionic charge (2 For Fe), and
M is the atomic mass of the metal (56 g for Fe).
Hence, the relationship between the time, T, and the mass
of steel consumed to form rust, Mioss is given by

T = 24125 (M.loss /as) “@

7i
where i is the current density (A/cm?), and ag is the
surface area of the steel reinforcing bar. The ratio (Mioss
/ag) can be expressed as follows:

Tas  100(mD) 400 &)
where m; is the percentage steel mass loss, and ps is the
mass density of steel (7.85 g/cm?).

Combination Equation (4) and (5) to determine the
relationship between the percentage steel mass loss,
myand time, it has been summarized the formula that can
be expressed as Equation (6). [13]

Ti
™= Ty ©
where T is the time (days), m; is the percentage of steel

mass loss, D is diameter of the steel reinforcing bar (mm)

and icor 1s the current density in (Cmﬁz).

- Corrosion induced concrete cracking
The time to first cracking, t.. estimated using
empirical model [16] which is relating to the amount of
corrosion product, W'giee;or and corrosion current
density in steel, i o Was estimated based on Faraday’s
law by using Equation (7).
WwWr
TO09113 leor @
where, t., is time of corrosion induced concrete cracking
in (year), Wgiee) or IS the critical mass loss of steel that
equal to 0.01 g/cm? [7] and i,y is the current density in
HA
2

ter =

- Corrosion induced spalling of concrete cover
Cracks often propagate to the surface resulting in
concrete spalling or loss of bond. Time to spalling of

concrete cover (tg,) determined by using empirical
models [17, 18] as shown in Equation (8).

tsp = [0.84 (tser + ter + 0-2)]1'4 ®)
where tg, is time of corrosion induced concrete spalling
in (year), tger is time to severe cracking in (year) and t.,
is time to initiation cracking from Equation (7).
in which

ter = [AX 1073 X (wc /C)7B] x i 9)

corr

where wc is water to cement ratio, C is covering depth

(mm) and A is 6.5 and B is 0.57 for a limit crack width of
0.5mm

100

2.1.2 Serviceability limit states
Serviceability limit state shall be stress limitations for
concrete and prestressing steel and allowable deflection.

- Stress limitations for prestressing steel

As a result of reduction in prestressing steel sectional
area due to corrosion has effected to increasing of stress.
Consequently, the allowable stress of steel form steel
section loss shall not exceed AASHTO LRFD Bridge
Design Specifications [19].

- Stress limitations for concrete
Allowable stress of concrete are expressed as functions of
compressive strength at that time whereas and shall not
exceed AASHTO LRFD Bridge Design Specifications
[19].

- Deflection

The deflection of a flexural member is calculated to
satisfy a limit state of serviceability. The total deflection
is a resultant of the upward deflection due to prestressing
force, downward deflection due to the gravity loads
which including self-weight and live load.

Determining prestressed loss, affect directly to
deflection of prestressing force is conforming to refined
estimates of time-dependent losses of AASHTO LRFD
Bridge Design Specifications [19]. Excepting of
shrinkage strain is conformed to DPT 1332 which are
suitable for environmental condition in Thailand [11].
The deflection limitation shall be considered for concrete
construction which the general vehicle load limited to
span/800 according to AASHTO LRFD Bridge Design
Specifications [19].

2.1.3 Ultimate limit states

Both of flexural and shear capacity was calculated
from section and material properties, and considering
strength reduction factor. The nominal both of flexural
and shear capacity with strength reduction factor shall
exceed to ultimate moment and shear respectively which
can be determined from structural analysis according to
AASHTO LRFD Bridge Design Specifications [19].
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Figure 3 Dimension of prestressed concrete girder (mm.)

2.2 Monte Carlo simulation and case studies

Monte Carlo simulation can be expressed as a
statistical analysis, which generating samples of random
numbers in interval of [0, 1] are activated to perform the
simulation. The process is simulated by use of three limit
states for evaluating the performance of structure such as
durability, serviceability and ultimate states. The
simulation technique is used for computing the
probability of failure on each criterion. The probability of
failure (pr) can be estimated by Equation (10).

pr=r- I, 1 [g(X)] (10)
where N is the number of simulation, I [g(Xj)] is the
indicator function and X;j is the jth sample drown
according to the probability density function fx(x).

The prestressed concrete girder considered in this
case study is a properly seven girders of a simple span
prestressed concrete bridge in Bangkok (constructed in
1981) which has span length of 20 m, 0.18 m effective
slab thickness, 1.975 m effective width and dimension of
girder as shown in Fig 3. The girder was designed
according to the AASHTO LRFD Bridge Design
Specifications. The primary live load was calculated
based on vehicle of Highway Load 1993 (HL-93).

The design concrete strength (f¢) is 40 MPa at 28 days.
All prestressing strands are uncoated 7-wire stress relived
strands (12.4 mm) grade 250 which conform to ASTM
A416-68 and have the ultimate tensile strength of the
prestressing strand is 1725 MPa. Clear cover of
reinforcement is 25 mm. Reinforcing steel conforms to
the requirement of AASHTO M31, Grade 40 that the
diameter is 12 mm. The bridges design assumes to
concern only dead load and live load. Table 1 show the
parameters which can get from inspection and
assumption. The analysis considers the variability and
uncertainty of covering of concrete, yield strength of
prestressing steel, chloride diffusion and corrosion rate.

Table 1 Parameters of prediction

Parameter G1 G2 G3 G4 G5 G6 G7 Reference
Thickness of 25 25 25 20 15 25 25 [20]
concrete cover
(mm)

COV 0.16 0.16 0.16 0.16 0.16 0.16 0.16

foy, Yield 1725 1725 1725 1725 1725 1725 1725 [20]
strength (MPa)

COV 0.28 0.28 0.28 0.28 0.28 0.28 0.28

Surface chloride 2.95 2.95 2.95 2.95 2.95 2.95 2.95 [21]
content (% of

binder)

COV 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Chloride 0.3 0.4 0.5 0.3 0.3 0.3 0.3 [21]
diffusion

(cm?/years)

COV 0.2 0.2 0.2 0.2 0.2 0.2 0.2

icorr, Corrosion 1 2 3 1 1 1 1 [21]
rate (UA/cm?)

COV 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Number of 26 26 26 26 26 24 22

tendon
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3. RESULTS AND DISCUSSION

3.1 Probability of failure based on corrosion initiation,
crack and spalling of concrete criteria

3.1.1 Effect of chloride diffusion and corrosion rate

Corrosion initiation, crack and spalling of concrete
results can be seen in Fig 4 and 5 which show that
aggressive chloride diffusion and corrosion rate tends to
have higher probability of failure. For corrosion
initiation, increase chloride diffusion from 0.3 to 0.5
(cm?/years) can lead to reduction of service life from
about 2.5 to 5 years. For crack and spalling of concrete
are related to corrosion rate which increase corrosion rate
from 1 to 3 (uA/cm?), it can lead to decrease the service
life about 2.5 to 5 years for cracking but for spalling can
lead to reduce the performance about 20 to 25 years.

3.1.2 Effect of concrete cover

Fig 6 and 7 show results of probability of failure due
to durability. It shows that less of concrete cover tends to
have higher probability of failure. For corrosion
initiation, reduce covering of concrete from 25 to 15
(mm) results in increase of probability of failure sharply
to 5 - 7.5 years. For crack and spalling of concrete have
the same tendency on time dependent probability of
failure of prestressed concrete bridge girder that
probability of failure if the covering of concrete reduces.
The results of probability of failure in cracking increase
from about 2.5 to 5 years. Similarly results of spalling of
concrete that rise to 15 - 20 years.
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Figure 4 Effect of chloride diffusion on corrosion initiation criteria
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Figure 5 Effect of chloride diffusion and corrosion rate on crack and
spalling of concrete criteria

3.2 Probability of failure based on allowable stress of
concrete and prestressing steel criteria

3.2.1 Effect of chloride diffusion and corrosion rate

Fig 8 presented probability of failure due to
serviceability limit states. It was found that G3 is severe
damage in case of allowable stress in concrete because of
violent of chloride diffusion as well as in case of
allowable stress in prestressing steel. So, it can be
conclude that aggressive environment tends to have
higher probability of failure.
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Figure 6 Effect of concrete cover on corrosion initiation criteria
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Figure 7 Effect of concrete cover on crack and spalling of concrete
criteria

3.2.2 Effect of concrete cover

The results of probability of failure due to allowable
stress of concrete and presressing steel are discussed in
Fig 9. It can be seen that probability of failure, both of
allowable stress in concrete and prestressing steels are
increase to 10 years due to reduction of 5 mm of covering
of concrete Especially, G5 is the most concerned because
thickness of concrete cover is smaller than other.
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Figure 8 Effect of chloride diffusion and corrosion rate on allowable
of concrete and prestressing tendon criteria
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3.3 Probability of failure based on flexural and shear
strength criteria

3.3.1 Effect of chloride diffusion and corrosion rate

Fig 10 presented G3 is the most considered of both of
flexural and shear strength because it was indicated that
violent environment inclines to have higher probability of
failure. However, shear strength is more serious than
flexural strength because of different covering of
concrete. In additional, probability of failure due to shear
seems like severe damage than service states because
corrosion rate in assumption is very strong for loss of
steel section.

3.3.2 Effect of concrete cover

The results of probability of failure due to ultimate
limit states are discussed in Fig 11. G5 is serious
consideration due to covering of concrete are smallest
both of flexural and shear strength. Moreover, it can be
seen that time to failure, increasing of time to failure
about 10 years for flexural strength and 5 years for shear
strength from different concrete cover.
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Figure 9 Effect of concrete cover on allowable of concrete and
prestressing tendon criteria
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Figure 11 Effect of concrete cover on flexural and shear strength
criteria

3.3.3 Effect of number of strand failure

Fig 12 presented the effect of different number of
strand on time dependent probability of failure of
prestressed concrete bridge girder, by comparing number
of strand. Not surprisingly, this results show that number
of strand is one of the primary variables that will directly
affect the probability of failure for prestressing failure
only. As can be seen the graph, the probability of failure
reduce from 60 years to 50 years if the number of strands
decrease by 2 strands.
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Figure 12 Effect of number of strand failure on flexural strength
criteria

3.4 Priority of maintenance decision

Due to the different parameters of seven girders, there
are different failure probabilities of these three criteria.
The first, maintenance decision on durability limit states
such as reinforcement corrosion, concrete cracking and
spalling of concrete are considered. Fig 13 and 14 shows
the priority of maintenance most to corrosion initiation
and crack that G5 is the severe damage because the
covering depth of prestressed concrete and the covering
depth of stirrup are the smallest than other girders. The
second severe girder is G3 because it has very high
corrosion rate and chloride diffusion. In case of the
ranking of failure due to spalling of concrete as shows in
Fig 15, the results that G3 and G5 are the most concern
because its failure increased very fast.

Naresuan University Engineering Journal, Vol.13, No.2, July — December 2018, pp 10 - 18

15



NUEJ

Naresuan University
Engineering Journal

100 P =
80
60
40

20

Probability of failure (%)

Time (years)
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Figure 16 Ranking of failure due to allowable stress in concrete

The second, the tendency of failure due to
serviceability limit states results on allowable stress of
prestressing steel and concrete and indicated that the
allowable stress of prestressing steel is more concerned
than allowable stress of concrete as shown in Fig 16 and
17. G3 and G5 are still severe failure according to violets
of corrosion and less of covering depth of concrete
respectively.
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Figure 17 Ranking of failure due to allowable stress in prestressing
tendons

Third, the priority of maintenance due to ultimate
limit states had shown the arrangement of failure to shear
strength and flexural moment strength. In case of shear
strength the results shown that effect of environmental
condition is the most severe damage followed by
covering depth of concrete as shown in Fig 18. However,
flexural strength criteria is indicated the tendency that
effect of environmental condition is the most considered
followed by covering depth of concrete and number of
strands respectively as shown in Fig 19.
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4. CONCLUSIONS

The result of this study is performance of structure
predicted based on the probability and variation of
inspection results of prestressed concrete bridge girder.
Mainly chloride attack is considered in this study, it can
be concluded that:

- From the prediction, performance of prestressed

concrete girder are significantly affected by
chloride attack.
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- The aggressive environment condition and
covering depth of concrete show a significant
effect on probability of failure for prestressed
concrete bridge girder.

- Serviceability and safety of prestressed concrete
girders are significantly affect by corrosion of
steel. Large covering depth and low w/b concrete
should be considered in the design stage.

- Based on predicted probability of failure,
maintenance cost and expected failure cost can be
calculated. Finally, maintenance planning and
optimization can be conducted.
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Abstract

In this paper, the effects of a slippage on an elastohydrodynamic lubrication (EHL) in line contact problem using an
advanced computational fluid dynamics (CFD) model are presented. A cylindrical roller is assumed to be infinitely long
and rotates on a plate under an applied load. In addition, the no-slip and slip boundary conditions were defined between
lubricant and solid walls. The Navier-Stokes and the elasticity equations were solved simultaneously. The Ree-Eyring
model was used to calculate the viscosity of lubricant. The developed CFD model had been applied to the series of cases
of lubricated slippage effect with the applied loads L=1.5 kN and 2.5 kN, slide-to-roll ratios: SRR =0, 1 and 2 under the
thermal condition. The flow characteristics in the CFD model such as the pressure distribution, the fluid film thickness,
the velocity of fluid flow, the viscosity and the temperature distribution were investigated. To illustrate, the developed
CFD model is successively to simulate the EHL line contact problem, and can deal with the slippage problem. The
simulation results show that the slippage effect is significant to the EHL problem, especially in the case of pure sliding.

Keywords: EHL, slippage, lubrication, CFD, Non-Newtonian.

1. NOMENCLATURE 2. INTRODUCTION

E [Pa] Reduced modulus of elasticity The lubrication system plays an important role in
f -] Volume fraction . machines as it can help reduce friction force, as well as
h, [m] The minimum film thickness d d h h 1
I [m] Film thickness prevent and reduce the wear that can occur to a
L [Nm'] Applied load per unit width contacting and moving parts. Thus, lubricants have
P (Pa] Pressure received much interest over the years as it is the lifeblood
P [Pa] Liquid saturation vapor pressure of all mechanical machines, especially in sliding and
R [m] Reduced radii of curvature .

R(i) [m] Surface roughness term rolling elements under heavy loads. .

SRR [ Slide to roll ratio = 2[uy-Rew]/(uy+Rew,) Many researchers have developed different methods,
T (K] Temperature simple or complex for solving lubrication problems. All
A [s] Time step studies in fluid film lubrication were start up from the
“ [m/s] Velocity . 1880s, when a combination of experiments was followed
Ve [-1 A characteristic velocity e .

X [m] Cartesian axis in i direction by a unifying mathematical theory. Osborne Reynolds [1]

~
o

Special character

Viscosity index

Volume fraction of phase

presented the differential equation that is used to state the
relationship between the motion and viscosity of the
lubricant. The Reynolds equation has been used to

o [kg/m’]  Density describe laminar flows for Newtonian fluids in
r [Pa] Viscous stress tensor hydrodynamics lubrication problems for example a thin
B [1/K] Thermal expansivity of lubricant film in gear [2, 3]. Later, some models were suggested for
n [Pa-s] Viscosity of Newtonian fluid improving the Reynold equation such as elastic
n, [Pa-s] Viscosity at ambient pressure deformations due to the contact pressures [4], a pressure—
v [m] Slippage length viscosity effect [5]. After that time, the development and
Subscripts understanding of elastohydrodynamic lubrication (EHL)
¢ Cylinder have been presented. Petrusevich [6] solved the
fn ilta :ﬁe inlet position elastohydrodynamic lubrication problem (EHL) for the
out At the outlet position line contact problem and got the full numerical solution.
o Ambient or reference The result indicated that the pressure profile increased
L Liquid phase gradually at the lubricant inlet region of contact and
’Vn R/,[";E?:rglﬁ; . reaches maximum pressure forming a pressure spike at

Saturation vapor pressure

the minimum film thickness. This character is known as
the ‘Petrusevich Pressure Spike’. Later, outstanding
contributions have been accomplished by numerous
investigators. Many numerical techniques were proposed
to the EHL problems [7-12]. An analytical method
derived from the combination of lubricant properties
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(density and viscosity) and the classic Reynolds equation
were presented [13]. It is well known as the ‘generalized
Reynolds equation’. Earlier, the isothermal theories have
been achieved [14]. Then, the Reynolds equation was
improved to be more realistic by considering thermal
effect [15-18], non-Newtonian fluid [18-22], transient
effect [23, 24] and surface roughness [25-29]. Recently,
a CFD technique has been used to simulate an EHL line
contact problem instead of the Reynolds equation [30-
35].

It can be seen from the above literature reviews that
the study of the thin film lubrication problem has been
continually developed. The intent of this paper is an
endeavour to establish a framework for understanding the
slippage effects on to the EHL in line contact problem
using the CFD technique.

3. METHOD

In order to explore and analysis the characteristic of
EHL problem, it is necessary to design a CFD model such

as geometry, boundary conditions and physical properties.

In this paper, the 2D CFD model is created for the
proposed EHL in line contact problem. The cylindrical
roller is assumed to be infinitely long and rotates on the
plate, thus the pressure distribution of the z direction can
be considered to be uniform. Therefore, only the pressure
distribution of the front plane is investigated and
presented. The boundary conditions and geometry model
are maintained the same in all study cases. To identify the
slippage effects, the slip boundary condition is applied at
the plate to compare with a no-slip boundary condition.
Lubricant

Cylindrical roller
P N ]
Inlet{ e e }Outlet
\ Plate

Figure 1 Schematic of the CFD model

In this research, the ICEMCFD software is used to
create the CFD model of the EHL problem, as shown in
Figure 1. Then meshes are generated in the geometry. The
proposed CFD model is examined by completing the
mesh dependent test to ensure that the resolution is
adequate. The spacing of the mesh in the CFD model is
refined from 0.5 pm to 0.25 um and 0.167 um. It is found
that the predicted pressure distributions with the mesh
spacing of 0.50 pm, 0.25 pm and 0.167 um are the same.
Then, the maximum mesh size of 0.25 um was chosen
and applied to the contact zone of the CFD model in this
study.

Table 1: The common data using in the CFD model

Parameters Value Unit
Input data
- An applied load, W 1.0,1.5,2.5 | kN/m
- Average velocity, U, 2.5 | m/s
- Slide to roll ratio (SRR) 0,1,2 | -
Solid properties (Cylindrical roller and plate)
- Elastic modulus of solids, E;, E> 2.1x10" | Pa
- Poisson's ratio of solids, L. U, 030 | -
- Specific heat of solids, Cy,;, Cy2 460 | J/Kg-K
3
- Density of solids, P1° P2 7850 | kg/m
- Thermal conductivity, k;, k> 47 | W/m-K
- Radii of curvature (Cylindrical roller) 0.01 | m
Lubricant properties
- Inlet viscosity of lubricant, n 0.01 | Pa-s
- Vapour dynamic viscosity, u, 8.97x10° | Pa-s
- Liquid density, p; 846.0 | kg/m®
- Vapour density, p, 0.028 | kg/m’
- Thermal conductivity of lubricant, k 0.14 | W/m-K
- Temperature-viscosity coefficient of 0.0476 | /K
lubricant, V4
- Specific heat of lubricant, C, 2,000 | J/ Kg-K
- Thermal expansivity of lubricant, g 6.5x10* | 1/K
- Pressure-viscosity coefficient, z 0.689 | -

The minimum gap between the cylindrical roller and
the plate is 0.1 mm. The quad-mesh type is employed to
generate meshes for the CFD model. There are 20,517
nodes in total. Then the CFD model is solved using the
commercial software ANSYS Fluent 12.

4. THEORY

In the analysis of thin fluid film lubrication, the CFD
approach is used to calculate the velocity and pressure in
fluid flow at the narrow gap between the top cylindrical
roller and the plate instead of the Reynolds equation. The
fluid solver and solid solver are employed. It is a coupling
between the fluid flow (lubricant) and the deformation of
the solid part.

The characteristics of fluid flow can be explained by
the conservation form of the fluid flow. This combines
the continuity equation and momentum equation which
can be written in the general form:

Conservation of mass:

ap _ ey
—4+V. =0
o V(i)

Conservation of momentum:
%+V-(puu):7Vp+V-r )
where T =—77(Vu+(Vu)T)+§nIV-u 3

Conservation of energy:
¥+V-(puT)=V-(kVT)+ST )
where Sr=Qoewr +anm;.; Q)

[ U(Vu :VuVu(Vu)' —%(V ~u)2) ©)
AT
Qoo = L ) )
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The density of lubricant ( p ) is a pressure dependent.
It is well known that the generated pressure in the contact
zone is very high. For that reason, this effect cannot be
neglected. As Dawson and Higginson presented, there
was a linear variation on pressure and density [11]. The
relation between pressure and density can be stated as
follows:

0.59x10” p, (8)
p; =Po£l+mj[l—ﬂ(T—To)]

where g is thermal expansivity of lubricant.

The viscosity of lubricant also depends on the
pressure as well as the density. The increasing of the
viscosity with pressure can be calculated as proposed by
Roelands and Houpert [12].

(7138

Drtopers =T exp{[lm]y +9A61]|:—l+(1+541><l()’9pl) ][ ]—C(T—];])} 9)
T,-138

where ,9 [ S, ]
c=(In7,+9.61)(1+5.1x10" p,) | —— 10
(In7, +9.61)( ) T, (10)
(1,138
S°_7[1n%+9461] an
and
Teying = ~-sinh” ("LJ (12)
g Ty

The Ree-Eyring model can be used to present the
viscosity in each cell. It depends on the equivalent shear
rate as the following conditions;

_ {ﬂHrmpen ) 7}(»(, < 1075

Mg 7y 2107 (13)

i

The cavitation effect [39] is not modelled by the
Reynolds equation. However, the occurred negative
pressure in conjunction zone can be solved by applying a
cavitation model to the CFD model for the EHL problem.
The full cavitation model [13] has been employed in this
research is:

Aeal) (o 5,,)=V(v7 ) A5 (9

where A and B are given by (15)

4=002Y 5 5. 2Apu =) p)(l—f) (16)
o 3p

B:0.0l&p,p‘ Z(P—l’mr)(f) amn
o 3p

The density of a lubricant for a liquid phase is a
function of pressure as defined in equation (8). Thus the
density of the vapor phase should be calculated from the
fraction equation. Therefore the density of a mixture
phase can be written as:

p=a‘,p‘,+agpg+(l—a‘,—ag)p, (18)

The local lubricant film thickness or the gap at the
contact zoned can be calculated by a geometric equation.
The geometry of the contacting elastic solids is defined
as shown in Figure 1. The full-film lubrication is assumed
in this study. Then the lubricant film thickness is
depended on the physical geometry of the cylindrical
roller and the elastic deformation term [36] which is
governed by the pressure distribution of the contact [37].

X2 : (19)
h,.=h0+E+R(1)—”—E:!;p(§)ln(x—§) dé

The gap between the cylindrical roller and the bottom
plate must be corrected in each iteration and updated until
the generated pressure is equal to the applied load. Then,
the constant s, can be solved using a force balance
equation [38].

R = b + defect (20)
where defect = L — Tp,dx

As the cylindrical roller and plate surfaces are defined
to be moving with different velocity. Especially, in case
of high SRR, the shear strain is very high. Then the
lubricant can be slipped along a solid-liquid interface.
This phenomenon can be calculated by:

Ou, 21
M/ =
' 0z |\an
where u, indicates the streamwise slippage velocity at the
hydrophobic surface.

5. NUMERICAL METHOD

The finite-volume method is used in this study. The
integral form of the transport equations (1) and (2) has to
be applied to a discretized equation. The geometry
domain is subdivided into a finite number of subdomain
as shown in Figure 1.

The pressure and velocity variables in the domain are
calculated by using the PISO algorithm. In addition, the
spatial discretization methods are applied to the CFD
model such as least square cell base, second order, second
order upwind, and quick for calculating the gradient,
pressure, density and momentum, respectively. Then the
transport equation in a general form can be used to solve
iteratively for all cells in the domain, as demonstrated

below:

| Set boundary condition and initial condition

—'I Solve discretized momentum equation I

I Solve pressure correction equation |
Update geometry l

UDF for dynamic mesh
I Update pressure and velocities

T 1

Update properties | Solve all other discretized transport equation

UDF for density and viscosity l

Convergence?

No

Figure 2 The flow chart for solving the EHL problem of
the CFD model
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At the beginning of the iteration process, the velocity
and pressure fields are approximated. Then these
parameters are used to solve the momentum equation and
the pressure correction equation. These values will be
corrected in each iteration, until the acceptable
convergence of pressure and velocity is achieved as
shown in Figure 2.

6. RESULTS AND DISCUSSION

The results of the proposed CFD model were
compared with that from the Reynolds equation presented
by Chu et al [40]. Figure 3 depicts that the pressure
distribution and the film thickness of both methods are in
good agreement [41]. It can be clearly seen that the
characteristics of EHL problem can be simulated by using
the CFD technique very well.

14 1 % P-Reynolds r 5.0
1.2 --P-CFD
10 R H-CFD - 4.0 -
a0 H-Reynold

0.8 - 3.0
0.6 / a
.0 KN x

4 ¥ - 20
04 - N ¥
0.0 m ; R

40 30 20 -10 00 10

X
Figure 3 Comparison of dimensionless film thickness (H)
versus pressure distribution (P) between the CFD model and
the Reynolds equation

The simulation results of two parameters varied are
presented in this paper. The first case shows the effect of
slippage with the ratio of the different velocity between
the cylinder and the plate (SRR) varied. Then the second
case presents the slippage influences with the applied
load varied.

Figures 4, 5 and 6 show the effects of slippage on the
pressure distribution and the fluid film thickness at the
contact zone when SRR=0, 1 and 2, respectively. It is
found that the slippage condition is significantly to the
characteristics of the EHL problem. The effect of
slippage is increased when the SRR between the plate and
the cylinder was increased. The pressure distribution of
the slippage case of SRR=1 and 2 is clearly higher than
the no slippage case. This is due to the fact that the film
thickness of the slippage case is thinner than the no
slippage case as shown in Figure 6.

0.25 3.0

P (No slippage) |
020 25

P (Slippage)
- = = = H (No slippage) i {20
H (Slippage)

o
Z [um]

Pressure [GPa]
o
S

0.05

X x103 [m]
Figure 4 Comparison of pressure distributions and film

thicknesses between no slippage and slippage when SRR=0
and L=1 kN/m

0.25 3.0
P (No slippage)
P (Slippage) 125
= = = = H (No slippage)

020

H (Slippage)

0.15 |

Pressure [GPa]

Z [um]

0.10 |

0.05 |

0.00

X x1073 [m]

Figure 5 Comparison of pressure distributions and film
thicknesses between no slippage and slippage when SRR=1

and L=1 kN/m
0.25 30
------- P (No slippage)
R P (Slippage) 123
g H (No slippage)
S, H (Slippage) 20
e -
2 N
1.0
0.5
0.0

X x107 [m]

Figure 6 Comparison of pressure distributions and film
thicknesses between no slippage and slippage when SRR=2
and L=1 kN/m

Some results illustrate that the effect of slippage on
the EHL problem is very small when the applied load was
increased for the SRR = 0 (no slide between both solid
surfaces). Figure 7 shows the comparison of the pressure
distributions and the fluid film thickness profiles between
no slippage and slippage applied for the plate when L=1.5
kN/m and 2.5 kN/m. It is found that the pressure
distribution and the fluid film thickness are quite
similarly in either case. However, the comparison of
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pressure distribution is different when the SRR increased
as presented in Figure 7. It can be clearly seen that the
slide to roll ratio is significant on the slipped wall
condition.

0.35 30
............. P (L=1.5kN)
....... P (L=2.5kN)
0.30 + P (L=1.5 kN, Slippage) 125
P (L=2.5 kN, Slippage)
H (L=1.5 kN)
025 H (L=2.5 kN) 20
_ H (L=1.5 kN, Slippage)
&£ 0.20 H (L=2.5 kN, Slippage) =
£ E]
S 1.5 =
£ 015 N
2
2 1.0
& 0.10
0.05 1%
0.00 : ) ] 0.0
202 0.1 0 0.1
X x1073 [m]

Figure 7 Comparison of pressure distributions and film
thickness profiles between no-slippage and slippage when
L=1.5 kN/m, 2.5 kN/m and SRR=0

0.25 v 0
........... P (Slippage)
_______ P (No slippage) 125
0.20 + i ‘
H (Slippage) £
. 3
— = = = H(Noslippage) ¢ e
E ) X { 2.0
5015 N i e
= . £ 1153
: \ § N
$ 0.10 \\ i
I3
2 N y: 1 1.0
LY L
N =~
L Y
0.05 " Y 405
Ll +”
/f" = - P >
0.00 R — 00
02 -0.1 0 01
X x103 [m]

Figure 8 Comparison of pressure distributions and film
thickness profiles between no-slippage and slippage when
L=1.5 kN/m, and SRR=1

Figures 9-13 reveals the behaviour of thin fluid film
lubrication when the slippage effect considered. The
cylindrical roller was rotated around 125 rad/s. while the
plate was moved with v=3.75 m/s. It explores that the
cylinder is more influent on lubricant velocity than the
plate as shown in Figure 9. This is because the lubricant
was slipped from the solid wall (Plate). Therefore, in this
case, the velocity of lubricant is dominated by the
velocity of the cylindrical roller.

Figure 10 shows the contour of the pressure
distribution of the lubricant at the conjunction zone. The
maximum pressure is about 1.6 MPa. The pressure very
high because the fluid film is very thin. The shear stress
and shear rate of the layer of fluid film near the cylinder
are higher than the plate where the slip wall condition was
applied as shown in Figures 11 and 12.

1.0E-06
8.0E-07
6.0E-07 45
E i 3.6
N4.0E-07 2L
1.7
0.8
2.0E-07 -0.1
-1.0
0.0E+00 .
-0.0002 -0.0001 0 0.0001
X [m]
Figure 9 The contours of lubricant velocity [m/s]
1.0
8.0
6.0
= 1.6E+08
g 1.4E+08
N 40 1.2E408
9.8EH07
7.8E+07
2.0 5.8E+07
3.9EH07
1.9E4+07
0.0F
-0.0002 -0.0001 0 0.0001
X [m]
Figure 10 The contours of static pressure [Pa]
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3.6E+04
S13EH04
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Figure 11 The contours of velocity gradient, du/dx [s™!]
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-0.0002 -0.0001 0
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Figure 12 The contours of velocity gradient, du/dz [s™']
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Figure 13 The contours of temperature [K]
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Figure 13 presents the temperature contour at the
contact zone. The temperature rises because the heat
sources were generated by the Qgnear and Qcompress terms as
presented in equations (6) and (7).

7. CONCLUSION

An advanced 2D CFD model has been successfully
developed for simulating the characteristics of the EHL
line contact problem, with a focus on the effects of
slippage condition. The CFD model has been used
successively to simulate the pressure distribution, the
generated temperature, and the velocity of lubricant
under the varied slide to roll conditions. The results show
that the CFD model can be a useful tool for the EHL line
contact problem, and can deal with the slippage problem.
The main findings are summarized below:

- The slippage condition is a very important factor that
affects the shear strain, especially for the case of pure
sliding (SRR=2).

- The fluid film thickness is thinner than the no
slippage case.
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Abstract
This paper discusses the influences of relevant parameters on thermal performance of a standing wave thermoacoustic
refrigerator. The effects of the parameters, such as oscillating frequency, stack and heat exchanger configurations were
investigated. The thermoacoustic refrigerator built for the current study comprised of a PVC resonator pipe of 1.05 metre
in length and 2 inches of nominal diameter. A loudspeaker was installed at one end of the resonator pipe to oscillate the
air, which was used as the working gas. Electrical power supplied to the loudspeaker was fixed at 42 W for the whole
experiment. There were three set of stacks selected in this experiment; paralleled PVC sheet stacks of 3.5 cm and 10 cm
long and aluminium wire mesh screen stack with a total length of 10 cm. Three heat exchangers were used; 2.0 cm and
22 cm long galvanized steel sheet heat exchanger and 2.0 cm long copper finned heat exchanger were included in the
test. In the current study, the thermal performance of the refrigerator was represented in terms of air temperature at the
cold end and hot end stack, room temperature and their differences. The results revealed that the resonant frequency was
found at around 80 Hz. The system with aluminium wire mesh screen stack provided the best thermal performance
comparing to paralleled plate stacks. The optimum stack position was at 70 cm measurement from the front of the
loudspeaker. The lowest air temperature at the cold end stack was 7°C below the room temperature, which could

contribute to the installation of the copper finned heat exchanger.

Keywords: thermoacoustic refrigerator, stack, heat exchanger.

HEPLRZTC AR OUS T

1. NOMENCLATURE

blockage ratio

limit of error

systematic uncertainty

isobaric specific heat (J kg''K™")
gap spacing (m)

oscillating frequency (Hz)
specific heat ratio

thermal conductivity (W m'K™)
resonator length (m)

Stack length (cm)

half of plate thickness (m)
number of samples

gas constant (J kg"'K1)

stack position (cm)

standard deviation

precision or random uncertainty
temperature (°C or K)

2. INTRODUCTION

Nowadays, the global environmental problem has
become an important issue to be considered. Greenhouse
effect is one of the major concerns among the scientists.
Refrigerants such as Chlorofluorocarbons (CFCs) and
Hydrofluorocarbons (HCFCs and HFCs) are the
examples of greenhouse gases. These gases significantly
destroy the stratospheric ozone, and subsequently,
enhance the greenhouse effect. Solutions for this situation
may include producing alterative refrigerant gases such
as Hydrofluoroolefin (HFO), CO,, R290, R600 and R32
as well as developing new cooling process which is
harmless to the environment. Thermoacoustic
refrigeration is a state-of-the-art cooling system. It uses
noble gases, for instance, Helium, Neon, Argon, Krypton,
Xenon, air or their mixtures as the working fluid instead
of the destructive refrigerants [1]. Such noble gases have
low chemical reactivity and are transparent to the

Tc air temperature at cold end stack (°C) wavelengths of light which is responsible for trapping
Th air temperature at hot end stack (°C) heat. Thus, these gases do not contribute to the
Tr room temperature (°C) greenhouse effects. It could be claimed that
Ur overall uncertainty thermoacoustic ~ devices are environment-friendly
% speed of sound in gas (m s™) technology. In addition, the thermoacoustic refrigerator
Yo half of plate spacing (m) has less moving components compared to the vapor
Ok thermal penetration depth (m) compression refrigerator. This is one of the main
Sy viscous penetration depth (m) advantages in terms of reducing the maintenance cost.
A wave length (m) Thus, the thermoacoustic refrigeration could be a
u dynamic viscosity (N s m?) competitor of the traditional vapor compression system.

p density (kg m) The main components of the thermoacoustic
o angular frequency (rad s™') refrigerator are a resonator pipe, a linear driver or
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loudspeaker which is used to generate acoustic waves, a
stack and two heat exchangers. Once the gas parcels in
the resonator pipe are oscillated because of the excitation
from the driver, they experience compression and
expansion causing a transport of heat from the lower to
the higher temperature region. Besides the linear driver
or loudspeaker, the thermoacoustic refrigerator can be
driven by its reversed process device called
thermoacoustic heat engine. Such refrigeration system
would benefit communities in remote and rural areas of
the developing countries. Saechan et al. [2] developed a
thermoacoustic refrigerator driven by a combustion
powered thermoacoustic engine. The refrigerator
achieved the lowest temperature of -3.6°C at the
maximum coefficient of performance (COP) of 1.42
which was enough for cooling storage of crucial
medicines. A similar apparatus was constructed by
Jaworski & Mao [3]. The later setup provided better
performance with the lowest temperature of -20.0°C and
the maximum achieved cooling load was 133W at the
COP of 2.06. Apart from the biomass combustion, the
waste heat from the exhaust gas of an internal combustion
engine with high temperature of 700°C could also be used
as thermal input for thermoacoustic engine and
refrigerator combination. This exploration had been
revealed by Gardner & Howard [4]. According to their
simulation results, the refrigerator would provide 135W
cooling power and the temperature at cold heat exchanger
would be -45°C at its optimum operation. Nevertheless,
the experimental data were not presented in the report.
The comparison on COP of thermoacoustic refrigerator
and vapor compression system was also modelled by
Starr et al. [5]. They found that thermoacoustic
refrigerator was suitable for low heat load application
such as electronic devices cooling. However, for large
heat loads, the COP of thermoacoustic refrigerator was
less than the conventional vapor compression system.
There are many parameters that have significant
influence on the performance of thermoacoustic devices.
Tijani et al. [6] applied numerical approach for the
optimization of different parts of thermoacoustic
refrigerator. Tijani et al. [7] also performed an
experimental investigation on the effects of gap spacing
between parallel-plate stacks. The optimal spacing of
about three times the thermal penetration depth was
suggested. However, other geometries, such as length and
position of stack were not mentioned in the report. The
suitable design criteria for stack length, stack position and
the gap spacing of stack and heat exchanger length
established from computational method have been
presented by Piccolo [8] and Nouh et al. [9].
Experimental studies related to the thermoacoustic
refrigerator have also been done by other research groups.
Assawamartbunlue & Kanjanawadee [10] presented
experimental results of parameters such as stack position,
plate spacing, stack length and thermal conductivity of
stack which influenced the temperature profile on the
stack. Actually, there was no heat exchanger installed at
the stack extremities. A year later, Supperm et al. [11]
added heat exchangers in a thermoacoustic refrigerator to

observe thermoacoustic phenomenon. However, the
effect of stack geometry on the refrigerator performance
was not investigated. The effects of both stack parameters
and heat exchanger were determine by Dhuchakallaya &
Saechan [12]. The optimum geometry of stack was
suggested. Nevertheless, it was found that the heat
exchanger installed at hot end stack did not contribute to
the temperature reduction on the cold end stack.

As the heat transfer process plays an important role
on the overall performance of thermoacoustic devices,
the fabrication technique for the heat exchanger in
oscillatory flow condition was presented by Garrett et al.
[13]. The convective heat transfer coefficient for
oscillatory flow was predicted, but the influence of heat
exchanger parameters on thermoacoustic refrigerator
performance was not depicted. Basically, the heat transfer
process in the oscillatory flow is quite complex. As
pointed out by Nsofor et al. [14], the straight flow heat
transfer correlation is not applicable for analyses of the
thermoacoustic system. Thus, the design of the heat
exchanger for the thermoacoustic device needs to be
further investigated.

As reviewed earlier, the effects of stack
configurations have been numerically examined in [6]
and [8]. Considering the experimental works, stacks
made from thin plastic sheet rolled into spiral pores were
tested as mentioned in [10] and [12]. To satisfy the
experimental requirements, the effects of stacks with
different configurations are needed to be investigated. In
[11] and [12], the setup of thermoacoustic refrigerators
were equipped with heat exchangers. The enhancement
of cooling performance because of the heat exchangers
was not reported in [11]. In [12], there was no evidence
to exhibit the advantage of hot heat exchanger on
thermoacoustic refrigerator performance which differs
from that stated in [13]. Thus, the investigation regarding
this parameter is required to be performed.

In this study, the influence of oscillating frequency
was carried out and the resonance frequency for the
developed apparatus was determined. For the effects of
stack configurations, parallel sheets stacks and an
aluminium wire mesh screen stack were chosen for the
current experiment. The optimum length and position of
stack were also examined. As the hot heat exchanger
might have impact on the thermoacoustic refrigerator
operation, heat exchangers of different configurations
were selected and their influences were be observed.

3. EXPERIMENTAL APPARATUS AND
PROCEDURES

The thermoacoustic refrigerator developed for this
experiment is of standing wave type. It composes of main
components such as a resonator pipe, a stack, a hot heat
exchanger and a loudspeaker within the enclosed box
(Fig. 1). One heat exchanger is situated on the hot side of
the stack. This heat exchanger is responsible for ejecting
heat from the system. On the cold side of the stack, itis a
vacant space to simulate no-heating load situation.
Although the overall performance of thermoacoustic
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device is influenced by the working gas [15, 16], this
parameter is beyond the scope of the current study. Thus,
the air at the atmospheric pressure is used as the working
fluid for simplicity.

| Hot end stack Hot heat

exchanger

Cold end stack

Resonator pipe Tc,

rn_o_ _JJI :. ....... ] == —/
ﬂ [T od o o000 [
(o]e]e] o
s m 1T
Amplifier Function generator Data acquisition
system

Figure 1 A schematic diagram of the standing wave
thermoacoustic refrigerator in the current study.

The resonator is an essential component with other
parts attached to it. For this reason, it must be strong
enough and have rigid surface for the sake of acoustic
wave reflection. The PVC pipe is selected such that it can
withstand the mean and dynamic pressure generated from
the loudspeaker. Regarding thermal property, PVC pipe
has a low thermal conductivity (0.17 W/m-K) [17].
Therefore, the heat leakage through the pipe surface is
low. Since a heat exchanger will be installed at the hot
end stack, small pipe diameter may cause difficulty for
the heat exchanger fabrication and installation. As
mentioned in [15], the loss of the acoustic power is
proportional to surface area of the resonator, thus a
compact resonator pipe has less acoustic power
dissipation. Hence, a PVC pipe of 2 inches diameter is
suitable for this study. According to the specification of
loudspeaker used in this study, its resonant frequency,
which characterizes the highest excursion, is about 69 Hz.
Referring to Equations (1) and (2) [18], a 1.05 m long
resonator pipe is a compromise in this case considering
that the length of the pipe (L) is twice the acoustic wave
length (4). In addition, this resonator length is applicable
to install all the necessary components and is able to vary
stack position for the investigation.

\'
f=— (1

v=+KRT @

Another crucial component is stack. Basically, the
stack in a standing wave thermoacoustic device is a pack
of well-spaced thin solid sheets. Material of high heat
capacity and low thermal conductivity is preferable. It is
suggested that space between each plate of stack should
be 2-4 times the thermal penetration depth (& ). The

definition of §, can be seen in Equation (3) [19].

2k
By = 3)
pe,o

The thermal penetration depth is an important length
scale in thermoacoustics. It represents a rough distance
normal to the stack plate that the heat can diffuse through
in a time interval of 1/xf [20]. If the stack is too dense,
loss of the acoustic power because of the viscous effects
will be prominent. Thus, viscous penetration depth (&,)
as defined in Equation (4) [19] is another length scale in
consideration.

5, = | 2H @)
PO

According to this experimental setup, the viscous
penetration depth and thermal penetration depth is
obtained at about 0.25 and 0.29 mm, respectively.
Paralleled sheets stacks in this study are fabricated with
gap spacing (D) of 1.0 mm corresponding to the
recommended value; 28, < D <43, (0.58 mm < D <

1.16 mm). Porosity or blockage ratio of stacks defined by
Equation (5) is 0.77.

Yo
B=—>—
Vo +1 (5)

The length and the position of stack also have great
influences. Three set of stacks, as detailed in Table 1, are
included in the test. Stack No.l and No.2 consist of
parallel plates which is made from Polyvinylchloride
(PVC) sheet. Stack No. 3 comprises of many pieces of
aluminium mesh screen packed together to achieve a total
length of 10 cm. Drawing of all stacks are depicted in

Figure 2 Illustration of stacks. (a) Stack No.1: 3.5 cm long
paralleled sheets, (b) stack No.2: 10 cm long paralleled
sheets and (c)stack No.3: 10 cm long wire mesh stack

Thermal interaction between the working gas and the
solid surfaces is crucial for the performance of the
thermoacoustic devices. It is assumed that the capability
of heat removing from the system may determine the
overall performance of the thermoacoustic devices. Thus,
three heat exchangers of various configurations, as
presented in Table 1, were developed to perform as a hot
heat exchanger. HEX-1 and HEX-2 are of air cooling
type. They are made of galvanized steel sheet curled into
a hollow cylinder of the same diameter as the resonator
pipe. HEX-3 is a copper finned type with water cooling.
The fin length measured in gas flow direction was 2 cm
while the fin thickness and gap spacing were 0.3 and 1.0
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mm, respectively. The cooling water flows in a cavity on
the housing circumference. Water at room temperature
was used as a cooling medium and the flow rate was kept
at 0.2 LPM. There is a small gap of about 5 mm between
the hot end stack and HEX-3 in order to minimize the heat
flowing back to the stack. Drawing of all heat exchangers
is illustrated in Fig. 3.

22 cm

HEX-2

(b)

water inlet

l water exit

Figure 3 Illustration of HEX-1 (a), HEX-2 (b) and HEX-3 (c).

Table 1 Components of the thermoacoustic refrigerator

Components

Resonator
Material PVC pipe
Diameter 2” Nominal diameter
Length 1.05m
Stacks No. 1 No. 2 No. 3
Material Paralleled Paralleled  Aluminium

PVC sheets PVC sheets  wire mesh
k 0.19 Wm-K 0.19 W/m-K 222 W/m-K
Cp 1,470 J/kg:K 1,470 J/kg-K 940 J/kg-K
Length 35cm 10 cm 10 cm
Gap spacing 1 mm 1 mm -
Thickness 0.3 mm 0.3 mm 0.3 mm
Porosity 0.77 0.77 0.79
Hot Heat Exchanger (HEX)

HEX-1 HEX-2 HEX-3
Material Galvanized steel sheet Copper fins
curled into a hollow
cylinder

Length 2 cm 22 cm 2cm
Cooling liquid  Air Air Water

The oscillation of the working gas was induced by an
8 inches loudspeaker. Sine wave signal from a function
generator (YOKOGAWA-FC39) was provided through
an audio amplifier to drive the loudspeaker at selected
frequencies. Electrical power was fixed at 42 W which
was less than a half of the loudspeaker rated power. At
this level, displacement amplitude of the loudspeaker
diaphragm will not exceed its maximum linear excursion
of #£3.1 mm. This can avoid the damage of loudspeaker.

In addition, operating at the mentioned level can
minimize the drop of force factor which could result in
the loss of the acoustic power and the dynamic pressure.
However, to fully understand the influences of audio
loudspeaker characteristic, a series of experiments are
need to be further conducted. Regarding the
measurement, temperature data was acquired by means of
type T thermocouple probes and data acquisition system.
The air temperature at the cold end stack (T¢), the hot end
stack (Tw) and the room temperature (Tr) were collected.
The thermocouple probes for measuring Ty and Tc are
located at around 2 mm away from the stack extremities
(Fig. 1). This location was selected to avoid direct
thermal contact of the probes and stack surface.
Additionally, the probes are also situated within
travelling distance of gas parcels during the oscillation.

At first, the thermoacoustic phenomenon was
observed. This was done on the experimental setup with
stack No.1 situated at position S = 50 cm and no heat
exchanger installed. The effect of oscillating frequency
was examined by varying the driving frequency from the
function generator. Once the system was in steady
condition, thermoacoustic effect was noticed through the
variation of Tc and Tu. Regarding the influences of
position, the stack was moved to various positions: S =
20, 30, 70 and 90 cm. The optimum location was
determined by the largest temperature difference between
the room temperature and the cold side temperature (Tr —
Tc). Thereafter, stack No.2 and No.3 was tested with the
same procedure. When the optimal stack configuration
was determined, each of HEX-1, 2 and 3 was installed
consecutively to find the most suitable one. From the
experiment, it was expected that a suitable stack and heat
exchanger would be determined. Furthermore, it was
assumed that the installation of the hot heat exchanger
could result in the decrease of Tc.

Since the results in this study will be represented by
Tr, Tc, Tu and their differences, the source of uncertainty
mainly arises from temperature measurement. Basically,
the uncertainty can be categorized into two groups:
precision or random uncertainty (st) and systematic or
fixed uncertainty (br) [21]. Precision uncertainty for the
temperature measurement (st) can be calculated from
Equation (6) [22]. According to a preliminary
temperature measurement, the estimation of precision
uncertainty for the temperature measurement (st) is
+0.17°C.

sp=St/JYN (6)

Regarding the systematic uncertainty of the
temperature measurement (br), it cannot be directly
determined by any statistical technique. However, it is
obtained from the equipment specifications given by
manufacturers and, then, estimated according to Equation
(7) [23]. In the current experiment, temperature
measurement was acquired by type T thermocouple (class
1 tolerance) which has limit of error (Br) at 1.0°C. Hence,
the systematic uncertainty of the temperature
measurement (br) is 20.5°C

29

Naresuan University Engineering Journal, Vol.13, No.2, July — December 2018, pp. 26 — 34



NUEJ

Naresuan University
Engineering Journal

by =Br/2 7

The overall uncertainty of the temperature
measurement (Ur) can be estimated from Equation (8).
Referring to the values of sr and br obtained from
Equations (6) and (7), the overall uncertainty evaluated at
95% confidence level was £0.53°C.

[2 2
UT: ST+bT (8)

4. EXPERIMENTAL RESULTS AND DISCUSSION

In this study, the thermal performance of standing
wave thermoacoustic refrigerator is represented by air
temperature at the hot end (Twx) and the cold end (Tc) of
the stack comparing with the room temperature (Tr). The
temperature information was selected to present here
rather than the cooling capacity or the COP to minimize
the uncertainty in the measurement. In a small cooling
capacity system, if the temperatures are converted to
COP, the uncertainty imbedded in the temperature
measurement will propagate into the final results.
Interpretation of the influences of the interested
parameters on thermoacoustic refrigerator performance
can be misleading. In addition, a basic setup of the test
rig is designed in order to avoid any interference from
additional components and measurement devices. Hence,
at this stage, temperature data could be employed as a
guideline in thermoacoustic refrigerator design
procedure.

4.1 Thermoacoustic phenomenon with time evolution

In Fig. 4, air temperature Ty, Tr, Tc and Tr-Tc are
illustrated. Temperature profiles were obtained from the
setup with stack No.2 and S =50 cm without the heat
exchanger while the oscillating frequency was kept at 70
Hz. The temperature measurement from all probes were
validated with a calibrated sensor. Prior to run the loud
speaker, the temperature data were acquired for several
minutes in order to ascertain that all thermocouple probes
provided comparable temperature values in the same
environment. This can be seen from the temperature
readings for the first five minutes in Fig. 4, which shows
the values for the three probes are at about 22.5°C. Once
the loudspeaker was excited at 5%2 minutes, the air started
to oscillate and thermoacoustic effect was observed when
Tu increased and Tc decreased. The hot area of stack is
located adjacent to the closed end of resonator pipe as the
air experiences a compression at the pressure antinode
during the oscillating cycle. This phenomenon is
consistent with the experimental results reported in [11]
and [12].

Temperature difference Tr — Tc is presented by the
bottom line shown in Fig. 4. It is noticed that Tz — Tc
continuously increases from around 0°C (at 5% minutes)

to 5°C (at 9 minutes) and keeps constant until 18 minutes.
After that, Tr — Tc shows a slight fall of about 0.5-1.0°C.
Considering T, it kept rising since the loudspeaker was

on. This occurrence might be because of the fact that the
heat dissipation to the surrounding room was lower than
that amount of heat being pumped from the cold end
stack. This occurrence resulted in heat accumulation
around the hot end stack. In such case, the thermal
performance of the thermoacoustic refrigerator may get
worse because air temperature at the cold end stack rises
gradually after running the system for a certain time
duration. According to this observation, it is supposed
that if heat accumulation at the hot end stack could be
diminished, the thermoacoustic refrigerator performance
would be improved. For this reason, the significance of
the hot heat exchanger installed next to the hot end stack
has been taken into account and discussed thereafter
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Figure 4 Temperature profiles from the setup with stack No.2,
S =50 cm and operating at 70 Hz with no heat exchanger.

4.2 Oscillating Frequency

In Fig. 5, the oscillating frequency is varied from 30
Hz to 120 Hz with the increment of 1.0 Hz for every step.
Tr — Tc represents how cold is the air at the cold end stack
comparing with the room temperature. Tr — Tc profile
shows upward trend from the oscillating frequency of 30
Hz and reaches the peak of about 4.6°C at 77 Hz, after
which the drop has appeared. When oscillating frequency
was adjusted closer to the resonant frequency, more
intense compression applied on the gas parcels as they
were traveling toward the pressure antinode. This
situation caused the gas parcels to be hotter until
achieving the highest temperature at the resonant
frequency. According to Fig. 5, the air temperature at the
hot end stack (Tw) as well as the difference of hot end and
cold end temperature (Tu — Tc) reach the peak at 80 Hz.
This point is considered as the resonant frequency of the
current system. For frequencies beyond the resonance,
both Ty and Tu — Tc steadily decreased until the upper
frequency limit in this experiment was attained.
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Figure 5 Air temperature vs. oscillating frequency of the
setup with stack No.2 and S =50 cm with no heat exchanger.

4.3 Stack Configurations

The temperature profiles of Tr — Tc for the setup with
different stacks are presented in Fig. 6. It can be observed
that at the frequency below 55 Hz and most frequency
above 88 Hz, stack No.1 gives higher Tk — Tc than that of
stack No.2. However, the frequencies in those regions are
quite far from the system resonance thus the cooling
effect is small. Considering the temperature at or nearby
the resonant frequency, Tr — Tc for stack No.2 is higher
than that of stack No.1. Basically, the stack functions as
a medium for temporarily storing the heat while it is
transported from the cold end to the hot end of it. The
short stack like the stack No.1 may not be able to hold
temperature gradient along the surface. In addition, the
acoustic power dissipation because of the friction is
another crucial parameter for a long stack. However, the
tests for stacks longer than 10 cm were not performed in
this study. This can be an essential issue for further
investigation.

Regarding the material, the stack that has low thermal
conductivity is preferable because heat conduction from
the hot end to the cold end will deteriorate the cooling
capacity of thermoacoustic refrigerator. Furthermore,
material with high heat capacity is required in order to
maintain the temperature gradient along the stack and to
keep the local temperature on solid surface to be steady.
As depicted in Fig. 6, stack No.3 which is made from
aluminium wire mesh screen, shows the higher peak of
Tr — Tc than that of stack No.l and No.2 made from
paralleled PVC sheet. Once the thermal properties of the
PVC sheet and the aluminium wire mesh screen are
considered as detailed in Table 1, a substantially high
thermal conductivity of the aluminium stack should have
negative effect on Tr — Tc. This consequence could be
because of the heat-transfer-resistant air layers between
each piece of the mesh. Thus, heat conduction through
the aluminium wire mesh screen stack would be
diminished.

—B--Stack No.1: Paralleled sheets: Ls =3.5 cm

Q 0 __ -®--Stack No.2: Paralleled sheets: Ls =10 cm |
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Figure 6 The influences of stack configurations on Tr — Tc
for the setup at stack location S =70 cm with no heat
exchanger.

Stack position in the thermoacoustic refrigerator is
also a key parameter having a great impact on the overall
performance. In Fig. 7, the influences of stack position on
Tr — Tc for the setup of stack No.3 with no heat exchanger
is presented. It can be observed that the stack which is
located close to the loudspeaker (S = 20 cm) and the one
which is placed nearby the close end of the resonator (S
= 90 cm) do not reveal the peak of Tr — Tc. For the
positions of stack at 50 and 70 cm, the peak of Tr — Tc
are about 5 and 6°C, respectively. Thus, it can be
determined that the optimum position of the stack for this

test rigis at S =70 cm.
s

e S =20 cm
-4 S=50cm
—— S =70 cm
—- S=90cm

Temperature Difference (Tr-Tc; °C)

0 50 100 150
Frequency (Hz)

Figure 7 The influences of stack position on Tr — Tc for
the setup of stack No.3 with no heat exchanger.

According to Fig. 7, the higher the S, the closer is the
stack to the closed end of resonator which is a velocity
node. The gas velocity amplitude will be lower at the
position closer to this end. Since the viscous dissipation
loss is proportional to the square of the gas velocity
amplitude, the decreasing of velocity amplitude will
result in a reduction of the losses. Thus, the peak of Tr —
Tc for S = 70 cm is better than those for S = 20 and 50
cm. Nevertheless, the acoustic power proportions to the
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imaginary part of the product of the pressure amplitude
and the gas velocity amplitude. This implies that acoustic
power will drop if stack is installed too close to the
velocity node. This could be the explanation that the stack
situated at S = 90 cm provides the worst Tr — Tc. Thus, a
compromise on the stack positioning is also required.

4.4 Impact of the hot heat exchanger

To determine the influence of the heat transfer
capability at the hot side of stack on the thermal
performance of the thermoacoustic refrigerator, three
types of heat exchangers were tested and compared with
the original arrangement, i.e. without the heat exchanger.
Fig. 8 shows that Tx — Tc for HEX-1 and HEX-2 are
similar and lower than that of the original setup.
Basically, the resonator should be chosen from a rigid
material so that it can effectively reflect the acoustic
wave. In case of HEX-1 and HEX-2, which was made
from the galvanized steel sheet, might not be strong
enough for the working gas as a rigid boundary. As a
result, TR — Tc got worse comparing with the original
setup. For HEX-03, the peak of Tr — Tc was higher than
that of the original resonator pipe of about 1°C. However,
it was found in [12] that T¢ could not be further reduced
by adding a hot heat exchanger. Their results might not
be consistent with that obtained in this study; the
discrepancy might be because of the difference in the heat
exchangers’ configuration. In [12], two heat exchangers
were built for the test. They were made from spiral copper
tube: one was a bare tube and another one was a bare tube
attached by copper scourer to increase the heat transfer
area. These two heat exchangers might have caused high
pressure drop because of the blockage from the spiral
tube, while HEX-3, in the current study, had less flow
obstruction. Fig. 9 shows, the difference in Ty — Tk is
approximately 3°C between the peak of the original
resonator (higher peak) and that of the setup with HEX-
03 (lower peak). This indicates the impact of the heat
exchanger in thermoacoustic devices.
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Figure 8 The influence of the hot heat exchanger on Tr —
Tc for the setup with stack No.3 at location S =70 cm.
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Figure 9 The influence of the hot heat exchanger on Tx —
Tr for the setup with stack No.3 at location S =70 cm.

5. CONCLUSION

In the near future, thermoacoustic refrigeration could
be a potential competitor to vapor compression system
because it has less moving parts and uses noble gas as the
working fluid. However, the investigation on the effects
of various parameters on the performance is required. In
this study, the resonant frequency is found at around 80
Hz from the experimental setup. Regarding the stack
configuration, the optimum position is at S = 70 cm. The
stack material is also a crucial matter. Generally, a stack
of high heat capacity and low thermal conductivity is
required. It is found that stack No.3, which made from
aluminium wire mesh screen, provides the largest Tr - Tc.
This could be because of the heat-transfer-resistant air
layers between each mesh screen. Since heat from the
cold end stack will be transported and accumulated at the
hot end stack, a hot heat exchanger could benefit the
refrigerator performance. The suitable heat exchanger in
this experiment is HEX-3, which is a water cooled copper
finned heat exchanger. According to the results, the
lowest air temperature measured at the cold end stack is
obtained at around 7°C below the room temperature.

This study focuses on the thermal performance in
terms of air temperature at the cold end and hot end stack
comparing with room temperature. The results could be
used as a guideline for designing thermoacoustic
refrigerator. However, a system filled with compressed
noble gas to achieve higher cooling capacity would be
required for further investigation. Then, the experimental
results could be presented in terms of COP or other
quantities. Moreover, additional parameters in
accordance with finned heat exchanger configuration,
such as fin spacing, fin length, resonator pipe parameters
and input acoustic wave should be taken into account.
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Abstract

Although an electrical transformer can be developed efficiency by many novel approaches, the alternative
methods for the transformer efficiency improvement have been proposed by researcher frequently. An electrical
transformer is one of main components for many electric appliances. While the transformer of the electric
appliance has high efficiency, thus the electric appliance will consume lower power energy. This paper proposes
for modifying transformer parameters by using central composite design (CCD) method to improve the efficiency
of transformer. Technically, the transformer structural parameters such as core thickness, winding turn number
and conductor area are analyzed and modified by the central composite design. Consequently, the proposed
method is positive for improving the efficiency of single phase transformer. The efficiency of the innovative
transformer is higher 3.7% comparing with the prototype transformer. Also the cost of the innovative transformer

can be reduced as 4.09% comparing with the prototype transformer.

Keywords: Transformer Design, Central Composite Design Method, Finite Element Method
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nnaesd 3 sziu unudedadnual - 0, + Tnausuiuys
AfoamsAnwluiudsas 3 an ilellddoyaiismesie
nsadrauvudnaeanneand wuadu 3 diu ldun Axial
Portion (4) WumsuSumsuuswilsluvasfiliafuds
SuagﬁﬁﬂLémé’u, Factorial Portion (F) tfunisi 2-Level
Full Factorial u 8 udrunilavesnisnaass, WALy
gudnans (Center Point) ilumsusurvesynsaudsiien
Budy [11] Saumsmendinenanisaioluil

Axial portion @3N30AUIUTIUIUNITNNGDIAN

A=2xN (1)

Factorial Portion @1u150ATUIAAUIUNTNAGDIDIN

F=2"-» (2)
LLazﬁ;mquénmmﬁqqm

- A o a s a i a
LD N A IUIUNTIULHDT LAY p AR AunNnnaLTea

1nEUN15 (1) kazaunish (2) @UITOAIUIUTIUIU
ANSNARBIIIUUA 27 NISNAADI Us:ﬂa‘uﬁaafgm@uéﬂmq
37U 1 39, Axial Portions 143U 10 3 Uag Factorial

Portions 911U 16 90
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2.3 MTUATIEAMINUYSUTIU (Analysis of Variance)

ANSNAFOUAIAILLALNZENTB AN TEURUUTLE RN
NN50ONLUUNTNAABILUUEIUNALNANSIIDN1TIATIEN
Adulszandnssndula (Coefficient of Determination,
R) G961 R? 110 vinedie aunsiiianuwinzaunn tne
ammLLamg‘ULmumiwmﬁLﬂiwﬁﬂ'wmwmmsﬂsau
(ANOVA) fiamsnait 4 ile N fle Suteya p fis 919U
nauuUsdaseluauns [12]

MsAs1gsiaAuLUsUTINLendy 3 du fe Ay
kU5Us3u578 (Sum Square Total, SST) drufiesuneld
F18ENN150A08Y (Sum Squares Regression, SSR) Way
drufiesuldldseaunisannas (Sum Squares Error,
SSE) pauandluauns (3)-(7) [12], [13]

SST = SSR + SSE 3)
N /A N2

SSR = Z[:l(Y,- —Y) (@

ssE=)" (v,- 7) 5)

2
LlIE] z Y Y) A9 HAUINVDINAANNAIADIVDY
i= 1

'
=

Y ﬁﬂﬂﬂ’WLﬂaﬂ"ﬁx‘iﬂﬂLﬂaEJSZJENEJC‘]i']ﬁ’J‘LJS”ﬁ’J’N SSR iU SSE

mlean

Mean Square Regress10n SSR/(p-1)

" SSE/(N - p)

(6)

Mean Square Residual

fadu A1duUseanSnisdndula (Coefficient of

Determination, R?) ml9a1n

191991 4 NMTIATIEYAIAULUTUTIU (ANOVA)

Degree of ~ Sum of Mean
Source of
Freedom Squares Square
Variation
(DF) (SS) (MS)
Regression p-1 SSR SSR/(p-1)
Residual (Error) N-p SSE SSE/(N-p)
Total N-1 SST

Naresuan University Engineering Journal, Vol.13, No.2, July —

3. WAN1SANWEN

3.1 HANISEOALUUAIE TSN ITNAADNLUYTILNFUNA
NANNSODNLUUNNSNAARIRNSAUNLANNAS19A 5

A151991 5 sanseenuuundanladliiii 1 wa fiedsnsneans

WUUEIUNENNATN

D | X X, X3 Xq Xs B
1 0 0 0 0 0 0.926328
2 —a 0 0 0 0 0.916525
3 a 0 0 0 0 2.155538
a4 0 —a 0 0 0 1.032934
5 0 a 0 0 0 0.839101
6 0 0 —a 0 0 0.830378
7 0 0 a 0 0 1.022274
8 0 0 0 —a 0 0.929641
9 0 0 0 a 0 0.923011
10 0 0 0 0 —q | 0922642
11 0 0 0 0 a 0.929340
12 - - - - + 0.918331
13 + - - - - 1.168876
14 - - - - - 0.863537
15 + - - - + 1.089719
16 - - + - - 0.972008
17 + - + - + 1.245022
18 - + + - + 0.911588
19 + + + - - 1.169110
20 - - - + - 0.913007
21 + - - + + 1.153128
22 - + - + + 0.862547
23 + + - + - 1.085190
24 - - + + + 0.970464
25 + - + + - 1.243596
26 - + + + - 0.913184
27 + + + + + 1.153340

AILITNITNARDIRUUAITURANNATT WITUBUNR 5
Funm war 1 181Ane LHTUIUNITNARDINIMNA 27 N3

nnaed lnghl -, 0, + uansszAvvestayaluuiazaIu uag

o

ansnsnan v gl )

Y = 11 - 5X; + 48898067X, + 18559654X; - 766178(X;X,)
- 98369(X1Xs) — 5630(XX3) + 9228(X,X,)
- 5.26442 x 10M1(X,Xs) — 820(X5Xs) - 6091(X4Xs)
- 336357 x 10'%(X,?) - 6.85337E x 10'2 (Xs?) (8)
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3.2 MM TIATIZAANIUNYSUTIU
nNan1seenuUUmsiswlasivimeisnsnaasauuy
FIUNENNATS Lﬁ@ﬁﬂyqiLﬂiwzﬁ%agaWWQaﬁa f8n1S
NAABUAIAULALNEEUVDIEUNTAULUUMEAT R 91NN
AISNAGOU WU AUAITAULUUIAT R? LM1AU 90.83%
uazilAn P-value (AANUazd) Wiy 0.001 uanaua
MIATIZAIE ANOVA fim5197 6 annnsAneIenans
JynsuazIng1dnusiieatos nuin MmssenuuUnIs
naaefinmsiimdulssananissnaule R2 > 70% uazen
P- Value < 0.05 (&) uansiuuusiassiiianuiiome
Tumsilndeyauazfiodnduteyadid aunsailuats

aumshueiiemameeuinvgn [14]

A151991 6 MTIATIEIAIANNLUTUTIY

Source DF SS MS F P

Regression 5 1.05928 0.21186 7.04 0.001
Residual Error 21 0.63236 0.03011

Total 26 1.69164

3.3 HAN1TATIZVAIAINEUT US YIT9TE (Analysis of
each factor interaction)

a1nnan1seanwuuluaised 6 Wetundasizi
Wfiwesfdimanof1AunuILLYe LA UL ILLIEN
aEn NUT1 AIAMUNWILNUMAN F1UIUTBUVARIAFILN
waziuiintingaunaindai denalaensaioninany
Wkl UL ILIMENgan TagA1AurLILNY
Wndananon15iUasunUatAIA Ut LA ULS
wimdnanniige fauansanudiiusvesmsfimedien
mmwmwumaué’umummﬁﬂqafjmiugﬂﬁ 6(n)-(1) vn
TR TUINT TR DS AMUAUIUNWHUEN WU ATAITY
wwiurendunstdwdn i lidnsdsunlann
thisuandlugud 6(a)-@)

ey

e

21.0

19.5 Core thickness (X1)
0.00000040

0.00000045 18.0

‘Maximum value of magnetic flux density (Y)
&

0.00000050
Primary conductor arca (X2)

(n)

21.0
19.5 Core thicknes (X1)
960 18.0
1020
Primary tum number (X3)

()

Maximum value of magnetic flux density (Y)

R et 7
S

Maximum value of magnetic flux density (Y)

80 o5

21.0

19.5 Core thickness (X1)
0.0000010

Maximum value of magnetic flux density (Y)

0.0000011

0.0000012
Secondary conductor area (X5)

(9

0.00000045

Primary conductor area (X2)

Maximum value of magnetic flux density (Y)
s

1020 0.00000040

Primary tum number (X3)

Maximum value of magnetic flux density (Y)

Secondary tum number (X4)

(@)

JUN 6 AnuduiusvesR I ine SNdmadarInurUIkILY e

dunsuslmingan
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3.4 5am LBy AT I8N 1
INHANITODNKUUAIETIN1TNAABILUUAIUNANNAT
Tuansnadl 7 ansahanANIumAIANgYEETINYeN
wifeudaaliih wu Aawagdslunumndnuazainiy
goydeluraaindau Feaunisii (9) - (11) wagdurnm

ArUsvavisnmwesmsientasiiii Teaunsit (12) [15]

P.=Volx f x((chxB"®)+(cexB*x f)) (9

P, =1 xR (10)
P, =P.xP, (11)
—_ })t)ut —_ })in _ })Iosx (12)
]7 = = ——
P, P,

dlo P, i Araugeydeluunuman (W), P, Ao A
anugadeluaindini (W), P, A A1AUENIEETIY
vaansiowdadtniln (W), Vol s USuinsvaswnusnan
(m?), f Ao Areudnisliil (Hz), B fie AAumunwiy
Wuussimanlai (T wag %7 A ArUszANEnINURS
niouvaslni (%)

nNan1seenuuuntawlaslninflgisniseanuuy
MInAaBILUUEILNaNNa1s Tumsiedt 5 EleRiansandn

Yy oA o

AUVLIRLLTe LduULSivEngantifidTeeiign figu

U

s

7 7 wuih wuudiaeadl 6 (CCD-6) TWinadwsAvian Jauans
A5 finedfinsedt 7 snduhAimnsiwesildan
nseenkuuwnundulunvudiansveslnludiiodiuud
WU WUUSI809T 6 (CCD-6) TArAunuutuveuduy
wsawiwinlninasaauiiiu 0.830378 wnaan dA1Adw

Fouwiiu 30.811 asrwATya Wanwiaguil 8

mseenuuundanUadvidn 1 wa de3Snmsmeassnuudiunaunans
25

(waan)

S .

&

z. 2

‘5' CCD-6, B,,,,=0.830378 n&an

s

315

5

= . .

;g . . A * N * * - *
= * e e e . * * i *
2 © . .

=

= 05

g

& 0 5 10 15 20 25 30

iazgamiaanuuummmaaq

JUT 7 AR MUY I UL SIUMANEIEARINNTODNKUUNTS

NAADIVINNA 27 NITVAADI

a Ao Y oo
AN 7 HANIINAADINANFAIINNITODALUUAIYIDNIIVNIAGDY

LUUEIUNENNANS

WNBTBUNN YA (M1d38)

X, f1D ANUAUIYOILNUMEN 40 mm.

X, fio fiuivinfAnvesuaaInmulgugil  4.56 x 107 m’

U

a

X5 A9 1UIUTOUVDIUAAIAAIUUTUNT]

a9

855 59U

a

X, P9 I1UIUTOUVDIUARIAMUN AL

y

80 38U

a

Xs Ao NunihAnvesuaaIna el 1.102 x10° m?

0.83038 Max
0.73812
0.64386

0.5536

0.46134
0.36908
0.27682
0.18456
0.092299
3.9382e-5 Min

g [ ;7 1 @
() ANAIUAUN uturosduLssimanlyidh

30.811 Max
30011
29.211
28411
27612
26812
26012
25.212
24412
23.612 Min

(@) Ampnusoudindulundaudadini
35U 8 wan1sraesnsiauvemdioudadluih 1 wa aanwanis

DONLUUMIYIONITNARBILUUEIUNANNANS

3.5 wanrsnaaeundoutaslWiiesnsuusag3sng s
NAADIUUFIUNALNA WDV URNIT
dlethamisdmesildannnisesnwuudieisnis
NAARILUUAILRANNANNES 19 ntauUaalvinese wans
ﬁﬂwmmawﬁaLLﬂﬁleﬂﬁﬁagﬂﬁ 9(n) wagtndowuad
Tnidisnandlunaaeuluiesufjifinssenisageuwuuy
1023995 (Open Circuit Test) kazN1INAFDULUUANIIDT

(Short Circuit Test) Geldfifnaosussdulufuasy

'
a

nszwaliiufefundewladlwinduwuy wansasu

U

& 1

9(n) wuin Apnugapdelusnuminvindu 3.0 Tad A
anugdsluvaaindiduindu 65.3 Tad Aiai1useu

Yaaniaulaslwilningy 29.1 ssrwaldea
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(@) manegeundowladlviiluiesufifinns

3UN 9 niauvadlwihtwuaznsnageundowasinil

lustsufuRnng

4. afUsIENan1sAnNYI

PINHANITODNRUUAILITNITNARDILUUEIUNANNANS
dethAmsfimesuneenwuuniewlasiniiaieuay
nageunsiouvasiniirluie sl fiRnrsuazimadiléun
Wisuigunumiauladlninduuuy wuin nMsesnuuy
nipulaslniiviia 1 wa Are3snseenuuunsnaass
wuudukauna1e dannugaydesinvemtoudasini
anas 8.1 306 Aedu 10.60 Wasidud ArAuTauves
nilaulaslniinanas 3.4 esanvai@oa andu 10.46
wWosidud duyuiaguesndoudadliiiianas 9 um An
1w 4.09 Wesidud wasUssansarnuesnsioudaslai
WinAy 3.70 wWedidud msifiutuvesdszansamaes
wiowdasliindunamianaimisfiwesidsuuda
nnan1svaaedlunisedl 6 AsIuIuTeUTeITAAIN
AUUFHNIANIRIEIHARDANAUA UNTUYBIUARINLAY
ildinanuggydssinremieuvadliiinana Fauana

mswlSeusunaniseanuuundawladliinfemisned 8

A15199 8 msilSeufisunaniseenuuumsiowdadliiinaia 1 i

FEIBNN1TOONLUUNTNARDILUUATUNELNAT

nansnaaaundauwUadliiin 1 wia

WIS — .
AN CCD HAR
Pl (W) 76.40 6830  8.1(10.60%)
Trnax CO) 32.50 29.10 3.4 (10.46%)
Cost (Baht) 220.00 211.00 9.0 (4.09%)
n (%) 54.91 58.60 3.70%

5. asUnamsAneuasdoiauauuz

NATeilddauan1sUTuNIs1Twasn15ee Nk UUNLD

wuaslnfinse3Ta1sneasswuudiunaunans (Central

o

Composite Design) kagiLATIEANITITLADIA1USUNTS

I aa

pBNLUUAIEITN1INeEdA Feausaasuladniznig

1%

NAABILUVAIUNANNa9R bW lduNd U5 USU

'
Pl

Amnsiwasiulassasrswewmsiowlasliinfidananann

UszanSamnnaule
6. AeANIsUUIZNA

ANzEIRYIveveUAMMATUAYUNIUNLITERIN
JUUTEUIUNUAY WINedeuLsaas U 2558 Tasenis
WanmdeuvadlnihUszansamasiedislyyUssivg
YYD UAMMTATUAYUNIAIUTAR 9UnTain13de 21N
wheddeiumsiesgiuazianssuuduadeulnii
(Analysis and Development of Electric Drives System)
uazvavaUAMnUlATINISHEnTMARTEAUUSYRLeN Ved
AMZIFINTIUAIANT UININEIABULIAIT Un15ANY 2556

a v & oA
Fuaulrinn W19ELFBULTN WaLien
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UNAnYa
o X o o ° a a v o ¢ o ° Yo oS a
MmATelIauenInTRuLariuunanuiaunivesinilsme slunawmesinieni lnensuszendldiledaeinuas
lassguszamiiien Jeyadmiudunmiunanalansuiiiaduuinuseuanudyagiuiegluineuvesesdlszney
wuudteiuaresRUsEnouLuuAtgwedy g unseudliihduamneslugduuulawmuainud nansussendldiled
aodnuazlassingyszamiisalunsnsaduanuiaUnAninlu awnsadnieilannA1nugniedarANRANATA
PNMINegey nuhiledasinenugndes 99.84 %) Tanumnizausan1snsIuaNRaUnfvesitlsweslunemes

willgnhinnninlaswingdszamiiieu@ingnaes 93.54 %)

MaAgY: NTIATISRdYINNTERENDWMDS Nawasmiledul Hedasin lassneusyainiiey

Abstract

In this paper, the detection and classification of broken rotor bar fault of induction motor using fuzzy logic and
artificial neural networks is presented. Input data has been utilized to obtained data collection of the one phase
stator current. Furthermore, fast fourier transform (FFT) is employed for converting original stator current
waveform, which is time domain, to stator current signal, which is frequency domain, that is labeled as motor
current signature analysis for collecting essential data in order for sending into artificial neural networks and fuzzy
logic later. Consequently, the fuzzy logic can perform very well for the detection and classification of broken rotor
bar fault in term of lowest MSE and best accuracy that comparing with other data test (FLS: 99.84 %) (ANN:
93.54 %).

Keywords: Fast Fourier Transform, Induction Motor, Fuzzy Logic, Artificial Neural Networks
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1. uni

wawesinilenth (induction Motor) Senldunisema
NAbUlSIUGAAMNITUNTIZTMDIUTIIUNIY $IAIQN
audareuiisas azmanlunmsiigeinsunnslasaing
ligegrndudou sgrelsAniuneimedindentiniy
wwdosinanaviianils doufinnuRnunfiiatuld GUGRREY
1ANAINNTEUIUNTHARNOLADINTBLANNANIZNNTYINU
finund ruRnunATinTy o1aietulduaned andi
W AuARUNRTISedu(Bearing Faults), awnes (Stator
Faults) wazsilswes(Rotor Faults) 1udiu

mwfinunAlunemesniiuuseendu 2 Ussian
wana[1] UszneudeanuiinUnfadiinlussuulniives
wawe$ (Electrical Faults) uavanuAauniidiinluszuuna
Tnavesuewmas (Mechanical Faults) 919133y [2] lalans
Wesidudmnuiaunfvesuonesiiintu nuitaa
Fomedulnalintunnanudemevessesdy dewn
dutsgnovilld¥unisidendnasnnaniognlday
sosasndunnuiindndfiiatuilainnes wazlsines
ANAIFIU

msnmadeuUAIRaUnfvewene siululsgturhld 2
I8f0 N13nsIdeulneneANITIINIIIUTBINDLADS LT
ATRERUMSUANTnvaswiinilswmes nadeuaninues
seALLAENIEMITTeWAAIN BT HITeldeRoar e
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Anudemesuusald lalinsdavewmatinnisnsiadeu
ANURAUNAveIBIMEsHAIELUY tnen1sUszendlgisnis
NNALAAANTAI) LU

Tuauidde [3-5] ld13snsimseidgyiunsyid
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UsstananuiaUnfvesusines laensiasziaunnsy
nszuaaames A3nsnsrsdeunuuiarldifunsrua
(Current Sensor) il ety 1unszuaNaInos 08N

FLAS1EH SEUU MCSA 7l43tAsEan1IL0IuaInDs
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Acquisition Litedsdeyafildlifunesiiamesihluiinses
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Tuanwide [13-16] Wussandldiledaeinvtonssnamans
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0BB 1 1.01 1.02 1.00 2.39
0BB 1 1.00 1.04 0.00 3.75
0BB 1 1.00 1.09 0.00 9.30
0BB 1 1.00 1.02 0.00 1.90
0BB 1 1.01 1.01 1.00 1.39
1BB 2 2.00 2.01 0.00 0.68
1BB 2 2.00 1.98 0.00 0.91
1BB 2 2.00 1.98 0.00 0.78
1BB 2 2.00 2.00 0.00 0.21
1BB 2 2.00 2.01 0.00 0.33
3BB 3 3.00 2.86 0.00 471
3BB 3 3.00 2.90 0.00 3.20
3BB 3 3.00 3.42 0.00 13.89
3BB 3 2.99 3.42 0.33 13.96
3BB 3 2.99 3.40 0.33 13.17
5BB q 4.00 4.69 0.00 17.26
5BB q 4.00 4.65 0.00 16.15
5BB q 4.00 4.59 0.00 14.79
5BB q 4.00 4.57 0.00 14.34
5BB q 4.05 4.61 1.25 15.14
78BB 5 5.00 5.13 0.00 2.59
7BB 5 5.00 5.23 0.00 4.58
7BB 5 5.00 5.06 0.00 1.11
78BB 5 5.00 5.12 0.00 2.40
78BB 5 5.00 4.87 0.00 2.59
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Abstract

The logistics of Thailand has been improved in various aspects such as multimodal-transportation. In the
present, Thailand has only three truck terminals which are located in surrounded of Bangkok Metropolitans Area.
It is still not enough to reduce the overall transportation cost in Thailand. Therefore, Thai government has policy

to build more truck terminals in other regions. In 1992, equally weighted four main factors were used by JICA to
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determine the appropriate locations which are (1) accessibility (2) goods volume (3) land use (4) land price.

However, only these factors cannot cover other aspects for truck terminal location determination such as

Special Economic Zone (SEZ), mega-transport infrastructure project, environmental impact and disaster risks.

Therefore, this study aims to explore more factors and appropriate weight of each factor to determine an

appropriate location which can more effectively decrease transportation cost in Thailand. The Delphi Technique

and an Analytical Hierarchy Process (AHP) were employed to determine the weighted of influenced factor in this

study. A case study of Phitsanulok Province.

Keywords: Truck Terminal, Location Determination, Analytic Hierarchy Process (AHP)
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Abstract

This paper presents an improvement recognition objects system, in the term of touching surface of objects,
by using Artificial Neural Networks (ANNs). The experiment of this article is implemented and designed base on
the robot hand for installs a sensor array on the robot hand. The sensor array is designed as 16X10 pixels. When
the robot hand touches the object, the data is then organized into the image form for processing. This is to
identify the characterize of object surface which different objects will provides a different images. This also
depends on the force to touch objects. Then the Artificial Neural Networks technique is used to classify the
objects. This system is tested with 10 different objects. The experiment results shown that it provides the

accuracy approximately 93.2% based on average and standard deviation values.
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Abstract
The purposes of this research are to analyze cost and engineering economic value of the interlocking block

pilot plant using Mae Moh power plant bottom ash. Primary data were collected through the survey of
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production from interlocking block pilot plant scale 1,000 unit per day. Secondary data were collected from
related documents. Net Present Value (NPV), Benefit-Cost Ratio (BCR), Internal Rate of Return (IRR) and to
conduct a sensitivity analysis of the project were used to analyze cost and engineering economic value of
project. The results showed that the interlocking block pilot plant investment cost is 2,027,000.00 baht, the
operation cost per year is 1,707,200.00 baht, and total cost per unit is 6.12 baht. The discount rate at 3
percentages and 7.12 percentages was used to analyze. The engineering economic value analysis showed that
the net present value (NPV) was equal to 7,465,205.13, 5,836,766.15 baht, Internal Rate of Return of the project
(IRR) was equal to 60.51, 54.34 percentages, The Benefit Cost Ratio (BCR) was equal to 1.45, 1.42 respectively
and the payback period was equal to 18.85 months. Therefore, the interlocking block pilot plant using Mae Moh

power plant bottom ash project is worth for the investment.
Keywords: Engineering economic, Pilot plant, Interlocking block, Mae Moh Power plant, Bottom ash.
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N153LATIERANTUNITATUIUAUNUABNUIY LU
aondu 2 diu funusenievainsudnudondszaiufe
AuUnNUALTIAaNUIY LagauuAuLUSHaNIY naaIniu
duuuuiuezliludunuaonheveinisudnuden

Usganu lneAwinengns el

AUNUTI = AuyuATdeniig + suyuiulUsdeniae
AuUUAITIEVIIY = AunuAneade +AuUA1LATOIINT

+AunuA1gUnIal

AU URULUTAEVINE= AUNUIRGAU+ AUYULTIUY
+ AUUIT+ AUNUNAIY

+ AUNUATEIElTNY e (6)

AUYUAITIAVUIY ANNTOAUINAINGATAIL
FuuAsievig = AuyuAInTI/(@1gn1sldinrdiniu
WowdwuiwhnwuunsHaase i)

Fuyuasiideiidg = 2,027,000/(10%12%26*1,000) = 0.65

FuuRuLUsAavY ﬁ’m’lmﬁﬂﬂ@@iﬁﬂﬁ
furuiuLUsHentIy = AunuluwlITINAel/USuums
HAnTINRDY

suuiuwlsieniiy = 1,707,200/312,000 = 5.47

FUNUTIM = 0.65 + 5.47 = 6.12 UMY

AtufuuNINERUANUsTAUREMBAY 6.12 UM

4.4 HaROUUYIUNITAIUNTSHANUABNUTE a1
HanaULNUNIeI1elAaInnITasulaTinIslssu
fukuunsndnuionussaruanidmvinlsaliiuiune
Usznoume wauszlevivedasans laud 1) s1eldain
s miendndusiuaenysyau §idelddsiadeyaly

pandvinenandusiudonUszanu anniuladisang 9 3
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IafrunsIASNeNan SusiuaenUsranuninlssany
fauay 10 Uwlulf 1- 5 Fesneaeisvuielaedy

fauay 12 v wazususialudn 6-10 Wusianauay

'
v a

12 v Wallazivuateulvmdalazaiuisasnuuigle

I o v Y W

NUANAENB1ELATINT 2) gammammuuﬂﬁﬁawﬂﬂﬁa
Tudetién Tnsundvsunanduinfifinannssuaunisuan
Tl lagldduiiu asdidmidneenunluuiunanads 1.3
Susiudel uardadunuidalaowndsludi 1- 5 wihiy
25 vsesuLazUFUAFLUNUAIRTUYR 6-10 Windu 30
vmdediu Tulasinsiusmamslddminluuiunalag
Wde 420 Fusted 3) yarmIndaugrBidoduaelasinis
159U ULUUINAU 0.00 UM MUSIEMIAILINATEe:
SPuUUEURSe Faiusgldsmamnvaslasinsanti

1 59U% 10 wanslumsned 6

= v v a <
A9197 6 elaannlassnslssnuiuluuNSHanUaenUsyauy

Ui | swldanms | yadihida swgldanms
Fwathaum) | Wmiinun) | amulasinig (Uin)

1 3,120,000.00 10,500.00 3,130,500.00
2 3,120,000.00 10,500.00 3,130,500.00
3 3,120,000.00 10,500.00 3,130,500.00
4 3,120,000.00 10,500.00 3,130,500.00
5 3,120,000.00 10,500.00 3,130,500.00
6 3,744,000.00 12,600.00 3,756,600.00
7 3,744,000.00 12,600.00 3,756,600.00
8 3,744,000.00 12,600.00 3,756,600.00
9 3,744,000.00 12,600.00 3,756,600.00
10 3,744,000.00 12,600.00 3,756,600.00
3 34,320,000.00 115,500.00 34,435,500.00

71 - nmsieszdngldainnisayulasnis

TUNTIATIEAHARDULTILAINNTANULATINTATUA
Foulalumsiinszdils 2 nsdlfelddnsidnan (Discount
rate) $ovay 3.00 wazdevay 7.12 fundal

1. wnAndasandslonaveenyy nsdifin1ssvun
gns1Ananvedlasan1suesiguta JlddnsAnan wirdu
¥auay 3.00 lnefiansanaindnsinenioiustnsosy
n$wdveansensransnds lulsudssana wa. 2561 as

a a a G = @ o o ' )
7 2 (WUANATIN 2) BUTUNUSUATAEATDITUA

a

2. davmenleduiivusliviniuiesas 7.12 Fulu

v

gnsinaniielduAisuin1snadvdi1nuas Ny

u

v
Y o a

ﬁ’]ﬁﬁmﬁﬂmﬂﬂgﬂmﬂjum (Minimum Retail Rate: MRR)
N a ¢ a v

wagansuiasndisdaanzifeululsenalneg (Yoya
nsurAsnFineddaumisy e Jufl 5 gatau 2560)
wazimuANgns1ATInaan1ylATINTg

4.4.1 inuain1sdnaulasionisasnulasinisaigld
inausinsanaulalaiiinisuivavesiaa

wnawin1sdndulanldfinisusuaveanan Jsifde n1s
a ¢ 4
AT eNITEEEIaAUYUYBIlATINT (Payback
Period) N5¥1588EIANANNUYDILATING FTUNUATIY

o &

GHOEHENY

srgzanAuu = Aldelunisasu / nanauunu

a1 A

Laéaqwﬁmaﬂ

azld = 2,027,000.00/(12,904,690.29/10)= 1.571
syezanfunuy =1.571 U w3e Anlu 18.849 iau
Fefunisasmululassnislssnudunuunisudauden

Uszanunaviln sseziaiAuyu (PB) 91 18.85 hou

51991 7 nszuaRuanvedaTInslsuRuLUUNARUSenUsTaU

Ui FUNUTIU seldaa FINTUARIY

(L) (U m) anavs (um)
1 1,707,200.00 3,130,500.00 1,423,300.00
2 1,797,804.75 3,130,500.00 1,332,695.25
3 1,887,694.99 3,130,500.00 1,242,805.01
4 1,982,079.74 3,130,500.00 1,148,420.26
5 2,081,183.72 3,130,500.00 1,049,316.28
6 2,185,242.91 3,756,600.00 1,571,357.09
7 2,294,505.06 3,756,600.00 1,462,094.94
8 2,409,230.31 3,756,600.00 1,347,369.69
9 2,529,691.82 3,756,600.00 1,226,908.18
10 2,656,176.41 3,756,600.00 1,100,423.59
Rt 21,530,809.71 | 34,435,500.00 | 12,904,690.29

N : INNTRATIEANTEUARUAAYDILATING

4.4.2 inuain1sdnaulasionisasnulasinisaigld
inadrinsanaulandnisusuaivesia

¢ o o o
LOEUNNIING ‘LJI‘-WIMF]’WS"LJ%"UWVUEJQL’J@’W dsznaunie 3

et Ae yaAdagliuans (NPY) snsiwanauunude
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Ay (BCR) wazdnimanauwnunieluvedlnsinis (RR)
FIAUITAAIWIUNIAIA19 bansluni51991 8 wag

SeazBYn U1 13-14

7195199 8 HanaULUIINMTAMUlATINSlaglddnTRnan

783 nIallgonIAnan nIallionIAnan
Sovaz 3.00 Sovay 7.12
NPV 7,465,205.13 5,836,766.15
IRR 60.51 % 54.34 %
BCR 1.45 1.42

790 INNTIATEAHARDULNUVBILATINT

91191571971 8 LARIHANNTIATILAHARDUUNILDINANS
amulasinsiauilssuduluunIsnanudendsyanu
i ntnlsslihudung lnedieszilddnsdnanies
ag 3.00 Lﬁmmm"f]uimamsmm%’ﬁﬁm&y’aquéduﬁnms
Foudiiedonenssdninuiuazmaluladnisnanuden
Usgarunnidminlidudsauguousoulslniiuaiung
wazfesar 7.12 dwiuguruitlasanisludfiunisee
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a

Guasyulasams duita 2 n3dl mndeyanisTiesesinu
fldsmnananivunisesas 3.00 assnisienailiien
yardagduans (NPV) geiie 7,465,205.13 U A18A5
nanauununely (IRR) danvinduiovay 60.51 wagan
PRTINANDUUNUINNATAUWINAY (BCR) Wiy 1.45
wazdldSnsanantmuaiisesas 7.12 Tasan1ssanann
Iidyar1Uagtuans (NPV) gedie 5,836,766.15 uim A1
dnsmanauknuniglu (RR) AAvinduiesas 54.34 @1

BNTIHANBULNUIINNTAMUWIIAY (BCR) Wity 1.42

4.5 myuATIzvinueulnlasinIs
mMsiasgianueeulmvedasanig WunisAnuida
NaveInsUAsuLlas inadnesiiniy wavinlfiinua
NSENUABAUNUNITBNANBULNUVDILATINIT TunIT
Jasignattuseulnlveslasinisidisnaasunnsg
Wasuudamanensdl Wua nsdiidunuanliselunis
fuduiusiudeUiuiuiesay 10 langdivuald

NANDULNUTINAST LAENTUNHANBULNUSINANAIS DAY

10 Tnsinualisunualdinelunisandususiusey

v
=

Al nsdindunuarldrglunsalivausiudeUmuyu

'
a

Sovazinlug InafnualinanouwnusIuAai Lagnsaia

)

HanaUwNUTINanasdovazmilng lnefnualisuyu
alddrglumsdniununusedad eminlasimses
Lidudarlunisasuidosaindanuidsanislinig
Wasuulasiimadiaziiniu

4.5.1 psaifsuumldielumsandunusausod
iuTunasbinaneuunLTIAi

maasuudasiianainasfntu nsdidunualiing
Tumsdndunusudelifiuduiesas 10 Tasdmueli
NAROULNLTAI 2 NMTAIMNATLFLandlun119
9 MvualddnsiAnansesas 3.00 wui yarUagdugns
(NPV) fAnvinfiu 5,924,377.14 UM §ATIHANDUUNY
n18luveslasanis (RR) dawvinfusesar 51.06 uas
HanBuULNUsBAUYL (BCR) fiAwiniu 1.33 uaglddnsndn
anseuaz 7.12 wuli yarrdagduans (NPV) dawindu
3,533,534.99 UM dnsmanauunun1eluvedlasanis
(IRR) fiAwvinfuminiusesas 45.25 LagHanBULNUAD
Aunu (BCR) fRiiu 1.31 dawansseazidenlunisa

15

=

M15199 9 HamaULNLYeLlATINNT nsdinduuAlEInglunis

o & BRI Y] o J
adusunuseliintiuiosas 10 waglinanouunusiuai

38N1T

fuyulunisaiiveu
FmeUdinTY 10%

(I8ns1Anan 3%)

fuyulunisaliven
s UdiuTY 10%

(4ons1Anan 7.12%)

NPV 5,924,377.14 3,533,534.99
IRR 51.06 % 45.25 %
BCR 1.33 1.31

1 NMTIATIERNARDULVILYDSIATINS

4.5.2 n3glvinaneuunusInanasuay 1idunumlyae

lumsenidusrusiusatneg

a a | a X o
N5LUAULUAINANAILLAAYUY NTEU

v

PNANDULNUTIN

anasiegay 10 lngimualiduynueildiielunis

o a " = ° av v
ANUUINUTIUABUAIN ﬁﬂﬂmiﬂ’m’.lmma‘vﬂﬂLLaﬂﬂum’li’N

[

1 10 Amualddananansoar 3.00 wuit yar1dagdu
gviz (NPV) fifwiniu 4,975,156.62 UIv 8RTIHaRD UL
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a |

n1eluredlasinis (RR) ZAwinduseuay 44.16 way
HanBUUNUFBAUYU (BCR) fiAwinfiu 1.30 uaglddnsidn
andeeaz 7.12 wuii yarrdagduans (NPV) dawindu
3,796,542.72 U sasmanauknun1eluvedlasinig
(IRR) #A1mnfuinfiuiesas 38.62 WAZNANDULNUAD
fiumnu (BCR) A1y 1.28 dauanssieazidenlunisng
il 16
ﬂ'li'l\?ﬁ 10 HARBULNUYBILATINTG ﬂiﬂﬁwamammui’maﬂm

Faway 10 waglvimuyulunisalivnusedsiuaai

UM | WARBULVUTINAAAY | NARBULNUTINAAAY 10%
10% (gn5Anan 3%) (gsnsAnan 7.12%)
NPV 4,975,156.62 3,796,542.72
IRR 44.16 % 38.62 %
BCR 1.30 1.28

797 INMNTIATEAHARDULNUVBILATINT

4.5.3 nsdliipuyualdiglunsandusiusaused
i uuazan UL AT auana A 59175 L8iA%R
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gns (NPV) ddnfinauiindu -84,852.05 u1n 8051
Hanauwnuneluvedlasins (RR) dmwiiusesas 1.63
wagNanauuusiaAuyl (BCR) Ay 1.00 uwazduvu
Tumsiniununudetifintuiesas 45 AsasAnan
Jowar 7.12 wuin yar1Uagdugns (NPV) dddnau
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v
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1.00 TuvauzinanauwnusIunsiazdenalilasanasly
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719199 11 Hanauunuwedlasenis nsdindunualddiglunis
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ladueArlunsamu
13 | sunulunisanduau suyulunsaniivey
sotldiuitu 49% sotliiutu 45%
(48ns1Anan 3%) (4ns1Anan 7.12%)
NPV -84,852.05 -82,545.43
IRR 1.63 % 578 %
BCR 1.00 1.00

740 INNTIATZAHARDULNUVBILATING

4.5.4 nsalfinanauunusiuanasuaz ndunulunis
aniusrusiunedaedl augealilnsinislugueilunis

a9

nawAsuuasiininiasiatu nedifinaneuunusa
anasfovazinlug Inedmualiduyuailddieluns
fulunusmdelaei Wunsiuniosasvesranouuny
smanas sunszsdamalilasansladudilunisayu
Ta59n13 Anmsdurailduansunsed 12 wuin
NaRoULUTINARAsTeaY 30 NdnAnansesay 3.00
nuin yadrlagiuans (NPY) dArdnauiiniu -4,940.40
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U dasmanauununigluvedlasenis (IRR) dduviiu
Sovag 2.94 uazNanaULNUABAUNY (BCR) AR

1.00 uagHanauUNLTINAnasToaY 28.65 NSnsAnan
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(IRR) fidwinfufesas 2.89 Fasnindnsnonids MRR
LagHAnDUWNLABFYY (BCR) Sir1viiiy 1.00 Tuvmed
FunualdaglunisduduanususeUaci azdaals

lassmslidualunsadyu

AN9199 12 NARBULVILTBIIATING NSETHANDULNUTINANAILAE
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A157199 13 NIRRT NPV, BCR way IRR fsnAnanioeay 3.00

| dunusm m) | waseuunusi dnvmenily 3% sunuiagiudiu | wameuuwnuleqlu | nssualiuansu | yardagdugns
(um) (COMPOUNDING AND | gigsinsnanan 3% | USusednsiAnan ans (um) (UuiednsnAn
DISCOUNTING wm) 3% (V1) an 3%) (M)
TABLES)
0 2,027,000.00 0.00 1.00000 2,027,000.00 0.00 -2,027,000.00 -2,027,000.00
1 1,707,200.00 |  3,130,500.00 1.03000 1,657,475.73 3,039,320.39 |  1,423,300.00 1,381,844.66
2 1,797,804.75 | 3,130,500.00 1.06090 1,694,603.40 2,950,796.49 | 1,332,695.25 1,256,193.09
3 1,887,694.99 |  3,130,500.00 1.09273 1,727,503.58 2,864,843.10 |  1,242,805.01 1,137,339.52
4 1,982,079.74 | 3,130,500.00 1.12551 1,761,050.31 2,781,405.76 | 1,148,420.26 1,020,355.45
5 2,081,183.73 |  3,130,500.00 1.15927 1,795,253.68 2,700,406.29 | 1,049,316.27 905,152.61
6 2,185242.91 |  3,756,600.00 1.19405 1,830,110.05 3,146,099.41 | 1,571,357.09 1,315,989.36
7 2,294,505.06 |  3,756,600.00 1.22987 1,865,648.45 3,054,469.17 |  1,462,094.94 1,188,820.72
8 2,409,230.31 |  3,756,600.00 1.26677 1,901,868.78 2,965,494.92 |  1,347,369.69 1,063,626.15
9 2,529,691.82 |  3,756,600.00 1.30477 1,938,802.87 2,879,128.12 |  1,226,908.18 940,325.25
10 2,656,176.41 |  3,756,600.00 1.34392 1,976,439.38 2,7195,255.67 | 1,100,423.59 818,816.29
21,530,809.71 | 34,435,500.00 20,175,756.23 29,177,219.33 | 10,877,690.29 9,001,463.10
NPV = 7,465,205.13, BCR=1.45, IRR =60.51%
a91eft 14 N15ATI29AT NPV, BCR Waw IRR fisanAnaniesay 7.12
Uit FUNUTIL HARBULNY dnswende fuyulagiuuiu HARBULNY nszualuan | wandagdugvs
(L) 3 (Um) 7.12% PEdnTIANan Yaguudiuaae | Suans (um) | (WSumednaAn
(COMPOUNDING AND 7.12% (um) nsAnan an 7.12%) (Um)
DISCOUNTING 7.12% (L)
TABLES)
0 2,027,000.00 0.00 1.00000 2,027,000.00 -2,027,000.00 -2,027,000.00
1 1,707,200.00 |  3,130,500.00 1.07120 1,593,726.66 2,922,423.45 | 1,423,300.00 1,328,696.79
2 1,797,804.75 | 3,130,500.00 1.14747 1,566,756.10 2,728,177.23 |  1,332,695.25 1,161,421.13
3 1,887,694.99 |  3,130,500.00 1.22917 1,535,748.61 2,506,842.08 | 1,242,805.01 1,011,093.47
4 1,982,079.74 | 3,130,500.00 1.31669 1,505,354.78 2,377,559.82 | 1,148,420.26 872,205.04
5 2,081,183.73 |  3,130,500.00 1.41043 1,475,562.47 2,219,529.33 | 1,049,316.27 743,966.85
6 2,185242.91 |  3,756,600.00 1.51086 1,446,359.78 2,486,403.28 | 1,571,357.09 1,040,043.50
7 2,294,505.06 | 3,756,600.00 1.61843 1,417,735.03 2,321,138.24 | 1,462,094.94 903,403.20
8 2,409,230.31 | 3,756,600.00 1.73366 1,389,676.79 2,166,857.95 | 1,347,369.70 777,181.16
9 2,529,691.82 |  3,756,600.00 1.85710 1,362,173.86 2,022,832.29 | 1,226,908.18 660,658.44
10 2,656,176.41 |  3,756,600.00 1.98932 1,335,215.23 1,888,379.66 |  1,100,423.58 553,164.43
21,530,809.71 | 34,435,500.00 16,655,309.31 23,680,143.33 | 10,877,690.29 7,024,834.01
NPV = 5,836,766.15, BCR =142, IRR =54.34%
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A157199 15 N15AIE9AY NPV, BCR way IRR NdnsiAnanieeay 7.12 N3

ady o

= IS =)
WHBUTUAUNLTUSBYRY 10

AAUNUNTA
Ui fuvu HARBULNY dnswende sunu Yagdu HARBULNY nwualduan | yardagluans
AuluIuN | 53 (Um) 7.12% YsuiednsAn | Uagduuiudoe | Sugvd (um) | (WUSudiednafn
solifiuay (COMPOUNDING AND | @@ 7.12% (U%) nsAnan an 7.12%) (Um)
Yevaz 10 PISCOUNTING 7.12% (Um)
wm TABLES)
0 2,027,000.00 0.00 1.00000 2,027,000.00 -2,027,000.00 -2,027,000.00
1 1,877,920.00 |  3,130,500.00 1.07120 1,753,099.33 2,922,423.45 | 1,252,580.00 1,169,324.12
2 1,977,585.23 | 3,130,500.00 1.14747 1,723,431.72 2,728,177.23 | 1,152,914.78 1,004,745.52
3 2,076,464.49 |  3,130,500.00 1.22917 1,689,323.47 2,546,842.08 | 1,054,035.51 857,518.61
4 2,180,287.71 |  3,130,500.00 1.31669 1,655,890.26 2,377,559.82 950,212.29 721,669.56
5 2,289,302.10 |  3,130,500.00 1.41043 1,623,118.72 2,219,529.33 841,197.90 596,410.61
6 2,403,767.20 |  3,756,600.00 1.51086 1,590,995.75 2,486,403.28 | 1,352,832.80 895,407.53
7 2,523,955.56 |  3,756,600.00 1.61843 1,559,508.54 2321,138.24 | 1,232,644.44 761,629.70
8 2,650,153.33 |  3,756,600.00 1.73366 1,528,644.47 2,166,857.95 | 1,106,446.67 638,213.48
9 2,782,661.00 |  3,756,600.00 1.85710 1,498,391.24 2,022,832.29 973,939.00 524,441.05
10 2,921,794.06 |  3,756,600.00 1.98932 1,468,736.75 1,888,379.66 834,805.94 419,642.91
25,710,890.68 | 34,435,500.00 18,118,140.24 23,680,143.33 | 8,724,609.32 5,562,003.08
NPV = 3,533,534.99, BCR=131, IRR=45.25%
M351e# 16 13RSI NPV, BCR Uy IRR fidnnAnanieuas 7.12 nsiiinansuunusinanasiosas 10
Uit AU NANBUUNU dnsmenle fuyulagiulsy HARBULNI nszualuan | yaAdagdugus
() 524 anas 7.12% FLgnIIAnan Jagduuiude | Suans (L) | (WSumednsidn
Sewaz 10 (311 COMPOUNDING 7.12% (Um) dnsfnan an 7.12%) ()
(wm) AND DISCOUNTING 7.12% (Um)
TABLES)
0 2,027,000.00 0.00 1.00000 2,027,000.00 -2,027,000.00 -2,027,000.00
1 1,707,200.00 | 2,817,450.00 1.07120 1,593,726.66 2,630,181.11 |  1,110,250.00 1,036,454.44
2 1,797,804.75 | 2,817,450.00 1.14747 1,566,756.10 2,455359.51 |  1,019,645.25 888,603.40
3 1,887,694.99 | 2,817,450.00 1.22917 1,535,748.61 2,292,157.87 929,755.01 756,409.26
4 1,982,079.74 | 2,817,450.00 1.31669 1,505,354.78 2,139,803.84 835,370.26 634,449.06
5 2,081,183.73 | 2,817,450.00 1.41043 1,475,562.47 1,997,576.40 736,266.27 522,013.92
6 2,185242.91 | 3,380,940.00 1.51086 1,446,359.78 2,237,762.95 | 1,195,697.09 791,403.18
7 2,294,505.06 | 3,380,940.00 1.61843 1,417,735.03 2,089,024.41 |  1,086,434.94 671,289.38
8 2,409,230.30 | 3,380,940.00 1.73366 1,389,676.79 1,950,172.16 971,709.70 560,495.37
9 2,529,691.82 | 3,380,940.00 1.85710 1,362,173.86 1,820,549.06 851,248.18 458,375.21
10 2,656,176.42 | 3,380,940.00 1.98932 1,335,215.23 1,699,541.69 724,763.58 364,326.47
21,530,809.71 | 30,991,950.00 16,655,309.31 21,312,128.99 | 7,434,140.29 4,656,819.68
NPV = 3,796,542.72, BCR=1.28, IRR =38.62%
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15199 17 srensifgatualganensaiuey 9 1 599 10

Vit ATIngRY ATIIY AU ANANY Angedne | aildinelseny | sauduyuiues
(L) (L) (L) (L) (vm) 5% (uv) (L)
1 845,900.00 561,600.00 156,000.00 62,400.00 0.00 81,300.00 1,707,200.00
2 888,195.00 589,680.00 163,800.00 65,520.00 5,000.00 85,609.75 1,797,804.75
3 932,604.75 619,164.00 171,990.00 68,796.00 5,250.00 89,890.24 1,887,694.99
4 979,234.99 650,122.20 180,589.50 72,235.80 5,512.50 94,384.75 1,982,079.74
5 1,028,196.74 682,628.31 189,618.98 75,847.59 5,788.13 99,103.99 2,081,183.72
6 1,079,606.57 716,759.73 199,099.92 79,639.97 6,077.53 104,059.19 2,185,242.91
7 1,133,586.90 752,597.71 209,054.92 83,621.97 6,381.41 109,262.15 2,294,505.06
8 1,190,266.25 790,227.60 219,507.67 87,803.07 6,700.48 114,725.25 2,409,230.31
9 1,249,779.56 829,738.98 230,483.05 92,193.22 7,035.50 120,461.52 2,529,691.82
10 1,312,268.54 871,225.93 242,007.20 96,802.88 7,387.28 126,484.59 2,656,176.41
ERLY 10,639,639.30 7,063,744.45 1,962,151.24 784,860.49 55,132.82 1,025,281.41 21,530,809.71

a1 - INNTIATIEANGIgN IR IR R el
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q
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Ao o A
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o
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Usganu 3eg3deleviinnsiinsnefiaiuseulnives
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Fndun1ideadwelulumdeussiunisinudeinu
1139810 ¥3ON1TAUATULALNAABUAAIAYDINAN T U
vienusganuanidmvniiui ieliymudanuiiule
Tudsznunieniunisnann wazsialdaineenaney

a % & @
NARNUNUADNUTEEU
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6. AnRnIsuUsENA

AFelllasunuatvayuain nslidendnuis

Uszwabtne lagdredanisiseludugmngsiuny

a s
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1 I3 & a Y o =3 1 I3 L%
wisnztumuditeuidisagais annsadulsamduiuy
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= @ % % v a % a a
sudaludunuulvguyulaunseuimalulagnisude
vaeanyszarudududiunilsvesninusuinveunedeny
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assilliieneiuazgnasiadeuaugndesmeieulymithuvuusiinelddymuuuszuiuaniaien (Plane strain)

Vv
Aa o a

vosfufuuiaguglusiinaunigliussiuganinmanaedainsgiuagnanisnageviuuinassdediu lngladinig

Aawvaa Y oa
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AmeAgy : WedwuavEniaesiy, nEIIUR, sesunnluiu

Abstract
The element free-Galerkin (EFG) method has been continuously developed for crack propagation analysis.
Previous researches focus on comparing the accuracy of the propagation direction with the results of the
experiment in laboratory of which the crack initiation can be well specified. Thus, the attention on crack initiation
prediction has been ignored. This becomes the drawback of implementation of EFG in full-scale engineering

problem, particularly in the field of geotechnical engineering which the crack initiation point generally cannot be
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predetermined. This research aims to develop the algorithms for assessing the initial point of failure to be

equipped with the EFG method. The development is based on tensile failure criterion under plane strain condition.

The developed algorithm is verified and validated by the failure behavior of rock mass surrounding a gas storage

circular tunnel under high internal pressure problem. The in-situ stress ratio of 0.5, 1 and 3 are considered in the

study. The analysis results can thus be compared with the existing results of analytical solutions and physical

model tests. The comparisons show that the crack initiation points from the prediction using the developed

algorithm have good agreement with the close form solutions and the experiments. Moreover, with a series of

parametric study, not only the effect of in-situ stress condition, but also those of the depth and rock tensile

strength can be simulated by the method developed in this study. The algorithm developed is therefore

acceptable.

Keywords : Element free-Galerkin method, Initial crack, Rock fracture
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AEALY: MITWUNUTLANTAVTINN ANUATEATDIAENIY Nstntinindeunlagldasniu wuudiaesgadiu
Abstract

This research aimed to develop the classification and weight determination of moving truck by using only
bridge strain response without axle detector or video camera to compute vehicle type from recorded photos. This
was to reduce the cost and complexity of data analysis due to large number of measurement responses. The
proposed system was capable to classify vehicle configuration from amount of axles and axle spacings. Bridge
strain signals in each bridge section were modified to improve signal distinction and accuracy in the computation.

Concept of correlation coefficient of strain responses between two sections of the bridge was employed to analyze
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moving speed, amount of axles and axle spacings. Based on the inverse problem of moving load and bridge

dynamic response relationship, the system identified axle weight and gross weight using regularization least square

with singular value decomposition (SVD) method. Moreover, to improve the accuracy of the analyzed truck weight,

the updated static component (USC) technique was utilized in the final process. The study considered various

truck type from 2-axle until 7-axle configurations type. Regarding to the experimental result from scaled model,

it was found that the proposed system was able to successfully classify the truck configuration for all cases. The

determination of truck gross weight allowed the average identification error of 3.75%. The maximum identification

error was 8.58% at 95% confidence level.

Keywords: truck classification, bridge strain, bridge weigh-in-motion (B-WIM), scaled model
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type

7-Axle

Axle Spacing (m)
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Truck Axle Weight (kg)
type P1 P2 P3 P4 P5 P6 P7
2-Axle (L) 3319 3.284
2-Axle (M)  4.838 4.897
2-Axle (H) 5849 6.412
3-Axle (L) 2114 4190 4.190
3-Axle (M)  2.066 6.769 6.769
3-Axle (H) 4.276 8117 8.117
4-Axle (L) 1.492 1802 5341 5341
4-Axle (M) 2403 2440 7.442 7.442
d-Axle (H) 2561 3214 9.772 9.772
5-Axle (L) 2305 4.031 4.031 4541 4976
5-Axle (M) 2942 5662 5662 6.329 7.230
5-Axle (H) 3689 7.752 7.752 8573 9.325
6-Axle (L) 1785 1.869 4.366 4.366 4.906
6-Axle (M) 2225 2249 6279 6.279 6.959
6-Axle (H)  3.042 3109 8.287 8.287 9.088
7-Axle (L) 1.654 1803 4.098 4.098 4348 4.742 4.742
7-Axle (M) 1738 1989 5.623 5623 6.066 7.107 7.107
T7-Axle (H) 2450 2641 7.639 7.639 8216 9.287 9.287
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Truck Max. Min. Average  Max. GVW error
type GVW GVW GVW (%) at 95%
error error error Confidence
(%) (%) (%) level
2-axle 5.29 0.13 2.08 a7
3-axle 11.64 0.31 3.38 7.47
d-axle 7.88 0.67 3.78 7.45
5-axle 11.59 1.84 6.76 10.66
6-axle 7.56 0.28 3.41 6.29
T-axle 8.19 0.03 3.41 771
Total 11.64 0.03 3.75 8.58
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A15199 5 mmﬂﬁa‘hﬁuﬁwLLuni:ﬁummgﬂéfawmizwﬁaﬁmﬁnmr:uzmﬁauﬂ COST 323 [17]

Criteria
Domain of use
(type of measurement)

Accuracy Classes:

Confidence interval width (%)

A(5) | B+(7) | B(10) | C(15) | D+(20) | D(25) E

1. Gross weight Gross weight > 3.5t 5 7 10 15 20 25 >25
Axle load: Axle load > 1t

2. group of axles 7 10 13 18 23 28 >28
3. single axle 8 11 15 20 25 30 >30
4. axle of a group 10 14 20 25 30 35 >35
Speed V> 30 km/h 2 3 4 6 10 10 >10
Axle spacing 2 3 4 6 10 10 >10
Total flow 1 1 1 3 5 5 >5

(1) For sensors which do not work statically or at very low speed
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GVW error (%)

Truck type Speed

Light Medium  Heavy
2-Axle Slow A(5) B+(7) A(5)
2-Axle Moderate A(5) A(5) A(5)
2-Axle Fast A(5) A(5) A(5)
3-Axle Slow B(10) A(5) B+(7)
3-Axle Moderate  A(5) A(5) B(10)
3-Axle Fast A(5) (15) B+(7)
4-Axle Slow A(5) B(10) B+(7)
4-Axle Moderate A(5) B+(7) A(5)
4-Axle Fast A(5) A(5) B(10)
5-Axle Slow B+(7) B+(7) A(5)
5-Axle Moderate  B(10) B(10) B+(7)
5-Axle Fast B(10) (15) A(5)
6-Axle Slow A(5) A(5) A(5)
6-Axle Moderate  B+(7) B+(7) A(5)
6-Axle Fast B(10) B+(7) A(5)
7-Axle Slow A(5) A(5) A(5)
7-Axle Moderate  B(10) B+(7) A(5)
7-Axle Fast B(10) B+(7) A(5)
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Addsy: NsUszdiuigdnstiavewdndaet msUaesiuSounsyan asuswlaniun medendulng dedeududn

Abstract

The objective of this research is to evaluate the greenhouse gas (GHG) emissions of two fresh rice noodles:
wide rice noodles and rice stick noodles, which are studied in amphoe muang, Phitsanulok Province. From the
results, the GHG emissions of wide rice noodles and rice stick noodles are 0.650 and 0.709 kg CO, eg/kg of noodles.
The orders of average GHG emissions from high to low for each stage are as follows: rice cultivation (50%, from
methane emission 40%), noodle production (42%, from vegetable oil 17% and cassava starch 15%), consumption

(2%), rice milling (2%), disposal (2%), and transportation (2%). The study suggests that the short period of drainage
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water from paddy field during the tillering stage and pre-harvesting stage could reduce the GHG emissions from

the cultivation stage by 20%. The reduction of raw material compositions would help reduce the GHG emissions

in the production stage but this would affect on the quality and quantity of noodles. Other possible ways to

decrease the GHG emissions include improvement of production and energy efficiency by using rice husk as a

renewable energy source, reusing condensate water, insulation covering of steam equipment, and blowing down

the boiler to reduce the accumulation of slag.

Keywords: Life cycle assessment, Greenhouse gas emissions, Carbon footprint, Wide rice noodles, Rice stick

noodles
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U

daufl 1 mssansnsUaseinaIsunsyantusaaztunsudmsumeisIEulng (1357197 0.1 - n.8)

' ] ' & « ] & o w4 < v g I~
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dauil 1 mslaseingisaunszanlundasdunsudmsumeneadulng

719199 n.1 MsUdsefiieunseanluduneumsinizdgnina (Basis on: 1 Alaniuthuuden)

astu n1sudeeingTaunsean
doua il Usunay/Basis  Usunaw/FU .
N g (kgCO,eq/Basis)  (keCOeq/flan3unaaLfan)
Fr5U N
Jownillulosiau (@3e) ke 0.0161 0.0258  0.2399 0.0127 0.0205
Jaipiivloaneda kg 0.0080 00129  0.2399 0.0030 0.0049
Yaipiilnuvalde kg 0.0040 0.0065  0.2399 0.0005 0.0008
g2lLuag ke 0.0004 0.0006 0.2399 0.0008 0.0013
ﬁwﬁu“mja L 0.0115 0.0185 0.2399 0.0008 0.0012
1597900
Co, Mnmsulvsifioa kg 0.0316 0.0508  0.2399 0.0076 0.0122
Co, i]’lﬂﬂEJQSEJ ke 0.0118 0.0190 0.2399 0.0028 0.0045
N,O nnslade kg 0.0002 0.0003  0.2399 0.0117 0.0189
CH, U7 ke 0.0304 0.0488 0.2399 0.1530 0.2461
594 0.1929 0.3104
e 0.2 msddesimdeunszanlutunaunsddn Basis on: 1 Alansuvanedn)
a5ty msuaeeiigiFaunszan
doua o USunay/Basis  USuna/FU .
? d9  (kgCO,eq/Basis)  (kgCO,eq/Rlansunieifien)
159U
Hrden kg 4.1667 1.6088  0.2399
Il kwh 0.2340 0.0903 0.2399 0.0327 0.0126
NYzaAdUNANERN PP ke 0.0100 0.0039 0.2399 0.0033 0.0013
fefunseaeu kg 137x10°  529x10°  0.2399 2.64 x 10° 1.02 x 10°
1597900
futm kg 1.76 0.6808  0.4232
Yangdn kg 1.00 0.3859  0.2399
| kg 0.42 0.1639 0.1019
WAy ke 0.98 0.3782 0.2351
el 0.0360 0.0139
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& e A & a . = o o+ &
715197 1.3 N1sUaesmeisounsEanluTunaUNITNER (Basis on: 1 ﬂiaﬂiuﬂﬂﬂmﬁﬂ)

asUaseiigFaunszan

Joua e U3u1eu/Basis mstludau .
¥ (kgCO,eq/Alansuriaeiien)
FI5VUD
Uanedn ke 0.3861 1.0000
ih m? 0.0014 1.0000 0.0010
utlsfuduznas kg 0.1931 1.0000 0.1165
utdstnalue kg 0.0193 1.0000 0.0115
L@ ke 0.0054 1.0000 3.03 x 10
vstuiie kg 0.0560 1.0000 0.1278
1 (wasloth) kg 0.0025 1.0000 0.0018
Fidor kg 0.6178 1.0000 0.0126
QananaRn PE kg 0.0031 1.0000 0.0047
Tl kwh 0.0250 1.0000 0.0146
1597990
medendulg kg 1.0000
e m? 0.0011
thasuauan m> 0.0025
594 0.2904
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= ' o ' & ' a . a v o+ B
719197 n.4 N1sUaRRIRUNTE AN ULARZTURD UL DEUBINITHER (Basis on: 1 ﬂIaﬂillﬂiEJLGlEﬂ)

msuaeefnuFaunszan

doua WY U3unay/Basis nsdudau :
N (kgCO,eq/Rlan3urfiaLfan)
1. msasey
- Mg
F159N97
Uanedn kg 0.3861 1.0000
ih m? 0.0004 1.0000 0.0003
vl kwh 0.0001 1.0000 3.37x10°
q13Y1991
dude m? 0.0003
- msluervuazliazisen
F159N97
ih m? 0.0008 1.0000 0.0005
vl kwh 0.0144 1.0000 0.0084
- ASHANMTN
F159 197
ih m? 0.0003 1.0000 0.0002
vl kwh 0.0010 1.0000 0.0006
uladudUymas kg 0.1931 1.0000 0.1165
utsdilne kg 0.0193 1.0000 0.0115
nde kg 0.0054 1.0000 3.03x 10°
Yrstuiie kg 0.0560 1.0000 0.1278
2. ﬂ’)ﬂjﬂ
REELEIRTA]
ih m? 0.0025 1.0000 0.0018
vl kwh 0.0076 1.0000 0.0044
Yides kg 0.6178 1.0000 0.0126
q13Y1991
thnouauiEn m? 0.0025
dde m? 0.0008
3. NMIANUALS
a59U
vl kwh 0.0020 1.0000 0.0012
a13Y1991
dureien kg 1.0000
4. MsUsTy
F159 197
Qenanain PE kg 0.0031 1.0000 0.0047
59U 0.2904
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& e A & = . = PR~
f1519% n.5 nMsUassieiseunszanludunsunisuilan (Basis on: 1 ﬂiaﬂsummmm)

nsuaeefigiSaunszan

Joua e U3ueu/Basis astludau .
¥ (kgCOeq/Mlansuneian)
a5 U
13’1 m? 0.0050 1.0000 0.0035
Framadiu kg 0.0300 1.0000 0.0116
1591990
1h m? 0.0048
TN 0.0151
aedi n.6 msvdesfuieunszanlutuneumsiinmnu@ndas (Basis on: 1 Alan3umeien)
asuasefngisaunszan
doua el U3unay/Basis nstiudau .
* (kgCO,eq/Alansuriaeiien)
Tunaun5§tT
nIzaRUNanasn PP kg 0.0039 0.2399 0.0021
merdunsyaay kg 5.29 x 10 0.2399 2.54 x 10
TURDUNITHER
dude 3 0.0011 1.0000 1.35 x 107
thaowaean ° 0.0025 1.0000 3.19 x 107
qawmaan PE ke 0.0031 1.0000 0.0071
sunaunsusing
‘13%%8 m?> 0.0048 1.0000 5.97 x 107
594 0.0093
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7151991 1.7 MsvassiwisounsyanluduneunSTUEIHEn e

o

msUaeefneFaunszan

naniaa USuna/Basis 5282919 (km) UszLanwinue neu —
(kgCO,eq/Basis) (kgCO,eq/RlansuneLfan)
1. msvuastraudenlulseddna (Basis on: 1 Alansudruaen)
v SANSTULUTIYN 6 & wuALdn JeUnd
P1ndaan 3.333 10 . 0.2399 0.0009 0.0004
100% Loading U33%)Ngen 8.5 A
v sansEULUTIYN 4 d wunidn Jeund
P1udaan 0.833 10 . 0.2399 0.0007 0.0003
100% Loading UssWngen 1.5 au
2. msvudaaredralulsesrunian (Basis on: 1 Alansuraeiie)
Uaegdn 0.129 54 . L. 1.0000 0.0008
. FONTLULUTINN 6 &8 TWINLEN IUNA
Janeun 0.129 8 . 1.0000 0.0001
. 100% Loading U33%)Ngen 8.5 A
Janeun 0.129 68 1.0000 0.0010
3. mavudsiaeiAerlunaaaamaua (Basis on: 1 Alaniunaeiea)
s . AT (S0INTUIUYUALUUTY 4 F5vg 125 cC)
edendulug 259 9 N v 1.0000 0.0025
2nIINSEUURDI 38.655 km/L
4. msvudernuiniusiluaaniiiidnvesyases (Basis on: 1 Alansuriaeniea)
nsrAsUNANARN PP 0.0039 a5 .. 0.2399 322 x 10
. FOUTIVINUEE 10 do UNA
AeLdunsasy 529 x 10 a5 . 0.2399 4.41x 10°
- 100% Loading U3sNgean 16 au
NAERN PE 0.0031 45 1.0000 1.09 x 10°
T4 0.0051
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M1919% n.8 Nsvaesfiweunszaniutunsumsuudsingiv

nsUaseRwEounszan

wanua U3u1ay/Basis s28zn9 (km) UIZANWIAUE dndau - —
(kgCO,eq/Basis) (kgCO,eq/AlansuraaLfen)
1. n1syuaslugunauniaiwizugnda (Basis on: 1 Alansudra/den)
Yelulnsiau 0.0162 18 0.2399 6.11x 10°¢ 9.84 x 10
Yevloaeda 0.0080 18 sanszuzUsIYn 10 de Seund 0.2399 3.06 x 10 4.92x10°¢
Yelnunagey 0.0040 18 100% Loading ussnngean 16 fu 0.2399 1.53x 10° 246 x 10
gguia 0.0004 18 0.2399 1.43x 107 230 x 107
2. nrsvudeludunaunsddna (Basis on: 1 Alansuvaredra)
nszagUNAERN PP 0.0100 377 sagussvn 4 de Jand 0.2399 2.08x 10 8.03 x 10°
serdunseeey 1.37x 10° 377 100% Loading ussnngean 7 fiu 0.2399 2.85x 107 1.10 x 107
3. n1syusslusunauniswdn (Basis on: 1 Alansunaenie)
N sanszuzUsIYn 10 de Seund
uilsiuduzmas 0.1931 121 . 1.0000 0.0021
100% Loading ussvngeam 16 A
wladnalnag 0.0193 377 1.0000 0.0017
inde 0.0054 2 . A 1.0000 236 x 10°¢
_ 509UsINN 4 a8 JUNA
vngiudiy 0.0560 2 o . 1.0000 2.45x 10°
- 100% Loading ussynesan 7 au
QIWaNawin PE 0.0031 134 e 1.0000 0.0001
P\dey 0.6178 11 1.0000 0.0016
59 0.0056
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daud 2 nsuasefnvisounseanlundazdunauduiuiiafeduan

A19197 0.1 nsUdeeiiFounszanlutureunisinizuand1l (Basis on: 1 Alanud1idden)

doua widie  USunaw/Basis  USuaw/FU st MiRpTTOUNT N .
v 9 (kgCO,eq/ Basis)  (kgCO,eq/flansuniafian)
159
Yawndilulasiau (gi3e) kg 0.0161 0.0307  0.2399 0.0127 0.0243
Jeiailvloaniesa kg 0.0080 0.0154  0.2399 0.0030 0.0058
Yoiadlnuvaden kg 0.0040 0.0077  0.2399 0.0005 0.0009
Y9N ke 0.0004 0.0007 0.2399 0.0008 0.0016
ﬁ?ﬁuama L 0.0115 0.0220 0.2399 0.0008 0.0011
1591980
Co, anmsunlvsidioa kg 0.0316 0.0604  0.2399 0.0076 0.0146
Cco, mﬂﬂﬂgﬁfﬂ kg 0.0118 0.0225 0.2399 0.0028 0.0054
N,O 3nnsldde kg 0.0002 0.0003  0.2399 0.0117 0.0224
CHq PN ke 0.0304 0.0580 0.2399 0.1530 0.2923
594 0.1929 0.3687
ATl 9.2 nsUdesinaideunszaniuduneunisadna (Basis on: 1 Alanfudaned)
nstlu asuaeefiwiSaunszan
doua oy Usuna/Basis  Usunay/FU -
? du (kgCO,eq/Basis) (kgCOeq/RlansunqeLfen)
ar15yut
Hrden kg 4.1667 19113 0.2399
ol kwh 0.2340 0.1073 0.2399 0.0327 0.0150
NYzaAdUNANERN PP ke 0.0100 0.0046 0.2399 0.0033 0.0015
Ferfunseaeu kg 137x10°  6.28x10°  0.2399 2.64 x 10° 1.21x 10°
1591980
futm kg 1.76 0.8088 0.4232
Yanedn ke 1.00 0.4585 0.2399
1 kg 0.42 0.1947 0.1019
WAy ke 0.98 0.4493 0.2351
59 0.0360 0.0165
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& e A & a . = v o+ &
715197 9.3 N15UdouiYToUNTTANIUTUABUNITHER (Basis on: 1 ﬂIﬁﬂiﬁJﬂ'JEJL[ﬂEJ'J)

msuasefneEaunszan

daua W8 U3uau/Basis nstludau .
v (kgCO,eq/AlansunqeLfen)
15914
Yaneda kg 0.4587 1.0000
ih m? 0.0015 1.0000 0.0010
uilafuduznds kg 0.1376 1.0000 0.0831
udstnalne kg 0.0229 1.0000 0.0137
MGk kg 0.0032 1.0000 1.80 x 10°
tstuiie ke 0.0459 1.0000 0.1047
1h (wasleth) kg 0.0045 1.0000 0.0032
idoe kg 1.1009 1.0000 0.0224
QINanaRAn PE kg 0.0032 1.0000 0.0049
Tl kwh 0.0794 1.0000 0.0462
151880
e ndudn kg 1.0000
wsdureien kg 0.0032
e m? 0.0008
trasuauLEn m> 0.0045
598 0.2791
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= ' o A ] ) ' a . a v o+ B
719197 9.4 nsUdesiwFounszanlulAa TUNDUL 0UYDINTTHAR (Basis on: 1 ﬂIaﬂiﬁJﬂ'JEJLWEJ'J)

Y . . nsUdeeingiFounszan
Jaya 92y Usuau/Basis mstudiu . :

y _
(kgCOeq/Alansumeifan)

=
1. nstasgN

- msdradn
15997
Yanedn kg 0.4587 1.0000
ih m? 0.0005 1.0000 0.0003
v kwh 0.0001 1.0000 4.01x10°
q13Y1980
e m? 0.0004

- nsluiveuiazlsaziden

15997
1 m? 0.0009 1.0000 0.0006
Il kwh 0.0171 1.0000 0.0099
- nsuauutly
15997
ih m? 0.0001 1.0000 0.0001
v kwh 0.0011 1.0000 0.0007
udlsiudUznas kg 0.1376 1.0000 0.0831
utlsdnlne kg 0.0229 1.0000 0.0137
Inde kg 0.0032 1.0000 1.80 x 10
Fstuiie kg 0.0459 1.0000 0.1047
2. ﬂ7517'\7
F15YND
ih m3 0.0027 1.0000 0.0019
Il kwh 0.0136 1.0000 0.0079
Yides kg 0.6606 1.0000 0.0134
a13U1980
ThaouAuEmn m?> 0.0027
dude m? 0.0005

3. NMTIUNNIN

F159NY)
1 m? 0.0018 1.0000 0.0013
T kwh 0.0372 1.0000 0.0217
Hidow kg 0.4404 1.0000 0.0090
q13Y1991
ADULAULEN m?> 0.0018
trspime m?> 0.0003
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msuaeeineiZaunszan

doya WY Usuau/Basis msUudau :
v (kgCOLeq/RlansunnaLfian)
4. M UFYS
159U
Il kwh 0.0083 1.0000 0.0049
#71597990
dureien kg 1.0000
5. M3Us5Y
F15UND
nenana@n PE kg 0.0032 1.0000 0.0049
Il kwh 0.0020 1.0000 0.0012
a1591980
wwdurieien kg 0.0032
594 0.2791
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& e A & = . = o o+
A1519% 9.5 n1sUdesiviTounszanlulunounIsuILaa (Basis on: 1 ﬂIﬁﬂillﬂ'JEJLG]EJ'J)

asuaeefigiSaunszan

doua e U3unay/Basis mstludau .
v (kgCOeq/Mlansuneian)

15914

ih m? 0.0050 1.0000 0.0035

Fvesia kg 0.0300 1.0000 0.0116
d159199n

1h m? 0.0048

598 0.0151

& e A & o v s v < . = o o+
719197 9.6 NM5UADUAYITOUNTZANIUTUADUNITMINYINHAR U (Basis on: 1 ﬂIaﬂillﬂ'JEJLG]iﬂ)

msuasefiwEaunszan

doua e U3unay/Basis mstiudau .
¥ (kgCO,eq/AlansuneLfen)
TuneuNMs§t
nsz@OUNaIafn PP kg 0.0046 0.2399 0.0026
fedunseaou kg 6.28 x 10°® 0.2399 3.01 x 10°®
TunaunsHEn
dude m? 0.0008 1.0000 1.03 x 107
thaoueean m? 0.0045 1.0000 5.69 x 107
Qewanadn PE kg 0.0032 1.0000 0.0074
wiwduraedien kg 0.0032 1.0000 0.0081
Funaunsusing
‘LEWL%EJ m? 0.0048 1.0000 597 x 107
54 0.0181
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157199 9.7 MsUapeRwEauUNTE AN MUTURDUNNTYUEINAR U

o

msUaeefneFaunszan

waARAMal J3unaw/Basis 5282019 (km) UsZLANWINUS LGl S
(kgCO,eq/Basis) (kgCO,eq/RlansunieLfan)
1. msvuastraaanlulseding (Basis on: 1 Alansudruvdan)
Y FONTTULUTINN 6 40 VNadn FaUnd
P1uuaen 3.333 10 X o 0.2399 0.0009 0.0004
100% Loading U33%)Ngen 8.5 A
Y FONSTULUTINN & 40 vunadn 3aUnd
P1uUaen 0.833 10 ! ” 0.2399 0.0007 0.0003
100% Loading UssWngeen 1.5 au
2. msyuasaretalulseundn (Basis on: 1 Alansurnaeiiea)
Jaredn 0.153 54 . .o 1.0000 0.0010
. IDNTTULUTINA 6 a8 VWIALAN FaUnR
Uanevn 0.153 8 ! ” 1.0000 0.0001
. 100% Loading U359Ngeen 8.5 Al
Uanevn 0.153 68 1.0000 0.0012
3. msvudsieelunanagameuna (Basis on: 1 Alansunaeniel)
L4 . YT (509NTUWBURUUTU 4 F9e 125 o)
NILLAYIFULAN 218 9 o Y. 1.0000 0.0030
AN IIN15AUUADY 38.655 km/L
4. msvudwnadafuaiiuanniiindavezyanes (Basis on: 1 Alansuraeuiea)
AsyaRUNanaRn PP 0.0046 45 0.2399 3.83 x 10
fedunseasu 6.28 x 10 45 FOUTINNVEE 10 60 Faun 0.2399 5.24 x 10°
Qenanain PE 0.0032 a5 100% Loading UssWngedn 16 fiu 1.0000 1.14 x 10°
LwdueLRen 0.0032 a5 1.0000 1.14 x 10°
594 0.0061
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7135199 2.8 n1sUdesfimsounsyanluduneunsvudsingiu

nsUaseRwEounszan

wanua U3u1ay/Basis s28zn9 (km) UIZANWIAUE dndau - —
(kgCO,eq/Basis) (kgCO,eq/AlansuraaLfen)
1. n1syuaslugunauniaiwizugnda (Basis on: 1 Alansudra/den)
Yelulnsiau 0.0161 18 0.2399 6.17 x 10° 117 x 10°
Yevloaeda 0.0080 18 sanszuzUsIYn 10 de Seund 0.2399 3.09 x 10 5.84 x 10°¢
Yelnunagey 0.0040 18 100% Loading ussnngean 16 fu 0.2399 1.54x 10° 292 x10°¢
RETRIETEN] 0.0004 18 0.2399 1.44 x 107 2.73x 107
2. nsyuaaludunaunisddna (Basis on: 1 Alansuvatgdra)
nsraeUNATERAn PP 0.0100 377 sagussvn 4 de Jand 0.2399 2.08x 10 9.54 x 10°
.y 100% Loading ussnngean 7 fiu
ey 1.37 x 10° 377 * 0.2399 2.85x 107 1.31x 107
3. nasvudslutunauntsudn (Basis on: 1 Alansunaeniier)
.. sanszuzUsIYn 10 de Seund
uilsiuduzmas 0.1376 121 . 1.0000 0.0015
100% Loading ussvngean 16 A
uwllsdlne 0.0229 377 1.0000 0.0020
nde 0.0032 2 . A 1.0000 1.40 x 10°®
_ 509UsINN 4 a8 JUNA
yngiudiy 0.0459 2 o . 1.0000 2.00 x 10
- 100% Loading ussngean 7 siu
aWaNEnn PE 0.0032 134 N 1.0000 0.0001
P\dey 0.4404 11 1.0000 0.0012
59 0.0049

Naresuan University Engineering Journal, Vol.13, No.2, July — December 2018, pp. 131 - 155
155



NUEJ

Naresuan University
Engineering Journal

mnsznevasInYlununfauasy guinuinsasisina Ururnyu duneduua Jmdnansang
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UnAnge

msnmsnszevesniiviiensiaduusslufulunsiviaiissnmvesaniu Tnefnviauautfvesniivein
JUNTIWBITINAY T2E2UNYDITINAY UALAMUMUUULYBITINTY ImaﬁﬁuﬁﬁﬂmduﬁﬂLLajwiaa—LLﬂyga gLNoduLa TN
gnsfng d15vluaunulagdTdrsiasiniunauay (RO-KPS) wardnaessinfigainn1sdrsivluguuuu 3 3 aniiy 14 vlia
wuhmssnniinuinniigedie nsaaidaiitomn 9 viedsdulngilunguiivauuasnguindy sesauniensedaed 3
siiauaznssuinanse 2 viedadudnivgiduiindni ssezukvosnniivanmsfinuinuii ssezudsnunfigafend
WU 3-5 w.509anABNgNvaIY 0.9-3.7 wuaznaudivilnil 0.5-0.8 1.AUAAU WuALINUAINENYBITINNYUI LY
mwAEnvesNANTignfe 0.8-1.6 1.50sauNAefivaIY 0.9-1.3 uuazfinidni 0.3-0.5 wmudidy dmumaumuiuy
yossniivdeiugluguuuuresdmmaiuvesnaefiuiiviindnuesiu (Root Area Ratio : RAR%) wudnnguiinidnuiniian
RAR% flsnnfigaegfiennudn 0.1 . ogluras 2.0-3.2% naufivanueglutag 7-17% finnadn 0.2 1. uaznduitvihaiueg
Tutis 4 - 8.5% firwdn 0.1 - 0.2 wagiviTauadRmnzaufiodesfumstamefulddfe funuwidosanuunu
snepeinnuazanuAuduumundedian RAR% g9 22%-37% fitasmudn 0-0.6 . lunsustillunsiaiuusawessindty

TuRuAERITUNINANUA UM ULSITIYBISIN VS INAIBTI9E N SAnwRa bU

AEARY : JUNTWBIIINAY SEURUHYRITINTY SnTdIuvesIniiunntAnfY N19IETULTIVRITINTY

Abstract

Studies of root reinforcement for soil slope stability require the knowledge of root pattern, radius of root
spread and root density. In Mae Prong-Mae Pun watershed, Laplae district, Uttaradit province. The field
investigation, the roots were exposed by water jetting. Then mapping of root distribution by 3D-scanner,
photography were taken. Inverse Pagoda (Chedi) pattern of orchard plants and natural forest trees is the most
common pattern, it is accounts 9 of 14 investigated trees found on orchard plants and natural forest tree. Then
bowl and monk alms bowl pattern are the less common, they account for 3 and 2 out of 14 tree types
respectively, found on pioneer plant. Natural forest tree have the largest root spread with radius of 3-5 m., then
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orchard plants, 0.9-3.7 m., and pioneer plant, 0.5-0.8 m., respectively. Natural forest tree also has the deepest

root depth of 0.8-1.6 m., then orchard plant is 0.9-1.3 m. and pioneer plant is 0.3-0.5 m. Root density in term of

Root Area Ratio (RAR%). Pioneer Plants has maximum RAR% of 2-3.2% at 0.1 m. When orchard plants and natural

forest trees have RAR of 7-17% at 0.2 m. and 4-8.5% at 0.1-0.2 m. deep respectively. Coffee tree (Coffea robusta

Pierre ex Froehner L.) has the advantage of preventing soil surface erosion is with thickness of fibrous root, RAR%

22-37% at 0-0.6 m. Root Cohesion can be evaluated by the root density and Root Tensile Strength in further

research.

Keywords: Root Pattern, Root Spread, RAR, Root Reinforcement
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Abstract

This research aims to study the effect of different types of coarse aggregate on the shrinkage behavior of
concrete. Four types of coarse aggregate normally used in the construction industry from various regions in

Thailand were examined, including basalt from the Northeast, granite from the East, limestone from the Central
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region, and river gravel from the Northeast along the Mekong river. The test parameters in this study include

density, water absorption, and elastic modulus of coarse aggregate. Then, analyses were carried out on the

relationship between these physical properties and the shrinkage of concrete (autogenous and total shrinkage).

Ordinary Portland cement (OPC) type | was used in this study as the concrete’s binder phase and the water-

cement ratios (w/b) of concrete were constant as 0.35 and 0.55. The test results showed that different physical

properties were presented in different types of coarse aggregate. As a result, concrete mixtures produced from

different types of coarse aggregate have different shrinkage behavior (autogenous and total shrinkage). The

shrinkage of hardened concrete tends to increase with an increase of the density and water absorption of

coarse aggregate. On the other hand, it is likely to decrease as the modulus of elasticity of rock increase.

Keywords: Autogenous shrinkage, Total shrinkage, coarse aggregate
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