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Letter from the Editor
Dear Fellow Mechanical Engineers,

The academic conferences under the auspice of the Conference of the Mechanical Engineering
Network of Thailand (ME-NETT) have been evolving over the past 25 years with constant progress. |
have observed this progress with impression and admiration; so much so that | had proposed at
several occasions to the Chairs of the various annual Conferences that it is about time that we
establish an academic journal to contribute our academic success to the international community.

In 2009, Dr. Worawut Wisutmethangoon who was the first chairman of TSME (Thai Society of
Mechanical Engineers) gave me the green light to go ahead with the journal. | must accept the guilt
for not being able to push the journal out during that period. Dr. Withaya Yongchareon, the 2" Chair
of TSME, continued to urge me to carry on the task that | had proposed. This time around the stress of
the accumulated guilt was beyond a critical limit which made me yield.

The Board of TSME, per my consultation, unanimously agreed that JRAME be an “international”
journal publishable in both Thai and English. But for a Thai-language contribution, an English-
language abstract is required.

In addition to our formal aims and scope as indicated on the back page of this publication, we would
very much like to be an alternative force in driving ME-science toward a noble goal. Therefore, we
intend to be very flexible in both coverage and forms. We also intend to be a journal that is “author
friendly.”

Contributing authors to JRAME may choose a referencing format of their choice (either Harvard style
or numbering style or any other style). A paper that is valuable to ME-science will not be denied on
the grounds of its format or its referencing style.

Outcomes of research, applications as well as well thought out “concepts” relating to ME-science in
all perspectives are solicited while subject to the consideration of the editorial board and peer reviews
before they are accepted for publication in JRAME.

In this inaugurating publication, the contributing papers came from two sources as suggested by
TSME board: the best papers awarded in the 24™ ME-NETT meeting (marked by asterisks) and the
papers from the 1% International Conference on Mechanical Engineering (ICOME) which were
deemed as appropriate by the Editorial Board. All papers were subject to the authors’ consents as well
as peer reviews.

Like a small gear in an auxiliary equipment, | hope that JRAME will do its part to help drive a very
complicated ME mechanism toward a desirable goal that enriches ourselves, Thailand and the
international community as a whole.

Sincerely,

7?»%/

Tawit Chitsomboon

N.B. We suggest that JRAME be pronounced easily as J-Ra-Me.



Letter of Congratulation

On the occasion of the birth of the Journal of Research and Applications in Mechanical Engineering, |
offer my sincere wishes of success to the editors and all my colleagues in the international research
community who will contribute to this journal.

I am sure that the vibrant scientific life of Thai universities will contribute greatly to its success. In
turn, this new journal will enhance the scientific life and reputation of Thai academia.

Sincerely,
4 {
/M{b((cu ) 'é / !
Adrian Bejan
J. A. Jones Distinguished Professor

of Mechanical Engineering, Duke University, USA
Chairman of International Advisory Board, JRAME



Enhancement of Thermal Conductivity with Al,O3 for Nanofluids

Apichai Jomphoak® %", Thitima Maturos®, Tawee Pogfay', Chanpen Karuwan!, Adisorn Tuantranont?
and Thawatchai Onjun?

INational Electronics and Computer Technology Center (NECTEC), 112 Thailand Science Park, Pathumthani 12120
%Sjrindhorn International Institute of Technology, Thammasat University, Pathumthani 12120

Abstract

The enhancement of the thermal conductivity of water in the presence of Alumina (Al,O5) using the employed surfactant,
as the dispersant, is presented in this study. The volume concentration of Alumina—water nanofluids is below 0.2 vol.%. With the
addition of dispersant and surfactant, the thermal conductivity of the produced nanofluids reveals a time-dependent characteristic.
The thermal conductivity, considerably steady at the starting point of measurement, increases gradually with elapsed time. The
results indicate that Alumina—water nanofluids with low concentration of nanoparticles have noticeably higher thermal
conductivities than the water-base fluid without Alumina. For Al,O; nanoparticles at a volume fraction of 0.001 (0.1 vol.%),

thermal conductivity was enhanced by up to 18.4%.

Keywords: Alumina, Nanofluids, Thermal Conductivity, TPS, Sensor

1. Introduction

The thermal conductivity of thermofluid plays a
significant role in the development of energy-efficient
heat transfer equipment. Passive enhancement methods
are commonly utilized in the electronics, HVAC&R, and
transportation  devices.  However, the thermal
conductivities of the working fluids such as ethylene
glycol, water, and engine oil are relatively lower than
those of solid particles. In this regard, the development of
advanced heat transfer fluids with higher thermal
conductivity is thus in a strong demand. Nanoparticle
technology is of considerable interest for a large number
of practical applications. A new approach to
nanoparticles in nanofluid was proposed by Dr. Choi at
the USAs Argonne National Laboratory in 1995 [1]. A
number of research works and development focusing on
nanofluids have been recently conducted [2-6]. More
recently, the chemical approach using wet chemistry has
emerged as a powerful method for growing
nanostructures of metals, inorganic semiconductors,
organic materials, and organic—inorganic hybrid systems.
The advantage offered by nanochemistry is that surface
functionalized nanoparticles of metals or dispersible in a
variety of media such as water can be readily prepared.
Furthermore, nanochemistry also lends itself to a precise
control of conditions to produce monodispersed
nanostructures [12].

Alumina nanoparticles are of great interest because
of their use as coolant and application in heat exchanger.
The synthesis methods for Al,O; nanomaterials include
physical method and chemical method. The physical
method used for Al,O; nanofluids has been reported
[2,3]. Nanofluids consisting of Al,O3; nanoparticles
directly dispersed in water have been observed to exhibit
significantly improved thermal conductivity
enhancements when compared with nonparticle-
containing fluids or nanofluids containing oxide particles
[3]. Many studies on the thermal conductivities of
nanofluids focused on the nanofluids synthesized via
two-step method. Recently, our study has also
investigated the results of Al,Os-water nanofluids based
on this method [6], and the thermal conductivities of the
Al,O; suspensions are measured by a transient planar

*Corresponding Author: E-mail: apichai.jomphoak@nectec.or.th
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Fig.1 The measuring unit connected to the Wheatstone
bridge

In this work, transient planar source (TPS) method is
used to measure the thermal conductivity of Al,Os
nanoparticles in the presence of water as solvent. The
Alumina was dissolved in deionized water. The solution
was submerged under ultrasonic vibration (100W,
40kHz) for 45 min at 25°C with stirrer being operated
simultaneously till the solution became uniform. The
mixture was slowly washed with the deionized water to
remove impurity. The product was then obtained. The
volume fraction of Alumina nanoparticle suspensions in
water liquid is below 0.2 vol.%. Water has a high
permittivity which makes it a good solvent for polar or
ionic compounds. Therefore, many chemical reactions
take place in aqueous media [13]. Highly pure water was
obtained from a Millipore Milli-Q plus system. Effects of
variables including concentrations of nanofluids, amount
of pH buffer agent, and amount of water solvent were
investigated. The concentrations are in the ratio of 1, 2,
and 4 while the concentrations of pH buffer are 7, 8, and
9.2, respectively, as shown in Fig. 3. The mass ratios of
water solvent are 1-3 at increment of one.

The Alumina nanoparticle was measured with
canning electron microscopy (SEM) to determine its
microstructure and size distribution. The thermal
conductivity of Al,Os—water nanofluid was measured
with a computer-controlled TPS system at room
temperature. For the TPS system, a thin gold disk was
immersed in the fluid using a vertical cylindrical glass
container. The TPS disk served as an electrical resistance
thermometer. A Wheatstone bridge heated the disk and
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simultaneously measured its resistance. The electrical
resistance of the gold disk varies in proportion to changes
in temperature as shown in Fig. 1. The thermal
conductivity was then estimated from Fourier’s law. The
transient TPS system was calibrated with the deionized
water at room temperature. The Al,Os—water nanofluids
were filled into the glass container to measure the
thermal conductivity. The inner diameter and length of
long glass container are 19 mm and 240 mm,
respectively. A time sequence of thermal conductivity
measurement of the Alumina nanofluids was conducted
at intervals of 1-5 min. The measurement ended up at 30
min when there was no apparent change in the thermal
conductivity. The time profile of the thermal conductivity
distribution of the Alumina nanofluids then can be
examined.
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Fig. 3 Effect of pH on thermal conductivity of Al,Oz-
H,0O suspensions

3. Results and discussion

Alumina nanoparticles are produced in water, and then
the AI** ions are converted into aluminum atoms. The Al
atoms then precipitate to form Alumina nanofluid. The
color of the solution will gradually change from
transparent to white and even to dark white. The volume
fractions of Al nanoparticle suspensions in water liquid
are from 0.05% to 0.2 vol.% with an interval of 0.05%.
The Al nanoparticles shows the monodispersed
distribution of particle sizes, the grain size and shape of
Cu-water nanofluids as a function of nanoparticle
volume. The agglomerated particle sizes of the Al
nanoparticles range from 100-300 nm with spherical
shapes. On the other hand, Fig. 3 illustrates a graph of a
Al-water nanofluid at 0.2 vol.% (specimen No. 9). The
typical particle sizes of the Al nanoparticles are >250 nm
with spherical assorted shapes. In tandem with the
scanning electron microscope, it is used to determine the
chemical composition of a microscopic area of a solid
sample. The thermal conductivity increased ratio of Al—
water nanofluids as a function of nanoparticle volume

fraction. The thermal conductivity ratio of Al-water
nanofluids increases with the increase of volume fraction
of Al until it reaches the maximum value at 0.1 vol.%. It
is interesting to note that above this volume fraction
thermal conductivity ratio decreases. This behavior
indicates the interesting aspect of Al-water nanofluids,
and it is likely that the decrease of thermal conductivity
ratio above this threshold fraction is caused by the larger
size of Al nanoparticles (>100 nm). The normalized
thermal conductivity data for the Al-water nanofluids as
a function of the measured time is shown in Fig. 3. The k
denotes the thermal conductivity of Al-water
suspensions and the kg is the thermal conductivity of
the water base fluid. The Al nanofluid is added into the
vertical cylindrical glass container of the transient planar
source (TPS) system after cooling down. By prescribing
the input temperature to the Al nanofluid, the associated
thermal conductivity was measured directly by the TPS
system and adjusting the variable resistor of the
Wheatstone bridge circuit accordingly. The measurement
of thermal conductivity could begin without further
agitating in the glass container. Therefore, it takes about
1 min to get the first point of thermal conductivity after
the Al nanofluid is added. This point is regarded as the
first measured point at 1 min. During the thermal
conductivity measurement, the Al nanofluid is kept as it
is with no further action. On the other hand, it is also
possible that the Al nanoparticles with addition of
dispersant and surfactant could be agglomerated to some
extent, not separated individually. Therefore, the thermal
conductivity of the Al nanofluid shows the time-
dependent behavior. However, the addition of dispersant
and surfactant would make the Al surface coated, thereby
resulting in the screening effect on the heat transfer
performance of Al nanoparticle.

From this figure, one can see that Al-water
nanofluids with a low concentration of nanoparticles
have considerably higher thermal conductivities than the
identical water base liquids without solid nanoparticles.
A strong dependence of thermal conductivity on the
measured time is observed. In addition, one can also see
that at a constant volume fraction, k/kp. is the largest at
the starting point of measurement and drops considerably
with elapsed time. For Al nanoparticles at a volume
fraction of 0.001 (0.1 vol.%), thermal conductivity is
enhanced by 18.4%. The ratio of Kk/Kpge IS almost
unchanged when the elapsed time is above 10 min. The
value of Kk/ky. is slightly above unity, indicating no
appreciable enhancements due to the particles
agglomeration. The fluids with solid particles on a
nanoscale show better thermal conductivities than those
with none. This is due to the larger total surface areas of
nanoparticles. Some possible explanations of the
enhancement of nanoscale particles can be found from
Lee et al. [14]. It can therefore be expected that their
respective nanofluids” thermal conductivity behave
differently. The corresponding Al nanoparticles were
about 100 nm diameter and were directly mixed with
deionized water at several weight percents which was
used to enhance stability of the suspension.

In this study, with the addition of surfactant,
the surface of Al nanoparticle contacts the water solvent
directly to enhance the thermal conductivity effectively.
The heat transfer at the free surface of the nanoparticles
is more active than the coated surface with stabilizing
agents. The Brownian motion on the nanoparticles at the
molecular and nanoscale level is a major mechanism



controlling the thermal conductivity of nanofluid. The
fundamental difference between solid/solid composites
and solid/liquid suspensions is identified. Thus the
solid/liquid interface characteristics need to be exploited.
A significant increase in thermal conductivity up to
18.4% is observed at a single measurement point. The
thermal conductivity decreases with elapsed time and the
thermal conductivity remains almost constant after a
period of about 30 min. For durability and reliability
concerns, the synthesis of nanoparticle utilizing
stabilizing agent is an important subject for future
developments. Furthermore, a mixing tool could be used
to agitate the Al nanofluid continuously to achieve good
dispersion dynamically for application of nanofluid in a
thermofluid device.
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Fig. 4. The normalized thermal conductivity data for the
Al-water nanofluids as a function of the measured time.

4. Conclusions

This study conducts a transient planar source
method to measure thermal consuctivity of Al-water
nanofluids. The synthesized Alumina nanoparticles in
water with surfactant improve thermal conductivities
significantly, compared with pure fluids. Alumina
nanoparticles show the characteristics of small particle
sizes and uniform size distribution. The typical Al
nanoparticles are around 50-100 nm in diameter with
spherical shapes. The volume fractions of Al nanoparticle
suspensions in water liquid are in the range from 0.05%
to 0.2 vol.% with the addition of dispersant and
surfactant, the thermal conductivity of the produced
nanofluids reveals a time-dependent characteristic. The
thermal conductivity which is considerably steady at the
starting point of measurement, increases gradually with
elapsed time. The ratio of k/kyse is almost unchanged
when the elapsed time is above 10 min. The value of
kikpase is slightly above the unity, indicating the
appreciable enhancements due to the particles
agglomeration. Initially, the thermal conductivity of Al-
water suspension can be enhanced by 18.4 percent at a
volume fraction of 0.001 (0.1 vol.%). The higher thermal
conductivities of Al solid materials together with the
larger surface area of Al nanoparticles are keys to the
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enhancement of thermal conductivity. The present study
presents Al-water nanofluids prepared from additional
surfactant to improve the thermal conductivities of
conventional heat transfer water-based fluids.
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Impact of Water Contents Blended with Ethanol on SI Engine Performance and Emissions
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Abstract

Recently, the oil crisis and energy security have become the serious concern all over the world. Ethanol, one of the
alternative fuels for Sl engine seems to have the potential for replacing the conventional fuels such as gasoline. However, the
process of removing water contents from hydrous ethanol to make it anhydrous is a very costly operation. In order to have the
economical advantage, the use of ethanol with water content can be seen as an interesting choice as a fuel in SI engines.
Therefore, this work aims to investigate the effects of water contents blended with ethanol on thermal efficiency and emissions of
Sl engine. The 125-cc Sl engine is used for the experiments. Tests are run at constant engine speed and stoichiometric air fuel
ratio. The results show an increase in the thermal efficiency for hydrous ethanol having more than 10% water content. The bsfc
value is increased on increasing water content. The NOx produced by hydrous ethanol is very low. The total unburned
hydrocarbons (THC) and the CO emissions are increased on water addition but even after the addition of 20% water by volume
they are found lower than those of gasoline. So it proposes a solution for the fuel which satisfies the current environmental

concerns and helps in improving the fuel economy.

Keywords: Water Content, Hydrous Ethanol, Thermal Efficiency, Emissions and Spark Ignition Engine.

1. Introduction

Today global warming has become a serious threat to
the whole world. Political and public debates on this topic
are continuously going on everywhere. Over the past two
decades the research done in the field of internal
combustion engines is highly dominated by the requirement
of improving fuel economy, i.e. reducing the carbon
emissions and fuel consumption without compromising the
power output of the vehicle.

Current concerns over global warming and limited
fossil fuel resources are motivating the researchers to use
the alternative fuels. The change in global climate is posing
a serious threat to our way of life. In1973 & 1979 oil crisis
occurred in the Middle East and recently the oil spillage in
the gulf of Mexico has emphasized the necessity of finding
alternative fuel resources that could replace the petroleum-
based fuels.

Ethanol is an eco-friendly fuel which can be seen as a
renewable energy resource. It is produced by fermenting
and distilling starch crops, such as corn or sugar cane
which needs photosynthesis for growing.

Ethanol is widely used in Brazil and United States. In
2009 they were responsible for 89% of the world’s ethanol
production [1]. Their automobile industries got great
success with the launch of flex-fuel vehicles which can be
fuelled by gasoline, ethanol and blend of both. The reason
why these engines are not widely used till now is the high
cost of pure ethanol due to the low productivity of corps
and inflation in international sugar market. At the end of
2009, Brazil had more than 9 million FFVs (Flexible Fuel
Vehicles) regularly using pure ethanol fuel [2].

Now ethanol is seen as an alternative to gasoline.
Higher octane rating gives this fuel a higher knock
resistance which allows a higher compression ratio. Due to
its high vaporisation rate, ethanol produces superior
thermal efficiency at high temperatures. Ethanol has a
faster combustion rate and its flame temperature is lower
than gasoline which reduces the heat loss to combustion

walls and ensures higher thermal efficiency [3]. Ethanol
can burn rich air fuel mixture which generates higher
engine power output when compared with gasoline.
Ethanol-fed engines emit lower quantity of nitrogen oxides
(NO,) and unburned hydrocarbons. Because of the lower
heating value, ethanol results in higher fuel consumption.
In the case of ethanol engine, cold start is a problem due to
its lower vapour pressure.

Ethanol is usually blended with gasoline to create
more sustainable fuel for automotive industry. Recent
research suggests that blending of ethanol with gasoline can
be even more sustainable if hydrous ethanol is used for
blending instead of anhydrous ethanol. Distillation of water
from the hydrous ethanol for making pure ethanol requires
additional cost and energy. A research carried out in an
ethanol plant based in Minnesota suggested that 10-45% of
energy can be saved by just removing the dehydration
process from hydrous ethanol Eh95 (95% Ethanol, 5%
water) [4]. In 2008 a study done by HE Blends BV in the
Netherlands noted that Eh10-Eh26 hydrous ethanol blends
are 10-20% less expensive than anhydrous ethanol [5].

Clemente et al. [6] concluded that the use of hydrous
ethanol (water conc. 7%) improves the peak power and
peak torque by 9% and 14% effectively with respect to
ethanol gasoline blend (22% ethanol 78% gasoline).
However, the specific fuel consumption is also increased
by 35%. Olberding et al. [7] tested a transit van using 70%
ethanol and 30% water fuel mixture. They noticed a
significant increase in the thermal efficiency in
comparison with gasoline. Li et al. [8] observed increase in
torque and power when ethanol was used as fuel in a
gasoline spark ignition engine. They also noticed a
decrement in CO and THC emissions.

The work of Christensen and Johansson [9] showed
that the use of water retards the ignition timing and slows
down the rate of combustion, therefore, increases the
emission of unburned hydrocarbons and CO. They have
found that with increasing water concentration, ignition
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timing should be advanced to ensure the sufficient
evaporation of water. They observed low NO, emissions
with high water contents because higher latent heat of
vaporization of water causes the reduction in peak cylinder
temperature.

A number of research works have been carried out to
investigate water tolerances of ethanol/gasoline blends and
preventing the phase separation between gasoline and
water(in low ethanol blends) to avoid the corrosion
problem [10] but currently the researchers believe that they
have overlooked the great possibility of using hydrous
ethanol as fuel which is environment friendly as well as
economical.

The aim of the present research is therefore to
investigate the effects of water contents in ethanol on the
performance of a spark ignition engine and compare them
with the gasohol as a fuel. Emissions characteristics are
also compared. Tests are conducted on a one cylinder,
small SI engine with few modifications. This would
determine the possibility of using hydrous ethanol as fuel in
the near future.

2. Experimental Section
2.1 Experiment set up

The experimental work was carried on a Honda
Model Wave-125i engine which was a one cylinder, four
stroke Sl engine whose technical specifications are
mentioned in Table

1. The engine was originally designed for gasoline but it
was modified for using hydrous ethanol. The injector size
was increased and fuel injection and ignition timing were
controlled by commercial electronic control unit (ECU).
ECU optimizes the fuel injection period and spark timing to
maintain a constant air fuel ratio and engine revolution
speed. After these modifications, the engine was installed
on an Eddy Current Dynamometer for measuring and
controlling the torque produced by the engine.

Tablel. Engine Specifications

Model HONDA WAVE 125i
Engine type 4-stroke single cylinder
Displacement Volume 124.8 cm®

Bore x Stroke 52.4 x57.9 mm
Compression ratio 9.3:1

Engine speed 1,000-10,000 rpm
Cooling system Forced air

For measuring the variation of cylinder pressure with crank
angle, a pressure sensor with compatible charge amplifier
and crank shaft angle encoder was used with a high speed
data acquisition system designed on Indiwin software. The
complete data of in-cylinder pressure will not be analysed
here.

In the exhaust stream oxygen sensor was installed
for measuring the equivalence ratio from the exhaust of the
engine. Exhaust system (MRU Model SWG 2007%)
measures and analyzes the exhaust temperature with the
contribution of O,, CO,, CO, NO, NO,, NO, and unburned
hydrocarbons in the exhaust stream. Fuel consumption and
laminar air flow was measured manually using a weight
measuring machine and a U- tube manometer respectively.
The equivalence ratio obtained from the oxygen sensor was
compared with the value calculated from exhaust gas
composition results and intake laminar flow. The schematic
diagram of the experiment is shown in Fig. 1.
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Unit
|—
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N0, "
?ﬂ,\: i Charge amplifier
Wideband o | (A~ HE]
air/fuel ratio oo ) | —FPressure transducer i
meter C ?
/ ! Shaft encoder
o =]
m Data acquisition
v O h
= =" [
0 = e
37kW ECDY Computer
DESKUNIT

Exhaust Analyzer

Fig. 1 Experimental set up

2.2. Experiment Procedure

Four fuels were considered for the analysis: Gasohol
Octane 91 (E10), Pure Ethanol (E100), Ethanol with 10%
water by volume (Eh90) and Ethanol with 20% water
content (Eh80). The physical and chemical properties of

Fuel supply Electrical fuel injection i . " PLURE
these fuels are mentioned in Table 2. Ignition timing was
optimized for the maximum torque in each condition. The
test conditions are shown in Table 3.

Table 2. Physical — Chemical properties of the fuels experimented
Parameter Gasohol E10 E100 Eh90 Eh80
Composition(by volume) 90% Gasoline 100% Ethanol 90% Ethanol 80% Ethanol
10% Ethanol 10% Water 20% Water

Density (g/cc) 0.7650 0.7921 0.8291 0.8492

Lower Heating Value(MJ/kg) 41.087 28.865 25.318 24.936

Stoichiometric A/F 14.421 8.953 7.853 7.734

Chemical Structure* Ce.66H15.3300.22 C,HsOH C1.47H4.040 C1uoH4 550

Carbon Mass(%) 80.89 52.17 45.76 45.07

Hydrogen mass(%) 15.51 13.04 12.80 12.78

Oxygen mass(%) 3.60 34.79 41.44 42.14

*calculated for 1 mole of fuel from the given volume ratio of contents (using measured value of densities and standard

value of molecular weight)
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Table 3. Test Conditions

o Engine Speed
No. Fuel Load (%) (rpm) A
1 E10
2 E100 25,50,100 5000 1
3 Eh90
4 Eh80

Throughout the experiment, the air fuel ratio was kept
constant at its stoichiometric value and engine crank shaft
revolution was maintained at 5000 rpm. The engine load
was varied by the position of throttle. For each test
condition, brake power, indicated power, thermal
efficiency, brake specific fuel consumption and regulated
exhaust emissions were reported. Three load conditions
were tested for each fuel to make the comparison more
reliable. To enhance the accuracy of results and to avoid
the fluctuations in the measured values every test was
carried out until it reached its steady state and the final
value was averaged out over this period.

3. Results and Discussion

The present motive is to observe the changes in brake
power, thermal efficiency, bsfc and regulated emissions
with increasing water content in ethanol and to compare it
with the corresponding gasohol (E10).
3.1. Brake Power

As we can see in Fig. 2, when we switch the fuel
from gasohol to pure ethanol, an increment in brake power
of 12.53%, 4.30% and 4.95% is observed for 25%, 50%
and 100% load respectively. The brake power is directly
proportional to the torque output of crank shaft at constant
engine speed. It is found that the laminar flame speed is
higher in case of ethanol than gasoline [11]. As the engine
speed increases, there is less time available for the
complete combustion, so a higher flame speed is required.
This makes hydrous ethanol produce more torque when
compared with gasoline. This change is enhanced in case
of higher engine speed and reversed in case of lower engine
speed due to the high heating value of gasoline [3]. From
Table 2, it can be observed that gasoline has a higher
heating value than ethanol and it decreases with increasing
water content. It causes a reduction in the brake power with
increasing water contents. 20% water content by volume in
ethanol reduces the brake power 21.74%, 2.55% and 6.42%
from E100 for 25%, 50% and 100% load conditions
respectively.
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Fig. 2 Brake Power in case of Gasohol(E10) and ethanol
with 0, 10 and 20% water contents at 5000 rpm and
stoichiometric A/F(A=1) for 25%, 50% and 100% load
conditions
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3.2 Brake specific fuel consumption ( bsfc)

The brake specific fuel consumption is increased
with water content as it can be observed from Fig. 3. All
the tests are operated on stoichiometric condition. The
stoichiometric A/F for gasohol is 14.421 which is
calculated by using the given volume ratio and measured
density values. It is much higher than stoichiometric A/F
for pure ethanol and found decreased as water is added in
the fuel (see Table 2). Therefore, the bsfc value of ethanol
is observed 11.76 %, 39.67 % and 41.90 % higher than that
of gasohol for 25%, 50% and 100% load conditions
respectively. Another reason supporting this trend is the
lower heating value of ethanol with respect to gasoline. As
we mix water in the alcohol, the lower heating value is
decreased; therefore, bsfc value is increased. For Eh80 it
reached 47.88 % of its E100 value at 25% throttle opening.
Therefore hydrous ethanol can improve fuel economy when
compared with gasoline only with proper engine hardware
modifications. This result is consistent with the previous
research done on the similar topics [6&12].
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Fig. 3 BSFC in case of Gasohol(E10) and ethanol with 0,
10 and 20% water contents (E100-Eh80) at 5000 rpm and
stoichiometric A/F(A=1) for 25%, 50% and 100% load
conditions

3.3 Thermal Efficiency

The thermal efficiency in case of ethanol is higher
than that of gasoline. This could be explained by less heat
loss through cylinder walls because of higher laminar flame
speed in case of ethanol. For 25%, 50% and 100% load,
thermal efficiency of E100 is 27.36%, 1.91% and 12.04%
higher than that of gasoline respectively.

It is observed that the efficiency is decreased with
increasing water contents after a small primary stage. It is
expected that during the combustion process water takes
the significant amount of energy, when it converts from
liquid to vapour state which causes the thermal cooling of
charge inside the cylinder. The efficiency in case of Eh80 is
21.75%, 7.22% and 12.82% lower than that in case of E100
for 25%, 50% and 100% load conditions respectively. The
difference between the brake thermal efficiency obtained in
case of gasohol and Eh80 is very low as it can be seen in
Fig. 4. It favours the use of hydrous ethanol containing
more than 10% water instead of gasohol without
compromising the thermal efficiency of engine.
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Fig. 4 Thermal Efficiency in case of Gasohol(E10) and
ethanol with 0, 10 and 20% water contents at 5000 rpm and
stoichiometric A/F(A=1) for 25%, 50% and 100% load
conditions

3.4 Emissions

3.4 Emissions

Ethanol shows a significant reduction in CO
emissions when compared with gasoline. Due to the
oxygen presence in ethanol, there is a noticeable
conversion of CO into CO, which causes a decline of
76.24%, 46.09% and 56.20% in CO emissions for 25%,
50% and 100% load respectively when we switch the fuel
from gasohol to pure ethanol. Water content in ethanol
slows down the combustion rate. Therefore, as shown in
Fig. 5(a), it increases the CO emissions from the pure
ethanol values. The CO emission observed in case of Eh 80
is 2.06%, 36.78% and 30.81% higher than that of E100 for
25%, 50% and 100 % throttle opening respectively. From
this result hydrous ethanol comes out as a better
environment friendly fuel considering the adverse effects
caused by CO as pollutants.

NO, emissions highly depend upon the in-cylinder
temperature. These are found decreased linearly with water
addition. The peak pressure inside the cylinder which is
measured by pressure transducer is found to be decreased
with increasing water contents. Because of that, a decrease
in cylinder peak temperature is expected. NOx emissions in
case of Eh80 are 79.18%, 65.25%, 49.04% lower than those
in case of gasohol for 25%, 50% and 100% load conditions
respectively. The linear slow down in NOx can be observed
in Fig. 5(b).

Hydrous ethanol seemed to be a better alternative as
shown by Fig. 5(c) in terms of THC emissions. Using pure
ethanol (E100) a decrement of 56.75%, 50.24% and
58.87% in THC emissions is observed from the gasohol
values for 25%, 50% and 100% load conditions
respectively. One reason is because of the polar character
of ethanol which prevents it from bonding with non-polar
engine oil at surface of cylinder wall [13]. Water content
causes the incomplete combustion responsible for higher
THC values. Eh80 produces higher hydrocarbons than pure
ethanol for all loads.

4. Conclusion

From the results, it can be concluded that the impact
of water content blended with ethanol on the thermal
efficiency of engine limits the amount of water which can
be tolerated with ethanol. The addition of more than 20%
water in ethanol might result in a major loss of efficiency.
The bsfc in case of ethanol is 41.9% higher than that of
gasohol at 100% load. The bsfc is also increased on
increasing water content because of that it produces the
brake power about the same range that can be achieved
using gasohol. The measured brake power is always higher
in case of ethanol when compared with gasohol. The CO
emissions are reduced when ethanol is used in place of

10

gasohol. CO emissions then increase with increasing water
content at all loads (throttle positions). A significant
reduction in NOx emissions is achieved by blending it with
water. THC emissions increase with water content forcing a
tolerance limit of water in ethanol. Therefore, we can
conclude that using hydrous ethanol definitely has an
economical advantage. The addition of water less than 20%
by volume makes compromise with the engine efficiency
and the emissions produced are still lower than those in
case of gasohol, the commonly used motor fuel in
Thailand.
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Fig. 5 CO, NOyx and THC emissions from Gasohol (E10)
and ethanol 0, 10 and 20% water contents at 5000 rpm and
stoichiometric A/F for 25%, 50% and 100% load
conditions.
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Optimal Placement of Wind Farm on the Power System Topology
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Abstract

Wind farms can be used in domestic, community and smaller wind energy projects and these can be either stand-alone
or grid-connected systems. The stand-alone systems are used to generate electricity for charging batteries to run small electrical
applications, often in remote locations where connection to a main power supply is expensive or not physically possible. With
grid-connected turbines, the output from the wind turbine is directly connected to the existing main electricity supply. This type
of system can be used both for individual wind turbines and for wind farms exporting electricity to the electricity network. A
grid-connected wind turbine can be a good proposition if consumption of electricity is high. In this paper, we formulated a wind
farm in form of doubly-fed induction generator penetrating into an existing power system. An optimal placement of a wind farm
on the power system topology is proposed aiming to minimize fuel and emission costs of the overall system. The multiobjective
particle swarm optimization (MPSO) is used to minimize simultaneously fuel cost and emission of existing thermal units by
changing location and varying sizes of new wind farm candidate. We employ IEEE 30-bus system to verify the proposed
technique. The results show that the proposed method found the optimal position of the wind farm with minimum cost of fuel and

environmental pollution.

Keywords: Wind Farm, Power System, Multiobjective Particle Swarm Optimization (MPSO).

1. Introduction

Wind turbines produce electricity by using the natural
power of the wind to drive a generator. The wind is a clean
and sustainable fuel source which does not create emissions
or will never run out as it is constantly replenished by
energy from nature.

A wind farm or wind park is considered as a cluster
of wind turbines that acts and is connected to the power
system as a single power producer. Generally, a wind farm
consists of more than three wind turbines. Modern wind
farms are installed offshore as well as on land. The size of a
wind turbine is selected to produce electricity energy
followed by demand and wind power density. Recently, the
largest wind turbine could provide electric power up to 6
MW. Modern wind farms are generally connected to the
high voltage transmission system, in contrast to the early
application of wind energy for electricity production in
which wind turbines individually connected to the low and
medium voltage distribution system [1].

Major advantages of wind power include practical
operation and friendly to the environment. Statistically
worldwide, the total kinetic energy contained in wind
turbine is more than 80 times of human energy
consumption. Further, it saves fuel with competitive
operation and maintenance cost. When a wind farm is
installed, it is expected to produce continually electricity
injecting into a power system with a small number of
interruptions. Moreover, wind energy system operations do
not generate air or water emissions or produce hazardous
waste. They do not deplete natural resources such as coal,
oil, or gas, or require significant amounts of water during
an operation. Wind's pollution-free electricity can help to
reduce the environmental damage caused by conventional
power generation installed around the globe [2,3].

Recently, the Artificial Neural Network (ANN) for
multi-objective optimal reactive compensation of a power
system with wind generators has been proposed by Krichen
et.al. [4] to find a tradeoff between economic and loss in
power system. However, the optimal tradeoff of economic
and environment is still under development, and the

problem caused by the high population of wind farms on
the power system is still mysterious.

The purpose of this paper is to propose a
methodology to find the best location and size of wind
farms in the existing power system topology with minimum
fuel cost and emission of the existing thermal units. The
multiobjective particle swarm is developed to find
minimum fuel cost and emission when the wind farm varies
in its position and size. The IEEE 30-bus is selected to test
the proposed technique. The results show the best location
and size of wind farm with optimal fuel cost and emission
in the overall system.

2. Problem Formulation

The objective of the environmental/economic power
dispatch with varying positions and size of wind farm
generators is to minimize the fuel costs and environmental
pollutions in generating electric power while satisfying
various system constrains.
2.1 Objectives

Objectivel: Minimization of generator cost

The total fuel cost f(Pg)of the overall power system in
US$/h can be expressed as

N
2
f(Ps,R,)=> a +bPy+cP2+dP,
i=1
where & ,b.,C.andd. are the cost coefficients of the
jth existing thermal units with wind farm included. Pg; and
PW are the real power output of the i thermal units and

wind farm generator connected at bus W respectively. N
is the number of thermal units. The set of real power
output can be defined as

Py =[PP P RV @

Objective2: Minimization of environmental emission
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The total ton/h emission E(Pg) of atmospheric pollutants
such as sulfur oxides SOy and nitrogen oxides NOy caused
by fossil-fueled thermal units can be expressed as

N
(R Ry) = 210_2(04 +BPRs +7/iPGZi) +& exp(4R;) + Ry

i=1
3

where &, B, 7, &, A and p are coefficients of the jth

emission characteristics of thermal units and wind farm .

2.2 Constraints

Generation capacity constraints: For stable operation,
real power output of each generator is restricted by lower
and upper limits as follows:

min max H
PRI <Py <P, i=1..,N )
min max
P <P, <P™, 1<w<Ng (5)
where NB is the number of buses.

Power balance constraints: Power balance is an
equality constraint. The total power generation must cover
the total demand Pp. Hence,

N
ZPGi+PW_PD_PL=O (6)
i=1
Then, power loss in transmission lines can be calculated as
NL
I:)Ioss = Z gk |:V|2 +Vj2 - 2ViVj COS(é‘i - é‘j )] (7)
k=1

where V; and V; are the voltage magnitudes at bus i and
j-d;and o;are the voltage angles at bus i and j. @, is

the transmission line conductance. NL is the number of

transmission lines.
Line loading constraints: for securing the operation of
the system can be expressed as follows:

max H
S<S ,1eN, (®)
where Su and NL are transmission line loading and the
number of transmission lines.

2.3 Formulation of multiobjective optimization

Aggregating the objectives and constraints, the
problem can be mathematically formulated as a nonlinear
constraint multiobjective optimization problem as follows

(5]

Minimize  [f(x,u),e(x,u)] ©)
Subject to:
g(x,u)=0 (10)
h(x,u)<0 (11)

where g(x,u) is the equality constraints, h(x,u) is the
system inequality constraints.

3. Multiobjective optimization principles
For a multiobjective optimization problem, any

two solutions X; and X, can have one or two possibilities:
One dominates the other or neither dominates each other. In
a minimization problem, without loss of generality, a
solution X; dominates X, if the following two conditions
are satisfied [6]:

14

L Vi €412y Ny J: (%) < £ (%) (12)
2. 31 €112y Ny J: F;(30) < F;(%,) (13)

If any of the above condition is violated, the
solution X; does not dominate the solution X, . If X

dominates the solution X, , X; is called the nondominated

solution. The solutions that are nondominated within the
entire search space are denoted as Pareto-optimal and
constitute Pareto-optimal set. This set is also known as
Pareto-optimal front.

4. THE PROPOSED MPSO TECHNIQUE
4.1 OVERVIEW OF PSO METHOD

The Particle Swarm Optimization (PSO) method is an
optimization technique [7,8] which is motivated by social
behaviors of organisms such as fish schooling and bird
flocking. PSO provides a population-based search
procedure in which individuals called “particles” change
their positions (states) with time. In a PSO system, particles
fly around in a multidimensional search space. During the
flight, each particle adjusts its position according to its own
experience, and the experience of neighboring particles,
making use of the best position encountered by itself and its
neighbors. The swarm direction of a particle is defined by
the set of particles neighboring the particle and its history
experience.

4.2 Proposed MPSO and Computational process

This section describes the computational process
of the proposed multiobjective particle swam optimization
(MPSO). Let X and Vv denote a particle coordinates
(position) and its corresponding flight speed (velocity) in a
search space, respectively. Therefore, the i-th particle is

represented as xi:(P P.P.P. P.P p)_

Gl' ' G217 G317 G4 'G5 " G6Y T w

The best previous position of the i-th particle is

recorded and represented as

pbest = (pbest,, pbest,,..., pbesty). The index of the

best particle among all the particles in the group is

represented by the gbest,. The rate of the velocity for

particle i is represented as V; =(Vij,Vip,...,Viq). The

computation flow of the proposed MPSO technique is
briefly stated and defined as follows:

Step 1: Set iteration (t =1). Generate randomly the

initial particle coordinates. These initial

populations must be feasible candidate
solutions that satisfy the constraints.

Step 2: Run Newton power flow. Evaluate the fuel
cost and emission fitness value of the initial
populations.

Step 3: Search for the nondominated solutions from

the initial solution by using the nondominated
function in order to get the Pareto set.

Step 4: The inertia weight is calculated according to the
following equation:
Mxiter (14)

iter, .«

where iter,,, is the maximum number of

W= Wpax —

iterations and iter is the current number of
iterations.



Step 5: The modified velocity of each particle can be
calculated using the current velocity and the
distance from pbest; to gbest, as shown in

the following formulas:
Vit =w- vl + ¢, *rand(-) * (|obes1;d - xi‘d) 15)
+¢, *xrand(;) = (gbes;j - x}d)
where n is number of particles in a group;
m is number of members in a particle;
t is pointer of iterations (generations);
W is inertia weight factor;

c,,C, are acceleration constants;

rand(-) is uniform random value in the range
[0,1];
vit is velocity of particle i at iteration t,
VM <yl <y e
Step 6:  The new position of particle as
Xt =xy +vit, i=12,...,n,d=12,...,m (16)

where xit is current position of particle at

iteration t .

Step 7: Run Newton power flow. Evaluate the fuel cost
and emission fitness value of the new position.

Step 8: Search for the nondominated solutions from all
solutions by using the nondominated function in
order to get the Pareto set. If the nondominated
solution is over the limit, then use Fuzzy C-Mean
(FCM) method proposed in [10]. It will reduce
the number of solutions to limit.

Step 9:  Check the stopping criterion. If satisfied,

terminate the search, orelse t =t +1. Go to
Step 2.
Upon the Pareto-optimal set of the nondominated
solution, fuzzy-based mechanism is imposed to extract the
best compromised outcome.

4.3 Best compromised solution

After obtaining the Pareto-optimal solution, the
decision-maker may need to choose one best compromised
solution according to the specific preference for different
applications. However, due to the inaccurate nature of
human judgment, it is very often not possible to explicitly
define what is really needed. Thus, fuzzy set [5] is
introduced here to handle the dilemma. Here a linear
membership function u; is defined for each of the objective

functions F; :
% Fimax > F, > I:imin
L _JRT-R
i 1 F. < Fimm
0 F>F™

i i 17)

In the above definition, Fimax and Fimm is the value

of the maximum and minimum in the objective
functions,respectively. It is evident that this membership
function indicates the degree of achievement of the
objective functions. For every nondominated solution k,
the membership function can be normalized as follows:

Uk == — (18)
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where O and S are the number of objective
functions and the number of non-dominated solutions,
respectively. The solution with the maximum membership

u® can be seen as the best compromised solution.

4.4 Implementation
The proposed MPSO technique has been
developed in order to make it suitable for solving a
nonlinear constraints optimization problem. A computation
process will check the feasibility of the candidate solution
in all stages of the search process. This ensures the
feasibility of the nondominated solution.
The parameter of MPSO can be set as follows. The
acceleration constants ¢, and c, were set to be 2.0

according to past experiences. The weight W decreases
linearly from about 0.9 to 0.4 during an execution.
Maximum iteration = 100, then the maximum size of the
Pareto-optimal set was selected as 100 solutions. The
MPSO is tested to 100 runs to obtain the best solution.

4.4.1 IEEE 30-bus test system

The proposed MPSO technique was tested on
IEEE 30-bus 6-generator test system. The detail data of the
test system can be found in [9]. The values of fuel cost and
emission coefficients are given in Table 1. The MPSO is
computed by Pentium core 2 duo 2.2 GHz processor 2 GB
ram under Matlab program.

Table 1. Thermal unit fuel cost and emission coefficients.

Unit G, G, G; Gy Gs Ge

I:)min
50 20 15 10 10 12
(Mw)

Prmax 200 80 50 35 30 40
(MW)

Cost

a 0 0 0 0 0 0

b 2 175 1 125 3 3
0003 0001 0006 000 002 0025

¢ 75 75 25 834 500 00

Emissio

n

“ 4091 2543 4.258 2'32 3'25 6.131

B 5554 6.047 5.094 3'55 8;150 5.555

y 6490 5638 4.586 8'38 2'58 5.151

: 20E- 50E- 10E- 20E- 10E- 1.0E-

' 4 4 6 3 6 5

A 2857 3333 8.000 S'OO 8'00 6.667

4.4.2 Wind farm

A wind farm consists of a number of wind
turbines connected through a power transformer to a bus
(substation) of a power system. Wind turbines use a
doubly-fed induction generator (DFIG) consisting of a
wound rotor induction generator and an AC/DC/AC IGBT-
based PWM converter. The stator winding is connected
directly to the grid while the rotor is fed at various
frequencies through the AC/DC/AC converter. The DFIG
technology allows extracting maximum energy from the
wind for low wind speeds by optimizing the turbine speed,
while minimizing mechanical stresses on the turbine during
gusts of wind. The optimum turbine speed producing
maximum mechanical energy for a given wind speed is
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proportional to the wind speed. The example of a wind
farm is shown in Fig.1

I @ Power system Grid

Power Trausformer

Fig.1. A wind farm with many wind turbines connected to a
power system

In this paper, the cost and emission coefficients
of wind farms are zero. A large wind turbine is selected to
produce electric power up to 1.5 MW. The minimum
capacity of a wind farm is set as 4.5 MW or 3 wind turbines
and the maximum capacity of wind farm is set as 105 MW
or 70 wind turbines. These wind turbines run at speed of
wind as 12 m/s.

5. RESULTS AND DISCUSSION

Case 1: best fuel cost and emission of power system
without wind farm

Fuel cost and emission objective are optimized to find
the best solution by using MPSO Algorithm when the wind
farm is not penetrated into the power system network. Its
result is shown in Table 2.

Table 2. Best solution of the proposed approach without
wind farm

Unit (MW) Best solution
Ps1 114.165

P2 63.942

Pg3 20.289

Pcs 30.381

Pgs 28.192

Pgs 33.782

Total of thermal units (MW) 290.751
Fuel Cost($/h) 847.430
Emission(ton/hr) 0.245

Case 2: best fuel cost and emission of power system with
wind farm penetration

Table 3. Results of best solution of the proposed approach
with wind farm on IEEE 30-bus test system

Unit (MW) Best solution with
wind farm
Pa1 48.454
Pcy 34.443
Pga 30.439
Pcs 29.079
Pcs 16.122
Pcs 28.612
Total of thermal units (MW) 187.149
Fuel Cost($/h) 541.52
Emission(ton/hr) 0.209
Wind farm
Location (Bus) 7
Size (MW) 99.73
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The wind farm is penetrated into the IEEE 30- bus
test system. Its result can be shown in Table 3 and Fig 2.

Table 3 shows the power generation and wind
farm position optimized by the MPSO technique. The result
in this case produces lower cost and emission than the
previous case. The wind farm which is penetrated into the
IEEE 30-bus test system can reduce fuel cost and emission
of pollution as 305.91 $/h and 0.036 ton/h respectively.

A wind farm is connected to the power system at bus 7
in Fig 2. The capacity of wind farm is 99.73 MW or
approximately 66 wind turbines. The result shows a high
penetration of wind farm on the test system.

29

Fig.2 Optimal position of wind farm on a power system

Trade off surface with wind farm
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400 *,
Foy, .

***

0.2 0.205 0.21 0.215 0.22 0.225
ENVIRONMENT (ton/h)

Fig.3 Best solution on tradeoff surface with wind farm in
power system

300

The best solution in the tradeoff surface is
selected by a fuzzy compromise method in Fig 3.

7. Conclusion

This paper proposes MPSO algorithm to find best
location and size of a wind farm penetrating to a power
system topology with optimal fuel cost and environmental
emission of generations. A wind farm is formulated in form
of doubly-fed induction generators to inject electric power



into the power system. The simulation results demonstrate
that a wind farm with optimum size and location can reduce
fuel cost and emission pollutant of generators. In addition,
the results confirm that the MPSO algorithm has
effectiveness to search optimum position and size of wind
farm on a power system topology.
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Abstract

In this paper, the use of multiobjective evolutionary optimisers for passive vibration suppression of an automotive
component is demonstrated. The component is used to connect a car engine to some point of a car body between the front seats.
Under such a circumstance, the structure is subject to several mechanical phenomena e.g. stress failure, fatigue, vibration
resonance, and vibration transmissibility. The optimisation problem is posed to find structural shape and size such that
maximising structural natural frequency and simultaneously minimising structural mass while constraints include stress failure
and displacement. The multiobjective optimiser employed is the multiobjective version of Population-Based Incremental
Learning (PBIL) with and without using a surrogate model. The optimum results obtained are illustrated and discussed. It is
found that the proposed design scheme is effective and efficient for an automotive component design.

Keywords: multiobjective evolutionary algorithm; shape optimisation; Pareto optimal front; automotive component; Vibration

suppression

1. Introduction

Due to highly increasing competitiveness in
automotive industry, many car manufacturers require to
develop new products to offer to customers. Therefore,
automotive components are always improved by means of
design optimisation [1-2].

Practical engineering design problems are usually
assigned to find the best solutions of design variables that
lead to optimised design objectives whilst fulfilling all the
predefined constraints. Often, the design problem has more
than one objective which is called multiobjective
optimisation. The most popular method used for the
multiobjective optimisation is Evolutionary Algorithms
(EAs) [3-6]. The method can explore a Pareto optimum
front within a single run and without requiring function
derivatives. However, a lack of search consistency and low
convergence rate are the inevitable drawbacks of the
multiobjective evolutionary algorithms (MOEAs) [5]. For
this reason, the hybridisation of a surrogate model method
and multiobjective optimisers has been invented and this
approach is found to be very powerful and effective [6].

This  paper presents the multiobjective
evolutionary optimisation of an automotive component.
The component is used to connect a car engine to some
point of the body between the front seats. The structure is
subject to several mechanical phenomena such as stress
failure, fatigue, vibration resonance, and vibration
transmissibility. The design problem is posed to find
structural shape and size such that maximising structural
dynamic stiffness while, at the same run, minimising
structural mass. Design constraints include stress and
displacement. Three dimensional finite element analysis
(FEA) is employed to evaluate the objective and constrain
function values. The optimum solutions called Pareto
solutions are explored by using PBIL incorporating with a
Gaussian process surrogate model and a Latin Hypercube
Sampling technique. The proposed design approach is
found to be numerically powerful and effective.

*Corresponding Author: E-mail: sujbur@kku.ac.th

Vol. 1 No.1

2. Surrogate model method

The term’ surrogate model’ used in an optimisation
process is an approximate model which is used to
approximate the objective and constrain functions in
optimisation problems [7]. Such a design strategy is useful
when dealing with optimisation problems with expensive
function evaluation, limited function values available, and
problems that need to perform an experiment to evaluate
their function values. The hybrid of the surrogate model
with an optimiser can be achieved in several ways. One of
the commonly used strategies is that, during the main
optimisation process, some design solutions have been
evaluated. Those solutions and their corresponding
objective and constraint values are used to build a surrogate
model. This model is then used as an approximate function
evaluation. The optimisation with the surrogate model is
performed with significantly less running time when
compared with using the actual function evaluation. The
obtained optimum solution of this design phase is brought
to the main optimisation process where its actual function
value is determined. With a highly accurate surrogate
model, this design strategy is far superior to purely using an
evolutionary algorithm. The computational steps are
repeated until the termination conditions are fulfilled. The
commonly used surrogate models for optimisation are
Kriging model [8], radial basis interpolation [6],
polynomial interpolation [9] and neural network [10]. In
this paper, only the Kriging model is employed.

2.1. Kriging Model

A Kriging model (also known as a Gaussian
process model) used herein is the famous MATLAB
toolbox named Design and Analysis of Computer
Experiments (DACE) [8]. The estimation of function can
be thought of as the combination of global and local
approximation models i.e.

TSME | Journal of Research and Applications
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y(x)=f(x)+Z(x) (@)
where f(x) is a global regression model, Z(x)is a
stochastic Gaussian process with zero mean and non-zero
covariance representing a localised deviation, and X is a
design variables vector. In this work, a linear function is
use for a global model, which can be expressed as:

f=po+ gﬁi x; =BTf @

where B = [fo ..., Bl £ = F(X) = [1, X, Xa, ..., x]". The
covariance of Z(x) is expressed as:

Cov(Z(xP), Z(x%)) = o?R[R(XP,x9)] 3)

for p, g =1, ..., N where R is the correlation function
between any two of the N design points, and R is the
symmetric correlation matrix size NxN with the unity
diagonal [8]. The correlation function used in this paper is

RO, x7) = exp((xP =x)T 0(x® X)) @

where 6 are the unknown correlation parameters to be
determined by means of the maximum likelihood method.
Having found B and 0, the Kriging predictor can be
achieved as

y=f)TB+r (R (y—Fp) ®)

Where F = [f(x}), f(x, ..., fx"]" and r"(x) =
[R(x,x1), R(x,x2), ..., R(x,x")]. For more details, see [8].

3. Multiobjective Population-Based Incremental
Learning (MOPBIL)

PBIL algorithm is an evolutionary optimiser based
upon binary searching space. The PBIL approach evolves its
population based upon the so-called probability vector, the
probability of having ‘1’ elements on each column of a
binary population. The example of how the probability
vector works is shown in Fig.1 which implies that one
probability vector can produce a variety of binary
populations.

In the multiobjective optimisation, more probability
vectors should be used in order to obtain a more diverse
population; therefore, it is called a probability matrix.
Starting with an initial probability matrix that have all
elements as “0.5”, and an initial Pareto archive, the binary
population according to the initial probability matrix is then
created. The binary population is decoded and objective
values are evaluated. The best binary solutions, whether it is
based on minimisation or maximisation, is chosen to update

the probability vector P;"for the next iteration using the
relation

R =R (1~ Le) +bjLe ©)
where Ly is called the learning rate, a value between 0 and
1, to be defined and b; is the mean value of the jth column of

the randomly selected non-dominated binary solutions. For
this study, Lg is set as:

Lg =0.5+rand(+0.10r-0.1) (7)
where rande [0,1] is a uniform random number. Mutation

on the i row of the probability matrix is allowed to take
place by a predefined probability and it can be expressed
as:

P™" =R%"a—my)+rand(0or1)m, ®)

where m_ is the amount of shift used in the mutation.

20

population1  population2  population 3

0011 0110 0101
1100 1100 1001
0011 1010 0001
1100 0001 0100

Probability Vectors
[0.5,0.5,0.5,0.5] [0.5,0.5,0.5] [0.25,0.5,0,0.75]

Fig.1 Probability vector and their corresponding
populations

The updating process is completed when all rows of
the probability matrix are changed. The probability matrix
is updated and the external Pareto archive is improved
iteratively until convergence is achieved.

In cases where the total number of the non-dominated
solutions is greater than the archive size, the archiving
operator called the normal line method [4] is activated to
remove some solutions from the archive. The archiving
technique is used to prevent excessive use of computer
memory during an optimisation process. The basic idea of
the normal line technique is used to remove some non-
dominated design solutions while maintaining population
diversity in the archive. For more details of multiobjective
PBIL, see [11].

4. Design Problem

This paper presents a multiobjective optimisation
design problem for an automotive part as shown in Fig. 2.
The component is used to connect the car engine with the
car body. Under the working conditions, this structure is
subject to several mechanical phenomena e.g. stress,
fatigues, vibration resonance, and dynamic force
transmissibility. Also, the structural displacement due to a
number of loading conditions should not exceed the
predefined limit.

Fig. 3 a. Sizing variables
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Fig. 3 b. Shape variabies

The multiobjective optimisation problem is posed to
find structural shape and size such that maximising
structural natural frequencies and minimising mass whereas
constraint include stress failure and displacement, which
can be expressed as
Min: £ =[f,(x), f,(x)] ©)

Subject to

Omax < Oallowable

Upnax <0.005
0.0015<t, <0.0115
0.0015<t, <0.0115
0.0015<t, <0.01
0.0025<t, <0.015
~0.003< 7, <0.01
~0.0025< 7, <0.0028
~0.01< 7, <0.005
~0.01<7, <0.005
0<z,<0.03
~0.01<x, <0.01
~0.005< x, <0.01

where x is a design variable vector (all variables are
displayed in Fig. 3). f; is a function of mass. f,is a

function of dynamic stiffness (or natural frequencies). X,
f, and f, can be express as :

X={t; 1y t5.t4.21,2, 123124125:X11X2}T
and

f, =mass (10)
and

1
f, = .
w,+,+0,+0,+ @,
The other parameters are defined as follows:
G,..= Maximum von Misses stress

m

(11)

Gallowable = A”OWable stress

t; =Shape thickness

zi=Position of the key points in z-axis direction
x;= Position of key point in x-axis direction

@; = mode i natural frequency of a structure

Figs. 3a. & 3b. display all of the sizing and shape
design variables. The thicknesses (t; in Fig. 3 a.) are the
thickness of the sub-regions of the automotive component
as shown. The z; parameters determine the key points in
vertical direction as located in Fig. 3 b. These key points
are used to generated a spline curve so as to define the
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shape of the part. The x; parameters define the horizontal
position of the key points on the component.

The structure is acted upon by three load cases
(bending, twisting and swaying loads) at the right-hand
cylinder part. The objective and constraint function values
are evaluated by using FEA. The evaluation process is
carried out in such a way that, with the given input design
variables as defined, the shape and dimensions of the
structure are created. The finite element analysis is then
performed. Finally the computational results can be
obtained. Function evaluation is somewhat time-
consuming, which means it is difficult to apply a common
evolutionary algorithm to solve the optimisation problem
(9). As a result, the surrogate-assisted evolutionary
algorithm is developed to deal with such a difficulty.

To tackle multiobjective optimisation as defined
in (9), the MOPBIL algorithm and the surrogate-assist
MOPBIL (MOPBIL-SM) are used to find Pareto optimal
solutions. MOPBIL-SM is a design strategy that exploits
the surrogate model to create an initial Pareto archive rather
than starting with a randomly generated population as with
the traditional multiobjective PBIL.

The computational steps for generating an initial
Pareto archive by using the surrogate model are as follows:
I Sample a set of design variable vectors from
design experiment by using the LHS technique.

1. Evaluate design functions by FEA.

1. Constructing a surrogate model by using the
Kriging technique.

V. Use MOPBIL find Pareto optimal set based on
the surrogate model.

V. Find the real function values of the Pareto
optimal front obtained from optimising the
approximate Kriging model (step 1V).

VI. Use a non-dominated sorting technique to find
the initial Pareto archive

The LHS is used to sample 100 design solutions
for constructing a surrogate optimisation model.
Subsequently, with this initial Pareto archive, the common
MOPBIL is operated where the population size is 30, the
number of iterations is 10, and archive size is set as 30.

5. Results and Discussion

The progress of Pareto optimal solutions of the
optimisation design problem by using the hybridisation of a
surrogate model method and the MOPBIL is displayed in
Fig. 4. It can be seen that the Pareto front from iteration 1
to iteration 10 has slight improvement. This means that the
initial front generated by means of a surrogate-assisted
approach is very powerful.

<10 Pareto front
34

—E— 1Generat tion
33 3Generation
g —&— 5Generation
32 —6— 8Generation
—=— 10Generation

f2=1/{max frequency)
[N

~

Y

24 . . . . . . . .
i1 12 13 14 15 16 17 18 19
fi=mass (kg)

Fig.4 Pareto front of the MOPBIL-SM

In order to verify the effectiveness of the hybrid
approach, the original MOPBIL without the use of a
surrogate approach is performed with the same population
and archive sizes while the total generation number is set to
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be 30. This implies that the original MOPBIL uses 30x30
actual function evaluations which is approximately twice
the number of evaluation used by MOPBIL-SM (100 +
10x30 evaluations). The results from the former are termed
as MOPBIL whereas the results obtained from the later are
named MOPBIL-SM. Figs.5-7 compare the Pareto fronts
obtained from using MOPBIL-SM at the generations of 1, 3
and 5, and using MOPBIL at the generations of 10, 20 and
30 respectively. It can be found that the results from using
MOPBIL-SM are better than those obtained from using the
original MOPBIL even with a far smaller number of finite
element analyses. That means the hybrid approach is far
superior to the original optimiser.

x10t Pareto front

—E5— MOPBIL10Gen
31 —+— MOPBIL-SM1Gen

2=1/(max frequency)
©

s 16 17 18 19 2
fl=mass (kg)

Fig.5 Comparative Pareto fronts: MOPBIL 10 Generations
versus MOPBIL-SM 1 Generation

w10t Pareto front.

—E5— MOPBIL20Gen
31| & —+— MOPBIL-SM3Gen

f2=1/(max frequency)

13 14 15 16 17 18 19 2
f=mass (kg)

Fig.6 Comparative Pareto fronts: MOPBIL 20 Generations
versus MOPBIL-SM 3 Generations

w10t Pareto front
—E— MOPBIL30Gen
5 —+— MOPBIL-SM5Gen
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f2=1/(max frequency)
RO
I

~

24

13 14 15 16 17 18 19 2
ft=mass (kg)

Fig.7 Comparative Pareto fronts: MOPBIL 30 Generations
versus MOPBIL-SM 5 Generations
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Fig.8 Pareto front from MOPBIL-SM
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The Pareto optimal solutions of the MOPBIL-SM
shown in Fig. 8 have the corresponding design solutions as
shown in Fig. 9. The optimum components have an obvious
variation for the design variables t, , zz and zs, while the
other variables have a slight variation. It can be seen that,
with one optimisation run, we can have a number of
optimum components for decision making.

Fig.9 3D automotive parts corresponding to selected
solutions in Fig. 8

6. Conclusions

The multiobjective 3D shape and sizing
optimisation problem of an automotive component using
the hybridisation of a surrogate Kriging model and
MOPBIL is demonstrated. The results show that the
proposed approach is efficient and effective for solving the
design problem. The new design strategy outperforms the
original PBIL optimiser based upon the total number of
function evaluations. An improved design strategy
employing much less function evaluations is the target for
future work.
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Abstract

The hard disk drive spindle motor is the primary source of vibrations that cause acoustic noise in the hard disk drive
(HDD). The electromagnetic forces on the stator coil and the rotor, which are inherent to the operation of motors, are responsible
for the deformation causing vibration of the motor’s interior structure. This vibration is transmitted to the motor exterior
especially the motor base through the fit between the stator coil and the motor base. This article proposes an approach to reduce
the acoustic noise of the HDD is hence by reducing the transmitted vibrational energy from the stator coil to the base by
optimizing the interference fit between these two components. The effect of the fit on the transmitted vibrational energy through
both the vibrational energy analysis through a friction model featuring micro-slip and the experimental investigations is studied.
The vibrational energy analysis is applied on a hollow cylinder installed on a shaft as a simplified model of the stator coil and the
base. The analysis shows that the transmitted torsional vibrational energy is proportional to the pressure due to the interference
fit. Hence, it suggests that the reduction of the vibration transmission from the stator coil to the base can be done by decreasing
the interference fit. In addition, the experimental investigations performed on three simple models of stator and base with

different interference fits and also two groups of spindle motor samples with different fits agree well with the analysis.

Keywords: Interference fit, spindle motor, vibration transmission, statistical energy analysis

1. Introduction

A hard disk drive (HDD) is an important component
in a personal computer to store the data. In need of higher
performance HDDs including higher capacity, faster data
read/write time, quieter operation while maintaining or
even reducing the HDD physical size, the spindle motors
are required to spin faster and smoother. Thus, the vibration
transmitting from the interior to the exterior of the spindle
motor, which may finally cause the data read/write errors
and the emission the acoustic noise, has to be looked into.
The primary source of vibration inside the motor is the
electromagnetic (EM) sources, not the mechanical
unbalance of the moving parts [1,2]. The EM sources are
originated from the physical and the electromagnetic
designs of the permanent magnet ring and the stator teeth of
the motor as well as the characteristics of the input power
from the motor inverter. The designs contribute the
unbalance radial, tangential, and axial forces on the
permanent magnet ring and the stator teeth deforming the
interior structure of the motor. The deformations of the
stator teeth, especially from varying tangential forces
(torque ripple), are transmitted to the base bracket via the
cylindrical-shell sleeve causing transverse vibration of the
base plate [3]. Moreover, the deformations of the ring
propagate into rotor hub as transverse and radial vibrations
[3]. The vibrations of the motor exterior are responsible for
the acoustic noise emitted from the motor. The approaches
to decrease the vibrations and the acoustic noise from the
motor include the elimination of EM sources, modification
of the motor physical design to minimize the sound
radiation, and reduction of the vibration transmission from
the motor interior to the exterior, for example, by
optimizing the interference fit between the stator coil and
the base bracket. See Fig.1.

This article focuses on the effect of interference
fit between the stator coil and the base of the spindle motor
on the torsional vibrational energy transmission from the
stator coil to the base plate aiming to reduce the transmitted
energy capable of the motor’s exterior vibrations and the

emitted acoustic noise. The article presents both vibration
energy transmission analysis and two experimental
investigations.

Stator Coill

Interference Fit

Bracket

Fig. 1 Cross-section view of a spindle motor showing the
fit between the stator coil and the base bracket

2. Vibrational Energy Transmission Analysis

The analysis of vibrational energy transmission
between the stator coil and the base of the motor involves a
friction model and vibration transmission mechanism of the
two surfaces in contact with the clamping pressure.
Jintanawan et al. [4] study a simple dynamic model of the
stator coil and the base of a spindle motor featuring the
two-degree of freedom lumped mass model attached to a
fixed foundation via a torsional spring. The Dahl’s model is
used to analyze the relative angular displacement between
the two components due to the applied impulsive torque at
the stator coil. The study shows that the more the
interference fit is, the more the vibrational energy is
transmitted to the base and vice versa.

Nevertheless, for the continuous and more
complex system, such as the spindle motor, the analysis
that considers the internal forces on the surfaces, the micro-
slip, the pre-sliding behavior, and the force’s loading-
unloading-reloading stages is more suitable. Such an
analysis by Metherell and Diller [5] is modified to work on
a stator-base model of a spindle motor. It will be shown
from the hysteresis diagram of the torque versus the
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relative angular displacement that the vibrational energy
loss is lower (the energy transmission is higher) as the
interference fit is more.

Stator Coil

Bracket

Fig. 2 Simple model of stator and base bracket

Hollow Cylinder

I
Fig. 3 Dynamic model of stator and base

Consider the simplified stator-base model shown
in Fig. 2 where the stator is a ring press-fit into the base
bracket via a sleeve. To simplify the analysis, the sleeve is
assumed to be a solid shaft of radius R and the ring is

assumed to be a hollow cylinder of length | shown in the
dynamic model in Fig. 3. Torques are applied to the left
side of the cylinder and the right side of the shaft. They are
opposite with the equal magnitude of oM, where

0<a <1, preventing any angular displacement of the
whole assembly. The micro-slip is taken into account and
the concept of Coulomb friction is used, the torsional
friction per unit length of the cylinder on the contact
surfaces is then

m=2mPR?, (1)

where m is the torsional friction per unit length (N-m/m),

u is coefficient of friction,

P is the pressure between the cylinder and the shaft
due to the fit (Pa),

R is the radius of the shaft (m). In our case,
according to Eqg. (1), the torsional friction per unit length is,
in general, constant over the length of the cylinder due to
the constant interference fit pressure, coefficient of friction
and radius of the shaft. In one cycle of the varying applied
torque, the torque is exerted to the model in three non-stop
consecutive stages: loading, unloading, and reloading.

In the loading stage, the applied torque on the
cylinder increases from 0 to M, that is oM , where o
increases from 0 to 1. At the same time, the resisting torque
at the shaft increases to balance out the applied torque
creating friction on the contact surfaces. The diagrams of
the torsional friction per unit length, the internal torsion on
the cylinder surface, and the internal torsion on the shaft
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surface are shown in Fig. 4. The torsional friction per unit
length is mwith the exception of being zero in the
middleregion of the length of the cylinder where there is no
slipping. The slipping and the torsional friction occur at the
left and right edge of the contact surfaces with length on
each side equals a,

(0<a, <1/2), where a,; depends on the magnitude of the
applied torque. The internal torsion on the cylinder surface
is oM at the left edge and it decreases with the slope —m
as it goes to the right. Likewise, the internal torsion at the
shaft surface is oM at the right edge and decrease with the
slope —m as it goes to the left. In addition, the summation
of internal torsions at the cylinder and the shaft surfaces
must be equal to oM along the length of the cylinder.

In the unloading stage, being reverse to the
loading stage, the applied torque oM on the cylinder now
decreases from M to rM as « decreases from 1 to r,
where r isconstantand 0<r <1. Since the applied torque
decreases, the torsional friction per unit length is now —m
making the internal torsion on the cylinder surface
increases with the slope m as it goes to the left. The
phenomenon is called “counter slip.” The counter slip
occurs for the length of a, . The further inside region of the
cylinder and the shaft still experiences the torsional friction
m remaining from the loading stage. The diagrams of the
torsional friction per unit length, the internal torsion on the
cylinder surface, and the internal torsion on the shaft
surface for the unloading stage are shown in Fig. 5.

In the reloading stage, quite similar to the loading
stage and reverse to the unloading stage, the applied torque
oM on the cylinder increases back from rM to M as «
increases from r to 1, where 0<r<1. The torsional
friction per unit length currently returns to m at the left
and right sides of the cylinder. The diagrams of the
torsional friction per unit length, the internal torsion on the
cylinder surface, and the internal torsion on the shaft
surface of the reloading stage are shown in Fig. 6.

/

4

i~ 5

T oM
2 G

Torsional friction
per unit length

N

Internal torsion at
eylinder surface ¢

Internal torsion at
shaft surface

Fig. 4 Loading stage diagram
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Fig. 5 Unloading stage diagram
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Fig. 6 Reloading stage diagram

The relative angular displacement of each stage
can be determined from the torsional friction per unit
length, the internal torsions on the surfaces, the shaft’s and
the cylinder’s material properties, and other previously
introduced constants:

keMl (1-3k +3k?) a*M?

= , O<ax<l 2
A6 T mer.a-K) @
g, - kel M2+ 20— o )1- 3k + 3?)

TG, 4mG,1, (1K) ’

O<r<ax<l 3)
kaMl
¢37 GSIS
L M2 2r—o? - 2ar)(1- 3+ 3)
4mG,1(1-k) '
O<r<ax<l 4)
— Gsls 5
TGl +Gl, ©)
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where ¢, ¢,, ¢, are the relative angular displacements

for the loading, unloading, and reloading stages,
respectively, G.I. and Gl are the torsional stiffness of

the cylinder and the shaft, respectively, and k is the
combined torsional stiffness of the cylinder and the shaft.
The angular displacements can be plotted against « to
form a hysteresis loop depicted in Fig. 7.

The transmission energy loss due to the friction
of the fit can be obtained from the area enclosed by the
relative angular displacements under the three stages over

one cycle,
2M 213k +3k?)
—2Va 6
Y T amG, 1, (1K) ©
where \/ is the energy loss due to friction (J) and
M 71M(1—r), O<r<1 (7)

2

According to Egs. (6) and (7), the transmission energy loss
depends on the cube of the applied torque and inversely
depends on the torsional friction per unit length given that
the other parameters are constant. Focusing on the effect of
the interference fit, the equations indicate that the energy
loss is less when the torsional friction is larger because of
the more pressure from the tighter interference fit, Eq. (1).
That is, the transmitted vibrational energy from the stator to
the base would be more if the interference fit increases.
This statement can also be testified by the experimental
investigations in the next section.

o

7

¢

Fig. 7 Hysteresis loop of the dynamic model

3. Experimental Investigations

The experimental investigations are performed to
testify the analytical results in the previous section. Sets of
simple models of stator coil and base and 3.5-inch HDD
spindle motor samples with various fits are made and tested
in Sections 3.1 and 3.2, respectively. The tests were done
on the simple models first and on the motor samples later.

3.1 Simple models of stator coil and base

Three sets of 1.5x-size model of stator coil and
base (see Fig. 8) with three interference fits, 0.0083 mm
(minimum fit), 0.0169 mm (medium fit) and 0.0304 mm
(maximum fit), are tested for the energy transmitted from
the stator to the base. The transmission of energy between
two systems, stator (system 1) and base (system 2), is
analyzed by using Statistical Energy Analysis (SEA) [6, 7].
The power flow diagram is shown in Fig. 9. The input
power P, from the impact force exerted by the impact

hammer at the stator model will go to raise the stator model
internal energy W, , which is related to the power loss to
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the environment P; and the power transmitted to the base
model P,,. The power loss P is

Ri=on W, ®)
where @ is the frequency and 7, is the intrinsic loss
factor. The transmitted power P, is

P, = @ W ©)
where 7, is the coupling loss factor from stator to base.
The power equation of the stator model is then

P =Py +P, =Py, (10)

where P, is the power received from the base. This power
also depends on the base model internal energy W, and

Py = om W, 11
where 7,, is the coupling loss factor from base to stator.

Applying the same concept to base model where there is no
direct input power from the impact hammer, the power
equation of the base model is thus

0="Py +Py Py, (12)
where P,, is the power loss to the environment and
Py =on W, , (13)

where 77, is the intrinsic loss factor of system 2.

The approach to determine the transmitted power
P, starts with tests to find the intrinsic loss factor of either

of the two systems. The test is performed on either system
separately, i.e. the stator model has not yet fit into the base
model, where P, and P,; are non-existent and
P =P, =onW. (14)

The stator is then press-fit into the base. In order to
simplify the testing for the power transmission, the base is
damped out by attaching it to the large mass for minimizing
W, and thus P,, is near zero according to Eq. (11). With

the known input power P, the intrinsic loss factors
m.,1n,, the coupling loss factor 7, as well as the
transmitted power P, can be calculated. With the roughly
equal input power P, of approximately 1.11x10* W, the
transmitted power P, over the 20-kHz span for all three

sets with three different interference fits is shown in Fig. 10
and summarized in Table 1 with three equal ranges of
frequencies. It can be observed that by roughly looking at
the graph in Fig. 10 the system with the maximum
interference fit has the largest transmitted power among the
three systems at the frequency above 12 kHz. At the
frequency below 12 kHz, the lines, however, are not
smooth, which is suspected to be from some human
uncertainties in the experiment, e.g. from the uneven
impact force from the hammer. The numerical results for
each set in the frequency ranges listed in Table 1 also
indicate the similar trend. For the medium and high
frequency ranges, the maximum fit set has more
transmitted power than the other two sets. The medium fit
set has more transmitted power than the minimum fit set. In
short, generally speaking, the system with less fit possesses
less transmitted power. This is consistent with the
analytical results in Section 2.
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Fig. 8 Assembled simple stator-base model

Py
Stator P12 > Base
W, < W,
T
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Fig. 9 Power transmission diagram of two systems
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Fig. 10 Transmitted power from stator to base for three
interference fits

Table 1 Power transmitted to the base with different
interference fits (simple models)

Frequency Transmitted power (W)
rgnge/ModeI Min Med Max
fit @3um) | (169um) | (30.4pm)
Low 145 1.69 112
(0-6.6 kHz)
Medium 1.40 1.34 244
(6.7-13.3
kHz)
High 2.05 2.09 3.26
(13.4-20 kHz)
Overall 4.90 5.12 6.82
(0-20 kHz)




3.2 3.5-inch hard disk drive spindle motors

Two groups of 3.5-inch HDD spindle motors,
3-phase permanent magnet synchronous motors (PMSMs),
with different interference fits; Group A with 0.016-and
0.018-mm fits (low fit) and Group B with 0.034-mm fit
(high fit), are tested to investigate the effects of stator-base
interference fit on the transmitted energy. The varying
frequency sinusoidal current is fed into only one phase
winding of the spindle motor to excite the stator coil and
the rotor structures without spinning the rotor. Particularly,
the induced vibration of the stator coil is transmitted to the
base plate where the transverse vibrations of 10 various
points are measured for calculating the vibrational energy
of the base. The transmitted vibrational energy is
determined from the spatial average square velocity from
the measure points and shown in joules per kg of mass per
ampere of the current input in Fig. 11 over a 20-kHz span.

/1 ) — 16 micro-m

| —— 18 micro-m 4
’ — — - 34 micro-m
A I 1 — — 34 micro-m
1

Spatial averaged mean square velocity

I
a z 4 6 8 10 12 14 16 18 20
Frecuency (Kkz)

Fig. 11 Vibrational energy of spindle motors with different
interference fits

The transmitted vibrational energies are also listed in Table
2 for three equal ranges of frequencies. The results indicate
that the vibrational energy over the low, the medium, the
high, and the overall frequency ranges of the motors with
less fit (Group A) is much lower than that of the motors
with more fit (Group B) especially at the low frequency
range. The motors with less interference fit between the
stator and the base has less transmitted vibrational energy
from the stator to the base than those with more
interference fit. These experimental results are consistent
with those from Section 3.1 and the analytical ones in
Section 2.

Table 2 Vibrational energy transmitted to the base with
different interference fits (HDD spindle motors)

Frequency Vibrational energy (uJ/kg/A)
range/Motor group A (16-18 um) B (34 um)
Low 1.164 6.067
(0-6.6 kHz)
Medium 4.063 7.263
(6.7-13.3 kHz)
High 0.938 1.004
(13.4-20 kHz)
Overall 6.164 14.33
(0-20 kHz)

4. Conclusion

The effect of interference fit on vibration
transmission from stator coil to base of a spindle motor in a
hard disk drive has been studied both analytically and
experimentally. The analysis of transmission energy loss
reveals that the energy loss inversely depends on the
pressure from the interference fit. Less energy loss and thus

Journal of Research and Applications
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more transmitted energy from the stator to the base are the
results of the more interference fit. The experimental
investigations on both assembled models of the stator and
the base and the spindle motor samples with various fits are
carried out and their results agree well with the analysis.
Hence, reducing the interference fit at the stator-base
assembly in the spindle motor is a promising approach to
reduce the transmitted vibrational energy to the base
bracket, and the acoustic noises emitting from the motor
should be lower.
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Abstract

The thermal compressible elastohydrodynamic lubrication of rough surfaces under line contact with non-Newtonian solid-
liquid lubricants was investigated in transient operating conditions. Properties of non-Newtonian solid-liquid fluids have been

obtained experimentally using solid particles namely, Molybdenum disulfide.

The newly derived time-dependent modified

Reynolds equation and the adiabatic energy equation have been formulated using a non-Newtonian power law viscosity model.
The simultaneous systems consisting of the modified Reynolds equation, elasticity equation and energy equation with initial
conditions were solved numerically using the multigrid multilevel method with a full approximation technique. The dynamic
characteristics of the two infinitely long cylindrical rough surfaces in line contact under thermoelastohydrodynamic lubrication
were presented with varying dimensionless time and with varying particle concentration for the pressure, temperature and oil film
thickness profiles. The results of rough surfaces thermoelastohydrohynamic lubrication with non-Newtonian solid-liquid

lubricants are compared with the case of smooth surfaces.

Keywords: Thermal elastohydrodynamic lubrication, Non-Newtonian solid liquid lubricants, Power law model, Modified

Reynolds equation.

1. Introduction

When lubricated contacts in  machine element
applications are operated in severe conditions, the nominal
film thickness in the contacts can be decreased to a level where
surface roughness becomes significant. The lubricant film on
the solid surfaces of the machine components become very
thin. Therefore, the lubricant containing solid particles has
greatly improved the lubrication characteristics in order to
protect the contact surfaces. Many numerical solutions of
elastohydrodynamic lubrication (EHL) for smooth surfaces
and for rough surfaces problems were solved in the area
ranging from transient elastohydrodynamic to thermal
elastohydrodynamic using Newton-Raphson method and
multigrid multilevel with full approximate scheme techniques
[1-2]. In 1990, Khonsari, et al [3] showed that solid lubricant
additives have significant effects in raising the film thickness,
load capacity and friction coefficient in the full EHL regime.
Mongkolwongrojn [4] investigated the transient thermoelasto-
hydrodynamic lubrication with non-Newtonian liquid-solid
lubricants in line contact with smooth surfaces under a sudden
load change. The solid particles were found to have a
significant effect on the TEHL characteristics. In 2010,
Mongkolwongrojn [5] showed that the journal bearing with
transverse surface roughness pattern in the bearing liner
exhibit better stability.

In this research work, the integrated effect of moving
surface roughness and sudden loading on pressure profile, film
thickness profile and temperature profile is investigated
numerically in a TEHL line contact with non-Newtonian
liquid-solid lubricant using a power law model. Finite
difference multi-grid multi-level with full approximation
scheme techniques and Newton’s method were implemented to
examine the transient thermal elastohydrodynamic lubrication
with non-Newtonian liquid-solid lubricants under the action of
a sudden load change.

Vol. 1 No.1

2. Governing Equations
2.1 Constitutive Equation

The governing modified Reynolds, elasticity, energy and
load equilibrium equations were analyzed to obtain transient
thermoelastohydrodynamic lubrication characteristics of two
rough surfaces in line contact under a sudden load change. The
relationship between shear stress and shear rate of the non-
Newtonian lubricant in this work can be approximated using a
power-law model as

7, = 1 (0u/dy) @)

where the equivalent viscosity is

n-1

N CTE )

2.2 Modified Reynolds Equation

In this study, the flow can be approximated as a single-
phase flow. Integrating the momentum and continuity
equations, the time dependent modified Reynolds equation
with non-Newtonian lubricant for infinitely long cylindrical
roller can be obtained as.

el

3
where
B 44, R? A
b‘°’PH 16W2
1y
L ay
/'le,j oM
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The boundary conditions are

dpP

X =Xjnee P=0and X=X P:d—xzo 4)

exit

The apparent viscosity in the power-law model needs to be
included as a correction factor in the viscosity-temperature-
pressure relationship; the correction factor needs to be
modified for solid particles in the lubricant can be written as

.=

n-1
1+ 2_5¢
APy -#(1—}L)pp

{exp {(In Ly + 9.67)[71+(1+ 5.1x10°PR, P)Zl } -, (T* 71)}}
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The dimensionless density of the liquid—solid lubricant varying
with pressure, temperature and mass concentration of particles
can be written as

Slaw
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0.6x10°P, P
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2.3 Elasticity Equation

The film thickness for an infinitely long line contact,
including the deformation of the surfaces and harmonic
roughness, is given as

©

2
H =H0+XT—— /P

. X ()N - ldé + A(biz}i{%(bx _ult)] v

2.4 Energy Equation

The time-dependent energy equation in dimensionless
form was formulated including the heat generated due to
friction between the particles and surfaces. Therefore, the
energy can be expressed as

o+ —1g2 * *
I g [BHI)E, T
av k, Jlat " ox

P

e [EN T (T (@W apj « (HW,
Plk lov] Uk, et ax) Tk, lede
®)
where
[TpeCyb® K _[W]
T1 ™ T2 —
k0Rz kOTO
_ fab’R, _ f,[as[EDb
T3 ™ T4 =7 [+
koR? koTo

The boundary conditions of the energy equation are
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T (X=0)=1 (11)
The thermal model expressed by equation (8) to equation (10)
are equivalent to those models.

2.5 Load Carrying Capacity

Spherical shaped MoS, particles are assumed to be
uniformly distributed in the contact region and the particles
undergo plastic deformation under the action of normal load.
For a particle that deforms plastically when the mean
contact pressure reaches the hardness of particle, H,, the

load carried by a plastically deformed particle can be
written as

2
9 , (d]

W, =— 7°H; +p(x)v, A (12)
P16 E,, ’

where A
due to plastic deformation and w,,;

is the contact area of an individual particle
is the load supporting by

an individual particle. Therefore, the load carrying capacity
for all particles is

Nz Ny

= ZZWN (13)

The total load carrying capacity of the mixture consists of two
parts: one component results from plastic deformation of the
particles, W, , and the other component is due to
hydrodynamic action, w; .

equation can be written as

The dimensionless load balance

Kegit
| Pax —(1—%j5 =0 (14)
W )2

inlet

X

During each time interval, the Reynolds, elasticity and
energy equations are calculated using the boundary conditions
and the initial conditions in Eq. (4), (9), (10) and (11) to
obtain pressure and temperature distributions. The relative
accuracy in pressure, mean temperature and hydrodynamic
load are less than or equal to 0.0001. The input parameters
used in the analysis are shown in Tables 1 and 2. The
properties of the lubricant as shown in Table 1 were obtained
experimentally. The Newtonian rheological model is used for
pure SAE90 oil with the power law index of n = 1. The
property values of MoS, particles is shown in Table 2

Table 1 Physical properties of the SAE 90 oil and roller
material

Equivalent radius, m 0.05
Inlet temperature of lubricant, K 313
Viscosity of liquid, Pa.s 0.195
Inlet density of liquid, kg/m® 892.8
Viscosity-Pressure index 0.5685
Viscosity-Temperature coefficient, K™ 0.05763
Coefficient of thermal expansivity, K™ 0.00074
Thermal conductivity of liquid, W/(m'K) 0.126
Specific heat of liquid, J/(kg'K) 1870
Equivalent modulus of elasticity of 220
rolling/sliding, GPa 0.3
Poisson ratio of rolling/sliding 25
Wave length of roughness, (um)




Table 2 Physical properties of solid lubricants, MoS,.

Density, kg/m® 4800
Brinell hardness, Pa 3.136 % 10°
Modulus of elasticity, GPa 34

Poisson ratio 0.13
Friction coefficient 0.1

3. Results and Discussion

The static and dynamic characteristics of TEHL line
contact with non-Newtonian liquid-solid lubricants were
determined under the sudden dimensionless load change from
3.0x10° to 1x10* and dimensionless speed parameter U =
1x10™

The effects of heavy load change were investigated for a
surface with sinusoidal roughness of 0.05 pm amplitude using
SAE 90 oil mixed with 20% MoS,, 2 pm diameter, a load
increase from 3.0x10° to 1x10™ at dimensionless speed
parameter U = 1x10™" and slide/roll ratio S = 0.1. The
wavelength of the sinusoidal surface roughness profile in
transverse direction is kept fixed. The roughness induces
sharp pressure ripples over the ridges and valleys of the
roughness as shown in Fig.1l. High fluctuating pressure
amplitude near the leading edge contrasts with the
fluctuating pressure amplitude near the trailing edge in
the contact region. At x =0, the pressure fluctuations vary

from 0.36 GPa to 0.62 GPa under dimensionless load W =
3.0x10° at time t =0 ms. After an application of the
sudden heavy load from 3.0x107° to 1x10™, the fluctuating
pressure increases and varies from 0.65 GPa to 1.75 GPa
at time t = 6 ms. At the trailing edge, the pressure spike is
very large, approximately equal to 2.7 GPa at timet=6 ms,
due to the significant effect on viscosity for a liquid-solid
lubricant with rough surfaces.

The transient oil film thickness under sudden load
change for sinusoidal surface roughness profile is shown in
Fig. 2. After application of a step load change, the central film
thickness at x = 0 mm increases form 1.40 pm at time t = 0.0
ms to 1.62 pm at time t = 1 ms but the minimum film thickness
decreases from 1.11 pm at t = 0.0 ms to 0.99 um. at t = 1.0 ms.
Then the central film thickness at x = 0 mm decreases to 1.19
pum and the minimum film thickness decreases to 0.54 pm at
time t = 6 ms. the film thickness increase at x = 0 mm in the
early transient state is due to the interaction of pressure,
temperature and viscosity. Fig. 3 shows the fluctuating mean
temperature profile. The mean temperature at x = 0 mm varies
from 40.6°C to 45.2°C at time t = 0 ms. The temperature then
becomes very high after the step load increase and the mean
temperature varies from 88.4°C to 181.5°C at time t = 6
ms.The maximum temperature becomes significantly high and
is approximately equal to 297°C at time t = 6 ms.

For SAE 90 oil mixed with 20% MoS,, 2 um in
diameter, and the surface with sinusoidal roughness of 0.05 pm
amplitude, the fluctuating pressure profile, film thickness
profile and mean temperature profile are compared with those
for the smooth surface in a steady state as shown in Figs. 4-6
respectively. The maximum pressure at x = 0 mm is 1.75 GPa.
The influence of roughness on the pressure profile is
significant when compared with the pressure at x = 0 mm and
the pressure spike for the smooth surface condition. For the
smooth surface, the pressure at x = 0 mm and the pressure
spike are equal to 0.87 GPa and 1.09 GPa respectively. Fig. 5
shows that the central film thickness at x = 0 mm for the
surface with transversally oriented roughness is slightly
thinner than the central film thickness for a smooth surface.
The minimum film thickness for the rough surface at

dimensionless load W = 1.0x10* and dimensionless speed
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parameter U = 1x10™ is equal to 0.63 pm and the minimum
film thickness for smooth surface at the same operating
condition is 0.80 um at steady a state. At the leading edge, the
fluctuating amplitude of mean temperature is very large when
compared with the amplitude of the mean temperature at the
trailing edge, as shown in Fig. 6.

p (GPa)
3
—Orm
2.5 A 1ms
2 4 —6ms
1.5 A
1 -
05 - M
0 ! T T
-1.2 -0.6 0 0.6 1.2

X (mm)

Fig. 1. Transient pressure profile under dimensionless load
change from 3.0x10%°to 1x10% A=0.05 um

h (um)
4
3.5 - = 0ms

1ms
—6ms

3 4
2.5 A
2
1.5 1
1
0.5
0 T T T

-1.2 -0.6 0 0.6 1.2
X (mm)

Fig. 2. Transient film thickness profile under dimensionless
load change from 3.0x10°to 1x10® A =0.05 um

T (°C)
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250 A 1ms
—6ms
200 4
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0 T T T
-1.2 -0.6 0 0.6 1.2
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Fig. 3. Transient temperature profile under dimensionless load
change from 3.0x10°to 1x10* A=0.05 um

The largest mean temperature for the rough surface with 20%
MosS, particles is equal to 188.3°C, compared with the largest
mean temperature for a smooth surface, which is equal to
95.5°C as shown in Fig. 6.

Figs. 7-9 illustrate how the pressure, film thickness and
mean temperature vary with increasing concentration of
MoS, particles. With an increase in the concentration of MoS,
particles, the maximum film pressure and maximum mean
temperature and the minimum film thickness increase
significantly for the rough surface. The maximum pressure,
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minimum film thickness and maximum mean temperature are
1.80 GPa, 0.58 um and 184.41°C for SAE 90 oil without
MoS, particle. The maximum pressure, minimum film
thickness and maximum mean temperature for SAE 90 mixed
with 30% MoS; particles are 1.84 GPa, 0.69 um and 193.0°C
respectively. This increase in pressure is due to the increase in
film temperature for the rough surface under the heavy load.
Similarly, the average film pressure, film thickness and mean
temperature at x = 0 mm for SAE 90 oil without MoS, particle
at a steady state are 1.01 GPa,1.04 um and 113.5°C. The
average film pressure, film thickness and mean temperature at
x = 0 mm for SAE 90 oil mixed with 30% MoS, are 1.01
GPa,1.16 um and 114.5°C respectively.

For the rough surfaces in line contact with 20% MoS,,
the mean temperature is presented for different sizes of MoS,
particles in Fig. 10. For MoS, particles with 2 um diameter,
the fluctuation of mean temperature is from 42.2°C to 62.3°C,
while for the 5 um diameter particles, the fluctuation of mean
temperature is from 42.6°C to 65.6°C for dimensionless load
W =3.0x10° U = 1x10™. It is clear that for the larger
particle sizes, the higher temperature is obtained, especially
near the leading edge.

p (GPa)
3

smooth
——A =0.05pm

2.5 4

2
1.5 A
14
0.5 A1

0 T T T
-1.2 -0.6 0 0.6 1.2
X (mm)

Fig. 4. Pressure profile under dimensionless load W = 1x10*
at steady state

h (um)

4
smooth

3 —A=0.05um
2 -

1 .
O T T T

-1.2 -0.6 0 0.6 1.2

X (mm)

Fig. 5. Film thickness profile under dimensionless load
W = 1x10™ at steady state
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Fig. 6. Temperature profile under dimensionless load
W = 1x10 at steady state
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Fig. 7. Effect of particle concentration on pressure profile
with 3 pm MoS, particles under dimensionless load
W =1x10* A =0.05 um
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Fig. 8. Effect of particle concentration on film thickness
profile with 2 pm MoS, particles under dimensionless load
W =1x10"* A=0.05 um
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Fig. 9. Effect of particle concentration on temperature
profile with 2 um MoS, particle under dimensionless load
W =1x10"* A=0.05pm
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Fig. 10 Effect of particle size on temperature profile With
20% MoS, particles under dimensionless load W = 3x107,
A=0.1 um
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Fig. 11  Variation of minimum film thickness with the
amplitude of roughness for W = 3x10°, U = 1x10™*
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Fig. 12 Variation of minimum film thickness with
concentration of MoS, particles for W = 3x107,

U =1x1o*®

Fig. 11 shows the variation of minimum film thickness
with the amplitude of surface roughness for 20% MoS,
concentration at dimensionless load W = 3.0x10° U =
1x10* and S = 0.1. The minimum film thickness decreases
nonlinearly with an increase in the amplitude of the surface
roughness. One of the major reasons of adding MoS, additives
to the liquid lubricant is to thicken them in order to increase
the load carrying capacity of the oil film or to increase the
minimum film thickness at a given load, the difference of the
minimum film thickness for SAE90 oil mixed with 20% MoS,
and for pure SAEQ0 is approximately 0.10 pm. Fig. 12
illustrate the minimum film thickness increasing almost
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linearly with an increase in MoS, concentration for smooth
surfaces and for rough surfaces. The rate of the increase in
minimum film thickness for rough surfaces is larger than the
rate of the increase in minimum film thickness for smooth
surfaces as shown in Fig. 12. It is clear that the minimum film
thickness increases as the MoS, concentration increases. The
minimum film thickness decreases with increasing the slip
ratio for both the smooth and the rough surfaces. The effect of
the slip ratio on the minimum film thickness for the higher
concentration of solid particle is more significant than those
for the low particle concentration.

4. Conclusions

The transient thermoelastohydrodynamic lubrication
characteristics of a roller on flat surface in line contact
with liquid-solid non-Newtonian fluids under a sudden
load change was examined numerically. Analyses are
preformed for both smooth and rough surfaces. The main
results presented can be summarized as:

1) Surface roughness induces high fluctuating pressure
and fluctuating temperature. The maximum pressure and
maximum temperature are significantly high for TEHL with
liquid-solid lubricant.

2) The effects of roughness in the transverse direction on
minimum film thickness are also significant. The minimum
film thickness for rough surfaces is small when compared with
minimum film thickness for smooth surfaces.

3) Surface roughness significantly increase the pressure
and mean temperature in the lubricated contact when
compared with those for smooth surface.

4) Large particles increase significantly the maximum
temperature near the leading edge. This results in the
reduction of viscosity and the lubricant film becomes very
thin.

5) The oil film thickness increases rapidly due to surface
roughness and the increase in pressure and oil viscosity in the
early transient state after a sudden load increase, and then the
oil film thickness decreases to the steady state equilibrium
condition.

6) For rough surfaces, the average pressure and average
temperature do not change significantly with variation in
percent concentration of solid particles. This study shows
that the solid particles can protect the lubricated contact in
solid surfaces of machine or engine components.
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7. Nomenclature

A = Roughness amplitude (m)

A =Contact area of an individual particle

b = Hertzian half-width (m), b=R((8W /)"

B = Width of rolling cylinders (m)

E' = Equivalent modulus of elasticity (Pa)

E,s = Equivalent modulus of elasticity of particle
and rolling/sliding (Pa)

f, = Friction coefficient of solid particle

h =Film thickness (m)
H = Dimensionless film thickness, H =(R/b2)h
H, = Brinell hardness of particle (Pa)
k, = Thermal conductivity of lubricant
at ambient pressure (W/(m'K))
|Zp = Dimensionless piezothermal conductivity
|, =Wave length of roughness (m)
m, = viscosity consistency (Pa-s")
n =Power law index
N, =Number of particles in x-direction

N, = Number of particles in z-direction
p =Pressure (Pa)

P, =Maximum Hertzian pressure (Pa), P, = E’(W/27r)0'5
P =Dimensionless pressure, P = p/P,

R =Equivalent radius (m), R =((]/R1)+(]/R2))_1

S =Slide ratio, S =(u,—u,)/T

t =Time (5)

t" = Dimensionless time, t* = (T/b)t

T =Temperature (K)

36

T, = Inlet temperature (K)

£ - . .
T" =Dimensionless film temperature

*

u” =Dimensionless velocity, u”=u/T

0 =Mean velocity (m/s), 0 =(u, +u,)/2

U =Dimensionless speed parameter, U =(z,0)/(ER)
W = Applied Load (N/m)

W, = Load support by particle (N/m)

W = Dimensionless load parameter, W =W/(E’R2)

W, =Dimensionless load support by particle

X,Y =Dimensionless coordinate x =bX,Y =(R/b2)(y/H)

z, = Viscosity-Pressure index

Greek
M, =viscosity at ambient pressure (Pa‘s)

,u* = Equivalent viscosity (Pa-s)

11 = Dimensionless equivalent viscosity,
o=/,

P, = Inlet density of oil (kg/m®)

p = Dimensionless density, p=p/p,

p; = Density of oil (kg/m°)

p, = Density of particle (kg/m®)

Py, = Density of roller/ slider (kg/m?)

v, = Poisson ratio of particles

v, = Poisson ratio of rolling/slider

y = Viscosity-Temperature coefficient (1/K)
A = concentration of particles by weight
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Abstract

Laminar periodic flow and heat transfer in a three dimensional square channel with isothermal walls and with « =30°
orifice baffle; (diameter ratio (d/D), DR) in range from 0.5 to 0.8 and (Pitch ratio, PR) of 1.5 is investigated numerically. The
computations based on the finite volume method, and the SIMPLE algorithm has been implemented. The fluid flow and heat
transfer characteristics are presented for Reynolds numbers based on the hydraulic diameter of the square channel ranging from
100 to 1200. Effects of orifice baffle on heat transfer and pressure loss in the square channel are studied. It is found that the
orifice baffle performs better than the smooth square channel for all Reynolds number values. The decrease of the DR leads to an
increase in the Nusselt number and friction factor. The computational results reveal that the DR of 0.5 provided the highest on
both heat transfer and friction factor.

Keywords: square channel, orifice baffle, heat exchanger, friction
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Abstract

This paper illustrates a master-slave operation, for material removal processes, using in part prototyping processes which
are consisted of a 6-DOF parallel haptic device as a master arm and a hybrid 5-Axis H-4 family parallel manipulator as a slave
arm. The master-slave system is designed and built for 5-axis milling processes and aimed to use in a man-machine interfaced for
material removal processes of rapid prototyping system. The haptic arm or the master arm with force reflection capability is used
for measuring of 3D surface information, points and orientations, of the referenced object. The measured coordinates are used as
reference information to control positions and orientations of the end-effector of the slave manipulator arm, a 5-Axis machine.
The experimental results show that the operator with feeling of force, by operating the haptic device, can better control of the
slave manipulator arm in material removal processes. Force reflection information improves the feeling of operation significantly.
The results also show good accuracy with average error about 1 mm due to the limitation of the measurement sensors attached.

Keywords: Haptic / Master-Slave / Parallel Manipulator
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The Analysis of Resistance and Wave of Catamaran
Using Computational Fluid Dynamics
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Abstract

This study was performed to analyse the total resistance and wave profile of a catamaran using Computational Fluid
Dynamics - the Finite Volume Method. The work was conducted within the operating conditions of the waterbus service in the
Chaophraya River, Bangkok. The total resistance was analysed at different operating speeds with the corresponding waterline

Froude number ( FN) equal to 0.5 — 0.7. Within the study range, the calculated total resistance coefficient (CT ) and wave-
making resistance coefficient (CW ) were found to decrease as the N decreased. While the viscous resistance coefficient
(CV ) was almost unchanged. The waves generated when the catamaran sailed through calm water were then analysed at the

depth Froude number ( Fnh ) between 0.6 - 0.7 corresponding to the maximum and minimum route depths. It was found that the

calculated wave profiles increased as the depth decreased. The waves generated in shallow water also travelled in longer
distance than those generated in deeper water. The study has shown that the method developed here could be practically applied
in the preliminary design of actual catamarans where energy-saving and environment friendliness are the key design. However, a
further study with finer meshing and more advanced mathematical models should be conducted in order to achieve more
accurate results.

Keywords: Computational Fluid Dynamics, catamaran, total resistance, wave profile, waterbus
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Effects of Electrode Arrangement on the combined Hot-Air Flow
and Electric Field Drying
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Abstract

This research experimentally investigates the effects of electrode arrangement on the efficiency of a drying process
utilizing hot-air flow and electric fields. Parameters are the number of electrodes (n = 1, 3, and 4 poles), and the distance between
electrode and ground wires (L = 2 - 8 cm). High electrical voltage used for generating Corona wind is employed at 15 kV.
Temperature and bulk mean velocity of hot-air flow are controlled at 60°C and 0.35 m/s, respectively. A porous medium is
composed of water, air and glass beads of 0.125 mm in diameter. The results show that an increase of the number of electrodes
affects the characteristics of circulating hot-air streams greatly. Moreover, it increases the drying rate substantially. When
distance L becomes smaller, the size of Corona wind is smaller but the circulating flow is stronger. Consequently, the rates of
heat and mass transfer in the porous medium are considerably enhanced.

Keywords: Electrohydrodynamics, Drying process, Porous medium, Heat and mass transfer enhancement.
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Genetic algorithm for the selection of rough rice drying model
for the free-fall paddy dryer
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Abstract

The purpose of this study was to seek the proper thin-layer rough rice model for the free-fall dryer. Experimental data for
drying temperatures 100, 130 and 150°C, drying velocity 2 m/s and rest period between drying round of 1 minute were fitted into
the 9 theoretical models by a genetic algorithm (GA). The GA Toolbox in MATLAB was used to generate the correlation
coefficients of the models. The best fitting of the experimental data by these models was specified by comparing the correlation
coefficients, standard errors and mean square deviations. The Midilli model was found to be the most suitable model for drying
condition at high relative humidity of ambient air while the Two-term exponential model was most appropriate for ambient air of
low relative humidity.

Keywords: emissions/ fluidized-bed/ rice husk/ vortex
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M3 4 MsARs LY aeseuis nsiinEudninsemmadengs 1qamaieuntta 100°C
Model Parameter Value Standard Error Correlation MSD (Xz)
(e) coeff. (r)

Newton Drying Coefficient, k 0.002025 0.010379 0.998621 0.000110

Page Drying Coefficient, k 0.001937 0.010336 0.998609 0.000111
Exponent, n 1.007810

Henderson and Pabis Drying Coefficient, k 0.002041 0.010199 0.998639 0.000108
Coefficient, a 1.004016

Logarithmic Drying Coefficient, k 0.002358 0.009514 0.998813 0.000096
Coefficient, a 0.921174
Coefficient, a, 0.088505

Two-term exponent Coefficient, a, 1.008498 0.010027 0.998687 0.000109
Drying Coefficient, k, 0.002057
Coefficient, a, -0.012349
Drying Coefficient, k, 0.042789

Geometric Coefficient, a 1.721333 0.089304 0.906856 0.008282
Exponent, n 0.192390

Wang and Singh Coefficient, a, -0.001979 0.008041 0.999221 0.000067
Coefficient, a, 1.491E-06

Midilli Coefficient, a 0.986112 0.005809 0.999558 0.000036
Coefficient, b 0.000386
Drying Coefficient, k 0.000823
Exponent, n 1.218109

Diffusion Approach Coefficient, a -0.007795 0.010059 0.998683 0.000107
Coefficient, b 0.053501
Drying Coefficient, k 0.038408
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4 oa . PN -
M3d 5 MR TziiuUTiaeseunia nsdinnuFuduiniommnadengs 1gangleuuds 130°C

Model Parameter Value Standard Error  Correlation MSD (Xz)
(e) coeff. (r)

Newton Drying Coefficient, k 0.002025 0.010379 0.998621 0.000110

Page Drying Coefficient, k 0.001852 0.008386 0.999065 0.000074
Exponent, n 1.047085

Henderson and Pabis Drying Coefficient, k 0.002454 0.007948 0.999135 0.000066
Coefficient, a 1.012401

Logarithmic Drying Coefficient, k 0.002574 0.007879 0.999150 0.000067
Coefficient, a 0.982580
Coefficient, a, 0.031457

Two-term exponent Coefficient, a, 1.019035 0.007246 0.999283 0.000058
Drying Coefficient, k, 0.002486
Coefficient, a, -0.020826
Drying Coefficient, k, 0.062342

Geometric Coefficient, a 1.683932 0.086039 0.915322 0.007755
Exponent, n 0.190412

Wang and Singh Coefficient, a, -0.002271 0.008351 0.999250 0.000073
Coefficient, a, 1.845E-06

Midilli Coefficient, a 0.995787 0.005266 0.999620 0.000031
Coefficient, b 0.000392
Drying Coefficient, k 0.001186
Exponent, n 1.181532

Diffusion Approach Coefficient, a -0.019029 0.007254 0.999282 0.000056
Coefficient, b 0.042598
Drying Coefficient, k 0.058348
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M3 6 M3ARsEiLYTaeseuuia nsdiindudninsemmnadengs 1gamaieuntta 150°C
Model Parameter Value Standard Error  Correlation MSD (Xz)
(e) coeff. (r)

Newton Drying Coefficient, k 0.002788 0.007933 0.999178 0.000065

Page Drying Coefficient, k 0.002258 0.006497 0.999411 0.000045
Exponent, n 1.040081

Henderson and Pabis Drying Coefficient, k 0.002814 0.007630 0.999155 0.000061
Coefficient, a 1.004362

Logarithmic Drying Coefficient, k 0.002199 0.006259 0.999429 0.000043
Coefficient, a 1.188866
Coefficient, a, -0.191337

Two-term exponent Coefficient, a, 1.055264 0.005842 0.999503 0.000038
Drying Coefficient, k| 0.003023
Coefficient, a, -0.062611
Drying Coefficient, k, 0.013871

Geometric Coefficient, a 1.628474 0.083954 0.918454 0.007440
Exponent, n 0.188328

Wang and Singh Coefficient, a, -0.002591 0.006150 0.999472 0.000040
Coefficient, a, 2.263E-06

Midilli Coefficient, a 0.990905 0.005975 0.999480 0.000040
Coefficient, b 0.000032
Drying Coefficient, k 0.001815
Exponent, n 1.081782

Diffusion Approach Coefficient, a -0.189910 0.006220 0.999457 0.000042
Coefficient, b 0.490094
Drying Coefficient, k 0.006591
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Model Parameter Value Standard Error  Correlation MSD (Xz)
(e) coeff. (r)

Newton Drying Coefficient, k 0.002499 0.007898 0.999201 0.000064

Page Drying Coefficient, k 0.002110 0.006984 0.999416 0.000051
Exponent, n 1.031077

Henderson and Pabis Drying Coefficient, k 0.002506 0.007872 0.999193 0.000065
Coefficient, a 1.001308

Logarithmic Drying Coefficient, k 0.001955 0.006032 0.999523 0.000039
Coefficient, a 1.180027
Coefficient, a, -0.186477

Two-term exponent Coefficient, a, 1.092848 0.005630 0.999585 0.000035
Drying Coefficient, k| 0.002773
Coefficient, a, -0.103703
Drying Coefficient, k, 0.009044

Geometric Coefficient, a 1.684437 0.090860 0.906380 0.008640
Exponent, n 0.195613

Wang and Singh Coefficient, a, -0.002319 0.006551 0.999533 0.000045
Coefficient, a, 1.818E-06

Midilli Coefficient, a 0.987202 0.005790 0.999561 0.000037
Coefficient, b -0.000006
Drying Coefficient, k 0.001616
Exponent, n 1.074260

Diffusion Approach Coefficient, a -6.892263 0.006530 0.999490 0.000046
Coefficient, b 1.077549
Drying Coefficient, k 0.001483
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M3 8 3T EiuYSaeseuis nsdinEudTn T Immnadend 1¥aamgleounts 130°C
Model Parameter Value Standard Error  Correlation MSD (Xz)
(e) coeff. (r)

Newton Drying Coefficient, k 0.002839 0.015112 0.997238 0.000234

Page Drying Coefficient, k 0.001738 0.010929 0.998665 0.000126
Exponent, n 1.092773

Henderson and Pabis Drying Coefficient, k 0.002880 0.014721 0.997138 0.000228
Coefficient, a 1.006908

Logarithmic Drying Coefficient, k 0.001283 0.007934 0.999161 0.000068
Coefficient, a 1.830550
Coefficient, a, -0.842124

Two-term exponent Coefficient, a, 1.472332 0.006614 0.999417 0.000049
Drying Coefficient, k| 0.003951
Coefficient, a, -0.493440
Drying Coefficient, k, 0.008079

Geometric Coefficient, a 1.645632 0.094285 0.901445 0.009370
Exponent, n 0.193092

Wang and Singh Coefficient, a, -0.002488 0.009157 0.999071 0.000088
Coefficient, a, 1.700E-06

Midilli Coefficient, a 0.976039 0.007116 0.999325 0.000056
Coefficient, b -0.000064
Drying Coefficient, k 0.001010
Exponent, n 1.176772

Diffusion Approach Coefficient, a -16.891285 0.009205 0.999032 0.000092
Coefficient, b 1.087098
Drying Coefficient, k 0.000985
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Standard Error ~ Correlation R
Model Parameter Value MSD (X))
(e) coeff. (r)
Newton Drying Coefficient, k 0.003224 0.012280 0.997859 0.000155
Page Drying Coefficient, k 0.002378 0.010304 0.998689 0.000113
Exponent, n 1.059478
Henderson and Pabis Drying Coefficient, k 0.003236 0.012253 0.997837 0.000160
Coefficient, a 1.001644
Logarithmic Drying Coefficient, k 0.001467 0.005410 0.999574 0.000032
Coefficient, a 1.810819
Coefficient, a, -0.826184
Two-term exponent Coefficient, a, 1.912572 0.005408 0.999574 0.000033
Drying Coefficient, k| 0.001419
Coefficient, a, -0.928188
Drying Coefficient, k, 0.000068
Geometric Coefficient, a 1.601385 0.087277 0.913909 0.008093
Exponent, n 0.190451
Wang and Singh Coefficient, a, -0.002883 0.008493 0.999318 0.000077
Coefficient, a, 2.439E-06
Midilli Coefficient, a 0.984691 0.005452 0.999567 0.000034
Coefficient, b -0.000627
Drying Coefficient, k 0.002047
Exponent, n 1.002924
Diffusion Approach Coefficient, a -0.528344 0.008214 0.999308 0.000074
Coefficient, b 0.000317
Drying Coefficient, k 6.408306
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Effect of Swirl Secondary Air Injection on Rice Husk combustion in a Short-
Combustion-Chamber Fluidized Bed Combustor Using Nozzle-Type Air Distributor
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Abstract

This research presents the effect of the lower secondary air velocity (V,,w) 0n combustion performance for firing rice
husk, in terms of gas emissions and combustion efficiency (E.), in a short-combustion-chamber fluidized-bed combustor (SFBC)
using sand as an inert material in the bed, and using a nozzle-type air distributor. The combustion behavior inside the SFBC was
also presented. In this study, V, ., varied at 10, 15 and 20 m/s, corresponding to the excess air (EA) of 66, 85, and 102%,
respectively. The temperature profiles along the combustor indicated that the well-mixed combustion occurred in the bed, while
an increase of the V0., Caused a drop in temperature. In view of gas emissions at 6% O,, CO emissions, ranging 2353-8470 ppm,
were reduced as the V,,, increased; conversely, more NO, emissions ranging 358-457 ppm were formed. Moreover, the
increase in V0, Was capable of E; enhancement, rising from 92.7% to 97.7%. The results concluded that the optimum V4, Was
20 mfs.

Keywords: emissions/ fluidized-bed/ rice husk/ vortex
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